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"It's as large as life and twice as natural!" 
Lewis Carroll
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ABSTRACT

The experiments described in this thesis were designed to examine 
the effects of chronic drug treatment and drug withdrawal for three 
anticonvulsant drugs: ,lorazepam, sodium phenobarbital and phenytoin. 
The effects of chronic drug treatment on locomotor activity and
head-dipping in the holeboard, seizure threshold, and aggressive 
behaviour were investigated. In addition, the extent to which 
tolerance and withdrawal developed following single doses of sodium 
phenobarbital, and the benzodiazepines lorazepam and oxazepam, was 
investigated and, in order to explore in more detail the pattern of 
behavioural effects of these drugs at various times after treatment, 
the effects of single doses across acpo^s time on a variety of
behavioural measures were also explored.

The results indicated that tolerance and withdrawal may develop to 
the effects of lorazepam and oxazepam in the holeboard after only a
single dose. When the effects of single doses of these drugs across
time were investigated, a number of changes in holeboard behaviours 
were observed several hours after drug treatment which were not 
observed at earlier time points. The changes across time observed in 
holeboard measures did not appear to follow the same pattern as the
changes in seizure threshold or in vivo receptor binding. The extent
to which tolerance and withdrawal developed to the effects of single 
doses of phenobarbital was not clear; however, enhancements in 
aggressive behaviour observed 8 to 12 hours after a single dose in 
rats differed in nature from those observed at the 1 and 6 hour time 
points and holeboard behaviours were enhanced 12 hours after 
phenobarbital and reduced at the 1 and 6 hour time points. These
effects may represent single-dose withdrawal responses.

The relationship between the development of tolerance and the 
appearance of withdrawal responses was examined for both acute and 
chronic drug effects. In both the acute and the chronic studies, the 
appearance of withdrawal responses did not appear to be associated 
with the development of tolerance. Although the results indicated 
that there were complex reasons for the poor relationship between 
tolerance and withdrawal they did not demonstrate a direct link 
between these two phenomena and may indicate that tolerance and
withdrawal are separate phenomena.
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A number of behavioural syndromes have been associated with seizure 
disorders in man; enhanced levels of aggressive behaviour (Bear, 1979) and 
deficits in cognitive function (Trimble, 1985; Reynolds, 1983) have both 
been observed in epileptic subjects. However, the underlying causes of 
these behavioural disturbances are often difficult to identify. Seizures 
themselves and the neurological pathology which underlies them, the 
psychological and social factors associated with epilepsy, and the effects 
of chronic anticonvulsant drug treatment, may all contribute to the 
behavioural syndromes commonly associated with seizure disorders.

Cognitive impairments, deficits in attention, concentration, memory, 
motor and mental speed, and mental processing, are believed to be 
associated with the effects of antiepileptic drugs (Reynolds, 1983). 
Enhanced levels of aggressive behaviour, on the other hand, are often 
attributed to the effects of seizures rather than to anticonvulsant drugs 
or social factors (e.g. Trimble, 1985).

The experiments described in this thesis were designed to look at 
the behavioural effects of commonly used anticonvulsant drugs, in 
non-epileptic subjects, in order to investigate the behavioural effects of 
these drugs at various time points after acute drug treatment, during 
chronic drug treatment and withdrawal, in order to examine the extent to 
which anticonvulsant drug treatment, rather than seizure disorders, may 
contribute to the behavioural disturbances commonly associated with 
seizure disorders.

Three commonly used classes of anticonvulsant drug were 
investigated. The barbiturate, phenobarbital, and the hydantoin, phenytoin, 
are two commonly prescribed antiepileptic drugs and the benzodiazepines, 
such as lorazepam and oxazepam, are used in the treatment of status 
epilepticus (Robertson, 1986; Delgado-Escueta et al, 1982; Davidson, 1983). 
The neurotransmitter GABA Cy-amino butyric acid) is believed to play a 
central role in the anticonvulsant actions of both the benzodiazepines and 
sodium phenobarbital. Other mechanisms are believed to be central to the 
antiepileptic effects of phenytoin, although GABAergic mechanisms may also 
have influenced the anticonvulsant actions of this drug in these 
experiments.

A number of behavioural parameters were measured (seizure threshold 
against the chemical convulsant pentylenetetrazol, aggressive behaviour
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and locomotor and exploratory behaviours). In addition a range of drug
treatment conditions were examined; thus the effects of drug withdrawal 
and the effects of single drug doses across time were investigated, as 
were the effects of chronic drug treatment, in order to investigate the 
actions of these drugs, at later time points as well as their effects 
immediately after treatment.

The experiments explored the extent to which different 
anticonvulsant drugs produced similar behavioural effects and the
relationship between the various behavioural measures, in particular the 
relationship between seizure threshold and other behaviours. In addition, 
the relationship between behavioural effects during chronic drug 
treatment, drug withdrawal and across the time course of a single dose
were investigated.

ANTICONVULSANT DRUGS AND SEIZURE CONTROL 

Mechanisms of Action of Anticonvulsant Drugs

The benzodiazepines are believed to act via specific high-affinity 
binding receptor sites within the CNS (Mohler and Okada, 1977; Squires 
and Braestrup, 1977). The receptors are believed to be located on a 
membrane protein complex which forms a chloride channel linked to a 
number of active sites, including those for GABA, the benzodiazepines and 
probably also for barbiturates and picrotoxin (Schofield et al, 1987). 
GABA and GABA mimetics such as muscimol are able to enhance the binding 
of the benzodiazepines to their receptor sites suggesting that the 
receptors are linked to GABA receptors (Haefely et al, 1985). The 
benzodiazepines achieve their effects by increasing the frequency with
which the chloride ion channel opens (Study and Barker, 1981). In addition, 
benzodiazepine binding can be modulated by other agents which are 
believed to interact with the GABA-gated chloride channel (Haefely et al,
1985).

The mechanisms and possible sites of action of phenobarbital are 
less well understood than those of the benzodiazepines; considerable 
evidence does however exist for a role of GABA in the pharmacological 
actions of this drug also (e.g. Nicoll, 1978; Schlosser and Franco, 1979). 
A barbiturate recognition site, which interacts allosterically with both 
GABA and benzodiazepine receptors, has been identified on the
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GABA/chloride ionophore complex and the barbiturates have been shown to 
enhance the effects of GABA by allosterically enhancing the binding of 
GABA to its recognition site and prolonging chloride channel opening 
times (Olsen et al, 1986). Thus the mechanisms of action of the 
benzodiazepines and the barbiturates appear to have much in common; both 
enhance the effects of GABA and increase the flow of chloride ions 
through the GABA-linked chloride-ion channel. However, the benzodiazepines 
produce their effects by increasing the frequency with which the channel 
opens whereas the barbiturates produce their effect by increasing the 
duration of channel opening.

Unlike the benzodiazepines and barbiturates, phenytoin appears to 
produce its acute anticonvulsant effect by suppressing the sodium action 
potential under conditions likely to result in repetitive firing (Yaari et 
al, 1986) and to attenuate the rise in intracellular sodium concentration 
that occurs in response to maximal electroshock seizures (Woodbury, 1955).
Carbamazepine, although chemically different from phenytoin, appears to
have a similar pattern of anticonvulsant activity and to produce its 
anticonvulsant actions via similar mechanisms (Schauf et al, 1974; Willow 
et al, 1985).

Phenytoin, however, may possess some additional activity on 
GABAergic systems. Although evidence suggests that these effects do not 
contribute significantly to the anticonvulsant actions of acute doses of 
this drug (Faingold and Browning, 1987) it is possible that they may 
become increasingly important during chronic treatment (e.g. Tatsuoka et 
al, 1984): the postsynaptic effects of GABA, in particular, are believed to 
be enhanced by chronic phenytoin treatment. Chronic phenytoin treatment
may therefore result in significant drug effects on GABAergic systems 
which are not observed following acute drug treatment. For example, 
3H-GABA binding in the cerebellum, was unaffected by acute treatment with 
anticonvulsant doses of phenytoin; following 10 days of repeated dosing,
however, a significant enhancement in 3H-GABA binding was observed. 
Levels of 3H-GABA binding did not alter during chronic phenobarbital 
treatment (Tatsuoka et al, 1984).
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Animal Models of Seizures

A variety of experimental models are available for measuring 
anticonvulsant drug effects. These range from inherited seizure disorders 
observed in certain animal species to 6ingle seizures induced by chemical 
or electrical stimuli and even to electrophysiological techniques for
measuring anticonvulsant drug effects in which in vitro preparations of 
microdissected brain tissue or cultured neuronal cells, e.g. spinal cord, 
neurones, may be used to assess the ability of anticonvulsant compounds 
to suppress seizure-like activity, such as high frequency repetitive 
firing. The effects of anticonvulsant drugs on individual neurotransmitter
systems or on isolated neurological pathways in the brain may be best

I investigated using electrophysiological techniques, as may the effects of
| these drugs on individual neurones. However, these techniques are not
! always good predictors of anticonvulsant potency in vivo as they do not
| take into account the interactions that may occur between different
I pathways in the brain as a whole.
I
I
i| A number of experimental tests exist which attempt to model the
I effects of epilepsy and which therefore investigate the seizures which
I

result from permanent neurochemical changes. A variety of species, other
i

than man, e.g. rats, mice, dogs, chickens, baboons, show a predisposition to 
seizures (Jobe and Laird, 1981) and genetically seizure susceptible 
animals may be used to investigate the anticonvulsant potencies of a 
variety of drugs.

Permanent neurochemical changes leading to convulsions may also be 
induced in a number of ways. Topological models, in which substances 
capable of inducing convulsions are applied directly to the brain, may
result in long lasting neurochemical changes resulting in the appearance
of increasingly intense levels of spontaneous seizures over a period of 
time followed by the decline or cessation of seizure activity (e.g. Craig, 
1984). Metal salts (e.g. aluminium, cobalt and iron), substances such as 
penicillin, and a variety of chemical convulsants such as strychnine, 
picrotoxin, pentylenetetrazol and tetanus toxin are all able to produce 
these effects (Craig, 1984; Prince, 1972; Ward, 1972).

Similar effects may be produced by the repeated administration of an 
initially subconvulsant electrical stimulus, via electrodes implanted in 
the brain, a process known as kindling. The changes induced by electrical
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kindling are apparently permanent, as long as a year after kindling 
animals will respond with a seizure of maximal severity after a single 
stimulus, and continued application of electrical stimulations results in 
the occurrence of spontaneous seizures (McNamara, 1984). In the context 
of chronic anticonvulsant treatment, interesting parallels may exist 
between the effects of kindling and those of chronic drug treatment. 
Repeated drug treatments may result in gradual increases or decreases in 
the sensitivity of animals to drug effects similar to the gradual 
increase in the sensitivity to seizures observed in kindled animals. 
Indeed, kindling has been proposed as a model system for the general 
phenomena of sensitization and arousal (Martinez-Selva, 1987).

The following experiments were intended to investigate the 
behavioural effects of anticonvulsant drugs in normal subjects; 
experimental seizure models such as those described above, designed to 
produce lasting neurological changes similar to those observed for 
seizure disorders, were therefore unsuitable. Both electroshock and 
convulsant drugs may be used to induced short-term changes resulting in 
seizure activity may be induced in otherwise normal subjects without 
inducing detectable lasting effects on seizure susceptibility.

Electroshock seizures, induced by electrical stimulation of the brain 
via electrodes attached to the scalp, produce seizures which vary
depending on the intensity, frequency and duration of the stimulus.
Maximal electroshock seizures <MES), tonic-clonic seizures induced using 
this method, are often used to measure the potency of anticonvulsant
drugs.

Convulsant drugs, such as bicuculline, picrotoxin or 
pentylenetetrazol, have also been used to induce seizures and the ability 
of new drugs to inhibit such seizures is often used as an initial screen 
for anticonvusant potency. Pentylenetetrazol, one of the most commonly 
used convulsant drugs, has a mechanism of action which is poorly
understood. Evidence suggests that this drug may also influence both 
excitatory and inhibitory neurotransmission (Woodbury, 1980a). It is 
believed to act primarily via the picrotoxin binding site on the 
GABA/benzodiazepine receptor complex (Squires et al, 1984).



18

Effects of Anticonvulsant drugs in Animal Models of Seizures

In man, both phenobarbital and phenytoin are effective in the 
long-term treatment of most seizure disorders. Both are effective against 
generalized tonic-clonic- seizures and against partial epilepsy and neither 
are effective in the treatment of absence seizures (Faingold and 
Browning, 1987). Phenytoin, however, is more effective in the treatment of 
complex partial seizures than is phenobarbital (MacDonald, 1983). The 
benzodiazepines are also effective anticonvulsants against a variety of 
seizure types, however their clinical usefulness is limited because of the 
rapid tolerance which develops to their anticonvulsant effects. Thus
although the benzodiazepines are used intravenously for the treatment of 
status epilepticus their wider use is limited (Robertson, 1986).

Significant differences may be observed between the effectiveness of 
various anticonvulsant drugs in different animal seizure models. Most
clinically effective anticonvulsant drugs, including phenobarbital, 
phenytoin, carbamazepine and the benzodiazepines, were effective in 
suppressing seizures in the genetically epilepsy-prone rat (Reigel et al,
1986). Likewise, most commonly used antiepileptic drugs were effective 
against photically induced seizures in epileptic baboons; acute doses of 
phenytoin, however, proved less effective than those of phenobarbital, the 
benzodiazepines and carbamazepine (Killam and Killam, 1984), although the 
anticonvulsant effect of phenytoin increased during the course of chronic 
treatment (Killam, 1976; Killam and Killam, 1984).

A similar pattern was observed in the case of kindled seizures. 
Acute doses of phenobarbital, the benzodiazepines, phenytoin, 
carbamazepine and sodium valproate were all able suppress kindled 
seizures. However, phenytoin did not appear to be as effective as some 
other anticonvulsant drugs in suppressing the effects of kindling
(Albright and Burnham, 1980; McNamara et al, 1985) and whilst
phenobarbital and the benzodiazepines were able to retard the development 
of kindled seizures phenytoin was not (McNamara et al, 1985).

The differences between the effects of anticonvulsant drugs on 
various seizure models can, perhaps, be most clearly demonstrated by 
comparing the effects of acute drug treatment on seizures induced 
chemically with those induced using maximal electroshock. Phenobarbital 
and the benzodiazepines are effective against both types of seizures
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(Swinyard, 1969; Banerjee and Yeoh, 1981) whereas carbamazepine and 
phenytoin possess anticonvulsant potency against seizures induced by 
maximal electroshock and not against those induced by pentylenetetrazol 
(Woodbury, 1982; Burley and Ferrendelli, 1984; Schmutz, 1985). Chronic 
phenytoin treatment, however, resulted in a significant anticonvulsant
effect against pentylenetetrazol-induced seizures (File et al, 1985a). The 
difference between the effects of anticonvulsant drugs against maximal 
electroshock induced seizures and seizures induced by pentylenetetrazol
was also observed when the anticonvulsant effects of the benzodiazepines 
against these two types of seizures are compared. Thus the rank order of 
anticonvulsant potency of a range of different benzodiazepines against 
pentylenetetrazol-induced seizures was shown to differ from that found 
for seizures induced by maximal electroshock (Meldrum and Chapman, 1986).

Phenytoin differs, therefore, from the benzodiazepines and 
barbiturates in its anticonvulsant potency against various experimentally 
induced convulsions and it also differs in its actions in 
electrophysiological tests of seizure-like activity and more closely 
resembles other anticonvulsant drugs such as carbamazepine. Although 
phenytoin, carbamazepine, the barbiturates and the benzodiazepines are
able to limit high frequency repetitive firing in cultured mouse neurones, 
carbamazepine and phenytoin do so within the therapeutic range whereas 
phenobarbital and clonazepam can only limit such effects at 
concentrations above the therapeutic range (MacDonald et al, 1985). It has 
been suggested that the effects of the benzodiazepines and phenobarbital 
on high frequency repetitive firing may underlie their effects on status 
epilepticus, whereas for phenytoin and carbamazepine these effects may 
underlie their actions against generalized tonic-clonic seizures in humans 
(MacDonald et al, 1985).

The prevention of clonic pentylenetetrazol-induced seizures results 
from an increase in seizure threshold whereas the inhibition of 
electroshock seizures is believed to result from a reduction in seizure 
spread (MacDonald, 1983). Phenytoin suppresses the spread of seizure 
activity in the brain but, unlike the barbiturates and benzodiazepines, is 
unable to directly suppress focal discharge (Woodbury, 1980a). It is 
therefore able to inhibit maximal electroshock seizures but not
pentylenetetrazol-induced seizures. Phenobarbital and the benzodiazepines 
are able to directly suppress focal discharge and thus enhance seizure 
threshold (MacDonald, 1983; Meldrum and Chapman, 1986), and these drugs
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are therefore able to inhibit both the seizures induced by maximal 
electroshock and those induced using pentylenetetrazol.

A broad range of anticonvulsant drugs are able to limit sustained 
high-frequency repetitive firing. In cultured spinal cord neurones, 
phenytoin, carbamazepine and sodium valproate were all able to inhibit 
sustained firing at concentrations within the therapeutic range, and at 
higher concentrations, firing was reduced by both phenobarbital and the 
benzodiazepines. However, not all anticonvulsant drugs are able to inhibit 
sustained repetitive firing and ethosuximide did not limit this measure 
even at concentrations five times above the peak therapeutic 
concentration (MacDonald et al, 1985).

The benzodiazepines and phenobarbital appear to differ from 
phenytoin and carbamazepine not only in their effects on various animal 
seizure models but also in the mechanisms through which they produce 
their anticonvulsant actions; the anticonvulsant actions of acute doses of 
the benzodiazepines and phenobarbital may occur primarily via GABAergic 
mechanisms, whilst the anticonvulsant actions of acute doses of phenytoin 
and carbamazepine may occur primarily through ionic mechanisms.

Different tests of anticonvulsant potency may therefore measure 
different mechanisms of anticonvulsant drug action. Thus the suppression 
of high frequency repetitive firing by anticonvulsant drugs may be 
responsible for their action against maximal electroshock seizures 
whereas the effectiveness of the benzodiazepines and phenobarbital in 
suppressing pentylenetetrazol-induced seizures may result from their 
effects on GABAergic neurotransmission (MacDonald et al, 1985). Evidence 
suggests that chronic phenytoin treatment results in the development of 
an anticonvulsant effect of this drug against pentylenetetrazol-induced 
seizures (File et al, 1985a) and this may result from the development of 
a GABAergic mechanism of action during the course of chronic treatment.

In these experiments, it was necessary to chose a method for 
measuring anticonvulsant drug action which would measure anticonvulsant 
effects in normal subjects. The intention of the experiments was to 
explore the behavioural effects of anticonvulsant drugs in the absence of 
epilepsy, in a number of different treatment paradigms, and to investigate 
the possible contribution of anticonvulsant drug treatment to the 
behavioural changes commonly associated with seizure disorders. Thus,
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non-epileptic subjects were studied and anticonvulsant effects were 
measured using a convulsant drug, rather than by the use of an
experimental model of epilepsy. Pentylenetetrazol seizure threshold was 
chosen as an anticonvulsant effect common to all the anticonvulsant drugs 
used in these experiments which was believed to reflect a common 
anticonvulsant mechanism, possibly linked to the effects of these drugs 
on GABAergic neurotransmission. The anti-pentylenetetrazol effects of the 
benzodiazepines and phenobarbital, are believed to related to their 
anticonvulsant effects against tonic-clonic seizures rather than to their 
effects on status epilepticus (MacDonald et al, 1985) and, for the
benzodiazepines, the anti-pentylenetetrazol effects, but not the 
anti-electroshock effects, are correlated with benzodiazepine receptor 
occupancy (Meldrum and Chapman, 1986; Paul et al, 1979).

ANTICONVULSANT DRUGS AND AGGRESSIVE BEHAVIOUR

The term "aggression" has been used to describe agonistic behaviour 
in laboratory animals in a wide range of situations. A number of attempts 
have been made to classify aggression and a variety of different factors 
which may result in the occurrence of agonistic behaviour have been 
identified (e.g. Moyer, 1968; Thompson, 1969; Brain, 1981; Blanchard and
Blanchard, 1977).

Both predatory behaviours and muricidal behaviour in rodents have 
been classified as aggressive (although evidence suggests that such 
behaviours differ considerably from other types of aggression (Rogers, 
1981). Aggression may also be induced, using a number of experimental 
stimuli such as brain stimulation or lesions. Intracranial electrical 
stimulation in cats, in the medial or lateral hypothalamus, leads
respectively to defensive behaviours (hissing, arched back and possibly 
defensive biting) and to predatory biting attacks (Hess and Brugger, 1943; 
Wasman and Flynn, 1962). Similarly, pain, fear and possibly also 
frustration may all induce aggressive behaviour towards both animate and 
inanimate objects and, indeed, aggressive behaviours may even occur as a 
learned response to obtain reinforcement (e.g. Moyer, 1968; Miczek, 1987).

Aggressive behaviour may also occur spontaneously; the ethological 
approach to the study of aggression involves the investigation of the 
aggressive behaviours which occur as part of an animal's overall 
behavioural repertoire. In male animals the motivations for spontaneous
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aggressive behaviour are most commonly territorial or related to the
position of animals within dominance hierarchies; often both these factors 
may be responsible for determining levels of aggressive behaviour. In 
female animals such as rats, mice and hamsters, spontaneous aggression 
may be observed during lactation, directed towards an intruding 
conspecific, male or female, a form of aggression commonly described as 
'maternal aggression* (e.g. Moyer, 19G8; Miczek, 1987).

In social groups of animals, aggressive behaviour occurs at a 
relatively low frequency; in colonies of squirrel monkeys, for example,
only some 5% of time is taken up with agonistic behaviour (Winslow and 
Miczek, 1985). Dominance hierarchies have been studied in a number of 
species including rats, cats and squirrel monkeys. The aggressive 
behaviour displayed by individuals within a colony will be governed by 
their social status which is determined by a number of factors including
age, sex and prior success in agonistic encounters (Hinde, 1983).

Resident-intruder tests are more often used to investigate
aggressive behaviour because the territorial aggression observed in such 
tests tends to occur at a higher frequency and to be more intense than 
the aggression observed in social groups of animals. When a resident
animal is allowed to establish a territory into which an unfamiliar 
intruder is introduced, intense aggressive behaviour is reliable directed 
at the intruder by the resident. This method has the advantage of 
providing information not only about the various elements of aggressive 
behaviour emitted by the dominant resident but also about the submissive 
and defensive behaviours of the subordinate intruder. Compared with
studies of colony aggression the behaviour observed is far more intense, 
however, it is also more strongly polarised. Thus dominant residents will 
tend to display only offensive behaviours and subordinate intruders only 
defensive and submissive behaviours and it is not therefore always 
possible to compare the offensive behaviours of dominant and subordinate 
animals as it is in a colony.

High levels of territorial aggression may be induced in male rats 
and mice by housing with a lactating female, however, most commonly,
aggression is induced in male mice by social isolation and evidence 
suggests that isolation housing of mice induces a form of territorial 
aggression (Parmigiani et al, 1981). Not all mice develop enhanced levels 
of territorial aggression following isolation housing; indeed, in some
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strains of mouse, a proportion of animals become submissive following a 
period of single housing, displaying defensive and escape behaviours when 
an intruder is introduced into the home cage (Krsiak, 1975). In order to 
ensure that only aggressive mice are studied it is therefore necessary to 
screen animals for aggressiveness prior to testing.

The frequency and intensity of aggressive behaviour observed during 
an encounter with an intruder will depend on the resident animal's prior 
experience of agonistic encounters (Scott, 1966); screening of isolated 
residents thus also provides experience of such encounters and is 
effective in establishing stable levels of aggression in resident animals. 
A number of other factors may also affect the levels of aggressive 
behaviour observed in isolated mice; amongst these are the duration of 
the isolation period (Cairns et al, 1985), the strain of mice used (Brain, 
1975) and the duration of the encounter (Thurmond, 1975).

Periods of 15 weeks and more of isolation have been used to induce 
aggression in mice, however, significant neurochemical changes are 
observed in isolated animals with increasing length of isolation and, 
following very long periods of isolation, major behavioural differences 
may develop between isolated animals and group housed controls (Valzelli, 
1973). A decrease in the number of benzodiazepine receptors, for example, 
may occur following long periods of isolation housing (Essman and 
Valzelli, 1981). Thus the period of single housing should be kept to a 
minimum if animals are to be expected to display a relatively normal 
behavioural repertoire. Periods as short as 3 weeks may be sufficient to 
induce territorial aggression in certain strains of mice (Krsiak et al, 
1984). Test length is also an important factor in inducing maximal levels 
of aggression and, perhaps surprisingly, a relatively short test period is 
often most effective. Aggressive behaviour in resident-intruder tests 
occurs in short bursts followed by periods of non-aggressive behaviour 
(Miczek et al, 1984) and a test length of approximately 5 minutes is 
usually sufficient to observe the first peak of aggressive behaviour.

The number of attack bites directed at the intruder by the resident 
is most commonly used as a measure of aggression, however, the 
occurrence of more extended bite attacks also makes the total duration of 
aggressive behaviour a useful measure. The determination of levels of 
non-aggressive social interactions is also important in order to define 
the effect of non-specific behavioural changes on levels of aggression.
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Levels of aggressive behaviour should therefore ideally not be so high as 
to preclude other behaviours. Indeed, the most valid measure of 
aggressive behaviour may be aggression as a proportion of non-aggressive 
social interactions (Poshivalov and Khodko, 1984).

Home cage aggression between pairs of animals may also be studied 
in the rat using a resident-intruder test which also has some elements of 
colony aggression. Rats isolated in the home cage for 5-7 days to 
establish a territory will, when an unfamiliar intruder is introduced into 
the home cage, show enhanced levels of social interaction, play fighting 
(wrestling) and aggressive behaviours (kicking, pushing and aggressive 
grooming). Although levels of aggression are of a considerably lower 
frequency and intensity than for isolated mice, both residents and 
intruders show a full repertoire of offensive, defensive and submissive 
behaviours and changes in all these measures may therefore be determined 
for both dominant and subordinate animals (File et al, 1981).

Not only are there a variety of underlying causes for aggression 
but aggressive behaviour may be made up of a variety of different 
behavioural elements and the nature of the behaviour under investigation 
should also be carefully considered when studying agonistic behaviour. For 
example, the relatively low intensity aggression observed during
play-fighting in the rat may differ considerably in its response to drugs 
from the more intense fighting observed in the resident-intruder test 
(Takahashi, 1986).

Evidence suggests that, in rodents at least, the aggressive 
behaviours observed during fighting may be placed into two basic 
categories: offensive and defensive aggression (Blanchard and Blanchard, 
1981). Depending upon the factors which motivate the occurrence of
aggression, the aggressive behaviour observed may consist largely of 
offensive or defensive aggression or of a combination of these two 
(Archer, 1988). In the rat, the nature of offensive aggression clearly
differs from that of defensive aggression. The aggressive behaviour of a 
dominant male rat, attacking an intruder to a colony, has a number of 
characteristic features. Dominant male animals engage primarily in 
chasing, biting and offensive sideways movements directed towards
intruders, with biting directed mainly at the back of the intruder. 
Defensive aggression, observed in subordinate animals, results in upright
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postures and In boxing behaviours, with bites directed primarily at the 
head and snout (Blanchard and Blanchard, 1981).

In addition to the offensive behaviours associated with aggression, 
defensive and submissive behaviours may also be observed during agonistic 
encounters. These defensive and submissive behaviours, including the 
defensive aggression described above, may be affected differentially by 
drugs and are believed to be under the control of different neurochemical 
pathways from offensive behaviours (Miczek et al, 1984). Subordinate 
animals commonly adopt upright defensive postures or prone submissive 
postures during agonistic encounters with dominant animals. Evidence 
suggests, as dominant animals seldom attack the ventral surfaces or legs 
of an opponent, subordinate animals may adopt such postures in order to 
restrict access to preferred biting sites and thus reduce biting by an 
attacker (Blanchard and Blanchard, 1981).

Certain stimuli result in aggressive behaviour which is primarily 
defensive in nature. Footshock-induced fighting in rats, for example, 
results in biting directed largely to the snout of an opponent and in 
defensive upright postures and boxing, even in dominant animals. In these 
circumstances, the behaviour displayed by those rats which are usually 
dominant, resembles that of a subordinate when it is attacked by a 
dominant animal (Blanchard and Blanchard, 1981). Brain lesions in rats and 
other animals may also lead to the display of a number of behavioural 
responses related to aggression believed to be defensive in nature (Kruk 
et al, 1979). Similarly, fear— induced aggression is believed to be largely 
defensive in nature (Adams, 1980; Blanchard and Blanchard, 1981).

The nature of maternal aggression is more ambiguous. The behaviour 
displayed contains some of the elements of territorial aggression more 
commonly observed in male animals: aggressive behaviour occurs only in a 
familiar territory, attack frequency declines with repeated exposure to 
intruders and attacks are directed at a wide range of novel intruders 
(e.g. Svare et al, 1981). Elements of defensive aggression are, however, 
also observed, for example, biting tends to directed at the snout of the 
intruder. It has therefore been suggested that this form of aggression 
contains a considerable defensive element (De Bold and Miczek, 1981).

Offensive aggression is commonly territorial or related to dominance 
hierarchy and is generally directed by dominant animals towards
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subordinates. Dominance hierarchies may be studied in stable colonies of 
of animals, rodents or primates for example; however the level and 
intensity of aggression in these social groups tends to be relatively low 
(Winslow and Miczek, 1985). Territorial aggression may result in higher 
levels, and more intense, aggressive behaviour; thus, in rodents, when an 
unfamiliar intruder is introduced into the established territory of a 
resident male, frequent and intense aggression will be directed toward 
the intruder. A number of factors may result in enhanced levels of 
territorial aggression in rodents. In the mouse, social isolation may 
result in heightened levels of aggressive behaviour towards intruders, 
however, in rats the intensity of fighting is largely unaffected by social 
isolation although the frequency of fighting behaviour may be enhanced. 
In both rats and mice, a male animal housed with a lactating female will 
reliably show enhanced levels of aggressive behaviour directed toward 
unfamiliar intruders (e.g. Miczek, 1987).

The advantages of studying dominance-related and territorial 
aggression, especially when the effects of drugs on aggression are being 
investigated, are that changes may be detected in the behaviours of both 
dominant and subordinate animals. Thus both offensive and defensive 
aggression, as well defensive and submissive behaviours may be studied. 
Behavioural measures unrelated to aggression, such as social investigation 
and spontaneous locomotor activity may also be investigated 
simultaneously and the specificity of the effects of drugs on aggression 
may thus be determined. In tests of hierarchical aggression and in
resident-intruder tests where the intensity of aggression is relatively 
low, both dominant and subordinate animals may show a full range of 
agonistic behaviour (from offensive aggression to submissive behaviour) 
and the effects of drugs on dominant animals may be compared with those 
on subordinate animals.

Resident-intruder tests have a number of advantages over tests in
which aggressive behaviour is artificially induced by external stimuli. 
The aggressive behaviour studied in resident-intruder tests occurs
spontaneously and is largely offensive rather than defensive in nature 
and in this respect appears to more closely resemble the kind of
aggressive interactions which occur more commonly in normal social 
interactions. In addition, the use of resident-intruder tests allows for 
the measurement of other non-aggressive behavioural parameters thus 
allowing for the ethological study of aggressive behaviour within the
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context of other behavioural changes. The influence of changes in 
non-aggressive behaviours on levels of aggression can be of particular
importance when drug effects on aggressive behaviour are being 
considered, as certain drugs can have powerful non-specific effects on 
aggressive behaviour.

The advantages of resident-intruder tests over the study of
aggressive behaviour in social groups are that much higher levels of
aggressive behaviour are observed in resident-intruder tests, and that 
the resulting interactions do not take place within a complex social 
hierarchy and are therefore easier to interpret because changes of 
aggressive behaviour within social groups may result from effects on both 
territorial aggression and hierarchical position.

Resident-intruder tests measure territorial aggression and changes 
in other types of aggressive behaviour may not therefore be detected 
using these tests. Thus the results of studies using these tests are
limited in the information they provide. However, resident-intruder tests, 
particularly those in which isolation housing is used to induce heightened 
levels of aggressive behaviour in mice, are the most commonly used tests 
of aggressive behaviour. They may be used to measure a range of 
spontaneous behavioural measures, both aggressive and non-aggressive, in 
both dominant and subordinate animals; in addition, relatively high levels 
of aggressive behaviour can be achieved using these methods, and the 
resulting interaction is of limited complexity.

The following experiments were carried out using two 
resident-intruder tests of aggressive behaviour, one in rats and one in 
mice. In both cases, animals were singly housed for relatively short 
periods of time in order to induce aggressive behaviour whilst retaining 
relatively high levels of non-aggressive behaviour and minimising the 
neurochemical changes which may occur following long periods of isolation 
housing. The choice of resident-intruder tests was in part because much 
of the existing experimental evidence on the effects of drugs on 
aggressive behaviour concerns the effects of drugs on territorial 
aggression within the context of resident-intruder tests and in part 
because these tests are the most useful, overall, for examining the 
effects of drugs on aggression.
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The Effects of Anticonvulsant Drugs on Aggressive Behaviour 

Benzodiazepines

The benzodiazepines have a significant 'taming' action at higher 
doses, in a wide range of animal species and behavioural tests (isolated 
mice, shock induced fighting and aggression induced by electrical 
stimulation of the hypothalamus; Delgado, 1973) When anti-aggressive 
doses of the benzodiazepines were compared with those that reduce motor 
activity, aggressive behaviour was reduced at doses some 2-4 times lower 
than those required to produce sedative effects, suggesting that these 
reductions are specific to aggression (Miczek, 1987). Evidence suggests 
that the benzodiazepines at higher doses may be particularly effective in 
reducing defensive and escape behaviours (e.g. Yoshimura and Ogawa, 1984). 
At lower doses, however, several benzodiazepines, including 
chlordiazepoxide and diazepam, were shown to enhance levels of aggressive 
behaviour in resident-intruder tests using isolated mice, lactating female 
rats or mice, resident male rats or resident male mice (Poshivalov, 1978; 
Olivier et al, 1985; Miczek, 1974).

In the case of aggressive behaviour, therefore, the benzodiazepines
appeared to have a biphasic dose-response curve, aggression was enhanced 
at low doses and was reduced at higher doses (e.g. Miczek, 1987). Evidence 
from studies on rat and monkey colonies suggests that only dominant 
animals may show an enhancement in aggressive behaviour when treated
with low doses of the benzodiazepines (Apfelbach and Delgado, 1974). The 
relationship between this low dose enhancement of aggressive behaviour 
and the low dose stimulant effects of the benzodiazepines in tests of
exploratory behaviour has not been explored.

In man, the benzodiazepines are effective in reducing aggressive
behaviour for a number of different conditions including schizophrenia and 
epilepsy, in patients with a history of hostile and aggressive behaviour 
(Sheard, 1984). The benzodiazepines may, however, also enhance aggressive 
behaviour in some individuals (Paul, 1975). A number of studies have 
shown significant overall increases in aggression and hostility in groups 
of individuals treated with benzodiazepines, suggesting that enhancements 
in aggressive behaviour may also be part of the overall behavioural 
repertoire of these drugs (e.g. Wilkinson, 1985; Salzman et al, 1974). 
Thus, depending upon such factors as the dose and type of benzodiazepine,
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social setting and history of the subject under investigation, many 
individuals may show increased aggressive behaviour in response to the 
benzodiazepines.

Phenobarbital

Because the benzodiazepines were believed to have potential as 
anti-aggressive drugs, their effects on aggression have been more widely
studied than the effects of other drugs with anticonvulsant actions and
considerably less is known about the effects of other anticonvulsant
drugs on aggression. The barbiturates have however been investigated for 
anti-aggressive potency.

Evidence suggests that the barbiturates, including phenobarbital, 
were able to reduce levels of aggressive behaviour in animal tests only 
at doses which also resulted in non-specific reductions in motor activity 
(Miczek, 1987), suggesting that the barbiturates are only able to produce 
non-specific reductions in aggressive behaviour.

Low doses of the sedative barbiturates barbital and pentobarbital 
have been shown to increase levels of aggressive behaviour in rodents in 
resident-intruder tests (Silverman, 1966). However, the effects of low 
doses of phenobarbital in animal tests of aggression have not been 
investigated.

In man, increased irritability and aggression have been observed 
following treatment with barbiturates in general and phenobarbital in 
particular. Such effects are commonly associated with barbiturate abuse 
(Gossop and Roy, 1976). In addition, enhanced levels of aggressive 
behaviour (and hyperactivity) have been observed, after as little as a 
single dose of phenobarbital, in epileptic children (Wolf and Forsythe, 
1978). However, it has not been determined whether the observed 
enhancements in aggression are an effect of the drug itself or a 
withdrawal response.

Phenvtoln

Very little information is available on the effects of phenytoin in 
animal tests of aggression. Phenytoin was able to reduce levels of 
shock-induced aggression in mice but only at doses 2-5 times higher than
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those required to produce an anticonvulsant effect (Tedeschi et al, 1959). 
The possible contribution of non-specific motor impairments at these 
doses was not investigated. The effects of phenytoin have not been 
investigated in other animal tests of aggression.

Phenytoin has been reported to decrease levels of aggressive
behaviour in man (Bach-Y-Rita et al, 1971), although these studies 
explored the effects of the drug in epileptic patients where the
psychological impact of improved seizure control may be sufficient to 
reduce violent outbursts indirectly. A small amount of evidence from
non-epileptic, violent, individuals suggests that this drug may have an 
anti-aggressive effect in adults (Covi and Uhlenhuth, 1969), although it 
was not effective in controlling such behaviour in children and may 
indeed enhance aggression in certain circumstances (Conners et al, 1971). 
Again, the impact of non-specific effects on aggressive behaviour was not 
considered in these studies.

In the following experiments the effects of chronic anticonvulsant 
treatment and withdrawal and the effects of single doses of
anticonvulsant drugs at various times after drug treatment were
investigated to explore possible changes in aggressive behaviour and 
determine the contribution of drug effects and withdrawal responses to 
such effects. Two tests of aggressive behaviour were used, both of which 
investigated primarily offensive, rather than defensive, aggression. A 
resident-intruder test in mice, in which aggressive behaviour was induced 
by social isolation, was used to investigate the effects of drugs on the 
relatively intense aggression observed in resident animals in this test. 
In addition, a resident-intruder test in rats was used to investigate the
effects of phenobarbital on agonistic behaviours in both dominant and
subordinate animals and to distinguish between different types of drug 
induced aggression.

EFFECTS OF ANTICONVULSANT DRUGS ON SPONTANEOUS LOCOMOTOR ACTIVITY
AND EXPLORATORY BEHAVIOUR

In the experiments described in the following chapters, levels of 
locomotor activity and exploratory behaviour were measured for a number 
of different reasons. Sedative drug effects may have wide-ranging
consequences on other behavioural measures and it is therefore important 
to monitor the effects of a drug on overall levels of spontaneous motor
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behaviour to determine the extent to which other spontaneous behavioural 
measures may be suppressed by relatively non-specific behavioural drug 
effects. Evidence suggests that all of the drugs used in these 
experiments may have some effect on locomotor and exploratory behaviours 
(see below) and it is .therefore necessary to monitor drug effects on 
these behaviours when other behavioural measures are being studied.

For example, when levels of spontaneous aggression are measured 
using tests such as those described in this chapter, levels of aggressive 
behaviour may be indirectly affected by changes in a number of other 
behavioural parameters; in particular, factors able to produce changes in 
levels of social interaction, general awareness of environment and/or 
overall levels spontaneous locomotor activity may have a profound effect 
on levels of aggressive behaviour. In resident-intruder tests of 
aggressive behaviour, if the levels of aggression induced are kept 
relatively low, in order to allow a significant amount of non-aggressive 
social interaction to occur, aggression may be measured as a proportion 
of total social interactions, thus introducing some measure of control for 
overall changes in levels of social interaction (Poshivalov and Khodko,
1984).

The contribution of changes in locomotor activity is more difficult 
to determine in these tests and often non-specific changes of this sort, 
especially in response to drugs, are not even considered in studies of 
aggressive behaviour. For tests of aggression in the home cage the 
independent measurement of this parameter during testing might seem like 
an obvious solution; however the locomotor activity of both resident and 
intruder will vary considerably in response to the amount of aggressive
behaviour emitted by the resident. Thus if aggression in the resident

*

changes for any reason, motor activity measures will alter for both 
animals. However information about levels of spontaneous locomotor 
activity, determined in drug treated animals in the absence of an 
intruder, may provide valuable information about the extent of 
non-specific changes in aggressive behaviour.
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Measurement of Locomotor Activity and Exploratory Behaviour in Animals

A number of tests have been used to determine levels of locomotor 
activity and the degree of sedation induced by anticonvulsant drugs. 
Sedative drugs are .able to reduce levels of spontaneous locomotor 
activity by enhancing sleepiness or reducing alertness and 'sedation' is 
often defined in this way. The term 'sedation' is also frequently used to 
describe the muscle relaxant and ataxic effects of drugs, however, and 
the effects of drugs in tests such as the rotarod test, are often 
described as 'sedative' drug effects. Spontaneous locomotor activity, 
either in the home cage or in an unfamiliar environment, may be measured 
by dividing up the test area and counting either the number of crossings 
from division to division or the number of times light beams crossing the 
test area are broken or alternatively an activity meter may be used.

Levels of exploratory behaviour are more difficult to determine as 
they may be influenced by a wide range different factors. Novelty is one 
important determinant, thus animals given a choice between exploring 
familiar and unfamiliar environments will tend to spend more time in the 
latter. In addition levels of exploratory behaviour may be enhanced by 
stimuli of greater complexity and by changes in the levels of a given 
stimulus, e.g. light or noise levels. In addition, fear may be a major 
factor in determining levels of exploratory behaviour; rats compelled to 
explore a novel environment showed considerably higher levels of activity 
than those which could chose between novel and familiar environments, an 
effect which may be motivated as much by fear as curiosity (Kelley et al, 
1987).

It is important to determine levels of exploratory behaviour and 
overall motor activity as separate factors. Particularly as evidence 
suggests these two measures may respond differently to drugs (File, 
1985a). Exploratory behaviours may be affected by drugs in a number of 
ways, both directly and indirectly. Thus a drug which either makes an 
animal ill or incapacitates its motor system may drastically, but 
indirectly, affect levels of exploratory behaviour and will also affect 
locomotor activity. On the other hand, exploratory behaviour may be 
specifically affected by drugs which alter sensitivity or attention to 
external stimuli, levels of fearfulness or arousal, or an animal's drive to 
explore. It is not possible to entirely separate the contribution of the 
various factors which determine exploratory behaviour although



independent assessment of levels spontaneous locomotor activity should be 
made to determine the specificity of changes in levels of exploratory 
behaviour.

The intention of . these experiments was to determine levels of 
exploratory and locomotor behaviour separately and the holeboard test was 
therefore chosen to measure exploratory behaviour and locomotor 
behaviour. The holeboard test has been used fairly extensively to 
determine levels of exploratory behaviour; the tendency of rodents to 
poke their noses or heads into holes is a well established part of their 
behavioural repertoire and is believed to represent an important 
exploratory response (Kelley et al, 1987). Animals are placed in a box 
with a number of holes equally spaced in the floor and both the number 
of head-dips observed during the test and the duration of the 
head-dipping response are determined. In addition, spontaneous locomotor 
activity within the apparatus can be simultaneously and independently
measured. Head-dipping is believed to be a valid measure of exploratory 
behaviour, as repeated exposure to the apparatus results in decreasing
levels of head-dipping, consistent with the development of habituation to 
the apparatus (File and Wardill, 1975); in addition, head-dipping is 
sensitive to the introduction of novel stimuli into the environment, for 
animals habituated to the holeboard apparatus the introduction of novel 
objects into holes results in an enhancement of head-dipping which is not 
accompanied by an increase in locomotor activity and which is believed to 
be the result of dishabituation (File, 1982).

The Effects of Anticonvulsant Drugs on Exploration and 
Locomotor Activity

Benzodiazepines

At low doses, the benzodiazepines are able to enhance exploratory 
behaviour in both the rat and the mouse, in animals naive to the test
apparatus, in a number of tests such as open field and holeboard (Iwahara
and Sakama, 1972; File, 1976); enhancements in locomotor activity may also 
be observed in response to low benzodiazepine doses (Sansone and Olivero,
1980). Statistically significant enhancements in exploratory head-dipping 
have been observed following low doses of several different 
benzodiazepines, however, not all benzodiazepines produce detectable 
enhancements in exploration at low doses and head-dipping can be reduced
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even by low doses of the benzodiazepines (File, 1981a). Although low 
doses of the benzodiazepines are able to enhance measures of both 
exploration and locomotor activity, some evidence suggests that the 
enhancement of exploratory behaviour may be separate from a general 
stimulant effect, for- example, in the holeboard, low doses of 
chlordiazepoxide were able to enhance head-dipping without increasing 
locomotor activity, in the mouse (File, 1985a).

At higher doses, the benzodiazepines were shown to exert a sedative 
action; both locomotor activity and exploratory behaviour were reduced in 
the holeboard. The decreases in these two behavioural parameters occurred 
in parallel and the extent to which reductions in exploratory behaviour 
occur independently of those in locomotor activity is difficult to 
determine. Although decreases in these two measures may, to some extent, 
be linked (File, 1985a) evidence does suggest that the benzodiazepines 
may affect exploratory behaviour and locomotor activity independently 
(Lister, 1987), indeed in some cases a reduction may occur in one measure 
without the other being affected (File and Aranko, 1988). However, a 
general decrease in activity will reduce both measures and in these 
circumstances reductions in locomotor activity and exploratory behaviour 
may be linked.

In man, chlordiazepoxide, diazepam and a number of other 
benzodiazepines at higher doses, were able to produce significant 
impairments in tests of psychomotor performance and alertness. The most 
sensitive tests being the digit symbol substitution test and critical 
flicker fusion frequency. Tests of rote manual manipulation were also 
sensitive to the benzodiazepines and the speed with which simple 
repetitive acts can be performed may be strongly impaired by these drugs 
(Wittenborn, 1979). There is little evidence to suggest that low doses of 
the benzodiazepines are able to enhance these measures, however, 
hyperactivity has been reported following benzodiazepine treatment, 
especially in children (Reynolds, 1983). Daytime sleepiness following 
benzodiazepine treatment, assessed using the multiple sleep latency test, 
can be decreased by short-acting benzodiazepines although it is increased 
by long-acting ones (Dement et al, 1982); the decrease observed for 
short-acting benzodiazepines may be the result of a stimulant effect 
resulting from low residual concentrations of these drugs in the brain or 
to a rebound withdrawal effect.
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Phenobarbital

The barbiturates possess varying degrees of sedative-hypnotic 
potency, phenobarbital being less potent in this respect than other 
barbiturates and thus possessing anticonvulsant potency at doses which 
are not sedative. Phenobarbital treatment in rodents may produce both 
stimulant and sedative effects. The stimulant effect differs from that 
observed following benzodiazepine treatment however as it appears to 
represent a general locomotor enhancement, rather than a specific effect 
on exploratory behaviour. In addition, phenobarbital induced hyperactivity 
may be observed at relatively high anticonvulsant doses and evidence 
suggests that this measure may only be reduced at very high, near 
anaesthetic doses. Thus the hyperactivity associated with phenobarbital 
treatment does not appear to represent a low-dose enhancement. A number 
of studies have reported enhanced locomotor activity following 
phenobarbital treatment in mice (Middaugh et al, 1981; Millichamp and
Millichamp 1966; Read et al, 1960) and this enhancement was dose related 
for a range of anticonvulsant doses (Waters and Walzak, 1980). In the 
open field, both locomotor activity and exploration were enhanced (Minck 
et al, 1974). Indeed in animal studies, treatment within the anticonvulsant 
range, tends to result in enhanced, rather than decreased, locomotor 
activity.

In man, phenobarbital treatment generally results in sedation and 
may also be associated with an overall cognitive impairment (Thompson et 
al, 1980). However an excitatory action of this drug has also been
reported (Browning and Maynert, 1972), in particular, phenobarbital
treatment in epileptic children may be associated with hyperactivity 
(Ounsted, 1955).

<4

The relevance of the effects of the barbiturates on GABAergic
systems to their various pharmacological actions is poorly understood. The 
pharmacological profiles of various barbiturates indicate that the 
anticonvulsant actions of these drugs are, at least to some extent,
independent of their sedative actions; thus phenobarbital can produce an 
anticonvulsant effect at doses that are minimally sedative whilst
pentobarbital can only act as an anticonvulsant doses which also have a
significant sedative effect (Sharpless, 1970). Anaesthetic barbiturates can
be distinguished from anticonvulsant barbiturates as they possess 
significant GABA mimetic properties (MacDonald and Barker, 1979a) and can
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increase chloride conductance directly (Schulz and MacDonald, 1981). In 
addition, it has been suggested that the site of action for the sedative 
actions of the barbiturates may differ from the anticonvulsant site 
(Harrison and Simmonds, 1983).

Phenytoin

The effects of phenytoin on locomotor activity and exploratory 
behaviour are considerably less pronounced than for the benzodiazepines 
and barbiturates. However, non-toxic doses of phenytoin produced a short 
lived (about 40 minutes) reduction in spontaneous locomotor activity in 
the rat (Starratt et al, 1980). Effects consistent with sedation, such as 
drowsiness have also been reported following phenytoin treatment in man, 
although these effects may not occur in all patients (Merritt and Putnam, 
1939). General psychomotor slowing and impairment is however consistently 
associated with phenytoin treatment, especially following chronic drug 
treatment (Thompson et al, 1980).

COMMON MECHANISMS LINKING LOCOMOTOR ACTIVITY.
SEIZURE THRESHOLD. AGGRESSION AND EXPLORATORY BEHAVIOUR

Although those factors which alter levels of spontaneous locomotor 
activity will also tend to affect levels of exploratory behaviour and 
changes in levels of exploratory behaviour may also result in changes in 
locomotor activity, it is possible to behaviourally separate these two 
factors, at least to some degree. Thus the mechanisms by which levels of 
locomotor activity are controlled may differ from those which control 
exploratory behaviour.

Drug-induced changes in levels of spontaneous locomotor activity may 
be linked by a common mechanism to changes in seizure sensitivity, via 
GABAergic pathways. In the case of the barbiturates and benzodiazepines, 
the degree of enhancement of GABAergic neurotransmission across a range 
of compounds appears to be correlated with both sedative and 
anticonvulsant effects (Harrison and Simmonds, 1983; Schulz and MacDonald,
1981).

Although a number of different mechanisms exist through which 
anticonvulsant drugs may control seizures, GABAergic mechanisms appear to 
play a significant role in the anticonvulsant actions of a number of
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Important anticonvulsant drugs. In addition, evidence suggests that 
GABAergic systems may mediate the sedative effects of a number of 
different CNS depressants (Costa et al, 1975; Costa and Guidotti, 1979; 
Olsen, 1982; Skolnick et al, 1986) and that strain differences in 
sensitivity to the sedative effects of a number of CNS depressants 
(including ethanol, barbiturates and benzodiazepines) may be related to 
GABAergic neurotransmission (McIntyre and Alpern, 1986a).

Although the sedative and anticonvulsant actions of a number of 
anticonvulsant drugs affecting GABAergic neurotransmission may be linked, 
a degree of independence has also been demonstrated, particularly between 
the anticonvulsant and sedative profiles of the barbiturates (see above). 
It has been suggested that a specific interaction with the picrotoxin site 
on the GABA receptor complex may underlie the anticonvulsant actions of 
the barbiturates but that the sedative effects of these drugs may occur 
via a different site on the complex (Harrison and Simmonds, 1983) and it 
is also possible that the sedative effects of anticonvulsant drugs may 
not be completely GABAergic in origin. In addition, drugs which enhance 
GABAergic neurotransmission, such as GABA-transaminase inhibitors, GABA 
uptake blockers or GABA agonists, do not always produce anticonvulsant 
effects and both increased and decreased sensitivity to seizures, may 
result from the enhancements of GABAergic function induced by such 
compounds (Anlezark et al, 1978; Horton et al, 1979; Meldrum, 1982). Thus 
GABAergic neurotransmission may have a complex role in the control of 
seizures.

Although anticonvulsant and sedative drug effects may occur via 
entirely different mechanisms, the enhancement of GABAergic 
neurotransmission by certain anticonvulsant drugs may represent a common 
mechanism for both their anticonvulsant and sedative effects, both of 
which may reflect a general enhancement of GABAergic pathways. However, 
the enhancement of GABAergic function by anticonvulsant drugs may have 
far— reaching consequences on other neurotransmitter pathways and 
mechanisms, under the control of GABAergic neurotransmission, which are 
also involved in the control of motor and exploratory behaviours. Thus 
although these drugs tend to be both sedative and anticonvulsant, levels 
of sedation might vary to some extent, independently of anticonvulsant 
effect, in response to non-GABAergic mechanisms.
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Exploratory behaviour, on the other hand, may be under the control 
of pathways separate from those which control spontaneous locomotor 
behaviour and it is possible that the effects of certain anticonvulsant 
drugs on exploratory behaviour may be more closely linked to their 
effects on aggressive, behaviour. A number of studies have reported that 
the commonly prescribed anticonvulsant drugs have a ’calming’ effect and, 
for this reason, a relationship between anticonvulsant and anti-aggressive 
drug effects has been proposed. Animal studies of aggressive behaviour 
suggest that the sedative effects of these drugs may make a major 
non-specific contribution to the anti-aggressive effects, however, the
overall pattern of changes in aggressive behaviour in response to
anticonvulsant drugs may be more closely related to changes in 
exploratory behaviour. Biphasic dose-response curves have been reported, 
for both exploratory and aggressive behaviours, in the case of the 
benzodiazepines; low doses of the benzodiazepines enhance these 
behaviours and high doses reduce them (Miczek, 1974; File, 1976).

The effects of the benzodiazepines on aggressive behaviour, 
resulting in enhancements at low doses and reductions at high doses, 
closely resemble the biphasic effects on aggressive behaviour which 
result from enhancing levels of dopamine in the brain. Small amounts of 
either potentiation of brain dopaminergic systems or enhancement of 
dopamine levels in the brain enhance aggressive behaviour, higher amounts 
reduce it (Bell and Hepper 1987). Dopaminergic neurotransmission appears 
to have an important role in the control of both exploratory (Robbins and
Everitt, 1982) and aggressive behaviour (e.g. Bell and Hepper 1987), and it
is possible that indirect effects of the anticonvulsant drugs used in
these experiments on dopaminergic neurotransmission, may represent a 
common mechanism by which exploratory and aggressive behaviours may 
change in response to drug effects.

