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Abstract:

Endrin is a chlorinated hydrocarbon insecticide that has been used worldwide. Although acute endrin
exposure produces neurological symptoms, there is generally a lack of morphological data
documenting its cellular effects along the neuromuscular axis. This study was designed to characterize
the morphological effects of endrin on peripheral nerve, optic nerve and muscle. Mice were given 20
daily intraperitoneal injections of endrin in sesame oil at subacute doses that increased from 1.5 mg/kg
to 4.0 mg/kg. Controls were given the same intraperitoneal volume without endrin. Animals were
sacrificed after 4, 7, 14, and 20 days of exposure and 14 and 92 days after the last injection. Sciatic
nerve, optic nerve, skeletal muscle and cardiac muscle tissue were examined using both light and
electron microscopy. Daily behavioral/neurological tests were used to assess general effects on the
nervous system. Animals exposed to endrin were hyperactive, hypersensitive to stimuli, had difficulty
maintaining their position on a rod and displayed signs of piloerection. Optic nerve, skeletal muscle
and cardiac muscle appeared unaffected as were myelinated nerve fibers from sciatic nerve also
appeared unaffected. However, unmyelinated axons in the sciatic nerve of exposed animals showed
various changes which included axonal swelling, dissolution of microtubules and neurofilaments,
axonal and Schwann cell vesiculation, and axonal vacuolation. Some vesicles were present in scattered
rows along the axon or within the axon while others were present in pockets which often appeared
continuous with the periaxonal space and often invaginated the axolemma. Some such pockets
contained an amorphous material as well as vesicles and some regions within the Schwann cell that had
contained axons appeared completely filled by vesicles or flocculent background debris. The results of
this study indicate that repeated subacute doses of endrin produce morphological alterations in
unmyelinated peripheral nerve fibers and their associated Schwann cells and thus could probably cause
changes in neurological functions such as pain perception and autonomic activities related to
temperature and blood pressure regulation.
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ABSTRACT

Endrin is a chlorinated hydrocarbon insecticide that has been
used worldwide. Although acute endrin exposure produces neurological
symptoms, there is generally a lack of morphological data documenting
its cellular effects along the neuromuscular axis. This study was
designed to characterize the morphological effects of endrin on
peripheral nerve, optic nerve and muscle. Mice were given 20 daily
intraperitoneal injections of endrin in sesame oil at subacute doses
that increased from 1.5 mg/kg to 4.0 mg/kg. Controls were given the
same intraperitoneal volume without endrin. Animals were sacrificed
after 4, 7, 14, and 20 days of exposure and 14 and 92 days after the
last injection. Sciatic nerve, optic nerve, skeletal muscle and
cardiac muscle tissue were examined using both light and electron
microscopy. Daily behavioral/neurological tests were used to assess
general effects on the nervous system. Animals exposed to endrin were
hyperactive, hypersensitive to stimuli, had difficulty maintaining -
their position on a rod and displayed signs of piloerection. Optic
nerve, skeletal muscle and cardiac muscle appeared unaffected as were
myelinated nerve fibers from sciatic nerve also appeared unaffected.
However, unmyelinated axons in the sciatic nerve of exposed animals
showed various changes which included axonal swelling, dissolution of
microtubules and neurofilaments, axonal and Schwann cell vesiculation,
+and axonal vacuolation. Some vesicles were preserit in scattered rows
along the axon or within the axon while others were present in pockets
which often appeared continuous with the periaxonal space and often
invaginated the axolemma. Some such pockets contained an amorphous
material as well as vesicles and some regions within the Schwann cell
that had contained axons appeared completely filled by vesicles or
flocculent background debris. The results of this study indicate that
repeated subacute doses of endrin produce morphological alterations in
unmyelinated peripheral nerve fibers and their associated Schwann
cells and thus could probably cause changes in neurological functions
such as pain perception and autonomic activities related to
temperature and blood pressure regulation.




INTRODUCTION

Endrin is a chlorinated hydrocarbon pesticide that has beén.used
in the U.S. for agricultural and public health purposes éince its
introduction by the Velsicol Company in 1951. It is the most acutely
toxic hydrocarbon insecticide known (Gaines,1969) and belongs to 5
group of structurally related cyclodiene compoonds which includes
aldfin, chlordané, chlordecone. (kepone), dieldrin, heptaohlor,
isodrin, and telodrin. Although animals and humans ocotoly exposed to
eodrin display neurological symptoms which include hypefexcitability,
hyoersensitivity fo stimuli, bradycardia, hypertensioﬁ; increased
rectal teoperature, increased vasculatr résistance,'tremor, and
convulsions (Treon,1955; Emerson et al.,1964; ﬁmorsoh aod
Hinshaw,1965; Reins et al.,1964; Coble et ol.,1967; Weeks,1967),
morphological décumentation of such neurological symptomology is
generally lacking. "Since some of thesé symptoms are indicative of
changes within the pgfipheral nervous system-and since eiposure to
ohlordecone has been shown to damage unmyelinated peripheral-neroe
fibérs (Phillips. and Eroschenko,1982), the present study was
undertaken to examine peripheral nerve from animals'éxposod'to

endrin.

While endrin is toxic to all animals, the lethal toxicity to one

half of a group of animals (LD50) varies depending on sex, method of-




administration, and species variation. The acute oral toxicity of

endrin and a number of related compounds is summarized in Table 1.

Table 1. Acute oral toxicity of selected chlorinated hydrocarbon
pesticides in rats. (Reference: Gaines,1969)
Lowest dose to kill

Compound LD50 (mg/ kg) ‘ a rat (mg/kg) .
Males V‘Females Males v Females
Aldrin -39 60 25 40
Chlordane 335 430 250 350
DDT(technical) 217 - 150 =
Dieldrin 46 46 : 300 30
Endrin 18 7.5 10 6.0
Heptachlor 100 - 162 50 100
Kepome 125 125 100 125

The excretion of endrin.gnd 1ts metabolites takes blace primarily via
the liver, bile anq-fe;és (Cole et al.,1968). Animals exposed to
carbon fourteen labeled endrin eﬁcrete approximately 50-60% of the
dose in feces within 24 hours (Cole et al.,1968; Lﬁdwié,l966, aé.cited
in Soto,1967; Hunter,1960, as éited in Soto,1967; Bedford et
al.,1975a), whilé very iittle endrin or its metabolites are excreted

in the urine (Hutson et al.,1975)

Endrin does not appear to accumulate in the tissues of exposed

animals, rather, a plateau level of storage is reached after 6-10 days
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(Brooks,1969; Korte,1967 and 1970, aé cited in Donoso, 1979).
Detectable levels of endrin are generally found oﬁly'in animals
receiving doses of 0.25 ppm o£ more, indicating‘that,a thresho1d level
of intake is necessary before the compound can be detected‘(Terriere
al., 1958; Kiigeﬁagi et al.,1958; Ely‘and Moore,1957; Moubry et
al.,1968). In dogs acutely exposed to endrin there appears to be n6
relationship betwéeﬁ Fhe blood concentrations of the compound and

those in the non-fat tissﬁes (Riéhardsbn‘et al.,1967).

Humans do not tend to accumulate significant quantities of
endrin. Endrin could not be detected in tﬁe‘bloéd of occupationally
exposed workers except in'thoée ﬁho had been over exposed
(Jager,1970) . The biological Half‘life of endrin in human blood is
about 24 hours (Jager,1970). Eﬁdrin was detected in the urine and
blood of patients acutely poisongd by ingesting.contaminated.ﬁread
al though blood and u?ine samples were normal withiﬁ.one week after

poisoning (Curley et al.,1970; Coble et al.,1967).

Endrin is an envirommentally persistent compound. Forty one
percept an original application of technical endrin persisted in the
soil for up to 14 years (Nash and Woolen,1967). Endrin is one .of the N /‘
least water soluble insecticides and is extremely persistent in an Eg$§?:/
aqueous environment with as much as 80% of the initial endrin
concentration (2 ppm) remaining in water. samples éfﬁef,lG weeks

(Sharom et al.,1980).




Its acute toxicity and”environmeetal,persiséence‘have led to
limitation of endris's use‘in the past several years. Mass1ve f1sh
_ kills in the Mississippi river system in the early 1960's led to the
initial restricted use of endrin which culmlnated in the Envirommental
Protection Agency's ban of its use east of the-Mississippi in l979° It
is still used in the Plains States for the control of cutworﬁ in‘graiﬁ
and in the‘Pacific Northwest for the control of"voies in apple
orchards. Heavy use of endrin in Moﬁtana in 1981 led to public and
governmentai concern over detected residue accuﬁulation in wildlife, )¥<;
resulting in hunting seasos rest;ictions and further restrictions on

its agricul tural use.

HistoFsthologieal data from aniﬁals‘exposed‘te endrin is’scar‘ce°
Diffuse degenerative changes have been reported in liver and kidneys‘
(Treon,1955; Reins et al.,1964; Boyd and Stefec,1969; Reuber 1979),
adrenal glands (Treon 1955 Reuber,1979), heart (Treon, 1955
Reuber,1979), spleen (Relns et a1°;1964; Boyd and Stefec,l969;
Reuber,1979), brain (Treon,1955; Boyd and Ste'fec,19'69;.l Reuber,1979),
thymus (Boyd and Stefec,1969) and lungs (Treon;1955; Reins et
al.,1964; Boyd ana Stefec,1969) of 1aboratony‘anime1s expose&‘to
endrin. Other histo?athological»ehasgesnihcludedﬂlocal irritasieq-of‘
the gastrointestinal tract; capiilary venous congestion in fhe brain,
heart and lungs, and_depletien of secretioss‘in the salivary glands

(Boyd and Stefec,1969),

Neurological symptoﬁology;ihhendrin‘exposed‘animals,‘es




manifested by convulsions, tremor, increased salivation, and
hypersénsitivity, has led to the belief that endrin acts chiefly on g%?
‘the nervous system (Emerson et al.,1964; Hinshaw et al.,i966),
Activation of the sympathetic and parasympathetic nervous systems by
endrin has been proposed after studiés of acutely_exposéd dogs
‘(Emerson et al.,1964 and 1966; Reins et al.,1964 and 1966; Hinshaw et
al.,1966). Bradycardia, copious mucoid salivation, hypertension, and
convulsions following lethal eiposure to endrin (10 mg/kg) suggest
hyperactivity of both the sympathetic and parasympathetic nervous
systems (Emerson et al.,1964). Endrin exposed animals develop
increased renal resistancg due to possible sympatho-adrenal
stimulation‘and‘subsequen; increase in circulating catecholamines
(Reins et al.,1964) and increased venous return due’ to a massive
sympathetic discharge leading to the release of blood.storés from the

liver and spleen (Hinshaw et al.,1966).

