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GRIFFITH, J. A. AND D. E. WOOLLEY. "Central" and "peripheral" benzodiazepines and kinetics of lindane-induced 
toxicity. PHARMACOL BIOCHEM BEHAV 32(2) 367-376, 1989.--Because hypothermia and anorexia were previously 
found to be more sensitive indices of the effects of lindane than were convulsions, these endpoints were used to quantify 
the ability of benzodiazepines (BDs) and phenytoin either to ameliorate or exacerbate the toxicity of lindane in the rat. 
After administration of lindane (40 or 50 mg/kg) in oil per os, toxicity was counteracted by phenytoin and the "central" BD 
agonists diazepam and clonazepam, but was worsened by Ro 5-4864 a "peripherar' BD agonist. Clonazepam and diazepam 
were each more effective in counteracting lindane-induced anorexia than in stimulating food intake, presumably because 
the animals had been fasted and probably even controls ate maximally when food was presented. Diazepam alone (3 
injections in I day) produced withdrawal-induced decreased food intake the following day. Clonazepam and diazepam 
alone each transiently decreased colonic temperature, yet effectively blocked the more severe hypothermia produced by 
lindane. Ro 5-4864 by itself did not produce any measurable effects, yet exacerbated all of the effects, including lethal 
effects, of lindane. The present findings are compatible with other evidence that lindane and Ro 5-4864 act at the picrotoxinin 
receptor of the GABA^-activated chloride channel and that systemic administration of agents acting at this site may 
produce a constellation of effects, including seizures, hypothermia and anorexia. 

Clonazepam Convulsions 
Temperature regulation 

Diazepam Food intake Lindane Phenytoin Ro 5-4864 

LINDANE, the gamma isomer of hexachlorocyclohexane, is 
a neurotoxicant used in both human and veterinary medicine 
to treat ectoparasites. It is considered safe because dermal 
absorption is usually low. However, dermal use of lindane has 
occasionally been associated with serious illness and even 
death (14,55). Death has also resulted from oral intake of lin- 
dane, because directions for its use were misunderstood (13). In 
addition, use of lindane as a general insecticide leads to the 
possibility of ingesting it via food. Although its use is re- 
stricted in some countries (62), lindane continues to be used 
as a general insecticide in many parts of the world and is 
registered for limited use on some food crops in the United 
States (18). 

Lindane is of interest to the neurobiologist, not only be- 
cause of continuing pubfic health problems associated with its 
use, but also because the mechanism of action of this potent 
convulsant continues to be actively investigated. The first 
mechanism of action proposed was that lindane increases 
spontaneous and/or evoked neurotransmitter release, 
perhaps because of increased calcium entry into nerve termi- 
nals or release of calcium from internal stores [reviewed in 
(28,68)]. It may also increase postsynaptic response to re- 
leased neurotransmitter (28, 67, 68). Recently, lindane was 

found to bind to the picrotoxinin (PTX)/t-butylbicyclophos- 
phorothionate (TBPS) receptor of the GABA^-activated 
chloride channel (1, 35, 41). An action of lindane at this site 
has been found to inhibit GABA-stimulated chloride flux in 
vitro (2, 7, 20) and could account for the convuisant effects 
of lindane. In synaptosomes from rat brain, the IC~ for 
lindane in inhibiting TBPS binding, i.e., 1.7/~M (35) or 0.15 
/~M (1) is similar to that for inhibiting GABA-stimulated 
chloride uptake, i.e., about 1.0/zM (2). An antagonistic ac- 
tion of lindane at the GABAA ionophore could explain the 
effectiveness of some benzodiazepines (BDs) in treating lin- 
dane poisoning (67,68) since these BDs potentiate GABAer- 
gic transmission by an action at the "central"  BD receptor 
site on the GABA^-activated chloride channel, separate 
from, but near to, the GABA receptor site [reviewed by (17)]. 

This laboratory has previously demonstrated that a single 
dose (40 mg/kg) of lindane per os (PO) produces profound 
hypothermia and anorexia which last longer and have a 
lower threshold than do overt seizures in the female rat. 
Repeated administration of either diazepam or phenobarbital 
prevented the lindane-induced convulsions, anorexia and 
hypothermia (67,68). In the present studies, hypothermia 
and anorexia were used as quantifiable endpoints to investi- 
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gate further the effects and mechanisms of  action of  lindane 
in the rat. To do this, we compared the effectiveness of 
ligands for "cent ra l"  versus "per iphera l"  BD receptors in 
modulating lindane toxicity. It has not been clear which of 
these receptors plays the major role in mediating the 
antidotal effect of diazepam in lindane poisoning, since di- 
azepam binds to both, as well as to a "micromolar"  BD site. 
To help determine this, the effectiveness of  diazepam in 
modulating the effects of  lindane was compared with that of 
clonazepam, an agonist for only the "cent ra l"  sites, and with 
that of  Ro 5-4864, a ligand for the "per iphera l"  sites. Al- 
though it was originally thought that "per iphera l"  BD recep- 
tors were located only in peripheral tissues, sites which bind 
nanomolar concentrations of  Ro 5-4864 were later also found 
in the CNS (53). In brain, " 'central" BD sites bind nanomolar 
concentrations of  diazepam and clonazepam and micromolar 
concentrations of  Ro 5-4864, " 'peripheral" BD sites bind 
nanomolar concentrations of  diazepam and Ro 5-4864 and 
micromolar concentrations of clonazepam (40), and "micro- 
molar" BD sites bind micromolar concentrations of these same 
three drugs, as well as micromolar concentrations of pheny- 
toin (9). In addition, Ro 5-4864 was recently shown to bind to 
the PTX/TBPS site on the GABA-act ivated chloride channel 
(59,64) and to inhibit GABA-stimulated chloride influx (45). 
ICs0s for these effects were about 5-20/zM, suggesting that 
Ro 5-4864 is less effective than lindane (see above) in these 
actions. 