Low and high doses of the benzodiazepines, which are believed to 
produce their effects via GABAergic neurotransmission, produce a pattern 
of changes in aggressive behaviour very similar to those induced by the 
enhancement of dopamine levels. Changes in exploratory behaviour, observed
in response to low or high doses of the benzodiazepines, also follow a
similar pattern. It is possible that the benzodiazepines may affect a
state of heightened arousal, common to both exploratory and aggressive 
behaviours, via a GABAergic pathway which acts on appropriate 
dopaminergic pathways. Indeed, evidence suggests that the dopaminergic
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pathways involved in the control of exploration and motor behaviours are 
linked to GABAergic pathways; local application of the GABA agonist 
muscimol into the ventral pallidum can differentially block the locomotor 
activating properties of various stimulant compounds which act through 
dopaminergic pathways,, including aporaorphine and amphetamine (Swerdlow et 
al, 1986).

Thus for anticonvulsant drugs which act via GABAergic pathways, 
sedative and anticonvulsant effects may be linked and may be under the 
direct control of GABAergic pathways whilst effects on exploratory 
behaviour and aggressive behaviour may also be linked, possibly under the 
control of dopaminergic pathways.

EFFECTS OF CHRONIC DRUG TREATMENT

Chronic drug treatment may result in little or no change in drug 
effect; alternately, drug treated subjects may become either sensitized or 
tolerant to the effects of the drug. The term 'tolerance' usually refers 
either to a progressive decrease in the pharmacological effect of a drug 
which may occur with repeated administration, or to the need to increase 
the dose of a drug during chronic treatment in order to maintain an 
initial level of response. The term 'sensitization' refers to the opposite 
effect, in which the effects of a particular drug increase during the 
course of chronic drug treatment.

The development of tolerance to the effects of a drug results in a 
shift to the right in the dose-response curve, sensitization results in a 
shift to the left (Corfield-Sumner and Stolerman 1978; Schuster, 1978; 
Kalant et al, 1971). Thus tolerance and sensitization may be measured by 
determining the direction and extent to which the dose-response curve of 
a drug is shifted during the course of chronic drug treatment. In 
addition, more complex effects of chronic drug treatment, resulting in 
changes in the shape of the dose-response curve, may be detected in this 
way (for overview see: Goudie, 1989). If tolerance develops to the effects 
of drugs with biphasic dose-response curves, the effect of an individual 
dose close to the low- or high-point of the curve may increase rather 
than decrease as the curve shifts to the right during the course of 
chronic treatment (Corfield-Sumner and Stolerman, 1978) and determining 
the effects of chronic drug treatment on complete dose-response curve is 
therefore particularly valuable in such instances.
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Pharmacological Factors Which Influence the Development of Tolerance

A number of different factors may determine the rate and extent of 
tolerance to the effects of a particular drug. Thus the development of 
tolerance to the effects of a drug may vary from species to species, and, 
within a given species, the strain, age or sex of an animal may affect 
the development of tolerance (e.g. Nozaki et al, 1975). In addition a 
number of pharmacological factors, in particular, the length of chronic 
drug treatment and the dose of drug used, may influence the development 
of tolerance.

It has been proposed, bcyth for both the benzodiazepines and for the 
barbiturates, that tolerance to a particular behavioural drug effect will 
develop only when subjects are chronically treated with a dose of drug 
which produces such an effect following acute treatment. The requirement 
for a behavioural effect of a drug to occur before tolerance may develop 
to such an effect might account for the lack of cross tolerance between 
the sedative and stimulant effects of the benzodiazepines (File and 
Pellow, 1985). In the case of the barbiturates, tolerance to the more 
severe effects of CNS depression, will develop only at doses which induce 
such responses acutely, if a dose is used which produces a relatively low 
level of CNS depression acutely, then tolerance to the more severe 
effects of CNS depression will not be observed (Isbell and White, 1953; 
Jaffe, 1975; Okamoto et al, 1978).

The extent to which pharmacological factors may determine the rate 
at which tolerance develops is more difficult to determine. For the 
benzodiazepines, the rate at which tolerance develops may be largely 
independent of the dose of drug used during chronic treatment. Thus when 
rats were chronically treated with a range of doses of chlordiazepoxide 
(File, 1982b) or lorazepam (Lister et al, 1983a), tolerance developed at 
the same rate, regardless of the dose of drug used during chronic 
treatment, if all groups of animals received an identical challenge dose 
on the test day. In the case of the barbiturates, however, the dose of 
drug used during chronic treatment may be able to influence the rate at 
which tolerance develops. The degree of tolerance to the sedative effects 
of this drug on the second day of chronic treatment (using a probe dose 
of 40 mg/kg), was found to be proportional to the size of the dose given 
on the first treatment day (Aston, 1965). At higher doses of the 
barbiturates, tolerance develops more rapidly to the milder manifestations
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of the CNS depressant effects which occur at lower doses, than to the CNS 
depressant effects associated with high barbiturate doses (Okamoto et al, 
1978).

A similar effect i6 observed for dose frequency and drug half-life, 
both of which reflect the duration of action of each drug treatment, on 
the rate of development of tolerance. For the barbiturates, frequent 
injections and a continuous drug effect is required for the rapid 
development of tolerance (Jaffe and Sharpless, 1965; Yanagita and 
Takahashi, 1970; Boisse and Okamoto, 1978a). Continuous administration of 
phenobarbital in the drinking water was required for tolerance to develop 
to the anticonvulsant effect of this drug (Frey and Kampmann, 1965: 
Kilian and Frey, 1973), and for tolerance to develop to the CNS depressant 
actions of phenobarbital and other barbiturates a constant and persistent 
level of CNS depression must be maintained throughout chronic treatment 
(Okamoto et al, 1978; Gay et al, 1983). The rate of tolerance to these 
effects did not however differ for short and long-acting barbiturates, as 
long as an equivalent maximal level of CNS depression was achieved 
(Okamoto et al, 1978), suggesting that pharmacological effect rather than 
drug used was the important factor. Unlike the barbiturates, tolerance to
the benzodiazepines may be achieved even with single doses, daily or
every other day, of short-acting benzodiazepines (e.g. triazolam or 
lorazepam). Thus a constant drug effect or receptor occupancy does not 
seem to be necessary for the development of tolerance to these drugs.

In addition to the factors described above, the rate of development 
of tolerance and the extent to which it develops may be influenced by the 
mechanism through which tolerance develops.

Mechanisms for the Development of Tolerance

Tolerance may develop to the effects of a drug through a variety of 
different mechanisms. The mechanisms governing the development of
tolerance are often divided into three basic categories: dispositional or 
metabolic mechanisms of tolerance; functional or pharmacodynamic
mechanisms of tolerance; and behavioural or contingent mechanisms of 
tolerance.
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1 )Dlsposltional mechanisms of tolerance

Dispositional tolerance is said to have developed when changes in 
the absorption, distribution or metabolism of a drug during chronic
treatment, result in a reduced concentration and therefore effect at the 
target cells (Kalant et al, 1971). Induction of microsomal hepatic
enzymes resulting in an increased clearance rate of a drug is a common 
form of dispositional tolerance (Conney, 1967; Remmer, 1962; Frey, 1985). 
Although dispositional mechanisms may produce small reductions in the 
maximal response produced by low drug doses and may have a significant 
effect on the duration of pharmacological effect, their contribution to 
the tolerance observed shortly after treatment with large drug doses is 
negligible (Kalant et al, 1971). In addition, the development of tolerance 
at differential rates to different pharmacological effects of a drug 
cannot be explained in terms of dispositional mechanisms thus, although 
changes in drug metabolism may account in part for the overall
development of tolerance to the effects of a drug, other mechanisms must 
also be involved where differential rates of tolerance are observed.

There is little evidence to indicate the development of dispositional 
tolerance following chronic benzodiazepine treatment in man (Greenblatt 
and Shader, 1974; Lader et al, 1980). Although chronic treatment with high 
doses of benzodiazepines in rodents may lead to some increase in drug 
clearance rates, evidence does not indicate that dispositional tolerance 
develops to the effects of therapeutic doses of the benzodiazepines 
(Hoogland et al, 1966; Christensen, 1973). For example, there was no
evidence of a change in the plasma concentrations of chlordiazepoxide 
following 5 days of chronic treatment with doses of 5 or 10 mg/kg/day 
although a reduction could be detected in the plasma concentration of 
this drug following 5 days of chronic treatment with a 50mg/kg dose 
(File, 1984). No reduction in the plasma concentration of lorazepam could 
be detected following 3 days of chronic treatment with a 0.5 mg/kg dose 
of the drug (Lister et al, 1983b) although some reduction in this measure 
was detected at this dose following 5 days of chronic drug treatment 
(File, 1982c). However, the levels of dispositional tolerance detected in 
these experiments were not sufficient to explain the levels of tolerance 
that developed to the behavioural effects of these drugs.

The development of dispositional tolerance to the barbiturates is 
well documented (Remmer, 1962; Conney, 1967). Dispositional tolerance to
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phenobarbital could be induced in mice using doses of between 30 and 
100 rag/kg, the development of dispositional tolerance to phenobarbital 
being maximal between days 4 and 14 of chronic treatment (Frey and 
Kampmann, 1965). As for the benzodiazepines, the experimental evidence 
suggests that increased rates of drug metabolism are insufficient on 
their own to to fully explain the extent to which tolerance occurs to the 
effects of phenobarbital (Kalant et al, 1971; Ho and Harris, 1981).

Chronic phenytoin treatment may also result in the development of 
dispositional tolerance. A reduction in the elimination half-life of 
phenytoin was observed in dogs following 2-3 days' chronic treatment with 
20 mg/kg doses of the drug (Frey and Loscher, 1980) and similar effects 
were also observed in rats (Masuda et al, 1979). Again experimental 
evidence suggests that dispositional mechanisms alone cannot fully 
account for all the tolerance observed following chronic phenytoin 
treatment and that other mechanisms may also be involved in the 
development of tolerance to the effects of this drug (Frey, 1985).

2functional mechanisms of tolerance

Where metabolic or dispositional mechanisms alone are unable to 
account for the degree of tolerance that develops to the effects of a 
drug, other mechanisms must also be involved. Functional tolerance may be 
defined simply as any tolerance which does not develop as the result of 
dispositional or metabolic mechanisms. However, the term 'functional 
tolerance' is often used more specifically to describe as the tolerance
which develops as a result of direct neuronal adaptation to the effects
of a drug.

This more specific definition of functional tolerance thus excludes 
the various behaviourally mediated mechanisms of tolerance which will be 
discussed below in section 3. Functional tolerance may occur via one or 
more of a broad range of possible mechanisms (Overstreet and Yamamura, 
1979; Haefely, 1986). At drug receptor level, adaptation might result from 
alterations in the number, or affinity of receptors, from a change in
receptor-ionophore coupling or in the coupling between a receptor and 
other active sites. Post-receptor adaptation might occur via a change in 
the electrical or biochemical properties, of cells or via a change in
intracellular secondary messengers. In addition, tolerance may develop as 
a result of changes in the availability, turnover, uptake or release of
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neurotransmitters both in target cells and in other neurones which 
interact, directly or indirectly, with the target cells.

A number of these mechanisms have been investigated in relation to 
the tolerance which develops to the effects of anticonvulsant drugs. In 
the case of the benzodiazepines, in particular, much has been made of the 
changes in the levels and properties of drug receptors which accompany 
chronic drug treatment. Although numerous investigations have been 
conducted into the biochemical changes which occur during the course of 
chronic anticonvulsant treatment, few studies have attempted to directly 
correlate these changes with changes in the behavioural effects of 
anticonvulsant drugs. Complex and often contradictory biochemical effects 
have been observed in response to chronic drug treatment and it is not 
yet possible to identify a pattern of functional changes which is clearly 
linked to the development of tolerance to any particular drug effect.

The following paragraphs present a brief overview, rather than a 
comprehensive review, of some investigations into the nature of 
functional mechanisms of tolerance to the effects of the benzodiazepines 
and barbiturates.

Because a specific binding site has been identified for the 
benzodiazepines, studies of changes in receptor binding following 
anticonvulsant treatment have tended to concentrate primarily on these 
drugs. Various studies have demonstrated increases, decreases and no 
change in benzodiazepine receptor binding following chronic benzodiazepine 
treatment (for overview see: Overstreet and Yamamura, 1979). Overall
changes in benzodiazepine receptor binding, following chronic treatment, 
tended to occur when very high doses were used (e.g. Rosenberg and Chiu, 
1981; Rosenberg et al, 1983a; Crawley et al, 1982; Overstreet and 
Yamamura, 1979); when animals are given doses equivalent to those which 
are used clinically changes in benzodiazepine receptor binding are often 
not observed (e.g. Braestrup and Nielsen, 1981; Mohler et al, 1978; File, 
1985b). A direct relationship between changes in receptor binding and the 
development of tolerance to the effects of the benzodiazepines cannot be 
inferred from the results described above, although the scarcity of 
studies in which changes in benzodiazepine receptor binding are directly 
compared with the behavioural changes across the course of chronic 
treatment makes it difficult to draw any firm conclusions about the role 
of the benzodiazepine receptor in the development of tolerance.
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It is difficult to see how gross changes in the overall levels or 
affinities of benzodiazepine receptors could mediate the development of 
tolerance at differential rates which has been observed in the case of 
the benzodiazepines. However, recent evidence indicates that chronic 
benzodiazepine treatment may result in more subtle changes in 
benzodiazepine receptor downregulation which differ for different brain 
regions (Rosenberg et al, 1988). Thus changes in benzodiazepine receptor 
levels in different parts of the brain could mediate the development of 
tolerance at differential rates to the various behavioural effects of 
these drugs.

Changes in the coupling between the benzodiazepine receptor and the 
GABA recognition site is an alternative mechanism through which 
benzodiazepine receptors might mediate the development of tolerance. 
Three weeks' chronic treatment with diazepam was able to produce a 
reduction in the sensitivity of rats to iontophoretically applied GABA 
(Gallager et al, 1984) although this change may have resulted from an 
increase in the number of the number of GABA receptors rather than a 
decrease in GABA/benzodiazepine receptor coupling. The time course of the 
development of subsensitivity to the effects of GABA appeared to be 
broadly related to the time course for the development of tolerance to 
the anticonvulsant actions of diazepam (Gonsalves and Gallager, 1987).

Changes in the levels of GABA binding have also been observed 
following chronic barbiturate treatment (see: Ho and Harris, 1981 for
review); chronic phenobarbital treatment produced a significant decrease 
in the in vitro binding of GABA (Mohler et al, 1978; Ho and Harris, 1981) 
although this was not directly correlated to the development of tolerance 
to the effects of this drug.

For both the benzodiazepines and the barbiturates, there have been 
numerous studies of the effects of chronic drug treatment on the levels 
and turnover of a variety of neurotransmitters. It has, however, proven 
rather difficult to determine which of the observed drug effects are 
significant to the development of tolerance. Again, very few studies have 
attempted to investigate directly the relationship between the 
development of tolerance and the biochemical changes that occur as a 
result of chronic drug treatment.
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Initial studies of the effects of chronic benzodiazepine treatment 
on neurotransmitter turnover suggested that changes in norepinephrine 
turnover were related to the development of tolerance to the sedative 
effects of the benzodiazepines. Following six days of chronic oxazepam 
treatment <20 mg/kg/day) tolerance developed both to the sedative effects 
of the drug and to the reduction in norepinephrine turnover whereas no 
change in the reduction in serotonin turnover was detected (Stein et al, 
1975). Several other studies, however, have demonstrated the development 
of tolerance to changes in serotonin turnover across a similar period of 
chronic benzodiazepine treatment (Cook and Stepinwall, 1975; Jenner et al,
1975). In addition, during chronic chlordiazepoxide treatment, changes in 
the levels of serotonin and its metabolite, 5-HIAA, were show to parallel 
the development of tolerance to the sedative effects of the drug (Lister 
and File, 1983). Although these results suggest that either norepinephrine 
or serotonin or both may be involved in the development of tolerance to 
the sedative effects of the benzodiazepines they do not demonstrate a 
direct causal relationship between neurotransmitter changes and tolerance.

Experimental evidence suggests a particular involvement of 
norepinephrine and GABA in the development of tolerance to the 
barbiturates (Ho and Harris, 1981). Chronic barbiturate treatment resulted 
in significant reductions in brain GABA levels (Tzeng and Ho, 1977) and in 
norepinephrine uptake levels (Chang and Ho, 1979). In addition, when mice 
were treated with 6-hydroxydopamine (resulting in a significant depletion 
of brain norepinephrine levels) prior to chronic phenobarbital treatment, 
functional barbiturate tolerance did not develop (Tabakoff et al, 1978; 
Tabakoff et al, 1977) suggesting that intact brain norepinephrine systems 
were required for the development of tolerance to the effects of the 
barbiturates.

The results described above demonstrate some of the functional 
changes that may occur in response to chronic anticonvulsant treatment. 
However it is often difficult to determine, with any degree of confidence, 
whether such changes underlie the development of tolerance and studies of 
the effects of chronic treatment with the benzodiazepines and 
barbiturates have often yielded contradictory results which make it 
difficult to determine whether changes at the neurochemical level have 
any physiological relevance. In addition the neurochemical effects of 
chronic drug treatment are often not directly compared with the time 
courses for the development of tolerance at the physiological level,
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making meaningful comparisons between these two measures difficult to 
make. However, chronic drug treatment clearly leads to a number of 
different neurochemical changes which could mediate the development of 
tolerance.

3)Behavioural Mechanisms of Tolerance

Tolerance may also develop to the behavioural effects of a drug as 
the result of an interaction between the effects of a drug and the 
behavioural assay being used to measure those effects (for reviews see: 
Corfield-Sumner and Stolerman, 1978; Goudie, 1989). This form of tolerance 
may be referred to as behavioural, learned or contingent tolerance, 
although the term behavioural tolerance has also been used in a more 
general sense to describe any tolerance which develops to the behavioural 
effects of a drug.

There is now a considerable body of experimental evidence indicating 
that interactions between environmental factors and behavioural testing 
may influence the rate at which tolerance develops to the effects of 
certain drugs. Amongst the earliest experiments in which behavioural 
mechanisms of tolerance were investigated was a study by Chen (1968) in 
which two groups of rats, chronically treated with ethanol, received 
daily doses of the drug either before or after behavioural testing in a 
circular maze. Following a period of chronic treatment, both groups of 
rats received ethanol treatment prior to maze testing. Tolerance was 
shown to have developed only in those animals which had received ethanol 
treatment prior to behavioural testing during the period of chronic drug 
treatment, indicating that the behavioural experience of an animal 
influenced the development of tolerance.

Evidence suggests that the results obtained in these experiments 
may also be applicable to other drugs and behavioural tests. Using a 
variety of behavioural tests and techniques similar to those described 
above, some degree of behavioural tolerance may be observed to the 
effects of a number of different drugs including amphetamine, ethanol, 
barbiturates, cocaine and morphine (Goudie, 1989). Thus evidence suggests 
that behavioural mechanisms may, at least in part, underlie the tolerance 
that develops to these drugs.



A number of other studies, however, have demonstrated little or no 
interaction between drug effect and behavioural testing in the 
development of tolerance (see Goudie, 1989 for review). Such mechanisms 
did not appear to be involved in the tolerance which developed to 
suppression in operant responding produced by midazolam (Griffiths and 
Goudie, 1987). Similarly, very little of the tolerance which developed to 
the effects of phenobarbital on operant responding could be explained in 
terms of such behavioural mechanisms (Tang and Falk, 1978). However, it 
should be noted that, in the case of the benzodiazepines, a conditioned 
association between apparatus cues and drug injection has been cited as a 
mechanism by which tolerance may develop, particularly in the case of 
very long-lasting benzodiazepine tolerance (File, 1985b).

A number of different mechanisms have been proposed through which 
behavioural factors may mediate the development of tolerance. Both 
instrumental and classical conditioning processes may lead to the 
development of tolerance to the behavioural effects of drugs. In the case 
of classical conditioning, a drug treated subject may, with repeated drug 
treatments, learn to associate the effects of a drug with a particular 
test or with the environmental cues associated with drug administration. 
The result may be a compensatory response to the effects of the drug, 
associated with these environmental cues, leading to the development of a 
form of tolerance particularly sensitive to the presence of the 
environmental cues through which it was conditioned (see: Siegel and
MacRae, 1984 for review).

Instrumental conditioning processes, in which an animal is 
conditioned to expect a reward contingent upon a particular behavioural 
response, may also lead to the development of behavioural mechanisms of 
tolerance (Schuster et al, 1966; Demellweek and Goudie, 1983a). When the 
effects of a drug reduces the reward received by an animal, by inhibiting 
that animal's ability to respond, this may stimulate the development of 
compensatory behavioural responses which enable an animal to regain its 
initial level of reward. This form of tolerance would not develop to a 
drug effect for which levels of reinforcement were enhanced or remained 
unchanged. Mental rehearsal may provide a similar mechanism by which 
behavioural tolerance can develop (Vogel-Sprott et al, 1984) particularly 
if a subject is able to rehearse whilst under the influence of the drug. 
Indeed, in the case of instrumental conditioning, the development of
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compensatory responses to inhibitory drug effects may be facilitated by
such a mechanism (Goudie and Griffiths, 1986).

The mechanisms for behavioural tolerance described above are all 
mediated via learned compensatory responses to drug effects. However, the 
interaction between the behavioural effects of a drug and the tests used 
to measure those effects may also determine the development of tolerance 
through other mechanisms. It has been proposed that tests of animal
behavioural may themselves affect the actions of drugs at the 
neurochemical level. Although very little is known about the way in which 
behavioural tests interact with brain function, it is possible that the 
behavioural effects of a drug may differ depending upon whether or not 
drug treatment is combined with a particular behavioural test (Seiden et 
al, 1975; Heffner et al, 1980). Finally, evidence suggests that certain 
forms of tolerance may develop only when drug treatment is combined with 
a 'functional demand' on a biological system; thus tolerance to the 
analgesic effect of ethanol will develop only if a painful stimulus is 
administered in conjunction with ethanol treatment (Jorgensen et al, 
1985). The development of behavioural tolerance could be mediated by any 
one of the mechanisms described above or by a combination of these 
mechanisms.

The Relationship Between Behavioural and Functional Tolerance

The results described above suggest that behavioural mechanisms 
cannot account for all observed instances of tolerance to behavioural 
drug effects; indeed in some instances, for example tolerance to
anticonvulsant drug effects, it would be difficult to account for the 
development of tolerance in terms of learned or conditioned responses. It 
is possible, therefore, that tolerance develops through a combination of
both functional and behavioural mechanisms.

Thus adaptation to the behavioural effects of a drug might occur 
either via an interaction between drug effect and behavioural response or 
via direct adaptation at the neuronal level. The relationship between 
these two forms of tolerance has been the subject of considerable 
experimental investigation and discussion (e.g. Corfield-Sumner and 
Stolerman, 1978) and indeed it has been suggested that these two forms 
of tolerance may be linked by the same underlying mechanisms at the 
neurochemical level.
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The initial suggestion that the same underlying mechanism might 
govern the tolerance that develops via functional and behavioural 
mechanisms came from a series of studies which expanded upon the results 
obtained by Chen (1968). Three groups of rats were tested in a moving 
belt test on every fourth day of a 48 day period of chronic ethanol 
treatment. The amount of time spent on the moving belt during a 2 minute 
test following a challenge dose of ethanol was determined for each group 
(Le Blanc et al, 1973, 1975 and 1976). On the intervening days, animals
were trained for 2 minutes on the moving belt; one group received ethanol 
treatments after training on the moving belt whilst the other two 
received either ethanol or saline treatment prior to training on the 
moving belt. Tolerance to the impairments caused by ethanol developed 
more rapidly in those animals which received ethanol prior to training on 
the moving belt, however, after a longer period of chronic treatment, the 
same degree of tolerance was also observed in those animals which 
received ethanol treatment following training.

On the basis of these results it has been suggested that 
behavioural factors may simply enhance the rate at which tolerance 
develops whilst identical physiological mechanisms underlie both 
’functional' and 'behavioural' tolerance. However, for a number of reasons, 
this conclusion should be treated with a certain amount of caution. In 
the experiment described above, the group of animals which received 
ethanol treatment following training on the moving belt received drug 
treatment prior to experiencing the behavioural test at four day 
intervals, on each test day. It has been suggested that this experience
may have been sufficient to induce behavioural tolerance in this group of 
rats. A further experimental study, using a similar method described 
above, in which rats were chronically treated for 23 days prior to
testing, failed to demonstrate tolerance in the animals which, during the 
course of chronic treatment, had been treated with ethanol following
behavioural training (Wenger et al, 1980 and 1981). However, the chronic 
treatment period used in this experiment was considerably shorter than 
that used by Le Blanc et al (1973, 1975 and 1976) and further studies
suggest that it may not have been sufficiently long to demonstrate 
tolerance in those animals which received drug treatment following
experience of the behavioural test (Wigell and Overstreet, 1984).

Similar experiments using drugs other than ethanol have failed to 
demonstrate the development of an equivalent degree of tolerance, in
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groups of animals chronically drug treated following behavioural testing, 
compared with the tolerance observed in animals treated with drugs prior 
to behavioural testing. Such an effect could not, for example, be detected 
in the case of the anorectic effects of amphetamine (Demellweek and 
Goudie, 1983b) or in the case of the effects of morphine on operant 
behaviour (Sannerud and Young, 1986). In addition, the fact that an 
equivalent level of tolerance may be achieved in a particular behavioural 
test whether drug treatment is give before or after behavioural testing, 
does not necessarily prove that an equivalent physiological mechanism is 
responsible for both forms of tolerance, particularly if they develop at 
different rates (Goudie, 1989).

Thus although the results presented above may indicate that the 
same mechanisms underlie both 'behavioural* and 'functional' mechanisms of 
tolerance and that the prime difference between these two forms of 
tolerance may lie in the rate at which they develop (Le Blanc et al, 1973) 
it is equally possible that behavioural and functional tolerance may be 
mediated via different mechanisms. The rapid development of tolerance may 
be governed by behavioural mechanisms and the slow development of 
tolerance by functional mechanisms (Bignami and Giardini, 1983). Existing 
experimental evidence does not conclusively prove either one of these two 
theories to be correct and it is quite possible that the mechanisms by 
which tolerance may develop may differ depending upon the drug and the 
test situation used.

Irrespective of whether behavioural and functional tolerance are 
governed by the same physiological mechanisms, it may often be difficult 
to distinguish whether functional, behavioural or other mechanisms 
underlie the development of tolerance to a particular behavioural effect

n

of a drug. Even tolerance which is behavioural in nature will be 
translated into changes at the neurochemical level and these may prove to 
be indistinguishable from the neurochemical changes observed in the case 
of functional mechanisms of tolerance. In addition tolerance to the 
various effects of a drug may, at least in some cases, be mediated by a 
mixture of behavioural and functional mechanisms (see Goudie, 1989 for 
review).

Certain behavioural responses, which animals may develop to 
counteract a particular drug effect, and which may result in the 
development of tolerance in a particular test, could be acquired in the
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home cage by animals unfamiliar with that test. Such tolerance would not 
necessarily be recognisable as behavioural rather than functional
tolerance. In addition, a wide variety of environmental cues, not least the 
process of drug administration itself, may be appropriate stimuli for 
conditioning the development of behavioural tolerance. Thus, although
there are instances where the contribution of behavioural mechanisms to 
the development of tolerance may be clearly distinguished from the 
development of functional tolerance, in other cases it may prove 
considerably more difficult separate the contributions of functional and 
behavioural mechanisms to the development of tolerance. In addition, 
tolerance may result from a combination of pharmacological and
behavioural factors and it may not always be possible to experimentally 
establish the contribution from each factor.

Finally, the interpretation of data, both in the clinical setting and 
in animal experiments, may be further complicated by factors which
apparently reduce the efficacy of a drug during chronic treatment but 
which cannot be attributed to the development of tolerance via the 
mechanisms described above; an increase in a subject's weight or a 
worsening of their condition with chronic treatment, for example, might 
result in a reduction in drug effect across the course of chronic
treatment which does not result from mechanisms such as those described 
above (Browne, 1976).

Differential Rates of Tolerance

The results described above indicate that tolerance may develop at 
different rates to the different pharmacological effects of a particular 
drug. In both animals and in man, tolerance may develop at different rates 
to the various behavioural effects of the benzodiazepines and probably
also the barbiturates, even when identical drug treatment regimes are 
used (e.g. File, 1985b; Lucki and Rickels, 1986; Lucki et al, 1986; Lader
and File, 1987). In the case of the benzodiazepines experimental evidence 
suggests that tolerance may develop very rapidly to the sedative and 
anticonvulsant actions of these drugs and whereas tolerance to the
anxiolytic effects develops more slowly. Tolerance to the low-dose 
stimulant effect may develop even more slowly or not at all. Similarly, in 
the case of the barbiturates, tolerance may develop to the CNS depressant 
actions of these drugs more rapidly than to their anticonvulsant actions.
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Dispositional, functional and behavioural mechanisms may all mediate 
the development of tolerance, as might a combination of these different 
mechanisms. Dispositional mechanisms of tolerance, which result in a 
reduction in drug concentration at the site drug of action, should result 
in identical reductions in all of the behavioural effects of a drug and 
such mechanisms are therefore unlikely underlie differential rates of 
tolerance (e.g. File, 1985b).

It is more probable that differential rates of tolerance are the 
result of functional or behavioural mechanisms, or possibly a combination 
of these two. Functional mechanisms involving changes in overall levels of 
drug receptors in the brain are, perhaps, unlikely to account for the
development of tolerance at different rates to different behavioural drug
effects (File, 1985b). However, both the extent and level of changes in 
benzodiazepine receptor levels following chronic benzodiazepine treatment 
may vary in different brain regions and this might result in the 
development of differential rates of tolerance (Rosenberg et al, 1988). 
Likewise, differential rates of tolerance might develop as a result of 
different neurochemical pathways downstream from the initial site of drug 
action adapting at different rates (File, 1985b).

Behavioural mechanisms might also result in the development 
differential rates of tolerance. Thus tolerance may develop at 
differential rates depending upon the extent to which learned tolerance 
develops to various behavioural parameters. Thus tolerance to various 
behavioural drug effects could develop at different rates depending on 
the extent to which compensatory responses to a particular drug effect 
can be learned in the home cage. However, the development of tolerance to 
anticonvulsant drug effects, for example, is difficult to explain in terms
of behavioural mechanisms of tolerance (particularly in the case of the
differential rates at which tolerance may develop to the anticonvulsant 
actions of phenobarbital against various convulsant stimuli (e.g. Goudie, 
1989)); it is unlikely, therefore, that behavioural mechanisms alone can 
account for all examples of differential rates of tolerance and it is, 
perhaps, most probable that a combination of functional and behavioural 
mechanisms are involved.
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Tolerance to the Behavioural Effects of Anticonvulsant Drugs

Tolerance to the behavioural actions of the benzodiazepines is well 
documented and evidence also suggests that some tolerance may also 
develop to the behavioural actions of the barbiturates and phenytoin. For 
the benzodiazepines and barbiturates in particular, much of the existing 
experimental evidence points to the development of tolerance to at least 
some of the behavioural effects of these drugs.

Effect of Chronic Drug Treatment on the Behavioural Actions of the 
Benzodiazepines

DAnticonvulsant Actions of the Benzodiazepines

Rapid tolerance has been demonstrated to the anticonvulsant actions 
of the benzodiazepines against a variety of convulsant stimuli; indeed, a 
degree of tolerance to the anticonvulsant effects of lorazepam against 
seizures induced by the benzodiazepine inverse-agonist FG 7142, could be 
detected some 6 hours after a single dose (Lister and Nutt, 1986).
Tolerance to the anticonvulsant effects of diazepam against seizures
induced by bicuculline or strychnine developed within 7 days (Lippa and 
Regan, 1977) and tolerance was reported, following 10 days of chronic 
treatment, to the anticonvulsant effects of diazepam against seizures
induced by picrotoxin (File, 1973); tolerance also developed to the 
anti-electroshock actions of the benzodiazepines (Goldberg et al, 1967). 
Tolerance developed within 5 days both to the anticonvulsant actions of 
diazepam against pentylenetetrazol-induced tonic-clonic seizures when a 
120 mg/kg challenge dose of pentylenetetrazol was used and to the 
anticonvulsant actions of the benzodiazepines against the myoclonus 
induced by lower doses of pentylenetetrazol (File, 1973).

Additional experimental evidence, however, suggests that a residual 
level of protection against the convulsant effects of pentylenetetrazol
may persist during longer periods of chronic benzodiazepine treatment. A 
significant elevation in the pentylenetetrazol seizure threshold could 
still be detected after three weeks of chronic diazepam treatment (5 
mg/kg/day) (Gonsalves and Gallager, 1986) and, although some tolerance to 
the anti-pentylenetetrazol effects of clobazam had developed within 4 
days of chronic treatment (2.5 or 5 mg/kg twice per day), a residual 
anticonvulsant effect still remained after 10 days of chronic treatment
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(Gent and Haigh, 1983). Tolerance appeared to develop more readily to the 
ability of the benzodiazepines to inhibit the spontaneous seizures induced 
by higher doses of convulsant compounds than to their ability to raise 
seizure threshold.

Tolerance also developed to the anticonvulsant actions of the 
benzodiazepines against innate seizure disorders; photosensitive baboons 
became tolerant to the anticonvulsant effects of clonazepam and diazepam 
during chronic treatment (Killam et al, 1973). The rate and extent to
which tolerance develops to the anticonvulsant effects of the 
benzodiazepines in man is difficult to determine, primarily because 
seizure occurrence in epileptic patients is unpredictable. However, the
development of tolerance to the anticonvulsant effects of benzodiazepines 
in epileptic patients is accepted as a major problem in the use of these 
drugs for the treatment of seizure disorders (Browne 1976 and 1982;
Lippa et al, 1979a; Robertson, 1986). Studies of the time course for the
development of tolerance to the anticonvulsant effects of these drugs in 
man have provided widely varying estimates of the period of chronic
benzodiazepine treatment required, ranging from 15-30 days (Tondi et al, 
1980) to 1-12 months (Bianchi et al, 1980; Martin, 1981; Allen et al,
1985). On average, the evidence suggests that tolerance develops to the
anticonvulsant effects of the benzodiazepines within 3 months of chronic
treatment (Gastaut, 1981; Robertson, 1986).

ii)Sedative Effects of the Benzodiazepines

In both animals and man, tolerance develops rapidly to the 
sedative-hypnotic and muscle relaxant actions of the benzodiazepines. In 
rodents, full tolerance to the sedative effects of the benzodiazepines 
within 3-5 days of chronic treatment with sedative doses of these drugs 
has been reported (Margules and Stein, 1968; File, 1985b). Even single
injections with short-acting benzodiazepines, e.g. triazolam or lorazepam, 
administered every other day are enough to induce rapid tolerance to the 
sedative effects (File, 1981b; Lister et al, 1983a). In man a significant 
degree of tolerance has been reported, following 7 days of chronic
benzodiazepine treatment, to both the subjective sedative effects of
diazepam (Rickels et al, 1983) and to the psychomotor impairments induced 
by diazepam, oxazepam and lorazepam (Liljequist et al, 1979; Aranko et al, 
1983; Ghoneim et al, 1986). A small, residual sedative effect may however
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persist even after relatively long periods of chronic treatment in man 
(Hoehn-Saric and McLeod, 1986).

iii)Stimulant Effects of the Benzodiazepines

Tolerance has not been demonstrated to the low-dose stimulant 
effects of the benzodiazepines observed in rodents in tests of 
spontaneous locomotor activity and exploratory behaviour even following 
periods of up to 20 days of chronic dosing (File, 1985b), indeed, some 
evidence suggests that the stimulant effect may even increase with 
chronic treatment (Sansone, 1979).

iv)Effects of the Benzodiazepines on Aggression

The similarity between the acute benzodiazepine effects on 
aggressive behaviours and on exploration (low-dose stimulant effects and 
high-dose reductions in these behaviours) suggests the possibility of a 
common mechanism of action underlying these behaviours. Evidence 
suggests, however, that tolerance may develop more slowly to the 
anti-aggressive effects of the benzodiazepines than to the sedative 
effects (Quenzer et al, 1974; Malick, 1978; Miczek, 1987). The effects of 
chronic benzodiazepine treatment on the low-dose enhancement of 
aggressive behaviour has not been investigated, although a low-dose 
reduction in the submissive/defensive behaviours of 'timid mice' persisted 
with short periods of chronic benzodiazepine treatment (Sulcova et al,
1976).

Effects of Chronic Treatment on the Behavioural Actions of Sodium 
Phenobarbital

i)Anticonvulsant Actions of Phenobarbital

Functional tolerance has been demonstrated in animals to the 
anticonvulsant actions of phenobarbital against both maximal electroshock 
and pentylenetetrazol-induced convulsions. Continuous phenobarbital 
administration to mice in drinking water (up to 100 mg/kg/day) resulted 
in a significant development of tolerance by day 4 and continuous 
tolerance development up to day 14 of chronic treatment (Frey and 
Kampmann, 1965: Kilian and Frey, 1973). Once-daily injections of
phenobarbital (25 mg/kg) resulted in a 50% reduction in the
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anticonvulsant effects of this drug against maximal electroshocks over a 
5 day period but no change in the pentylenetetrazol seizure threshold in 
this time (Schmidt et al, 1980). These results may indicate that 
once-daily injections of phenobarbital were less effective than continuous 
dosing in inducing tol.erance. However, they might also indicate a more 
rapid development of tolerance to the ability of phenobarbital to depress 
seizure spread than to its ability to raise seizure threshold.

Clinical evidence for the development of tolerance to the 
anticonvulsant actions of phenobarbital is rare (Frey, 1985) and few 
reports exist to suggest that tolerance develops to these effects in man 
(Hauptmann, 1912; Grinker, 1929). An increase in the incidence of seizures 
was reported in 31% of epileptic patients receiving chronic phenobarbital 
treatment for periods of 6 months to 8 years, although the underlying 
reasons for this effect were not explored (Fox, 1927). Both the practice 
of treating patients with single daily doses of phenobarbital and that of 
gradually increasing the dose in phenobarbital naive patients, such that 
functional tolerance would develop before a maintenance dose is achieved, 
may contribute to the failure to detect functional tolerance in man.

iDSedative and CNS Depressant Actions of Phenobarbital

Changes in the CNS depressant actions of the barbiturates during 
chronic treatment are most frequently used to determine the extent of 
functional tolerance although such studies tend to concentrate on the 
effects of barbiturates other than phenobarbital. Behavioural indications 
of CNS depression range in severity from ataxia, through hypnosis, to 
anaesthesia and death (Okamoto et al, 1975). Tolerance to these effects 
of the barbiturates develop very rapidly; mice and rats may become 
tolerant within 7 days of chronic treatment (Nicholas and Barron, 1932; 
Gruber and Keyser, 1946; Hubbard and Goldbaum, 1949; Rumke et al, 1963; 
Kalant et al, 1971). Complete tolerance may develop within 10 days in rats 
receiving two depressant doses per day (Gay et al, 1983) and in under 10 
weeks in man (Idestrom, 1954; Belleville and Fraser, 1957).

iiDOther Behavioural Effects of Phenobarbital

Little research has been carried out into the development of 
tolerance to other behavioural effects of phenobarbital. The development 
of tolerance to the motor stimulant effects which may also be associated
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with acute barbiturate treatment has been investigated for pentobarbital 
in squirrel monkeys. Low doses (5.6 mg/kg) of this barbiturate were able
to enhance the rate at which animals pressed a lever for a food reward;
tolerance to this effect was not detected after 21 days of chronic 
treatment (Branch, 1983). The development of tolerance to the motor 
stimulant effects of phenobarbital in animals has not been investigated,
although this effect may be of relevance in man, where long-term 
phenobarbital treatment may cause hyperactivity (Wolf and Forsythe, 1978; 
Iivanainen and Savolainen, 1983).

Very little is known about the effects of chronic phenobarbital
treatment on aggressive behaviour in animals, although these effects may 
be of particular relevance in man, especially in epileptic children where 
phenobarbital treatment has been associated with increased levels of 
irritability (Reynolds, 1983).

Effects of Chronic Treatment on the Behavioural Actions of Phenvtoin 

i)Anticonvulsant Actions of Phenytoin

Functional tolerance has been demonstrated to the anticonvulsant 
effects of phenytoin against maximal electroshock seizures in mice, when 
the drug was administered in drinking water, progressively over a chronic 
treatment period of 14 days (Frey and Kampmann, 1965). Considerable 
tolerance to the anti-electroshock effects of phenytoin has been observed 
with once-daily injections (7 mg/kg) over a treatment period of only four 
days (Karler et al, 1974), similar to the rapid tolerance observed 
following chronic phenobarbital treatment. The development of tolerance to 
the anticonvulsant effect of phenytoin against the convulsant effects of 
pentylenetetrazol, which occurs following chronic phenytoin treatment, has 
not been investigated and there is no available clinical evidence for the 
development of tolerance to phenytoin (Iivanainen and Savolainen, 1983; 
Frey, 1985). An increase in the anticonvulsant effect of phenytoin against 
pentylenetetrazol-induced seizures was demonstrated following chronic 
treatment in mice (File et al, 1985a), suggesting that these animals may 
have become sensitized, rather than tolerant, to the effects of phenytoin 
as a result of chronic drug treatment.
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lDOther Behavioural Actions of Phenytoin

The development of tolerance to other behavioural actions of
phenytoin has not been widely investigated, although a number of
undesirable clinical side effects may develop in patients during the
course of chronic treatment. Amongst the most well documented is the 
increase in seizure frequency and severity which may accompany chronic 
phenytoin treatment (e.g. Levy and Fenichel, 1965; Troupin and Ojemann, 
1975) and which may also be observed in animals as an enhancement in 
sensitivity to pentylenetetrazol (File et al, 1985a). In addition, 
hyperkinesia, ataxia and drowsiness, have been associated with chronic
phenytoin treatment (Rasmussen and Kristensen, 1977).

EFFECTS OF DRUG WITHDRAWAL

Factors Which Determine the Development of Withdrawal 
Responses to the Benzodiazepines and the Barbiturates

In general, drug withdrawal is believed to produce a pattern of 
behavioural responses opposite to the acute effects of the drug (e.g. 
Essig, 1964; Isbell, 1950; Kales et al, 1983) and withdrawal responses are 
therefore believed to reflect an adaptive response of the CNS to the 
effects of a particular drug (e.g. Haefely, 1986). The size of drug 
withdrawal responses and the rate at which they appear following drug 
withdrawal, may be determined by a number of different factors. The size 
of drug withdrawal responses may be influenced both by the size of drug 
doses used during chronic drug treatment and the length of chronic 
treatment. In addition, for spontaneous drug withdrawal, the half-life of 
the ..drug may influence both the severity and the time course of drug 
withdrawal responses.

The development of barbiturate withdrawal responses in man appears 
to be strongly dependent upon the dose of drug used during chronic 
treatment. Thus in human volunteers treated with doses of pentobarbital 
below 5 mg/kg no physical dependence could be detected, however, as doses 
were increased above this above this minimum level, an increasingly 
severe syndrome of withdrawal responses was observed (Fraser et al, 1954 
& 1956).
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Evidence from animal studies suggests that a certain minimum degree 
of chronic CNS depression is required for the development of barbiturate 
withdrawal responses. In addition, the degree and duration of CNS 
depression achieved during chronic treatment determines the rate at which 
withdrawal responses, develop. Reducing the frequency of chronic doses 
results in the development of less intense withdrawal responses, however 
a longer period of chronic treatment at the low intensity of CNS 
depression eventually resulted in an equivalent intensity of withdrawal 
response (Okamoto, 1984). Thus withdrawal develops more slowly at lower 
doses but will, with a long enough treatment period, reach the same 
intensity as that observed with higher doses (Okamoto and Hinman, 1984). 
In this respect the development of barbiturate withdrawal responses is 
determined by the same factors which control the development of 
tolerance.

The duration of chronic treatment required for the development of 
tolerance to the benzodiazepines has been investigated in both man and 
animals. Severe withdrawal responses to the benzodiazepines appear to be 
commonly associated with long periods of chronic drug treatment with high 
doses. For patients receiving therapeutic doses of the benzodiazepines, a 
treatment period of 6 months or longer is generally required for the
development of severe withdrawal responses (Schopf, 1983) and even in
these subjects, withdrawal convulsions in man are rare (Marks, 1978). 
Using high doses of the benzodiazepines (2-5 times therapeutic doses), 
some degree of physical dependence may develop more rapidly, sometimes in 
as little as 1-3 weeks (Relkin, 1966; Woody et al, 1975), however this 
tends to be reflected in milder withdrawal responses, such as rebound
insomnia and anxiety (Adam et al, 1976; Oswald et al, 1982).

In animals, withdrawal responses such as hyperactivity, increased 
seizure sensitivity or even convulsions, may occur following treatment
periods of 3-5 weeks with extremely high doses of the benzodiazepines 
(100-1000 times anxiolytic doses) (Lader and File, 1987). Hyperactivity 
and increased sensitivity to seizures may also occur during withdrawal 
from lower doses of benzodiazepines, often following relatively short 
periods of chronic drug treatment (Lister and Nutt, 1986), periods as 
short as 7 days may produce such responses in the case of short acting 
benzodiazepines such as lorazepam (Little et al, 1984). In the case of 
benzodiazepine withdrawal precipitated by Ro 15-1788 (f lumazenil), a 
syndrome of relatively severe withdrawal responses can be induced



61

following 7 days of chronic treatment with benzodiazepines such as 
flurazepam or diazepam in monkeys and cats, although spontaneous seizures 
on withdrawal occur only with treatment periods of 35 days or more 
(Lukas and Griffiths, 1982; Rosenberg et al, 1983b).

Overall, the existing experimental evidence suggests that the length
of chronic treatment is the most important factor governing the
appearance of benzodiazepine withdrawal responses, whilst the dose of 
drug used, or the extent of drug effect, is most important factor for the 
barbiturates.

Factors Which Determine the Appearance of Withdrawal 
Responses to the Benzodiazepines and the Barbiturates

The intensity and rate at which spontaneous withdrawal responses
appear following drug withdrawal may be determined by both metabolic and 
possibly also by functional factors. In man, benzodiazepine withdrawal 
responses occur between 3 and 10 days after the end of drug treatment 
and may last between 5 and 20 days (Lader, 1983; Owen and Tyrer, 1983). 
Benzodiazepine half life can affect the rate at which withdrawal 
responses appear (Lapierre, 1980; Tyrer et al, 1981; Walters and Nel,
1981) although it may only be significant where the differences between 
drug half lives are relatively large (Pecknold et al, 1982). Withdrawal of 
short acting benzodiazepines results in a more intense withdrawal 
syndrome (Hollister, 1981) particularly in the case of rebound responses, 
where rapidly eliminated benzodiazepines (e.g. triazolam) produce severe 
rebound whereas slowly eliminated compounds may produce no detectable 
effect (Kales et al, 1983).

Spontaneous withdrawal responses to the benzodiazepines in rodents 
occurred between 24 and 48 hours after drug withdrawal (e.g. Gonzalez et 
al, 1984; Lader and File, 1987; Wilks and File, 1986), however when 
benzodiazepine withdrawal was precipitated using the specific antagonist 
Ro 15-1788, peak withdrawal responses were observed 10-15 minutes after 
antagonist treatment (Lukas and Griffiths, 1982; Rosenberg and Chiu,
1982). In addition, no difference in withdrawal intensity was observed 
between short- and long-acting benzodiazepines during precipitated 
withdrawal (Rosenberg and Chiu, 1985), suggesting that the differences 
observed during spontaneous withdrawal may be related to drug clearance 
rates.
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Withdrawal responses in animals were observed, for the short-acting 
barbiturate pentobarbital, between 8 and 48 hours after the end of drug 
treatment (Martin and McNicholas, 1981) with a peak intensity 7-9 hours 
after the final dose (Yutrzenka et al, 1985) and for the long-acting 
barbiturate barbital, between 3 and 5 days after drug withdrawal (Bourn 
and Garrett, 1983; Palermo-Neto and De Lima, 1982). Withdrawal responses 
for phenobarbital appeared from 12 hours after the end of drug treatment 
(Gay et al, 1983); peak withdrawal responses occurred between 24 and 48 
hours after withdrawal (Frey, 1985; Tagashira et al, 1981). As in the case 
of benzodiazepines, a more intense syndrome of withdrawal responses 
occurred when the barbiturate had a rapid elimination half life (Boisse 
and Okamoto, 1978b; Hollister, 1981; Divoll et al, 1981).

If elimination half life were the sole factor determining the rate 
and intensity of appearance of drug withdrawal responses, peak withdrawal 
intensity would be achieved at the same time for all behavioural 
responses. The withdrawal syndrome would then represent a unitary 
response to a single drug adaptive mechanism (Okamoto, 1984). If however 
a number of drug adaptive mechanisms developed to the various 
behavioural effects of a given drug, as the development of differential 
rates of functional tolerance might suggest, then, for a given drug, 
different behavioural withdrawal responses might be expected to appear at 
different rates and therefore at different times after drug withdrawal. It 
is generally assumed that all drug withdrawal responses appear across the 
same time course, indeed withdrawal intensity is often assessed in terms 
of a collective measure of a number of different withdrawal responses 
(Gay et al, 1983; Okamoto et al, 1981; Rosenberg and Chiu, 1982). Direct 
experimental evidence comparing the time courses of different withdrawal 
responses is rare. For the benzodiazepines, the peak intensity of 
precipitated withdrawal may not be identical for all behavioural 
responses; although the shortened time course of precipitated withdrawal 
may disguise any such differences, withdrawal convulsions in particular 
seemed to appear later than other withdrawal responses (Lukas and 
Griffiths, 1982). Studies of spontaneous barbiturate withdrawal also 
indicate that different withdrawal responses may appear at different 
rates (Martin and McNicholas, 1981), convulsions tending to appear later 
in withdrawal. For phenobarbital, the times at which peak withdrawal 
responses occurred for various behavioural measures ranged from 42.2h to 
64.9h (Gay et al, 1983).
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These differences between the time courses for the appearance of
different withdrawal responses may reflect differences between the
behavioural mechanisms which underlie their appearance. However, it is 
also possible that certain responses (such as withdrawal convulsions) may 
become detectable only- when the effects of drug withdrawal become 
suitably intense, and that at least some of the differences between 
different behavioural indices of withdrawal may reflect differences in
withdrawal intensity rather than differences in withdrawal mechanisms.

The presence of multiple mechanisms of withdrawal is also indicated, 
in the case of the benzodiazepines, by the effects of Ro 15-1788 on 
various withdrawal responses. In the rat certain withdrawal responses, 
namely tremors, increased irritability and increased struggle on handling, 
which were observed during spontaneous withdrawal, did not occur when 
withdrawal were precipitated using Ro 15-1788 (Boisse et al, 1986); Ro 
15-1788 is also able to reverse the anxiogenic response in the social
interaction test (File and Baldwin, 1987) but not the lowered seizure 
threshold, hyperactivity and changes in exploratory head-dipping observed 
during benzodiazepine withdrawal (Lader and File, 1987).

Benzodiazepine Withdrawal

Benzodiazepine withdrawal, following long-term treatment with 
relatively high doses, leads to the appearance of a number of withdrawal 
responses believed to result from a general reduction in inhibitory 
neurotransmission and in particular from decreased GABAergic function 
(Schopf, 1983). In patients receiving benzodiazepine treatment for a 
minimum period of 6 months, and more usually for periods of a year or 
more, a number of severe withdrawal responses may appear if drug 
administration is abruptly stopped (Owen and Tyrer, 1983; Petursson and 
Lader, 1981; Schopf, 1983). Some 20% of patients experience perceptual 
disturbances: confusion, psychosis, abnormal perception of movement,
feelings of depersonalisation and an increased sensitivity to light, sound, 
taste or touch (Owen and Tyrer, 1983). In addition, a number of more 
commonly documented benzodiazepine withdrawal responses may be 
associated with less severe withdrawal syndromes which occur following 
shorter periods of chronic treatment.

Increased sensitivity to seizures is also associated with severe 
benzodiazepine withdrawal. In animals, both a decrease in seizure
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threshold (e.g. Kiianmaa and Boguslawsky, 1981) and physical 
manifestations of seizure-like activity have been observed (e.g. Lukas and 
Griffiths, 1982; Martin et al, 1982) and seizure-like activity has also 
been reported in man (Howe, 1980; Tyrer et al, 1981). Withdrawal seizures 
may also occur in response to abrupt benzodiazepine withdrawal, both in 
man and in some species of animals (e.g. baboons and cats), in 
approximately 5% of subjects (see Owen and Tyrer, 1983 for review).

Irritability is also associated with benzodiazepine withdrawal in man 
(Dorow and Duka, 1986; Lader and Petursson, 1983; Miller and Nielsen, 
1979; Winokur et al, 1980). In animals, benzodiazepine withdrawal has been 
associated with hostility (Martin et al, 1982) and heightened levels of 
shock-induced fighting (Herman et al, 1976) in rats and with increased 
aggression in social groups of monkeys (Grant et al, 1985; Miczek, 1987).

Hyperactivity is frequently associated with benzodiazepine 
withdrawal in animals (e.g. Ryan and Boisse, 1984; see Lader and File, 
1987 for review). In man it is more difficult to demonstrate, however an 
increase in key tapping rate, possibly reflecting rebound hyperactivity, 
was observed in patients withdrawn from long-term treatment with 
therapeutic benzodiazepine doses (Petursson et al, 1983). Rebound 
insomnia, in which insomnia reoccurs in patients more severely than prior 
to benzodiazepine treatment (Adam et al, 1976; Oswald et al, 1982), may be 
observed following relatively short periods of chronic benzodiazepine 
treatment (1-2 weeks; Kales et al, 1983). The extent to which rebound 
responses reflect benzodiazepine withdrawal is, however, difficult to 
determine, although they may represent a form of low-intensity withdrawal 
(Lader and File, 1987).