Other physiological changes induced by endrin exposure in ‘dogs
include, left heart failure, acidosis,‘hypokia, increased reétai
temperatﬁre, increased hemoconcentration, increased léukOcyte
concentration;'increased peripheral resistance,-decreaged glomerular
filtration, increased cerebral spinal fluid pressure and incrgased
cerebral venous pressure (Emersoniet al.,1964; Emerson,1965; Emer son
and Hinshaw,1965; Reins et al.,1966; Hinshaw et al.,1966). The

suggested physiological action of endrin in the dog is summarized in

Figure 1. Most past studies dealing with endrin have examined:
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metabolism, hepatic and renal damage, changes in the cardiovascular
system, reproductive abnormalities and its acute and chronic

toxicity. While much speculation exists in the literature concerning

its effects on the mammalian nervous system, little morphological data -

exists to support such speculation even though the>most profound
symptoms are neurological. Most research up‘to this point involving
the effects of endrin oﬁ the nervous system haé been reiated to
studying the physiological asﬁects of con&ulsions, hypertension, aﬂa
bradycardia while the‘morpholOgical basis for the development of such
symptoms has been ignored. Thus, there is a need for mofpholggicél
studies to characterize the effects of endrin aiong the neuromuscular
axis. Because previous studies in this laboratory (Phillips and
Eroschenko,1982) have shown that subacute e%pOSure to fhe related
compound chlordecone damages unmyelinated peripheral nerve fibers, and
because endrin exposure has beeﬁ speculated to cause autonomic
dysfunction,.it was of interest to determine the-éffects of-endrin.on
peripheral nerve in animals exposed to repeated subacute doses of the
comﬁound. In addition, studies of some behavioral/neurological
parameters were initiated to determine if changes similar to thosg
observed in chlordecone exposed animéis (Phillips aﬁd Eroschenko,1982;
Jordan et él.,1981) and in animals acutely exposed té endrin
(Treon;l955; Emerson et al.,1964; Réins et al.,i964) occurred in

‘animals receiving subacute doses of endrin.




LITERATURE REVIEW

CHEMICAL AND PHYSICAL PROPERTIES OF ENDRIN

Endrin is the common name for 1,2,3,4,10,10,~hexachloro~6,7-
epoxy—l,4,43,5,6,7,8,8a—octahydro—1;4—endo~endo-5,8—dﬁnethano;
naphthalene. It is a‘compound containiﬁg‘at least 92% éf the
endo-endo stereoisomer of dieldrin and is an epoxide of isodrin. Pure
endrin is a whife crystalline spiid that is sé&ble in'fhé presenée of
wetting agents, emulsifiers, alkaline_oxidizing agents and basic
reagents but decomposes when treated with acids or heéted above 200 C.
Endrin, like other cyclodiene compounds is soluble in most organic
s&lvents but is insoluble in water. It is unlike these compounds in
that it has a much smaller pértitién-coefficiént ( the féndency-to
distribute between polar and non-polar substrates), which limits its
rate of decomposition and retention in exposed organisms (Montana

Dept. of Agriculture,1983).

Pure endrin is stable in air and light but undergoes
isomerization, reqrrangemeny; ér decomposition upon exposure to heat,
acids or ultraviolet light (Soloway, et al.,1960; Burtpnland _
Pollard,l974; Rosén et ai,,f966). The se procesées, plus microbial
‘metaboiism (Matsumura et ai.,i971) are the primaryvmeans of |
degradation of the paregt cbmpound and play an important-role in its

environmental persistence. The principle products of such breakdowp




are shown in Figure 2. Soto and Diechmann (1967) studied.the acufe
toxicity of these metabolic products in rats and found the endrin
aldehyde to be essentially non-toxic while tﬁe endrin ketone was
approximately 1/4 as toxic aé endrin itself. Susceptability of th;

endrin aldehyde appeared greater in females than males.

Pho tochemical degradation is an important factor in the

persistence of endrin on the surface of plants. Harrison et al.,

(1967) showed that apple foliage sprayed with endrin retained only 137

of the initial treatment after one week and only 27 after 7 weeks. A
monitoring program initiated by ;he Montana Depar tment of Agficulture
revealed that endrin residues on wheat foliage measured 2 days.after
-application’, had degraded by 99.9% after 10 weeks and thaﬁ soil
residues had degraded 677 during the same time. Detectable levels of
the insecticide were still preéent‘SS‘weeks after application (Montana

Dept. of Agricul ture,1983).

USES OF ENDRIN

Endrin has been used throughout the United States as an avicide, -

S

and rodenticide, but its major use has been as an insecticide. It wés
used thrdughout the 1950's on cropé such as included alfalfa,

eggplant, lettuce, potatdes, peppers, tomatoes; strawberries, corn,

‘sorghum, sugar beets, cotton and small‘grains° It was used primarily :

in southeastern U.S. during the 1960"'s and 70's to c@ﬁtroi
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¥ DECKLORIATED ENORIN KETONE

FIGURE 2. Products of endrin d‘egrad-ai:ion.
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lepidopterous larva in cotton crops. In 1971, over 75% of the endrin
used was for treatment of cotton and 99% of this use was in thé

southeastern and delta states (Donoso et al.,1979).

During Fhe period from 1957 to 1966, the lower Miséissippi river
system had the highest levéls of endrin contamination of any surface
waters in the U.S., primarily as a result of runoff frop cropé ana
fields in this area. Such contamination resul ted in continual
restriction of its use nationwide although in 1981 ovef 27,000 1bs. .
of endrin was used for the control of rode;ts in the sgate of
Washington (Eaton,1982) while in the séme year over 200,000 acresvbf
grain was treated in Montana (Montana Dept. of Fish, Wildlife .and |

Parks,1983). ' c : 1

Monitoring programs involving State anq Federal agéncies Huring
the heavy usé in Montana revealed widespfead'contamination of fish and.
wildlife (primarily documehted in bir&s). Several years of
controversy and studies by the Montana Depar tment of Fish, Wildlife
and Parks have finally culminated in a recent (July,1983) Montana
Depar tment of Agriculture prepared EPA Environméntal Impact Statement
which has resulted in the Depértment of Agricul tures' recommend;tion
to " suspend the sales and use of endrin and to cancel ehdrin‘

registrations when alternatives are registered by the Environmental

Protection Agency " (K. Kelly,1984, pérsonal communication).
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METABOLISM AND ELIMINATION

The metabolism of endrin in mammals has been well studied
‘(Terriere et al.,1958; Cole et al.,1968; Bedford et al.,1975a and
1975b; Soto and Deiéhmann,1967; Brooks,1969; Hutson et al.,1§75).
Hutson et al.(1975) éoéed raﬁs of both sexes for 2 weeks and found
endfiﬁ and its major metabolites in feces in the following proportions

 : endrin, 11%; anti—lz—hydroxyendr;n 837%; syn—12—hydrokyendrin,

<0.01%; 3—hydroxyendfin, 5%; 12-ketoendrin, 1%; and delta-ketoendrin,

<0.017%. Bedford et al.(1975b) reported that the oral administration of

endrin to rats resulted in the production of three metabolites, all of

which were more acutely toxic than the parent compound, with‘
12-ketoendrin béing the mést acuteiy toxic. Other investigators have
repérted that the metabolites of endrin are less acutely toxic than is
endrin (Klein et al., 1968, as cited in Donoso,1979). The greater
susceptibility of females appears related to the fact that they
metabolize endrin more slowly than do males (Korte, 1967,,a$ cited in
Brooks 1969) and tend not to excrete iZ—ketéendrin (Hutson et

al.,1975).

The accumulation of endrin in the rat varies with the sex (Hutson
et al.,1975). These authors ‘found that the tissue residue retention
was‘higher in females and was composed pfimarily of unmetgbolizgd '
endrin while 12-ketoendrin was the main tissue resi&ue found in
males. They found'lz-ketoendrin‘was the major metaboli;e in the fat,

liver and kidneys of males while unmetabolized endrin was the main
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component in fat and kidneys of females. Endrin and 12-ketoendrin

were detected in the liver of females although 70% of the original.

radioac tively labeled compound could not be accounted for in their

analysis.

The metabolic fate of endrin in the rabbit is markedly different
from that in the rat. Bedford et al.(1975a) reported that almost half

of the administered dose of endrin in the rabbit is excreted in the

' urine, coﬁpared to only 2% in the rat. This study also found

excretion to be almost complete within 24 hours and that the major
fecal component was unchanged endrin. The metabolites of the two
species is similar.although 12-ketoendrin is not a significant:

excretion product in the rabbit.

Endrin tends to reach a steady state condition in the ti;s#es of:%ég%\
repeatedly exposed animals. Rats féd carbon fourteen labeled endrin
for 12 days tended to reach a plateau level of storage after 9 to 10
days (Brooks, 1969) although in another study; ora1 administfatiqn‘of-
endrin to rats resulted in a steady state of storage after about‘é
days (Korte,1967 and 1970, as cited in Donoso et al., 1979). Steers,
lamgs, and hogs fed endrin fo; 12 weeks had detectable levels within
the tissues only in those animals receiving a doée’higher‘than'O,ZS
ppm (Terriere et al.,1958). In animals allowed ;o.recover for 6 |
weeks, steers had a 60% reduction in the endrin content in their fat
whiie no detectable levels were found in lambs énd hogs. In a siﬁilar

study Kiigemégi‘et al.(1958) fed dairy cows endrin and reported-
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detectable concentrations in milk only ﬁrom animals receiving doses of
0.25 ppm and greater. They also noted that increased dietary levels |
had no effect oﬁ'the milk secfetion concentration of endrin. Other
studies also indicate thaﬁ a threshold level of intake is-neéessaryl

- before meésurable amounts of the compound can be deteéged (Ely and
Moore,1957; Moubry et al.,1968). Richérdson et al.(1967) demonstrated
in dogs that,‘excluding fat there is no relationship between blood

concentrations of endrin and those in the tissues.

Most endrin and its metabolites are excreted in the feces (Cole
et al.,1968), while very little endrin or its me;abolites are excreted
in the urine (Hutson et al.,1975).‘ Cole et.él.(1968) administered
carbon fourteen labeled éﬁdrin intravenously to rats with and Qithout

bile fistulas. They found that over 50% of the daily dose was

excreted within 24 hours and that 90% of the excreted compound was in "

the feces. 1In the same study, in an isolated perfused liver, 50%
percent of the labeled endrin was excreted in the bile within one .
hour. 1In pigs fed endrin, 47%Z of the administered comppund was
recovered frbm-urine, feces, stomach, gut, liver, fatu‘énd blood
within 24 hours while 94% had been recovered after 6 days (Hunter
1960, as cited,in Soto and Diechmann,1967). Intubated rats fed endrin

for 8 days excreted 60-70% of each daily doée in the feces (Ludwig,

1966, as cited in Soto and Deichmann, 1967). The first day, 30% of the‘i

amount excreted contained pure endrin and 70% was metabolites.