For  comparison with the effects of  BDs, the effects of 
phenytoin (5,5'-diphenylhydantoin), which has been used clin- 
ically to treat symptoms of  lindane poisoning (32), were de- 
termined first. Although phenytoin has several effects, in- 
cluding potentiation of the postsynaptic effect of GABA, its 
ability to slow recovery of sodium channels from inactiva- 
tion is believed to be the primary basis for its anticonvulsant 
effect in the therapeutic dosage range (39). Interestingly, a 
relation between BDs and phenytoin is suggested by obser- 
vations that diazepam and Ro 5-4864, as well as other BDs, 
enhance phenytoin binding (65). 

METHOD 

General Procedures 

Adult male or female Sprague-Dawley rats (bred from rats 
obtained from Simonsen's  Laboratories,  Gilroy, CA) were 
housed individually in stainless steel hanging cages in a 
temperature-controlled room (23+-0.5°C) under controlled 
lighting (14 L: 10 D). Rats were allowed free access to water 
and to ground rodent chow (Purina 5001; St. Louis, MO) 
except when the chow was removed the night before dosing. 
Food intake, body weight, and colonic temperatures were 
measured daily for several days prior to administration of the 
drugs to assure that they were stable. For  food intake meas- 
urements, unaccounted spillage of  food was minimized by 
using food cups centered and glued to the inside of  larger 
metal containers. Colonic temperatures were measured with 
a rectal thermistor probe connected to a telethermometer 
(Yellow Springs Instrument, model 42SC; Yellow Springs, 
OH). 

On the morning after fasting, "zero  hour"  colonic tem- 
peratures and body weights were measured, then lindane, 
drugs, or both were administered one hr later, except in 
Experiment I, when either phenytoin or vehicle was ad- 
ministered 1 hr prior to zero hour measurements.  

Rats were observed for the appearance of  convulsions for 
at least 2 hr following administration of  lindane, drugs, 
and/or vehicle(s). After dosing, temperatures,  food intake 

and body weights were measured at the times indicated in 
the Results section and in the appropriate figures. Food 
cups were returned following temperature measurements 2 
hr after dosing. 

Lindane (Sigma Chemical Co., St. Louis, MO) was dis- 
solved in oil and administered PO by gastric intubation in a 
volume of I ml/kg body weight. Diazepam, cionazepam and 
Ro 5-4864 (provided by Dr. Peter Sorter, Hoffmann-La 
Roche Inc., Nutley, N J) were dissolved in DMSO and in- 
jected SC in a volume of  0.5 ml/kg body weight. Phenytoin 
sodium salt (Sigma) was dissolved in distilled water:ethanol 
(2:1, v/v) and administered by intubation in a volume of 1.5 
ml/kg body weight. All animals not receiving either drugs or 
lindane received the appropriate vehicle(s) at the same 
times. Dosing and measurements were made on one rat from 
each group before proceeding to the second rat from each 
group, etc. 

lz\rperimental Protocols 

In Experiment 1, 23 female rats were divided into 3 
groups of  7 or 8 rats each. The two experimental groups each 
received lindane (40 mg/kg) in oil PO. One of these was pre- 
treated (1 hr) with 100 mg/kg phenytoin in saline:ethanol PO. 

In Experiment 2, 15 male rats were divided into 3 equal 
groups. The two experimental groups received 40 mg/kg lin- 
dane PO; one of these also received 5 mg/kg diazepam SC just 
prior to administration of  lindane. 

In Experiment 3, 30 male rats were divided into a control 
and 3 experimental groups of  7 or 8 rats per group. Two 
groups received 50 mg/kg lindane (PO); one of  these also 
received 3 administrations of diazepam (5 mg/kg SC) at 8-hr 
intervals during the first 24 hr, starting just  before lindane 
was administered. A third group received only diazepam at 
the same dose and times. 

In Experiment 4, 24 female rats were divided into 4 equal 
groups and injected SC with 0.2, 1, or 5 mg/kg clonazepam or 
the vehicle (controls). In this and the succeeding experi- 
ments, food intake was measured at 2-hr intervals for 10 hr 
after return of  the food cups, instead of  only daily. 

In Experiment 5, 35 female rats were divided into 5 equal 
groups. Animals in the 4 experimental groups received iin- 
dane (40 mg/kg) by intubation, as well as 0.2, I, or 5 mg/kg 
clonazepam or the vehicle SC. 