Rebound anxiety may also occur in man following relatively short 
periods of chronic benzodiazepine treatment; however, it is difficult to 
determine whether this effect is the result of a withdrawal response or 
the reemergence of original symptoms (Kales et al, 1978 and 1979). 
Subjective feelings of anxiety increased following benzodiazepine 
withdrawal but returned to pre-withdrawal levels after 2-4 weeks, 
suggesting that these effects represent a true withdrawal response (e.g. 
Lader, 1983). In addition, physical manifestations of anxiety, palpitations, 
tremor, vertigo and sweating, were associated with benzodiazepine 
withdrawal following long-term drug treatment (Ladewig, 1984). In rats 
withdrawn from diazepam or chlordiazepoxide, a number of responses
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consistent with an anxiogenic withdrawal response can be detected 
(Emmett-Oglesby et al, 1983; McMillan and Leander, 1978) and recent 
experiments in animals indicate that the rebound anxiety observed in man 
during benzodiazepine withdrawal may result from an anxiogenic effect of 
benzodiazepine withdrawal. In the rat, when chlordiazepoxide was withdrawn 
following 21 days of chronic drug treatment, responses consistent with an 
anxiogenic effect of withdrawal were detected in two different 
behavioural tests: the social interaction test and the elevated plus maze 
(File and Baldwin, 1988).

Barbiturate Withdrawal

The syndrome of behavioural responses observed following abrupt 
barbiturate withdrawal has elements in common with both benzodiazepine 
and alcohol withdrawal. In its most severe form, barbiturate withdrawal 
may result in delerium tremens and visual or auditory hallucinations and 
closely resembles the syndrome observed during ethanol withdrawal 
(Fraser, 1957; Isbell, 1950; Kalant et al, 1971; Wulff, 1959). Behavioural 
responses indicative of hallucinatory effects have even been observed in 
several animal species (Ellis and Pick, 1971; Essig and Lam, 1968; Fraser 
et al, 1954).

Enhanced sensitivity to seizures is also associated with barbiturate 
withdrawal; seizure thresholds to electroshock or pentylenetetrazol were 
decreased in both cats and rodents following barbiturate withdrawal, 
including the withdrawal of phenobarbital (Jaffe and Sharpless, 1965; 
Karler and Turkanis, 1980; Kilian and Frey, 1973; Palermo-Neto and De 
Lima, 1982; Rumke, 1967). Spontaneous withdrawal seizures in animals may 
occur following barbiturate withdrawal in general (Boisse and Okamotg, 
1978b; Essig and Flanary, 1959; Okamoto et al, 1981; Okamoto and Hinman, 
1983) and phenobarbital withdrawal in particular (Gay et al, 1983; 
Tagashira et al, 1981). Similar effects have been observed during 
withdrawal in barbiturate addicts (Wolff, 1959); and, in epileptic 
patients, phenobarbital withdrawal may result in an increased incidence of 
seizures significantly above undrugged levels (Fox, 1927; Grinker, 1929; 
Schmidt, 1938; Viukari and Tammisto, 1969).

In man, a number of other barbiturate withdrawal responses have 
been observed which resemble benzodiazepine withdrawal responses; 
sleeplessness, anxiety and irritability are all well documented
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barbiturate withdrawal responses (Isbell, 1950; Kalant et al, 1971).
Hyperirritability has also been observed in a variety of animal species 
following barbiturate withdrawal (Gay et al, 1983; Ho and Harris, 1981) 
although the occurrence of enhanced levels of aggression during 
barbiturate withdrawal.has not been investigated. Hyperactivity is also a 
common barbiturate withdrawal response in animals (Palermo-Neto and De 
Lima, 1982; Tagashira et al, 1981; Yutrzenka et al, 1985) and may be
associated with overnight phenobarbital withdrawal in epileptic children 
(Wolf and Forsythe, 1978). Hyperactivity is not always associated with 
barbiturate withdrawal in animals however; phenobarbital withdrawal in
particular, may lead to decreased locomotor activity in certain species 
(Gay et al, 1983; Yanagita and Takahashi, 1970). This may be related to
the acute effect of the drug in these animals, although whether decreased 
locomotor activity during withdrawal is related to enhanced motor 
activity following acute barbiturate treatment has not been investigated.

Phenytoin Withdrawal

The behavioural consequences of phenytoin withdrawal have been less 
thoroughly investigated. Evidence does suggest that phenytoin withdrawal 
results in an increased sensitivity to seizures in both man and animals. 
In epileptic patients, phenytoin withdrawal resulted in a rebound cluster 
of withdrawal seizures similar to the effect observed during 
phenobarbital withdrawal (Gotrnan et al, 1984). There is however little 
clinical evidence to indicate that phenytoin withdrawal seizures occur 
independently of seizure disorders, although a few clinical reports 
suggest that the seizures occurring during phenytoin withdrawal may 
differ in nature from a patient's habitual seizures (Engel and Crandall,
1983). An increase in sensitivity to seizures is associated with phenytoin 
withdrawal in animals (Rumke, 1967); chronic treatment with high doses in 
rats (20 days with doses of up to 200 mg/kg/day) resulted in an 
increased sensitivity to a number of convulsive stimuli, including maximal 
electroshock, picrotoxin and audiogenic seizure sensitivity. Sensitivity 
to pentylenetetrazol-induced seizures in these experiments was not 
significantly enhanced (De Lima and Palermo-Neto, 1981 and 1983).

Hyperactivity has also been associated with chronic phenytoin 
treatment in rnan (Chadwick et al, 1976; Rasmussen and Kristensen, 1977; 
Shuttleworth et al, 1974) and experiments in rats have demonstrated
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enhanced activity in the open field during phenytoin withdrawal (De Lima 
and Palermo-Neto, 1980), thus this effect may be a withdrawal response.

RELATIONSHIP BETWEEN TOLERANCE AND WITHDRAWAL

It is generally assumed that tolerance and withdrawal have a common
underlying mechanism of action. If chronic drug treatment results in a 
compensatory response by a biological system to the effects of the drug, 
in the opposite direction to drug effect, then tolerance will develop. 
When the drug is withdrawn, if the biological system does not readjust
rapidly to its original state, then a withdrawal syndrome will result in 
which withdrawal responses are observed which are opposite to the effects 
of the drug. A compensatory mechanism such as this might act in a number 
of ways. For example, the actions of a drug might be blocked or reversed 
at the neurochemical level, so that, in the presence of the drug, brain 
function returned to normal; alternatively mechanisms might be recruited 
which would compensate for particular drug effects, either by reversing 
those effects directly or by recruiting other mechanisms which have an 
opposite effect to that of the drug. If anticonvulsant withdrawal 
responses are the result of an adaptive response then the factors which
determine the rate and extent to which withdrawal develops should be the
same as those that determine the development of tolerance. In addition,
tolerance and withdrawal would be expected to develop at the same rates 
and withdrawal responses should appear only when tolerance had developed.

As described above, withdrawal responses tend to be opposite to the 
acute pharmacological effects of a drug (Essig, 1964; Isbell, 1950; Kales 
et al, 1983) and thus may reflect the development of an adaptive response 
of the CNS to the effects of a drug (Haefely, 1986). However, direct 
comparisons between the development of tolerance and emergence of 
withdrawal responses are rare. For the benzodiazepines, in animal tests, a 
degree of tolerance developed very rapidly to both the anticonvulsant and 
sedative effects and evidence of withdrawal responses to these
behavioural measures could also be detected following only brief periods 
of chronic drug treatment (Lader and File, 1987). Tolerance to the 
anxiolytic actions of these drugs was only observed after more protracted 
periods of chronic drug treatment, similarly the appearance of an 
anxiogenic withdrawal response was detected only after longer periods of 
chronic treatment and appeared to be linked to the ' development of 
tolerance to the anxiolytic effects of the benzodiazepines (File and
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Baldwin, 1988). Similarly, for the barbiturates, treatment regimens which 
lead to a more rapid development of tolerance, will also result in the 
appearance of more severe withdrawal responses, where drug clearance 
rates are similar (Boisse and Okamoto, 1978c; Okamoto et al, 1975; Okamoto 
and Hinman, 1983).

Although evidence suggests that, during their early stages, 
tolerance and physical dependence tend to develop in parallel (Blachly, 
1964; Essig, 1970; Jaffe and Sharpless, 1965), withdrawal responses to the 
barbiturates, including phenobarbital, continued to increase in intensity 
beyond the point at which full measurable tolerance had been achieved 
(Aston, 1966; Crossland and Leonard, 1963; Ellis and Pick, 1971; Essig, 
1966; Gay et al, 1983; Remmer, 1962). Thus an increasing intensity in 
withdrawal responses may be a more sensitive measure of adaptive 
mechanisms than the development of tolerance in this instance. For the 
benzodiazepines, tolerance may still be present when withdrawal responses 
can no longer be detected (Lamb and Griffiths, 1985), and this may again 
suggest a difference in the sensitivity of measures of tolerance and 
withdrawal in detecting adaptive responses.

Thus although the evidence suggests that tolerance and withdrawal 
often develop in parallel there have been few studies in which these two 
phenomena have been directly compared.

SUMMARY

The experiments in the following chapters examine the effects of 
the benzodiazepines, sodium phenobarbital and phenytoin on seizure 
threshold, and in a test of home cage aggression and the holeboard. The 
aim of the experiments was to examine the effects of the drugs in a 
variety of treatment conditions in order to investigate the development 
of tolerance and the appearance of withdrawal responses following both 
chronic and acute drug treatment. The contribution of changes observed 
across the time course for single drug doses to the appearance of acute 
tolerance and withdrawal was also examined and the relationship between 
tolerance and withdrawal was explored.

The anticonvulsant effects of these drugs were compared with their 
effects on aggressive behaviour, locomotor activity and exploratory 
behaviour. In order to explore possible differences between the sedative
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effects of these drugs and their effects on exploratory behaviour, the 
holeboard test was used to distinguish these two behaviours. Levels of 
spontaneous aggressive behaviour were measured using home cage intruder 
tests. The relationship between seizure threshold, aggressive behaviour, 
and locomotor activity • was examined, as was the relationship between 
aggression and exploratory behaviour. The effects of anticonvulsant drugs 
on these behavioural measures were examined during acute and chronic 
drug treatment, across the time course for a single drug dose, and 
following drug withdrawal.

Chapter 2 looks at the behavioural effects of chronic treatment and 
drug withdrawal at various time points after drug administration. The 
development of tolerance to the effects of these drugs is examined, the
effects of the various drugs are compared and the relationship between
the various behavioural parameters are explored. The effects of 
anticonvulsant withdrawal following chronic drug treatment (for a period 
of 3 weeks) are then explored. The relationship between the development 
of tolerance and the occurrence of withdrawal responses is examined and 
the extent to which the behavioural effects observed during drug 
withdrawal are opposite to those observed during chronic drug treatment. 
The range of withdrawal responses observed for the different drugs is 
also compared, and the extent to which a similar relationship between the 
various behavioural parameters is observed during withdrawal to that 
observed during chronic treatment is examined.

Chapters 3 and 4 look at the effects of drug withdrawal following a 
single dose of a drug. The extent to which withdrawal responses may be 
observed during acute drug treatment is examined. In addition the
relationship between acute and chronic withdrawal responses, and the 
relationship between acute tolerance and acute withdrawal are explored. 
The behavioural effects of single doses of the benzodiazepines across 
time and the time courses for different behavioural measures are
compared and the relationship between receptor occupancy and behavioural 
effect across time is examined.



CHAPTER 2 

CHRONIC STUDIES



INTRODUCTION

The experiments in this chapter were designed to compare the 
effects of chronic treatment with three different anticonvulsant 
drugs - lorazepam, sodium phenobarbital and phenytoin - in a variety 
of behavioural tests and to examine the effects of anticonvulsant 
withdrawal following a three week period of chronic treatment. 
Locomotor activity, exploratory and aggressive behaviours, and 
seizure threshold were measured and changes in these measures across 
the course of chronic treatment and during drug withdrawal were
monitored.

The first part of the chapter deals with the effects of chronic 
drug treatment. It examines the relationship between the effects of 
anticonvulsant drugs on seizure threshold, aggressive behaviour and 
exploratory and locomotor activity in the holeboard. The changes in 
these various behavioural parameters were compared both across time 
for a single dose and across the course of chronic drug treatment, in 
order to investigate the relationship between the various behavioural 
measures.

The second part of the chapter examines the extent to which the 
appearance of drug withdrawal responses were related to the
development of tolerance; the extent to which a pattern of
anticonvulsant withdrawal responses emerged which was common to the 
three drugs, was also investigated. In addition, the time courses for 
the appearance of various behavioural withdrawal responses were 
compared, to examine the extent to which common mechanisms governed 
the various aspects of withdrawal.

METHODS

Animals

Male albino mice weighing approximately 25-30g at the start of 
chronic treatment, were housed singly in a room with a 14-h light: lOh
dark cycle with food and water freely available. Intruder mice,
weighing approximately 20-25g at the start of the study were housed 
in groups of 20 in the same conditions. Only those mice which showed
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enhanced aggressive behaviour on screening (see home cage aggression 
procedure) were used in the various behavioural tests.

Drugs

Phenytoin was suspended and sodium phenobarbital dissolved in 
distilled water with a drop of Tween 20. Control animals received
injections of distilled water mixed with Tween 20 as appropriate. 
Lorazepam (Wyeth, Taplow, UK), dissolved in a vehicle of 2% benzyle 
alcohol, 18% polyethylene glycol and 80% propylene glycol to a 
concentration of 4 mg/ml, was diluted as appropriate. Control animals 
received an equivalent dilution of lorazepam vehicle alone. Drugs 
were injected intraperitoneally at a volume of 4 ml/kg body weight, 
pentylenetetrazol was dissolved in distilled water.

Drug doses were selected on the basis of pilot experiments. In 
the case of lorazepam, a low dose was selected which produced the 
greatest level of enhancement in the holeboard test following acute 
drug treatment. The high dose of lorazepam was selected as a 
minimally sedative dose at which at which measurable levels of
aggressive behaviour could still be achieved.

In the case of phenobarbital, none of the doses tested were able 
to reduce locomotor activity in the holeboard, indeed higher doses of 
phenobarbital tended to enhance locomotor activity in the holeboard. 
Higher doses of phenobarbital were, however, able to reduce levels of 
head-dipping in the holeboard. The 70 mg/kg dose of phenobarbital was 
selected as the minimum dose able to reliably produce a significant 
acute impairment in head-dipping. The 20 mg/kg dose was selected for 
comparison, as a dose below the level required to reduce head-dipping 
measures in the holeboard test.

Because of the complex effects of phenytoin on
pentylenetetrazol-induced seizures, doses of phenytoin were selected 
on the basis of the anticonvusant properties of this drug. In pilot 
experiments for a previous study (File et al, 1985a), acute phenytoin 
treatment across a wide range of doses was not able to protect
animals from pentylenetetrazol-induced seizures. Following chronic 
treatment however, these same doses of phenytoin were able to exert 
an anticonvulsant effect against pentylenetetrazol-induced seizures,
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reducing the percentage of animals which had seizures following a 
convulsant dose of pentylenetetrazol. At the same time however, the 
seizures which did occur tended to be exceptionally severe in those 
animals which had received relatively high doses of phenytoin prior 
to testing; furthermore the evidence suggested that such severe 
seizures were particularly likely to occur if a high concentration of 
phenytoin was present (i.e. shortly after treatment with a high dose) 
and less likely to occur if animals were tested 24 hours after 
phenytoin treatment. Two doses of phenytoin <10 and 40 mg/kg) were 
selected which were not sufficiently high to produce seizures of 
enhanced severity in pilot experiments but which were able to produce 
some enhancement in seizure threshold following chronic treatment.

Home cage Aggression

In order to maintain a measurable level of non-aggressive 
interactions and to minimise other behavioural changes which may
accompany extended periods of single housing, animals were housed 
individually for a relatively short period (30 days) prior to the
start of chronic treatment, in home cages measuring 15 x 30 x 12cm.
At the end of this period, an intruder was introduced into the home 
cage and the animals were observed during a 10 minute encounter, to 
select those mice that had developed a tendency toward aggressive 
behaviour; mice that engaged aggressive behaviour toward the intruder 
(individual bites and bite attacks) when screened were used in 
further experiments. For the test of home cage aggression only, 
selected animals were then given an additional encounter prior to
drug treatment in order to establish a stable baseline level of 
aggression.

Tests for aggressive behaviour were carried out by introducing 
an undrugged, unfamiliar, intruder of lower weight (in order to 
increase the level of dominance of the resident) into the home cage 
of a drug treated resident mouse. Testing was carried out in the home 
cage. Both the duration and frequency of a number of behavioural 
measures were recorded during a 6 minute encounter. The following 
behavioural measures were scored for resident animals: sniff/groom
intruder, bite, bite attack (a prolonged period of repeated biting). 
Total aggressive behaviour was defined as the sum of these latter two 
measures. Percent time spent in aggressive encounters (defined as the
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percentage of total interactions, both aggressive and non-aggressive, 
which were aggressive in nature) was also calculated; this is 
believed to be a more accurate reflection of aggressive behaviour as 
it compensates for non-specific changes in levels of social 
interaction (Poshivalpv and Khodko, 1984).

Seizure Threshold

The seizure threshold to pentylenetetrazol-induced seizures was 
determined by intravenous tail vein infusion, the occurrence of the 
first clonic convulsion (repeated fore- or hind-limb clonic jerking) 
was used as the endpoint. Pentylenetetrazol (4 mg/ml) was delivered 
at a rate of 0.5 ml/min, which is within the optimal range for 
detecting changes in seizure threshold (Nutt et al, 1986); seizure 
thresholds were calculated in mg/kg pentylenetetrazol delivered.

Holeboard

The holeboard test (File and Wardill, 1975) provides independent 
measures of spontaneous locomotor activity, rearing and exploratory 
head-dipping. The mouse holeboard apparatus consists of a wooden box 
40 x 40 x 27cm with four holes equally spaced in the floor, each hole 
measures 3.2cm in diameter. Head-dipping was measured by infra-red 
photocells in the holes and locomotor activity and rearing by the 
number of times infra-red beams from photocells in the walls of the 
box, 1.5 and 5.5cm from the floor respectively, were broken. Animals, 
naive to the test apparatus, were placed in the centre of the box and 
the following measures were taken during a 7.5 minute trial: time
spent head-dipping, locomotor activity and rearing. At the end of 
each test the box was wiped clean and any boluses removed.

Stat i st ics

Unadjusted data from seizure threshold and holeboard experiments 
were analysed using analysis of variance and Duncan's multiple range 
tests for post-hoc tests. Unadjusted data from the home cage 
aggression test were analysed using non-parametric statistical 
analysis (Kruskal-Wallis H test).
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EFFECTS OF CHRONIC DRUG TREATMENT 

PROCEDURE

Mice were randomly allocated to the following drug treatment 
groups <n= 8-10 in each group): water/Tween control (control),
lorazepam vehicle control (vehicle), lorazepam 0.025 or 0.1 mg/kg,
sodium phenobarbital 20 or 70 mg/kg and phenytoin 10 or 40 mg/kg. 
Groups of mice were tested, in an order randomised for drug 
treatment, on days 1, 7, 14 and 21 of chronic drug treatment, 0.5 or 
8 hours after control, vehicle, lorazepam or phenobarbital and 1 or 8 
hours after control or phenytoin.

Independent groups of mice were tested in the holeboard for each 
day and time point, seizure thresholds were determined in these 
groups immediately after removal from the holeboard. In the test of 
home cage aggression, each treatment group was tested on 4 separate
occasions (days 1, 7, 14 and 21 of chronic treatment), independent
groups were tested at the 0. 5 or 1 hour and at the 8 hour time 
points.

RESULTS

Effects of Chronic Lorazepam Treatment 

Effects of Lorazepam in the Holeboard

i)Head-Dlpplng The raw data for the effects of chronic lorazepam 
treatment on the time spent head-dipping in the holeboard are shown 
in table 1.

For the 0.025 mg/kg dose of lorazepam, analysis of variance 
across the course of chronic treatment at the 0. 5 hour time point 
revealed a significant overall enhancement in this measure (F(l,68) = 
5.4, p<0.05). Post-hoc tests did not reveal a significant enhancement
in head-dipping at any one time point. The overall enhancement in 
head-dipping observed at the 0.025 mg/kg dose of lorazepam at the 
0.5 hour time point showed no significant change across the course of 
chronic drug treatment. At the 8 hour time point, no significant
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effect of the 0.025 mg/kg dose of lorazepam on head-dipping could be 
detected.

Analysis of variance across the course of chronic treatment 
revealed no significant effect of the 0. 1 mg/kg dose of lorazepam at 
either the 0.5 hour or the 8 hour time points. Nor did post-hoc tests 
reveal any significant effect of this dose of lorazepam on 
head-dipping at any one time point.

ii)Locomotor Activity and Rearing The raw data for the effects of 
chronic lorazepam treatment on locomotor activity and rearing are 
shown in table 1.

Analysis of variance across the course of chronic treatment 
revealed significant overall reductions in locomotor activity at the 
0.5 hour time point, for both the 0.025 and the 0.1 mg/kg doses of 
lorazepam (F<1,68> = 8.6, p<0. 005; F<1,68) = 11.2, p<0. 005,
respectively). Post-hoc tests revealed significant reductions in this 
measure in specific drug treatment groups on days 7, 14 and 21 of
chronic drug treatment (p<0.05 in each case, see table 1).

Similar reductions in rearing at were also detected, using 
analysis of variance, at the 0. 5 hour time point, for both doses of 
lorazepam (F(l,68) = 7.0, p<0. 01; F<1,68> =15.1, p=0. 005
respectively). Post-hoc tests again revealed significant reductions 
in this measure in specific drug treatment groups on days 7 and 14 of 
chronic treatment (p<0,05 in each case, see table 1).

Analysis of variance revealed no significant change across the 
course of chronic treatment in the reductions in locomotor activity 
and rearing detected 0.5 hours after lorazepam treatment.

At the 8 hour time point, no significant effect of lorazepam on 
locomotor activity or on rearing could be detected either in analysis 
of variance or in post-hoc tests.

Effects of Lorazepam on Seizure Threshold

The raw data for the effects of lorazepam on seizure threshold 
are shown in figure 1.
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0.5 Hours After Lorazepam Treatment
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FIGURE 1

The effects of 1, 7, 14 and 21 days of chronic lorazepam treatment 
(0.025 or 0.1 mg/kg) 0.5 or 8 hours after drug treatment on mean 
(±SEM) seizure threshold (mg/kg pentylenetetrazol).

t significantly different from control group, p<0.05 
** significantly different from control group, p<0.01
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No significant effect of lorazepam treatment at the 0.025 mg/kg 
dose could be detected at any time point. At the 0. 1 mg/kg dose of 
lorazepam, analysis of variance across the course of chronic drug 
treatment at the 0.5 hour time point revealed a significant overall 
increase in seizur.e • threshold (F(l,64) = 30.8, p<0. 0001). No
significant overall effect of the 0.1 mg/kg dose of lorazepam could 
be detected at the 8 hour time point. Post-hoc tests revealed 
significant increases in seizure threshold for the 0. 1 mg/kg do6e of 
lorazepam at the 0. 5 hour time point on days 1, 7 and 14 of chronic
drug treatment and at the 8 hour time point on day 7 of chronic drug 
treatment (p<0.05 or p<0.01, see figure 1). Analysis of variance 
revealed no significant overall change across the course of chronic 
treatment in the level of enhancement of seizure threshold.

Effects of Lorazepam on Aggressive Behaviour

The effects of chronic lorazepam treatment on the number of 
aggressive interactions, the time spent in aggressive interactions 
and the time spent by the resident in sniffing and grooming the 
intruder are shown in table 2. Percentage aggression scores were also 
calculated, in order to take into account the influence of 
non-specific changes in social interactions on levels of aggressive 
behaviour; these data are also shown in table 2.

The 0.025 mg/kg dose of lorazepam significantly enhanced the 
number of aggressive interactions at the 0. 5 hour time point on day 7 
of chronic drug treatment (p=0. 05) and at the 8 hour time point on 
day 21 of chronic drug treatment (p<0. 05). The percentage time spent 
in aggressive interactions was also significantly enhanced at this 
dose on day 7 of chronic drug treatment at the 0. 5h time point (see 
table 2).

The 0. 1 mg/kg dose of lorazepam significantly reduced both the 
number of aggressive interactions and the time spent in aggressive 
interactions at the 0. 5 hour time point on day 1 of chronic treatment 
<p<0. 05 in each case; see table 2). No significant effects of the 0. 1 
mg/kg dose of lorazepam could be detected at the 8 hour time point.



TABLE 2

The effects of 1, 7, 14 or 21 days of chronic lorazepam treatment 
(0.025 or O.lmg/kg), 0,5 or 8 hours after drug on the median 
(± interquartile range) number of aggressive interactions, time (s) 
spent in aggessive interactions, time (s> spent by the resident in 

sniffing and grooming the intruder and percentage time spent in 
aggresive interactions. L0R=lorazepam, doses are in mg/kg.

DAYS CHRONIC HOURS AFTER DRUG TREATMENT
TREATMENT DRUG VEHICLE LOR .025 LOR .1

NUMBER OF AGGESSIVE INTERACTIONS
1 0.5 2.5 (5.0) 6.5 (6.3) 0.0 (0.0)*
7 6.0 (14.0) 29.0 (27.3)* 6.0 (25.0)
14 17.0 (28.3) 33.0 (24.0) 14.0 (30.3)
21 9.0 (23.0) 24.5 (41.8) 14.5 (11.8)
1 8 23.5 (23.3) 16.5 (9.8) 20.0 (33.3)
7 18.0 (25.0) 18.0 (16.5) 8.0 (14.0)
14 16.0 (21.8) 32.0 (28.5) 25.0 (43.0)
21 26.0 (10.3) 34.5 (24.3)* 34.0 (47.0)

TIME SPENT IN AGGRESSIVE INTERACTIONS
1 0.5 0.7 (1.1) 1.5 (1.9) 0.0 (0.0)*
7 1.6 (3.1) 11.3 (16.8) 1.4 (7.8)
14 5.7 (11.6) 12.2 (22.4) 5.6 (16.2)
21 4.4 (5.1) 11.2 (15.5) 2.9 (5.2)
1 8 5.3 (5.8) 3.9 (2.0) 4.8 (6.5)
7 4.2 (5.0) 3.7 (4.5) 1.5 (5.5)
14 3.8 (4.1) 7.0 (5.8) 6.6 (8.4)
21 5.2 (4.6) 6.8 (4.7) 6.7 (9.1)

TIME SPENT SNIFFING/GROOMING INTRUDER
1 0.5 111.8 (48.1) 72.5 (102.8) 66.6 (73.6)
7 83.4 (90.4) 50.9 (65.0) 29.4 (40.1)*
14 71.7 (25.3) 70.1 (42.5) 72.7 (64.5)
21 80.8 (58.5) 70.1 (83.9) 57.6 (84.3)
1 8 117.0 (74.6) 79.1 (61.8) 65.7 (24.9)
7 83.0 (18.3) 61.9 (42.0) 84.8 (39.8)
14 57.5 (27.6) 46.4 (29.6) 55.0 (24.5)
21 39.0 (27.0) 29.3 (30.2) 18.6 (4.7)

PERCENT AGGRESSION (TIME)
1 0.5 0.6 (2.2) 1.6 (3.6) 0.0 (0.0)
7 1.7 (2.8) 11.5 (16.1)* 7.7 (27.1)

14 3.9 (3.7) 9.8 (42.8) 6.9 (19.3)
21 5.4 (12.8) 7.7 (36.9) 5.0 (4.0)
1 8 3.9 (13.2) 5.0 (4.7) 8.2 (11.4)
7 4.4 (5.3) 5.0 (13.4) 1.6 (6.1 >

14 8.8 (13.6) 10.3 (10.6) 14.3 (23.0)
21 15.5 (13.7) 21.3 (15.2) 22.9 (20.4)

* Significantly different from appropriate control, p<0.05.
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Discussion

Low-dose enhancements In exploratory behaviour have previously 
been observed for some, but not all, benzodiazepines (File, 1985a). 
In these experiments’, pilot experiments failed to reveal a 
significant enhancement in exploratory head-dipping at any one dose 
following acute lorazepam treatment and, indeed, this measure was not 
significantly enhanced in these experiments at any one time point. A 
significant overall enhancement in head-dipping was, however, 
detected during chronic treatment and this may indicate that small 
low-dose stimulant effects of the benzodiazepines are more widespread 
than has previously been believed.

Significant low-dose enhancements in aggressive behaviour have 
also been observed (Miczek, 1987), however, the stimulant effects of 
the benzodiazepines on aggressive and exploratory behaviour have not 
been directly compared. These experiments demonstrate that the 
stimulant effects of lorazepam on aggressive behaviour and on 
exploratory head-dipping could be detected at the same dose and, 
although the pattern of change for these stimulant effects across the 
course of chronic treatment was different, they may be be governed by 
similar underlying mechanisms.

At the 0.025 mg/kg dose of lorazepam an apparent difference 
between the effects on exploratory head-dipping and on locomotor 
activity and rearing was demonstrated in these experiments. Thus, 
whilst head-dipping was enhanced at this dose, locomotor activity and 
rearing were reduced, suggesting that the enhancements in 
head-dipping were specific to exploratory behaviour.

Previous studies have demonstrated rapid tolerance (within 7 
days) to the sedative effects of large doses of the benzodiazepines 
(e.g. Margules and Stein, 1968), and, more specifically, to the 
reductions in locomotor activity and rearing which are observed in 
the holeboard at higher doses of the benzodiazepines (e. g. File, 
1985b). Other results, however, have indicated that some low-level 
residual sedation may persist over a longer period of chronic drug 
treatment (Hoehn-Saric and McLeod, 1986). In these experiments, 
lorazepam (0.1 mg/kg) produced only small sedative effects and, 
indeed, no reduction in holeboard measures could be detected
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following acute lorazepam treatment. However, these small sedative 
effects persisted throughout the course of chronic treatment and this 
may reflect the presence of a persistent low-level residual level of 
sedation. However, rapid tolerance may still develop to a significant 
degree to the sedative effects of relatively large doses of the 
benzodiazepines.

Similarly, in the case of the anticonvulsant effects of the 
benzodiazepines to pentylenetetrazol-induced seizures, experimental 
studies have demonstrated both rapid tolerance (File, 1973) and very 
persistent anticonvulsant effects (Gonsalves and Gallager, 1986; Gent 
and Haigh, 1983). In this case, the methods used to measure 
anticonvulsant effect may determine the extent of the tolerance which 
is observed. Thus full tolerance may be observed to the ability of 
the benzodiazepines to prevent the convulsions induced by a threshold 
dose of pentylenetetrazol whilst a significant enhancement in seizure 
threshold, is still present. Thus, as with the sedative actions of 
the benzodiazepines, a degree of rapid tolerance to the 
anticonvulsant effects of high benzodiazepine doses may be combined 
with a persistent residual anticonvulsant effect.

Effects of Chronic Phenobarbital Treatment 

Effects of Phenobarbital in the Holeboard

i)Head-Dipping The raw data for the effects of phenobarbital on the 
time spent head-dipping in the holeboard are shown in table 3.

The 70 mg/kg dose of sodium phenobarbital produced a significant 
overall reduction in the time spent head-dipping for the 0.5 and the 
8 hour time points combined (F(l, 136)=9.8, p<0. 005). Analysis of
variance did not reveal any overall significant difference between 
the effects of phenobarbital at these two time points.

Post-hoc tests revealed significant reductions in head-dipping 
for the 70 mg/kg dose of phenobarbital only on day 1 of chronic drug 
treatment (p<0. 001 for the 0.5 hour time point and p<0. 05 for the 
8 hour time point) and not on any subsequent treatment day. Analysis 
of variance revealed that the reduction in head-dipping observed at 
the 70 mg/kg dose of phenobarbital became progressively less across
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the course of chronic drug treatment (F<3, 66)=5.9, p<0.005),
suggesting that a significant degree of tolerance had developed to 
this effect across the course of chronic treatment.

ii)Locomotor Activity and Rearing The raw data for the effects of 
chronic phenobarbital treatment on locomotor activity and rearing are 
6hown in table 3.

Both the 20 and the 70 mg/kg doses of phenobarbital produced 
significant overall enhancements in locomotor activity over both time 
points throughout the course of chronic treatment (F (1, 142> = 16. 8, 
p<0.0005; F C1, 136)=77.0, p<0.0001 respectively). The overall effect
of the 70 mg/kg dose of phenobarbital was significantly greater than 
that of the 20 mg/kg dose (F < 1, 138)=29. 2, p<0.0001>, in addition,
post-hoc tests revealed significant enhancements in locomotor 
activity at the 70 mg/kg dose at all time points tested (see table 3 
for levels of significance in post-hoc tests), but no significant 
enhancements at any one time point for the the 20 mg/kg dose.

Significant enhancements in locomotor activity could be detected 
at both the 0.5 and the 8 hour time points for the two doses of 
phenobarbital combined <F (2, 102> = 15. 7, p<0. 0001; F (2, 106)=31. 0,
p<0.0001 respectively). No significant overall difference was 
detected between the effects of phenobarbital at the 0.5 and 8 hour 
time points.

At the 0. 5 hour time point, analysis of variance revealed no 
significant change in the level of the enhancement in locomotor 
activity across the course of chronic drug treatment. However, a 
significant reduction in the effects of phenobarbital across the 
course of chronic treatment was observed at the 8 hour time point 
(F <3,70)=6.0, p<0.005).

Rearing was also significantly enhanced at the 70 mg/kg dose of 
phenobarbital throughout the course of chronic treatment 
(F<1,136>=7.6, p<0.01), however, no significant overall effect on
rearing was observed at the 20 mg/kg dose of phenobarbital. Post-hoc 
tests did not reveal a significant enhancement in rearing at any one 
time point for either dose of phenobarbital. No significant change in
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The effects of 1, 7, 14 and 21 days of chronic phenobarbital
treatment (20 or 70 mg/kg) 0.5 or 8 hours after drug treatment on
mean (±SEM> seizure threshold (mg/kg pentylenetetrazol).

* significantly different from control group, p<0.05
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*** significantly different from control group, p<0.001
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the effects of phenobarbital on rearing could be detected across the 
course of chronic drug treatment.

Effects of Phenobarbital on Seizure Threshold

The raw data for the effects of phenobarbital on seizure 
threshold are shown in figure 2r

Seizure threshold was significantly enhanced throughout the 
course of chronic drug treatment for both the 20 and 70 mg/kg doses 
of phenobarbital CF (1, 129)=71. 0, p<0. 0001; F (1, 127)=214.7, p<0. 0001
respectively). Post-hoc tests revealed significant enhancements in 
seizure threshold at all time points (see figure 2 for levels of
significance in post-hoc tests). The anticonvulsant effect at the 70
mg/kg dose was significantly greater, overall, than that at the 20
mg/kg dose (F (1, 128) = 117. 9, p<0.0001).

Comparison of the effects of phenobarbital at the 0.5 and 8 hour 
time points revealed significant overall enhancements in seizure 
threshold throughout chronic treatment for both time points 
<F(2,97)=108.1, p<0.0001; F (2,95)=58.5, p<0.0001 respectively)
although a significantly greater overall enhancement in seizure 
threshold was observed at the 0.5 hour time point (F(1, 128)=75. 4,
p<0.0001).

Analysis of variance across the course of chronic treatment for 
the 0.5 hour time point did not reveal any significant change in 
level of enhancement of seizure threshold in the phenobarbital 
treated animals. At the 8 hour time point, however, the enhancement 
in seizure threshold observed following phenobarbital treatment 
decreased significantly across the course of chronic drug treatment 
(F (3, 64)=4. 7, p<0. 01).

Effects of Phenobarbital on Aggressive Behaviour

The effects of chronic phenobarbital treatment on the number of 
aggressive interactions, the time spent in aggressive interactions 
and the time spent by the resident in sniffing and grooming the 
intruder are shown in table 4. Percentage aggression scores were also 
calculated, in order to take into account the influence of



TABLE 4
The effects of 1, 7, 14 or 21 days of chronic phenobarbital treatment 
(20 or 70 mg/kg), 0.5 or- 8 hours after drug on the median number of 
aggressive interactions (± interquartile range), time (s> spent in 
aggressive interactions, median time (s) spent by the resident in 
sniffing and grooming the intruder and percentage time spent in 
aggressive interactions. PHB=phenobarbital, doses are in mg/kg.

DAYS CHRONIC HOURS AFTER DRUG TREATMENT
TREATMENT DRUG CONTROL PHB 20 PHB 70

NUMBER OF AGGRESSIVE INTERACTIONS
1 0.5 5.0 (14.0) 4.0 (24.8) 0.0 (1.0)
7 9.0 (15.0) 26.0 (20.0) 0.0 (2.3) *
14 17.0 (22.5) 19.0 (23.5) 0.0 (1.0) *
21 3.0 (11.0) 14.0 (33.0) 0.0 (1.0)
1 8 27.5 (20.3) 14.0 (36.5) 1.5 (40.3)
7 19.5 (18.3) 15.0 (22.0) 30.0 (31.0)
14 12.0 (14.3) 43.0 (27.5) 40.0 (25.0)
21 18.5 (39.0) 18.5 (22.0) 41.5 (38.8) *

TIME SPENT IN AGGRESSIVE INTERACTIONS
1 0.5 1.1 (4.5) 0.8 (5.1) 0.0 (0.2)
7 3.6 (15.2) 6.5 (6.0) 0.0 (0.2) *
14 7.9 (16.9) 6.7 (16.0) 0.0 (0.1) *
21 0.6 (2.9) 4.9 (7.1) 0.0 (0.3)
1 8 5.7 (5.6) 2.8 (8.3) 0.3 (9.8)
7 4.3 (5.7) 3.3 (3.9) 5.9 (7.7)

14 3.5 (4.3) 9.1 (6.1) 15.8 (13.1) *
21 4.0 (10.3) 4.3 (5.3) 9.8 (9.4) *

TIME SPENT SNIFFING/GROOMING INTRUDER
1 0.5 52.7 (31.9) 54.0 (115.4) 56.8 (15.2)
7 56.4 (64.1) 57.1 (101.3) 106.1 (41.4)*

14 58.2 (21.9) 40.3 (69.5) 68.9 (35.4)
21 32.5 (47.8) 81.4 (55.1) 103.0 (26.2)
1 8 46.6 (32.5) 94.1 (33.5) 109.5 (47.1)*
7 69.5 (50.3) 83.4 (61.2)* 106.4 (43.6)*

14 62.6 (43.2) 57.4 (27.4) 73.7 (28.8)
21 32.9 (23.0) 45.6 (33.6) 56.5 (28.7)

PERCENT AGGRESSION (TIME)
1 0.5 4.2 (6.5) 1.9 (10.5) 0.0 (0.3)
7 4.8 (13.2) 7.2 (24.1) 0.0 (0.8)*
14 4.6 (22.3) 8.6 (42.4) 0.0 (0.1)*
21 2.1 (5.6) 3.7 (19.2) 0.0 (0.3)
1 8 10.6 (8.0) 8.5 (8.8) 0.3 (7.8)
7 6.9 (9.8) 3.7 (5.3) 4.4 (6.6)

14 8.4 (10.4) 11.7 (13.4) 17.7 (15.8)
21 10.6 (23.2) 9.7 (11.7) 13.7 (16.3)

* Significantly different from appropriate control group, p<0.05.
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non-specific changes in social interactions on levels of aggressive 
behaviour; these data are also shown in table 4.

The 20 mg/kg dose of sodium phenobarbital had no significant 
effect on aggressive behaviour at any of the time points tested. At
the 0. 5 hour time point, the 70 mg/kg dose of phenobarbital
significantly decreased the number of aggressive interactions, the 
time spent in aggressive interactions and the percent time spent in 
aggressive interactions on days 7 and 14 of chronic treatment (p<0.05 
in each case). Non-aggressive social interactions at the 0.5 hour 
time point were significantly increased on day 7 of chronic treatment 
<p<0.05) and were not significantly affected on other days.

At the 8 hour time point, a significant increase in the number 
of aggressive interactions was observed at the 70 mg/kg dose of 
phenobarbital on day 21 of chronic treatment <p<0. 05) and in the time 
spent in aggressive interactions on days 14 and 21 of chronic drug 
treatment <p<0.05 in each case). The time spent in non-aggressive 
interactions was significantly enhanced at the 8 hour time point for 
the 70 mg/kg dose of phenobarbital on days 1 and 7 but not on days 14
and 21 of chronic treatment (p<0. 05 in each case). Although, at the
8 hour time point and the 70 mg/kg dose of phenobarbital, 
enhancements were observed in both non-aggressive interactions and in 
levels of aggressive behaviour, non-aggressive interactions were 
significantly enhanced early in the course of chronic treatment (days 
1 and 7) whilst aggressive behaviour was enhanced during the later 
stages of chronic treatment (days 14 and 21). Thus, although these 
two effects may be related, and a role for a relatively non-specific 
behavioural enhancement in the effects on aggressive behaviour should 
be considered, a specific enhancement in aggressive behaviour also 
appears to have occurred towards the end of the course of chronic 
treatment.

Discussion

The 70 mg/kg dose of phenobarbital was able simultaneously to 
enhance spontaneous locomotor activity and to reduce exploratory 
head-dipping. Previous studies have demonstrated both enhancements 
(e. g. Millichamp and Millichamp, 1966; Read et al, 1960; Minck et al, 
1974) and reductions (e.g. Middaugh et al, 1981) in various measures
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of spontaneous behaviour in response to phenobarbital treatment. The 
results of these experiments suggest that the behavioural 
enhancements observed in previous studies may reflect the effects of 
phenobarbital on spontaneous locomotor activity whilst the reductions 
may reflect the effects of this drug on exploratory behaviours. In 
addition, the development of rapid tolerance to the reduction in 
head-dipping but not to the enhancement in locomotor activity, 
suggests that different underlying mechanisms may govern the effects 
of phenobarbital on head-dipping and on locomotor activity.

In previous studies of the anticonvulsant effects of 
phenobarbital against pentylenetetrazol-induced seizures, rapid 
tolerance did not develop to the enhancement in seizure threshold 
induced by phenobarbital CSchmidt et al, 1980). In addition, evidence 
suggests that, for tolerance to occur to the effects of the 
barbiturates, a continuous drug effect is required and thus a single 
dose, given once per day, is unlikely to produce the conditions 
necessary for tolerance to develop to the effects of these drugs (see 
Chapter 1). Significant tolerance did not develop in these 
experiments across the course of chronic drug treatment at the 
0. 5 hour time point. There was evidence of tolerance at the 8 hour 
time point although metabolic mechanisms may be involved in the 
development of tolerance at this time point; evidence suggests that 
phenobarbital is able to induce metabolic tolerance within the dose 
range used in these experiments (Frey and Kampmann, 1965) and if 
metabolic tolerance had developed to phenobarbital, its presence 
would be more apparent at the 8 hour, than at the 0. 5 hour, time
point (Kalant et al, 1971).

*»

Previous studies of the effects of phenobarbital on aggressive 
behaviour have indicated that aggressive behaviour can be reduced 
only at doses sufficient to inhibit other behavioural measures
(Miczek, 1987) and that the reduction in aggressive behaviour
observed in response to phenobarbital treatment is therefore a 
non-specific effect. The results presented above suggest that the 
reductions in aggressive behaviour observed in these experiments may 
not have been the result of such non-specific effects. Locomotor
activity, rearing, and non-aggressive social interactions in the home 
cage aggression test, were all either unaltered or significantly 
enhanced in response to phenobarbital treatment at the time points at
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which aggressive behaviour was significantly decreased. However, the 
reductions in aggressive behaviour observed following phenobarbital 
(70 mg/kg) treatment may have been linked to the reductions in 
exploratory head-dipping.

Effects of Chronic Phenytoin Treatment 

Effects of Phenytoin in the Holeboard

1)Head-Dipplng The raw data for the effects of phenytoin on the time 
spent head-dipping in the holeboard are shown in table 5. Analysis of 
variance revealed no significant overall effect of phenytoin on the 
time spent head-dipping at either dose. Post-hoc tests revealed a 
significant (p<0. 01) reduction in this measure at the 8 hour time 
point on day 14 of chronic drug treatment for the 10 mg/kg dose of 
phenytoin. No significant effects were detected in post-hoc tests at 
any other time point.

il)Locomotor Activity and Rearing The raw data for the effects of 
chronic phenytoin treatment on locomotor activity and rearing are 
shown in table 5.

At the 10 mg/kg dose of phenytoin, analysis of variance, 
revealed no significant overall drug effect on either locomotor 
activity or rearing. Post-hoc tests did, however, reveal a 
significant reductions on day 21 of chronic treatment, at the 1 hour 
time point for locomotor activity (p<0. 01) and at the 8 hour time 
point for rearing (p<0.05).

At the 40 mg/kg dose, analysis of variance revealed significant 
overall reductions in both locomotor activity <F<1, 140)=8. 9, p<0.005)
and in rearing (F(l,140)=14.2, p=0.0005). Analysis of variance also
revealed a significantly greater reduction in locomotor activity at 
the 1 hour time point than at the 8 hour time point (F(l,70)=7. 1, 
p<0. 01); a similar effect was not observed in the case of rearing. 
Post-hoc tests revealed significant reductions in locomotor activity 
for the 40 mg/kg dose of phenytoin, on day 14 of chronic treatment at 
both the 1 (p<0. 05) and 8 hour <p<0, 01) time points and on day 21 of 
chronic treatment at the 1 hour time point (p<0. 01). Similarly, in 
the case of rearing, significant reductions were observed in post-hoc
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tests at both the 1 and 8 hour time points on day 14 of chronic 
treatment <p<0.01 and p<0. 05 respectively) and at the 1 hour time 
point only on day 21 of chronic treatment (p<0. 05).

For both locomotor activity and for rearing, the reductions 
observed following treatment with the 40 mg/kg dose of phenytoin 
increased significantly across the course of chronic drug treatment 
(F<3,70)=6.5, p<0.001; F <3,70)=4.0, p=0. 01 respectively).

Effects of Phenytoin on Seizure Threshold

The raw data for the effects of phenytoin on seizure threshold 
are shown in figure 3.

Analysis of variance across the course of chronic treatment 
revealed significant overall enhancements in seizure threshold at 
both the 10 and 40 mg/kg doses of phenytoin (F(l, 129) = 10. 2, p<0.005;
F (1, 128)=23.4, p<0. 0001 respectively). The effects of phenytoin on
seizure threshold were significantly greater at the 8 hour than at 
the 1 hour time point CF(1, 129>=6.3, p=0.01). Post-hoc tests for the
10 mg/kg dose of phenytoin revealed significant enhancements in 
seizure threshold at the 1 hour time point on days 7 and 14 of 
chronic treatment (p<0. 01 and p<0. 05 respectively). For the 40 mg/kg 
dose of phenytoin, significant enhancements in seizure threshold were 
observed in post-hoc tests at the 1 hour time point on day 7 of 
chronic treatment (p<0. 05) and at the 8 hour time point on days 7-21 
of chronic treatment (p<0.01 in each case).

Analysis of variance also revealed a significant overall 
increase in the anticonvulsant effects of phenytoin across the course 
of chronic drug treatment (F (3, 129)=3.5, p<0.05).

Effects of Phenytoin on Aggressive Behaviour

The effects of chronic phenytoin treatment on the number of 
aggressive interactions, the time spent in aggressive interactions 
and the time spent by the resident in sniffing and grooming the 
intruder are shown in table 6. Percentage aggression scores were also 
calculated, in order to take into account the influence of
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60

40

60

40

1 hour after phenytoin treatment

Con Pht Pht Con Pht Pht 
10 40

Con Pht Pht

8 hours after phenytoin treatment

Con Pht Pht Con Pht Pht Con Pht Pht Con Pht Pht 
10 40 10 40 10 40 10 40

FIGURE 3

The effect of 1, 7, 14 and 21 days of chronic phenytoin treatment <10 
or 40 mg/kg) 1 or 8 hours after drug treatment on mean (±SEM> 
seizure threshold <mg/kg pentylenetetrazol).

* significantly different from control group, p<0.05
#«- significantly different from control group, p<0.01
tt* significantly different from control group, p<0.001
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non-specific changes in social interactions on levels of aggressive 
behaviour; these data are also shown in table 6.

At the 40 mg/kg dose of phenytoin, both the number of aggressive 
interactions and the time spent in aggressive interactions were 
significantly reduced at the 1 hour time point on day 7 of chronic 
treatment (p<0.01 in each case). However, the possibility that 
non-specific behavioural effects may have contributed, at least in 
part, to the reductions in aggressive behaviours observed at thi6 
time point cannot be ruled out, particularly as significant 
reductions in locomotor activity and rearing could be detected at
this dose and time point and as no corresponding reduction could be 
detected in percentage aggression scores.

Discussion

Few studies have examined the effects of phenytoin on locomotor 
activity and, although there is some evidence for a short-lived
reduction in locomotor activity in the rat (Starratt et al, 1980), 
there is little evidence from animal studies for the persistent 
reductions in this measure observed in these experiments. In man, 
however, patients receiving phenytoin treatment may experience 
psychomotor slowing and other effects consistent with sedation 
(Merritt and Putnam, 1939), particularly after chronic drug treatment 
(Thompson et al, 1980) and the effects observed in these experiments 
may therefore be similar to the effects observed in man.

Previous studies have failed to detect any anticonvulsant effect 
of phenytoin against pentylenetetrazol-induced seizures following 
acute drug treatment (Swinyard, 1952; Goodman et al, 1953), although 
an anticonvulsant effect has been demonstrated following chronic 
phenytoin treatment (File et al, 1985a). Pilot experiments, in this 
instance, also failed to detect any enhancement in seizure threshold 
to pentylenetetrazol following acute phenytoin treatment (up to doses 
of 80 mg/kg). Indeed high doses of phenytoin may worsen the 
convulsant effects of pentylenetetrazol, producing very prolonged 
seizures (Woodbury, 1982) and phenytoin has also been reported to 
worsen seizure severity in epileptic patients (Troupin and Ojemann,
1975; Levy and Fenichel, 1965).
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TABLE 6
The effects of 1, 7, 14- or 21 days of chronic phenytoin treatment <10 
or 40 mg/kg), 1 or 8 hours after drug on the median (± interquartile 
range) number of aggressive interactions, time Cs) spent in 
aggressive interactions, time spent by the resident in sniffing and 
grooming the intruder and percentage time spent in aggressive 
interactions. PHT=phenytoin, doses are in mg/kg.

DAYS CHRONIC HOURS AFTER DRUG TREATMENT
TREATMENT DRUG CONTROL PHT 10 PHT 40

NUMBER OF AGGRESSIVE INTERACTIONS
1 1 5.0 (14.0) 2.5 (3.5) 0.5 (3.5)
7 9.0 (15.0) 6.0 (21.0) 1.0 (4.0) *

14 17.0 (22.5) 19.0 (16.5) 20.0 (19.0)
21 3.0 (11.0) 23.0 (23.0) 13.0 (23.3)
1 8 27.5 (20.3) 31.0 (15.0) 24.0 (18.8)
7 19.5 (18.3) 19.0 (26.0) 8.0 (17.8)
14 12.0 (14.3) 27.0 (34.8) 7.5 (24.0)
21 18.5 (39.0) 12.5 (16.8) 20.5 (11.3)

TIME SPENT IN AGGRESSIVE INTERACTIONS
1 1 1.1 (4.5) 0.7 (0.8) 0.1 (1.2)
7 3.6 (15.2) 4.7 (6.5) 0.2 (0.9) *

14 7.9 (16.9) 10.5 (11.1) 6.2 (16.0)
21 0.6 (2.9) 5.6 (8.9) 4.2 (11.9)
1 8 5.7 (5.6) 7.9 (4.1) 5.3 (3.4)
7 4.3 (5.7) 7.7 (3.0) 2.0 (3.7)

14 3.5 (4.3) 5.2 (8.7) 1.9 (5.2)
21 4.0 (10.3) 3.0 (3.9) 3.9 (2.3)

TIME SPENT SNIFFING/GROOMING INTRUDER
1 1 52.7 (31.9) 100.9 (73.6) 35.9 (21.2)
7 56.4 (64.1) 98.0 (82.4) 18.8 (10.2)

14 58.2 (21.9) 85.2 (87.0) 28.9 (40.7)
21 32.2 (47.8) 57.4 (35.6) 20.4 (34.6)
1 8 46.6 (32.5) 75.4 (43.9) 91.1 (64.5)*
7 69.5 (50.3) 92.0 (24.9) 79.4 (39.9)

14 62.6 (43.2) 43.2 (36.9) 74.7 (58.6)
21 32.9 (23.0) 26.5 (12.9) 39.7 (19.1)

PERCENT AGGRESSION (TIME)
1 1 4.2 (6.5) 0.7 (1.2) 0.3 (3.6)

7 4.8 (13.2) 3.3 (11.0) 1.2 (3.8)
14 4.6 (22.3) 11.9 (18.4) 10.1 (13.9)
21 • 2.1 (5.6) 7.6 (14.1) 7.0 (30.0)

8 1 10.6 (8.0) 7.3 (6.4) 4.7 (8.3)
7 6.9 (9.8) 5.4 (6.4) 1.8 (5.2)
14 8.4 (10.4) 10.2 (14.2) 1.7 (7.5)
21 10.6 (23.2) 7.6 (14.4) 8.3 (9.0)

* Significantly different from appropriate control group, p<0.05.
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An earlier study of the effects of phenytoin on 
pentylenetetrazol-induced seizures revealed two separate effects of 
the drug (File et al, 1985a). When animals were challenged with a 
convulsant dose of pentylenetetrazol 1 hour after relatively high 
doses of phenytoin (40-75 mg/kg), exceptionally severe seizures were 
observed in those drug-treated animals which experienced seizures. 
These severe seizures were not observed in animals tested 24 hours 
after these high doses of phenytoin. Phenytoin, however, also exerted 
an anticonvulsant effect following chronic drug treatment. In those 
groups of mice which had received chronic phenytoin treatment (10 
days), but not in those acutely treated with phenytoin, a 
significantly smaller proportion of animals experienced seizures in 
response to pentylenetetrazol treatment at both the 1 and 24 hour 
treatment groups. Thus whilst chronic treatment with phenytoin 
resulted in the development of an anticonvulsant effect of this drug, 
high doses were also able to exert a proconvulsant effect, 
particularly soon after drug treatment.

The effects of phenytoin in the experiments described in this 
chapter probably represent a combination of the anticonvulsant and 
seizure enhancing effects of this drug. The increasing anticonvulsant 
effects of phenytoin across the course of chronic drug treatment may 
result from an increasing sensitization to the anticonvulsant effects 
of phenytoin (a shift to the left in the dose response curve). 
However, the evidence both of earlier studies (File et al, 1985a; 
Swinyard, 1952; Goodman et al, 1953) and of pilot experiments, 
suggests that phenytoin is unable to produce an anticonvulsant effect 
following acute treatment, even at relatively high doses.