Cessation of dosing resulted in 93% of the amount excreted as
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metabolites.. He. also repbrted that of theramounf excreted in urine,
82% consisted of metabolites and 18% was gndrin. ‘Rabbits‘giveﬁ two
oral doses ;f carfon fourteeﬁ‘labeled endrin 14 dayé apart excreted
37.3% of the first dose via ghe‘urine and 49.6%‘in feces during days
1-13. The second dose was eliminated in a similér fashion (Bedford et

al.,1975a). Subsequent recovery of 96.77% of the radioactivity in

urine and feces was achieved by day 49.

TOXICITY

Numerous studies have examined the toxicity of endrin in
}aboratory animals. Tréon (1955) studie& the toxicity of endrin in a
" number of laboratory animals utilizing Qar;ous modes ofr
administration. Continual application of endrin (dry powder) to the
skin of rabbits for 24 hours resulted in development of convulsions in
the most severly pqisoned animals, while intermittent application for
2 hours on each of 5 days per week caused.death in animalsffeceiving
as little as 19 applications. Symptoms displayed by these animals
included convulsions, fremors, and facial tWifching.. dral
administration of 1 mg of en&rih on each of 5 days per week to rabbits
and rats of both sexes resulted in abdominal distention in rabbits,
and hypersensitivity to stimuli in rats. 1In another experiment, thé-
same author fed rats endrin at various doses over a period up to é

years and reported convulsions and hypersensitivity to stimuli in
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those animals féd'diets with the highest COncéntfation of endrin.
Bedford et al.,(1975a) also reported sigﬁé of toxicity in»réts §uch ééu
ataxia followed by tonic convulsions. ireon (1955) also found that
dogs given lethal fnjections of endrin fegurgitated their food, became
1ethargi¢, salivated,‘develéped respiﬁaﬁorf distress andlcént¥a1
nervous syétem symptoms that included hYpersensitivity to stimuli,

tremors, twitching, and severe convulsions.

Seizures developed in‘mice following intfavenpus injections of
endrin (Walsh and‘Fink,1972).‘Craves”(l9653,gave iﬁtfaperitongal
injections of endrin to ﬁice #nd reporééd4no mortality at doses of 1
or 2 mg/kg but‘all animalsvdied at exposure 1eveis of 10‘mg/kg or .
more. Similar resulté“wére reporéed in bats éxposgd to various
concentrations of endrin ovér’a 28 day period (Luckéns and
Davis,1965). They found complete mortality at a.dose of 12 mg/kg.
Animals receiving 50 mg/kg developed treﬁofs within oné‘hour‘and &ied‘

by 2 2/3 hours after exposure.

Endrin in‘alsquextrémely toxic to birds and fiéh.- Quail and
pheasants develop sympéoms of‘intoxicgfion within 48 to 72 hours after
being given{endfin\in their diets (DeWitt,1956). Initially these birds
dispiayed a lack of musdularfcobrdiﬁétion, occasional”trémors; énd
stiff-legged, hesitating movement in Walkiné. Lafef they made
spasmodic leaps and went intb violént‘qartwheels. In anothgrlsfudy
(ﬁéWitt,lQSS), it?ﬁas reportéd!thét.qﬁail Hevelopéd.séveré tremors,

loss of muscular coordination and "extreme nervousness” within two
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hours after being fed endrin. All birds exposedffo endrin in this

group died within 48 hours.

-

Numerous studies have documented fhé,toxic effects of endrin on
fish. Signs of intoiicatioﬁ include ineffective feeding‘(érant and
Merhle,1970), swimming in whirling pattefns when‘disturbed.
(Hermanutz,1978), hypersensitivity to sudden noise (Grant,1976; Argyié
et al.,1973), respiratory difficulties, sluggishness (Johnson,l968),

and hyperexcitability (Granf and MEhrle,I973).

Symptoms of endrin poiéoning in humans have_beén well
documented. While death has been reported oﬁly in extreme cases, the
initial symptoms after less severe exposures include headache,
weakness, nausea, and abdominal diséomfért while individuals more
severely poisoned often exhibit convulsions, unconsciousness, ana
frothing at the mouth (Weeks,1967; Coble et al.,1967). Acutely
poisoned infﬁnts displayed early syﬁptoms such as tonic and clonic
convulsions, slight trisﬁus, unconsciousness, tacﬁycardié, an elevated
~ body temperature, fespiratory distress-and cyanosié (Jacobziner‘aﬁd
Raybin,19§9; Hayden et al.,1965).. ‘Du;ing:thé ﬁeXt several days thgse
;ndividqélsldeveloped symptoms such és vomiting,‘difficulty in
é&alloﬁing, convulsions,‘limbs in a state of_permanent contractioﬁvahd
pupilary dilation. Neurological examiﬁation of one child revealed
signs of "diffuse encephalopathy with focal motor parietal discharge
on the right side resulting in decerebrate rigidity and b;ain stem

- signs and vasomotor instability and hypertension due to involvement of

i)
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the cardiovascular centers in the medulla and poﬁs" (Jacobziner énd
Raybin,1959). A hyperéctive startle reaction and the alternmating
extension and flexion of the upper limb led these- investigators to
speculate extensive diencephalon invoivemenf although movements due to

basal ganglia involvement were not noted.

Four outbreaks‘of acute poiéoning from endrin contaminated bread
ﬁere reported iﬁ Saudi Arabia in l967‘(Wéeks,1967). Within hours after
ingesting contaminated bread; individuals devélofed abdominal pain,
nausea, vomiting, lethargy, mental confusion, unconsciousness and
convulsion. In many instances improvement was rapid, often within 2-5
hours. Sevéh people died iﬁ‘ohe incideﬁt within 12 hours after the
' onset of symp toms . Similérlincidents in ﬁgyPﬁ (Coble et al,1967) and
Wales (Davies and Lewis,i956,:as cited in Weeks,1967) have been
described, all involviné ingestion of endrin contaminated bread.
Symptoms of intoxication included convu1si6ns, fgéial‘coﬁtoftions,'
frothing at the moutﬂ, lethérgy, hé;daphes, méntél confusion, beaFing.
the head on the floor; hyperactiVe‘reflexes.and periods of
" semiconsciousness.. Recovery in these poisonings w;s rapid, generally

occurring within 1-7 days, depénding'on the sevefity‘of eXposure:

' CARCINOGENICITY

Endrin has been reported to be carcinogenic to rats

(Reuber,1979). Rats exposed to concentrations as iqw‘as 0.1 ppm
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developed significant iﬁcidenceé of cércinomas in liver, lﬁﬁg,
thyroid, mammary gland, and adreﬁai_cortex. Females .tended go;be more
susceptible to the development of neoplasms in endocrine and
reproductive organs. In other studies of male and female rats féd‘
endrin in ‘concentrations varying frpm 1 to 100 pbm 6ver a period of 2
‘ yeafs'no increased incidehce of tumors was reported in experimental
animals (Treon,1956, as cited in Jager,1970). Similar studies in miée
and dogs were inconclusive (Reuber,l979). Reubér (1979) séétes that
"sufficient documentation is available on qualitétive‘extfapolatibn'of
animal data that one must conclude thaﬁ,finding of Carqinogenicity in
one mammalian species should be deemmed’ to have relevance in other

mammalian species~including man”.

. Reuber's findings (1979) have‘nqt been acceptéd by‘the
Environmental Protection Agency's Carcinogen Aséessment Gfouprwho'
reviewed studies of the U.S. Food and Drug Administration, the
National Cancer Institute, the Univefsity of Cincinﬁéti and the

Univefsity of Miémi. This gfoup coﬁc?uded tﬁat‘ cese tﬁe weight of; .//
evidence is that endrin is unlikely fo bé ; ﬁuman;cércipogen” )L;/ 
(Albert,1978,-as cited in Montana Dept. of Agricultqfé,lgsé). Endrin
is also not on the listiof parciﬁégens‘fgforted by fhe World Heélth.
Organizatién (SpenCéf,1981, as‘cigéé:in-Mpﬁtané.Deé£¢ of1\' o

Agricul ture,1983).
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TERATOGENICITY and MUTAGENICITY

Endrin has been sﬁoﬁh to be teratogenic in hamsfers and mice as
well as causing weight reduction and a significant increase in fetal
mortality (Ottoienghi et_a¥.,1973)@:35nomalies iﬁ the offspring of

- endrin treafed hamsteés iﬁcludéd‘open eye, wébbed‘foot, and.éieft
palate. 1In another study, Chernoff et al.(1979a and 1979b).;eported
fused ribs, ﬁeningoéncepﬁaloceles, reducéd,skeletal ossifiqatiqn,
increased mgrtality‘and fetal weight feduction. ‘Iﬁ the offsgring of
exposed mice, there was no effect on survival or weiéﬁt énd oniy a few
inci&ences of,gleft palate, open eye,,microcephél& énd exencephaly

(Ottolenghi et al.,1973).

Endrin has been shown to be mutagenic in raté.following
testicular injectioﬁs (Dikéhith‘and D;tta,1973). They fognd‘;
chromosomal changes that included fragmentation ana the fbrmapion of
singie‘and double bridges with acentric fragments, unequal
diStribugidn of anaphase chrombsomes,.and transformation of chromatin

into an amorphous lump.

PHYSIOLOGICAL EFFECTS

Physiological studies-involving endrin exposed animals have been
‘well documented and while little data is availabie concerning its mode

of action within the nervous'system, pharmacological studies indicate.
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that it is not a cholinesterase inhibitor (Colvin and Phillips,1968).

Ryan and Shankland (1971) explored the synerg1st1c actlon of DDT-.
and endrin on the glant axons of the cockroach central nervous
system. They found that when‘given‘individuélly neither compound
produced phyeiological abnormalities over 4 period ofu3-5 hours,
; However pretreatment of the axons with DDT followed by exposure ‘to
endrin led to instability followed by complete blockade of axonal
conduction. They concluded that endrin alone had no toxic action-on
the -axonal membrane of the cockroach and the that apperent synergistic‘
.action of these compounds cannot be attributed to either compoﬁnc

alone.

Joy (1976) studied the convulsive properties of achumber.ot

- chlorinated hydrocarbon insectlcides in. the cet central cervods

system. Animals injected with endrin at doses of 1-2 mg/kg developed
spontaneous seizures Qithin‘S-lS minutes‘andtet higher doses.developedﬂ
seizures ic 0.5-2.0 miﬁutes. Hypotension, which was followed by
hypertension and cardiac arrythmias were obserVed.ip some énimals..
Following admlnlstratlon of endrln any- type of sensory st1mu1at10n
especially tactlle or auditory, would evoke a seizure. The author
sPeculated that the chlorinated hydrocarbon compounds act directly.on

the central nervous system and that they do not have to be converted

" to an active metabolite to produce toxic effects (Joy,1976).
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Seizures were produced in all parts of the pigeon telencephalon

" after intravenous admlnistration of endrin (Revzin 1966)

ectostriatum appeared to be particularly sen31tive and because-it is a

visual projection area in birds, it is probable that such exposures

could‘result in visual deficits.