In Experiment 6, 23 female rats were divided into groups 
as follows: 7 rats receiving only the vehicles (controls), 7 
lindane-treated rats, 5 Ro 5-4864-treated rats and 4 rats 
treated with Ro 5-4864 plus lindane. Forty mg/kg lindane was 
administered in oil PO and 10 mg/kg Ro 5-4864 was adminis- 
tered in DMSO SC. Not enough Ro 5-4864 was available to 
dose more animals. 

Statistical Analysis 

The significance of differences between the means of 
treated and control groups was determined after analysis of 
variance (ANOVA) when the overall F ratio was significant 
at the p<0.05 level. The post hoc test was Fisher ' s  Least 
Significant Difference (LSD) test, with the level of  signifi- 
cance corrected for the number of  comparisons by the Bon- 
ferroni method (44). 

RESULTS 

Experiment I. Effects o f  100 mg/kg Phenytoin PO on 
Lindane-lnduced Toxicity in Female Rats (Fig. 1) 

In an initial study, 75 mg/kg phenytoin, administered 30 
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FIG. 1. Effects of pretreatment ( - I  hr) with phenytoin (100 mg/kg) 
in distilled water: ethanol (2: I v/v) PO on lindane-induced toxicity in 
female rats. In this and the following figures bracketed vertical lines 
represent SEMs and asterisks indicate the significance of the differ- 
ences between the means of treated and control groups. The hori- 
zontal bars over the figures indicate the time food was removed in 
this and the following figures. 

min before lindane, hastened the recovery from, but only 
partially blocked, lindane-induced toxicity. Therefore, in the 
present study, the dose of phenytoin was increased from 75 
to 100 mg/kg and the time of  pretreatment was extended from 
30 min to l hr. 

As usual, the first behavioral effect of  lindane (40 mg/kg) 
was to reduce motor activity, e.g., the rats would stand 
quietly facing the back of  the cage. Seizures fh'st appeared 
30-60 min after dosing and consisted, initially, of  myoclonic 
(whole b o d y ) j e r k s .  As severity of  the effects increased, 
masticatory " jawing,"  forelimb and head clonus, as well as 
rearing, occasionally with loss of  the righting reflex, also 
occurred. The most severe seizure activity in this experi- 
ment was a stereotyped sequence which began with brief 
tonic neck flexion, followed by tonic neck extension accom- 
panied by tight closure of  the eyes,  wide opening of  the 
mouth and a tonic spasm of  the trunk muscles including a 
partial rotation of  the body at midthorax severe enough to 
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FIG. 2. Effect of a single administration of diazepam (5 mg/kg) in 
DMSO administered SC on the effects of lindane in oil administered 
PO in male rats. 

cause loss of  righting so that the animal fell briefly on its side 
and then recovered, usually to exhibit forelimb clonus. Al- 
though this or a similar sequence has been observed hun- 
dreds of  times in this laboratory, following either elec- 
troshock seizure stimulation or administration of  lindane, 
dieldrin, chlordane or picrotoxin, we have not yet found an 
adequate description of  it in the literature, and so we are 
naming it "minimal tonic seizure plus clonus."  This is to 
contrast with maximal tonic seizures, characterized by tonic 
limb flexion or extension. 

Pretreatment with phenytoin reduced the number of rats 
exhibiting seizures from 4 out of  8 in the group receiving only 
lindane to 1 out of  8 in the group of  rats receiving lindane plus 
phenytoin. Also, time to onset of  seizures (158 min) in the 
one phenytoin-treated rat which showed seizures was longer 
than in any of  the 4 rats exhibiting seizures in the group 
receiving only lindane ( m e a n -  S.E. for latency =47_+ 14 rain). 
Phenytoin also counteracted lindane-induced hypothermia 
through 10 hr after dosing. Although both experimental 
groups exhibited anorexia and reduced body weight gain on 
day 1, food intake and body weight recovered earlier in the 
group receiving lindane and phenytoin than in the group re- 
ceiving only lindane. Body weights of  llndane-treated rats re- 
quired 6 days to equal those of  the control group. 

Experiment 2. Effects of a Single Dose of  Diazepam in 
DMSO on Lindane-lnduced Toxicity in Male Rats (Fig. 2) 

Convulsions were not observed in the 5 rats that had re- 



370 G R I F F I T H  AND WOOLLEY 

FOOD REMOVED 

36 ~ . ± DIAZEPAM 
~" (>- - ~:) LINDANE 

~, LI  NDANE * O lAZEPAM 
• p<O 05 

55 45m,n ~ P<O OI DIAZEPAM OR 
I~) ~ DMSO ,NJECTIONS , ~ +f L__ ~ . . t  
u -i 0 2 5 8 I 2 

DAY + - - -  HOURS - -  - + DAYS -9 

3 3  

o 
-,~ 2 7  

LLI 
~ 2r 

Z 

C3 ~5 
O 
(2) 

- f t  

) 