As period of chronic phenytoin treatment appears to be necessary 
for the anticonvulsant actions of this drug against 
pentylenetetrazol-induced seizures to develop it seems unlikely that 
sensitization alone can account for the effects observed in these 
experiments. However, the role of the seizure-enhancing actions of 
phenytoin should also be considered. The seizure-enhancing effects of 
phenytoin might mask an anticonvulsant actions of this drug; if 
chronic phenytoin treatment resulted in the development of tolerance 
to the seizure-enhancing effects of phenytoin but not to the 
anti-pentylenetetrazol effects then an anticonvulsant effect could 
emerge during the course of chronic drug treatment as a consequence.
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Similarly, if the seizure-enhancing effects of phenytoin remained the 
same whilst the anticonvulsant effects of this drug increased across 
the course of chronic treatment then an increasing anticonvulsant 
effect could result.

The increase in the anticonvulsant effects of the 40 mg/kg dose 
of phenytoin from the 1 to the 8 hour time point may result from the 
seizure-enhancing effects of phenytoin, which appear to be strongest 
shortly after drug treatment, counteracting the anticonvulsant 
actions of the drug more at the 1 hour than at the 8 hour time point. 
The 10 mg/kg dose, which, in a previous study, was not sufficiently 
high to prevent pentylenetetrazol-induced seizures or to produce 
seizure-enhancing effects (File et al, 1985a), had a greater 
anticonvulsant effect at the 1 hour time point than at the 8 hour 
time point in these experiments. Thus the increase in anticonvulsant 
effect across time observed for the 40 mg/kg dose of phenytoin could 
be the result of a greater seizure-enhancing effect at the 1 hour 
than at the 8 hour time point which did not occur at the 10 mg/kg 
dose. This may suggest that the seizure-enhancing effect of phenytoin 
was still present when the anticonvulsant actions of the drug 
appeared and that the increasing anticonvulsant effects of this drug 
across the course of chronic treatment resulted from the development 
of an increase in the anticonvulsant effect of phenytoin during 
chronic treatment rather than from a decrease in the proconvulsant 
ef f ect.

EFFECTS OF DRUG WITHDRAWAL 

PROCEDURE

Mice, were allocated to the following treatment groups: 
water/Tween 20 control (control), lorazepam vehicle control 
(vehicle), lorazepam (0.025 or 0.1 mg/kg), sodium phenobarbital (20 
or 70 mg/kg), or phenytoin (10 or 40 mg/kg; n= 8-10 in each group). 
Animals were pretreated for 21 days and then withdrawn from drug 
treatment; independent groups of mice were tested 24, 48 and 72 hours 
after the end of chronic drug treatment in the holeboard test and 
seizure thresholds were determined in these same groups of animals 
immediately after removal from the holeboard. Levels of aggressive 
behaviour were determined in animals previously tested during the
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course of chronic treatment each treatment group was tested three 
times, 24, 48 and 72 hours after the end of chronic treatment.

To determine whether chronic anticonvulsant treatment had any 
lasting effects, additional groups of animals were tested in the 
holeboard and seizure thresholds determined 21 days after drug 
withdrawal and those animals tested for aggressive behaviour during 
drug withdrawal were tested on an additional occasion 21 days after 
the end of chronic treatment.

RESULTS

Effects of Lorazepam Withdrawal 

Effects of Lorazepam Withdrawal in the Holeboard

The effects of lorazepam withdrawal in the holeboard are shown 
in table 7. Lorazepam had no significant effect on any measure in the 
holeboard.

Effects of Lorazepam Withdrawal on Seizure Threshold

The effects of lorazepam withdrawal on seizure threshold are 
also shown in table 7. Withdrawal of the 0.1 mg/kg dose of lorazepam 
resulted in a small but significant overall decrease in seizure 
threshold (F(l,39>=5.1, p<0.05) over the three time points; post-hoc
tests did not reveal a significant decrease at any one time point. No 
significant effect of lorazepam withdrawal on seizure threshold was 
observed at the 0.025 mg/kg dose.

Effects of Lorazepam Withdrawal on Aggressive Behaviour

The effects of lorazepam withdrawal on the number of aggressive 
interactions, time spent in aggressive interactions and time spent 
sniffing and grooming the intruder are shown in table 8. No 
significant effect on aggressive behaviour was observed at either 
dose of lorazepam, however, the time spent in sniffing and grooming 
the intruder was significantly reduced at all time points after 
withdrawal of the 0. 1 mg/kg dose of lorazepam (p<0. 01 in each case)



TABLE 7
The mean number of head dips, time spent head-dipping, locomotor 
activity, number of rears and seizure threshold (±SEM>, 24, 48 
and 72 hours after lorazepam withdrawal (0.025 and 0.1 mg/kg>.

BEHAVIOURAL DRUG HOURS AFTER DRUG WITHDRAWAL
MEASURE TREATMENT 24 48 72

TIME SPENT VEHICLE 56.9 6.8 64.6 + 6.3 65.5 + 7.4
HEAD LOR .025 55.2 10.2 65.7 + 6.5 58.4 + 4.5

DIPPING LOR .1 53.7 + 4.7 65.1 4.7 56.5 + 8.2

LOCOMOTOR VEHICLE 392.6 + 28.7 375.0 ± 28.5 395.9 + 16.6
ACTIVITY LOR .025 409.8 + 28.0 424.0 ± 21.4 385.6 + 17.0

LOR .1 382.1 28.6 372.8 ± 16.2 341.7 + 29.8

REARING VEHICLE 64.5 + 5.5 70.0 ± 8.4 62.9 + 4.1
LOR .025 68.6 ± 4.9 82.6 6.5 72.1 + 3.6
LOR .1 68.2 + 4.7 68.9 ± 4.8 57.3 + 6.4

SEIZURE VEHICLE 46.5 + 4.3 49.1 ± 4.1 47.9 + 5.2
THRESHOLD LOR .025 37.4 + 3.0 50.1 ± 3.5 47.4 + 4.5

LOR .1 43.6 + 2.5 41.1 ± 2.3 39.5 + 1.9



TABLE 8

The median number of aggressive interactions, time spent in 
aggressive interactions and time spent in sniffing and grooming 
intruder (± interquartile range), 24, 48 and 72 hours after 
lorazepam withdrawal (0.025 and 0.1 mg/kg).

BEHAVIOURAL DRUG HOURS AFTER DRUG WITHDRAWAL
MEASURE TREATMENT 24 48 72

NUMBER VEHICLE 37.0 (14.5) 49.5 (30.3) 48.5 (36.0)
AGGRESSIVE LOR .025 43.0 (27.5) 29.0 (23.5) 28.5 (14.0)

INTERACTIONS LOR .1 31.0 (18.0) 27.0 (14.0) 55.0 (24.0)

TIME VEHICLE 6.6 (6.0) 10.3 (5.3) 11.8 (7.3)
AGGRESSIVE LOR .025 8.1 (6.9) 7.0 (6.2) 6.4 (3.0)

INTERACTIONS LOR .1 6.1 (4.9) 6.9 (5.1) 14.5 (4.2)

SNIFF/GROOM VEHICLE 33.4 (8.7) 33.4 (10.1) 42.9 (17.2)
TIME LOR .025 29.3 (24.3) 20.4 (9.1) * 33.7 (27.6)

LOR .1 16.5 (4.0)** 16.1 (10.5)** 22.2 (13.0)**

* Significantly different from appropriate control group, p<0.05.
** Significantly different from appropriate control group, p<0.01.
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and 48 hours after withdrawal of the 0.025 mg/kg dose of lorazepam 
<p<0.05).

Effects of Phenobarbltal Withdrawal 

Effects of Phenobarbital Withdrawal in the Holeboard

DHead-Dipplng The effects of phenobarbital withdrawal on the time 
spent head-dipping in the holeboard are shown in table 9. Withdrawal 
of phenobarbital (20 or 70 mg/kg) had no significant overall effect 
on head-dipping in the holeboard, however, post-hoc tests did reveal 
a significant reduction in the time spent head-dipping for the 70
mg/kg dose of phenobarbital at the 24 hour time point.

iDLocomotor Activity and Rearing The effects of phenobarbital 
withdrawal on locomotor activity and rearing are also shown in table 
9. A significant overall decrease in locomotor activity was observed 
during the course of phenobarbital withdrawal for the 20 and 70 mg/kg 
doses combined (F(2, 76)=6. 3, p<0.005). Analysis of variance for each
day of withdrawal revealed a significant overall reduction only at
the 48 hour time point (F(2, 26)=4. 2, p<0. 05) and post-hoc tests
revealed that locomotor activity was significantly reduced at this
time point for the 70 mg/kg dose of phenobarbital.

A significant overall decrease in rearing was also observed
during the course of phenobarbital withdrawal for the 70 mg/kg dose 
(F(l,51)=4. 6, p<0.05); this effect was not significant at any one
time point.

Effects of Phenobarbital Withdrawal on Seizure Threshold

The effects of phenobarbital withdrawal on seizure threshold are 
also shown in table 9. A significant overall decrease in seizure 
threshold was observed during during the course of phenobarbital 
withdrawal (F (2,70)=5.8, p=0. 005). Analysis of variance for each day
of withdrawal revealed significant overall reductions at the 24 and 
48 hour time points (F (2, 21 )=3.6, p<0.05; F(2,23)=4. 0, p<0.03
respectively). Post-hoc tests revealed that seizure thresholds for
the 70 mg/kg treatment group, were significantly reduced at both
these time points (p<0.05).
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TABLE 9
The mean number of head dips, time spent head-dipping, locomotor 
activity, number of rears and seizure threshold (± SEM), 24, 48 
and 72 hours after phenobarbital withdrawal <20 or 70 mg/kg).

BEHAVIOURAL DRUG HOURS AFTER DRUG WITHDRAWAL
MEASURE TREATMENT 24 48 72

TIME SPENT CONTROL 65.5 + 10.9 55.3 + 7.2 63.2 ± 4.7
HEAD PHB 20 53.0 + 6.8 49.5 + 5.6 54.1 ± 3.0

DIPPING PHB 70 39.5 + 7.0 * 48.7 + 5.8 73.3 ± 9.5 A

LOCOMOTOR CONTROL 418.6 + 33.5 402.2 + 22.9 415.1 ± 22.2
ACTIVITY PHB 20 381.6 + 22.3 351.6 ± 24.3 407.7 ± 32.0

PHB 70 343.2 + 28.5 302.6 ± 25.4* 361.9 ± 19.1

REARING CONTROL 71.3 + 6.7 68.7 + 4.6 79.7 5.6
PHB 20 68.3 + 4.4 70.2 + 4.4 60.4 + 4.2
PHB 70 58.0 + 5.3 62.1 + 7.0 65.8 9.3

SEIZURE CONTROL 49.4 + 6.0 49.1 + 3.1 51.6 + 6.0
THRESHOLD PHB 20 39.3 + 3.1 43.7 + 3.3 41.2 + 2.4

PHB 70 33.6 + 3.4* 36.0 + 2.4* 44.4 + 4.1

* Significantly different from appropriate control group, p<0.05.
A Significantly different from appropriate 24h drug treatment group, 
p<0.05.
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Effects of Phenobarbital Withdrawal on Aggressive Behaviour

The effects of phenobarbital withdrawal on the number of 
aggressive interactions, time spent in aggressive interactions and 
time spent sniffing.and grooming the intruder are shown in table 10. 
No significant change was observed in either measure of aggression 
for either dose of phenobarbital. Phenobarbital (70 mg/kg) withdrawal 
significantly reduced non-aggressive social interactions at the 24 
and 48 hour time points (p<0.05); aggressive behaviour during 
phenobarbital (70 mg/kg> withdrawal tended to be increased whilst 
non-aggressive interactions were significantly decreased.

Effects of Phenytoln Withdrawal 

Effects of Phenytoln Withdrawal in the Holeboard

i)Head-Dipplng The effects of phenytoin withdrawal on head-dipping in 
the holeboard are shown in table 11. A significant overall 
enhancement in this measure was observed 48 hours after phenytoin 
withdrawal (F(2,26)=4.3, p<0. 05); post-hoc tests revealed that 
head-dipping was significantly enhanced for the 40 mg/kg dose of 
phenytoin at this time point (p<0. 05). Post-hoc tests also revealed 
that the time spent head-dipping was significantly reduced 72h after 
withdrawal of the 10 mg/kg dose of phenytoin (p<0.05).

ii)Locomotor Activity and Rearing The effects of phenytoin withdrawal 
on locomotor activity and rearing are also shown in table 11. A 
significant overall reduction in locomotor activity was observed 48 
hours after phenytoin withdrawal (F (2,26)=3. 3, p<0.05). In addition,
post-hoc tests revealed that locomotor activity was significantly
reduced 48 and 72 hours after withdrawal of the 10 mg/kg dose and
48 hours after withdrawal of the 40 mg/kg dose of phenytoin (p<0. 05 
in each case).

A significant overall reduction in rearing was observed 72 hours 
after phenytoin withdrawal (F(2,22) = 5.2, p<0.05) and post-hoc tests
revealed that withdrawal of the 10 mg/kg dose of phenytoin
significantly reduced rearing at this time point (p<0.01).



TABLE 10
The median number of aggressive interactions, time spent in 
aggressive interactions and time spent in sniffing and grooming 
intruder <± interquartile range), 24, 48 and 72 hours after 
phenobarbital withdrawal (20 and 70 mg/kg).

BEHAVIOURAL DRUG HOURS AFTER DRUG WITHDRAWAL
MEASURE TREATMENT 24 48 72

NUMBER CONTROL 34.5 (26.5) 32.0 (28.3) 34.0 (31.8)
AGGRESSIVE PHB 20 30.0 (34.3) 32.0 (23.3) 16.5 (4.8)

INTERACTIONS PHB 70 48.0 (31.5) 56.5 (45.3) 30.5 (37.3)

TIME CONTROL 6.3 (5.9) 5.9 (2.4) 7.1 (5.1)
AGGRESSIVE PHB 20 6.3 (6.3) 7.0 (5.7) 3.6 (1.0)
INTERACTIONS PHB 70 11.0 (7.2) 13.7 (9.9) 9.3 (12.6)

SNIFF/GROOM CONTROL 27.1 (22.6) 24.8 (16.3) 41.2 (16.1)
TIME PHB 20 24.8 (13.6) 28.2 (7.2) 42.3 (17.0)

PHB 70 15.7 (7.0) * 19.0 (15.1)* 28.8 (12.8)

* Significantly different from appropriate control group, p<0.05.
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TABLE 11
The mean number of head dipB, time spent head-dipping, locomotor 
activity, rearing and seizure threshold <± SEM), 24, 48 and 72 hours 
after phenytoin withdrawal (10 or 40 mg/kg).

BEHAVIOURAL DRUG HOURS AFTER DRUG WITHDRAWAL
MEASURE TREATMENT 24 48 72

TIME SPENT CONTROL 65.5 + 10.9 55.3 + 7.2 63.2 + 4.7
HEAD PHT 10 52.5 + 8.0 60.0 + 5.4 48.4 + 4.3 *

DIPPING PHT 40 59.1 + 5.6 81.3 + 7.0 * 56.4 + 4.1

LOCOMOTOR CONTROL 418.6 + 33.5 402.2 22.9 415.1 + 22.2
ACTIVITY PHT 10 366.3 + 40.3 327.3 + 14.9* 335.4 + 35.8*

PHT 40 337.9 + 49.5 331.0 ± 28.0* 343.6 + 13.4

REARING CONTROL 71.3 + 6.7 68.7 ± 4.6 79.7 5.6
PHT 10 70.3 + 5.8 63.0 ± 5.2 59.9 + 3.5 **
PHT 40 66.1 + 9.1 60.1 + 7.0 69.0 + 3.1

SEIZURE CONTROL 49.4 + 6.0 49.1 + 4.1 51.6 + 6.0
THRESHOLD PHT 10 45.6 + 2.0 45.5 + 3.2 40.5 + 5.0

PHT 40 51.4 + 4.9 38.3 + 2.4 * 49.8 + 8.1

* Significantly different from appropriate control group, p<0.05.
** Significantly different from appropriate control group, p<0.01.
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Effects of Phenytoin Withdrawal on Seizure Threshold

The effects of phenytoin withdrawal on seizure threshold are 
also shown in table 11. No significant overall effect of phenytoin 
withdrawal on seizure threshold was observed at any individual time 
after drug withdrawal. However, post-hoc tests revealed a significant 
reduction in seizure threshold 48 hours after withdrawal of the 40 
mg/kg dose of phenytoin <p<0.05).

Effects of Phenytoin Withdrawal on Aggressive Behaviour

The effects of phenytoin withdrawal on the number of aggressive 
interactions, the time spent in aggressive interactions and the time 
spent in sniffing and grooming the intruder are shown in table 12. No 
significant effect of phenytoin withdrawal in the test of home cage 
aggression could be detected.

Lasting Effects of Anticonvulsant Drugs

No significant lasting effects were detected for any of above 
anticonvulsant drugs (see table 13).

Discussion

The various behavioural effects observed 24-72h after withdrawal 
of these three anticonvulsant drugs could not be detected 21 days 
after the end of chronic drug treatment. Thus the behavioural 
responses described above are likely to be the result of drug 
withdrawal responses rather than irreversible effects resulting from 
long-term drug treatment.

A number of the withdrawal responses observed in these 
experiments have also been observed in previous studies of 
anticonvulsant withdrawal. An increased level of sensitivity to 
seizures was observed in these experiments for all of the drugs 
tested, similar effects have been observed in previous studies of 
withdrawal for all of these anticonvulsants (e.g. Kiianmaa and 
Boguslawsky, 1981; Rumke, 1967).



TABLE 12
The median number of aggressive interactions, time spent in 
aggressive interactions and time spent in sniffing and grooming 
the intruder (± interquartile range) 24, 48 and 72 hours after 
phenytoin withdrawal (10 and 40 mg/kg>.

BEHAVIOURAL DRUG HOURS AFTER DRUG WITHDRAWAL
MEASURE TREATMENT 24 48 72

NUMBER CONTROL 34.5 (26.5) 32.0 (28.3) 34.0 (31.8)
AGGRESSIVE PHT 10 55.5 (24.8) 40.5 (15.8) 54.0 (31.8)

INTERACTIONS PHT 40 18.0 (21.3) 19.0 (21.0) 24.5 (23.0)

TIME CONTROL 6.3 (5.9) 5.9 (2.4) 7.1 (5.1)
AGGRESSIVE PHT 10 10.1 (3.7) 9.0 (3.3) 11.9 (5.5)

INTERACTIONS PHT 40 3.4 (5.6) 3.8 (7.2) 6.4 (5.2)

SNIFF/GROOM CONTROL 27.1 (22.6) 24.8 (16.3) 41.2 (16.1)
TIME PHT 10 27.9 (8.3) 24.4 (10.8) 35.7 (24.4)

PHT 40 32.2 (11.7) 29.4 (11.0) 45.4 (18.6)



TABLE 13
Lasting effects of chronic lorazepara, phenobarbital and phenytoin 
treatment (21 days after the end of chronic drug treatment) on */* 
time spent in aggressive interactions (± interquartile range), on 
the various measures in the holeboard and on seizure threshold 
(± SEM).
LOR=lorazepam, PHB=phenobarbital, PHT=phenytoin; doses are given 
in mg/kg.

BEHAVIOURAL
MEASURE DRUG TREATMENT

VEHICLE LOR .025 LOR .1

TIME HEAD-DIPPING 60.2 ± 7.8 54.0 + 6.5 46.5 ± 3.9
LOCOMOTOR ACTIVITY 335.6 ± 22.7 355.7 + 16.6 388.0 ± 23.1

REARING 66.8 ± 6.8 73.2 + 5.6 72.9 ± 4.3
SEIZURE THRESHOLD 47.2 ± 4.0 50.3 + 4.5 54.2 ± 4.8
% AGGRESSION TIME 2.9 (18.8) 10.9 (12.9) 10.6 (32.2)

CONTROL PHB 20 PHB 70

TIME HEAD-DIPPING 49.9 ± 5.8 47.3 + 5.0 52.6 ± 4.8
LOCOMOTOR ACTIVITY 407.3 ± 21.3 407.2 + 20.0 429.0 ± 27.2

REARING 83.4 ± 7.8 76.0 + 4.8 83.3 ± 7.6
SEIZURE THRESHOLD 46.4 ± 3.5 48.4 + 3.8 41.9 ± 3.2
% AGGRESSION TIME 21.4 (33.4) 17.2 (19.0) 10.4 (13.6)

CONTROL PHT 10 PHT 40

TIME HEAD-DIPPING 49.9 ± 5.8 54.6 + 4.5 53.9 ± 7.5
LOCOMOTOR ACTIVITY 407.3 ± 21.3 381.2 + 24.9 387.2 ± 20.1

REARING 83.4 ± 7.8 63.3 + 4.7 69.8 ± 5.8
SEIZURE THRESHOLD 46.4 ± 3.5 45.9 + 3.8 46.9 ± 2.8
% AGGRESSION TIME 21.4 (33.4) 5.0 (14.8) 22.4 (33.6)



109

Evidence suggests that hyperactivity might also be a withdrawal 
response common to the benzodiazepines, phenobarbital and phenytoin 
<e. g. Lader and File, 1987; Palermo-Neto and De Lima, 1982; De Lima 
and Palermo-Neto, 1980) however, these experiments failed to 
demonstrate the presence of hyperactivity during withdrawal for any 
of these drugs. Locomotor activity, rearing and head-dipping were all 
significantly reduced during phenobarbital and phenytoin (10 mg/kg) 
withdrawal. However, these effects may reflect a relatively 
non-specific behavioural reduction, possibly linked to the generally 
unpleasant effects of drug withdrawal. An enhancement in 
head-dipping, which could be interpreted as hyperactivity, was 
observed only during withdrawal of the 40 mg/kg dose of phenytoin and 
this effect appeared to be linked to the reduction in seizure 
threshold observed at this time point.

The effects of drug withdrawal in the home cage aggression test 
are more difficult to compare with previous studies of drug 
withdrawal. In the case of lorazepam, evidence did not suggest that 
aggressive behaviour was significantly affected by drug withdrawal, 
although previous studies have suggested that benzodiazepine 
withdrawal may result in enhanced levels of certain types of 
aggressive behaviour (Martin et al, 1982; Herman et al, 1976; Miczek, 
1987). However, if either the doses of lorazepam used were too low or 
the length of chronic treatment was too short, then the effects of 
withdrawal might not have been strong enough for such a withdrawal 
response to occur.

In the case of phenobarbital, at the 8 hour time point in the 
home cage aggression test aggressive behaviour was enhanced on days 
14 and 21 of chronic treatment with the 70 mg/kg dose of 
phenobarbital. This effect was opposite to the effect of this dose of 
phenobarbital at the 0.5 hour time point and appeared to be a 
function of declining drug concentration, in addition, it was 
detected on days 14 and 21 but not on days 1 and 7 of chronic drug 
treatment. It i6 difficult to determine whether the enhancements in 
aggressive behaviour observed at the 8 hour time point were the 
result of drug withdrawal. Significant enhancements in this measure 
were not observed between 24 and 72 hour after drug withdrawal, when 
other withdrawal responses were at their peak, and this would tend to 
suggest that these changes do not represent a withdrawal response.
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Levels of non-aggressive social interaction were, however, 
significantly reduced between 24 and 48 hour after phenobarbital 
withdrawal, as indeed were levels of locomotor activity and rearing 
in the holeboard and these effects might have masked any enhancement 
in aggressive behaviour resulting from drug withdrawal at these later 
time points.

The increased levels of aggressive behaviour observed at the 
8 hour time point and the increased sensitivity to seizures, observed 
during phenobarbital withdrawal in these experiments are consistent 
with the results of previous studies on barbiturate withdrawal (see 
Chapter 1). The effects of phenobarbital withdrawal on locomotor 
activity and exploratory behaviour are, however, less clear cut. 
Hyperactivity, which has been associated with barbiturate withdrawal, 
was not observed in these experiments, although the observed 
reductions in locomotor activity and rearing were consistent with an 
effect opposite to the acute actions of phenobarbital. However, the 
possibility that the reductions in behavioural measures observed 
between 24 and 72 hours after phenobarbital withdrawal resulted from 
a relatively non-specific effect related to the generally unpleasant 
effects of drug withdrawal cannot be ruled out, particularly in the 
light of the reduction in head-dipping observed during withdrawal, 
which was opposite to the withdrawal response which might have been 
expected for this measure.

It is possible that the reductions in levels of non-aggressive 
social interactions observed during both lorazepam and phenobarbital 
withdrawal, could reflect an anxiogenic withdrawal response. Evidence 
suggests that both phenobarbital and benzodiazepine withdrawal may 
result in anxiogenic withdrawal responses (Lader and File, 1987). 
Levels of social interaction in rats are believed to reflect levels 
of anxiety, however the extent to which this measure can be used to 
determine anxiety in mice is more difficult to determine (e.g. Krsiak 
et al, 1984). Levels of social interaction in mice have however been 
used to monitor the effects of anxiolytic drugs and it is possible 
that the reductions in these measures observed during withdrawal in 
these experiments are the result of an anxiogenic withdrawal 
response.



CHAPTER 3

SINGLE-DOSE EFFECTS 
INTRODUCTION
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This chapter discusses the effects of single doses of the 
benzodiazepines and other anticonvulsant drugs across time. The first 
two sections deal with development of tolerance to single drug doses 
and the extent to which withdrawal responses may occur following a 
single drug treatment. The relationship between benzodiazepine 
receptor occupancy and drug effect, the extent to which changes in 
the behavioural effects of the benzodiazepines across time are 
related to benzodiazepine receptor occupancy in vivo and the poor 
relationship between some of the behavioural effects of the 
benzodiazepines and in vivo receptor occupancy are then discussed.

ACUTE TOLERANCE TO THE EFFECTS OF ANTICONVULSANT DRUGS

In certain circumstances, tolerance may develop very rapidly to 
the effects of particular drugs; the term 'acute tolerance' may be 
used to describe the tolerance which develops following a single dose 
of a given drug (this phenomenon is sometimes also be referred to as 
desensitization). Thus acute tolerance may be said to have developed 
when a second dose of a drug produces a significantly smaller 
pharmacological effect than the first. Acute tolerance may, however, 
also be defined as a decreasing drug effect across the time course of 
a single dose, which occurs more rapidly than would be predicted from 
falling plasma drug concentrations; thus some hours after drug 
treatment, the pharmacological effect of a drug may be significantly 
less than would be predicted from concentrations in plasma or brain, 
indeed sometimes no drug effect can be detected even though the 
plasma drug concentration is still relatively high (e.g. 
Corfield-Sumner and Stolerman, 1978; Kalant et al, 1971).

Acute tolerance was first demonstrated to the impairments 
induced by ethanol in man (Mellanby, 1919), which were shown to be 
greater when blood alcohol concentrations were rising than when the 
same blood alcohol level was achieved whilst blood concentration was 
falling, a phenomenon which has also been observed in a number of 
other studies (e.g. Aschan et al, 1956; Goldberg, 1943; Story et al, 
1961). Acute tolerance has been demonstrated to the effects of a 
variety of drugs including morphine, nicotine, benzodiazepines and 
barbiturates (e.g. Kalant et al, 1971; Corfield-Sumner and Stolerman, 
1978; Frey, 1985).
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In man, acute tolerance has been observed to the impairments 
induced by both the benzodiazepines and the barbiturates. High doses 
of long-acting benzodiazepines (e.g. diazepam) exert an immediate 
sedative effect, patients however rarely remain sedated for longer 
than 48 hours and usually fully recover consciousness within 24 
hours, even though plasma drug concentrations may continue to ri6e 
for up to 96 hours (Greenblatt et al, 1978; Haefely, 1986). Acute 
tolerance developed equally rapidly to the ataxic effects of the 
barbiturates in animals (Maynert and Klingman, 1960), tolerance to 
the effects of thiopental or pentobarbital could be detected in man 
within 2 hours of drug treatment (Brodie et al, 1951; Dundee et al, 
1956; Ellinwood et al, 1980).

Acute tolerance may also develop to anticonvulsant drug effects. 
In dogs, the anticonvulsant effect of diazepam decreased 
progressively with repeated doses separated by 40 minute intervals in 
a proportion of subjects (Frey, 1986) and acute tolerance to the 
anticonvulsant actions of lorazepam could be detected 6h after drug 
treatment when a second probe dose of the drug was administered 
(Lister and Nutt, 1986). Acute tolerance does not appear to develop 
to the anticonvulsant effects of phenobarbital and phenytoin, indeed, 
the brain and plasma levels of phenobarbital required to provide a 
given level of protection against maximal electroshock seizures in 
mice decreased between 2 and 24 hours following drug treatment, a 
result more consistent with the development of sensitization (Frey 
1985; Frey and Magnussen, 1971), The development of acute tolerance 
to the effects of drugs on aggression has not been investigated.

The time courses for the development of acute tolerance to the 
sedative effects of ethanol, diazepam and pentobarbital in man can be 
divided into three phases: an early peak drug effect, a plateau
period of drug effect and a rapid recovery phase. Although the size 
and timing of these phases was different for each drug, the pattern 
of acute tolerance was similar, and it has been suggested that acute 
tolerance to the sedative-hypnotic effects of these drugs may be 
mediated by a common mechanism (Ellinwood et al, 1983; Wahlstrom and 
Widerlov, 1971).

The development of acute tolerance to the effects of diazepam 
was originally attributed to the accumulation of the active
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metabolite desmethyldiazepam, which was believed to block the action 
of diazepam at the benzodiazepine receptor (Barnett and Fiore, 1971; 
Sharer and Kutt, 1971). However, acute tolerance also developed to 
the sedative effects of oxazepam and lorazepam, both of which lack 
active metabolites (Wong et al, 1986; Schillings et al, 1977; 
Dingemanse et al, 1988). In addition, acute tolerance persisted even 
when active benzodiazepine metabolites could no longer be detected 
(Marcucci et al, 1968), indeed, the tolerance that developed to the 
sedative-hypnotic effects of a single dose of diazepam could be 
detected for up to 5 days after drug treatment (Henauer et al, 1984; 
Wong et al, 1986).

Evidence suggests that neither the accumulation of active 
metabolites nor changes in the rate of benzodiazepine metabolism 
underlie the development of acute tolerance (Yoong et al, 1986). 
However, changes in receptor occupancy may influence the development 
of acute tolerance to the benzodiazepines, as plasma or even brain 
concentrations of a benzodiazepine may not accurately reflect changes 
in receptor occupancy (Spirt et al, 1981). For example, a higher dose 
of oxazepam may be required to achieve similar levels of receptor 
occupancy 7.5 hours after drug treatment equivalent to those observed 
1 hour after drug treatment (Wilks et al, 1987).

A number of possible mechanisms for the occurrence of acute 
tolerance to the benzodiazepines have been proposed. High doses of 
diazepam are able to produce a large and rapid increase in the 
apparent density of benzodiazepine receptors in the rat brain (Speth 
et al, 1979). It has been suggested that the sedative-hypnotic 
effects of these drugs, which require very high levels of receptor 
occupancy, may be particularly sensitive to changes in the number of 
available receptors (Rosenberg et al, 1985) and that increased 
receptor density may result from the mobilization of spare 
benzodiazepine receptors (Speth et al, 1979). In addition, a form of 
acute tolerance developed to the ability of diazepam to enhance 
GABAergic effects, which resembled the tolerance observed following 
chronic benzodiazepine treatment (Wilson and Gallager, 1987); this 
effect might provide a mechanisms for acute sedative-hypnotic 
tolerance common to various drug types.
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The relationship between acute tolerance and the tolerance that 
develops with repeated dosing has not been investigated, however 
these phenomena are not necessarily the same. For the barbiturates, 
the tolerance observed both after a single dose of a drug and the 
tolerance that developed during chronic treatment, had similar 
patterns of dose and time dependency and both required a given 
pharmacological effect to occur during drug treatment in order for 
tolerance to develop (Okamoto et al, 1978). Thus both forms of 
tolerance had similar properties and it was suggested that chronic 
tolerance was an extension of acute tolerance, for the barbiturates 
at least. However, it has also been suggested that the full 
functional tolerance which develops within a single treatment of a 
sedative-hypnotic drug may not be identical to the tolerance which 
develops during chronic treatment and that chronic tolerance may 
represent a functional tolerance above and beyond acute tolerance 
(Maynert and Klingman, 1960).

In the case of the benzodiazepines, although some sensitivity to 
the sedative effects of these drugs is recovered between doses during 
chronic treatment, the tolerance that occurs after a single dose may 
persist for several days (following a single dose of diazepam, for 
example, significant tolerance to a second dose could be detected up 
to 5 days later). Thus the tolerance that develops over several days 
of chronic treatment could represent the cumulative development of 
acute tolerance of increasing intensity. However, the possibility 
that the tolerance that develops during chronic treatment represents 
the appearance of a separate form of tolerance to the sedative 
effects of these drugs should also be considered. Patients receiving 
long-term benzodiazepine treatment (at least 1 year) still showed 
significant memory impairments immediately following benzodiazepine 
treatment, however, full acute tolerance to the amnesic effects was 
observed 60 to 90 minutes after drug treatment; thus, although there 
was no evidence that tolerance developed to the amnesic effects of 
the benzodiazepines during chronic treatment, full acute tolerance 
developed to this effect (Lucki and Rickels, 1986).
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ACUTE WITHDRAWAL FROM ANTICONVULSANT DRUGS

Single-dose drug withdrawal responses are considerably less easy 
to detect, although such responses have been demonstrated for the 
major drugs of abuser e.g. increased sensitivity to seizures for 
alcohol and barbiturates and an increased sensitivity to pain in the 
case of morphine (Jaffe and Sharpless, 1965; Kosersky et al, 1974; 
McQuarrie and Fingl, 1958).

Perhaps the most significant single-dose withdrawal response in 
the context of these experiments is increased sensitivity to 
seizures. Withdrawal of a single high dose of either phenytoin (50 
mg/kg, 96 hours) or phenobarbital (100 mg/kg, 48 hours) lowered the 
seizure threshold in mice to a number of chemical convulsants 
including pentylenetetrazol (Rumke, 1967), with a time course similar 
to that observed after drug withdrawal following chronic drug 
treatment. Similarly, mice pretreated with moderate doses of the 
benzodiazepine lorazepam, were more sensitive to the proconvulsant 
actions of the benzodiazepine inverse-agonist FG 7142 (Lister and 
Nutt, 1986).

A number of other withdrawal responses may be precipitated by 
Ro 15-1788 after a single dose of a benzodiazepine. In cats, 
precipitated withdrawal 24 hours after a single high dose of 
flurazepam (40 mg/kg), resulted in a significant abstinence syndrome, 
using a cumulative measure of a number of behavioural indications of 
withdrawal (Rosenberg et al, 1983a). Similarly, subjective feelings 
of anxiety, and a number of anxiety related physical responses e. g. 
sweating, nausea and hot flushes (Dorow and Duka, 1986; Duka et al, 
1986), could be precipitated by Ro 15-1788 in normal human
volunteers, 24 hours after a single dose of lormetazepam (0.06 mg/kg) 
or flunitrazepam (0.03 mg/kg).

Using a cumulative measure of a number of withdrawal responses 
in the rat, a significant spontaneous withdrawal response could be 
detected following a single, extremely large dose of chlordiazepoxide 
(450 mg/kg> between 100 and 124 hours after drug treatment (Boisse et 
al, 1986). There is however little evidence to indicate that
spontaneous single-dose withdrawal responses occur following
benzodiazepine doses within the therapeutic range.
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The extent to which the appearance of single-dose withdrawal 
responses are dependent upon the development of acute tolerance has 
not been investigated. Acute tolerance is present in mice with an 
increased sensitivity to the proconvulsant actions of FG 7142, 
following withdrawal of a single dose of lorazepam (Lister and Nutt, 
1986). Acute tolerance to the anticonvulsant actions of phenobarbital 
and phenytoin was not observed however, although an increase in 
seizure sensitivity was observed during the single-dose withdrawal of 
relatively high doses of these drugs. The effect of single-dose 
sedative-hypnotic drug withdrawal on locomotor activity has not been 
investigated, although acute tolerance develops most rapidly and 
strongly to the sedative effects of these drugs.

THE RELATIONSHIP. ACROSS TIME. BETWEEN IN VIVO 
BENZODIAZEPINE RECEPTOR OCCUPANCY. AND PHARMACOLOGICAL EFFECT

The Measurement of Benzodiazepine Receptor Occupancy

The benzodiazepines are believed to act via specific, 
high-affinity binding sites in the central nervous system known as 
benzodiazepine receptors (see Chapter 1); the properties of these 
receptors may be studied using either in vivo or in vitro assaying 
techniques. In vitro receptor assays involve the purification of 
synaptosomal membrane fractions from homogenised brain tissue, or in 
some cases neuronal cells grown in culture (e.g. Chan et al, 1983), 
by the use of filtration and centrifugation techniques. Using 
standard biochemical methodology, full saturation curves may be 
determined for the binding of radiolabelled ligands to the receptors 
and a number of parameters may be accurately determined by the use of 
Scatchard transformations (e.g. Muller, 1987; Mahler and Richards, 
1983). Using in vitro techniques, levels of non-specific 
benzodiazepine binding may be determined with some accuracy, and both 
the affinity (either as Kd or as K±) and density (Bm-l><) of 
benzodiazepine receptors in a given sample may also be determined. In 
addition, in vitro assaying techniques may provide information about 
the homogeneity or heterogeneity of a given population of receptors.

The results of in vitro assays using neuronal cell6 grown in 
culture may be unrepresentative of the situation in vivo; the 
cellular distribution of receptors in particular may differ from that
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observed in vivo (Walker and Peacock, 1981). This problem does not 
occur when in vitro assaying techniques using cells taken from whole 
animal brain are used, however, there are also a number of other 
problems associated with in vitro assaying techniques.

Certain types of information, for example, cannot be obtained 
using in vitro techniques; in vitro assays cannot provide direct 
information about actual levels of receptor occupancy in vivo. Thus, 
although these techniques may be used to compare the in vitro 
affinities of various ligands for the benzodiazepine receptor with 
their pharmacological effects in vivo, they cannot be used to examine 
directly the relationship between levels of receptor occupancy in 
vivo and the pharmacological effects of the benzodiazepines observed 
at these occupancies. Not only does this limit the usefulness of in 
vitro assaying techniques, but a number of problems associated with
these techniques may also arise as a result of the sometimes poor
correlations between conditions in vitro and those observed in vivo. 
For example, the in vivo effects of a benzodiazepine may result from
the interaction of a number of active metabolites at the
benzodiazepine receptor and not just from the effects of the parent 
drug; it is often difficult to fully take into account the possible 
contribution of active metabolites to drug effects at the receptor 
when in vitro assaying techniques are used to measure the effects of 
a particular benzodiazepine. Although, in some instances, 
measurements of the relative proportions of active metabolites in 
vivo, in brain or plasma, have been used in in vitro studies to 
determine the relative contributions of various metabolites to the 
effects of a particular drug in vivo, other in vitro studies have 
failed to detect the presence of active metabolites or have not 
properly taken their effects at the receptor into account. Thus, in 
certain instances, the apparent activity of a particular 
benzodiazepine as determined using in vitro assaying techniques, may 
bear little resemblance to the activity of the drug in vivo (e.g. 
Haefely et al, 1985; MOller, 1987; Jochemsen et al, 1986; Morino et 
al, 1986).

In order to overcome some of the problems of the in vitro assay 
outlined above, in vivo assaying techniques for the benzodiazepine 
receptor have also been developed (e.g. Chang and Snyder, 1978; 
Williamson et al, 1978) which may be used to provide a measure of the
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actual levels of benzodiazepine receptor occupancy which occur In 
vivo. In vivo assaying techniques involve the intravenous injection 
of a dose of radiolabelled benzodiazepine (most commonly 3H-diazepam 
or 3H-flunitrazepine); after a given time interval the brain is 
rapidly removed, microdissected and homogenised, and the cell 
membranes, on which the radiolabelled receptors are located, are 
separated from the rest of the homogenate by filtration and washing. 
By treating subjects with very high doses of unlabelled receptor 
ligand, sufficient to produce a level of receptor occupancy close or 
equivalent to saturation, prior to injection with radiolabelled 
benzodiazepine, levels of non-displaceable binding may be determined. 
If radiolabelled benzodiazepine alone is injected, a measure of total 
binding may be determined and an assessment of total displaceable 
binding may be determined by subtracting non-displaceable from total 
binding levels. Levels of in vivo receptor binding in individual drug 
treatment groups may be determined by calculating the percentage of 
displaceable receptor binding which may be attributed to the binding 
of unlabelled benzodiazepine in these groups.

There are a number of problems associated with in vivo assaying 
techniques which may reduce the accuracy of data gathered using this 
method. Perhaps the most important of these is the risk of ex vivo 
binding or dissociation occurring in the time between the brain being 
removed and dissected, and the filtration stage. Although these 
procedures are carried out as quickly as possible, at 0°C, using 
3H-flunitrazepam, which dissociates from the receptor only slowly, to 
minimise this effect, it is likely that some such changes occur, and 
that the levels of bound radioactivity measured in these experiments 
are a relatively close approximation to true levels of binding in 
vivo rather than a completely true reflection of levels of in vivo 
binding (Minchin and Nutt, 1983).

Like the in vitro binding assay, there are limitations on the 
usefulness of in vivo binding techniques. In vivo binding methods are 
not useful for the determination of saturation curves for the 
receptor for two main reasons. Receptor affinities measured at 
physiological temperatures tend to be significantly lower than those 
measured at 0-4°C using in vitro assaying techniques, making accurate 
Scatchard analysis more difficult; moreover, because very large 
intravenous doses of radiolabelled benzodiazepines would be required
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for the accurate determination of saturation curves using in vivo 
techniques, the methodology used to determine in vivo receptor 
occupancies precludes the determination of saturation curves for the 
receptor (Skolnick and Paul, 1982). Because of these limitations, in 
vivo techniques are Used to provide qualitative, rather than 
quantitative, data, providing information on relative receptor 
affinities or levels of occupancy, rather than absolute values for 
these measures (Martin, 1986). In addition, when different 
populations of benzodiazepine receptors are compared using in vivo 
techniques, changes in affinity and receptor density cannot be 
properly distinguished as they can using an in vitro assay. However, 
if the same population of receptors is compared under different drug 
treatment conditions, receptor affinity should remain constant and 
relative levels of receptor occupancy can therefore be determined for 
the different treatment groups.

Differences in the results obtained using in vivo and in vitro 
techniques probably result, at least to some extent, from technical 
differences between in vivo and in vitro binding methodologies. The 
extent to which endogenous compounds such as GABA, which act at the 
benzodiazepine receptor, tend to affect the apparent affinity of the 
receptor for the benzodiazepines may affect the nature of binding in 
both in vivo and in vitro receptor assays (e.g. Haefely et al, 1985; 
Martin, 1986). In both instances, the extent to which these
endogenous compounds may alter affinity is difficult to quantify. 
Using in vitro techniques endogenous compounds are removed to 
different extents during the purification of the receptor depending 
upon the particular technique used. It is, however, difficult to 
completely remove these compounds and the extent to whiqh they are 
removed is difficult to quantify and may differ considerably
depending on the particular In vitro methodology used (Haefely et al, 
1985). It is therefore often not possible to directly compare the 
results of different in vitro experiments (MOller, 1987). In in vivo 
experiments, little effort is made to remove endogenous compounds and 
because compounds such as GABA are not removed during the assaying 
procedure, and no attempt is made to quantify their contribution to 
in vivo binding, their effects on the results of in vivo binding
experiments and the extent to which their levels differ with
differing drug treatment conditions cannot be determined (Haefely et 
al, 1985).
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Differences between the results of in vivo and in vitro binding 
experiments may also arise as a result of the physical conditions 
under which in vitro assays take place. Factors such as the long-term 
storage of samples used in in vitro assays, the temperature at which 
assaying takes place and the solvents used to store the receptor may 
all have fundamental effects on the results of in vitro receptor 
assays (e.g. Haefely et al, 1985; Schliebs et al, 1983). The 
structure of a membrane-spanning protein such as the benzodiazepine 
receptor is strongly dependent upon its immediate environment into 
which the protein is placed and the use of solvents which bear little 
resemblance to those found under physiological conditions may have 
profound effects on protein structure and therefore on the affinity 
of the receptor for its various ligands.

Temperature has been shown to have a profound influence on the 
results of in vitro receptor assays. In vitro assays are generally 
carried out at temperatures of 0-4°C. Evidence suggests that the 
results obtained at this temperature may, in some instances, be quite 
misleading; not only does the affinity of the benzodiazepine receptor 
decrease significantly between 0°C and physiological temperatures, 
but the relative affinities of various benzodiazepine receptor 
ligands observed at 0°C may be quite different from those observed at 
physiological temperatures (Haefely et al, 1985; Martin, 1986). In 
addition, the apparent properties of the receptor at low temperatures 
may differ from those observed at physiological temperatures. For 
example, Scatchard analysis of the results in vitro assays, carried 
out at 0°C, examining the binding of the ligand CL 218 872 to the 
benzodiazepine receptor, apparently revealed the presence of at 
multiple benzodiazepine receptor types (Squires et al, 1979). Similar 
in vitro experiments carried out at physiological temperatures, 
however, failed to reveal any heterogeneity of benzodiazepine 
receptor binding and the multiple receptor sites observed at 0°C, for 
CL 218 872 at least, may therefore simply be an anomalous result of 
in vitro binding techniques (see: Martin et al, 1983 for further
discussion). Thus the results of in vitro binding experiments carried 
out at low temperatures may poorly reflect the in vivo properties of 
the benzodiazepine receptor.

Thus, there are problems with both in vivo and in vitro 
benzodiazepine binding technologies, however, both techniques may
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make valuable contributions to our understanding of the function of 
the benzodiazepine receptor. The two techniques may perhaps be best 
perceived as complimentary methodologies able to provide different 
types of information about the benzodiazepine receptor. In vitro 
methods are most suitable for measuring the properties of the 
benzodiazepine receptor such as affinity and receptor density and in 
vivo techniques are effective in providing a measure of the extent to 
which receptor occupancy is directly related to pharmacological drug 
ef f ect.

The Relationship Between Benzodiazepine 
Receptor Occupancy and Pharmacological Effect

Both the sedative and the anticonvulsant effects of the 
benzodiazepines are believed to be mediated via the benzodiazepine 
receptor. Both effects can be reversed by the specific benzodiazepine 
antagonist Ro 15-1788 (Hunkeler et al, 1981; Bonetti et al, 1982). 
However, although for several behavioural parameters, a degree of 
correlation had been demonstrated between the behavioural actions of 
the benzodiazepines and levels of receptor occupancy, examples exist 
to the contrary (Mennini and Garattini, 1982). Furthermore, there is 
little direct evidence to suggest that such a correlation occurs 
across a range of different behavioural parameters and a simple 
relationship between the pharmacological actions of the 
benzodiazepines and in vivo receptor occupancy across all behavioural 
parameters cannot be inferred from existing evidence.

The relationship between benzodiazepine receptor occupancy (both 
in vivo and in vitro) and the pharmacological effects of the 
benzodiazepines has been extensively investigated using a variety of 
different experimental approaches. The problem has been most 
frequently addressed by comparing the effects of a variety of 
different compounds which act as agonists at the benzodiazepine 
receptor and determining the extent to which their behavioural 
actions correlate with affinity for the benzodiazepine receptor. 
Strong correlations have been demonstrated between the ability of a 
variety of benzodiazepine receptor ligands to inhibit the binding of 
3H-diazepam in vitro and the muscle relaxant action of these 
compounds in cats (Squires and Braestrup, 1977; Mohler and Okada, 
1977).
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This approach has also been used to demonstrate correlations 
between the anticonflict actions of the benzodiazepines and 
inhibition of in vivo 3H-flunitrazepam binding (Braestrup et al,
1982) or in vitro 3H-diazepam binding (Lippa et al, 1978). Using a 
slightly different approach, a correlation between the anticonflict 
effects of a range of doses of diazepam and in vitro 3H-diazepam
binding has also been demonstrated (Lippa et al, 1978).

Perhaps the most widely investigated aspect of the behavioural 
actions of the benzodiazepines, with respect to the relationship
between receptor occupancy and pharmacological effect, is their
anticonvulsant action. Several studies have compared the potencies of 
different benzodiazepines for preventing pentylenetetrazol-induced 
seizures with their ability to inhibit 3H-diazepam binding in vitro 
(e.g. Braestrup and Squires, 1978) or 3H-flunitrazepam binding in 
vivo (e.g. Chang and Snyder, 1978; Duka et al, 1979). Furthermore, a 
correlation has been established between declining receptor occupancy 
across time for a single dose of diazepam and the accompanying
decrease in anti-pentylenetetrazol effect (Paul et al, 1979). 
Correlations exist not only between receptor occupancy and the 
ability of the benzodiazepines to inhibit pentylenetetrazol-induced 
seizures but also with their ability to inhibit picrotoxin and 
bicuculline induced seizures (Chweh et al, 1983). A correlation 
between receptor occupancy and the anticonvulsant potencies of 
various benzodiazepines can even be observed for their ability to 
prevent seizures in genetically seizure-prone animals, e.g. 
photoepileptic chickens and DBA/2 mice (Fisher et al, 1985; Jensen et 
al, 1983). Furthermore, a series of convulsant ligands (tetrazole 
derivatives), thought to act via the benzodiazepine receptor, also 
show a strong correlation between their minimum convulsant doses and 
their relative potencies in displacing 3H-diazepam in vitro (Rehavi 
et al, 1982).

When the behavioural action of an individual benzodiazepine 
fails to correlate with its ability to displace 3H-diazepam or 
3H-flunitrazepam in. vitro, the result can generally be explained by 
the presence of active metabolites which are not detected by in vitro 
techniques (e.g. Jochemsen et al, 1986; Morino et al, 1986). In vivo 
assays of receptor occupancy can be more reliable in such instances.
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The case for a correlation between in vivo benzodiazepine 
receptor occupancy and a range of pharmacological actions of the 
benzodiazepines has been well established. However, not all the 
pharmacological actions of the benzodiazepines show a positive 
correlation with receptor occupancy. For example, the anticonvulsant 
potencies of a range of benzodiazepines against maximal electroshock 
and strychnine-induced seizures were not correlated with their 
ability to inhibit 3H-flunitrazepam binding in vitro (Chweh et al,
1983).

The relationship between receptor occupancy and pharmacological 
effect breaks down most conspicuously, however, when different 
behavioural measures are compared with each other or when the 
relationships between binding and pharmacological effect are compared 
across more than one behavioural measure. The degree of receptor 
occupancy required to produce a given pharmacological effect may 
differ considerably depending on the behaviour measured. In the case 
of in vivo 3H-flunitrazepam binding, an occupancy of at least 50-60% 
is required, in mice, in order to produce a significant ataxic 
effect, for a range of benzodiazepines <e. g. Jochemsen et al, 1986). 
However full protection against a convulsant dose of 
pentylenetetrazol has been observed at receptor occupancies as low as 
30% in this species (Paul et al, 1979; Jochemsen et al, 1986). 
Anticonflict effects of the benzodiazepines have also been detected 
at somewhat lower occupancies (45-55%) than those required for 
sedation or ataxia (Petersen et al, 1986).

Differences in the sensitivities of the behavioural tests used 
can go some way toward explaining the differences in occupancies 
required to produce the various pharmacological effects. However, 
cases do exist where this is unlikely to be the explanation. Jensen 
et al (1983) compared the ability of diazepam, in genetically seizure 
susceptible mice, to prevent either audiogenically or 
pentylenetetrazol-induced seizures. The ED50 of diazepam for 
audiogenic seizures occurred at an in vivo receptor occupancy of 10% 
whereas that for pentylenetetrazol-induced seizures occurred at 32% 
receptor occupancy. Braestrup et al (1982) compared the receptor 
occupancies required for a minimally effective dose in a conflict 
test of a range of benzodiazepines with the occupancies required to 
produce a 50% reduction in pentylenetetrazol-induced seizures. The
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ED50 for the anti-pentylenetetrazol effect occurred at an occupancy 
of only 25%, whereas the minimal effective dose in the conflict test 
occurred at an occupancy of 50-70%.

When the effects of different benzodiazepines are compared for 
more than one behavioural parameter, then the failure of the 
pharmacological actions of the benzodiazepines to correlate with 
receptor occupancy across different behavioural measures becomes more 
apparent. The ED50s required for the anti-pentylenetetrazol effects 
of diazepam, clobazam and CP 1414 are equal to the minimal effective 
doses of these drugs in a conflict test (Caccia et al, 1980; Carli et 
al, 1981). On the other hand, camazepam, oxazepam and CL 218 872 all 
possess significantly higher ED 50s for their anti-pentylenetetrazol 
effects than their minimal effective doses in the conflict test 
(Mennini and Garattini, 1982; Lippa et al, 1979b) and temazepam has a 
significantly higher minimal effective dose in the conflict test than 
its ED50 against pentylenetetrazol-induced seizures. Steru et al 
(1986) have carried out a detailed comparison of various behavioural 
effects of eleven different benzodiazepines (anticonvulsant action 
against electroshock, anxiolytic effect in the fou»— plates test, 
sedative and myorelaxant effects). They reported differences in the 
specificity of the various tests between the different 
benzodiazepines, particularly for the anxiolytic profiles of the 
drugs, which made it difficult to interpret all the observed 
behavioural effects in terms of a single pathway of drug action 
occurring via a single receptor type.

A number of mechanisms have been proposed whereby a given 
benzodiazepine might produce differing effects on various behavioural 
measures. Multiple benzodiazepine receptor types could result in 
different receptors mediating different behaviours. The evidence for 
the existence of more than one type of central benzodiazepine 
receptor first came with the discovery of a novel class of 
benzodiazepine receptor ligands, the triazolopyridazines (Squires et 
al, 1979). One of these compounds, CL 218 872, was found to inhibit 
3H-diazepam binding in vitro (at 0°C) with a Hill coefficient 
significantly less than unity, implying the existence of more than 
one receptor type. Those sites showing a high affinity for 
CL 218 872, type 1 receptors, were found to be localized more in the 
cerebellum, and a higher concentration of the type 2 receptors, which
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possess a low affinity for CL 218 872, were found in the cerebral 
cortex and hippocampus.

Although further studies revealed that both the p-carbolines 
(Ehlert et al, 1983). and pentylenetetrazol (Chweh et al, 1983b) may 
be able to distinguish between these receptor subtypes, classical 
benzodiazepines do not distinguish these two receptor types and 
indeed, at physiological temperatures, CL 218 872 loses its ability 
to discriminate between type 1 and type 2 receptors (Gee et al, 
1982). In addition, the original claims that the type 1 receptor 
represented a site for the anxiolytic actions of the benzodiazepines 
and the type 2 receptor for their sedative and anticonvulsant actions 
have not been supported by further research and attempts to correlate 
heterogeneity of binding with the intrinsic activity of type 1 
specific drugs have been largely unsuccessful (Ehlert et al, 1983).