The
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MATERIALS AND METHODS

EXPOSURE AND TISSUE PREPARATION

Ten week old, male,‘ICR-mice‘(Charles River) with an. average
weight of 34 grams (range 28.5-39.4) were dividgd into control énd
experimental groups. Experimental animals were éiven daily |
intraperitoneal injections of endrin in sesame oil (Q.Z ml) ag dosés
which increased from 1.5 mg/kg on days 0-3, to 2.0 mg/kg on déys 4-11,
and finally to 4;0 mg/kg on days 12-19. This dgsing ppptocql (Figure
3) was employed in‘aﬁ attempt to maintain a maximum sublethal
exposure, in animals that ﬁay have adapted to the pfevioﬁs 1e§e1 of
exposure. The initial daily dose of 1.5 mg/kg repfesents
approximate1y>27Z of the acute LD50 for mice while the final daiiy
dose represents approximately 71% of the acute LD50 (Graves,1964). The
cumulative dose in those aniﬁals receiving 20.consecuti§e injections
was 54 mg/kg (approximately 10‘times-the acute LD50). Thelsolutions
were preparéd with end?in (99% purity) supplied by the Velsiéol
Company (Chicago). Control animals received the same volume of sesame
.01l without endrin. Four experimental'and two control animals ﬁere
sacrificed after 4, 7, 14,‘and 20 days of exposure (d o e ) and after

14 and 92 days of recovery (d o r).

Each animal was weighed on a beam balance immediately ﬁreceding

sacrifice. The animals were anesthetized with ether and, following

Ll
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lateral incisions, the rib cage was reflécted superidrly. The
pericardial'sac was opened and a 21 gauge needle was inserted into thg
left ventricle.  The right atrium was cut and thévanimal was ferfused
with 3% glutaraldehyde in 0.1M phosphate buffer (pH 7.3) at a pressure
of 80-100 mm Hg for 5 minutes. Sciatic nerve, optic nerve, gluteal
and cardiac muscle were rémoved, placed in fixative and diced into 2
millimeter gubés. Following 2-3 hours in cold fixative, the tissue
was washed in buffer and storéd overnight. The‘next day the tissue
was post-fixed in Buffered 1% osmium tetroxide, theh dehydrated in a
graded ethanol series and propylene oxide and embedded in Spurr's
resin. Tissue sections 1-2 um (micrometers) thick were cut from
several blocks of each animal and staiﬁed with basic toluidine blue
(Meek,1976) for light microscopic examination and subseqﬁent
orientation of thin sections. Light micrographs were taken with an
Olympus PM-6 camera mounted on an Olympus BH-2 light microscope. Thin
sections were cut with glass knives on an LKB Ultratome III, mounted
on uncoated copper grids, stained with alcoholic uranyl acetate
(Weakley,1981) and lead citrate (Venable and Coggeshall,l965)_apd

examined and photographed with a Zeiss 9S-2 electron microscope.

BEHAVIORAL/NEURQLOGICAL TESTS

Behavioral/neurological tests were performed within a 30 minute

time span immediately preceding the doSing of the control and
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experimental animals, excluding the‘days in which those animqls wefe
- to be sacrificed. The tests were designed‘to assess chénges iﬁ the
animal's behavior approximately 24 hours after the previqus
injeqtion. The tests were performed dail& during the 20 Aays of
. dosing (days 0-19) and thereafter‘at 1, 8, 12, 14, 22, 29,‘and~92 d o
r. Each animal was removed.from their cage and tested with minimal

* space restrictions. Each animal was tested and observed as follows:

GAIT: The gait of individual animals was visually evaluated as-
they moved about a wooden surface. Animals were observed for any
changes in gait such as splaying of either. the front or hind limbs and

for signs of unsteadiness and/or immobility.
TREMOR: Animals were observed for any sign of tremor.

TATIL FLICK: This test was used to evéluate each animal's response
to noxious thermal stimuli (Janssen et al.,1963). Approxiﬁately one
half of length of the animals tail was dipped in a water bath
maintained at a temperature of 56-56.5 C and the time required for the
animal to remové its ;ail completely from the water was fecorded to

the nearest tenth of a second.

STARTLE RESPONSE: The reactivity of each animal to a blast of air .

into their face was categorized as being hypoactive, normal or
hyperactive. Each animal was tested using an aeroscl can of

compressed air, adjusted to the high setting and directed with an

extension tube.
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ACTIVITY: A subjective evaluation of activity was made based on
visual observation of each isolated animal as they moved about a
wooden surface. A gemeral description was made of each animal (from

extremely hypoactive to ektremely hyperactive).

ROD TEST: This test cheékéd fér the énimal's ability to maintain
its position when placéd on a fiberglass rod and was‘an.indirect
measure of balance and grip étreﬁgth. A uniform fiberglass rod 43.0
cm long and 8.0 mm in diameter was suspehded diagonally across é‘box
29.0 cm from the bottom. The animals were held by the tail and
lowered ohto the rod such that all 4 paws gripped the rod seéufely and
the animal appeared stable. ‘The animél was quickiy released and the
time interval between release and complete separation from_the‘rod was

recorded to the nearest tenth of a second.
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RESULTS

SCIATIC NERVE

Myelinated peripheral nerve fibers, myelin, and myelin producing

Schwann cells in endrin exposed animals appeared similar to those in’
control animals at the light (Figures.4=7) and electron microscopic’
levels (Figure 8) and resembled those described as qormal in the

literature (Peters et al.,1976; Landon and Hall,1976). In both' control

and experimental tissue, preparative artifact was commonly observed as

focal interperiod swellings within the myelin (Figures 8 énd 9).

Unmyelinated peripheral nerve fibers from control animals
appeared similar to normal fibers described in the literétufé (Ochoa,
1976; Peters et al.,1976). These fibers were found‘througﬁout the
entire prosé-sectional"area of ;he E¢iatic nerve  and the acﬁual ﬁumbér
of unmyelinatéd axoné always outnﬁﬁbered the myeliﬁated‘fiﬁérs. The
unnyelinated axons were generally 6.5-6.6 um in diaﬁétef‘with an
axonal membrane (axolemma) 7-8 nm thick. The axonal cytoplasm

(axoplasm) contained an accumulation of microtubules (20-25 um in

*diameter), neurofilaments (10 um in diameter), mitochondria, and

spérce smooth endoplasmic reticulum (Figures 8,'10, 11)°-The
mitochondria were oftéﬁ thinjand elongate in longitudinallsection and.
almost round in cross secfién (Figures 8 & 10). They were often

several micrometers long and contained cristae that typically
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paralleled the length of the axon. ‘The smooth enﬁoplasﬁic £eticulum
was located between the;miprotubules and neurofilaments and was
usually represented by a few irregular vesicles or tubules thag also
paralleled the length of the axon. While vesicles'in unmyelinated
axons are not typicall& described in the literature gther than near
the axon terminal, occaSionél vesicles were ébserved in u&myelinated
fibers from control aniﬁéls in thié study. SuCh veéiclés‘were‘round
to hexagonal in‘shape, 051-0.2 um in diameter; and:théy'generally

occurred in groups of 2 or 3.

Unmyelinated péripheral axons were invested by Schwann cell
cytoplasm, and it was not uncommon to find 10-15 axons per Schwann
cell (Figures 8 & 10). The Schwann cell cytoplasm‘contaihed a variety
of cellular organellés, most of which were near the perinuclear area. .
Typically microtubules;‘neuréfilaments, and mitochoﬁdria were seen
elsewhere iﬁ transverse sections. Albasal lamina enclosed the Schwann
cell (Figures 10 an& 11). Collagenous fibers were frequentlf
encountered as part of the endéneurium between the Schwann cell

bundles of unmyelinated axons (Figures 8, 10, 11).

Changes were apparent in unmyelinated nerve fibers'from endrin
eprsed animals an& were most obvious after 4 da&s of exposure. At
that time approximately 40% of the unmyelinéted aXOnal'préfiles
examined showed morphological changes that commonlyAincluded

dissolution of microtubules and neurofilaments, axonal swelling and

vesicle accumulation. It was not unusual to find all of these changes
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FIGURES 4-7. Light micrographs of sciatic nerve tissue from 4 and 20
day control and experimental animals showing fields of myelinated (*)
and unmyelinated (u) axons. xI500. FIGURE 4. 4 day control animal.
FIGURE 5. 4 day experimental animal. Some swelling can be seen in
unmyelinated axons (arrows). FIGURE 6. 20 day control animal. FIGURE
7. 20 day experimental animal. Note the swelling in some of the
unmyelinated axons (arrows).
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FIGURES 8 & 9. Electron micrographs of sciatic nerve from 4 day
control and experimental animals showing fields of myelinated (*) and
unmyelinated (u) axons and their associated Schwann cells (s). Areas
of interperiod swelling (p) can be seen in some myelin sheaths.
FIGURE 8. Control animal. x16,400. FIGURE 9. Experimental animal.
Note the swollen axon (a) and the pockets of vesicles (open arrows).
x18,200.
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FIGURES 10 & 11. Electron micrographs of sciatic nerve from 4 day
control animals. A normal accumulation of microtubles (t),
neurofilaments (f), and mitochondria (m) can be seen within the
axoplasm. Note the Schwann cell cytoplasm (c) between the axons and a
basal lamina encircling the Schwann cell (b). FIGURE 10. X35,000.
FIGURE 11. s = Schwann cell nucleus. x40,000.



| ) Ll

Lt

33

occurring within the same axon or associated group of axons . Similat

changes were observed, although‘;ess frequently; after-7,:14, and 20 d
o e and after 14 d o r. At 92 d o r, most axons eppeered siuilar to
controls. These variations in.ultrastructure could not be detected at
rhe light microecopic level except for ocoasional swelling of

unmyelinated axons (Figures 4-7).

The Qissolution of uicrotubules and‘neurofilamehts was frequently
observed in all experimental animals sacrificed up to-14 d or. The
normal arrangement of the microtubules end neurofilaueuts within the .
axoplasm was replaced by an irregular disper51on of.aggregated
filamentous material throughout the axoplasm or along the periphery of
the axon (Figures 9, 12-17). These filamentous "aggregates” could not
be specifically identified as ro their origin nor was it poseible to -
determine if there wesra specific sequence to the dissolution (tubules
" versus filaments); It was not uncommon for markedly swollenuaxons to

contain very little, if any, of this material (Figures 12, 13, 17).