J 

I J 
-I 0 l- 2 3 -[ 0 l 2 3 

DAYS DAYS 

TIME AFTER UNDANE (50mg/kg p0) OR VEHICLE 

~°2F I--- /~ 

~ 98 , , z .  ,,x, 

] 1  J__ J L I I 

FIG. 3. Effect ofdiazepam (5 mg/kg) in DMSO, administered 3 times 
SC at the times indicated by arrows, on the effects of lindane in oil 
administered PO in male rats. 

ceived diazepa-n (5 mg/kg SC) as well as lindane (40 mg/kg, 
PO), whereas seizures occurred 30-45 min after dosing in all 
but 1 of the 5 rats receiving lindane only. Diazepam blocked 
lindane-induced hypothermia at 45 rain and 2 hr after dosing 
and still partially blocked at 10 hr. By day 1 after dosing, 
temperatures did not differ between groups. Diazepam par- 
tially blocked lindane-induced anorexia and antagonized 
body weight gain on day 1 only. Between days 1 and 2, the 
effects of  diazepam had clearly worn off, and the effects of 
iindane had returned. 

Experiment 3. Effects of  Diazepam Administered 3 Times SC 
on the EJ)~,cts of  Lindane in Male Rats (Fig. 3) 

Since a single injection ofd iazepam (5 mg/kg in DMSO) at 
the time of  dosing with lindane (50 mg/kg in oil PO) was no 
longer effective in blocking iindane-induced toxicity 10-24 hr 
later in Experiment 2, additional injections of diazepam were 
made 8 and 16 hr after administration of lindane. Colonic 
temperatures of  all experimental groups, including those of 
the group that had received diazepam only, were reduced by 
45 min. Even though diazepam alone produced a slight 
hypothermia at 45 min, it effectively antagonized the more 
marked hypothermic effects ofl indane at this time and at 2 hr 
after dosing. 

The group receiving only diazepam tended to eat more 
than did the control group on day 1 (though this was not 
statistically significant) and ate significantly less than did the 
control group on day 2, perhaps because of  diazepam 
withdrawal-induced reduction in food intake. Diazepam 
blocked the lindane-induced effects on food intake and body 
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FIG. 4. Effects on colonic temperature of 3 different single doses of 
clonazepam in DMSO administered SC (top) in Experiment 3 com- 
pared with the effects of the same doses of clonazepam in blocking 
lindane-induced hypothermia (bottom) in Experiment 4. Clonaze- 
pam was administered immediately before lindane was given. Female 
rats were used. Compare with Figs. 5 and 6. 

weight on day I, but, by day 2, the effects of diazepam had 
worn off with the result that body weights and food intake of  
both lindane-treated groups, with or without diazepam, were 
indistinguishable. As in the previous experiments,  the effects 
of  lindane on food intake lasted longer than the effects on 
colonic temperature.  Despite the marked effects of  lindane 
on food intake and body temperature,  convulsions were not 
observed. 

ExFeriment 4. Dose-Response Effects of CIonazepam (0.2, 
I, or 5 mg/kg) in DMSO SC on Colonic Temperature (Fig. 4), 
Food Intake and Body Weight (Fig. 5) in Female Rats 

Before determining the effects of  clonazepam on lindane- 
induced toxicity, the dose-response effects of  clonazepam 
alone were determined. Nearly all of the 6 rats in the highest 
dosage group showed some type of  abnormal behavior, e.g., 
wet-dog shakes, head jerks,  fast jaw movements,  ataxia or 
marked inactivity. "Cata tonic"  behavior, i.e., remaining 
immobile and holding up a paw for several rain, je rky  move- 
ments, irregular breathing, inactivity, ataxia, and hyperac- 
tivity were observed in rats of  the two lower dosage groups. 
The following sequence of  abnormal behavior was found to 
be typical of  the highest dosage group: strong wet-dog 
shakes, followed by loss of  balance, which was followed, in 
turn, by ravenous feeding on a food pellet, or  sawdust or 
feces, even though food was available. Stereotypic,  ingestive 
behaviors,  such as chewing in the absence of a substrate,  
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FIG. 5. Effects of 3 different single doses of clonazepam on food 
intake and changes in body weight in female rats in Experiment 3. 

rhythmic tongue protrusions, and pawing at food, were simi- 
lar to behaviors following administration of chlor- 
diazepoxide, described by others (6). Hyperactivity and 
stereotypic behavior were followed by inactivity, during 
which the only movement observed was deep, labored 
breathing. 

A trend toward clonazepam-induced hypothermia at 45 
min and 2 hr after dosing reached statistical significance only 
in the middle dosage group at 45 min (Fig. 4). 

In order to obtain more detailed information on food in- 
take than in the previous experiments, food intake was 
measured at 2 hr intervals until 12 hr after drug administra- 
tion, rather than only daily. All but the group receiving the 
highest dose of clonazepam ate more during the first 2 hr 
interval that food was available than at later intervals (Fig. 
5). As the normal "lights o f f '  time (10 hr after dosing) ap- 
proached, the rats increased their food intake. Food intake 
of the highest dosage group was relatively low when food 
was first returned. Thus, food intake to compensate for the 
overnight fast for this group was delayed until the 4--6 hr 
period when it was higher than for the controls. Food intake 
for the middle dosage group was also significantly higher 
than that for the controls during the 4--6 hr interval, even 
though food intake during the 2-4 hr period for this group 
was equal to that of the controls, i.e., food intake to compen- 
sate for the overnight fast was not delayed, making the in- 
creased food intake during the 4--6 hr period even more sig- 
nificant. Cumulative food intake over the 2-12 hr (not 
shown), 12-24 hr, and 2-24 hr periods did not differ between 
groups. Body weights (not shown) were not affected by 
clonazepam. 