Differing receptor types are unlikely to fully account for the 
differences in receptor occupancy required to produce the various 
behavioural effects of the benzodiazepines. However if, as described 
in Chapter 1, a number of different neurotransmitter pathways are 
involved in the various behavioural effects of these drugs, the 
eventual behavioural effect of a benzodiazepine may be indirectly 
mediated by pathways downstream from the benzodiazepine receptor. In 
this case, the level of benzodiazepine receptor occupancy required to 
produce a given behavioural effect will depend upon the sensitivity 
of appropriate pathways, downstream from benzodiazepine receptors, to 
the changes in GABAergic neurotransmission induced by the 
benzodiazepines, and this could differ for different behavioural drug 
ef f ects.

In addition, the various behavioural effects of the 
benzodiazepines may be mediated by different brain regions containing 
varying densities of receptors. Benzodiazepine receptors are unevenly 
distributed within the CNS; the highest density of receptors occurs 
in the cerebral cortex and high densities are also found in 
cerebellar cortex, hippocampus, amygdala, hypothalamus and thalamus. 
Lower receptor densities are found in the lower brain stem and in 
spinal cord (e.g. Haefely et al, 1985). Thus regions containing 
relatively high concentrations of benzodiazepine receptors may be
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especially important in mediating the various behavioural effects of 
these drugs.

Sedative Effects of the Benzodiazepines Which Are Not 
Correlated with Receptor Occupancy; Long-Term Effects Not 

Mediated by the Benzodiazepine Receptor

When the effects across time of a single dose of a 
benzodiazepine are considered, additional factors may contribute to 
the relationship between receptor occupancy and drug effect. Both the 
differential development of within dose tolerance to the various 
behavioural effects of the benzodiazepines and the appearance of 
behavioural effects which are not directly mediated by the 
benzodiazepine receptor might contribute to these effects.

The sedative effects of the benzodiazepines often correlate 
particularly poorly with plasma and brain drug concentrations (e. g. 
Bond et al, 1977; Lader, 1979). Unexpectedly rapid rates of recovery 
from the sedative effects of high doses of the benzodiazepines have 
been observed both in animals (e.g. Ellinwood et al, 1983) and in man 
(e.g. Greenblatt et al, 1978; Haefely, 1986). Often, after acute 
benzodiazepine treatment, only a minimal sedative effect of a 
benzodiazepine may be observed, even though high plasma 
concentrations of the drug and of any active metabolites can still be 
detected (see above).

In rats, the sedative effects of lorazepam were found to be 
poorly correlated with lorazepam concentrations in the brain at 
various times after drug treatment (Lister et al, 1983b>. Similar 
effects may be observed in man after a single dose of oxazepam
(Ziegler et al, 1983) or chlordiazepoxide (Gottschalk et al, 1975).
The time course for the sedative effects of the benzodiazepines may
correlate particularly poorly with benzodiazepine receptor 
occupancies compared with other behavioural measures (Jochemsen et 
al, 1986).

As well a6 the development of acute tolerance, higher than 
expected levels of sedation may occur at time points later in the
time course of benzodiazepine treatment. This effect, often described 
as a 'hangover' effect, may result in feelings of drowsiness detected
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some considerable time after benzodiazepine treatment. For example, 
feelings of drowsiness were detected up to 24 hours after a single 
dose of flurazepam or nitrazepam (Ogura et al, 1980). Persistent 
sedative effects observed after a single dose of a benzodiazepine may 
be attributed, at le&st in part, to a phenomenon described as
'resedation'. In man, when a time course for the sedative effect of a 
benzodiazepine is plotted, a small secondary peak in sedation effect 
may be observed (Ziegler et al, 1983). In the case of midazolam this 
effect could be identified neither with changes in plasma midazolam 
nor with the appearance of any active metabolites (Ruiz et al, 1983).

In rats, a late-appearing lorazepam-induced hypoactivity was 
detected in the holeboard test which may be equivalent to
'resedation' in man. This effect could not be reversed by the
specific benzodiazepine antagonist Ro 15-1788 (Lister and File, 1986) 
and was poorly correlated with concentrations of lorazepam in plasma 
and brain (Lister et al, 1983b). Thus this late-occurring sedative 
effect was not directly mediated via the GABA-benzodiazepine receptor 
complex, as it could not be reversed by Ro 15-1788, and may indeed 
have been mediated neurotransmitters other than GABA, downstream from 
the benzodiazepine receptor (Lister and File, 1983).

The following chapter describes a number of experiments which 
explored the development of acute tolerance and single-dose 
withdrawal responses to phenobarbital and to the benzodiazepines 
lorazepam and oxazepam. Further experiments explore the changes 
across time in in vivo receptor occupancy and the effects across time 
in the holeboard and on seizure threshold of single doses of
lorazepam and oxazepam.



CHAPTER 4

SINGLE-DOSE EFFECTS: 
EXPERIMENTS
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INTRODUCTION

The experiments described in this chapter deal with the development
of single-dose tolerance and withdrawal responses and the changes
observed across time in various behavioural measures and in in vivo 
receptor binding following single doses of the benzodiazepines lorazepam 
and oxazepam.

The experiments in the first half of the chapter describe the 
development of tolerance and the appearance of withdrawal responses 
following single doses of lorazepam and phenobarbital. The effects of a 
single dose of lorazepam in the holeboard were investigated to determine 
whether single-dose withdrawal responses could be detected and to 
examine the relationship between such withdrawal responses and the 
development of single-dose tolerance. In addition, the behavioural effects 
across time of a single dose of phenobarbital were investigated and the 
nature of the enhancement in aggressive behaviour observed several hours 
after phenobarbital treatment was examined in order to compare this 
effect with the low dose enhancements in aggressive behaviour which may 
occur in response to phenobarbital, and to explore the possibility that 
this enhancement might represent a within dose withdrawal response.

The experiments described in the second half of the chapter were
designed to examine the effects of single doses of benzodiazepines across 
time, in order to explore the relationship between receptor occupancy and 
behavioural drug effects. These experiments describe the effects of 
single doses of two different benzodiazepines, lorazepam and oxazepam,
selected because both drugs lack active metabolites in mice (Wong et al, 
1986; Schillings -et al, 1977; Dingemanse et al, 1988) and compare the 
effects of these two drugs in the holeboard, on seizure threshold and on 
in vivo receptor occupancy, in order to investigate the relationship 
between in vivo benzodiazepine receptor occupancy and pharmacological 
effect. The changes across time in the different behavioural measures 
were compared in order to determine the extent to which the time courses 
for different behavioural measures resembled each other and resembled the 
changes observed in in vivo receptor occupancy.

The comparison between the behavioural effects of the 
benzodiazepines and in vivo benzodiazepine receptor occupancy at each 
time point provided an indication of the extent to which the initial site
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of action continued to influence drug effect across the time course. The 
various behavioural effects of the benzodiazepines, are believed to be 
correlated to receptor occupancy not only immediately after drug 
treatment but also later in the time course of drug treatment, during the 
period of declining drug effect. However, no direct evidence exists to 
support the widely held belief that such a correlation occurs across a 
range of different behavioural parameters and a simple relationship 
between the pharmacological actions of the benzodiazepines and in vivo 
receptor occupancy across all behavioural parameters cannot be inferred 
from existing evidence.

SINGLE-DOSE PHENOBARBITAL WITHDRAWAL

The effects of single doses of phenobarbital, at various time points 
after drug treatment, were determined in the holeboard and in a test of 
home-cage aggression in the rat. The aim of these experiments was to 
compare the behavioural effects of phenobarbital several hours after a 
relatively high dose with those observed shortly after a relatively low 
dose.

The enhancements in aggressive behaviour which may occur several 
hours after a relatively high dose of phenobarbital (see Chapter 2) could 
be the result of an early withdrawal response and might therefore differ 
from the enhancements in aggressive behaviour which may be induced by 
treatment with low doses of phenobarbital (Silverman 1966). These 
experiments were designed to examine similarities and differences between 
the behavioural effects observed shortly after treatment with low doses 
of phenobarbital and the effects observed several hours after higher 
doses.

On the basis of pilot experiments, doses of 20 and 50 mg/kg and
time points 6, 8 and 12 hours after drug treatment were chosen to
examine the effects of phenobarbital several hours after drug treatment. 
Doses of 20 and 7.5 mg/kg and a time point of lh after drug treatment
were chosen to examine the effects of low doses phenobarbital shortly
after drug treatment.
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METHODS

Animals Male hooded Lister rats (Olac Ltd, Bicester) weighing 150-300g 
were housed singly for 5 days prior to testing in a room with an llh 
light 13h dark cycle (lights on at 07:00h) and with free access to food 
and water. For both the home-cage aggression test and the holeboard test, 
animals were preinjected at various time prior to testing and were tested 
between 08:00 and 13:00.

Drugs Sodium phenobarbital was dissolved in distilled water; control 
animals received distilled water alone. All animals received 
intraperitoneal injections in an injection volume of 2ml/kg.

Statistics The data from the home-cage aggression test were analysed 
using Mann-Whitney U tests. The data from the holeboard test was
analysed using analysis of variance, Dunnett's test was used for post-hoc 
analysis.

Holeboard The rat holeboard consists of a wooden box 60 x 60 x 35 cm 
with four holes equally spaced in the floor, each 3.8 cm in diameter.
Photocells, positioned in the walls of the box to measure locomotor 
activity and rearing, were placed 4.5 and 11 cm from the floor
respectively. The test procedure was identical to that described in 
Chapter 2 for the mouse holeboard.

Home Cage Aggression Aggressive behaviour in the rat was determined
using a test of aggressive behaviour in the home cage (File et al, 1981).
Rats were housed singly for 5 days prior to testing, in cages measuring 
38 x 25 x 18 cm. On the test day, an intruder rat was introduced into the 
home cage of a resident and the ensuing behavioural interaction was
scored separately for resident and intruder animals during a 6 minute 
test period.

For each test, one of the two animals, either the resident or the
intruder, was treated with either phenobarbital or control and the other
animal remained untreated. For each drug condition investigated, groups of 
both drug treated residents and drug treated intruders were tested, 
paired with untreated animals. The durations of several behaviours were 
recorded by scorers blind to drug condition using keyboards linked to a
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microcomputer. The following behaviours were scored: sniffing and
grooming partner, kick or push partner, wrestle and submit.

RESULTS

Effects of Phenobarbital in the Holeboard

Procedure

Rats were randomly allocated to the following treatment groups: 
tested 12 hours after control, 20 mg/kg or 50 mg/kg sodium phenobarbital 
(n=10 in each case); tested 8 hours after control (n=8>, 20 mg/kg <n=16>
or 50 mg/kg (n=15) sodium phenobarbital; tested 6 hours after control
(n=10), 20 mg/kg (n=9) or 50 mg/kg (n=ll) sodium phenobarbital; tested 
1 hour after control, 7.5 mg/kg or 20 mg/kg sodium phenobarbital <n=8 in 
each case).

Holeboard 6. 8 and 12 hours after 20 or 50 mg/kg 6odium phenobarbital

Table 14 6hows the effects of phenobarbital at the various time 
points described above in the holeboard. At the 6 hour time point, sodium 
phenobarbital caused significant reductions in the number of head-dips 
(F (2,27)=5.1, p<0.05) and in rearing <F (2,27)=6.1, p<0.01). Post-hoc tests
revealed that these reductions were significant only at the 50 mg/kg dose 
<p<0.05 in both cases). At the 12 hour time point, significant overall 
increases were observed in the time spent head-dipping (F(2,27)=3.6, 
p<0.05) and in rearing <F<2,27)=3.9, p<0.05). These changes were not
significant for any individual drug treatment group in post-hoc tests. No 
significant changes were observed at the 8 hour time point at either 
dose.

Holeboard 1 hour after sodium phenobarbital 7.5 and 20 mg/kg

No significant changes were observed in any of the measures 1 hour 
after either 7.5 mg/kg or 20 rag/kg of sodium phenobarbital (see table 
14).
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TABLE 14

The effects of phenobarbital in the holeboard, 6, 8 and 12 hours 
after a single dose <20 or 50 mg/kg) and 1 hour after a single 
dose (7.5 or 20 mg/kg). Measures are mean number of head dips time 
spent head-dipping (s), number of rears and motor activity (±SEM>.

TIME (HOURS) DOSE NUMBER OF TIME SPENT
AFTER DRUG (mg/kg) HEAD DIPS HEAD-DIPPING MOTOR REARS

CONTROL 17. 6 13. 7 364. 4 50. 6
±2. 6 ±2. 3 ±17. 1 ±3. 6

20 24. 9 22. 2 428. 0 72. 4
±3. 0 ±2. 9 ±30. 8 ±6. 5

50 17. 3 20. 0 326. 3 57. 7
±2. 2 ±2. 7 ±27. 8 ±5. 9

20 13. 1 11. 1 353. 9 49. 0
±1. 6 ±1. 6 ±22. 9 ±3. 4

50 15. 1 14. 2 338. 3 44. 1
±1. 9 ±2. 2 ±37. 1 ±4. 9

20 13. 1 9. 3 404. 1 56. 6
±2. 1 ±1. 5 ±41. 9 ±7. 7

50 9. 5* 8. 2 303. 9 32. 3*
±1. 3 ±1. 8 ±5. 7 ±3. 5

CONTROL 10. 5 13. 9 287. 0 21. 3
±1. 9 ±3. 8 ±22. 0 ±1. 3

7. 5 12. 8 13. 4 322. 4 24. 0
±2. 1 ±1. 9 ±13. 6 ±2. 3

20 10. 5 11. 9 308. 8 19. 5
±1. 6 ±1. 7 ±22. 9 ±3. 6

* Significantly different from appropriate control group, p<0.05.
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Summary

Sodium phenobarbital (50 mg/kg) produced a significant reduction in 
holeboard measures (head-dipping and rearing) 6 hours after drug 
treatment. A behavioural activation (enhancements in head-dipping and 
rearing) was observed 12 hours after phenobarbital treatment.

Effects of Phenobarbital in the Home Cage Aggression Test 

Procedure

Experiment 1: Two groups of rats (one to be tested with residents 
drug treated and the other with intruders drug treated) were randomly 
allocated to each of the following nine drug treatments: control, 20 mg/kg 
or 50 mg/kg sodium phenobarbital tested 12, 8 or 6 hours after drug (n=8 
or 10 in each group).

Experiment 2: Two further doses of sodium phenobarbital were
selected to investigate the low dose effects of this drug. Two groups of 
rats were randomly allocated, as in experiment 1, to each of the following 
treatments: control, 7.5 mg/kg or 20 mg/kg sodium phenobarbital tested 
1 hour after drug treatment (n=8 in each group).

Home cage aggression 6. 8 and 12 hours after 20 or 50 mg/kg sodium 
phenobarbital

The behavioural effects of phenobarbital when an untreated intruder 
was introduced into the home cage of a drug treated resident, are shown 
in table 15.

When rats were tested 6 hours after the 50 mg/kg dose of 
phenobarbital, significant decreases from control values were observed in 
a number of behavioural measures, for both the drug treated residents and 
the untreated intruders (see table 15). As sodium phenobarbital also 
reduced measures in the holeboard test at this time point, these 
decreases may have resulted from a non-specific sedative effect.

In the drug treated residents, a significant increase in the time 
spent kicking and pushing the intruder (p<0.05) was observed 8 hours 
after the 50 mg/kg dose. In the untreated intruders, at this time point, a
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TABLE 15
The effects of sodium phenobarbital on the various behavioural 
measures in the test of home cage aggression. Median times (s) spent 
in the different behaviours (± interquartile ranges) are presented 
when resident animals were treated with drug, for the drug treated 
residents and for the untreated intruders. Doses of phenobarbital are 
given in mg/kg and time after drug treatment in hours.

DRUG SNIFF KICK
TREATMENT TIME GROOM SUBMIT PUSH WRESTLE

DRUG TREATED RESIDENTS

CONTROL 12 16. 5 (11. 6) 10. 3 (21. 2) 4. 6 (5. 4) 14. 1 <16. 9>
PHB 20 25. 3 (19. 4) 2. 6 (14. 2) 3. 2 (11.9) 16. 9 (10.9)
PHB 50 20. 8 (20. 4> 7. 4 (15. 1> 0. 4 (4. 8) 23. 4 (17. 2)

CONTROL 8 22. 1 (9. 6) 6. 2 (27. 2) 1. 1 (2. 0) 0. 4 (0. 8)
PHB 20 22. 1 (23.1> 0. 0 (2. 3) 3. 5 (3. 9) 0. 2 (0. 7)
PHB 50 22. 1 (12. 9) 0. 3 (5. 2) 11. 9 (12. 5)* 0. 4 (1. 0)

CONTROL 6 27. 1 (24. 0) 0. 2 (1. 6) 8. 1 (6. 4) 1. 5 (3. 7)
PHB 20 41. 4 (16. 7> 0. 0 (0. 3) 7. 1 (11.5) 2. 3 (3. 8)
PHB 50 21. 9 (16. 1) 0. 0 (0. 0) 0. 0 (1. 0)* 0. 0 (0. 0)<*)

CONTROL 1 40. 5 (20.8> 1. 6 (9. 7) 4. 4 (10. 7) 2. 5 (2. 1)
PHB 7.5 26. 8 (24. 3) 4. 9 (17.3) 4. 1 (6. 2) 4. 2 (2. 5)
PHB 20 25. 8 (17. 0)* 8. 9 (11. 4) 1. 1 (7. 4) 1. 6 (1. 9)

UNTREATED INTRUDERS

CONTROL 12 16. 7 (8. 9) 5. 6 (12. 4) 4. 1 (16. 5) 24. 7 (29.5)
PHB 20 11. 6 (18. 6> 21. 9 (24. 5) 0. 2 (0.4)** 30. 2 (30.3)
PHB 50 22. 5 (4. 2) 14. 6 (21.0) (*) 1. 5 (3. 5) 26. 5 (21. 4)

CONTROL 8 9. 7 (11.3) 0. 0 <0. 2) 13. 0 (11. 9) 0. 4 (1. 9)
PHB 20 11. 6 (8. 9) 2. 9 (6. 8)<*) 2. 9 (9. 9) (*) 0. 2 (2. 6)
PHB 50 19. 8 (6. 7) 7. 9 (16. 7)** 9. 1 (9. 8) 0. 0 (0. 2)

CONTROL 6 13. 7 (7. 7) 12. 1 (14. 7) 1- I (1. 5) 1. 4 (6. 8)
PHB 20 17. 5 (13. 1) 21. 4 (35. 3) 0. 4 (1. 1) 1. 7 (4. 7)
PHB 50 8. 3 (8. 2) 0. 0 (3. 9) 0. 0 (1. 5) 0. 0 (0. 0)

CONTROL 1 33. 2 (9. 8) 5. 2 (14. 2) 13. 8 (14.1) 1. 2 (1. 0)
PHB 7. 5 24. 5 (9. 5) 10. 2 (7. 1) 17. 8 (8. 0) 1. 2 (4. 1)
PHB 20 20. 2 (2. 9)* 2. 9 (7. 0) 17. 0 (11. 9) 1. 2 (1. 2)

<*) Significantly different from appropriate control, p<0. 1.
* Significantly different from appropriate control, p<0.05

** Significantly different from appropriate control, p<0.01
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significant increase was observed in the time spent submitting (p<0.01>. 
Trends toward increased time spent submitting in the untreated intruders 
<p<0.1) were also observed 12 hours after the 50 mg/kg dose and 8 hours 
after the 20 mg/kg dose. The untreated intruders also showed decreases in 
kicking and pushing of the resident 12 hours after the 20 mg/kg dose
(p<0.01> and 8 hours after the 20 mg/kg dose (p<0.1).

The behavioural effects of phenobarbital when a drug treated 
intruder was introduced into the home cage of an untreated resident, are 
shown in table 16.

In the drug treated intruders, a significant increase in the time 
spent kicking and pushing the resident was observed 6 hours after the 20 
mg/kg dose (p<0.01> and a trend toward a decrease in the time spent
submitting was also observed in the intruders at this time point (p<0.1). 
In the untreated residents a significant increase (p<0.01> was observed in 
the time spent submitting at this time point.

Home cage aggression 1 hour after sodium phenobarbital 7.5 and 20 mg/kg

At the 7.5 mg/kg dose (administered lh prior to testing) no changes
were observed in the behavioural parameters measured for residents and 
intruders, either when resident animals received drug and were matched 
with untreated intruders (see table 15) or when untreated residents were 
matched with drug-treated intruders (see table 16).

When resident animals received a single 20 mg/kg dose of sodium 
phenobarbital 1 hour prior to testing and were tested against untreated 
intruders (see table 15), no- significant changes in aggressive behaviour 
for either residents or intruders were observed.

When intruder animals received a single dose of sodium phenobarbital 
(20 mg/kg) 1 hour prior to testing and were introduced into the home 
cage of an untreated resident (see table 16), a significant increase 
(p<0.05) in the time spent kicking and pushing the resident was observed 
in the drug treated intruders and a significant increase (p<0.05) in the 
time spent submitting was observed in the untreated residents.
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TABLE 16
The effects of sodium phenobarbital on the various behavioural 
measures in the test of home cage aggression. Median times (s) spent 
in the different behaviours <± interquartile ranges) are presented 
when intruder animals were treated with drug, for the drug treated 
intruders and for the untreated residents. Doses of phenobarbital are 
given in mg/kg and time after drug treatment in hours.

DRUG SNIFF KICK
TREATMENT TIME GROOM SUBMIT PUSH WRESTLE

DRUG TREATED INTRUDERS

CONTROL 12 16. 2 (9. 6) 3. 6 (15. 8) 5. 8 (8. 5) 10. 6 (23. 5)
PHB 20 14. 4 (8. 9) 3. 6 (7. 8) 9. 8 (16.6) 14. 7 (28. 1)
PHB 70 11. 9 (12.9) 11. 9 (12. 9>* 2. 7 (8. 8) 15. 9 (37.7)

CONTROL 8 15. 5 (5. 7) 22. 6 (25.0) 3. 1 (7. 6) 0. 1 (0. 7)
PHB 20 13. 0 (14. 1> 8. 4 (4. 6) 6. 0 (3. 6) 0. 0 (0. 4)
PHB 50 20. 4 (25.3> 23. 9 (15. 5) 1. 1 (1. 4) 0. 1 (1. 9)

CONTROL 6 9. 8 (6. 1) 12. 0 (16. 1) 1. 2 (4. 0) 18. 6 (22.7)
PHB 20 14. 8 (10. 6) 3. 0 (11. 5> (*)32. 0 (27.7)** 17. 2 (19.7)
PHB 50 20. 1 (15. 0)** 0. 7 (7. 3) (*) 5. 5 (3. 0) 18. 1 (14. 4)

CONTROL 1 33. 2 (9. 8) 5. 2 (14. 2) 13. 8 (14. 1) 1. 2 (1. 0)
PHB 7.5 38. 1 (6. 1) 0. 5 (7. 0) 27. 5 (37.7) 0. 2 (0. 9)
PHB 20 31. 7 (21. 0) 3. 1 (11.4) 39. 5 (15. 1) 0. 4 (0. 5)

UNTREATED RESIDENTS

CONTROL 12 26. 4 (12. 9) 9. 9 (27.7) 5. 3 (10.7) 7. 8 (15.3)
PHB 20 18. 8 (16. 0> 13. 4 (16. 0) 8. 3 (15. 4) 10. 4 (20.5)
PHB 50 26. 7 (17. 1) 6. 9 (17. 1) 7. 6 (9. 9) 11. 7 (26.9)

CONTROL 8 23. 2 (12.1) 0. 6 (6. 4) 8. 7 (17.7) 0. 0 (0. 5)
PHB 20 19. 7 (17. 9> 0. 2 (6. 8) 10. 4 (7. 2) 0. 6 (1. 4)
PHB 50 20. 7 (9. 1) 0. 4 (0. 6) 7. 6 (9. 8) 0. 1 (0. 5)

CONTROL 6 35. 8 (33. 9) 0. 1 (5. 8) 10. 1 (4. 1) 10. 4 (10.3)
PHB 20 35. 5 (12. 6) 24. 2 (18. 6)** 6. 1 (8. 3) 5. 0 (9. 1)
PHB 50 40. 7 (35. 6> 1. 3 (2. 0) 3. 1 (2.2)** 9. 1 (8. 6)

CONTROL 1 40. 5 (20. 8) 1. 6 (9. 7) 4. 4 (10.7) 2. 5 (2. 1)
PHB 7.5 37. 0 (22. 9) 10. 7 (22.2) 0. 7 (7. 7) 1. 5 (1. 3)
PHB 20 37. 6 (16. 4) 22. 4 (21. 0) * 2. 4 (4. 5) 2. 2 (4. 2)

(*) Significantly different from appropriate control, p<0. 1.
f Significantly different from appropriate control, p<0.05.

** Significantly different from appropriate control, p<0.01.
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Summary

In contrast to the test of home cage aggression in the mouse, this 
test provided a measure of aggressive behaviour both in the dominant 
resident and in the subordinate intruder. The simultaneous measurement of 
several different behavioural parameters made it possible to determine 
whether the observed changes were specific to aggressive behaviour. 
Wrestling, often described as 'play fighting', did not respond to 
phenobarbital in the same manner as kicking and pushing, thus aggression 
was defined in terms of this latter measure, believed to be 
representative of a low intensity of aggressive behaviour (Archer, 1988).

Resident rats, treated with phenobarbital and matched against 
untreated intruders, showed increased levels of aggressive behaviour in 
response to phenobarbital at the 8 hours time point, and untreated 
intruders were more submissive and less aggressive when matched with 
phenobarbital treated residents at the 12 hour time point. Increased 
levels of aggressive behaviour were not observed for drug treated 
residents at the 6 and 1 hour time points. Intruder rats, treated with 
phenobarbital and matched against untreated residents, showed increases 
in aggressive behaviour in response to phenobarbital at the 6 hour time 
point but not beyond.

A dose of 20 mg/kg administered 1 hour prior to testing had no 
effect on aggressive behaviour when administered to resident rats matched 
with untreated intruders. However when intruders were treated and matched 
with untreated residents an increase in aggressive behaviour was observed 
in the drug treated rats resembling that observed when drug treated 
intruders were tested 6 hours after 20 mg/kg phenobarbital.

Thus, when subordinate intruder rats were treated with phenobarbital 
and matched with untreated residents enhancements in aggressive 
behaviour were observed both 1 and 6 hours after a 20 mg/kg dose of 
phenobarbital in the drug treated intruders but no change in aggressive 
behaviour was observed beyond the 6 hour time point, and when dominant 
resident rats were treated with phenobarbital and matched with untreated 
intruders enhancements in aggressive behaviour were observed 8 and 
12 hours after drug treatment but not at the earlier time points.
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DISCUSSION

Sodium phenobarbital significantly reduced both head-dipping and 
rearing in the holeboard at the 6 hour time point and enhanced these two 
measures in this test at the 12 hour time point. The enhancements in 
holeboard measures observed at the 12 hour time point in these 
experiments could represent a low-dose stimulant effect of phenobarbital, 
which emerged as drug concentrations fell. However, experimental evidence 
from previous studies has not demonstrated the presence of a low-dose 
locomotor enhancing effect of phenobarbital and the evidence presented in 
Chapter 2 would suggest that the stimulant effects of phenobarbital which 
occur shortly after drug treatment differ from those observed for the 
benzodiazepines, tending to be associated with changes in locomotor 
activity, rather than exploratory behaviour, and with high, rather than 
low, doses of phenobarbital. In addition, the low doses of phenobarbital 
tested in these experiments at the 1 hour time point did not produce a 
stimulant effect in the holeboard. Alternatively it is possible that the 
enhancements in holeboard measures observed at the 12 hour time point 
may result either from a single-dose withdrawal response which occurs 
shortly after drug withdrawal or that they may be a late-appearing
behavioural drug effect associated with the declining part of the drug
concentration curve.

Enhancements in aggressive behaviour were observed both at the 1 
and 6 hour time points, and at the 8 and 12 hour time points. The effects 
of phenobarbital on aggressive behaviour at the later time points, 
however, differed from those observed at the earlier time points. At the 
1 and 6 hour time points, phenobarbital produced a low-dose enhancement 
in aggressive behaviour in subordinate but not in dominant animals. 
Enhancements in the aggressive behaviour of dominant, but not
subordinate, animals were observed at the 8 and 12 hour time points. Thus 
the enhancements in aggression observed at the later time points differed 
in their nature from the low-dose enhancements observed at the earlier 
time points and were unlikely to be the result of a low-dose effect 
emerging as a result of declining brain phenobarbital concentrations.

The enhancements in aggressive behaviour observed in these
experiments resemble those observed 8 hours after phenobarbital treatment 
in the mouse (see Chapter 2). In the mouse, these effects developed after 
a period of chronic drug treatment and may, therefore, represent an early



141

withdrawal response. However, the possibility cannot be excluded that the 
late-appearing enhancement in aggressive behaviour represented an effect, 
previously masked by an inhibitory action of phenobarbital, which emerged 
at the later time points when acute tolerance has developed to the 
inhibitory actions of the drug.

The data presented above indicates that enhancements in aggressive 
behaviour and hyperactivity may both emerge within 24 hours of 
phenobarbital treatment, even after a single dose. In Chapter 2 the 
reductions in head-dipping and aggressive behaviour observed 0.5h after 
phenobarbital treatment could not be detected at the 8h time point, even 
though seizure threshold and locomotor activity were still significantly 
enhanced at this time point. This may indicate that rapid within-dose 
tolerance had developed to the effects of phenobarbital on aggressive 
behaviour, possibly leading to a single-dose withdrawal response which 
might lead to the enhancements observed in these behaviours observed 
8-12 hours after drug treatment.

Phenobarbital, even after a single dose, may produce a behavioural 
syndrome which resembles both the behavioural disturbances observed in 
some epileptic patients and that attributed to phenobarbital treatment in 
epileptic children, who may become both hyperactive and irritable several 
hours after phenobarbital treatment, even after a single do6e of the drug 
(e.g. Wolf and Forsythe, 1978). Anticonvulsant drugs may enhance levels of 
aggressive behaviour both during withdrawal and after treatment with low 
doses. In addition, in the case of phenobarbital, enhancements in 
aggressive behaviour may develop very rapidly following drug treatment. 
Enhanced aggression might therefore appear between doses for this drug, 
if drug treatment is given only every 24 or even every 12 hours.

SINGLE-DOSE BENZODIAZEPINE WITHDRAWAL

The following experiments were designed to determine whether 
spontaneous withdrawal responses could be detected, in the holeboard, 
after single doses of the benzodiazepines lorazepam and oxazepam. The 
receptor occupancies for the two benzodiazepines were determined 48 hours 
after drug treatment in order to determine whether low residual brain 
concentrations of these benzodiazepines were present which might result 
in low dose stimulant effects. Finally the effect of Ro 15-1788 was
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investigated on the actions of lorazepam observed 48h after drug 
treatment.

METHODS

Animals Male albino mice weighing approximately 20-25g were housed in 
groups of 30 in a room with a 14h light: lOh dark cycle (lights on at
06:00h> with freely available food and water.

Drugs Lorazepam and its vehicle control were made up as described in 
Chapter 2. Oxazepam and Ro 15-1788 were suspended in distilled water 
with a drop of Tween 20; control animals received distilled water to 
which a drop of Tween 20 had been added or a dilution of lorazepam 
vehicle as appropriate. All drugs were administered orally, with the 
exception of Ro 15-1788 which was administered intraperitoneally, to an 
injection volume of 4ml/kg. 3-Flunitrazepam was made up in physiological 
saline and administered intravenously at an injection volume of lOml/kg.

Procedure The procedure for the holeboard test was as described in 
Chapter 2. The procedure for in vivo binding was identical to that 
described below for the experiments on the changes in in vivo 
benzodiazepine receptor binding across time.

i)Holeboard Experiment 1: Animals, tested in an order randomised for drug 
treatment between 07:00 and 12:00, were randomly allocated to the
following treatment groups: control, oxazepam (7 mg/kg) or lorazepam (0.25
mg/kg) administered 24, 48 or 72 hours prior to testing. Pilot experiments 
demonstrated that control groups injected at the three time points did 
not differ from each other and a single control group, composed of 
animals which were randomly allocated to one of the three time points, 
was therefore used. All animals were tested on the same day.
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Experiment 2: Mice were randomly allocated to one of four treatment 
groups shown below:

48 HOURS BEFORE TEST 20 MINUTES BEFORE TEST N

Control + 2 x control* Control 10
Lorazepam + 2 x control* Control 9
Lorazepam + 2 x Ro 15-1788* Control 8
Lorazepam + 2 x control* Ro 15-1788 9

N=number of animals in each group 
*2 x injections of control or Ro 15-1788; <i> simultaneously with control 
or lorazepam and (ii) 45 minutes later.

All animals received four injections: an oral injection of lorazepam 
(0.25 mg/kg) or control 48 hours prior to testing and three i.p. injections 
of control or Ro 15-1788 (1 mg/kg> (i) simultaneously with the injection 
of lorazepam or control (ii) 45 minutes after this first injection (iii) 20 
minutes prior to testing. Animals received two injections of Ro 15-1788, 
separated by a period of 45 minutes to ensure that the receptor was 
occupied by the antagonist throughout the period that lorazepam was 
present, as Ro 15-1788 has a relatively short half-life.

ii)In vivo binding Animals were randomly allocated to the following 
treatment groups:
(i) Controls: water/Tween control (n=5) or vehicle control (n=6) 48 hours 
and water/Tween control 30 minutes prior to test.
(ii) Non-displaceable binding: control 48 hours and diazepam (32 mg/kg) 30 
minutes prior to testing (n=5).
(iii) Two drug treatment groups: oxazepam (7 mg/kg) (n=6) or lorazepam 
(0.25 mg/kg) (n=5) 48 hours and control 30 minutes prior to testing.

Statistics Data were analysed using analysis of variance and Duncan's 
multiple range tests for post-hoc comparisons.
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RESULTS

Effects of lorazepam and oxazepam In the holeboard 24. 48 and 72 hours 
after a single dose (see table 17)

No significant changes in the time spent head-dipping were detected 
for either drug at any of the three time points (24, 48 and 72 hours).

Lorazepam (0.25 mg/kg) produced trends toward significant overall 
increases in both locomotor activity and rearing over the three time 
points (F(1,64)=3.2, p<0.1; F(l,64)=3.3, p<0.1 respectively). Post-hoc tests 
revealed significant increases at the 48 hour time point in both measures 
(p<0.01 for locomotor activity and p<0.05 for rearing).

Oxazepam (7 mg/kg) caused no overall significant change in locomotor 
activity. However, a significant increase in rearing over the three time 
points was detected (F (1,56)=5.4, p<0.05), which was not statistically
significant in post-hoc tests at any one time point.

In-vivo binding 48 hours after treatment with lorazepam or oxazepam

No residual receptor occupancy was detected 48 hours after 
lorazepam (0.25 mg/kg) or oxazepam (7 mg/kg) in any of the three brain 
regions measured (see table 18); receptor occupancies were not 
significantly raised above baseline levels.

Effects of lorazepam in the holeboard 48 hours after a single dose: 
interactions with Ro 15-1788

In experiment 2, significant overall enhancements in both locomotor 
activity (F (3,32)=3.3, p<0.05) and rearing (F (3,32)=3.6, p<0.05) were
detected 48 hours after treatment with lorazepam (0.25 mg/kg), as in 
experiment 1 (see figures 4 and 5). Ro 15-1788 alone (1 mg/kg) had no 
significant effect on locomotor activity or rearing (locomotor activity: 
control= 205.2 + 15.1, Ro 15-1788= 206.7 + 20.3; rearing: control= 37.3 + 
3.5, Ro 15-1788= 36.9 + 3.4).

Lorazepam alone, administered 48 hours prior to testing, produced 
significant increases in both locomotor activity and rearing (p<0.05 in 
post hoc tests in each case). When Ro 15-1788 (1 mg/kg) was administered



145

TABLE 17
The effects of a single dose of lorazepam (0.25 mg/kg) or oxazepam 
(7 mg/kg> 24, 48 or 72h after drug treatment, in the holeboard. 
Measures are mean time spent head-dipping, locomotor activity and 
rearing <± SEM). Control values are pooled for vehicle and water/Tween 
controls. C0N=control, LOR=lorazepam, 0XAZ=oxazepam; N=number of 
animals in each group.

HOURS AFTER TIME SPENT MOTOR
DRUG TREATMENT HEAD-■DIPPING ACTIVITY REARING N

CON 78. 9 + 11. 8 247. 0 + 15. 4 46. 1 + 2. 6 8

LOR 24 67. 9 + 5. 2 225. 3 + 18. 8 41. 1 + 3. 3 10
LOR 48 73. 2 ± 5. 7 316. 1 + 16. If 56. 4 + 2. 8f 18
LOR 72 81. 1 ± 10. 1 290. 4 + 34. 1 56. 1 + 5. 2 8

OXAZ 24 88. 4 + 7. 0 266. 1 + 22. 1 53. 5 + 3. 1 10
OXAZ 48 79. 4 + 14. 0 269. 4 + 25. 5 58. 7 + 7. 7 9
OXAZ 72 76. 6 ± 6. 7 248. 7 + 18. 9 50. 7 + 5. 2 9

* Significantly different from control, p<0.05.



TABLE 18
The mean percentage receptor occupancies <± SEM) 48 hours after 
a single dose of lorazepam or oxazepam in three different brain 
regions.

DRUG
TREATMENT

PERCENTAGE OCCUPANCY 

CORTEX HIPPOCAMPUS CEREBELLUM

LORAZEPAM
OXAZEPAM

0. 0 ± 7. 0
0. 7 ± 8. 8

6. 6 ± 7. 2
1. 1 ± 12. 9

0. 7 ± 5. 8 
2 . 1 ± 12. 1
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FIGURE 4

The effect of a single dose of lorazepam (0.25 mg/kg), 48h after drug 
treatment on mean locomotor activity (±SEM) in the holeboard. Animals 
were treated with lorazepam alone or in combination with Ro 15-1788 (1 
mg/kg) as described for experiment 1 in the text. The time prior to 
treatment that animals received each drug are given in hours (h) or 
minutes (m).

* Significantly different from control, p<0. 05.
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FIGURE 5

The effect of a single dose of lorazepam (0.25 mg/kg>, 48h after drug 
treatment on mean levels of rearing (±SEM) in the holeboard. Animals were 
treated with lorazepam alone or in combination with Ro 15-1788 (1 mg/kg) 
as described for experiment 1 in the text. The time prior to treatment 
that animals received each drug are given in hours (h) or minutes (m>.

* Significantly different from control, p<0.05.
*t Significantly different from control, p<0,01.
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simultaneously with lorazepam 48 hours prior to testing, locomotor 
activity and rearing were no longer significantly increased. Thus the 
increases in locomotor activity and rearing detected 48 hours after 
lorazepam treatment could be reversed by Ro 15-1788 if this drug was 
used to block the . receptor at the time at which lorazepam was 
administered.

The drug treatment groups that received lorazepam 48 hours before 
testing and Ro 15-1788 20 minutes before testing did not differ
significantly from the group that received lorazepam 48 hours prior to 
testing and no Ro 15-1788. Significant increases in both locomotor 
activity (p<0.05> and rearing (p<0.01> were detected for both these 
groups. Thus in animals pretreated with lorazepam, Ro 15-1788 did not 
affect the behavioural changes observed at the 48 hour time point, when 
it was administered immediately prior to testing.

DISCUSSION

Increases in both locomotor activity and rearing were detected 
48 hours after a single dose of lorazepam and a smaller overall 
enhancement in rearing was detected following oxazepam treatment. 
Lorazepam might be expected to produce a more intense spontaneous 
withdrawal response as the shorter-acting of the two benzodiazepines. It 
is unlikely that the hyperactivity reported in the above experiments was 
the result of a low-dose stimulant effect, as no significant in vivo 
receptor occupancy could be detected at the 48 hour time point, and it is 
possible that these effects were the result of a form of spontaneous 
withdrawal response.

The hyperactivity observed in these experiments was initiated via 
the benzodiazepine receptor as it could be reversed by blocking the 
receptor using Ro 15-1788 at the time at which lorazepam was first 
administered. Unlike the anxiogenic withdrawal response observed after 
long-term benzodiazepine treatment, however, the effects observed in 
these experiments could not be reversed by treatment with Ro 15-1788 20 
minutes prior to testing. It has been suggested that the anxiogenic 
withdrawal response observed after chronic benzodiazepine treatment may 
be the result of an accumulation of endogenous anxiogenic ligand at the 
benzodiazepine receptor during chronic treatment as it can be reversed 
using Ro 15-1788 (File and Baldwin, 1987). It would appear however that
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the mechanism by which the single-dose withdrawal responses observed in 
these experiments occurs is different as it cannot be reversed by this 
benzodiazepine antagonist.

ACUTE TOLERANCE TO LORAZEPAM AND SINGLE-DOSE LORAZEPAM WITHDRAWAL

The following experiments were designed to investigate the 
relationship between the development of acute tolerance to lorazepam, 
defined as a significantly reduction in the behavioural effect of a second 
dose of drug compared with the effects of the first dose, and the 
occurrence of single-dose withdrawal responses in the holeboard.

METHODS

Animals Drugs and Behavioural Tests were as described above in the 
single-dose lorazepam withdrawal experiments.

Procedure Groups of mice were randomly allocated to one of four 
treatment groups and tested in the holeboard. All animals received two 
injections: either vehicle control, lorazepam (0.25 mg/kg> or a combination 
of these two. The drug treatment groups were as follows: (i) Control
group: control 48 and 1 hour prior to testing; (ii) Acute lorazepam:
control 48 hours and lorazepam 1 hour prior to testing; <iii) Acute 
tolerance to lorazepam: lorazepam 48 and 1 hour prior to testing; (iv) 
Acute lorazepam withdrawal: lorazepam 48 hours and control 1 hour prior 
to testing (n=10 in each group).

Statistics Data were analysed as described above for the single-dose 
lorazepam withdrawal experiments.

RESULTS

Effects of a single dose of lorazepam in the holeboard

The effects of lorazepam (0.25 mg/kg) on locomotor activity in the 
holeboard are shown in figure 6. A significant enhancement in locomotor 
activity, compared with control values, was detected 48 hours after a 
single dose of lorazepam (p<0.05). One hour after a single dose of 
lorazepam a significant decrease was detected in locomotor activity 
scores compared with controls <p<0.01>. The group of animals treated with
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FIGURE 6

The effects of lorazepam, on mean locomotor activity (±SEM> in the 
holeboard for the four drug treatment groups described in the text for 
the experiment investigating the relationship between acute tolerance to 
lorazepam and acute lorazepam withdrawal.
L0R=lorazepam (0. 25 mg/kg), 
<h>.

time after drug treatment is given in hours

* Significantly different from control group, p<0. 05.
** Significantly different from control group, p<0. 01.
A Significantly different from group which received a single dose of
lorazepam lh prior to testing, p<0.05.
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two doses of lorazepam, administered 1 and 48 hours prior to testing 
still had a significantly lower locomotor activity than the control group 
(p<0.05> but had a significantly higher locomotor activity than the group 
which received one dose of lorazepam 1 hour prior to testing (p<0.05>.

The effects of lorazepam on rearing in the holeboard are shown in 
figure 7. A significant increase in the number of rears in the holeboard 
was also detected 48 hours after a single dose of lorazepam (p<0.05). 
Again those animals treated with lorazepam 1 hour prior to testing 
showed a significant decrease in rearing (p<0.05>. Those animals treated 
with lorazepam both 1 and 48 hours prior to testing also showed a 
significant decrease in rearing compared with the control group <p<0.05> 
however, this group did not differ significantly from the group which 
received a single dose of lorazepam 1 hour prior to testing.

The effects of lorazepam on head-dipping are shown in table 19. No 
significant effect of lorazepam on head-dipping was detected 48 hours 
after a single dose. A significant decrease in head-dipping (both 
frequency and duration) was detected both in the group treated with 
lorazepam 1 hour prior to testing (p<0.01) and in the group which 
received lorazepam both 48 hours and 1 hour prior to testing (p<0.01). 
These two groups were not significantly different from each other.

DISCUSSION

A significant enhancement in locomotor activity was detected in the 
holeboard in these experiments 48 hours after a single dose of lorazepam. 
In addition, for those groups tested 1 hour after a single dose dose of 
lorazepam, a significantly smaller reduction in locomotor activity was 
observed in those animals which had been pretreated with lorazepam 48 
hours prior to testing. Thus a significant degree of tolerance appeared 
to have developed to the effects of lorazepam on locomotor activity after 
only a single dose.

It has been suggested that, at least in certain instances, tolerance 
and withdrawal may be mediated by the same mechanism (see Chapter 1). In 
these experiments, it is possible that the same mechanism induced both 
the enhancement in locomotor behaviour observed at the 48 hour time 
point and the acute tolerance observed at the 1 hour time point; a 
compensatory increase in innate locomotor activity levels in response to
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FIGURE 7

The effects of lorazepam, on mean number of rears (±SEM) in the holeboard 
for the four drug treatment groups described in the text for the 
experiment investigating the relationship between acute tolerance to 
lorazepam and acute lorazepam withdrawal.
L0R=Lorazepam <0.25 mg/kg), time after drug treatment is given in hours 
(h>.

* Significantly different from control group, p<0.05.
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TABLE 19

The effects of lorazepam, on mean head-dipping scores <± SEM) 
in the holeboard, for the four drug treatment groups described 
in the text for the experiment investigating the relationship 
between acute tolerance to lorazepam and acute lorazepam withdrawal. 
CONT=control; LOR=lorazepam (0.25 mg/kg).

DRUG TREATMENT NUMBER OF TIME SPENT
48H 1H HEAD-DIPS HEAD-DIPPING

CONT CONT 70. 8 ± 8. 4 40. 2 ± 8. 1
LOR CONT 72. 8 ± 11.6 39. 3 ± 7. 9
CONT LOR 54. 0 ± 10. 7 ** 26. 9 ± 6. 1 **
LOR LOR 44. 5 ± 8. 1 ** 20. 7 ± 5. 5

** Significantly different from control, p<0.01.
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lorazepam, to counteract the effects of the drug, could result in enhanced 
levels of locomotor activity during drug withdrawal and to acute 
tolerance as a result of the compensatory effect antagonising the effects 
of the drug. Thus the reduction in sedative effect observed in the group 
which was pretreated with lorazepam 48 hours and 1 hour prior to testing 
may represent an interaction between the sedative effects of lorazepam 
1 hour after drug treatment and the withdrawal response observed 
48 hours after drug treatment.

A significant enhancement in rearing was also detected in the 
holeboard in these experiments 48 hours after a single dose of lorazepam. 
However, there was no evidence of the development of tolerance to the 
enhancement in rearing observed in these experiments, suggesting that 
there was no detectable interaction between the enhancement in rearing 
observed at the 48 hour time point and the reduction in this measure 
observed at the 1 hour time point. In the case of the changes in 
locomotor activity and head-dipping in the holeboard, acute tolerance was 
observed only when single-dose withdrawal could also be detected. 
However, when rearing scores in the holeboard were investigated a 
single-dose withdrawal response could be detected without any detectable 
acute tolerance. Thus, although the effects on locomotor activity and 
head-dipping might indicate a relationship between tolerance and 
withdrawal, overall these results do not demonstrate a clear relationship 
between these two phenomena. Rearing, however, is a measure which 
contains elements of both locomotor activity and exploratory behaviour, 
and it may be that acute tolerance does not occur to the exploratory 
elements of this parameter. Acute tolerance to the elements of this 
measure which resemble locomotor activity might therefore be masked, even 
though it is possible to detect a withdrawal response to this effect.

EFFECTS OF A SINGLE DOSE OF LORAZEPAM OR OXAZEPAM 
ACROSS TIME IN THE HOLEBOARD

The following experiments were designed to investigate the effects 
across time of a single dose of lorazepam or oxazepam in the holeboard; 
these two benzodiazepines were chosen because they both lack active 
metabolites (Wong et al, 1986; Schillings et al, 1977; Dingemanse et al, 
1988). The ability of Ro 15-1788 to reverse the effects of lorazepam at 
various times after drug treatment was also tested.
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METHODS

Animals Mice weighing approximately 20-30g were housed in groups of 20 
in a room with a 14-h light: lOh dark cycle (lights on at 06:00h) with 
freely available food .and water.

Drugs Lorazepam and its vehicle control were made up as described in 
Chapter 2. Oxazepam and Ro 15-1788 and their appropriate controls were 
made up as described above. On the basis of pilot experiments, doses of 
lorazepam and oxazepam were selected which produced an approximately 50% 
reduction in head-dipping 1 hour after drug treatment. Lorazepam, 
oxazepam and control treatments were administered orally, and Ro 15-1788 
was administered intraperitoneally, at a volume of 4 ml/kg. 
3H-flunitrazepam (150 pCi/kg) was made up in physiological saline and 
administered intravenously at an injection volume of 10 ml/kg.

Holeboard The procedure for the holeboard was as described in Chapter 2. 
Animals were preinjected at various times prior to testing; on the test 
day, animals were tested between 07:00h and 13:00h in an order randomised 
for drug treatment.

Procedure Experiment 1: Mice were randomly allocated one of three drug 
treatment groups: control, lorazepam (0.25 mg/kg> or oxazepam (7 mg/kg). 
Independent groups of animals (n=10 unless otherwise stated), for each of 
the above drug treatment groups, were tested at the following time points 
after drug administration: 1, 1.5 (n=9 for lorazepam), 3, 4.5, 6, 7.5, 9, 12, 
15 (n=9 for lorazepam, n=8 for oxazepam) and 24 hours after drug
treatment (n=10 in all other cases).

Experiment 2: Additional groups of mice (n=9 or 10 in each group) 
received Ro 15-1788 (1 mg/kg) 20 minutes prior to testing with the
following pretreatments: control or lorazepam (0.25 mg/kg) 1, 1.5, 3, 4.5, 
6, or 15h prior to testing.

Statistics Raw data were analysed using analysis of variance and Duncan's 
multiple range tests were used for post-hoc comparisons. Since there were 
no significant differences among the control mice injected at different 
times before testing, or between those injected with Lorazepam vehicle 
and those receiving the water-Tween control, the data for all control 
mice were pooled for illustrative purposes.
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RESULTS

Head-Dipping

The effects of lorazepam and oxazepam across time on the number of 
head dips Is shown in figure 8 and on the time spent head-dipping in 
figure 9. Analysis of variance, for the two drugs combined at each time 
point, revealed significant reductions at the 1 and 1.5 hour time points 
in both the number of head dips (F<2,27>=45.8 and 15.2 respectively, 
p<0.005 in each case) and the time spent head-dipping (F (2,27)=24.6 and 
8.9 respectively, p<0.05 in each case). Post-hoc tests also revealed 
significant reductions in both measures of head-dipping, for oxazepam but 
not lorazepam, at the 3 hour time point (p<0.05). No significant effect of 
either drug on head-dipping could be detected by the 4.5 hour time point.

Analysis of variance at the 6 and 7.5 hour time points, however, 
revealed a second reduction in the number of head dips at these time
points <F(2,27)=7.8 and 3.5 respectively, p<0.05 in each case) and in the
time spent head-dipping at the 6 hour time point <F(2,27>=7.6, p<0.01). No 
significant effects of these drugs on head-dipping could be detected at 
the 9 hour time point and beyond.

The effects, on the various lorazepam pretreatment groups, of
administering Ro 15-1788 20 minutes prior to testing is shown for the 
number of head dips in figure 10 and for the time spent head-dipping in 
figure 11. At the 1 and 1.5 hour time points, head-dipping (both number 
and time) was significantly reduced in those groups which did not receive 
Ro 15-1788 20 minutes prior to testing (p<0.01 in each case) but was not 
significantly reduced in those groups which did receive Ro 15-1788 20 
minutes prior to testing. In addition, post-hoc tests revealed 
significantly higher levels of head-dipping in those groups which received 
Ro 15-1788 treatment prior to testing than in those groups which did not
(p<0.05 in each case). Thus the results suggest that at the 1 and
1.5 hour time points the reductions in head-dipping observed after
lorazepam treatment were reversed by Ro 15-1788.

At the 6 hour time point, significant reductions were observed in 
both measures of head-dipping in those groups which were not treated 
with Ro 15-1788 20 minutes prior to testing (p<0.05 in each case).
However, in those groups which did receive treatment with Ro 15-1788
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FIGURE 8

Mean number of head dips (± SEM) after a single dose of lorazepam 
(circles) or oxazepam (triangles) at various times (h) after drug 
treatment. All treatment means are adjusted to the 1.5h control mean 
(shown as horizontal line across graph; dotted lines = SEM).



159

70

60

C ontrol50

40

30

20

0 1 3 6 9 12 15

Time (hr) a fter  drug treatm ent

FIGURE 9

Mean time (s) spent head-dipping (± SEM) after a single dose of lorazepam 
(circles) or oxazepam (triangles) at various times (h) after drug 
treatment. All treatment means are adjusted to the 1.5h control mean 
(shown as horizontal line across graph; dotted lines = SEM)
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FIGURE 10

The effect, on the mean number of head dips (± SEM), of treatment with Ro 
15-1788 <1 mg/kg) 20 minutes prior to testing, on animals pretreated with 
lorazepam at various times (h) prior to testing. Open columns represent 
control or lorazepam treatments alone, shaded columns represent those 
groups that received an additional treatment with Ro 15-1788; times given 
are hours after lorazepam treatment.

* Significantly different from control, p<0.05.
Significantly different from control, p<0.01

A Significantly different from appropriate treatment with lorazepam
alone, p<0. 05.



FIGURE 11

The effect on the time spent head-dipping (±SEM) of treatment with 
Ro 15-1788 (1 mg/kg) 20 minutes prior to testing, on animals pretreated 
with lorazepam at various times (h) prior to testing. Open colunmns 
represent control or lorazepam treatments alone, shaded columns represent 
those groups that received an additional treatment with Ro 15-1788; times 
are hours after lorazepam treatment.

* Significantly different from control, p<0. 05.
** Significantly different from control, p<0.01.
A Significantly different from appropriate treatment with lorzepam 
alone, p<0. 05.
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prior to testing, head-dipping was not significantly reduced. However, the 
reductions in head-dipping observed at the 6 hour time point were small 
and, therefore, no significant differences between the groups which were 
pretreated with Ro 15-1788 and those which were not could have been 
detected.

Locomotor Activity

The effects of lorazepam and oxazepam on locomotor activity across 
time are shown in figure 12. Post-hoc tests revealed significant 
reductions in this measure 1 and 1.5 hours after lorazepam treatment 
(p<0.05>. No significant effects of lorazepam on locomotor activity were 
detected between the 3 and 12 hour time points, however, this measure
was again significantly reduced at the 15 hour time point (p<0.05). No 
significant effect of lorazepam on locomotor activity could be detected at 
the 24 hour time point.