' Axonal swelling was a consistent fihding in experimental animals

from 4 d o e to 14 d o r;, and was most obvious after 14 d o e (Figures

24 and 25). The swelling Wes often accompanied by diesolution of
‘microtubules and neurofilaments (Figures 12-14, 17, 19) and frequently
involved numerous axons ensheathed Withln the same Schwann cell
(Figures 9 12, 13) In some cases, longitudinal sections revealed
alternating swollen and constricted regions within the same- axon with

the constrictions of ten containing dense accumulations of filamentous
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FIGURE 12. Sciatic nerve from a 4 day experimental animal showing
various examples of pathology in unmyelinated axons. Note the
dissolution of microtubules and neurofilaments within the swollen
axons (a), the accumulations of vesicles (v) and the swollen SER (open
arrows). Part of one axon shows a constricted region with a high
density of microtubules and neurofilaments (arrow). x20,000.
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FIGURES 13 & 14. Sciatic nerve from 4 day experimental animals.
FIGURE 13. Note the swollen axons (a) and accumulations of vesicles,
x16,000. FIGURE 14. A swollen axon (a) and adjacent constriction
(arrow) with a dense accumulation of microtubules and neurofilaments.
x28,000.
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FIGURES 15-18. Sciatic nerve from experimental animals showing
examples of vesiculation associated with unmyelinated axons. Note the
accumulations of vesicles and the invaginated axolemma (arrows).FIGURE
15. 4 day animal. X24,000. FIGURE 16. 4 day animal. x32,000. FIGURE
17. 4 day animal. x40,000. FIGURE 18. 7 day animal. x28,000.
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FIGURE 19. Sciatic nerve from a 4 day experimental animal. Note the
location of the vesicles (triangles), the membranous transection of
the axon (arrow) and the axonal vesicle (open arrow). x16,400.
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material (Figures 12, 14, 21). Many of the swollen fegions were as

large as 2.5-3.0 um in diameter (FigureS'IZ, 13, 16, 24, 25).

Membrane bound vesicles were often observed in association with
affected axons. Pockets or aggregates of densely accnmulated vesicles
were often seen in the Schwann cell cytoplasm‘or in the adjacent
periaxonal space (Figures 9, 12, 13, 15-19, 21, 25, 26, 28). Such
pockets of vesicles frequently invaginated into‘tne aXOlemma”and/or
Schwann cell membrane (Figures 9, 1.2, 13, 15 -17, 21, 28, 30)
number of such vesicles in these pockets ranged from as few as 3-4 to
as many as 40 or more. The vesicles were 0.1-0.2 um in diameter,
round, oval, or hexagonal in shape, and contained an'electron‘lncid
matrix (Figures 12-17). An occasional vesicle contained a core
- material of intermediate electron density‘(Figures 9,‘15, 18, 28)
Others had a clear_core and'nere invested by a thick electron dense
"halo" of material (Figures 15 and 16).: The pockets of vesicles
occured singly (Figures 9, 15-17), as several pockets nithin the_same
axon (Figure 13), or as multiples_within the same associated group of
axons (Figures 12;‘15, 16). Some accumulations of these vesicles
almost completely‘filled the'axonal profile or area‘that apneared to
have previously contsined an axon (Figure 18). In other examples the

vesicles were present in rows beside the axon but appeared to be

located either within the periaxonal space or within the Schwann cell -

cytoplasm (Figures 19, 21 25). These vesicles were also 0.1-0.2 um in -

diameter but had an electron lucid'core ocCasionslly contsining

]
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FIGURES 20 & 21. Sciatic nerve from 4 day experimental animals.
FIGURE 20. An example of an accumulation of axonal vesicles.
x36,000. FIGURE 21. Numerous examples of endrin induced changes
(arrows) within a group of associated axons. x28,000.
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FIGURES 22-24. Sciatic nerve from experimental animals showing various
examples of vacuolation of unmyelinated axons. FIGURE 22. 4 day
animal. Note the small vesicles within the vacuole (arrow) x28,000.
FIGURE 23. 4 day animal. Note the accumulation of vesicles within the
vacuole and adjacent axon (a). x24,000. FIGURE 24. 14 day animal.
Note the clear vacuolated area (c) which appears to displace the axon
(a). The axolemma appears invaginated (arrow). x20,000.
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FIGURES 25-27. Sciatic nerve from experimental animals. FIGURE 25. 14
day animal. Note the transection of the axonal profile and the
invagination of the axolemma (arrow). A small vacuole (c) which
contains vesicles (open arrows) and other debris can be seen crowding
the axon profile. xI5,500. FIGURE 26. 4 day animal. Note the
swollen membranous profile (arrow) within the axon. x24,000. FIGURE
27. 20 day animal. Note the swollen membranous profile (arrow) within
an apparent axonal area. x36,000.
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FIGURES 28 & 29. Sciatic nerve from experimental animals. FIGURE 28.
34 day animal. Note the clear vacuolated area containing small
vesicle (c) within the area previously occupied by the axon. The axon
appears to be displaced (arrow). An adjacent axon (a) is swollen and
the axolemma is invaginated by a pocket of vesicles (open arrow).
x16,400. FIGURE 29. 112 day animal. The unmyelinated (u) and
myelinated (*) axons generally appear normal except for an accasional
clear vesicle. x24,000.
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FIGURE 30. Sciatic nerve from a 112 day experimental animal. Note
that most unmyelinated axons appear normal although two axons (a) are
swollen and are invaginated by pockets of vesicles (arrows). x20,000.
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isolated accumulations'of electron dense material (Figures 19 and 25).
The vesicles within the axon were encountered less frequently than
those in other locations. The vesicles were often of irregular shape
with a thick ¥ing of intermediate electron den31ty surrounding a clear
¢core (similar to those previously described) They were approx1mately
0.2-0.4 um in .diameter and occurred singly or in groups (Figures 9,

20 23, 24). 1t was not uncommon for a particular axon or group of
axons to exhibir various combinations of these types of mesicle

accumulations (Figures 9 -and 21).

Occasionally large membrane bound clear wvacuoles were_observed
within the axon. Such‘vacuoles of ten occupied a large part of‘the
axonal profile, commonly displacing'much of the axon (Figures 22-24).
In some instances these vacuoles contained small circular vesicles
(Figure 23), accumulations of irregularly shaped vesicles,‘or‘other
debris of unknown origin (Figures 24 and 25)lwithin.alc1ear,
apparently watery, matrix. .The source of the membrane enclosing such
vacuoles could not be determined, but in some cases it appeared to

include the axolemma (Figures 24 and 25).

Sometimes a thin "membrane” appeared to traverse the entire
swollen axonal profile (Figures 19 and 25) and.appeared to be an
infolding of the axolemma . Swelling of the smooth endoplasmic
- reticulum (Figure 12) and membranous profiles (Figures 26 and 27) were
infrequently encountered in affected axons. The appearance of the

mitochondria in unmyelinated axons from experimental animals appeared
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similar to controls in all‘tissues‘examined (Figures 9, 14-16)

By 14 d o r much of the tissue appeared fo resemble that from
control animalshalthough'changes similar to thosé ehcounte;ed at
earlier times werevstill prgsen£. Thesehincluded axonal swelling,
dissdlution of ﬁicrotﬁbules“aﬁ&'ngufofilaments and'fhe appeéranCe ofl
accumulations of membrane bound vesicles; In one instanée an area
thought to héve_previously gontaiﬁed an axon was-coﬁﬁletely‘devoid‘of
“axoplasmic material aﬁd contained‘only‘small ygsicles'that appeared to
“be extruding from the.area (Figure 28). It is possifle that the
axolemma was infolded in this area due to the presence of a large

vacuole that has displaced the axon.

By 92 d o r, most tissue from-the experimentél animals‘was
similar to that in controls (Figure 29) although isolated instances of
axonal‘swelling and vesiqié accumulation were still preéent (Figure
30). It could not be determinéd if permanépt axonal degeneration hgd

taken place although there appeared to be no indication of such.

t

OTHER TISSUES -,

Light and electron microscopic examination of skeletal (gluteal)
muscle, cardiac muscle and optic nerve frOmvahimais after 4 and 20 d o
e revealed no obvious morphological changes when compared to that of .

control tissue (Figures 31-39).
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FIGURE 31-33» Light and electron micrographs of skeletal muscle from
20 day animals. Note the resemblence of the red (r) and white (w)
muscle fibers in experimental tissue to those in the controls. FIGURE
31. Control animal. xISOO. FIGURE 32. Experimental animal. x1500.
FIGURE 33. Normal appearing tissue from an experimental animal. Note
the dense accumulation of mitochondria (m) and myofilaments (arrows)
in this red muscle fiber. x26,600.
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FIGURES 34-36. Light and electron micrographs of cardiac muscle from
20 day animals. Note the resemblence of the experimental tissue to
that of controls. Numerous blood vessels (b) can be seen throughout
the field. FIGURE 34. Control animal. Note the dense accumulation of
mitochondria within the muscle bundles (arrows), x1500. FIGURE 35.
Experimental animal. xI1500. FIGURE 36. Experimental animal. The
mitochondria (m), myofilaments (o) and t-tubules (arrows) appear
normal and glycogen is prominent. x33,300.
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FIGURES 37-39. Light and electron micrographs of optic nerve from 20
day animals. The field contains numerous myelinated axons (*) and
glial cell processes (open arrows). FIGURE 37. Control animal.
x1500. FIGURE 38. Experimental animal. x!500. FIGURE 39.
Experimental animal. Some preparative artifact can be seen in the
form of interperiod swelling in the myelin sheaths (arrows). x36,000.
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BEHAVIORAL/NEUROLOGICAL EFFECTS

Experimental animais>appeared hyperactive within 24 hours after

the first injection and thié'symptom continued throughout the exposure

phase of the expériment and for over 2 weeké into the recovery phase.
Hyperactivity was most -obvious 4-5 hours after each injeétion and
tended to diminish sliéhtly over time until the next injection. Such
behavioriwas Charaqterized by a?imals,running’conétantly aboqt thé
cage and regul#rly climbing theiwire c;ge 1id and mﬁving back an&
forth or circling on it while hénging upside-down. In addition,
dufing‘the time the animals were being injectéd or'weighed; animals
climbed out of the cage at every opportunity; However, when.the
animals were placed in an iSolatéd setting, usually following handling
or after theif initiél response‘to a starfle stimﬁlus, the?“eihibited
a hypoactive‘and timid bghévior. Such animals often tended.to'réﬁain
stationary for 10-15 seconds. It was not uncommon for animals to
remain this wa; until forced to move, at which time thef exhibited

only a timid exploratory behavior. Frequently the animals displayed a

change in posture characterized by a hunching of their thoracic spine,

both while stationary, and while walking. This stationary‘actiﬁity
and postural change was obvious after 6 d o e and was still evident

after 14 dor.