Experiment 5. Dose-Response Effects o f  CIonazepam (0.2, 
I, or 5 mg/kg SC DMSO) on Lindane-lnduced Toxicity in 
Female Rats (Figs. 4 and 6) 

To determine the effectiveness of clonazepam in 
antagonizing lindane-induced toxicity, a single dose of 0.2, i, 
or 5 mg/kg was given just prior to administration of lindane 
(40 mg/kg in oil) PO. Lindane alone elicited myoclonic whole 
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FIG. 6. Effects of 3 different single doses of clonazepam on food 
intake and changes in body weight in lindane-treated female rats in 
Experiment 4. Clonazepam was given a few minutes before lindane. 

body jerks and mild clonic convulsions in 3 out of 7 animals, 
beginning about 50 min after dosing and ending about 75 min 
after dosing. Only a single incidence of myoclonus was ob- 
served in 1 of 7 animals in the group that had received lin- 
dane plus the lowest dose of clonazepam. The remaining 
animals were limp and inactive. Although lindane-induced 
convulsions were not observed in the groups that had re- 
ceived either the middle or high dose of clonazepam, 4 out of 
7 animals from the highest clonazepam dosage group exhib- 
ited intermittent wet-dog shakes, a sign of clonazepam- 
induced toxicity. Wet-dog shakes began about 30 min and 
ended about 100 min after dosing. 

All doses of clonazepam antagonized the marked 
hypothermic effects of lindane from 45 min through 5 hr (Fig. 
4). Thus, even though the lindane-treated rats given 
clonazepam were limp and inactive, their temperatures were 
normal. Also, even though clonazepam alone tended to 
produce hypothermia, it effectively blocked lindane-induced 
hypothermia. Only the highest dose of clonazepam com- 
pletely protected the rats throughout the first day against 
lindane-induced hypothermia. 

As expected, the controls ate when food was first re- 
turned, then reduced their intake until near the "lights off" 
period, 10 hr after dosing (Fig. 6). Clonazepam antagonized 
lindane-induced anorexia during the 2--4 hr interval after dos- 
ing. The protective effect of even the highest dose of 
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FIG. 7. The exacerbating effects of Ro 5-4864 (10 mg/kg in DMSO 
SC) on lindane-induced hypothermia, anorexia, and loss of body 
weight in female rats. 

clonazepam had started to wear off 10-12 hr after administra- 
tion, though food intake of this group was still significantly 
greater than that of the group dosed with lindane only. Only 
the highest dose of clonazepam provided significant protec- 
tion against lindane-induced anorexia when cumulative food 
intake was measured over the first 24 hr (Fig. 6). All groups 
receiving lindane, with or without clonazepam, showed re- 
duced food intake from 10 hr through 2-3 days after dosing. 

The body weights of  all experimental groups were signifi- 
cantly lower than were weights for the controls from days i 
through 4 after dosing, except on day 1 for the lindane-treated 
group which received the highest dose of clonazepam. 

Experiment 6. Exacerbating Effects of  Ro 5-4864 on 
Lindane-lnduced Toxicity in Female Rats (Fig. 7) 

Although neither lindane (40 mg/kg in oil PO) nor Ro 
5-4864 (10 mg/kg in DMSO SC) elicited convulsions when 
administered alone, together they produced convulsions in 3 
out of  5 animals. Convulsions, typical of lindane poisoning, 
began 1 hr after dosing, peaked at 2 hr, and had subsided by 
2.5 hr in 2 of the 3 animals. However,  the third animal died 
after numerous convulsive episodes,  including hopping sei- 
zures (i.e., bilateral, synchronous clonic movements of the 
limbs, strong enough to propel the animal upward into a 
" h o p " )  and tonic forelimb and hindlimb extension. This was 
the only animal to die in any of  the 6 experiments.  

Ro 5-4864 alone did not affect food intake, colonic tem- 
perature or body weight, However,  Ro 5-4864 exacerbated 

all of the effects of lindane on these endpoints during the first 
24 hr after dosing. Significant colonic hypothermia was ob- 
served 45 min after dosing in the groups receiving either 
lindane plus Ro 5-4864 or lindane only. Although hypother- 
mia continued through 10 hr after dosing for the group re- 
ceiving both the toxicant and the drug, hypothermia in the 
group receiving only lindane had subsided by 5 hr after 
dosing. 

Reduction in food intake became statistically significant 
first in the group receiving both lindane and Ro 5-4864 dur- 
ing the 2-12 hr interval, but not until the 2-24 hr interval for 
the group receiving lindane only. By day 1, both groups re- 
ceiving lindane weighed significantly less than did the con- 
trol group. 