The effect of administering Ro 15-1788 20 minutes prior to testing 
on locomotor activity in the various lorazepam pretreatment groups is 
shown in figure 13. At the 1 hour time point, locomotor activity was
significantly reduced in the group which did not receive Ro 15-1788 
treatment 20 minutes prior to testing (p<0.01), but not in the group 
which did receive Ro 15-1788 treatment; in addition, post-hoc tests 
revealed that locomotor activity was significantly higher in the group 
which had been pretreated with Ro 15-1788 than in the group which had 
not, suggesting that Ro 15-1788 had significantly reversed the reduction
in locomotor activity observed 1 hour after lorazepam treatment (p<0.05).

At the 1.5 hour time point, locomotor activity was again 
significantly reduced in the lorazepam treatment group which was not 
pretreated with Ro 15-1788 (p<0.05). No significant reduction in locomotor 
activity was observed in the group which received Ro 15-1788 
pretreatment 20 minutes prior to testing. However, post-hoc tests did not 
reveal any significant difference between these two groups. At the 
15 hour time point, locomotor activity was significantly reduced both in 
the group which received Ro 15-1788 pretreatment group and in the group 
which did not.

A significant overall enhancement in locomotor activity was observed 
throughout the time course in the oxazepam treatment groups
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FIGURE 12

Mean locomotor activity (±SEM) after a single dose of lorazepam (circles) 
or oxazepam (triangles) at various times (h) after drug treatment. All 
treatment means are adjusted to the 1.5h control mean (shown as 
horizontal line across graph; dotted lines = SEM).
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FIGURE 13

The effect, on mean locomotor activity (±SEM>, of treatment with 
Ro 15-1788 (1 mg/kg) 20 minutes prior to testing on animals pretreated 
with lorazepam at various times (h) prior to testing. Open columns 
represent control or lorazepam treatments alone, shaded columns represent 
those groups that received an additional treatment with Ro 15-1788; times 
are hours after lorazepam treatment.

* Significantly different from control, p<0.05.
** Significantly different from control, p<0.01.
A Significantly different from appropriate treatment with lorazepam 
alone, p<0.05.
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(F(l,124)=7.1, p<0.01>, although this measure was not significantly
enhanced In post-hoc tests at any one time point. Ro 15-1788 administered 
20 minutes prior to testing In the oxazepam pretreatment groups had no 
significant effect on the overall enhancement in locomotor activity (data 
not shown).

Rearing

The effects of lorazepam and oxazepam on rearing across time are 
shown in figure 14. Analysis of variance for the two drugs combined at 
each time point revealed significant decreases in the number of rears at 
the 1 and 1.5 hour time points (F(2,27)= 15.5 and 5.5 respectively, p<0.01> 
and post-hoc tests also revealed a significant reduction in the lorazepam 
treatment group at the 3 hour time point (p<0.05). No significant effect 
of either drug was detected between the 4.5 and 12 hour time points. At 
the 15 hour time point however, post-hoc tests again revealed a 
significant reduction in this measure in the lorazepam treatment group 
(p<0.05).

The effect of administering Ro 15-1788 20 minutes prior to testing 
on rearing in the various lorazepam pretreatment groups is shown in 
figure 15. At the 1, 1.5, 3 and 15 hour time points, rearing was
significantly reduced in the group which did not receive Ro 15-1788 
pretreatment 20 minutes prior to testing (p<0.01 for lh time point; 
p<0.05 for 1.5 and 3h time points), but not in the group which was
pretreated with Ro 15-1788. However, only at the 1 hour time point, was
a significantly higher level of rearing detected in the group which was 
pretreated with Ro 15-1788 than in the group which did not receive 
Ro 15-1788 treatment (p<0.05).

DISCUSSION

'Late Appearing Sedative Effects of the Benzodiazepines and the Effects 
of Ro 15-1788

The effects of lorazepam and oxazepam across time in the holeboard 
test present a complex picture. Head-dipping was decreased during the
early part of the time course by both lorazepam and oxazepam, however, 
head-dipping scores rapidly returned to control levels. Head-dipping was 
no longer significantly decreased by the 3 hour time point for lorazepam
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FIGURE 14

Mean number of rears (± SEM) after a single dose of lorazepam (circles) 
or oxazepam (triangles) at various times (h) after drug treatment. All 
treatment means are adjusted to the 1. 5h control mean (shown as 
horizontal line across graph; dotted lines = SEM).



FIGURE 15
The effect on the mean number of rears (± SEM), of treatment with 
Ro 15-1788 (1 mg/kg) 20 minutes prior to testing on animals pretreated 
with lorazepam at various times (h) prior to testing. Open columns 
represent control or lorazepam treatments alone, shaded columns represent 
those groups that received an additional treatment with Ro 15-1788; times 
are hours after lorazepam treatment.

* Significantly different from control, p<0.05.
** Significantly different from control, pCO.Ol.
A Significantly different from appropriate treatment with oxazepam
alone, p<0.05.
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and by the 4.5 hour time point for oxazepam. A second reduction in 
head-dipping was observed for both drugs between the 6 and 7 hour time 
points.

For lorazepam, a . similar pattern was observed in the case of 
locomotor activity and rearing, these measures being significantly 
decreased during the first 3 hours of the time course and again 15 hours 
after drug treatment, with a return to control levels between these time 
points. However, the secondary reductions in locomotor activity and 
rearing occurred 15 rather than 6 hours after drug treatment.

For lorazepam, Ro 15-1788 treatment significantly reversed the 
reductions in head-dipping observed at the 1 and 1.5 hour time points and 
the reductions in locomotor activity and rearing observed at the 1 hour 
time point. At the other time points tested, no significant difference was 
observed between the groups which received lorazepam alone and the
groups which received pretreatment with Ro 15-1788 20 minutes prior to 
testing. However, at the later time points the effects of lorazepam on 
holeboard measures were smaller and significant differences between those 
lorazepam treatment groups which received Ro 15-1788 and those which did 
not may therefore have been more difficult to achieve. In addition, 
although the effects of lorazepam in the holeboard could only be
significantly reversed at the early time points, for most of the groups, 
head-dipping was significantly reduced only in those animals which did 
not receive Ro 15-1788 treatment and thus although Ro 15-1788 appeared 
to become progressively less effective in reversing the effects of 
lorazepam in the holeboard as the time course progressed it may still 
have had some potency in reversing the effects of lorazepam even at the 
later time points.

A significant hypoactivity in rats, which could not be reversed by 
Ro 15-1788, was observed 4 hours after a single dose of lorazepam in 
rats (Lister and File, 1986). The results of these experiments suggest
that similar effect may be detected in more than one species and for
more than one benzodiazepine. In addition, these experiments revealed a 
return to control levels between the two periods of hypoactivity and a 
difference in the time courses for the effects on locomotor activity and 
rearing and the effects on head-dipping.



169

The effects of lorazepam and, to some extent oxazepam also, In the 
holeboard showed two distinct phases of drug effect across time. During 
the early phase of the time course, the benzodiazepines produced a 
general behavioural deficit, resulting in a reduction in all behavioural 
measures in the holeboard. At the later time points, however, a clear 
distinction could be detected between the effects of these drugs on 
head-dipping (exploratory behaviour) and the effects on locomotor activity 
and rearing; the secondary reduction in head-dipping occurred at the 
6 hour time point, whilst the secondary reduction in locomotor activity 
and rearing was observed at the 15 hour time point. In addition, in the 
case of oxazepam, locomotor activity tended to be enhanced from the
3 hour time point onwards, even though a secondary reduction in 
head-dipping was detected at the 6 hour time point. Thus, as for the 
effects of chronic benzodiazepine treatment observed in Chapter 2, the 
effects of these drugs from the 3 hour time point and beyond on 
locomotor activity were distinct from their effects on exploratory 
head-dipping.

The benzodiazepines may have significant effects on circadian
rhythms which may affect the pattern of behaviours such as those
observed in the holeboard test (e.g. Turek and Van Reeth, 1989). The
possibility that the effects of the benzodiazepines observed in these 
experiments might result from effects on circadian rhythm should 
therefore be considered. For a number of reasons, however, such effects 
are unlikely to account for the results observed in these experiments. 
Even when optimal conditions, and species particularly susceptible to 
changes in circadian rhythms, are selected for study, the shifts which may 
be achieved in circadian rhythm are relatively small, a maximum of only 
about 90 minutes being achievable following a single dose of a 6hort 
acting benzodiazepine such as triazolam (Turek and Losee-Olson, 1986) and 
these shifts in circadian rhythm tend to occur in the 24 hour cycle 
following drug treatment (Turek and Van Reeth, 1989). In addition, 
although shifts in circadian rhythm might have acted differentially on the 
various behavioural measures examined in these experiments, this seems 
unlikely. Finally, as short-acting benzodiazepines tend to be more potent 
in producing shifts in circadian rhythm (Turek and Van Reeth, 1989), if 
the late-appearing behavioural reductions observed in these experiments 
had resulted from changes in circadian rhythm, lorazepam, which has a 
shorter half-life than oxazepam, might have been expected to produce its
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behavioural effects over a different time course and to have had a more 
pronounced effect on holeboard behaviours than did oxazepam.

Paradoxical Responses to the Benzodiazepines: Enhanced Locomotor Activity 
as a Result of Oxazepam Treatment

For oxazepam, at the 3 hour time point and beyond, locomotor 
activity scores tended to be higher than control values. Although
locomotor activity was not significantly enhanced at any one time point, 
an overall enhancement in this measure could be detected between 3 and 
15 hours after drug treatment on which Ro 15-1788 had no significant 
effect. Thus, although in 6ome respects oxazepam behaved like a
benzodiazepine agonist, e.g. it significantly reduced levels of 
head-dipping and enhanced seizure threshold (see below), its effects on 
locomotor activity were not like those of other benzodiazepines such as 
lorazepam. Examination of the raw data indicated that the enhanced levels 
of locomotor activity observed in these experiments may have resulted 
from very high locomotor activity scores in a few animals from each 
group.

Paradoxical behavioural responses to benzodiazepine treatment are 
not without precedent and, although rare, a variety of anomalous
responses to the benzodiazepines have been documented in both animals 
and man. In particular, an acute excitatory state in man has been 
reported, in which a small number of patients treated with alprazolam 
experienced restlessness, hyperactivity and insomnia (Strahan et al, 1985), 
which may be equivalent to the enhanced activity observed in these
experiments following oxazepam treatment.

In animals tests, a number of benzodiazepine agonists, including 
lorazepam, have been shown to possess a convulsant component. In
photosensitive baboons, lorazepam treatment, whilst suppressing the
myoclonus induced by intermittent light stimulation, resulted in the
appearance of a form of spontaneous myoclonus which appeared during a 
period when the animals were not photosensitive (Valin et al, 1981).

Experiments on rodents suggest that lorazepam is not the only
benzodiazepine that possesses a convulsant component. Flurazepam, a 
benzodiazepine with both sedative and anxiolytic potency, whilst 
anticonvulsant against picrotoxin-induced seizures at low doses, enhanced
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these seizures at higher doses (Kalichman, 1985). In addition, when the 
actions of diazepam at the benzodiazepine receptor were blocked using the 
specific antagonist Ro 15-1788, high doses of this drug were able to
significantly reduce seizure threshold to pentylenetetrazol-induced
seizures (Garrett and Bourn, 1985). Both diazepam and flurazepam have
affinity both for the benzodiazepine receptor and for the convulsant
picrotoxin site which is also found on the GABA-benzodiazepine receptor 
complex (Olsen and Leeb-Lundberg, 1981) and it has been suggested that
actions at this site may underlie the proconvulsant actions of these 
drugs.

A similar mechanism may underlie the paradoxical effects of
oxazepam observed in these experiments. When compared with diazepam,
oxazepam displays a considerable degree of partial agonism (Wilks et al, 
1987). It is possible that this drug acts, at least in part, at a site or 
sites where its effects would be opposite to those of a benzodiazepine 
agonist, e.g. at the picrotoxin site. In addition, if acute tolerance
develops to the reductions in locomotor produced by oxazepam, then the 
effects at such sites might become more prominent later in the time 
course.

THE EFFECTS OF SINGLE DOSES OF LORAZEPAM OR OXAZEPAM ACROSS TIME ON 
IN VIVO BENZODIAZEPINE RECEPTOR BINDING AND SEIZURE THRESHOLD

The following experiments were designed to determine the effects
across time of a single dose of lorazepam or oxazepam on seizure
threshold and in vivo benzodiazepine receptor binding and to compare 
these with the effects in the holeboard described above.

METHODS

Animals and Drugs were as described in the methods section for the
previous holeboard experiments. The animals used to determine seizure
threshold were those used in experiment 1 of the previous section, 
animals which had not previously been tested were used to determine in 
vivo benzodiazepine receptor binding.

Seizure Threshold Pentylenetetrazol seizure thresholds were determined as 
described in Chapter 2.
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In Vivo Receptor Binding In vivo binding was determined using a standard 
in vivo benzodiazepine receptor assay (Chang and Snyder, 1978). 
3H-Flunitrazepam was administered to all animals 20 minutes prior to 
decapitation. Animals were stunned, decapitated and the brains were 
rapidly removed and dissected on ice. Samples of cortex, hippocampus and 
cerebellum were weighed and homogenised in 100 volumes of ice cold 0.1M 
Tris-citrate buffer, pH 7.1 at 0C. Triplicate 1ml aliquots of the resulting 
homogenates were immediately filtered through Whatman GF/B filters 
followed by two 5 ml washes with ice cold buffer. Aquasol, 10 ml was 
added and to each filter and radioactivity was determined by liquid 
scintillation counting after standing at room temperature for >12 hours.

Non-displaceable binding was determined in animals pretreated with a 
32 mg/kg dose of diazepam 30 minutes prior to testing, to produce 
maximal levels of benzodiazepine receptor occupancy (e.g. File et al, 
1985). This group was used to provide a measure of the levels of 
H-flunitrazepam binding not specific to the benzodiazepine receptor. Total 
binding (i.e. 3H-flunitrazepam binding specific to the benzodiazepine 
receptor plus non-displaceable 3H-flunitrazepam binding) was determined 
in groups of animals pretreated with control only.

The total amount of binding which was specific to the benzodiazepine 
receptor was therefore calculated by subtracting the mean value for 
non-displaceable binding from the mean value for total binding (specific 
plus non-displaceable). The levels of specific benzodiazepine binding in 
drug treated animals were calculated by subtracting the mean value for 
non-displaceable binding from the values of 3H-flunitrazepam binding 
observed in the drug treated animals. Percentage receptor occupancies for 
drug treated animals were then calculated by dividing the level of 
3H-flunitrazepam binding observed in each drug treated animal by the mean 
level of total specific binding and multiplying the result by 100.

Procedure

Seizure Threshold Seizure thresholds were determined in mice previously 
tested in the holeboard, immediately following removal from the holeboard 
apparatus. As described above, for experiment 1 in the holeboard, groups 
of animals (n=8-10 in each group) pretreated with control, lorazepam 
(0.25 mg/kg) or oxazepam (7 mg/kg) were tested 1, 1.5, 3, 4.5, 6, 7.5, 9, 
12, 15 and 24 hours after drug treatment.
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In Vivo Benzodiazepine Receptor Binding Groups of mice were randomly 
allocated to the following treatment groups:
(i> Non-displaceable binding: diazepam 32 mg/kg, 30 minutes prior to
testing (n=5).
(ii) Total binding: distilled water/Tween 20 control or vehicle control, 30 
minutes prior to testing <n=5 in each group).
(iii) Drug treatment groups: lorazepam (0.25 mg/kg) or oxazepam (7 mg/kg) 
administered 3, 6, 9 and 15 hours prior to testing (n=5 in each group).

Statistics Raw data were analysed using analysis of variance; Duncan's 
multiple range tests were used for post-hoc comparisons. Since there were 
no significant differences among the control mice injected at different 
times before testing, or between those injected with lorazepam vehicle 
and those receiving the water-Tween vehicle, the seizure threshold data 
for all control mice were pooled for illustrative purposes.

RESULTS

Seizure Threshold

The changes in seizure threshold across time after a single dose of 
lorazepam and oxazepam are shown in figure 16. In the lorazepam treated 
animals, a significant overall elevation in seizure threshold was observed 
across the time course <F(10,84)=8.3, p<0.0001). Post-hoc tests revealed 
significant elevations in the lorazepam treated mice at all time points up 
to the 15 hour time point (p<0.01 at 1 and 1.5 hour time points and 
p<0.05 at all other times). Seizure threshold in lorazepam treated animals 
was no longer significantly elevated by the 24 hour time point 
(control = 50.2 + 7.8; lorazepam 24 hours = 57.1 + 5.2).

A significant overall enhancement in seizure threshold across time 
was also detected in the oxazepam treated animals (F(10,87)=14.5, 
p<0.0001). In post-hoc tests seizure threshold was significantly raised, 
following oxazepam treatment, at all time points between 1 and 15 hour 
after drug treatment (p<0.01 in each case) and at the 24 hour time point 
(control=50.2 + 7.8; oxazepam 24 hours=74.9 + 6.4; p<0.05) although
seizure threshold had returned to baseline levels by the 48 hour time 
point (control = 50.2 + 7.8; oxazepam 24 hours = 47.5 + 1.9). In addition, 
analysis of variance revealed that oxazepam produced a significantly
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FIGURE 16

Mean seizure threshold to pentylenetetrazol-induced seizures (± SEM) 
after a single dose of lorazepam (circles) or oxazepam (triangles) at 
various times (h) after drug treatment. All treatment means are adjusted 
to the 1. 5h control mean (shown as horizontal line across graph; dotted 
lines = SEM).
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greater overall enhancement in seizure threshold than lorazepam 
CFCl, 171 >= 198.0, pCO.OOOl).

Significant decreases in seizure threshold across time were observed 
in both lorazepam and. oxazepam treated animals between the 1 and 3 hour 
time points (F (3,66>=6.4, p<0.01; F(3,66>=4.3, p<0.01 respectively). No
significant change across time could be detected between the 3 and 
15 hour time points for either drug.

In Vivo Benzodiazepine Receptor Binding

The changes in percentage in vivo benzodiazepine receptor binding 
across time after a single dose of lorazepam or oxazepam are 6hown in 
figure 17. Analysis of variance revealed that the oxazepam treatment 
groups had a significantly higher overall level of in vivo benzodiazepine 
receptor binding than those groups that received lorazepam treatment for 
all brain regions tested (cortex, hippocampus and cerebellum: F(l,32)=97.8, 
121.0 and 47.2 respectively, pCO.OOOl in each case).

In post-hoc tests, in vivo benzodiazepine receptor binding was 
significantly above baseline levels at all time points, in cortex and 
cerebellum in both lorazepam and oxazepam treated mice and in 
hippocampus for oxazepam treated mice only (p<0.05 in lorazepam treatment 
groups and pCO.Ol in oxazepam treatment groups). In lorazepam treated 
animals, hippocampal in vivo benzodiazepine receptor binding was not 
increased significantly above baseline levels, in post-hoc tests, between 
the 6 and 15 hour time points <p<0.05 at the 3h time point).

No significant overall change in in vivo benzodiazepine receptor 
binding across time could be detected in cerebellum or hippocampus 
between the 6 and 15 hour time points. In cortex however, a significant 
overall decrease in in vivo benzodiazepine receptor binding was observed 
between these time points for the oxazepam treatment groups (F(2,12>=7.6, 
p<0.01) but not for the lorazepam treatment groups.
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FIGURE 17

Mean percentage in vivo receptor occupancies (± SEM) after a single dose 
of lorazepam (cross-hatched columns) or oxazepam (black columns) at 
various times (h) after drug treatment in three different brain regions.
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DISCUSSION

Relationship Between Changes in In Vivo Benzodiazepine Receptor Binding 
and Seizure Threshold Across Time

The effects of a single dose of lorazepam or oxazepam across time 
on In vivo benzodiazepine receptor binding closely parallelled the effects 
of these drugs on seizure threshold. Oxazepam treated mice had 
significantly higher seizure thresholds and significantly higher levels of 
in vivo benzodiazepine receptor binding than lorazepam treated animals 
throughout the time course. Both benzodiazepines produced a persistent 
anticonvulsant effect which resulted in significantly elevated seizure 
thresholds throughout the 15 hour time course. During the latter part of 
the time course (6-15 hours after treatment) no decline was observed in 
either seizure threshold or in vivo benzodiazepine receptor binding over a 
9 hour period. Thus, the anticonvulsant actions of these two 
benzodiazepines appeared to be more closely related to changes in in vivo 
benzodiazepine receptor binding than were their effects in the holeboard.

Relationship Between Changes in In Vivo Benzodiazepine Receptor Binding 
and in Seizure Threshold, and Behavioural Changes in the Holeboard Test 
Across Time

Unlike the effects of lorazepam and oxazepam on seizure threshold 
and levels of in vivo benzodiazepine receptor binding in these 
experiments, the effects of these compounds on holeboard measures 
appeared to consist of two distinct phases.

During the early stages of the time course, all behavioural measures 
in the holeboard were reduced and, up to the 4.5 hour time point, the 
effects of these drugs on holeboard measures declined across time. A 
significant decline in the level of enhancement of seizure threshold was 
also observed across a similar time course. The effects of the 
benzodiazepines in the holeboard at the early time points could be 
significantly reversed by Ro 15-1788.

The differences observed between effects of lorazepam and oxazepam 
on holeboard parameters at the early time points were considerably 
smaller than the differences between the effects of the two drugs on 
seizure threshold. In addition, the effects of these drugs on holeboard
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measures wore off much more rapidly than the effects on seizure
threshold. Thus by the 4.5 hour time point, significant reductions in 
holeboard measures could no longer be detected, even though significant 
enhancements could be detected in both in vivo receptor binding and in 
seizure threshold.

Evidence from previous experimental studies suggests that a
significant anticonvulsant effect of the benzodiazepines may be detected 
at considerably lower levels of receptor occupancy (30%) than those 
required to produce a detectable sedative effect (50-60%), although this 
hypothesis has not been tested by a direct comparison between in vivo
receptor occupancy and different behavioural measures (e.g. Jochemsen et 
al, 1986; Petersen et al, 1986). These results indicate that the 
benzodiazepines are able to exert a significant anticonvulsant effect at 
levels of in vivo benzodiazepine receptor binding too low to produce 
detectable changes in holeboard parameters. This may indicate that 
animals are less sensitive to the sedative effects of the benzodiazepines 
than to their anticonvulsant effects and that higher receptor occupancies 
may therefore be required to produce the sedative effects of the
benzodiazepines. However, it is also possible that the differences between 
the anticonvulsant and sedative effects observed in these tests reflect 
differences in the sensitivities of the tests used for detecting these 
behavioural parameters.

It is also possible that the rapid return to control levels observed 
for the reductions in holeboard measures observed in these experiments 
occurred as a result of the development of acute (within-dose) tolerance 
(desensitization). Thus, in these experiments, acute tolerance may have 
developed at differentialtrates to the different behavioural effects of 
the benzodiazepines, with acute tolerance developing to the effects of 
these drugs in the holeboard but not to their effects on seizure 
threshold.

Later in the time course, a secondary effect of the benzodiazepines 
was observed in the holeboard, but not on seizure threshold. This effect 
did not appear to be parallelled by any changes in in vivo benzodiazepine 
receptor binding, indeed previous studies have suggested that the 
reductions in holeboard measures observed at these time points in the rat 
may not be reversible by Ro 15-1788 and may therefore no longer be 
mediated directly by the benzodiazepine receptor (Lister and File, 1986).
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The effects of Ro 15-1788 on the secondary effects of lorazepam in these 
experiments were inconclusive. Although significant reversals of the 
sedative effects of lorazepam were not observed at the 6 and 15 hour 
time points, the reductions in holeboard behaviours were relatively small 
at these time points and a significant reversal of these effects by 
Ro 15-1788 might therefore have been more difficult to achieve.

The effects of oxazepam on locomotor activity appeared to parallel 
the changes observed in seizure threshold and in vivo receptor binding 
more closely than the effects of this drug on other holeboard measures. A 
significant overall enhancement in locomotor activity was observed 
between the 3 and 15 hour time points which did not change significantly 
across the time course, and this effect was similar to that observed for 
seizure threshold and receptor binding.

However, with the exception of the effects of oxazepam on locomotor 
activity in the holeboard, the effects of the benzodiazepines across time 
in the holeboard differed significantly from the effects of these drugs 
across time on seizure threshold. In addition, the changes across time in 
seizure threshold observed in these experiments resembled the changes 
observed in in vivo receptor binding more closely than did the changes 
observed in holeboard measures.

Previous experimental studies have demonstrated a close correlation 
between the anticonvulsant actions of the benzodiazepines and their
effects on both in vivo and in vitro benzodiazepine receptor binding; such 
correlations were observed when different doses of the benzodiazepines 
were compared, when the effects of benzodiazepines with differing
affinities were compared (e.g. Braestrup and Squires, 1978; Chang and 
Snyder, 1978; Duka et al, 1979) and when changes in receptor occupancy
against time were compared (Paul et al, 1979). The sedative effects of
the benzodiazepines across time have not, however, been compared with 
changes in receptor occupancy.

Evidence from previous studies suggests that, for a number of 
reasons, changes in the sedative effects of the benzodiazepines across 
time do not resemble changes in drug concentrations in brain and plasma 
(e.g. Bond et al, 1977; Lader, 1979), and they may not, therefore, resemble 
changes in receptor occupancy either. Both the development of acute 
tolerance to the sedative effects of the benzodiazepines (e.g. Greenblatt
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et al, 1978; Haefely, 1986; Marcucci et al, 1968; Henauer et al, 1984; Wong 
et al, 1986) and the appearance of 'resedation* effects later in the time 
course (Ziegler et al, 1983), may result from changes in the sedative 
effects of the benzodiazepines which are poorly related to receptor 
occupancy. In addition, a relatively high level of benzodiazepine receptor 
occupancy (possibly as much as 60%) may be required before the sedative 
effects of these drugs can be detected (Jochemsen et al, 1986). The 
effects of the benzodiazepines in the holeboard in these experiments, 
suggested that both acute tolerance and 'resedation' may have occurred 
and these effects may have contributed to the lack of correlation between 
the reductions in holeboard measures observed following benzodiazepine 
treatment and the effects of these drugs on in vivo receptor binding.



CHAPTER 5 

GENERAL DISCUSSION



The experiments described in this thesis have examined the 
development of tolerance and the appearance of withdrawal responses 
following both acute and chronic treatment with anticonvulsant drugs. In 
addition, when the effects of single doses of these drugs across time 
were examined a number of behavioural effects were observed at various 
time points after drug treatment which appeared to be unrelated to the 
appearance of tolerance or withdrawal.

'‘s.
CHRONIC STUDIES 

Effects of Chronic Drug Treatment

The most effective way to determine the degree to which tolerance 
has developed to a given drug effect is to measure the extent to which a 
dose-response curve is shifted by the effects of chronic drug treatment. 
This is especially true of drug effects close to the maximum or minimum 
of a biphasic dose-response curve. The relatively small number of doses 
studied in these experiments therefore limits the conclusions which could 
be drawn about the development of tolerance. However, the results 
described in previous chapters indicate that tolerance may have developed 
to some of the behavioural effects of these drugs.

Lorazepam

Evidence did not suggest that any tolerance had developed to the 
effects of lorazepam on head-dipping. Head-dipping was enhanced by the 
0.025 mg/kg dose of lorazepam and analysis of variance across the course 
of chronic treatment did not reveal evidence of any change in the level 
of enhancement in this measure. However, this enhancement in head-dipping 
was small (no significant drug effect was observed at any one time 
point), and any changes in this effect during chronic treatment would not 
therefore have been large; thus the development of sensitization or 
tolerance to this effect would not necessarily have been detected in 
these experiments. Previous studies of the effects of chronic drug 
treatment on the enhancement in head-dipping observed following low 
doses of the benzodiazepines indicate that tolerance does not readily 
develop to these effects (File 1985b; Sansone, 1979).

Levels of locomotor activity and rearing were reduced by lorazepam 
(both 0.025 mg/kg and 0.1 mg/kg); reductions in locomotor activity were
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detected In post-hoc tests on days 7-21 of chronic treatment and
reductions In rearing on days 7-14. Analysis of variance across the 
course of chronic treatment revealed no significant change in either 
measure, suggesting that neither tolerance nor sensitization had developed 
to these effects. The failure to detect a significant reduction in rearing 
on day 21 of chronic drug treatment might, however, indicate that some 
tolerance was beginning to develop to the reductions observed in this 
measure towards the end of the period of chronic treatment.

The lack of tolerance to the effects of lorazepam on locomotor
activity were surprising in the light of the results of previous studies, 
which indicate that tolerance develops readily to the sedative effects of
relatively large doses of the benzodiazepines (e.g. File, 1985b>. Indeed, in
the experiments described in Chapter 4, rapid tolerance (after a single 
dose) was observed to the effects of a 0.25 mg/kg dose of lorazepam in 
the holeboard. However, the effects of lorazepam in the holeboard observed 
in Chapter 2 were relatively small and, indeed, could not be detected 
following acute lorazepam treatment. Unlike the effects to which tolerance 
developed in Chapter 4, locomotor activity and rearing were reduced in 
the experiments described in Chapter 2 but head-dipping was not. Small 
persistent sedative effects of the benzodiazepines have been documented 
during chronic drug treatment (Hoehn-Saric and McLeod, 1986) and the 
persistent reductions in locomotor activity and rearing observed in these 
experiments may be related to these persistent sedative effects. It is 
also possible that the effects of lorazepam during chronic treatment 
observed in these experiments are related to the reductions in locomotor 
activity described in Chapter 4 which were observed 15 hours after a 
single dose of lorazepam. This might explain why no effect was observed 
on the first day of chronic treatment, why reductions were observed for 
locomotor activity but not for head-dipping and why reductions could be 
observed at both the 0.025 and the 0.1 mg/kg doses of lorazepam. However, 
further experiments on the effects of chronic treatment on the reductions 
in holeboard behaviours observed several hours after lorazepam treatment 
and on the effects of different doses of the benzodiazepines on these 
late-appearing effects would be required to investigate this possibility.

Seizure threshold was significantly enhanced by lorazepam (0.1 
mg/kg) on days 1-14 of chronic treatment but not on day 21. Although 
analysis of variance did not reveal any significant overall change in the 
level of seizure threshold across the course of chronic treatment, the
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results of the post-hoc tests suggested that tolerance may have 
developed to this effect of lorazepam between days 14 and 21 of chronic 
drug treatment. Previous studies indicate that tolerance develops rapidly 
(within 7 days) to the ability of the benzodiazepines to prevent the 
seizures induced by a convulsant dose of pentylenetetrazol (File 1973), 
however, because seizure threshold may be able to detect smaller 
anticonvulsant effects, full tolerance to the ability of the 
benzodiazepines to prevent the effects of a convulsant dose of 
pentylenetetrazol might be achieved whilst significant enhancements in 
seizure threshold still persist. Tolerance to the effects of the 
benzodiazepines on seizure threshold may, therefore, require longer 
periods of chronic treatment.

In the test of home cage aggression, the 0.025 mg/kg dose of 
lorazepam produced a significant enhancement in aggressive behaviour only 
on day 7 of chronic drug treatment. Previous studies suggest that the 
effects of lorazepam on aggressive behaviour result in a biphasic 
dose-response curve (e.g. Miczek, 1987), and the enhancements in 
aggressive behaviour observed in these experiments may have occurred 
close to the maximum point on this curve. The changes in the effects of 
the 0.025 mg/kg dose of lorazepam across the course of chronic treatment 
(an increase in aggressive behaviour followed by a decrease) may indicate 
that a significant shift in the dose response curve had occurred, however, 
whether such a shift was the result of the development of tolerance or 
the development of sensitization could not be determined from the effects 
of a single dose. Low-dose enhancements of aggressive behaviour by the 
benzodiazepines are well documented (e.g. Poshivalov, 1978; Olivier et al, 
1985; Miczek, 1974), however, the effects of chronic treatment on these
enhancements have not been widely investigated.

At the 0.1 mg/kg dose of lorazepam, a significant reduction in 
aggressive behaviour, which percentage aggression scores suggested may 
have resulted partially from a non-specific drug effect, was detected on 
day 1 of chronic treatment. No significant reduction in aggressive
behaviour was detected on any other day suggesting that tolerance may 
have developed to this effect by day 7 of chronic treatment. A
significant reduction in non-aggressive social interactions was also 
detected on day 7 of chronic treatment but not on any other treatment 
day. It is possible that this effect was also a behavioural reduction to 
which tolerance had developed by day 14 of chronic treatment, although
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the lack of a significant effect on day 1 of chronic treatment made this 
result difficult to interpret.

Phenobarbltal

Rapid tolerance (within 7 days) developed to the reductions in 
head-dipping observed at the 70 mg/kg dose of phenobarbital; significant 
reductions in this measure were observed only on day 1 of chronic 
treatment. This effect may be similar to the rapid tolerance which 
develops to overall measures of the CNS depressant actions of the 
barbiturates (6.g. Kalant et al, 1971).

The enhancements in locomotor activity and seizure threshold 
observed following phenobarbital treatment persisted throughout the 
course of chronic drug treatment. At the 0.5 hour time point, analysis of 
variance revealed no significant change in these effects across the 
course of chronic treatment, however, a significant decrease in these 
effects during chronic drug treatment was observed at the 8 hour time 
point. Evidence for the development of tolerance to the effects of 
phenobarbital on locomotor activity and seizure threshold was therefore 
inconclusive. There was no evidence of tolerance at the 0.5 hour time 
point; the results at the 8 hour time point did, however, suggest that 
some tolerance had developed to these effects. The effects of any 
metabolic tolerance would, however, be greater at the 8 hour than at the 
0.5 hour time point (Kalant et al, 1971) and the 70 mg/kg dose of 
phenobarbital is sufficient to induce metabolic tolerance in rodents (Frey 
and Kampmann, 1965), thus metabolic mechanisms may have contributed to 
the changes observed at the 8 hour time point. However, as brain 
concentrations of phenobarbital during chronic treatment were not 
measured during these experiments, it was not possible to determine 
whether or not the effects observed at the 8 hour time point were the 
result of metabolic mechanisms of tolerance. Evidence from previous 
studies suggests that functional tolerance does not develop readily to 
the anticonvulsant actions of these drugs (e.g. Frey, 1985), and this may 
be particularly true when phenobarbital is administered using once-per- 
day injections rather than continuous drug administration in drinking 
water for example (Frey and Kampmann, 1965; Kilian and Frey, 1973; 
Schmidt et al, 1980). The effects of chronic drug treatment on the 
locomotor enhancing effects of phenobarbital have not been widely 
investigated.
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Levels of aggressive behaviour were significantly reduced on days 7 
and 14 of chronic treatment, following treatment with the 70 mg/kg dose 
of phenobarbital. Although this measure was not significantly reduced on 
days 1 and 21 of chronic treatment, median levels of aggressive behaviour 
were at zero on these days. Thus, although the fact that aggressive 
behaviour was not significantly reduced on day 21 of chronic treatment 
may indicate that a degree of tolerance was developing to this effect 
towards the end of the period of chronic treatment, the evidence for 
tolerance in this case is not strong. Levels of non-aggressive social 
interactions were significantly enhanced by phenobarbital (70 mg/kg> on 
days 1 and 7 of chronic treatment but not on days 14 and 21. Tolerance 
therefore appeared to have developed to the effects of phenobarbital on 
this measure by day 14 of chronic treatment. The effects of chronic 
phenobarbital treatment on aggressive behaviour have not been widely 
investigated in previous studies, however, in epileptic children, treatment 
with phenobarbital may lead to hyperactivity and increased irritability 
(Wolf and Forsythe, 1978; Ounsted, 1969) and this effect could be linked 
to the enhanced levels of aggressive behaviour or increased levels of 
non-aggressive social interactions and locomotor activity observed in 
these experiments, although the exact nature of the effects of 
phenobarbital in man is not clear.

Phenvtoin

Chronic phenytoin treatment resulted in the development of 
significant reductions in locomotor activity and rearing and significant 
enhancements in seizure threshold between days 7 and 21 of chronic 
treatment. Analysis of variance indicated that these effects became 
progressively greater across the course of chronic treatment. The results 
of previous studies and pilot investigations indicate that acute treatment 
with phenytoin, even at quite high doses, does not result in any 
anticonvulsant effect against pentylenetetrazol-induced seizures (e.g. File 
et al, 1985a). Thus the enhancements in seizure threshold observed in 
these experiments cannot be said to result from sensitization, if this 
term is taken to mean an increasing sensitivity, during chronic treatment, 
to a drug effect which occurs following acute drug treatment. It may be 
the case, instead, that a relatively prolonged exposure to phenytoin is 
required to induce the anticonvulsant effects observed in these 
experiments.
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The effects of chronic phenytoin treatment on locomotor activity in 
animals has not been widely studied, although previous studies have 
demonstrated the presence of a short-lived reduction in locomotor 
activity following acute drug treatment CStarratt et al, 1980). The
development of a reduction in locomotor activity during the course of 
chronic treatment in these experiments may, however, be related to the
cognitive impairments which may be observed in epileptic patients
receiving long-term treatment with this drug (Trimble and Reynolds, 1976).

Rates of Development of Tolerance to Different
Behavioural Drug Effects

Evidence from previous studies suggests that, during chronic drug 
treatment, tolerance may develop at very different rates to the different 
behavioural effects of the benzodiazepines and possibly also the 
barbiturates (File, 1985b; Lucki and Rickels, 1986; Lucki et al, 1986; 
Lader and File, 1987). Small differences in the rate of development of
tolerance to different behavioural drug effects may result simply from J7
differences in the sensitivities of behavioural tests for detecting the 
development of tolerance. Larger differences, however, may reflect 
differing underlying mechanisms for the development of tolerance to 
different behavioural drug effects. These might result from differences in 
the extent to which behavioural or other forms of functional tolerance 
develop to various behavioural drug effects. Alternately, a combination of 
different functional mechanisms, including behavioural mechanisms of
tolerance, may contribute to the development of tolerance and differences 
may exist in the extent to which different functional mechanisms develop 
for different behavioural measures.

In addition, differences in the methods used to investigate the
effects of chronic drug treatment may affect the extent to which 
behavioural tolerance may develop to a particular drug effect. Because, in 
these experiments, animals were tested repeatedly in the home-cage 
aggression test and tested only once in the holeboard test and for 
seizure threshold, behavioural mechanisms may have made a greater | 
contribution to the development of tolerance in the home-cage aggression 
test as a result of the animals prior exposure to the test apparatus.
Thus differences between effects in the home-cage aggression test and in 
the other behavioural tests used may have resulted from differences in
the methodology used. However, for the different parameters in the
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holeboard or in the test of home-cage aggression, where a number of 
different behaviours were measured in the same animals at the same time, 
differences in the effects of the drugs across the course of chronic 
treatment on different behaviours cannot be explained in terms of 
differences between testing methodologies.

For lorazepam, small differences were observed between the effects 
of chronic treatment on the various behavioural effects in the holeboard.
No overall changes in the effects of lorazepam on head-dipping, locomotor 
activity or rearing were observed across the course of chronic treatment. 
The results did, however, suggest that some tolerance had developed to 
the effects of lorazepam on seizure threshold by day 21 of chronic 
treatment. The differences between the effects of chronic drug treatment 
on these various behavioural measures were, however, small, and it is 
possible that seizure threshold was simply a more sensitive measure for 
detecting the beginning of the development tolerance than were the other  ̂
behavioural measures. In the test of home cage aggression, tolerance 
appeared to have developed to the reduction in aggressive behaviour 
observed following treatment with the 0.1 mg/kg dose of lorazepam by day 
7 of chronic treatment, and the changes observed at the 0.025 mg/kg dose 
of lorazepam suggested a shift in the dose-response curve, although the 
direction of this change could not be determined without a full 
dose-response curve.

For phenobarbital, very different patterns were observed across the 
course of chronic treatment for head-dipping and locomotor activity. Full 
tolerance developed within 7 days to the reduction in head-dipping 
observed following treatment with the 70 mg/kg dose of phenobarbital. 
Evidence did not, however, suggest that tolerance had developed to the 
effects of this drug on locomotor activity and seizure threshold at the 
0.5 hour time point and only a small degree of tolerance developed to 
these effects by day 21 of chronic treatment at the 8 hour time point. 
Thus tolerance appeared to have developed more rapidly to the effects of 
phenobarbital on head-dipping than to the effects on locomotor activity 
and seizure threshold. These differences cannot be attributed to 
differences in methodology, indeed, tolerance developed at different rates 
to two behavioural measures determined simultaneously in the same 
animals. It is also unlikely that such a large difference in the rate of 
development of tolerance could be attributed to differences in the 
sensitivities of the behavioural parameters measured. Thus it seems likely
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that the mechanism governing the development of tolerance to the effects 
of phenobarbital on head-dipping differed from that governing the 
development of tolerance to the effects of this drug on locomotor 
activity and seizure threshold.

Thus in the case of phenobarbital at least tolerance developed at 
differential rates to different behavioural measures, even when the 
different behavioural effects were determined simultaneously in the same 
animals, suggesting that different mechanisms may underlie the 
development of tolerance to these effects.

Relationship Between the Different Behavioural 
Effects of Chronic Drug Treatment

An anticonvulsant effect against pentylenetetrazol-induced seizures 
(detected as an enhancement in pentylenetetrazol seizure threshold) was 
observed for all of the drugs used in these experiments. However, a 
common pattern was not observed for the other behavioural effects of 
these drugs. Head-dipping was enhanced by lorazepam (at the 0.025 mg/kg 
dose), reduced by phenobarbital and largely unaffected by phenytoin, 
although the effects of lorazepam on head-dipping occurred at a dose 
which did not significantly enhance seizure threshold. Locomotor activity, 
on the other hand, was reduced by both lorazepam and phenytoin but 
enhanced by phenobarbital. Aggressive behaviour was reduced to some 
degree by all three drugs, although the extent to which these reductions 
resulted from relatively non-specific drug effects was difficult to 
determine. Thus although all three of these drugs had similar effects on 
pentylenetetrazol seizure threshold, their other behavioural effects 
differed considerably, and a common overall pattern of behavioural effects 
for the three drugs was not observed. A relatively small number of doses 
were tested in these experiments, however, and a more detailed analysis 
might have revealed similarities between the drugs which were not 
detected in these experiments.

Some of the behavioural drug effects detected during chronic drug 
treatment may, however, have been linked. Aggressive behaviour may be 
strongly influenced by changes in other spontaneous behaviours such as 
locomotor activity and the possibility that reductions in aggressive 
behaviour may result from relatively non-specific drug effects should be 
considered when this behaviour is investigated. This may be done by
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comparing drug effects on aggressive behaviour with effects in other 
tests which measure spontaneous behavioural parameters. Percentage 
aggression scores may also give an indication of the extent to which 
changes in aggressive behaviour are specific. Very few studies have 
directly compared the effects of drugs on aggressive behaviour with 
other, more general, measures of spontaneous motor activity. Comparison of 
the results of a number of existing behavioural studies, which measured 
either aggressive behaviour or locomotor activity, suggested that the 
benzodiazepines were able to reduce levels of aggressive behaviour at 
doses lower than those required to reduce other behavioural measures 
whereas the barbiturates produced significant reductions in aggressive 
behaviour only when other behavioural measures were also significantly 
reduced (Miczek, 1987). This suggests that the reductions in aggression 
observed following benzodiazepine treatment may result from a specific
drug effect on aggressive behaviour whereas those observed following 
barbiturate treatment may result from a non-specific drug effect. There 
are, however, very few studies in which the drug effects on locomotor 
activity have been directly compared with drug effects on aggression.

In the experiments described in Chapter 2, a reduction in aggressive 
behaviour was observed following lorazepam treatment at a dose which did 
not significantly reduce locomotor activity; in the case of phenobarbital, 
a significant increase in locomotor activity was observed in the holeboard 
whilst aggressive behaviour was decreased. Thus in both these cases the 
effects of the drugs on locomotor activity suggest a specific effect on 
aggressive behaviour. In the case of phenytoin, however, the reduction in 
aggressive behaviour occurred at the same dose and time point at which 
reductions in locomotor activity scores in the holeboard occurred, 
suggesting that the effects of phenytoin on aggressive behaviour may 
have been a non-specific drug effect.

As the previous paragraphs indicate, the influence of non-specific 
effects on levels of aggressive behaviour make drug effects on this
behavioural measure difficult to interpret. Reductions in ^levels of 
aggressive behaviour may be the result of specific decreases ̂ levels of 
aggression, however, more general behavioural reductions, in overall
levels of activity or of social interaction, may also result in indirect
reductions in aggressive behaviour. In the experiments described in 
Chapter 2, aggression scores were also calculated as a percentage of all 
interactions, in order to investigate the contribution from more general



191

changes In levels of social interaction (Poshivalov and Khodko, 1984). The 
reductions in aggressive behaviour observed following treatment with 
higher doses of lorazepam and phenytoin were observed only for measures 
of overall aggressive behaviour and not for percentage aggression scores; 
suggesting that for thefee groups, non-specific behavioural reductions may 
have contributed to the observed reductions in levels of aggressive 
behaviour.

In the case of the enhancement in aggressive behaviour observed 
following treatment with the low dose of lorazepam, and the reduction 
observed 0.5 hours after the high dose of phenobarbital, both raw 
aggression scores and percentage aggression scores were affected, 
suggesting that these changes may have resulted, at least to some extent 
from, a specific drug effect on aggressive behaviour.

Whichever method is used to examine the specificity of changes in 
aggressive behaviour, the possibility remains that changes in aggressive 
behaviour reflect a more general change rather than a specific effect. 
Apparently specific reductions in aggressive behaviour should always be 
considered in the light of the possibility that, if aggression is 
^particularly sensitive to generalized changes in spontaneous behavioural 
parameters, then changes may be detected in this measure before they are 
detectable in other tests and a small non-specific behavioural effect may 
therefore appear to be a specific effect on aggression.

For the benzodiazepines, both exploratory behaviour (File, 1985a) and 
aggressive behaviour (Miczek, 1987) have biphasic dose-response curves; 
low doses of the benzodiazepines tend to enhance these two measures 
whilst high doses tend to reduce them. In addition, it is possible that 
there is some link between the neurochemical pathways governing these 
two behaviours (see Chapter 1 for discussion). There is, however, no 
direct evidence to demonstrate that the low dose enhancements in these 
two behavioural measures by the benzodiazepines occur across a similar 
dose range. In the experiments described in Chapter 2, the pattern of the 
effects of lorazepam on aggressive behaviour, for the different doses 
used and between the 0.5 and 8 hour time points, appeared to follow a 
similar pattern to. the effects of these drugs on exploratory 
head-dipping. Similarly, for phenobarbital, head-dipping and aggressive 
behaviour were both reduced only at the 70 mg/kg dose and the reductions 
in both these measures had recovered to a considerably greater extent by
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the 8 hour time point than had the changes in locomotor activity and 
seizure threshold. It is possible, therefore, that the changes in 
head-dipping and aggressive behaviour observed in these experiments are 
linked by similar mechanisms. However, it should be noted that, for both 
lorazepam and phenobarbital, considerable differences were observed in the 
ways in which these two measures changed across the course of chronic 
treatment. More detailed investigations of the dose-response curves of a 
number of different benzodiazepines for aggressive and exploratory 
behaviour might help to clarify the extent to which these two behavioural 
measures resemble each other.

Evidence suggests that, although changes in exploratory behaviour 
may sometimes be influenced by more general changes in levels of 
locomotor activity, these two behaviours are separate <e.g. File and 
Aranko, 1988; File, 1985a); the results of these experiments suggest that 
these drugs may have different effects on these two behavioural measures. 
The changes in head-dipping observed in these experiments differed from 
the changes observed in locomotor activity, indicating that these two 
parameters were measuring different types of behaviour. At the 0.025 
mg/kg dose of lorazepam, head-dipping was enhanced whilst locomotor 
activity was reduced and at the 70 mg/kg dose of phenobarbital, 
head-dipping was reduced whilst locomotor activity was enhanced. In
addition, in the case of phenobarbital, the enhancements in locomtor
activity persisted throughout the course of chronic treatment, whilst the 
reductions in head-dipping were observed only on day 1.

Changes in locomotor activity appeared to more closely parallel to
changes in seizure threshold. There is evidence to suggest that GABAergic 
mechanisms may act as a link between these two behavioural measures (see 
Chapter 1). The effects of these drugs on locomotor activity, at different 
doses and between the 0.5 and 8 hour time points, tended to parallel the 
changes observed in seizure threshold. Thus for phenobarbital, both 
locomotor activity and seizure threshold were enhanced at both doses and 
at both the 0.5 and 8 hour time points, and for phenytoin both
enhancements in seizure threshold and reductions in locomotor activity
developed during chronic treatment at both the 1 and 8 hour time points
for both the 10 and 40 mg/kg doses. However, in the case of lorazepam
locomotor activity was reduced at both doses whilst only the 0.1 mg/kg 
dose was able to enhance seizure threshold and in the case of 
phenobarbital, although the changes in locomotor activity followed a
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similar pattern to those in seizure threshold, locomotor activity was 
enhanced rather than reduced.

Effects of Drug Withdrawal

Drug withdrawal is often regarded as a unitary phenomenon, in which 
different withdrawal responses are all reflections of a single phenomenon 
of withdrawal. Indeed, in the case of the barbiturates, withdrawal 
intensity is often assessed in terms of an overall withdrawal score 
determined from a number of different behavioural withdrawal responses 
(e.g. Gay et al, 1983; Okamoto et al, 1981; Rosenberg and Chiu, 1982). If 
withdrawal is indeed a unitary phenomenon then all withdrawal responses 
might be expected to follow similar patterns and to occur across similar \ 
time courses, with peak levels of withdrawal occurring at approximately 
the same time point for the different responses. Evidence suggests that, 
for phenobarbital, the peak levels for different behavioural withdrawal 
responses may occur at a range of time points between 42.4 and 64.9 
hours after drug withdrawal (Gay et al, 1983). Differences between the 
sensitivities of various behavioural measures to drug withdrawal might 
result in some differences in the time courses of withdrawal responses, 
particularly when the times for the onset of various withdrawal responses 
are compared, although it is difficult to see how such differences could
result in such a wide range of times for the occurrence of peak
withdrawal responses.

In these experiments, withdrawal of lorazepam resulted in a 
reduction in seizure threshold and a reduction in the levels of rnon-aggressive social interactions in the home-cage aggression test, 
these effects occurred over similar time-cpurses and may therefore have 
reflected a single effect of benzodiazepine withdrawal. Similarly, for / 
phenobarbital, seizure threshold, locomotor activity and non-aggressive 
social interactions were all reduced during drug withdrawal over roughly 
similar time courses. The reductions in seizure threshold and
non-aggressive social interactions were more persistent, but this may 
simply indicate that the changes in these measures were more sensitive 
indicators of withdrawal than the changes in locomotor activity. 
Aggressive behaviour was significantly enhanced 8 hours after 
phenobarbital treatment but not between 24 and 72 hours after
phenobarbital withdrawal. This effect may represent a withdrawal response 
which occurs very early in time course of withdrawal (see Chapter 2 for
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further discussion) at a different time from other withdrawal responses. 
However, any enhancement in this measure at the later time points could 
have been masked by reductions in other behavioural measures at the 
24-72 hour time points, which may have produced non-specific reductions 
in aggressive behaviour.' Thus this withdrawal response, may have occurred 
at an earlier time point than the other behavioural effects associated 
with phenobarbital withdrawal, simply because aggressive behaviour was a 
particularly sensitive indicator of phenobarbital withdrawal.

In the case of phenytoin withdrawal, however, two distinct patterns 
of behaviour appeared to occur during drug withdrawal. At the 48 hour 
time point, seizure threshold and locomotor activity were significantly 
reduced and head-dipping significantly enhanced for the 40 mg/kg dose of 
phenobarbital only. Between the 48 and 72 hour time points, locomotor 
activity, rearing and head-dipping were significantly reduced for the 10 
mg/kg dose of phenytoin only. Although there is considerable overlap in 
the time courses of the withdrawal responses for the different doses of 
phenytoin, the behavioural effects of withdrawing the 40 mg/kg dose of 
this drug appear to be quite different from the behavioural effects of 
withdrawing the 10 mg/kg dose. In addition, if, as indicated above for 
phenobarbital, changes in seizure threshold are a more sensitive indicator 
of drug withdrawal than changes in locomotor activity, the reductions in 
seizure threshold observed in these experiments should have been more 
rather than less persistent. Thus, for phenytoin, drug withdrawal 
responses may not be the result of a single withdrawal syndrome.

Relationship Between Tolerance and Withdrawal

It is often asg,umed that tolerance and withdrawal develop in 
parallel. Thus where tolerance develops to a particular drug effect, a 
response opposite to the effect of the drug will occur during drug 
withdrawal (e.g. Essig, 1964; Isbell, 1950; Kales et al, 1983). For example, 
if tolerance to the effects of a drug results from the recruitment of 
endogenous behavioural responses opposite to the effects of the drug, 
then a withdrawal response opposite to the effect of the drug may be 
observed when the drug is withdrawn too rapidly for an animal to readjust 
to baseline levels. Few studies, however, have directly explored the the 
relationship between tolerance and withdrawal to determine whether these 
two effects really are linked.
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All three anticonvulsant drugs used in these experiments produced 
significant enhancements in seizure threshold during chronic drug  ̂
treatment and significant reductions in this measure during drug 
withdrawal. In the case of lorazepam, evidence suggests that tolerance had 
developed to the anticonvulsant effects by the end of chronic treatment. 
Similarly, for phenobarbital there was evidence at the 8 hour, but not at 
the 0.5 hour time point, that some tolerance had developed to the 
anticonvulsant effects of this drug by the end of chronic treatment. The 
anticonvulsant effect of phenytoin, however, increased across the course 
of chronic treatment, and a reduction in seizure threshold was observed 
following the withdrawal of this drug even though, there was no evidence 
of tolerance to the anticonvulsant effect.

Head-dipping was affected differently by the three drugs. Chronic 
lorazepam treatment (0.025 mg/kg) significantly enhanced head-dipping and I
no detectable tolerance developed to this effect; lorazepam withdrawal had 
no significant effect on head-dipping. Phenobarbital (70 mg/kg) 
significantly reduced levels of head-dipping on day 1 of chronic 
treatment and full tolerance had developed to this effect by day 7 of 
chronic treatment. Head-dipping was, however, also significantly reduced 
during phenobarbital (70 mg/kg) withdrawal. Phenytoin had no significant 
effect on head-dipping during chronic drug treatment; phenytoin 
withdrawal, however, resulted in both enhancements and reductions in 
head-dipping.