Piloerection was apparent in 357 of the experimental animals by
16 d.o.e.and a similar percentage of animals remained‘sO,throughout

the remainder of the exposure period.
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The gait of experimental animals appeared similar to ponﬁrols
until 13 d o e when some animals exhibited‘a general splaying of the
hindlimbs; This was most oﬁvious.at 17 d o e when approximately 65%
of the animals were involved, but decreased to 28% by'18‘d_o e, 232 at
20 d o e and continued to decline until the gait‘aﬁpeared normal in
all animals by 14 d o r. Control animals‘nevgr displayed any signs of
gait abnormality. An 'erec"tv téil posture was observed in exposed
animals and was consistently‘noted befween 1 and 15 d 0 e. The tail
in these animals was stiff ;ﬁd sgldom contacted the groﬁnd‘whereas the
tail of control animals was flacéid and in contact with the.wélking

surface.

Tremors or convulsions were never observed in either control or -
experimental animals. Two animals developed what apéeared to be.
hiccups. 1In one animal these "hiccups” were obvious at 19 doe, 12 d
o r and 29 dor, at which time‘it wés noted that tﬁe animal appeared
very with&rawn and hypoactive. The otﬁer animal exhibited éimila;
behavior after 14 d o r and developed shakes of short‘duration

immediately following the "hiccup”.

Control animals showed very little response to startle stimuli,
commonly only reacting with a slight blinking of their eyes..- The
number of animals exposed to endrin that displayed a hyperactive
‘startle reaction increased during the exposures. After l'd o e 31% of

the animals were hyper—-responsive and by 17 d o e, 88% were
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hyper-responsive. That percentage declined to 25% by 29 d o r, and
finally all animals resembled controls by 92 d o r. In extreme
instances a puff of air directed at animals in their open cages caused

the animals to jump completely out of the 6 inch high cage.

The results of the téillflick test are summarized in fiéﬁre 40.
There appears to be no significant or cénsistent tfend‘to the data.
‘Only_after 8, 12 and 20 d o e was there a statistically significant
(Student t-test) difference‘betweeﬁ controls and‘experimenta1S‘and in
all three cases the experimental animals‘respondéd"mora quickly than

controls.

"Results of the rod test are summarized iniFigure 41. The
inability of experimental animals to maintain their‘positiOn on the
fiberglass rod was a consistent finding. The number of animals |
‘immediately falling off the rod was much greater in the experimental
group than in controls from i to 4 d o e and then again on days 8-20.
Af ter day 13,‘none'of the controls féll off imﬁediately. By day 15
none of the exéerimental animals eould maintain their position on the
rod although some could still grasp the rod and hang there until
finally falling off. By day 16, 56% of the experimental animals fell
off the rod immediately. Most experimental animals trembied‘when
placed on the rod. By 14 d o r, most of the éxperiﬁental animals
could maintain their balance on the rod for 2-3 seconds before falling
off and by 29 d o r all animals tested had no trouble maintaining

. their position on the rod for up to 10 seconds which was the duration




z

z
*|ﬂ3 ZN r N
.6 r z ZT3 7z Z N ZN zZN zZN #TS Z ZN
z Z ZS ZN Z”™ [ZN ZN ZN ZN ZS Z ZN

S Z ZS 7S ZzZS ZS 7S ZN ZN ZN ZS ZN ZN
IN ZS ZS ZS ZS ZS ZS ZN zN ZN ZN ZS ZN 2zZN
/S ZS ZS ZS ZS ZS zS ZN zZN ZN ZN ZS 7N ZS
/IS ZS ZS ZS ZS ZS zS ZN ZN zZN ZN ZS ZN ZN
I\ ZS ZS ZS ZS ZS ZS ZN ZN ZN ZN ZS ZN 2zZN
ZS ZS ZS ZS ZS ZS zZS ZN ZN ZN ZN ZS 7N ZS
ZS ZS ZS ZS ZS ZS zZS ZN ZN ZN ZS ZN ZN ZS
ZN ZN ZS ZS ZS ZS ZS ZS ZN ZN ZS ZN ZN ZS
ZS ZN ZS 2ZS ZS ZS 7S ZN ZN ZN ZS ZN ZN ZS
ZN ZS ZS ZS ZS ZS zZN ZS ZN ZN ZS ZN ZN ZS
ZN ZS ZS ZS ZS ZS ZN ZS ZN ZN ZS ZN ZN ZS
ZN ZS ZS 2ZS ZS ZS ZN ZS 7zN ZN ZS ZN ZN zs
ZS ZS ZS ZS ZS ZS ZN ZN ZN ZN ZS ZN ZN ZS
ZS ZS ZS ZS ZS ZS ZN ZN ZN ZN ZS ZN ZN ZS
/S 7S zs 7S zZS ZS zN ZN ZN ZS ZN ZN Zzs

7
Z
Zz
z

NoSpn>S>S>S>SN 9

> >>> ) > > ) > > >N

S 9 10 11 12 13 14 15 16 17

I//1 controls ~ g ysExperinnentals

FIGURE 40. Summary of the tail flick test. * indicates a statistically
significant difference.
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of the test.

The percent of changé in the animals weight over. the 112 day.
study period is depicted in Figure 42. The experimental animals do not
appear to gain weight as rapidly as the controls although the only

statistically significant (Student t-test) difference waé3on day 20.

Thirty-five experimental and 15 éoﬂtrol‘animals Weré'used ét‘the
start of the study. ‘One éontrél animal, representing 6.7% of the
control animals died on day 8 of the study. Eight éndrin eXpésed
animals (237) died dur ing fhelZO days of exposure, 5 betweéu days 17.
and 20. There was no mér;ality in aﬁy animals‘after the eigosure-
regime was finishéd. ‘On day 12, approximately 4 hours after
increasing the dosage ffbm 2.0 mg/kg to 4.0 mg/kg,‘tﬁo;animals died.
Figufé 43 shows‘the nqmbéf_of animals:that7died“as}a péfcentage'of
those remainiﬁg; .The greatéSt mortaiigy‘occurred on'day 18, when 19%
of the'animals.died. Postmor tem examination of dead animais reveayed

no sign of death due to hemorrhage caused by injection.
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DISCUSSSION

SCIATIC NERVE

Electron microscopic studies of peripheral nerve in aﬁiﬁals
exposed ‘to repeated éubacute(doses éf'endrin reveal a pattern of
degenerative changes iﬁ unmyelinated axons characterized by axonal
~swelling, dissolutiph‘of microtubuleé and neurofilaments, and tﬁe-
aﬁpearance of vesicles‘Qithin the axon andfadjacent‘Schwann gell
cytoplasm. Endriﬁ does not appear tg contiﬁuously accumulate
- significantly within the tissues of chronically exposed animals (Cole
- et al.,1968) but rather tehds to reach ﬁlgtgau storége'lévels
(Broo?s,1969). Thié results.in a limiting‘uppef level of actumulétiOn
that declines with time when exposuré‘ceéses{ .According to Donésé et
al.(i979) "it appedrs that, initialiy,‘gndriﬁ is‘rapidiy.Absprﬁed,'But .
a "coping"‘mechanism ié‘devélopéd tﬁat may:allow metéboiism‘br‘ |
excretion of endriﬁ, fesulting in a bonégn&ration>dr0p; -A gradua¥
increase in‘endrin followé, until the‘contendiug proéééses of uptake
and excretidn'reacﬁ’their reépedtive levels and an equilibriumﬁis
attained."” The greater ;mouﬁt of daﬁagé observed'after 4 days‘of
‘exposure, may indicate thaﬁ the aﬁimaisdhave‘have-n0£'yét reached such
an équilibrium andvthét the levels 6f éndrin‘Withinfpheﬂtiséues.
exceedé,the plateau level that will be reached later. At such é time,

the concentration of the tokin within the tissues reaches af1EVel that .
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will not be exceeded unless the daily doses is markedly ihcfeased. A
further indication of such adabtation te a new level of ekposure was
observed as a higher frequency of axonal swelling ebserved on day 14,

shortly after the increase in dose from 2.0 mg/kg to 4.0 mg/kg on day

12.

Peripherel nerve damage, induced.by chemical or pﬁySicai means.is
often accompanied‘by‘axonal swelling.(Dyck and prkins,1§72; Hendelman
and Mire,1968; Sima and Robertson,1979; Bray et al.,l972;‘Behse et
al.,1975; Schlaepfer and ﬁasler,1979b); The ‘focal dilations and
constrictions reported here appear nearl& identieal to these reported

by Mire et al.(1970) following nerve transection and nutritiopal

deprivation. Previous morphological studies by those authors -suggest

that an ionic imbalance involving the ionic sodiumfpotass;um:ATPase
may lead to abnormal accumulation of aionel sodium ions and water
leading to axonal swelling (Hendelman and Mire,1968; Mire ei.
al.,19%0). This ATPase.system‘is energy dependent and requires‘ATP as
a substrate to aehieve the extrusion of sodium from the‘axen.
Therefore, any process that inhibits the‘production of ATP.coeld iead
to swelling. The swelling reported in the present study coﬁid vefy
well be the result of such an ionic imbalance. Mire et al,(1970)
found, in axone grown in culture, that.90—100% of the swelling
disappeéared within 30-90 minutes folldwing either refeeding with
normal medium, Supplementing‘the‘ﬁedium withjglucose, or opening the

cul ture to room air. They suggest that these manipulations may lead
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to production of ATP within the axoh reeulting'in increased activity
of the ionic sodiumpotassium ATPase. in another study CWebster and
Ames,1965) deprivation of oxygen and‘glueoee to isolated'tabbit retina
resulted in organelle swelling that was reyersible onl?'if\such
deprivation was not prolonged. Thoée authore suégeet that euchl

changes may be related to the availability of high energy phosphate

bonds that may be responsible for the aetive maintenénee'bf osmolarity

across the membrane. The.periodic swellihg‘bfsthe‘smooth.endeplasmie;’

reticulum, the swollen membranous profiles and the'preeehce of
watery" vacuoles observed in this study‘may be the result of such
changes in osmolarity reflecting the posSible-deerease‘ianiP[

availability in animals exposed to endrin.

Transection or crush of'peripheral netGe can‘reeult.in'the _
decreased actlvity of ion1c sodlum—potae31um ATPase (Baehlard and-
Silva,1966). M1tochondr1al (ollgomyc1n—sen51ttve) 1en1chhi
magnesium—-ATPase in the rdt braln is 1nhib1ted by enerln (Mehrota et
al.,1982) and the related compound chlordecone (Jordan et al.,1981)
- hehrota et al. (1982) suggest that such 1nh1b1t10n could impalr |
avallablllty ‘of ATP to the ionic sodium—pot3551um ATPase, thereby
limiting its normal function and resultlng in an abnotmal sodlum
gradient across the membrane. One canfspeculate that the axonal
sweiling observed in this study could‘very well be the resuit of such
impairment. The high degree of ewelling‘on day 14 could indicate a

peak in the animal's inability to produce adequate amounts of ATP. The
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animals may subseqpently.adapt to'a new level of:thicity, and ‘as the
end;in level in the tissues concomitantly drops, the degréé of
inhibition of the sodium pump declines. This coul& decrease iﬁ the
amount of swelling . Colvin and Phillips (1968) speculafed that endrin
and its analogues bind to the lipid-rich struc tural COﬁponents of
mitochondria and certain other organelles and that this‘binding may
affect the catalytic activity of enzymes associated with these

lipid-rich fractions.