D I S C U S S I O N  

The present findings confirm and extend previous obser- 
vations from this laboratory (67,68) that lindane, adminis- 
tered PO, produces anorexia which lasts for days, in contrast 
to the relatively shorter effect on colonic temperature (e.g., 
about 1 day) and even briefer effect in producing observable 
seizures (e.g., 2-3 hr). 

In the present study, agents which either ameliorated or 
exacerbated one of the lindane-induced effects generally af- 
fected all of  them in the same way. Thus, phenytoin, diaze- 
pam, and clonazepam antagonized lindane-induced seizures, 
hypothermia, and anorexia, whereas Ro 5-4864 exacerbated 
all of these effects. 

Affects of  the BDs: Diazepam, C/onazepam, and Ro 5-4864 

Temperature regulation. The present results are consis- 
tent with the hypothesis that systemic administration of 
agents that promote GABAergic transmission produce 
hyperthermia,  or have the ability to antagonize hypothermia, 
whereas agents that inhibit GABAergic transmission pro- 
duce hypothermia. Thus, lindane, believed to be an antiGABA- 
ergic agent (see Introduction), induced hypothermia, and Ro 
5-4864, which may also be antiGABAergic (see Introduction), 
worsened the lindane-induced hypothermia. Other work in this 
laboratory (66) has shown that a subconvulsant dose of Ro 5- 
4864 itself produced hypothermia. Clonazepam and diazepam, 
agonists for "central"  BD receptors that promote GABAergic 
transmission, counteracted lindane-induced hypothermia. 
Also, GABA injected into the hypothalamus increased body 
temperature (8), whereas inhibition of hypothalamic GABA 
synthesis decreased body temperature in the rat (37). How- 
ever, the role of  GABA in thermoregulation is complex and 
varies with species, the target brain sites involved, and am- 
bient temperature [reviewed in (15,37)]. 

It seems contradictory that clonazepam and diazepam 
each transiently decreased colonic temperature,  yet were so 
effective in blocking the more severe hypothermia induced 
by lindane. However,  others also have found that diazepam 
reduces body temperature in rats at ambient temperatures of  
22-23°C, though not at 33°C (4). (The thermoneutral zone for 
adult rats is 27-28°C [(47), p. 681].) The hypothermic effects 
of  1 mg/kg of  clonazepam in the present study agree with the 
marked decrease in body temperature produced by 
clonazepam (4 mg/kg IP) in mice at normal room temperature 
though not at 33°C (27). It is also possible that the reduced 
motor activity observed in our animals after administration 
of either clonazepam or diazepam contributed to the slight 
decrease in temperature. 

Withdrawal from repeated administration of clonazepam 
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for 2 weeks in dogs led to hyperthermia (52). Although all 
groups receiving a single dose of clonazepam in the present 
study had higher colonic temperatures after the initial 
hypothermia than did the controls at 10 hr and 1 day after 
dosing, this did not reach statistical significance. 

Food intake. The present results support the hypothesis 
that systemic administration of agents that promote 
GABAAerglc transmission, such as agonists for the "cen- 
tral" BD receptor, increase food intake, whereas adminis- 
tration of agents believed to inhibit GABA^erglc transmis- 
sion, such as lindane or Ro 5-4864 (see Introduction), reduce 
food intake through actions on the brain or gut or both. BD- 
induced feeding behavior was recognized early (49) and is 
believed to be secondary to enhancement of GABAergic ac- 
tivity in some brain systems (10,43). Not surprisingly, when 
agents which modulate GABAerglc activity were injected 
into specific brain regions in the rat, the effects varied de- 
pending on the brain area involved [reviewed in (10, 30, 31, 
33, 43)]. Injection of GABA, muscimol (a GABA agonist) or 
BDs into the ventromedial hypothalamus (the "satiety cen- 
ter"), the paraventricular nucleus, or the dorsal raphe nu- 
cleus increased food intake, presumably because of inhibi- 
tion of areas inhibitory to food intake (10, 30, 31, 43). Simi- 
larly, injections of agents to counteract the effects of GABA 
(PTX, bicuculline) into the ventromedial "satiety center" 
suppressed feeding (10, 30, 31). Injection of muscimol into 
the lateral hypothalamic area (the "feeding center") reduced 
food intake presumably because of inhibition of areas 
stimulatory to food intake (31). The effectiveness of mus- 
cimol injected into the lateral hypothalamic area in increas- 
ing food intake was reversed by GABAergic blockade with 
bicuculline (10). Physiologically, increased food intake has 
been associated with increased levels of GABA in the ven- 
tromedial hypothalamus and with decreased levels in the lat- 
eral hypothalamus (33). 

Cooper proposed that control of food intake at the "cen- 
tral" BD receptor was bidirectional, i.e., agonists for "cen- 
tral" BD receptors produced hyperphagia, inverse agonists 
(ligands that bind to a receptor but produce an effect oppo- 
site to that of the agonist) produce anorexia, and antagonists 
block both actions (11). Cooper and Gilbert (12) showed that 
clonazepam produced hyperphagia in rats and that this was 
antagonized by the "central" BD receptor antagonist Ro 
15-1788. Ro 5-4864 reduced food intake (12), though the 
possibility that Ro 5-4864 was acting as an inverse agonist 
was not considered, even though Ro 5-4864 does bind to the 
"central" site in micromolar levels (see Introduction). 