The effects of these drugs on levels of locomotor activity also 
differed. Locomotor activity was significantly reduced during chronic 
treatment with lorazepam and phenytoin; there was no overall change 
across the course of chronic treatment in the reduction in locomotor 
activity induced by lorazepam and the reduction induced by phenytoin 
increased significantly across chronic treatment. Chronic phenobarbital 
treatment resulted in a significant increase in locomotor activity; there 
was no evidence of tolerance to this effect at the 0.5 hour time point, 
although a significant degree of tolerance did develop at the 8 hour time 
point. Lorazepam withdrawal had no significant effect on locomotor 
activity. Reductions in this measure were, however, observed during both 
phenobarbital and phenytoin withdrawal.

Both lorazepam and phenobarbital had significant effects on 
aggressive behaviour during chronic treatment. The 0.1 mg/kg dose of
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lorazepam produced a significant reduction in aggressive behaviour and
the 0.025 mg/kg dose a significant enhancement; evidence suggested that
there was some shift in the dose-response curve with chronic treatment
for both effects, although, for the stimulant effect, it is not possible to 
determine whether this ■ was the result of tolerance or sensitization. 
During lorazepam withdrawal, however, no significant change was detected 
in levels of aggressive behaviour. Phenobarbital (70 mg/kg) produced a 
significant reduction in levels of aggressive behaviour and there was
little evidence of tolerance to this effect, however, at the 8 hour time 
point, aggressive behaviour was significantly enhanced and this may have 
been a withdrawal response. Phenytoin had no significant effect on this 
measure; nor was any significant change in aggressive behaviour observed 
during phenytoin withdrawal.

Non-aggre6sive social interactions were significantly reduced on day 
7 of chronic lorazepam treatment <0.1 mg/kg) and during lorazepam 
withdrawal. For phenobarbital <70 mg/kg), this measure was significantly 
enhanced on days 1 and 7 of chronic treatment and significantly reduced 
24-72 hours after phenobarbital withdrawal.

In these experiments, the effects observed during drug withdrawal 
<24-48 hours after last drug treatment) were not always opposite to 
acute drug effects. For phenobarbital, and possibly also phenytoin, one 
reason for this may be a generalized reduction in spontaneous behaviours 
resulting from the effects of drug withdrawal. Thus, for phenobarbital, 
head-dipping, locomotor activity and non-aggressive social interactions 
were all significantly reduced during drug withdrawal, and this may 
indicate a relatively non-specific behavioural effect. The evidence for a 
similar effect in the case of phenytoin withdrawal is somewhat weaker, as 
behavioural measures in the home-cage aggression test were unaffected by 
withdrawal of this drug; however, the reductions in head-dipping and 
locomotor activity observed following withdrawal of the 10 mg/kg dose 
may represent a non-specific effect of drug withdrawal. For lorazepam, 
however, where significant reductions were observed in the level of 
non-specific social interactions both during chronic drug treatment and 
during drug withdrawal, no reduction in other behavioural measures was 
observed during withdrawal and a generalized withdrawal effect on 
spontaneous behaviours seems unlikely. In addition, during phenytoin 
withdrawal <40 mg/kg> head-dipping was enhanced although chronic 
phenytoin treatment had no significant effect on head-dipping.
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The results of these experiments do not indicate a direct
relationship between tolerance and withdrawal. In some instances, although 
there was evidence of tolerance, no withdrawal response was observed.
Thus for phenobarbital, tolerance developed rapidly to the reduction in
head-dipping observed. following acute treatment with this drug, however, 
head-dipping was not significantly enhanced during drug withdrawal. For 
lorazepam, tolerance developed to the reduction in aggressive behaviour 
observed at the 0.1 mg/kg dose and possibly also to the enhancement in 
this measure induced by the 0.025 mg/kg dose; however, lorazepam
withdrawal had no significant effect on aggressive behaviour. As 
described in the previous paragraph, any withdrawal response to the 
effects of phenobarbital on head-dipping may have been masked by a 
relatively non-specific effect on spontaneous behaviours. This is unlikely 
to be the case, however, for the effects of lorazepam on aggressive 
behaviour, although it is possible that a withdrawal response was not 
detected because, for aggressive behaviour, withdrawal was less easy to 
detect than tolerance.

There were also instances where withdrawal responses were detected 
although there was little or no evidence of tolerance. For example, the 
anticonvulsant effects of phenytoin increased across the course of 
chronic treatment, suggesting that animals were becoming increasingly, 
rather than decreasingly, sensitive to the effects of the drug. A 
reduction in seizure threshold was, however, observed during phenytoin 
withdrawal.

ACUTE STUDIES

A number of effects across time were observed following acute drug 
treatment. Several drug effects were detected several hours after drug 
treatment, during the period of declining drug concentration, which were 
not observed immediately after drug treatment. Different behavioural drug 
effects recovered to baseline levels at different rates across time. 
Finally, both the development of tolerance and the appearance of 
withdrawal responses could be detected after single drug treatments.

For the benzodiazepines, a number of behavioural drug effects were 
observed several hours after drug treatment which were not directly 
related to levels of receptor occupancy. At the 1 hour time point, levels 
of head-dipping, locomotor activity and rearing were all significantly
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reduced by lorazepam, suggesting a generalized sedative effect of this 
drug at this time point. Levels of all behavioural measures in the
holeboard had returned to baseline levels by the 4.5 hour time point. 
However, head-dipping was significantly reduced again at the 6 hour time 
point and levels of locomotor activity and rearing were significantly 
reduced at the 15 hour time point. These effects, which occurred at 
different time points, differ from the early effects of lorazepam on 
behaviours in the holeboard, as they are not generalized for all holeboard 
measures and because a clear separation was observed between the effects 
on head-dipping and the effects on locomotor activity and rearing. Similar 
late appearing reductions in holeboard measures in response to lorazepam 
treatment, which could not be reversed by Ro 15-1788, could also be 
detected in the rat (Lister and File, 1986) although the nature and
time-course of these effects was not explored in detail, and a separation 
between the effects on exploratory head-dipping and locomotor activity 
was not demonstrated. In addition, in man, an effect described as 
'resedation' was observed following benzodiazepine treatment (Ziegler et 
al, 1983; Ruiz et al, 1983) and this may be related to the effects
described above.

For phenobarbital, enhanced levels of aggression were observed 8-12 
hours after drug treatment in both the rat and the mouse. In addition, in 
the mouse enhanced levels of non-aggressive social interaction were 
observed at the 8 hour time point and, in the rat, enhanced activity was 
detected in the holeboard 12 hours after drug treatment. The nature of 
these effects of phenobarbital is not entirely clear. They could be 
withdrawal responses which occur early in the time course of drug 
withdrawal, or they could be drug effects similar to those described 
above, associated with the part of the time course in which drug
concentrations are declining.

Unlike the effects of lorazepam observed at the 6 and 15 hour time 
points, however, the effects of phenobarbital observed between 8 and 12 
hours after drug treatment tended to be opposite to the acute effects of 
the drug. In addition, in the rat study, the enhancements in aggressive 
behaviour observed 6 hours after a 20 mg/kg dose of phenobarbital, which 
may represent a low-dose enhancement in aggressive behaviour, differed in 
nature from those observed 8-12 hour6 after a 50 mg/kg dose. It is 
possible, therefore, that the effects of phenobarbital observed 8-12 hours
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after drug treatment represent the appearance of an early withdrawal 
response.

In addition to the appearance of new behavioural responses several 
hours after drug treatment, comparison of the effects of anticonvulsant 
drugs across time on a number of different behaviours revealed that 
different behavioural drug effects returned to baseline levels at
different rates. The initial effects of lorazepam in the holeboard had 
returned to control levels by the 4.5 hour time point. The effects of 
lorazepam on seizure threshold and on levels of in vivo receptor 
occupancy were, however, much more persistent. Similarly, the reductions 
in aggressive behaviour observed following phenobarbital treatment were 
no longer detectable at the 8 hour time point during the chronic studies. 
The effects of phenobarbital on seizure threshold, head-dipping and 
locomotor activity however, could be detected at both the 0.5 and 8 hour 
time points. In the case of locomotor activity no significant change was 
observed between the 0.5 and 8 hour time points, however, for both
head-dipping and seizure threshold the effect of phenobarbital decreased 
between the 0.5 and 8 hour time points.

A number of factors may result in different behavioural drug 
effects returning to baseline levels at different rates. Differential 
sensitivities of behavioural tests may influence the rate at which 
behavioural effects decrease across time; thus if the test of seizure 
threshold is more sensitive to drug effects than the holeboard test then 
drug effects on seizures might appear to be more persistent. However, for 
phenobarbital, no significant decline in the enhancement in locomotor 
activity could be detected at the 8 hour time point, although the effects 
on aggressive behaviour could no longer be detected at this time.

For the benzodiazepines evidence from a number of different studies 
suggests that different behavioural effects require different levels of 
receptor occupancy, although the receptor occupancies required to achieve 
different behavioural effects have not been directly compared. Thus an 
anticonvulsant effect could be detected when only 30% of receptors are
occupied (Paul et al, 1979; Jochemsen et al, 1986), whilst a significant
degree of ataxia could be achieved only at occupancies of 50-60% 
(Petersen et al, 1986). The effects of the benzodiazepines across time in 
these experiments may reflect such a difference in the levels of receptor 
occupancy required to achieve particular behavioural effects. The changes
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in seizure threshold observed across the time course closely parallelled 
the changes observed in in vivo receptor occupancy. The changes observed 
in holeboard measures on the other hand had recovered to baseline levels 
by the 4.5 hour time point, and this may reflect a decrease in receptor 
occupancy by this time point to a level too low to produce a significant 
effect on these behaviours.

Alternatively, the rapid return to baseline levels for the effects of 
the benzodiazepines on holeboard measures may reflect the development of 
within-dose tolerance to the effects in the holeboard test but not to the 
effects on seizure threshold. If this were the case, then a significant 
reduction in holeboard measures might be expected to occur if levels of 
receptor occupancy equivalent to those observed at the 4.5 hour time 
point were obtained at an earlier time point. If the changes in drug 
effect across time observed in these experiments do reflect the 
development of within-dose tolerance, then they suggest that this effect 
may occur at different rates for different behavioural measures.

The results of the experiments described in Chapter 4 suggest that 
both tolerance and withdrawal may develop following treatment with single 
doses of the benzodiazepines and the barbiturates. Both phenobarbital, and 
the benzodiazepines lorazepam and oxazepam, produced significant stimulant 
effects several hours after a single drug treatment at doses high enough 
to produce acute sedative effects. For both phenobarbital and the
benzodiazepines these stimulant effects may be the result of drug 
withdrawal, and for the benzodiazepines, the lack of detectable levels of 
in vivo receptor occupancy suggest that a low-dose drug effect is
unlikely to account for these effects.

In the case of lorazepam a significant degree of tolerance could be 
detected to the reduction in locomotor activity observed after treatment 
with a single dose of 0.25 mg/kg and a significant enhancement in this 
measure was observed 48 hours after drug treatment, when no significant 
in vivo receptor occupancy could be detected. In the case of
phenobarbital, significant enhancements in aggressive behaviour could also 
be detected. In the test of home cage aggression in the rat, the
enhancements in aggression observed 8-12 hours after phenobarbital 
treatment appeared to differ in nature from those observed 1-6 hours 
after treatment with low doses of phenobarbital, and the effects observed 
at the later time points may therefore have resulted from a single-dose
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withdrawal response rather than a low-dose enhancement in aggressive 
behaviour. If the effects of phenobarbital at these later time points do 
represent single-dose withdrawal responses, then the time course for 
their appearance differs from that of other withdrawal responses observed 
following drug withdrawal after chronic drug treatment (see Chapter 2), 
with these effects appearing within 12 hours of drug withdrawal. In 
addition, the enhancements in aggressive behaviour observed 8 and 12 
hours after phenobarbital treatment in these experiments, resembled the 
effects observed at the 8 hour time point in mice in the experiments 
described in Chapter 2.

For phenobarbital, the effects of a single dose several hours after 
drug treatment, hyperactivity (enhanced locomotor activity in the 
holeboard test and enhanced levels of non-aggressive social interactions 
in the experiments described in Chapter 2) and enhanced aggression, 
resemble the effects observed in epileptic children treated with 
phenobarbital (e.g. Reynolds, 1983) and it is possible that the actions of 
this drug several hours after drug treatment may therefore underlie this 
syndrome. For the barbiturates, the early signs of drug withdrawal may be 
characterized by the appearance of hyperactivity and enhanced levels of 
aggression and these effects may not be identified with phenobarbital 
withdrawal because they appear at an earlier time point than other 
behavioural effects more commonly associated with withdrawal.

These results suggest that, for both the benzodiazepines and sodium 
phenobarbital, withdrawal responses might develop very rapidly. As appears 
to be the case with tolerance to some of the effects of these drugs, 
withdrawal responses may occur after only a single drug treatment.

The degree of tolerance which developed to the effects of a single 
dose of lorazepam on locomotor activity in the holeboard was very similar 
to the size of the single dose withdrawal response, suggesting that these 
effects may therefore have been linked. In addition, no single-dose 
tolerance could be detected to the reduction in head-dipping observed in 
this experiment following lorazepam treatment, neither was any effect 
observed of single-dose withdrawal on this measure. In the case of 
rearing, however, a single-dose withdrawal response was observed, even 
though no significant single-dose tolerance could be detected. Thus a 
direct relationship between the single-dose withdrawal responses and the
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development of single-dose tolerance could not be inferred for the
effects observed in these experiments.

The results of the experiments examining the development of 
tolerance and withdrawal following single doses of the benzodiazepines
therefore suggest that tolerance and withdrawal may be separate 
phenomena both for acute and for chronic drug effects. However, in the 
case of acute drug effects, the rapid recovery of a particular drug 
effect to baseline levels may be necessary for the development of 
single-dose withdrawal responses. Thus single-dose withdrawal responses 
may develop to the effects of lorazepam in the holeboard, which had 
returned to baseline levels by 4.5 hours after drug treatment. In rats
treated with single doses of phenobarbital, enhancements in both 
aggressive behaviour and in holeboard behaviours were observed 8-12 
hours after a single dose, and these may reflect single-dose withdrawal 
responses. The reductions in these measures observed at earlier time 
points <1-6 hours after treatment) had recovered to baseline levels by
the 8 hour time point.

The studies of the effects of acute benzodiazepine and phenobarbital 
treatment across time indicate that the effects of these drugs several
hours after drug treatment may not simply be a function of declining
drug concentration. For the benzodiazepines a number of secondary drug 
effects were observed several hours after drug treatment which may not 
have been directly mediated via the benzodiazepine receptor (evidence 
from previous studies (Lister and File, 1986), and to a lesser extent the 
results of these experiments, suggest that the specific benzodiazepine 
receptor antagonist Ro 15-1788 could not reverse these effects). 
Similarly, for phenobarbital a number of drug effects -were observed
between 8 and 12 hours after a single dose. These effects may have been
very early withdrawal responses or they may have been drug effects 
associated with declining drug concentration; it is not possible to 
determine which from these experiments.

It is possible that the drug effects which appear later in the time 
course could influence chronic drug effects both in terms of the 
development of tolerance and the appearance of withdrawal responses. For 
example, in the studies of chronic drug treatment described in Chapter 2, 
a persistent reduction in locomotor activity was observed during chronic 
lorazepam treatment. No significant reduction in holeboard measures was
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observed following acute lorazepam <0.1 mg/kg) treatment In these 
experiments, and It would appear that this dose was not sufficient to 
produce a generalized reduction in holeboard measures similar to that 
observed 1 hour after acute treatment with the 0.25 mg/kg dose of 
lorazepam. It is, however, possible that the chronic effects of lorazepam 
(0.1 mg/kg> on locomotor activity observed in these experiments were 
related to a secondary reduction in this measure which may have occurred 
later in the time course, similar to the reduction in locomotor activity 
which occurred 15 hours after treatment with the 0.25 mg/kg dose of 
lorazepam. Further experiments exploring the effects of chronic treatment 
on the reductions in holeboard behaviours observed several hours after 
lorazepam treatment would, however, be necessary to determine whether or 
not this was the cause of this effect.

RELATIONSHIP BETWEEN ACUTE AND CHRONIC EFFECTS

The results of these experiments suggest that both tolerance and 
withdrawal responses may develop very rapidly (after a single dose) to 
the effects of the benzodiazepines and possibly also phenobarbital. 
Although previous studies have demonstrated the development of tolerance 
to the effects of these drugs after a single dose (e.g. Ellinwood et al, 
1983 and see Chapter 3), there is little previous evidence to suggest 
that spontaneous withdrawal responses may occur after single doses. 
Evidence from previous studies suggests that acute tolerance may be
different in nature from the tolerance which develops following chronic 
drug treatment (e.g. Maynert and Klingman, 1960; Lucki and Rickels, 1986).
The results of these experiments, however, were not sufficiently detailed
to allow such a comparison and the extent to which acute and chronic
tolerance differed in nature cannot „ be determined from these results. 
Further experiments comparing the nature of acute and chronic drug 
effects on various behavioural measures would be required to determine 
the extent to which acute and chronic tolerance and withdrawal responses 
resemble or differ from each other. These results do, however, indicate 
that both tolerance and withdrawal may develop more rapidly to some 
behavioural drug effects than to others and this may mean that different 
mechanisms govern the development of tolerance and the appearance of 
withdrawal responses to different behavioural drug effects.

The results of both the chronic and the acute studies suggest that 
tolerance and withdrawal are not necessarily linked. Tolerance may occur
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without detectable withdrawal responses and withdrawal responses may be 
observed when no tolerance has been observed. Thus tolerance and 
withdrawal may be separate phenomena.

The relatively small number of doses used in these experiments made 
the interpretation of some chronic drug effects difficult, particularly
for drugs with biphasic dose-response curves. In addition, the
contribution of metabolic mechanisms to the development of tolerance 
could not be determined in these experiments because brain drug 
concentrations were not measured.

In the case of phenytoin, in particular, the effects of drug
withdrawal for a fuller dose-response curve might also have yielded 
useful additional information about the exact nature of the drug
withdrawal responses observed in these experiments. Also, in the case of 
lorazepam, the nature of the effects of chronic treatment on the 
stimulant drug effects observed in these experiments would have been 
clearer if the effects of chronic treatment on a full dose-response curve 
had been determined.

The results described above indicate that the effects of these drugs 
across time, beyond the point at which the initial acute drug effects 
were detected, were quite complex. In addition, a number of the 
behavioural effects observed between 24 and 72 hours after drug 
withdrawal were not opposite to acute drug effects. It is therefore 
difficult to determine whether the various behavioural effects observed 
in these experiments were withdrawal responses or other behavioural drug 
effects associated with the declining part of the dose-response curve. 
For example, in the case of the enhancements in aggressive behaviour, 
non-aggressive social interactions and locomotor behaviour observed 
several hours after phenobarbital treatment, it was not possible to 
determine with any certainty whether the behavioural drug effects 
observed resulted from drug withdrawal or from some other effect related 
to the period of declining drug concentration. It is also difficult to 
know exactly how to define the secondary reductions in holeboard 
behaviours observed several hours after benzodiazepine treatment. These 
effects did not resemble the enhancements in holeboard behaviours 
observed 48 hours after lorazepam treatment, which most closely resembled 
conventional withdrawal responses, neither did they resemble the acute
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effects of these drugs observed shortly <1-3 hours) after acute drug 
treatment.

These experiments suggest that withdrawal response may not always 
be identified simply by looking for responses opposite to acute drug 
effects, as withdrawal of both phenobarbital and phenytoin resulted in 
apparently quite generalized syndromes of withdrawal responses which were 
not necessarily opposite to the behavioural effects of the drug. In 
addition, where within-dose tolerance develops rapidly to a particular 
drug effect it is possible that withdrawal responses may start to appear 
quite rapidly, possibly before full clearance of a drug has occurred. Thus 
withdrawal responses might occur whilst measurable concentrations of a 
drug were still present, and full clearance of a drug may not therefore 
be a suitable means of determining whether or not a particular drug 
effect is the result of drug withdrawal. The effects observed at various 
time points after drug treatment do not appear to represent a single 
unified mechanism of drug withdrawal but instead are a complex mixture 
of different effects which occur at various times during the period of 
declining drug concentration.

Although these experiments suggest that tolerance and withdrawal 
may may be separate phenomena, possibly governed by separate mechanisms, 
more detailed studies to investigate the relationship between these two 
phenomena would be required to establish the extent to which these two 
phenomena are linked. The effects of varying periods of chronic drug 
treatment, comparing the effects of chronic treatment with the appearance 
of drug withdrawal responses for a number of different behavioural drug 
effects, might yield more precise information about the relationship 
between tolerance and withdrawal. Also, by investigating changes in full 
dose-response curves for both chronic treatment and drug withdrawal more 
detailed information might be obtained on the relationship between these 
two effects. Measurement of brain drug concentrations or receptor 
occupancies during chronic treatment, would also be useful in order to 
determine the possible contribution of metabolic tolerance to chronic drug 
effects.

In addition, for the benzodiazepines and possibly also for other 
drugs, the effects of chronic drug treatment on those additional drug 
effects which occur during the period of declining drug concentration 
might yield useful information about the possible contribution of these
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effect to the relationship between tolerance and withdrawal. For example, 
a study of the effects of chronic benzodiazepine treatment on the 
reductions in head-dipping observed at the 6 hour time point or the 
reductions in locomotor activity observed at the 15 hour time point, 
might be of interest. Different types of benzodiazepine withdrawal might 
also be distinguished by examining the effects of the specific 
benzodiazepine antagonist Ro 15-1788 on withdrawal responses; evidence 
from previous studies suggests that the anxiogenic effects of 
benzodiazepine withdrawal may be reversed by this drug (File and Baldwin, 
1987), whereas the experiments described in Chapter 4 suggest that the 
hyperactivity induced by benzodiazepine withdrawal cannot be reversed by 
Ro 15-1788, thus the effects of this compound on different benzodiazepine 
withdrawal responses could yield interesting information about the nature 
of different benzodiazepine withdrawal responses.

POSSIBLE CLINICAL SIGNIFICANCE OF ANTICONVULSANT DRUG EFFECTS

The results of these experiments may also be of interest in relation 
both to the relationship between seizure disorders and psychomotor 
impairments commonly associated with anticonvulsant drug treatment 
(Reynolds 1983 and 1984) and to the possible relationship between seizure 
disorders and aggressive behaviour.

Impairments of mental and cognitive function and psychomotor 
slowing are amongst the behavioural effects commonly observed in 
epileptic patients (Reynolds 1983 and 1984). Evidence suggests that high 
doses of anticonvulsant drugs, particularly phenytoin, may result, not

range of other psychological effects including intellectual deterioration 
and impaired intellectual function (Reynolds, 1970).

Similar effects are also frequently associated with anticonvulsant 
treatment within the therapeutic range, particularly in the case of 
phenobarbital, primodone and phenytoin (e.g. Trimble and Reynolds, 1976). 
Patients who received relatively high doses of these drugs, within the 
therapeutic range, suffered significant intellectual and psychomotor 
impairment, and this effect appeared to be greatest for those subjects 
with the highest levels of anticonvulsant drugs in their blood (Reynolds

Psychomotor Impairments Associated With Seizure Disorders

only in a number of conventional signs of toxicity, in a
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and Travers, 1974; Trimble and Corbett, 1980). In addition, patients show 
significant improvements in alertness, concentration, drive, mood and 
sociability, when phenytoin or phenobarbital doses were reduced or when 
treatment with these drugs was stopped (Shorvon and Reynolds, 1979; 
Fischbacher, 1982). Even' in normal volunteers, low doses of phenobarbital 
may impair sustained attention and measures of perceptual-motor 
performance CHutt et al, 1968) and low doses of phenytoin may impair some 
aspects of psychomotor performance (Idestrom et al, 1972).

In animal experiments, reductions in spontaneous locomotor 
behaviours have been observed in response to phenobarbital treatment, 
although evidence suggests that tolerance may develop relatively rapidly 
to such reductions (e.g. Kalant et al, 1971). There is, however, little 
evidence from animal studies to suggest that phenytoin produces anything 
more than relatively short-lived reductions in spontaneous motor 
behaviours (Starratt et al, 1980). The results of these experiments, 
however, suggest that relatively long-lasting impairments in locomotor 
behaviours may develop following a period of chronic phenytoin treatment. 
In addition, reductions in locomotor behaviour were observed during both 
phenobarbital and phenytoin withdrawal. Thus the effects of phenytoin on 
locomotor behaviour observed which developed during the course of chronic 
treatment in these experiments could be linked to the psychomotor 
impairments observed in epileptic patients. Significant reductions in 
locomotor behaviour could be detected both 1 and 8 hours after phenytoin 
treatment and a similar effect might therefore result in quite persistent 
effects on psychomotor behaviours.

Relationship Between Seizure Disorders and Aggression

Seizure disorders in man are frequently associated with heightened 
levels of aggressive behaviour (and hyperactivity) (e.g. Trimble, 1985; 
Bear, 1979; Maudsley, 1873; Treiman, 1986), however, the extent to which 
chronic anticonvulsant drug treatment may contribute to these effects is 
poorly understood.

Possible causal links between epilepsy and changes of mood or 
behaviour in man have been widely investigated, however whether such 
links exist remains uncertain. Mood changes during the days preceding a 
seizure are fairly well documented; in particular, self rating scales 
suggest increased levels of depression, anxiety and possibly aggression
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on the days prior to a seizure, however, it is not clear whether these 
mood changes are a contributory factor in precipitating the seizure or 
the result of a pre-seizure state (Blanchet and Frommer, 1986).

Existing data mbst strongly suggests a link, in a percentage of 
epileptic patients, between epilepsy and a number of psychiatric 
disturbances, described under the general heading of epileptic psychosis 
(Trimble, 1985), and in particular with aggressive and violent behaviour 
(Bear, 1979; Maudsley, 1873; Treiman, 1986). These effects do not appear 
to be directly connected with seizure activity, indeed it may not be 
possible to detect EEG abnormalities during periods of disturbed 
behaviour (Landolt, 1958). Patients with both generalized and temporal 
lobe epilepsy may show a pattern of behaviour which, at least to some 
extent, resembles schizophrenia (Perez and Trimble, 1980); depression and 
sudden swings in mood or alternately a pattern of paranoid behaviour may 
occur and very commonly irritability, aggression or overt hostility are 
observed (Trimble, 1985). Much of the evidence for an increase in 
aggression associated with epilepsy (temporal lobe epilepsy in particular) 
exists in the form of individual case studies and anecdotal evidence 
(Devinsky and Bear, 1984). However, a number of studies have attempted to 
define and quantify this phenomenon more precisely.

Estimates of the percentage of patients, with temporal lobe epilepsy, 
reported to show the severe behavioural disturbances described above, 
vary widely. A number of groups have been unable to detect any difference 
between subjects with temporal lobe epilepsy and control groups (Stevens, 
1982), other studies have reported that only a very small percentage of 
patients, e.g. 6% (Currie et al, 1971), show these patterns of behaviour. 
Several studies, however, have demonstrated a very high incidence of 
'psychosis' amongst patients with temporal lobe epilepsy, ranging from 
approximately 50% (Gibbs, 1951; Perez and Trimble, 1980) to more than 80% 
(Ervin et al, 1955) of subjects tested.

A number of factors may underlie the wide variation in results 
obtained by different groups. A variety of psychological tests have been 
used to determine the extent of behavioural disturbances in epileptic 
patients; rating scales, in which either independents observers or 
patients themselves rate mood and behaviour, are by far the most 
commonly used tests. Evidence suggests that different tests may produce 
widely varying results. Some of the psychological profiling tests
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such as schizophrenia, in mind, may detect abnormal behavioural states in 
a large percentage of epileptic patients (Perez and Trimble, 1980); 
however, not all the psychological tests used have been able to detect 
behavioural abnormalities (Stevens, 1982). In addition, subjects will often 
rate their own behaviour entirely differently from an independent 
observer, and evidence suggests that epileptic patients may be especially
unrealistic when assessing their own behaviour (Bear and Fedio, 1977).

Bear and Fedio (1977) described a number of unusual behavioural 
features which they suggested were particularly associated with temporal 
lobe epilepsy; these ranged from obsessive behaviours, to behavioural 
patterns commonly associated with depression, paranoia, hostility and 
aggression (irritability, temper outbursts and violent behaviour). They 
designed psychological tests specifically to detect these patterns of 
behaviour and, perhaps not surprisingly, found that a high percentage of 
epileptic patients fitted their psychological profile. Other groups, 
however, using this same rating scale have not been as successful in
observing significantly greater levels of these personality traits in 
epileptic patients (Hermann and Riel, 1981).

Perhaps the biggest problem, however, lies in the selection of
appropriate epileptic subjects for these studies; the choice of 
inappropriate subjects for study has been cited as a particular problem 
in the case of studies which do not imply a link between epilepsy and 
disturbed behaviour (Bear, 1979). Those investigations which have failed 
to demonstrate a significantly higher level of behavioural abnormality in 
patients with temporal lobe epilepsy have tended to use patients
suffering from psychomotor seizures as controls (e.g. Stevens, 1966;

  ....

Mignone et al, 1970). For several reasons, significant differences are 
unlikely to emerge between these two groups. Evidence suggests that 
although epileptic psychosis may be associated more prominently and more 
often with temporal lobe epilepsy, other groups of epileptic patients may 
also show significant levels of disturbed behaviour (Trimble, 1985). Thus 
it is perhaps not surprising that significant differences tend not to 
emerge between these groups.

A more fundamental problem lies in determining, with any degree of 
certainty, whether or not the psychomotor patients chosen also have a 
degree of temporal lobe involvement. A cortical focus outside the
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temporal lobe may coexist with, and even mask, an undetected temporal 
lobe focus in some patients; in addition, foci outside the temporal lobe 
may project into sites in the limbic system and repeated stimulation of 
temporal limbic structures by such a focus might result in the setting 
up of a secondary tempdral lobe focus (Bear, 1979; Goddard et al, 1969; 
Ludwig et al, 1975).

The problem thus lies in the selection of appropriate control groups 
for comparison with temporal lobe epileptics. The psychological pressures 
on patients with an illness which can be embarrassing, unpredicatable and 
often socially restrictive should not be ignored and the frustration 
caused by these factors may contribute significantly to the behavioural 
disturbances observed in epileptic subjects (Horowitz, 1970). A study 
which included a control group of patients with neuromuscular disorders, 
in order to control for the psychological factors, demonstrated 
significantly higher levels of 'anger* in temporal lobe epileptics, 
suggesting that other factors are also important (Bear and Fedio, 1977), 
Significantly higher levels of epileptic psychosis were also observed in 
patients with temporal lobe epilepsy, when contrasted with subjects with 
focal non-temporal epilepsy (e.g. Juul-Jensen, 1964); thus non-specific 
psychological factors cannot fully explain these results.

Thus, even when psychological factors are taken into account, the
evidence suggests the presence of an unusually high level of disturbed
behaviour in epileptic patients in general and in temporal lobe epileptics 
in particular. An alternative approach to studying the relationship 
between epilepsy and aggressive behaviour is to attempt to determine the 
prevalence of epilepsy and EEG abnormalities in violent individuals. A 
number of such studies have been carried out, but the results do not
clearly demonstrate such a relationship. Several studies have reported 
abnormal EEG patterns in high numbers of these subjects (Hill and Pond, 
1952; Hodge et al, 1953; Stafford-Clarke and Taylor, 1949; Williams, 1969), 
comparative groups of normal individuals were not, however, tested and it 
is questionable whether the EEG patterns detected in these experiments 
are really abnormal (Pedley, 1980). Evidence suggests that epileptiform 
EEGs are not especially common in violent individuals (Riley and
Niedermeyer, 1978).

Evidence for the involvement of the limbic system in the control of 
aggressive behaviour, in both man and animals, has led to speculation that
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the enhancements in aggressive behaviour observed in temporal lobe 
epileptics may result from stimulation of, or damage to, these areas. In 
animals, lesions of the limbic system generally result in reduced levels 
of social aggression (Kling, 1974; Slotnick and McMullen, 1972) but can 
heighten defensive behaviour toward both conspecifics (Allikmets and 
Detrikh, 1965; Gonsiorek et al, 1974; Moore, 1964; Shipley and Kolb, 1977) 
and the experimenter (Slotnick et al, 1973; Spiegel et al, 1940; Wheatley, 
1944); both hypersensitivity and overall suppression in social behaviour 
may also result from lesions of the limbic system however, and the
changes observed in aggressive behaviours are therefore not necessarily
specific (Albert and Walsh, 1982; Kling, 1972). Enhancements in certain
types of agonistic behaviours in animals may be induced by electrical
stimulation of the limbic system using intracranial electrodes. Defensive 
behaviour may be induced by stimulation of the medial hypothalamus in 
cats (Hess and Brugger, 1943) and also to some extent in rats (Kruk et 
al, 1979).

Evidence also suggests that sites in the limbic system may control 
aggression in man. A number of reports of patients with electrodes
implanted in the amygdala or hippocampus have suggested that it may be 
possible to 'turn on' aggressive behaviour by stimulating these areas
(Heath, 1964; King, 1961; Sem-Jacobsen, 1968). In addition, tumours in the 
hypothalamus, septal region or frontal lobe may result in increased levels 
of irritability (Zeman and King, 1958), indeed these behavioural changes 
may be the first indication of the presence of a tumour (Eichelman, 1983; 
Sano et al, 1970). Studies of aggression in man have not attempted to 
separate offensive and defensive behaviours in the same way as animal
studies, although as described above, aggressive behaviour in animals can 
have a strong defensive element and the same may be true in man.

It has been reported that the nature of the behavioural disturbance 
observed is dependent upon the laterality of the epileptic focus; a
number of studies have suggested that aggression is internalised (i.e. 
results in depressive and suicidal behaviour) when the focus is 
associated with one side of the brain and externalized (i.e. overt 
aggressive behaviour) when associated with the other. Evidence suggests 
that left-sided lesions tend to be associated with a schizophrenia-like 
psychosis and right-sided lesions with a syndrome resembling 
manic-depression (Flor-Henry, 1969). However, other studies would seem to 
contradict this conclusion, demonstrating a tendency for patients with
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foci in the right temporal lobe to 'externalize' their aggressive 
tendencies whilst left temporal lobe epileptics tended to 'internalize' 
their aggression CMcIntyre et al, 1976).

Although the nature of the aggressive behaviour observed may vary 
depending on the precise position of an epileptic focus, an important 
common factor is a tendency for agonistic behaviour to be elicited by 
inappropriate stimuli in epileptic patients with behavioural disturbances 
(Bear, 1979). Thus, it has been suggested that a lowering of the threshold 
required to induce an agonistic response may be responsible for epileptic 
psychosis (Albert and Walsh, 1984). A similar effect is believed to be 
responsible for the heightened defensiveness observed in rodents with 
lesions in the limbic system (Albert et al, 1982) and cats stimulated in 
this area (Egger and Flynn, 1963). Thus, the aggressive behaviour elicited 
by stimulation of the limbic system is similar in its nature to that 
observed in temporal lobe epileptics. In addition, evidence suggests that 
a direct relationship may exist between kindled seizures and the 
defensive behaviour observed in cats following hypothalamic stimulation; 
the threshold stimulus required to elicit a defensive response may be 
decreased or increased by kindling seizures in appropriate regions of the 
limbic system (Brutus et al, 1986).

For a number of reasons, the aggressive behaviour associated with 
epilepsy is likely to be influenced by factors other than those 
neurochemical pathways in the limbic system which may control aggression. 
There is little to suggest that the increased aggression observed in 
epileptic patients is the direct result of epileptogenic activity at the 
focus. Evidence suggests that the occurrence of violent behaviour during 
an epileptic seizure is extremely rare; in a study involving some 5400 
epileptic patients, only 13 cases of ictal aggression were reported and 
even in these cases the aggressive behaviour observed differed in nature 
from that associated with epileptic psychosis and was described, in 
several of the subjects as being 'stereotyped and nondirected' 
(Delgado-Escueta et al, 1981). The frequency with which ictal violence 
occurs has been greatly exaggerated as it is often used as a legal 
defence, although, in most cases, there is little to suggest that epilepsy 
contributed to the occurrence of violent behaviour and frequently there 
is little or no evidence that a subject even has a history of epilepsy 
(Treiman, 1986).
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Little or no relationship exists between aggressive behaviour in 
epileptic patients and the frequency or occurrence of seizures. Indeed, 
epileptic psychosis tends to be most often reported where seizure 
frequency is low (Landolt, 1958) and subjects tend to lose their EEG 
abnormalities during periods of disturbed behaviour (Flor-Henry, 1972). In 
addition, a considerable period of time may elapse between the onset of 
seizures and the development of behavioural disturbances, some 14 years 
on average (Slater and Moran, 1969).

Enhanced levels of aggression and hyperactivity in epileptic patients 
probably result from a complex mixture of different factors: psychological 
factors, the effects of seizures on particular areas of the brain and the 
effects of anticonvulsant drugs may all be amongst the effects which 
contribute to these effects in epileptic patients (e.g. Trimble, 1985; 
Bear, 1979; Ounsted, 1969). These results are, however, consistent with the 
hypothesis that chronic anticonvulsant drug treatment itself may make a 
significant contribution to the occurrence of disturbed behaviour in 
epileptic patients.

The results of a number of studies have suggested that chronic 
treatment with anticonvulsant drugs can produce mental impairments and 
possibly disturbed behaviour which is often attributed to the presence of 
a seizure disorder rather than to the possible side effects of drug 
treatment (Reynolds, 1983 and 1984); controls for the effects of 
anticonvulsant drugs are rarely included in studies of behavioural 
disturbances in epileptic patients. Behavioural disturbances are 
associated especially with epileptic subjects when the onset of seizures 
occurs early in life and where patients therefore tend to have received 
longer periods of chronic anticonvulsant therapy (Serafetinides, 1965). In 
addition, evidence suggests that behavioural disorders are particularly 
common in the case of temporal lobe seizures, which are especially 
difficult to treat effectively, and where significantly greater amounts of 
anticonvulsant drugs are therefore used (Reynolds, 1983). In addition, 
both hyperactivity and enhanced levels of aggressive behaviour 
(catastrophic rage) have been associated with seizure disorders in 
children and it has been suggested that such effects are especially 
common the morning after phenobarbital treatment (Wolf and Forsythe, 
1978).
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The results of the experiments described in Chapters 2 and 4 
suggest that phenobarbital treatment may result in both enhanced levels 
of aggressive behaviour and hyperactivity in both rats and mice, and 
these effects may have significance when considering the enhanced levels 
of aggressive behaviour observed in epileptic patients. Both acute and 
chronic phenobarbital treatment resulted in enhanced levels of aggressive 
behaviour in dominant resident animals (rats and mice), between 8 and 12 
hours after drug treatment. In addition, in rats a significant enhancement 
in holeboard behaviours was observed 12 hours after drug treatment and 
in mice a significant enhancement in non-aggressive social interactions 
was observed 8 hours after drug treatment. Both of these effects occurred 
at approximately the same time points at which aggressive behaviour was 
enhanced and it is possible that they may therefore be linked to the 
hyperactivity sometimes associated with enhanced aggression in epileptic 
patients. However, it should be noted that, in mice at least, the 
enhancements in non-aggressive social interactions occurred on different 
days during chronic treatment from the enhancements in aggressive 
behaviour.

It is not clear whether or not these effects were the result of 
early withdrawal responses to phenobarbital, however, they were not 
detected at the same time as seizure threshold was reduced during 
phenobarbital withdrawal. Where patients are treated once or twice per 
day with phenobarbital, therefore, these effects might occur prior to any 
indication of drug withdrawal, and possibly between doses. Indeed, in 
epileptic children, a syndrome of irritability and hyperactivity has been 
noted during the morning after phenobarbital treatment (Wolf and 
Forsythe, 1978). This effect may be detected after only a single dose of 
phenobarbital, and in this respect it resembles the enhanced levels of 
aggressive behaviour observed in the experiments described in Chapter 4, 
in which enhanced aggression was observed in rats after single doses of 
phenobarbital. Thus the results of these experiments suggest a possible 
role for chronic phenobarbital treatment in the enhanced aggression 
sometimes associated with the epilepsies.
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Summary—Acute administration of phenytoin (40 and 75 mg 'kg) was unable to counteract seizures 
induced by pentylenetetrazole and even prolonged them in some cases. These prolonged seizures remained 
with chronic (10 days) treatment but an anticonvulsant effect of phenytoin (40 and 75m g;kg) also 
emerged, shown by a decrease in the incidence o f seizures. This latter effect could be detected even 24 hr 
after the last dose. Both acute and chronic treatment with phenytoin (40 or 75 mg/kg) were able to enhance 
anticonvulsant efficacy of diazepam against pentylenetetrazole-induced seizures. The mechanisms under
lying these three independent effects of phenytoin and their clinical relevance are discussed.

Key words: mice, convulsions, phenytoin, diazepam, pentylenetetrazole.

Phenytoin is com m only used to treat many different 
types of epileptic seizures in man. However, when 
given to anim als it has an unusual profile: it is 
effective against seizures induced by maximal electro
shock but not against those induced by pen
tylenetetrazole or other chemical convulsants (Swin
yard, 1952; G oodm an, Swinyard, Brown. Schiffman, 
Grewal and Bliss. 1953). In fact, there are suggestions 
tha t chemically-induced seizures may be potentiated 
by phenytoin (W oodbury, 1982). This profile is un
usual because it differs from that o f other clinically- 
effective anticonvulsants such as the benzodiazepines 
and barbiturates. These are effective against both 
maximal electroshock and chemically-induced seiz
ures and are more potent in preventing the latter 
(Haefely. Pieri, Pole find Schaffner, 1981). After 
long-term treatm ent with benzodiazepines, in both 
m an and animals, tolerance rapidly develops to their 
anticonvulsant actions (File, 1983). However, the 
effects of chronic treatm ent with phenytoin in ani
mals have been relatively neglected; in particular, the 
effects of long-term treatm ent with phenytoin on 
seizures induced by chemical agents has not been 
investigated. The aim of the first experiment was 
therefore to determine whether chronic treatm ent 
with phenytoin could produce anticonvulsant activity 
against seizures induced by pentylenetetrazole in 
mice

It has recently been shown that phenytoin. in spite 
o f  its lack o f efficacy when given alone, is able to 
potentiate the anticonvulsant effects o f diazepam 
against seizures induced by pentylenetetrazole in mice 
(Czuczwar, Turski and Kleinrok. 1981). The aim of 
the second experiment was to investigate the effects of 
chronic pretreatm ent with phenytoin on the an ti
convulsant actions of diazepam.

M E T H O D S

Animals

Male albino mice (Tuck no. 1 strain. Tuck and 
Sons, Battlesbridge), weighing 25-50 g at the begin
ning o f chronic treatm ent, were used. These were 
allowed ad libitum  food and w ater and were housed 
in groups of 8 in a room with a 12 hr ligh t-12 h r dark 
cycle (lights on at 0700 hr).

Drugs

Phenytoin (5,5-diphenylhydantoin) and diazepam  
were suspended in distilled w ater with a d rop  o f 
Tween 20 and pentylenetetrazole was dissolved in 
distilled water. C ontrol groups received distilled 
water and Tween. All drugs were made up to an 
injectable volume o f 4 ml/kg body weight. Phenytoin 
was injected 1 hr before testing, diazepam  30 min 
before testing and pentylenetetrazole im mediately 
before testing. Pilot studies revealed that the strain  of 
mice used in these experiments were fairly insensitive 
to phenytoin, therefore doses o f 75 and 40 m g 'kg  of 
phenytoin were selected for these experiments. The 
10 mg kg dose was selected on the basis o f previous 
experimental work with this drug (e.g. Czuczw ar et 
al., 1981; M acdonald and M cLean. 1982).

Drug treatment

In Experiment 1, mice were random ly allocated 
amongst four pretreatm ent conditions: vehicle con
trol. phenytoin 10. 40 and 75 mg/kg. W ithin each 
pretreatm ent condition the mice were then random ly 
allocated to four test conditions (see Table I for 
details). In Experiment 2. groups were allocated as in 
Experiment I (see Table 2 for details).

969
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Tabic I. The drug pre irea tm ent received by each group o f mice in 
Experim ent 1 and the drug ls) given on the lest day  (all doses are in 

mg kg |

P reatreatm ent Test dav

Vehicle PTZ 60 alone '(overa ll control)
Phenytoin 10 •+■ P T 2  60
Phenyioin 40 +  P T 2  60
Phenyioin 75 +  P T 2  60

Phenytoin 10 P T 2  60 alone
Phenytoin 10 +  P T 2  60
Phenytoin 40 +  P T 2  60
Phenytoin 75 +  PTZ 60

P henytoin 40 PTZ 60 alone
Phenyioin 40 +  PTZ 60
Phenyioin 75 +  PTZ 60

Phenytoin 75 PTZ 60 alone
Phenytoin 10 -*■ PTZ 60
P henytoin 40 PTZ 60
Phenytoin 75 + PTZ 60

P T 2  = pentylenetetrazole.

Procedure

All groups received chronic treatm ent with pheny
toin for 10 days (10. 40 or 75 mg/kg), or a 
w ater-Tw een 20 control as appropriate, injected in- 
traperitoneally each afternoon. The tests were carried 
out in subdued lighting between 1400 and 1800 hr. 
On the day o f test, in Experiment 1 the animals 
received an injection o f  phenytoin (10. 40 or 
75 mg/kg) or w ater-Tw een 20 1 hr before testing and 
an injection o f pentylenetetrazole immediately prior 
to the test; in Experim ent 2 the animals received an 
additional injection o f diazepam 30m in prior to 
testing. All drugs were administered intra- 
peritoneally.

Immediately after receiving the injection of pen
tylenetetrazole. the anim als were placed in individual 
cages with transparent sides and were observed for 
30m in. The latencies to the first myoclonic spasm 
and the first full seizure were recorded. The total 
num ber o f anim als, out o f each treatm ent group of 
8, that had myoclonic spasms or full convulsions by 
the end o f the test period, was also recorded. A 
myoclonic spasm was defined as a sudden extension 
o f the hind or forelim bs and a full seizure, as full

Table 2. The drug  pre irea tm em  received b> each g roup o f  mice in 
Experim ent 2 and the d rug(s) given on the test day (all doses are in 

mg kg)

P retreatm ent Test dav

Vehicle

Phcnvto in  10

Phenytoin 40

Phenvtoin 75

P T 2  80 alone 
P T 2  80 *  diazepam  0.5 
Phenyto in  10 +  P T 2  80 
Phenytoin  40 + P T 2  80 
P henytoin  75 +  P T 2  80 
P T 2  80 d iazepam  0.5 
P henvtoin 10 *  P T 2  80 
P henvtoin  40 -  P T 2  80 
P henytoin  75 P T 2  80 
P T 2  80 +  diazepam  0.5 
P henyto in  10 + P T 2  80 
Phenvto in  40 -f P T 2  80 
P henvtoin  75 +  P T 2  80 
P T 2  80 — diazepam  0.5 
Phenyto in  10 •+ P T 2  80 
Phenyto in  40 P T 2  80 
Phenvtoin 75 +  P T 2  80

(overall control)
-  diazepam  0.5
-  diazepam  0.5
-  d iazepam  0 5

-  diazepam  0.5
-  diazepam  0.5
-  d iazepam  0.5

-  d iazepam  0.5 
d iazepam  0.5

-  diazepam  0.5

-  diazepam  0.5 
•» diazepam  0.5 
* diazepam  0.5

tonic-clonic extensions and contractions o f both fore 
and hind limbs.

S ta tistics

The num ber o f animals show ing myoclonic spasms 
or full convulsions in each treatm ent group was 
com pared with that of the contro l group using the 
Fisher exact probability test. Latencies to m yoclonus 
and to first seizure were com pared with control values 
using independent Student's /-test.

R E S U L T S

C hronic treatm ent (10 days) with phenytoin, 
caused no weight loss in any o f  the dose groups. The 
following mean weight gains (± S E M ) were recorded 
after a treatm ent period o f  10 days: control, 
0.8 g ±  1.6; phenytoin 10 m g/kg, 0.5 g ±  2.0; pheny
toin 40 mg/kg, 1.3 g ±  1.6; phenytoin 75 mg/kg. 
0.9 g ±  3.3.

Experiment I

A dose o f 60 mg/kg o f pentylenetetrazole was 
selected for Experim ent 1 as at this dose the m axi
mum num ber o f seizures, w ithout any deaths, was 
achieved. Acute treatm ent with phenytoin (10 ,40  and 
75 mg/kg) did not significantly reduce the num ber 
o f  seizures or myoclonic spasm s observed com pared 
with the group which received pentylenetetrazole 
(60 mg/kg) alone (see Table 3).

In all o f  the groups that had received chronic 
treatm ent with phenytoin for 10 days at the doses o f 
40 and 75 mg/kg, significantly fewer anim als con
vulsed (P <  0.03), com pared with the control group, 
which received chronic treatm ent with vehicle and 
pentylenetetrazole alone on the test day. There was 
no difference in the incidence o f myoclonic spasm s in 
any o f these groups (see Table 3). C hronic treatm ent 
with phenytoin at the 75 mg, kg dose also caused 
significant increases in latency to  the first myoclonic 
spasm when phenytoin was given on the test day 
( /> < 0 .05 ), but these increases did not reach 
significance if phenytoin was witheld on the test day 
or when phenytoin (40m g kg) was given on the test 
day. This increase in latency was greatest when a dose 
o f 75 m g'kg was given on the test day.

W hen those groups which had been treated ch ron 
ically (for 10 days) with phenytoin at 10 mg/kg were 
tested with vehicle or phenytoin (10. 40 or 75 mg/kg) 
and pentylenetetrazole (60 mg kg), no significant de
crease was observed in the num ber o f  anim als that 
showed seizures or myoclonic spasms and no 
significant increases in latencies were observed in any 
o f the dose groups (see Table 3).

In all those groups in which phenytoin (40 or 
75 mg kg) was given to the anim als on the day o f test, 
greatly prolonged seizures, leading to death, were 
observed in some animals. A lthough these seizures 
occurred regardless of whether phenytoin was adm in
istered to the animals in the previous 10 days, the



263

Chronic phenyioin is anticonvulsant m mice 971

Table 3. The num bers o f anim als in each treatm ent g roup tha t had m yoclonic spasm s, full 
seizures and prolonged seizures which were lethal, in Experim ent I

P re trea tm en t Test day

N um ber o f 
mice showing 

m yoclonus

N um ber o f  
mice having 
full seizures

N um ber
dead

Vehicle PTZ 60 alone 16 16 14 16 0 16
PH T 1 0 +  PTZ 60 8.8 4 8 0.8
PH T 40 +  PTZ 60 7 8 7 8 4 8 *
PH T 75 + PTZ 60 8'8 6 8 3 8 *

P H T  10 PTZ 60 alone 8/8 5 '8 0.8
P H T  10 + PTZ 60 7/8 4 .'8 0 8
PH T 40 +  PTZ 60 6 6 3/6 2/6
PH T 75 + PTZ 60 8/8 4 8 2/8

P H T  40 PTZ 60 alone 7 7 2 7* 0 7
PH T 40 +  PTZ 60 6-7 2'7» 2 7
PH T 75 +  PTZ 60 4/6 2 /6 * 1/6

PH T 75 PTZ 60 alone 7 7 0/7* 0/8
P H T  10 +  PTZ 60 8/8 0 /8* 0 8
PH T 40 +  PTZ 60 7/8 2/8* 2/8
P H T  75 +  PTZ 60 8/8 2/8* 1/8

Pretrea tm en t with vehicle or phenytoin (10. 40 or 75m g 'kg ) was for 10 days. All doses are 
in m g/kg. P H T  = phenyio in . PTZ = pentylenetetrazole 

•S ignificantly  different from  vehicle p retreatm ent group given PTZ alone on the lest day 
(P  <  0.05).

occurrence o f such seizures in those groups which had 
received chronic treatm ent with phenytoin (10, 40 or 
75 mg/kg), was not significantly increased above con
trol values (when no such seizures occurred). How
ever, there was a significant increase in the num ber of 
these seizures, above control values, in those groups 
which received chronic pretreatm ent with vehicle and 
acute adm inistration o f phenytoin (40 or 75 mg/kg) 
on the test day.

Experiment 2

A 50% reversal o f the convulsant effect of pen
tylenetetrazole (i.e. approx. 4 anim als in a group o f 
8 experiencing full seizures) was obtained when doses

o f pentylenetetrazole o f  80 mg/kg were com bined 
with diazepam (0.5 mg/kg) in vehicle-treated con
trols. Those animals treated acutely with phenytoin 
at 10 mg/kg did not show a significant enhancem ent 
o f the anticonvulsant effect o f diazepam . A cute trea t
ment with phenytoin at 40 or 75 m g/kg however, did 
significantly enhance the anticonvulsant effect o f 
diazepam (P < 0 .0 3 . see Table 4).

Chronic treatm ent w ith phenytoin at 10 mg/kg did 
not result in a significant enhancem ent o f the an ti
convulsant effects o f diazepam . But when anim als 
which had received chronic treatm ent with phenytoin 
at the 40 or 75 mg/kg doses were given phenytoin (40 
or 75 mg/kg) on the test day, no seizures were ob 
served in any of the groups.

Table 4. T he num ber o f  anim als in each treatm ent group, in Experim ent 2, th a t had m yoclonic 
spasm s and full seizures and the mean latencies to the first m yoclonic spasm  ( +  SEM )

P retrea tm ent
Test dav 
+  PT Z  80

N um ber of 
mice showing 

myoclonus
Latency to  
m yoclonus

N um ber o f  
mice show ing 
full seizures

Vehicle PTZ 80 alone 13 13 105.6 x  23.4 11/13
D Z 0.5 1316 154.3 ± 4 5 .2 7/16
D Z 0.5 +  P H T  10 8/8 156.3 ±  17.8 3/8
DZ 0.5 + P H T  40 2/9 — 0/9*
D Z 0.5 + P H T  75 3 10 — 0T0*

PH T 10 D Z 0.5 8 8 134.4 ± 3 7 .6 6 8
D Z 0.5 + P H T  10 6 8 124.2 ± 2 3 .4 4/8
D Z 0.5 + P H T  40 2 6 — 1/6
D Z 0.5 +  P H T  75 5 8 155.0 x  50.8 18

PH T  40 D Z 0.5 5/7 115.0 ±  41.9 2/7
D Z  0.5 + P H T  10 5/6 130.3 ±  39.8 2/6
D Z  0.5 +  P H T  40 3/6 — 0/6
D Z  0.5 + P H T  75 1/6 — 0/6

P H T  75 D Z 0.5 6 10 125.0 x  12 1 1.10
D Z  0.5 +  P H T  10 8 8 150.0 ±  11.1 0 /8 *
D Z 0.5 +  P H T  40 0 ,8 * ■ — 0 /8 *
D Z 0.5 +  PH T 75 6 8 176.7 x  28.6 0 8 *

P reatreatm ent with vehicle or phenyto in  (10. 40 o r 75 mg kg) was for 10 days. All doses are in m g kg 
The values for latencies to  first m yoclonic spasm are presented when m ore than  5 anim als showed 
m yoclonus. PH T  »  pheny to in . PTZ ■* pentylenetetrazole and DZ «  diazepam .