Diééolutién of microtubules and qeurofilaments.is one of the
earliest signs of axonal damage,, either following mechanical injury
(Schlaepfer aﬁd Hasler,1979a; Mire et‘éi.,l970; Dyck and Hopkins,1972;
Bray et al.,1972), systemic neuropa#hy (Behse,1975; Sima et al.,1979)
or chemical exposure (Phillips and Eroschenko,1982). These organe;leg
are replaced by an amorphous, floccﬁlent and granﬁlar material
(Schlaepfef:and Hasler,1979b; Schlaepfef and Micko,1978). Clpmping of
the axoplasmic contents (Dyck and Hopkins,1972), and granulaf
disintegration of axoplasm were accompanied bylswelling
'(Séhlaepfer,1977). The results presented here are consistent with

these findings.

. The diséolution of microtubuleé and néurofilaments is‘thouéht to
_involve increased membrane permeability to calcium and subsequent
_axbplasmic alteration (Schlaepfer,1979; Schlaepfer and Micko,1978;

Schlaepfer and Hasler,1979a) via a calcium activated protesase

(Schlaepfer,1979). Any process that could lead to the loss of
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selective permeability of the axolemma cduld resuitfin such
breakdown. The structural and chemical disruption of neurofilaments.
is accelerated by energy debrivation or increased caleium

concentrations in cul ture (Schlaepfer,1979).

Degenerative axoplasmic changes are more widespread in small
myelinated and unmyelinated fibers than in large myelinated fibers
after incubation in media'containing calcium (Schléepfer and

Hasler,1979a).. These authofs also found the‘smailer'fibers to- be more

prone to breakdown.induced by calcium indicating the possibility of a .

higher concentration of axonal proteaseé. Tﬁey speculate that these
proteases exist in an inactive form, and are activated by reieasg of
calcium from within the axon or by influx across the axolemma; |
possibly as a result of deficiencies in the ﬁetaboli¢‘contfol of

calcium permeability.

Studies.involving similar‘bathologies have‘shownlthag the
disappearance of microtubuies precedés the loss of neutofiléments
(Schlaepfer,1974 and 1577)7 The progression of suéh dissglution'could
not be determined in the present study, perhaps becaqse,of the time

lapse between the days of sacrifice.

Empty areas, devoid of axoplasmic métefial, and thought to have
previously contained an' axon, were occasionally observed-within the
Schwann cell cytoplasm of experimental animals. Sometimes these areas

contained only a few scattered vesicles while others were almost
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completely filled with vesicles. Behse et al.(1§75) repor ted the -
appearance of empty axonal areas in the Schwann»cell cytoplasm in
sura; nerve biopsies from patients with systemic neuropathy. They
referred to these areas as "émpty Schwann cell sub~units”. These
authors suggested that such empty areas may be due to eithér the
- survival of the Schwann cell aftgr the loss of the unmyelinated axons
or to the proliferation of the remainingchhwaﬁﬁ cells; Simiiar
fiﬁdings_werg reported by ﬁyck and Hopkins (1572) folléwing crush
injury of unmyelinated fibers. They found one third of the
unmyelinated fibers were represented by empty spaces which showed'a'
watery appearance. The axolemma was discontinqous or‘had

diséppearedw The findings‘reported in- the present study'coﬁld in fact
be a result of axonal loss although the low frequenéy of .such changes
makes interpretation difficult. A comprehensive morphimetric aﬁalysis
involving counts of unmyelinated fibers from experimenfal animals

could confirm such speculation. .

One of the most consiséent observations in sciatic nerve from
animals exposed to endrin Wés the appearance of vesicles in
unmyelinated axons, adjaceht pefiaxonai spaces, ,or within the Schwann
.cell cytoplasm. The origin and fatetof these'vesicies i; not apparent
from this studf, since it éould not be determiﬁed if the vesicles were
moving into the axon or being extruded from it. >Phillips and
Eroschenko (1982) have reported similar pockets of vesicleé in

unmyelinated'axons following chlordecone'egposure and observed that
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some of these axons contained pockets of vesiéleg within the Schwann
cell cytoplasm which had invaginéted‘the a#olemma:"Speﬁcér and Thomas
(1974) described Schwann ceil cytoplasmic invaginations in physically
damaged myelinated fibers. These inyaginations were invested by an
infolding of the axolemma and enclosed electron lucid areas of
axoplasm in.a "honeycomb” configuration whicﬁ they termed‘"SchWaﬁn,
cell/axon networks". They repofted large clusters of clear and dense
core vesicles surrounded by a microfilament meshwark and speculated
that thg cytoplasmic invaginations are a means by-ﬁhich the‘aan
sequesters dand phagocytoses degenerate or undesiraBle axopiasmic
debris such as unusual or abﬁormal organelles (vesicles or dense -
bodies). A similar hypothesis has been presented by Schlaepfer and
Hasler (1979b), who observed that theigranu;ar axoplasmic' ‘
disintegration coincided with the appearance of floccular; and
granular material of moderate electron density within the
endoneurium. Such changes were attributed to a process of
externalization of axonal breakdown produc;s in degenerating‘nerQe
fibers. Further evidence relating thé.morphologicai‘changesvto suCﬁ
externalization has been‘reported by Sima and Robertson (1982), whq
found irregular conglomerates of membranous profiles-in swollen
ummyelinated axons froﬁ mutant diabetic mice. Théy also reported the
extrusion of axoplasmic debris iﬁto‘the Schwann cell cytgplasm or
adjacent periaxonal space, and in longitudinal sections observed‘the
invagination of the Schwann cell cytoplgsm into the'axoplésm forming

¢

"honeycombed Schwann cell axon complexes”. Vesicles (smooth ﬁembrane
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profiles) have been observed by Wood and Engel (i976) in the inner
Schwann cell cytoplasm of 4-6 day old neonatal rats during active
sciatic nerve myelinétion. They found that these profiles were
usually enclosed within a larger smooth membraﬁe structure and
occasionally the entire complex could be seen quing With the
axolemma . -They speculated that these vesicles may be £nvolvedvin an
-exchange of meﬁbrane material between-the Schwann éell and the -
axolemma. These authors point out that such vesicles were seen at
other stages of early development but were never bbsefved in sciatic

nerve from adult -animals.

The vesiclgs,obServed in the present study cquid represeﬁt
accumulations of abnormal axoplasmic material legving the axon, fluid,
Oor even as an accelerateﬂ means of normal,membrahe exchgnge. At no
point was there any evideéncé of endoneurial deposition-of axbplasmic
debris. Vesicles Wéré observed within the axon, albhg the axon, in
the Schwann cell cytoplasm, and in the periaxonal space indica;ing
there may have been some type of external;zation (or inéernéliiation)
of these vesicles from the axon but the directionality of such
movement couid not be verifiéd. These vesicles could in fact play a’
role in membrane exchange in swollen axons where mqré membrane would
be needed to accomodate the enlarged axon or they‘céuld provide a
method‘of fluid remdvél from such axons. The cléar core‘vesicles

containing a "halo" of material of intermediate electron density were

most often observed within the axon and may be accumulations of fluid
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destined for removal from the axon. Vesicles siﬁilar to the axonal
vesicles observed in this study have been found in dendrites and
nuclei of substantia nigra neurons. in mice exposed to chlordecone_(Vaﬁ
Natta and Phillips,.in preparation) and in the developing cuneate

nuclei of the rat (David and Nathaniel,1978).

Thin cytoplasﬁic invaginations of the axolemma similar to those
observed in unmyelinated nerve fiber from experimental animals have
been previously reported in degenerating myeliﬁaﬁéd nerve fiberé
(Spencer and Thomas, 1974) possibly as a means of sequestration of
axonal debris by the adjacent ScﬁWann cell. Such invaginations have
also been reported in myelinated fibers from animals exposed to ethyl
n—-butyl] ketone and methyl-ethyl ketone (0 'Donoghue et al.,1984$. In
the present study, axolemmal invaginatipns differed from those
reported by Spencer and Thomas and O0'Donoghue et al. primarily by the
degree of invagination since they were occasionally seen traversing
the entire axonal profile, although they were never observed to héve
actively enclosed‘a#oplasmic contents as has been propose& by these
authors. Rather,‘they are most likely invaéinations of the Schwann
cell cyéoplasm and axolemma, thaf as a result of the plane df,

sectioning, appear only as a thin cytoplasmic stalk.

The large membrane bound vacuoles occasionally observed within
the area normally occupied by the unmyelinated axons often filled a
significant area of the axonal profile and appeared to displace the

axon to one side. Other reports of vacuolés similar to those observed
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in this study have'nét been féund in the literathre. Large vacuoles
have been observed in the neuropil of the central nervous system in
éatients with Creutzfeldt-Jakob disease (Foncin,l967;_Hirano et
al.,1972; Bignami and Forno,1970; Lambert et al.,1971; Gonatas et
al.,1965). They are described as containing an electron'lucid
material which often contained smaller vesicles or ﬁembrane fragments
and is bounded by a membrane that is frequently interrupted.’
Vacuolization has also been reported by Martinez et al.(1978) in
unmyelinated and small myelinated axons from biopsied sural ﬁerve of
employees involved in the manufacturing.of kepone. Thelvacuolés
observed in the present study are possibly accumulations of a watery
fluid in the periaxonal space that results in the displacement of the
axon or more likely, fills tﬁe space previoﬁsly occupied by a

. degenerating axon, oniy a portion of which is visible in some
profiles. This may indicate a transient phase ofiaxQnai dégeneratién
which finally results.in an empty area within,the'Schwaﬁn cell

cytoplasm.

OTHER TISSUES

The fact thaf skeletal and cardiac muscle from experimental
animals appears similar to:tissues from control animals does nof.rule
out the fact that subtle biochemical or transient morphological

changes could be occurring within these tissue. Alterations in
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skeletal muscle which.included changes in mipocﬁondrial ultrastructufe
and lipid and glycogen stores have been reported in chiordecone
exposed mice (Phillips and Eroschenko,l984). However, animals exposed
to kepone develop severe tremors and gait difficulites resulting'in
extreme energy depletion which may account for the mor phological
changes observed in these animals. Since animals exposed to end;in
were never observed to display such symptomology; the energy burden in
these animals may not be as great and thus one might mnot expect to see

such changes.

The optic nerve in all experimental animals appeared similar to
that in control aniﬁals. If endrin does not démage myelinated
peripheral nerve fibers then one might not expect to see changes in
the optic nerve which is comprised #lmost entirely of m&elinated
fibers, although a more compreheﬁsive examination of such tissue is

needed for verification of these fipdings.