In the present studies, clonazepam and diazepam were 
each more effective in counteracting lindane-induced 
anorexia than in stimulating food intake in animals not given 
lindane, presumably because the animals had been fasted 
and so the controls ate maximal amounts when food was 
returned. Diazepam and clonazepam have been shown to 
promote feeding behavior after acute administration [re- 
viewed in (11,12)]. Withdrawal from chronic administration 
of diazepam reduced food intake in both animals and man 
[reviewed in (11, 51, 52)]. In the present work, withdrawal- 
induced decreased food intake occurred in the rat after only 
3 equally spaced administrations of diazepam in a 24 hr 
interval (Fig. 3). This extends previous work in this labora- 
tory in which withdrawal-induced reduction in food intake 
occurred on the fourth day following three days of twice 
daily injections of diazepam [Fig. 8 in (68)1. 

Because GABA is a neurotransmitter in the myenteric 
plexus [reviewed in (58)], the possibility arises that, after PO 

administration, lindane-induced anorexia was due to inter- 
ference with GABA^ergic transmission in the gut. Activation 
of GABA^ receptors caused contractions of the guinea pig 
ileum and altered gastric acid and hormonal secretion 
(21,58). Perhaps findane affected secretion and motility of 
the gut. If so, this could help explain the abdominal pain and 
nausea reported by patients who received very low oral 
doses of lindane (0.5 mg/kg daily for 3 days) (22). 

BDs also may affect ileal contractions. In vitro, diazepam 
dose-dependently (10-9-10 -e M) potentiated guinea pig ileal 
contractions caused by activation of GABA^ receptors. The 
"central" BD antagonist Ro 15-1788 (10 -~ M) blocked 
diazepam-induced potentiation of GABA-mediated contrac- 
tions, while the "peripheral" BD antagonist PK 11195 (10 -5 
M) was ineffective (38). By contrast, micromolar levels of 
either diazepam or Ro 5-4864, or even higher levels of 
clonazepam, inhibited contractions of the guinea pig ileum 
elicited by electrical stimulation (26). Thus, a micromolar 
BD receptor mediates inhibition of ileal contractions and the 
"central" nanomolar BD receptor mediates potentiation of 
contractions. This could help explain our observation that 
the higher dose (5 mg/kg) of clonazepam tended to inhibit 
food intake during the first 2 hr interval in which the rats had 
access to food, though this reduction did not reach statistical 
significance. This high dose could have inhibited food intake by 
activation of the micromolar BD receptor. Later, the middle 
and even highest doses of clonazepam increased food intake, 
presumably when clonazepam dropped from micromolar to 
nanomolar levels, and thus activated only the "central" BD 
receptor. 

Perhaps, then, the anorexic effect of lindane could have 
been due to antiGABAergic actions on gut or brain or both. 
Likewise, the potentiation of GABAergic transmission by 
diazepam or clonazepam at the "central" nanomolar BD 
site in either gut or brain or both could explain how each 
blocked the anorexic effect of lindane. 

Proconvulsant Effects o f  Ro 5-4864 

Ro 5-4864 was initially considered to be anticonvulsant in 
electroshock seizure tests and was even selected for clinical 
trials on this basis. Upon retesting, the anticonvulsant ef- 
fect could not be confirmed and higher doses were found to 
have marked convulsant properties (70). Similarly, the re- 
ductions in locomotor activity produced by Ro 5-4864, which 
were interpreted as evidence for a sedative effect (46), may 
be better interpreted as an indication of prodromal effects 
produced by convulsants. The first behavioral effect 
produced by lindane in the rat which we observed was de- 
creased locomotor activity. A GABAergic mechanism in the 
convulsant action of Ro 5-4864 in the rat has been proposed 
(50). The importance in vivo of an action by Ro 5-4864 at the 
PTX/TBPS site, demonstrated in vitro (45, 59, 64), is 
suggested by the fact that Ro 5-4864 lowered the threshold 
for seizures produced by PTX (19). Another convulsant BD, 
Ro 5-3663, also bound to the PTX/TBPS site (36). 

Although Ro 5-4864 also acts on voltage-dependent cal- 
cium channels, it is hard to see how an action here can ex- 
plain the present findings. In contrast to their different ef- 
fects on lindane-induced toxicity, diazepam, clonazepam 
and Ro 5-4864 in micromolar levels each inhibited 
depolarization-induced entry of calcium into synaptosomes 
from rodent brain. This effect was additive with that of the 
known calcium channel antagonists (48,57). 

Thus, of the several possible sites of action, an action at 
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the PTX/TBPS site seems most likely to explain the 
proconvulsant action of  Ro 5-4864, though more work is 
needed. 