- Mi tochondria from all éxperimental tissues sampled resembled%
those of controls despite reports of biochemical changes in g
mitochondria in endrin expoéed animals (Pardini et al.,1971; Mehro}a
et al.,1982). IhiS'in contrast .to reports of mitochondrial éhange§ in
chlordecone exposed mice, characteri;ed by paracrystalline inclusisns
in mitochondria of ummyelinated fibefs, and ultrastructure alterations

in skeletal muscle (Phillips and Eroschenko,1982; Phillips and

Eroschenko,1984).
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BEHAVIORAL /NEUROLOGICAL EFFECTS

It is generally believed that endrin stimulates central nervous
system aétivity. Behavioral changes reportea héfe appear to confirm
such a hypothesis. Neurological symptomology displayéd in the
experimental animals in this study, including hyperactivity and
. hypersensitivity to stimuli have been well documented in the
literaturé and such changes have been consistent findings in a variéty

of experimental animals including mammals, birds, and fish.

Hypersensitivity to startle stimuli was one of the earliest signs
of exposure‘to endrin. Similar findings have been‘reported in
chlordecone exposed rats (Reiter and Kidd,1978; jordan'et al.,1981)
;and mice (Phillips and Eroschehko,1982); Jacobziner and Raybin (1959)
reported an exaggerated startle fesponse displayed by a child acutely
exposed to endrin and they felt that it was indicative of extensiQe
involvement of the diencephalon. Joy (1976) found in rats exposed to
endrin that sensory stimuli of any modality Would elicit seizure
activity.‘ His study showed that peripheral nerve stimulation resul ted
'in the enhancement of a central nervous system response to sensory
stimuli at both the somatosensory and sensorimotor cortex resul ting in
a three to five.fold increase in cortical motor outflow that could
possibly contribute to the response to startle stimuii seen in exposed
animals. A study involving animals exposed to dieldrin ghowed that

-such changes are related to an increased postsynapfic response of the
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cortical cells and the author specqiates that'endrin_acts in a similar
fashion (Joy,1974, as cited in Jay?1976)._Jordaﬁ_et al.,(1981)
suggested that a similar sfartlé response in rats exposed to
chlordecone waS‘indicative of_é éﬁnormél.activity in theuaudit§¥y,
reticular and/or motor system,(dysfunction of abnormal, excita;idn) and

possibly generalized central nervous system involvement.

Piloerection was not a noticabie effect in exposed animals until
éomewhat latgr during exposure. Similar'findings have not béen
reported in the litefature, althouéh mice exposed to képone become
piloerected shortly after injection (Van Natta and Phillips, in
preparation). It has been repdrted that kepone exposure leads to
hyper-responsiveness of unmyelinated peripheral nerve fibers to
stimulation (R. Weller, J. McMillan and D.. Phillips, persomnal
cqmmunication). It has also been suggesfed‘that endrin exposure
results in sympathetic nervous system stimulation (Emerson et
al.,1964; Hinshaw et al.,1966). If stimulation of unmyelinated nerve
fibers and thus postganglionic sympathetic fibers does occur in endrin
exposed animals, then it is likely that such stimulation would lead to

piloerection.

Endrin caﬁseS'damage to unmyelinated axons which include sensory
or autonomic postganglionic fibers. Consequently such damage could
result in impairment of autoﬁomic functions reiated to temperature
regulation, blood pressure maintenance, and a number of other visceral

functions. Physiological manifestations of such impairment have been
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dOCumented‘in dogs and include,‘hyperthefmie, hypertepeion,
bradycardia and increased salivation (Emerson et al.;1963; Reins et
al.,1964 and 1966; Emerson and Hinshaw,1965; Emerson,1965). Damage 'to
these particular fibers eould also result in changes in reflex
responses and sensations related to noxious sfimuli. It is probable
that many of these changes could be be subtle aﬁd may affect humans or
animals in doses well below those that would produce gross behavioral
or morphological sympfoms.- Even if such suBele éhanges"were detected,
the’eause of such changes would not likely‘be suspected. Regerding
such subtle changes, a wildlife study by~the Montana Department of
Fish Wildlife and.Parks (1983) suggests that "pesticide related causes
for such changes could include reproductive impairmeﬁt, increased |
neonatal mortality and physiological or behavioral changes that can.

affect survival”.

Gait disfurbances‘dueuto exposure to ehdrin, in this study, were
minimal and all animals appeared to have recovered by 14 d o r. This
. is in contrast to the severe gait.difficulties reported in‘miee
exposed to chlordecone which included wide-based spiaying, instability
and inconsistent placement of the extremities (Phillips and
Eroschenko,1982; Jordan et al.;1981; Egle et al.,1979). Ataxia hae
been reported in birds”(DeWitt,i955) and rats (Bedfbra et.el.,1975)

- exposed to endrin.

Resul ts of the tail flick test are‘inconclusive éince a

statistically significant difference between controls &nd.




71

experimentals occurred only on 3 days. It is likely that any change
in pain perception due to damage to unmyelinated sensory nerve fibers
~would not affect tail withdrawl since such damage would most likely
.result primarily in changes involving second pain éeﬁsatién

(Price,1972).

" Results of the rod test were interesting but difficult to
interpret since a number of factoré could influence the results
noted; A signifiéant'dhange occurred in.the ability of the |
experimental animal to maintain itéelf“on the rod. PFew animals could
stand on the rod at all by‘8 d 0o e and those that did often trembled
markedly before finally falling off. It is necessary totpoint out
that the animals total recorded time on the rod did not necessarily
reflect the animals ability to maintain its position once pléced
there, sincé many times thé animal would fali off the rod immediately
only to grasp the rod and‘hang-frém it, thus resulting in éséignment
of a much longer recorded time. The basis for this change in behavior
cannot be determined from this study although one céﬁld speculate as
to the reasons for such changes. Diéturbances in vestibular function,
muscle coordination and/or'muscle strength, sensory;motor'dysfunction
or timidity could account for‘the‘animéls inabilify to stay on the
rod. Loss of equilibrium haé been repofted"in fish expoéed'to-endfih
(Mount,;1962, as cited in Grant and Merhle,1973) but not in bthef
animals. Ataxia has been reported in some animals exposed to endrin

(DeWitt,1955; Bedford et al.,1975) whilé muscle weakneés_was a
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consistent finding in acutely exposed humans (Jenkins and Toole,1964;

Coble et al.,1967).

Convulsions and to a lesser extent, tremors, are consistent
~ symptoms of acute endrin exposure reported in the literature. The
absence of these symptoms in this_study could be the result of species

variation, dose‘and‘route of exposure, or duration of exposure.

Animal weight in control and experimentai animals increased up to
14 d o r although the weight'of the expetimentals had‘decreased
slightly by 92 d o r. The difference in weight gain between.the
controls and experimentals was statistically different only on day 20.
However, the experimental animals consistently gained less weight than
controls but at'a rate not statistically different, possibly:due to
the high amoupt of aqtivity displayed, by these animals. Some of the
weight gain in both groups_of‘animals was likely due to the fact that
these animals are still growing although a residual aecumulation of |
sesame oil, evident upon sacrifice of all animals up to 14 d o r could
account for some of this increase. Blus (1978)ifound that shrews
exposed to endrin lost an average of 19—27/ of their weight. On the
other hand Treon (1955) reported that prolonged feeding of endrln to
rats resulted in a weight gain equal to or greater than that of the
controls except in males fed the highest dose (25 ppm). A single dose
of endrin as high as 10 mg/kg had no effect on~the weight of pregnant
hamsters although animals receiving doses above 0.75 mg/kg/day for 10

consecutive days all had a reduction in weight (Chernoff et
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al.,1979).

The rapid metaholic~fate of endrin‘in exposed‘animals could
explain why the severity of some symptons diﬁinish with time. _It.may
also account for the changes in symptomology.following a change in the
dose and also the apparent recovery‘of ekposed animals folibwing
" cessation of dosing. It appears that cyclodienes can exist in the
brain for periods of time without producing toxic symptoms, but at-a
later time the same concentration may‘produce severe symptoms. This
suggests a time dependent mechanism within the central nervous system
that determines when such symptoms will.becone apparent (Walsh and-.
Fink,1972); The sliéht dimunition of hyperactivity.and a pronounced
startle regponse over a %4 hour period‘following injection couldl
result from decreasing levels of endrin in exposed animals. The‘gait
changes on day 13, one day following an increase in the dose (from 2.0
to 4.0 mg/kg) and their subsequent gradual decrease after day 17 could
indicate that the animals had "adapted" to the previous dose, thus
establishing a plateau level within the tissues but then had to
readapt to the new dose. The inability of animals to maintain their
balance during the rod test continued throughout the dosing portion‘of
the experiment. Significant recovery displayed by.animals‘in‘this
“test and the gradual disappearance of the other observed symptoms
occurred over the 2-4 weeks following cessation of exposure indicating

a rapid turnover and elimination of endrin in these animals.

Total animal mortality in this experiment was 23%. There were"no -
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" obvious indications for the cause of déath, nor Qere there overt
premortal symptoms indicating any of the animals were near death. The
incidence of mortality was closely associated‘with the éhange in the
dose concentratiop. There was no mortality at a dose of 1.5‘6ri2J0
mg/kg. Raising the dose to 4.0.mg/kg oﬂ day 12 resulted in‘the §eath‘
of two animals within 4 hours after injectign énd the additional death
of 6 more animals over the next 7 days. It was apparent. that thoée;
animals that could tolerate a change in dosé did so by g proceés of
adaptation, probably through rapid metabolism to less toxic
intermediates and subsequent‘elimination which ulfimately'feéhiped in

their survival until the termination of the experiment.

'SUMMARY‘

This study demonstrafés‘that endyin does produce speéific
morphological changes in unmyelinated fibers of periphefal herye_
although the mechaniéms'of such change remain to be elucidatéd; There
is é need for further studies tohéubstantiate the apparent speéificity
of endrin's toxicity to unmyelinated fibers in other areas bf,the |
peripheral nervous system and possiﬁly within the central nervous
system and to furﬁheplqharacterize the damage occurring within' these
fibers. Such stpdigs‘cguld-include examination of épecific..
populations of unmyéliﬁated fibers (sensory and autonomié)-froﬁ a

number of locations tq determine if these effects are localized or
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wide'spread and‘to inspect the dorsai root and‘auﬁonoﬁic ganglia of
fibers.to verify possible involvemént.of the perikarya. in addition,
it would be of interést to inVestigéte fhe effects of endrin in
neonatal animals since another'neufotoxic compohnd, capsaiqin, has
been shown to.selectively induce degeneration in unmyelinated nerves
of neonatal rats (Jancso et 3l.,1977; Jancso and Kirély;IQBI;‘Nagy et
al.,1980; Nagy,1982). Studies are also néeded to'ascerfain the |
threshold dose which will induce initial morphological and/or
behavioral qhanggs in exposed énimals,. KnowledgevofLSuch sPecifiCiFy
could lead to the use of endrin as élvaluable tool in neurological |

research.
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