Blood-brain barrier. One must consider that Ro 5-4864 
could have exacerbated the effects of  lindane by facilitating 
the entry of lindane into the CNS. The highest density of 
sites that bind Ro 5-4864, besides those in the olfactory nerve 
and glomerular layers of the olfactory bulb, is in the ventricu- 
lar ependymal cells and choroid plexus (3). If Ro 5-4864 
could affect metabolism or  have some other effect in cells of 
the ependyma or choroid plexus, this, in turn, might affect 
transport  between blood and cerebral spinal fluid. However,  
such an effect in these cells has not yet been investigated. 
Since 1-15 mg/kg Ro 5-4864 in mice exacerbated audiogenic 
seizures (5), a seizure model in which movement of  a drug 
into the brain is not involved, it is likely that the 
proconvulsant/convulsant effects of  Ro 5-4864 do not depend 
on transport  across the blood-brain barrier. 

b, f fects on metabolism. Since Ro 5-4864 prolonged and 
intensified lindane-induced toxicity, perhaps Ro 5-4864 
inhibited metabolic degradation of  lindane. In support of the 
possibility that Ro 5-4864 may influence metabolism is the 
finding that "per iphera l"  BD receptors are found on the 
outer mitochondrial membrane in a number of tissues, e.g.,  
adrenal cortex, liver and kidney. The endogenous ligands for 
these sites appear to be physiologically relevant porphyrins 
(54). Again, since Ro 5-4864 has been shown to enhance 
audiogenic seizures in mice (5), an effect which would not 
seem to depend on altered metabolism, at least some of the 
proconvulsant/convulsant effects of  Ro 5-4864 would not ap- 
pear to depend on changes in metabolism. 

Phenytoin 

Tilson et al. (61) showed that pretreatment with 75 mg/kg 
phenytoin did not block the seizure activity induced by 60 
mg/kg lindane PO, nor did it counteract the disruptive effect 
of lindane (30 mg/kg) in a learning test in the rat. Further- 
more, phenytoin increased the sensitivity to a startle 
stimulus of  lindane-treated rats (60). Also, in the rat, pheny- 
toin (30 mg/kg) was ineffective in counteracting the 
proconvulsant effects of Type II pyrethroids (16), which are 
believed to have an effect similar to that of lindane. In 
agreement with these studies, the present work shows that 
phenytoin was not as effective as either clonazepam or di- 
azepam in preventing all of  the effects of  lindane. In particu- 
lar, it was less effective in preventing the initial lindane- 
induced anorexia. However,  in the present study, pretreat- 
ment with 100 mg/kg phenytoin reduced the incidence of 

seizures produced by 40 mg/kg iindane PO from 50% to 
12t/f/~ and also antagonized lindane-induced hypothermia. 
Although phenytoin was not as effective as either diazepam 
or clonazepam in counteracting lindane-induced anorexia 
during the first day after administration of lindane, the 
antidotal effect of  phenytoin against this endpoint lasted 
longer, perhaps because of the relatively slow excretion of 
phenytoin (42). 

Although BDs and phenytoin interact at specific neuronal 
membrane sites (65), the greater effectiveness of clonazepam 
and diazepam than of phenytoin in counteracting all of the 
effects of lindane, suggests that the mechanisms shared by 
the BDs and phenytoin are the less effective ones for treat- 
ment of  lindane toxicity. Also, both Ro 5-4864 and diazepam 
enhance phenytoin binding (65), whereas they have opposite 
effects on lindane-induced toxicity. 

Summao" o f  Mechanisms o fAc t ion  o f  Lindane and Signs 
o f  Toxicity 

The present and previous findings suggest that a number 
of  agents that bind to the FI 'X/TBPS site produce a similar 
constellation of effects, i.e., convulsions, anorexia, and 
hypothermia. Insecticides that bind to the PTX/TBPS site (1, 
17, 29, 34, 35, 41) and inhibit GABA-stimulated chloride flux 
(2, 7, 17, 20) include lindane, Type ll pyrethroids,  dieldrin, 
alpha (cis)-chlordane, endrin, heptachlor and heptachlor 
epoxide. These pesticides produce convulsions (23, 28, 56, 
68, 69), hypothermia (23-25, 56, 63, 67, 68) and anorexia 
[reviewed in (67,68)], in those cases in which food intake was 
tested. 

The similar signs of poisoning produced by these insec- 
ticides contrast with the effects produced by their isomers 
with lower affinity for this site. Type lI pyrethroids are con- 
vulsant, produce hypothermia, and bind with high affinity to 
the PTX/TBPS site, whereas Type 1 pyrethroids,  with very 
similar structures, produce tremors and hyperthermia and 
only bind with low affinity to this site (23,34). Similarly, 
picrotoxin reduces food intake (30) and produces  hy- 
pothermia (66), as well as seizures,  in the rat. Ro 5-4864 is 
believed to act at this site (45, 59, 64) and is both convuisant 
(19, 50, 64, 70) and anorexic (12). In addition, work in this 
laboratory (66) has shown that Ro 5-4864 produces hy- 
pothermia. Furthermore,  Ro 5-3663 is also a convuisant  
BD which binds competitively to the PTX site (36) and 
produces anorexia in a dose-dependent manner (12). 
Clonazepam completely reversed the anorexic effect of Ro 
5-3663 (12), just as it reversed the anorexic and other effects 
of  lindane in the present study. 
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