•S ignificantly  different from  vehicle pretreatm ent g roup  given penty lenetetrazole (80 mg kg) and  
d iazepam  (0.5 mg kg) on the test day (P  < 0 .0 5 ) Fisher exact probab ility  tests (for num ber o f 
an im als showing m yoclonic spasm s or seizures) were also carried  ou t betw een acute trea tm ent 
groups given phenyio in  (w hich received chronic vehicle treatm ent) and the ir equivalent g roups 
which received chronic trea tm ent with phenytoin None o f  these g roups differed significantly 
from  each o ther.
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D ISC U S S IO N

Phenytoin at 10 mg kg failed to produce significant 
effects in any of these experiments. However, when 
this drug was adm inistered 'acutely, two effects of 
phenytoin (40 and 75 mg kg) were observed in these 
experiments, both o f which remained unchanged by- 
chronic treatm ent with the drug (10 days). One of 
these was an adverse effect, which could be observed 
in some animals. W hen phenytoin (40 or 75 mg/kg) 
was administered I hr prior to challenging with pen
tylenetetrazole, seizures o f greatly increased duration 
occurred (lasting 5-15 min com pared to a normal 
seizure length o f 5-10 sec). It has been reported 
(W oodbury. 1982) that large doses of phenytoin, 
given alone, are excitatory and can cause convulsions. 
However, such convulsions are characterised by opis- 
thotonic posturing (extreme backward arching o f the 
neck and spine) which was not observed in any o f the 
animals when tested with pentylenetetrazole, nor did 
these doses o f phenytoin alone cause convulsions in 
any of the animals. The second, beneficial, effect o f 
acute adm inistration o f  phenytoin was the poten
tiation of the anticonvulsant action o f  diazepam. A 
third effect, which emerged with chronic treatm ent 
was the anticonvulsant action of phenytoin itself.

It is generally agreed tha t phenytoin suppresses the 
spread from an epileptogenic focus, w ithout sup
pressing focal activity (M acdonald, 1983; From m , 
C hattha, Terrence and Glass, 1982). However, it is 
not clearly understood whether the anticonvulsant 
action of phenytoin results from a facilitation of 
inhibitory pathways or a suppression o f excitatory 
pathways. In these experiments, chronic treatm ent 
with phenytoin resulted in a reduction in the occur
rence o f seizures without relieving the severity of 
seizures (severe seizures are indicated in Table 3 by 
the number of deaths), and in some cases w-ith a 
parallel increase in this measure. This implies that the 
anticonvulsant effect observed after chronic treat
ment with phenytoin (10 days) is far m ore likely to 
be caused by a facilitation o f inhibitory pathw ays 
than a suppression o f excitatory pathways. In fact, 
acute adm inistration of phenytoin may even enhance 
excitatory pathways.

The behavioural results presented here suggest that 
the mechanism by which phenytoin enhances the 
anticonvulsant effects o f diazepam differs from the 
mechanism for the anticonvulsant effect observed 
after chronic treatm ent with phenytoin. The anti
convulsant effect of phenytoin was not present with 
acute, but developed after chronic, treatm ent. How
ever. there was no change in the enhancem ent o f  the 
anticonvulsant effects o f diazepam  after chronic 
treatm ent with phenytoin.

It has been reported that phenytoin can worsen 
seizures in some patients (Eldridge, livanainen. Stern, 
Koerber and Wilder. 1983; M acdonald. 1983). This is 
in agreement with the results obtained here with 
chronic treatm ent with phenytoin, in which the inci

dence o f seizures was reduced, but when seizures did 
occur they were significantly prolonged in some cases. 
This data would suggest two possible ways in which 
the likelihood of such seizures could be reduced. One 
possibility is suitable spacing o f phenytoin trea t
ments. The present da ta  show that when mice were 
tested 24 hr after the last dose o f phenytoin (40 or 
75 mg,'kg), the incidence o f  seizures was significantly 
reduced and there was no significant prolongation  o f  
seizures am ongst those anim als that did convulse. 
However, suitable spacing o f treatm ents may not be 
helpful in a clinical setting when seizures are not 
triggered predictably. A second alternative is sug
gested by the ability o f phenytoin to enhance the 
anticonvulsant action o f diazepam , which was re
tained with chronic treatm ent. It is unclear w hether 
tolerance to this action develops, since it could be 
masked by the developm ent of the independent an ti
convulsant action o f phenytoin. However, there was 
no occurrence o f prolonged seizures to pen
tylenetetrazole, after chronic treatm ent with phen
ytoin, in those groups which also received diazepam . 
This suggests that a com bined treatm ent o f  phenytoin 
and diazepam may be the most effective means o f 
controlling the severe seizures which are observed in 
some animals with treatm ent with phenytoin.
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Effects of acute and chronic treatment on the pro- 
and anti-convulsant actions of CL 218, 872, PK 8165 

and PK 9084, putative ligands for the 
benzodiazepine receptor

S A N D R A  E . F IL E *  A N D  L U C Y  W IL K S

M .R.C. Neuropharmacology Research Group, Department o f  Pharmacology, The School o f  Pharmacy. University o f  
London, 29/39 Brunswick Square. London WC1N 1AX, UK

CL 218,872 is a triazolopyridazine that acts at the benzodiazepine binding site. A t low doses 
(0-5-7-5 mg kg-1) it is proconvulsant when com bined with subconvulsant doses of 
picrotoxin but not when com bined with pentetrazol (leptazol, pen tylenetetrazol). A t high 
doses (20-60 mg kg-1) CL 218,872 counteracted  seizures caused by pentetrazo l but not 
those caused by picrotoxin. There was to lerance to the proconvulsant effects after five days 
of trea tm en t and to the anticonvulsant effects after 15-20 days. Two phenylquinolines, PK 
8165 and PK 9084, that also act at the G A B A -benzodiazepine receptor complex have 
proconvulsant actions in com bination with picrotoxin. Significant tolerance to these effects 
nad not developed even after 20 days o f trea tm en t. It is concluded that th ree different sites 
on the G A BA -D enzodiazepine com plex m ediate the pro- and anti-convulsant actions of CL
218,872 and the proconvulsant actions of PK 8165 and PK 9084.

The phenylquinolines PK 8165 and PK 9084. 
and the triazolopyridazine CL 218.872 (3-methyl- 
6[3-(trifluorom ethyl)phenyl]-1.2,4-triazolo [4.3-6]- 
pyridizine) are putative novel anxiolytic drugs, 
thought to act at the benzodiazepine receptor. CL
218.872 displaces benzodiazepines from their b ind
ing sites (L ip p ae t al 1979). like the benzodiazepines, 
it is both sedative (Straughan et al 1982; File et al 
1985) and anxiolytic in the punished drinking test 
(Lippa et al 1979) and the social interaction test (File 
1982). M ore recently , it has been reported  that CL
218.872 has some benzodiazepine antagonist p ro p e r
ties. It antagonizes the diazepam -induced loss of 
righting reflex and increases the dose of diazepam  
required to protect against bicuculline-induced seiz
ures. It has thus been proposed that CL 218.872 may 
be a partial agonist at the benzodiazepine receptor 
(G ee et al 1983a. b).

The phenylquinolines displace benzodiazepines 
from their binding sites, in-vitro (L eFur et al 1981). 
They produce a dose-related decrease in locom otor 
activity, rearing and exploratory head-dipping in the 
holeboard (File 1983), and therefore may be seda
tive. The evidence for their anxiolytic action is weak. 
They increase punished drinking in the rat (Le Fur et 
al 1981), but unpunished drinking is also increased 
(Pellow 1985). PK 8165 is not anxiolytic in the social

* Correspondence.

interaction test and PK 9084 is only partially anxioly
tic in this test (File & L ister 1983). and in th ree  o ther 
animal tests they have no anxiolytic action (K eane et 
al 1984).

These three drugs differ m arkedly from  the 
benzodiazepines in their effects on chem ically- 
induced seizures. A recent investigation carried  out 
bv M elchior et al (1984) into the action of CL 218.872 
on seizures induced by bicuculline. pen te trazo l and 
picrotoxin revealed that high doses of CL 218.872 
were anticonvulsant against pentetrazo l-induced  sei
zures w hereas low doses of CL 218.872 (0-5 mg kg -1 ) 
were proconvulsant with subconvulsant doses of 
picrotoxin or bicuculline. although not with subcon
vulsant doses of pentetrazol. The phenylquinolines 
have been shown to antagonize the anticonvulsant 
effect of diazepam  against bicuculline-induced seiz
ures (G ee et al 1983c) and are proconvulsant with 
subconvulsant doses of picrotoxin and pen te trazo l 
(File & Sim monds 1984).

E xperim ent 1 was designed to investigate fu rther 
the proconvulsant and anticonvulsant actions of CL
218.872 with the chemical convulsants picrotoxin and 
pentetrazol. The aim of experim ent 2a was to 
investigate the effect of chronic treatm ent with CL
218.872 on the proconvulsant and anticonvulsant 
actions of this drug. The aim of experim ent 2b was to 
investigate the effect of chronic treatm ent w ith the 
phenylquinolines PK 8165 and PK 9084 on the
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proconvulsant actions o f these drugs when com bined 
with a subconvulsant dose of picrotoxin.

M E T H O D S

Anim als
Male albino mice, Tuck No. 1 strain (Tuck and Sons, 
B attlesbridge), 30-40 g, were used in experim ents 1 
and 2b and male albino T .O . mice (B antin and 
K ingm an), 25-30 g at the start of chronic treatm ent, 
were used in experim ent 2a. The mice were housed 
in groups of eight in a room  with a 12 h light: 12 h 
dark cycle (lights on at 07 00 h) and were allowed free 
access to food and w ater.

Drugs
CL 218,872, PK 9084 and PK 8165 were suspended in 
distilled w ater with a d rop  of Tween (polysorbate) 
20. Pentetrazol and picrotoxin were both dissolved in 
distilled w ater. C ontrol anim als received a w ater/ 
Tween contro l as appropriate . All drugs were made 
up to an injectable volum e of 4 ml kg-1 . CL 218,872 
was injected orally 1 h before testing, PK 9084 and 
8165 30 min before testing and pentetrazol and 
picrotoxin im m ediately before testing. Picrotoxin. 
pentetrazol, PK 9084 and PK 8165 were adm inis
tered in traperitoneally .

Treatment
Eight mice were random ly allocated to each drug 
group. The trea tm en t groups for experim ent 1 are 
shown below: and the trea tm en t groups for experi
ments 2a and 2b are shown in Table 1. In experi
ments 2a and 2b all anim als received 20 days' chronic 
trea tm en t with e ither the appropriate drug or a 
water/Tw een 20 control.
Experim ent 1
Picrotoxin 3 mg kg-1 alone or with CL 218,872 (0-5.
2-5. 5-0. 7-5, 10-0 mg k g - ') -
Pentetrazol 30 mg kg-1 alone or with CL 218.872
(0-5. 2-5. 5-0. 7-5. 10-0 mg k g " 1)-
Picrotoxin 8 mg kg-1 alone or with CL 218.872 (20.
30. 40. 60 mg kg-1)-
Pentetrazol 80 mg k g -1 alone or with CL 218.872 
(20. 30. 40, 60 mg k g -1 ).

Procedure
The convulsant and proconvulsant doses of pen
tetrazol and picrotoxin respectively were selected for 
each strain of mouse bv pilot studies. Pilot studies 
were also carried  out to  establish the proconvulsant 
doses of the phenylquinolines.

In experim ent 1, the anim als received no chronic 
drug trea tm en t. In experim ent 2a all groups received
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20 days’ oral trea tm en t w ith e ither CL 218.872 or 
w ater/Tw een con tro l, as app rop ria te . In experim ent 
2b all groups received 20 days’ p re trea tm en t with a 
w ater/Tw een 20 con tro l. PK 9084 or PK 8165 
adm inistered  in traperitoneally .

Table 1. The drug pretreatment received by the mice, its 
duration and the drugs given on the test day in experiments 
2a and 2b. All doses are in mg kg-1 . (CL = CL 218.872, 
Piero = picrotoxin, PTZ = pentetrazol).

Pretreatment Time (davs) Test dav
Experiment 2a
Vehicle 20 Piero 2

Piero 2 + CL 2-5 
PTZ 80
PTZ 80 + CL 20

CL 2-5 mg k g -1 5 Piero 2 + CL 2-5
15 Piero 2 + CL 2-5
20 Piero 2 + CL 2-5

CL 20 mg kg-1 5 PTZ 80 + CL 20
15 PTZ 80 + CL 20
20 PTZ 80 + CL 20

Experiment 2b
Vehicle 20 Piero 3

Piero 3 + PK9084 5 
Piero 3 + PK 8165 5

PK 9084 5* mg kg-' 5 Piero 3 + PK 9084 5
10 Piero 3 + PK9084 5
20 Piero 3 + PK9084 5

PK 8165 5+ mg kg-' 5 Piero 3 + PK 8165 5
10 Piero 3 + PK 8165 5
20 Piero 3 + PK 8165 5

* 2-Phenyl-4-l2-(4-piperidinyl)ethyllquinoline 
+ 2-Phen\T4-[2-(4-piperidinyl)ethyl|quinidine.

In all these experim ents the mice w ere tested  in 
subdued lighting betw een 14 00 and 1900 h. In 
experim ents 1 and 2a the anim als received one 
injection of C L 2(8.872 o r water/Tw'een 20 adm inis
tered  orally one hour before the test and one intra- 
peritoneal in jection  o f pen te trazo l or picrotoxin as 
appropriate just before testing. In experim ent 2b the 
anim als received one in jection  of w 'aterT w een 
contro l. PK 9084 or PK 8165 in traperitoneally  30 min 
before the test and one in jection  of picrotoxin 
in traperitoneally  im m ediately before testing.

Im m ediately a fte r this second injection the mice 
w ere placed, individually, in transparen t sided cages 
and were observed for 30 min. Latencies to the first 
myoclonic spasm and the first seizure were recorded , 
and the num ber of anim als in each trea tm en t group 
of eight which had myoclonic spasm s or full seizures 
by the end of the test period was also recorded. A 
myoclonic spasm was defined as a sudden extension 
of the fore- or hind-lim bs an d  a full seizure as 
repeated  tonic-clonic extensions and contractions of 
both fore- and hind-limbs.
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Statistics
The m ean latencies to  first myoclonic spasm and first 
seizure for each group were com pared with the 
control values by m eans o f independent r-tests. The 
num bers of anim als in each group that had seizures 
or spasms w ere com pared with control values by the 
Fisher exact probability test.

R E S U L T S

Experim ent 1: A cute proconvulsant and anticonvul
sant effects o f  C L  218,872
(a) Proconvulsant effects.
W hen a subconvulsant dose of picrotoxin (3 
mg kg-1 ) was adm inistered  to the mice alone, no 
myoclonic spasms or seizures were observed. 
H ow ever, in the presence of CL 218,872 a significant 
increase was observed in the num ber of anim als that 
had spasms in the 0-5, 2*5, 5 0 and 7-5 mg kg-1 
dosage groups (P  <  0-01 in each case). Some full 
seizures were also observed at the 2-5 and 5-0 mg 
kg-1 doses o f CL 218,872 in the presence of 
picrotoxin (3 mg kg-1 ). No myoclonic spasms or 
seizures were observed in any anim als when pen
tetrazol (30 mg kg-1 ) was adm inistered alone and no 
myoclonic spasms or seizures w ere observed in any 
of the groups when this dose of pentetrazole was 
tested with CL 218,872 at 0-5, 2-5. 5 0 and 7-5 mg 
kg-« (Table 2).

(b) A nticonvulsant effects.
W hen pentetrazol at 80 mg kg-1 was tested alone, 
myoclonic spasms and seizures were observed in all 
the anim als in the group. CL 218,872 at 20, 30, 40

Tabie 2. The proconvulsant effect of acute doses of CL 
218,872. The subconvulsant doses of picrotoxin and pentet
razol (PTZ) used were 3 mg and 30 mg kg- 1 respectively. 
The numbers of animals in each group which had myoclonic 
spasms or full seizures are shown and mean latency(s) to the 
first myoclonic spasm (±s.e .m .) for each croup. All doses 
are in mg kg-1 .

Proconvulsant
effect
Drug No of No of Latency to

treatment mvoclonus seizures myoclonus
PTZ 30 alone ' 0/8 0/8 —
PTZ 30 + CL 0-5 0/8 0/8 —
PTZ 30 + CL 2*5 0/8 0/8 —
PTZ 30 + CL 5 0/8 0/8 —
PTZ 30+  CL 7-5 0/8 0/8 —
Piero 3 alone 0/8 0/8 _
Piero 3 + CL 0-5 5/8* 0/8 880-0 ± 10-0
Piero 3 + CL 2-5 7/8* 2/8 1147-9 ± 33-9
Piero 3 + CL 5 8/8* 3/8 881 -9 ± 16-9
Piero 3 + CL 7-5 5/8* 0/8 1052-0 ± 46-6

* Significantly different from control (P  < 0 01).

and 60 mg kg- 1 did not cause a significant decrease in 
the num ber o f anim als tha t had myoclonic spasm s, 
how ever a significant increase in the  m ean latency to 
the first myoclonic spasm was observed at all these 
doses (P <  0-05). No seizures w ere observed in any 
of those groups which received C L 218,872 at 20, 30, 
40 and 60 mg kg-1 with pen te trazo le  at 80 mg k g -1 . 
Picrotoxin at 8 mg kg-1 tested  alone caused m yo
clonic spasms and seizures in all the anim als in the 
test group. W hen C L 218,872 w'as tested at 20, 30, 
and 40 mg kg-1 , no decrease in the num ber of 
anim als in each group tha t had m yoclonic spasms and 
seizures was observed. H ow ever, significant 
increases were observed in the m ean latencies to the 
first spasm in the CL 218,872 20 and 30 mg kg-1 
groups and in the m ean latencies to  the first seizure 
in all the groups tested  (P  <  0 05 in all cases) (Table
3)-

Table 3. The anticonvulsant effects of acute doses of CL 
218,872. The anticonvulsant doses of picrotoxin and 
pentetrazol used were 8 mg kg-1 and 80 mg kg-1 
respectively. The numbers of animals in each group which 
had myoclonic spasms or full seizures are shown and the 
mean latency(s) to the first myoclonic spasm ( + s.e.m .) for 
each group. All doses are in mg kg-1 .

Anticonvulsant
effect
Drug No of No of Latency to

treatment myoclonus seizures mvoclonus
PTZ 80 alone 8/8 8/8 48-1 ± 2-1
PTZ 80 + CL 20 8/8 0/8* 83-1 ± 3-0#
PTZ 80 + CL 30 8/8 0/8* 187-5 ± 14-9#
PTZ 80 + CL 40 8/8 0/8* 147-5 ± 7-4#
PTZ 80 + CL 60 8/8 0/8* 113-1 ± 8-9#
Piero 8 alone 8/8 8/8 323-8 ± 16-0
Piero 8 + CL 20 8/8 8/8 419-4 ± 19-8#
Piero 8 + CL 30 8/8 8/8 421-3 ± 2 4 -4 #
Piero 8 + CL 40 8/8 8/8 378-1 ± 35-2

“'* Significantly different from control (P <  0 01).
#  Significantly different from appropriate control 

(P <  0 05).

Experim ent 2a: The effect o f  chronic treatment with 
C L 218,872
W hen treated  with picrotoxin at 2 mg k g -1 , only one 
anim al had a m yoclonic spasm and no seizures were 
observed in any of the anim als tes ted , how ever, in 
the presence of CL 218,872 at 2-5 mg k g -1 a 
significant increase was observed in the num ber of 
animals which had m yoclonic spasm s (P  = 0 02). 
C hronic treatm ent with CL 218,872 for 5, 15 and 20 
days resulted in the loss o f this effect in all cases (see 
Table 4, Fig. 1).

All the mice in the group trea ted  with pentetrazol
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at 80 mg kg-1 had myoclonic spasms and seizures. 
The num ber of anim als having seizures was signifi
cantly reduced by CL 218,872 at 20 mg kg-1 adm inis
tered  acutely (P  <  0-005), no reduction was observed 
in the num ber of anim als which had myoclonic 
spasms. A  significant reduction in the num ber of 
anim als seizing was still present after five days of 
chronic trea tm en t (P  <  0-01). The group which 
received five days of chronic treatm ent also had a 
significant increase in the mean latency to the first 
myoclonic spasm (P <  0-05) com pared with the 
control group. A fter 15 and 20 days of p retreatm ent 
the num ber of animals seizing with pentetrazol at 80 
mg kg~1 was still reduced , although this effect was no 
longer significantly different from the control value 
(see Table 4).

Experim ent 2b: The effects o f  chronic treatment with 
P K  8165 or P K  9084
The proconvulsant effects of PK 9084 and PK 8165 
persist with chronic treatm ent both in the case of 
myoclonic spasm s and full convulsions. Some to ler
ance to the proconvulsant effect does, how ever, 
seem to be developing with time for both drugs. A 
steady and progressive decrease in the num ber of 
anim als experiencing both myoclonic spasms and 
seizures was observed with chronic treatm ent, but 
this was not significantly different from the acutely 
treated  group even after 20 days of chronic treatm ent 
with these drugs (see Fig. 1). In contrast to this 
proconvulsant effect, shown by an increase in the 
num ber o f anim als experiencing myoclonic spasms,

r

a-</)_ 2

■
§

J i

d j 1
5 10/15 20

Days pretreatment

Fig. 1. Number of mice (n = 8) showing myoclonic spasms 
or full seizures after acute treatment (0 pretreatment days) 
with CL 218.872 (2-5 mg kg-1 ) (open columns), PK 8165 
(5 mg kg-1) (solid columns) or PK 9084 (5 mg kg-1) (dotted 
columns), or after 5. 10. 15 or 20 days of daily drug 
injections.

PK 8165 caused an increase in the m ean latency to 
the first myoclonic spasm after chronic trea tm en t for 
5, 10 o r 20 days (P  <  0-05). Sim ilar increases were 
not observed for PK 9084.

Table 4. The effects of chronic treatment with CL 218.872 on its pro- and anticonvulsant effects. The subconvulsant dose of 
picrotoxin used was 2 mg kg-1 and the convulsant dose of pentetrazol 8 mg kg-1 . The numbers of animals in each group 
which had myoclonic spasms or full seizures are shown and the mean latency(s) to the first myoclonic spasm ( ±s.e.m .) for 
each group.

No of No of Latency to
Pretreatment Test myoclonus seizures myoclonus

Proconvulsant effect
Vehicle Pic 2 alone 1/8 0/8 _
Vehicle Piero 2 + CL 2-5 6/8* 1/8 755-8 ±102-1
CL2-5: 5 days Piero 2 + CL 2-5 1/8 0/8 _
CL 2-5: 15 davs Piero 2 + CL 2-5 1/8 0/8 _
CL 2-5: 20 days Piero 2 + CL 2-5 1/8 0/8 —

Anticonvulsant effect
Vehicle PTZ 80 alone 8/8 8/8 82-5 ± 29-9
Vehicle PTZ 80 + CL 20 8/8 2/8* 161-9 ± 41-8
CL 20: 5 davs PTZ 80 + CL 20 8/8 3/8* 151-9 ± 11-5#
CL 20: 15 davs PTZ 80 CL 20 8/8 5/8 106-4 ± 27-1
CL 20: 20 da vs PTZ 80 + CL 20 8/8 5/8 84-4 ± 9-4

* Significantly different from appropriate control (Piero 2 or PTZ 80 alone) P < 0 04.
# Significantly different from control (P  <  0-05).
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D IS C U S S IO N

The results of experim ent 1 both confirm  and expand 
those of M elchior et al (1984). A t low doses 
(0-5-7-5 mg kg-1) CL 218,872 has a proconvulsant 
effect, causing both myoclonic spasms and seizures 
when challenged with a subconvulsant dose of 
picrotoxin. N o such proconvulsant effect was seen 
when a subconvulsant dose of pentetrazol was used. 
T he doses o f CL 218,872 which we found to  be most 
effective in producing the proconvulsant effect were 
2-5 and 5 0 mg kg-1 . These are a little higher than 
the proconvulsant dose found by M elchior et al 
(1984), how ever this is probably due to a strain 
difference in the types of mice used. A t higher doses 
(20-60 mg kg-1 ) CL 218,872 had an anticonvulsant 
effect against pentetrazol-induced seizures. No such 
anticonvulsant effect was observed against 
picrotoxin-induced seizures.

These results dem onstrate that it is not simply a 
question of dose that determ ines w hether CL
218,872 is pro- or anticonvulsant (as would be 
expected for a partial agonist for the benzodiazepine 
site). The pro- and anticonvulsant effects of this drug 
also depend on the type and dose of convulsant used. 
The rates at which tolerance develops to these two 
effects are very different and would suggest two 
different sites of action. A lthough the high dose 
effects are  benzodiazepine-like we would conclude 
that CL 218,872 cannot be considered a pure 
benzodiazepine agonist or even as a partial agonist.

Tolerance to the proconvulsant effect of PK 8165 
and PK 9084 when com bined with a subconvulsant 
dose of picrotoxin, developed much m ore slowly 
than tolerance to the proconvulsant effects of CL
218,872. This slower time course of developm ent of 
tolerance suggests that the proconvulsant actions of 
PK 8165 and PK 9084 may well be m ediated by 

“different sites of action and/or mechanism s from the 
proconvulsant actions of CL 218,872. It has been 
dem onstrated  by K eane et al (1984) th a t, in the case 
of PK 9084 and PK 8165, although these drugs bind 
to the benzodiazepine receptor in-vitro, [3H]- 
flunitrazepam  is not displaced by these drugs in- 
vivo. T herefore although it seem s that these com 

pounds act som ewhere on the G A B A - 
benzodiazepine receptor com plex (File & Sim m onds 
1984) they do  not act directly on the benzodiazepine 
binding site.

The results from the p resen t studies suggest that 
there  are several sites on the G A B A -benzodiazepine 
receptor com plex that can m ediate pro- and an ti
convulsant d rug effects. H ow ever to  fu rther charac
terize these sites m ore biochem ical and electro- 
physiological evidence is required .
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The sedative effects of CL 218,872,
like those of chlordiazepoxide,
are reversed by benzodiazepine antagonists
Sandra E. File, Sharon Pellow, and Lucy Wilks
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29/39 Brunswick Square, London WC1N IAX. LIK

Abstract. The effects of CL 218,872, initially classified as a 
non-sedative anxiolytic, were investigated and compared 
with those of chlordiazepoxide in the holeboard. The ability 
of two drugs that antagonise the effects of benzodiazepines, 
CGS 8216 and Ro 15-1788, to reverse the effects of CL
218,872 and chlordiazepoxide were also investigated, to see 
whether their effects might be mediated via benzodiazepine 
receptors. CL 218,872 (10 mg/kg) was found to be signif
icantly sedative in both mice and rats (i.e.. both locomotor 
activity and head-dipping were significantly decreased). In 
mice, the effects of CL 218,872 and of chlordiazepoxide 
were very similar over a range of doses, except that the 
stimulatory effect seen with low doses of chlordiazepoxide 
on head-dipping just failed to reach significance with CL
218,872. This study is in agreement with recently published 
results from different tests showing that sedative effects can 
be obtained with doses of CL 218.872 that are low and not 
much higher than those leading to anxiolysis. The sedative 
effects of both CL 218,872 (10 mg/kg) and chlordiazepoxide 
(20 mg/kg) were significantly reversed by RO 15-1788 (10 
and 20 mg/kg) and CGS 8216 (10 mg/kg), suggesting that 
their effects are mediated via benzodiazepine receptors. 
The increase in head-dipping seen with chlordiazepoxide 
(2.5 mg/kg) was also reversed by RO 15-1788 and CGS 
8216.

Key words: Exploration -  Locomotor activity -  Sedation 
-  Chlordiazepoxide -  Benzodiazepine -  CL 218,872 -  
Benzodiazepine antagonists -  Ro 15-1788 -  CGS 8216 -  
Rat -  Mouse

CL 218,872 (3-methvl-6-[3-(trifluoromethvl) phe- 
nvl]-l,2.4-triazolo [4.3-6] pvridazine) is a drug that dis
places [3H]-benzodiazepines from their "classical'' CNS 
receptor sites (Lippa et al. 1979). On the basis of the 
binding profile of this compound, two benzodiazepine 
(BDZ) receptor subtypes were proposed to exist, between 
which CL 218.872 was claimed to distinguish. Klepner et al.
(1979) showed that CL 218,872 had a high affinity for the 
BDZ I-receptor type and a low affinity for the BDZ 
II-receptor type. Recently, other compounds such as 
)3-CCE have been shown to distinguish between these two 
sites. However, the biochemical interpretation of these 
results has been questioned (Martin et al. 1983) and the
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functional relevance of this distinction remains un
known.

Lippa et al. (1979) claimed that CL 218,872 was a 
non-sedative anxiolytic, and thus proposed that Type-1 
receptors mediate anxiolytic effects, and Type-II receptors 
sedation and other side effects. The results of Lippa et al.
(1980) showed that, in tests of spontaneous locomotor 
activity (in an activity meter) and motor incoordination 
(rotarod test) in the rat, the ED50s for deficits with CL
218.872 ranged from four to ten times greater than those of 
chlordiazepoxide (CDP) and diazepam. Oakley et al. 
(1984), however, found that in both rats and mice CL
218.872 and diazepam were approximately equipotent in 
reducing spontaneous locomotor activity in an activity 
meter, with significant reductions obtained from 5 mg/kg. 
Similarly, in rats CL 218.872 produced approximately 
equipotent reductions in motor coordination (as assessed 
by the horizontal wire and inclined plane tests) to those 
seen with diazepam, although in mice there was no 
incoordination until very high doses were reached.

The discovery of a non-sedative anxiolytic would be of 
considerable importance both clinically, because sedation is 
a major problem with currently used anxiolytics, and 
theoretically, to inform us to what extent the different 
behavioural effects shown by BDZs can be separated, and 
to help identify the neural mechanisms underlying these 
separate behaviours. To date, the effects of CL 218,872 on 
spontaneous locomotor activity have been measured only in 
activity meters. The aim of the present study was to extend 
the investigations to a test in which various aspects of 
spontaneous motor behaviours could be measured sepa
rately. We selected the holeboard. which permits indepen
dent measures of locomotor activity, rearing and explora
tory head-dipping (File and Wardill 1975). The effects of 
CL 218.872 were investigated in the rat and the mouse. We 
then compared the effects of CL 218.872 on these different 
behaviours with those of chlordiazepoxide (CD P), a typical 
BDZ. In this study mice were used, since in this species it is 
possible to observe both a stimulant response to low doses 
of BDZs (which is not reliably observed in rats) and a 
sedative response to high doses (Sansone 1979; Nolan and 
Parkes 1973).

Our second aim was to investigate the possibility that 
the behavioural effects of CL 218.872 in this situation are 
mediated via BDZ receptors. This is an interesting 
question, because recent evidence (File and Pellow 1984) 
has shown that the decrease in spontaneous behaviours in 
the holeboard produced by PK 8165, a phenylquinoline 
which was also initially claimed to be a non-sedative
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anxiolytic acting via BDZ receptors (LeFuret al. 1981). are 
not reversed by benzodiazepine antagonists, implying a 
different site of action. We therefore investigated whether 
the behavioural effects of CL 218.872 in this test could be 
reversed by RO 15-1788 and CGS 8216, two drugs that can 
antagonise the effects of B DZs (Hunkeler et al. 1982: 
Yokoyama et al. 1982). and again we compared CL 218,872 
to CDP. The IP route of administration was selected for 
these experiments on the basis of pilot studies showing that 
PO and IP routes are equally effective.

M ethods

A nim als. Male albino mice (Tuck No. 1 strain. Tuck and 
Sons, Battlesbridge) and male hooded Lister rats (Olac 
Ltd.. Bicester) were housed in a room with an 11-h 
light : 13-h dark cycle (lights on at 06.00 h) and allowed 
freely available food and water. Animals were 
group-housed and weighed approximately 3 0 -4 0  g (mice) 
and 350 g (rats).

Apparatus. The holeboard (File and Wardill 1975) is a 
wooden box 40 x 40 x 27 cm (mouse holeboard) or 60 x  60 
x  35 cm (rat holeboard) with four holes equally-spaced in 
the floor, each 3.2 cm (m ouse) or 3.8 cm (rat) in diameter. 
Head-dipping was measured by infra-red cells placed under 
the holes, and locomotor activity and rearing were 
measured by infra-red cells in the walls of the box 1.5 and
5.5 cm (m ouse) and 4.5 and 11cm (rat) from the floor, 
respectively.

Drugs. CL 218.872. CGS 8216. and R015-1788 were 
suspended in distilled water with a drop of Tween 20; 
chlordiazepoxide hydrochloride (CDP, Roche Products

Table 1. Treatment groups used in experiments 1-3: doses of CL 
218.872 (CL) and chlordiazepoxide (CDP). and their combina
tions with Ro 15-1788 (Ro) and CGS 8216 (CGS)

Experiment

1 (rats. 2 (mice. 3 (mice, n - 8-10)
n = 7 — 1 (i j n = 8 - 10)

a b

Control Control (a) Control Control
CL 5 CL 0.5 Control Ro 4
CL 10 CL 1.0 Control Ro 10

CL 2.5 Control Ro 20
CL 10.0 CL 10 Control
CL 20.0 CL 10 Ro 4
CDP 1.0 CL 10 Ro 10
CDP 2.5 CL 10 Ro 20
CDP 5.0 CDP 20 Control
CDP 10.0 CDP 20 Ro 4
CDP 20.0 CDP 20 

CDP 20
Ro 10 
Ro 20

(b) Control Control
Control CGS 10
Control CGS 20
CL 10 Control
CL 10 CGS 10
CL 10 CGS 20
CDP 20 Control
CDP 20 CGS 10
CDP 20 CGS 20

Ltd.) was dissolved in distilled water. All drugs were 
prepared in concentrations to give an injected volume of 
4 ml/kg (mice) or 2 ml/kg (rats). CL 218.872 was injected 
PO 1 h before testing in the First experiment and IP 30 min 
before testing in the second and third experiments. RO 
15-1788, CGS 8216, and CDP were injected IP 30 min 
before the test. Control animals were given distilled water 
or distilled water and Tween 20 as appropriate. All animals 
received one injection PO 1 h before testing in the first 
experiment and one injection IP 30 min before testing in 
the second and third experiments.

Procedure. Animals were randomly allocated to the 
treatment groups shown in Table 1.

Animals were tested in an order randomised for drug 
treatment between 08.00 and 13.00 h. They w-ere placed 
singly in the centre of the holeboard and given a 7.5-min 
trial, during which the number of head-dips made, time 
spent head-dipping, locomotor activity, and number of 
rears were scored. At the end of each trial any fecal boluses 
were removed and the box was wiped clean.

Statistics. Data were analysed by analysis of variance with 
drug treatments as the independent factors and com pari
sons between the control and individual drug groups were 
subsequently made with D unnett's /-tests.

Results

Experiment 1

The effect o f CL 218,872 in rats. CL 218.872 significantly 
reduced the number of head-dips [F (2.23) =  3.96. 
P < 0.05], the time spent head-dipping [F (2.23) = 7.26, 
P < 0.005], motor activity [F(2,23) = 6.54. P < 0.005 and 
the number of rears [F (2,23) = 28.56. P <  0.0001], 
D unnett's tests showed that all measures were significantly 
reduced by the 10-mg/kg dose (F < 0 .0 1 )  but only the 
number of rears was significantly reduced by the 5-mg/kg 
dose (F < 0 .0 1 )  (Table 2).

Experiment 2

a) The effect o f  various doses o f  CL 218,872 in the mouse. 
CL 218,872 reduced the number of head-dips [F (6.62) = 
9.73, P <  0.0001], time spent head-dipping [F (6.62) = 
5.56, P <  0.0001], motor activity [F(6.62) = 4.42. 
P <  0.001] and the number of rears [F(6.62) = 3.66. 
P < 0.005], but Dunnett's tests revealed that these reduc
tions reached significance only at the 10-mg/kg and 
20-mg/kg doses (F c O .O l). At low doses of CL 218.872 
(1 mg/kg), increases were observed in the number of 
head-dips. the time spent head-dipping and motor activity 
but on Dunnett's tests these increases just failed to reach 
significance (Table 3).

b) The effect o f various doses o f CDP in the mouse. CDP 
caused reductions in the number of head-dips [F (5 .54) = 
4.34, P <  0.002] and the time spent head-dipping [F (5.54) 
= 4.01, P <  0.004], Dunett s tests revealed that the 
reduction in the number of head-dips reached significance 
at the 10-mg/kg dose (P  <  0.05) and at the 20-mg/kg dose 
(P  <  0.01) and the reduction in the time spent head-dipping 
reached significance only at the 20-mg/kg dose (P  <  0.01). 
In contrast to the reductions seen with the high doses, at
2.5 mg/kg CDP significantly increased the num ber of



Table 2. The effects of CL 218,872 (5 -20  mg/kg) on the behaviour of rats in a 7.5-min trial in the holeboard. 
Measures are mean (± SEM) number of head-dips, time spent head-dipping (s), locomotor activity scores, 
and the number of rears
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Drug Number Time Motor Rears

Control 15.0 ±  1.41 9.62 ±1.16 175.3 ±11.27 50.4 ± 3.91
CL 5 8.3 ± 1.16* 6.87 ± 0.81 133.4 ± 9.87 35.9 ± 3.4
CL 10 5.2 i  0.82* 3.74 ± 0.74* 99.9 ± 12.04* 28.7 ± 5.64*
CL 15 6.0 ± 0.9V* 3.93 ± 0.83* 99.3 ± 13.15* 28.6 ± 4.09*
CL 20 4.6 ± 0.67* 3.29 ± 0.57* 90.1 ± 15.82* 21.2 ± 3.88*

* Significantly different from controls. P. <  ’0.01 (see text for details)

Table 3. The effects of CL 218.872 (0.5-20 mg/kg) and CDP (1-20 mg/kg) in mice, in a 7.5-min trial in the 
holeboard. Measures are mean (±  SEM) number of head-dips. time spent head-dipping (s), locomotor 
activity scores, and the number of rears

Dose
(mg/kg)

Number Time Motor Rears

CDP CL CDP CL CDP CL CDP CL

0 76.9 51.1 488 96.3
4- 10.7 6.1 50 11.5
0.5 - 79.0 - 44.5 - 424 - 79.3
+ - 6.3 - 4.9 - 32 - 7.4
1 76.4 92.6 60.2 62.5 ’ 465 526 91.8 92.5
+ 14.4 11.0 12.4 13.3 22 43 5.6 8.9
2.5 106.9* 35.6 71.0* 54.2 530 444 89.1 77.8
+ 10.3 5.5 6.2 9.1 27 36 5.0 ' 7.1

5 59.8 - 33.3* - 563 - 92.0 -

± 11.9 - 6.9 35 - 8.7 -
10 53.3** 30.4“ 39.1 23.1 * * 536 311* 88.1 62.3*
+ 9.6 9.5 10.3 9.3 72 57 3.3 14.3
20 31.2“ 25.6“ 17.7** 14.5** 422 267“ 72.5 47.5**
+ 8.1 9.9 5.8 6.0 69 67 11.1 11.5

* Significantly different from controls, P < 0.05 (see text for details) 
** Significantly different from controls, P < 0.01 (see text for details)

Table 4. The effects of the benzodiazepine antagonist RO 15-1788 (4. 10. and 20 mg/kg) on CL 218,872 
(10 mg/kg) and CDP (20 mg/kg) in mice, in a 7.5-min trial in the holeboard. Measures are mean (±  SEM) 
time spent head-dipping (s) and number of rears

Control R04 RO10 RO20

Time
Rears

69.1 ± 4.9 
90.7 ± 4.8

68.3 ± 6.6 
82.1 ± 4.8

76.1 ± 8.8 
91.4 ± 8.3

68.5 ± 11.2 
92.3 ± 9.7

Time
Rears

CDP 20 
22.7 ± 7.2* 
68.3 ± 10.4

CDP 20 + RO 4 
53.5 ± 10.0“  
71.4 ± 9.5

CDP 20 + RO 10 
59.9 ± 8.4**
61.5 ± 7.6

CDP 2 0 +  RO 20 
53.5 ± 7.5**
83.1 ± 6.7

Time
Rears

CL 10 
35.8 ± 5.3* 
62.3 ± 9.0*

CL 10 + RO 4 
42.8 ± 1.0 
63.4 ± 9.8

CL 10 + RO 10 
53.2 ± 1.2 
47.5 ± 6.7

CL 10 + RO 20 
71.3 ± 7.7** 
79.7 ± 4.6

* Significantly different from controls (see text for details)
“  Significantly different from CDP 20 or CL 10 mg/kg (see text for details)

head-dips (P < 0.05) and the time spent head-dipping significant effect on any of the measures in the holeboard.
(P < 0.05) (Table 3). At the highest dose (20 mg/kg) it significantly reversed the

reductions in the number of head-dips (P < 0.01), the time
r- • , spent head-dipping (P  <  0.05) and locomotor activity

. perim cnt j  (/} <  Q Q5) by CL 218 g72 (10 mg/kg) A1] the doses

a) The effect o f  R O  15-1788 on sedative doses o f  CL 218,872 of RO 15-1788 (4. 10, and 20 mg/kg) significantly reversed
and CDP. Ro 15-1788 at 4. 10, and 20 mg/kg alone had no the reductions in the number of head-dips (P  <  0.01) and
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Fig. 1. The effects of the benzodiazepine antagonist RO 15-1788 
on CL 218.872 (10 mg/kg) and CDP (20 mg/kg) in mice, in a 
7.5-min trial in the holeboard. Measures are mean (±  SEM) 
number of head dips and locomotor activity (see text for 
details)
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Fig. 2. The effects of the benzodiazepine antagonists CGS 8216 
and RO 15-1788 on CDP (2.5 mg/kg) in mice in a 7.5-min trial in 
the holeboard. Measures are mean (±  SEM) number of head dips 
and locomotor activity (see text for details)

Table 5. The effects of the benzodiazepine antagonist RO 
15-1788 (10 and 20 mg/kg) and CGS 8216 (10 and 20 mg/kg) on 
CDP 2.5 mg/kg in mice, in a 7.5-min trial in the holeboard. 
Measures are mean (± SEM) time spent head-dipping (s) and 
rears

Control RO 10 RO 20

Number 71.2 ± 8.1 58.7 ± 6.4 74.1 ± 4.1
Rears 83.3 + 6.1 84.3 ± 7.4 90.0 ± 6.8

CGS 10 CGS 20
Number 61.6 ± 9.3 47.3 ± 7.1*
Rears 102.1 ± 7.0 95.1 ± 8.3

CDP 2.5 CDP 2.5 CDP 2.5
+ RO 10 + RO 20

Number 98.9 ± 8.6* 63.5 ± 5.1** 72.9 ± 6.7**
Rears 83.7 ± 4.7 96.8 ± 4.4 103.9 ± 8.7

CDP 2.5 CDP 2.5
+ CGS 10 +CGS 20

Number 62.9 ± 7.5** 51.4 ± 7.8**
Rears 93.5 ± 8.1 89.8 ± 5.2

* Significantly different from controls (see text for details)
** Significantly different from CDP 2.5 mg7kg (see text for 

details)

the time spent head-dipping (A5 < 0 .01) caused by CDP 
(20 mg/kg) (Table 4 and Fig. 1).

b) The effect o f  RO 15-1788 on a stimulant Jose o f  CDP. Ro 
15-1788 at 10 and 20 mgdcg also reversed the stimulant 
effect of CDP (2.5 mg/kg) on the number of head dips 
(P <  0.05 for RO 15-1788 10 mg/kg. P <  0.01 for RO 
15-1788 20 mg/kg) and time spent head dipping (P <  0.01 
for RO 15-1788 10 mg/kg. 7><0.05 for RO 15-1788 
20 mg/kg (Table 5 and Fig. 2).

c) The effect o f  CGS 8216 on sedative doses o f  CL 218,872 
and CDP. CGS 8216 (10 and 20 mg/kg) alone had no 
significant effects on any measures in the holeboard. 
However CGS 8216 (10 and 20 mg/kg) significantly re-

Table 6. The effects of the benzodiazepine antagonist CGS 8216 
(10 and 20 mg/kg) on CL 218.872 (10 mg/kg) and CDP (20 mgOcg) 
in mice, in a 7.5-min trial in the holeboard. Measures are mean 
(±  SEM) time spent head-dipping (s) and number of rears

Control CGS 10 CGS 20

Time 62.0 ± 8.3 55.7 ± 4.5 45.3* ± 4.8
Rears 88.3 ± 3.8 94.9 ± 6.4 105.3 ± 7 .8

CDP 20 CDP 20 + CGS 10 CDP 20 + CGS 20
Time 21.0 ± 6.8* 53.8 ± 5.0** 36.7 ± 8.0
Rears 66.5 ± 10.2 97.2 ± 9.2 68.1 ± 10.9

CL 10 CL 10 t CGS 10 CL 10 + CGS 20
Time 29.6 ± 12.2* 46.1 ± 6.3 39.7 ±6 .1
Rears 57.1 ± 13.2* 102.1 ± 6.3** 83.9 ± 8.2**

* Significantly different from controls (see text for details)
** Significantly different from CDP 20 or CL 10 mg/kg (see text 

for details)

versed the reductions caused by CL 218,872 (10 mg/kg) in 
number of head-dips (P < 0.10) and in rearing (P <  0.05 
for CGS 8216 20 mg/kg. P < 0.01 for CGS 8216 10 mg/kg). 
CGS 8216 (10 mg/kg) also significantly reversed the 
reduction in motor activitv (P < 0 .0 5 )  caused bv CL
218.872 (lOm g'kg). With CDP (20m gkg). C G S '8216 
(lOmg^kg) significantly reversed the reductions in the 
number of head-dips {P <  0.01) and the time spent 
head-dipping (P < 0 .0 1 )  and CGS 8216 (20 mg/kg) also 
significantly reversed the reductions in the number of 
head-dips (F < 0 .0 1 )  (Table 6 and Fig. 3).

d) The effect o f  CGS 8216 on a stimulant dose o f  CDP. CGS 
8216 also reversed the stimulant effect of CDP (2.5 mg'kg). 
CGS 8216 (10 mg/kg) significantly reversed the increases 
caused by CDP in number of head-dips (P  <  0.05) and time 
spent head-dipping (P < 0 .0 1 ) .  CGS 8216 (20 mg/kg) 
significantly reversed the increase caused by CDP in time 
spent head-dipping ( /, < 0 .0 1 ) but did not significantly 
reverse the increase in number of head dips caused by CDP 
(2.5 mg/kg) (Table 5 and Fig. 2).
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Fig. 3. The effects of the benzodiazepine antagonist CGS 8216 on 
CL 218.872 (10 mg/kg) and CDP (20 mg/kg) in mice, in a 7.5-min 
trial in the holeboard. Measures are mean (±  SEM) number of 
head dips and locomotor activity (see text for details)

Discussion

An important question addressed by this study is whether 
CL 218,872 has sedative effects (measured by a decrease in 
spontaneous locomotor activity). The answer from all 
studies that have so far addressed this question is that it 
does significantly decrease locomotor activity, although the 
doses that are effective have varied from study to study. 
Lippa et al. (1980) found that CL 218,872 was only four 
times less potent than CDP in reducing locomotor activity 
as measured in an Animex meter, although the MD50 was 
huge: 223 mg/kg. However, Oakley et al. (1984) found that 
CL 218,872 and diazepam in the rat and mouse significantly 
reduced locomotor activity as measured in an Automex 
meter, and observed a significant decrease in activity at 
5 mg/kg. O ur results in the holeboard show that in mice CL
218.872 is twice as potent as CDP in decreasing locomotor 
activity, and in the rat is half as potent. Although it is often 
possible to see selective drug effects on locomotor activity, 
rearing and head-dipping in the holeboard, CL 218,872, 
like benzodiazepines, reduced all measures.

Similar differences have been observed in tests of motor 
coordination. In the rotarod test, in rats. Lippa et al. (1980) 
found CL 218.872 four times less potent than CDP or 
diazepam in inducing a deficit. In the mouse horizontal wire 
test, Oakley et al. (1984) found a deficit with CL 218.872 
only at 200 mg/kg. whereas diazepam was active at
2.5 mg/kg. In the rat horizontal wire test, however, CL
218.872 and diazepam were equipotent in inducing a 
deficit.

It is clear that CL 218.872 can produce both sedation 
(i.e ., a decrease in spontaneous locomotor activity) and 
motor incoordination. However, the extent of the deficit 
and the effective dose in comparison with those of BDZs 
differs in individual tests and between species (Oakley et al. 
1984). However, the data reported in this paper and those 
of Oakley et al. (1984) show that reductions in motor 
activity can be produced with CL 218,872 in both rats and 
mice at doses as low as 5 -1 0  mg/kg.

A related question is that of whether CL 218,872 has 
anxiolytic activity at doses that are not sedative. According 
to Lippa et al. (1980) the anxiolytic : sedative ratio is much

better than that with BDZs: in a conflict test in the rat, the 
MED for CL 218,872 was 0.8 mg/kg, which was twice as 
effective as diazepam and four times as effective as 
chlordiazepoxide. The anticonflict dose was 200 times less 
than the dose that decreased motor activity, and 30 times 
less than that producing motor incoordination. In contrast, 
Oakley et al. (1984) showed anxiolytic activity in a rat 
punished drinking test at 20 mg/kg, which was half as 
effective as diazepam, and at a dose that was significantly 
sedative. One difference between the study of Oakley et al. 
and that of Lippa et al. was that the latter investigators 
deprived their animals of food and water before testing, 
which may have influenced the absorption of the drug or its 
behavioural effect. However, although effective doses of 
CL 218,872 were very different in these two studies, the 
doses of diazepam were not and so the differences cannot 
be simply procedural. In the social interaction test in rats, a 
significant anxiolytic effect was obtained with CL 218,872 at 
5 mg/kg, half of the sedative dose (File 1982). Both our 
present results and those of Oakley et al. (1984) agree that 
there is no wide separation between the anxiolytic and 
sedative doses of CL 218.872 in the rat.

In the mouse there was little to distinguish CL 218,872 
from CDP in the holeboard test. Although the elevation in 
head-dipping caused by CL 218,872 at low doses just failed 
to reach statistical significance, the significant stimulation 
produced by low doses of CDP was not much more marked. 
The profile of the two drugs at high doses is even more 
similar: both motor activity and head-dipping were 
reduced. The decrease in spontaneous behaviour observed 
with both CDP and CL 218.872 at high doses could be 
reversed by the BDZ receptor antagonist RO 15-1788 and 
the BDZ receptor inverse agonist CGS 8216. These two 
drugs also reversed the stimulant effects observed at low 
doses of CDP. The strong similarity between the effects of 
CL 218,872 and CDP and the ability of antagonists of BDZs 
to reverse the effects of CL 218,872 is strong evidence that 
this drug is acting at the BDZ site to produce these 
decreases in spontaneous behaviour.
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Evidence of strain differences 
in GABA-benzodiazepine coupling
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Abstract. The effects of a single dose of oxazepam on seizure 
threshold, receptor occupancy and brain oxazepam concen
tration were investigated at several time points after drug 
treatment in two inbred strains of mice (NTH and C3H/ 
HE). The C3H/HE strain showed a greater sensitivity to 
the effects o f both pentylenetetrazol and oxazepam. Fur
thermore, the C3H/HE strain showed decreases in both re
ceptor occupancy and seizure threshold across time, where
as the NIH strain showed no change in either measure. 
Although within-strain correlations were observed between 
seizure threshold and receptor occupancy, the C3H/HE 
strain had similar seizure thresholds to the NIH strain 
throughout but lower percentage receptor occupancies, thus 
a between-strain correlation was not observed. The C3H/ 
HE strain had a higher number o f specific benzodiazepine 
binding sites and these results may reflect a strain difference 
in GABA-benzodiazepine receptor coupling. In a further 
experiment, the development of acute tolerance to the ef
fects of oxazepam was investigated. Brain concentrations 
of oxazepam and receptor occupancies were determined for 
each strain of mouse, at two different time points (1.5 and
7.5 h after drug treatment), at which equivalent seizure 
thresholds were obtained by manipulating the starting dose 
of oxazepam. For each strain, when equivalent seizure 
thresholds were observed at different time points, equiva
lent receptor occupancies were also observed. However, a 
trend towards higher brain concentrations o f oxazepam at 
the later time point was detected for the two strains, sug
gesting that there may be some decrease across time in 
the affinity o f the receptor for oxazepam.

Key words: Benzodiazepines -  Oxazepam -  Pentylenetetra
zol -  Anticonvulsant -  Receptor occupancy -  Strain differ
ences -  Mouse -  Acute tolerance

The relationship between in vivo receptor occupancy and 
the pharmacological actions of the benzodiazepines has 
been extensively investigated using several different ap
proaches: changes in the anticonvulsant action of diazepam 
at various times after injection have been correlated with 
changes in receptor occupancy (Paul et al. 1979); the in 
vitro receptor occupancies for a range of doses of diazepam 
have been correlated with changes in punished responses 
(Lippa et al. 1978); and the in vivo receptor occupancies

Offprint requests to: Sandra E. File

have been compared for a range o f different benzodiaze
pines at doses at which they which possess equivalent anti
convulsant potency (e.g. Duka et al. 1979). In all these 
cases, correlations between receptor occupancy and the be
havioural actions of the benzodiazepines were observed.

However, despite the widely held belief that a direct 
correlation exists, for a range o f different behavioural pa
rameters, between the pharmacological actions o f the ben
zodiazepines and in vivo receptor occupancy, no direct evi
dence exists to support this idea and indeed examples exist 
to the contrary. Mennini and G arattini (1982), in their re
view of this topic, conclude that a simple relationship be
tween the pharmacological actions of the benzodiazepines 
and in vivo receptor occupancy across all behavioural pa
rameters cannot be inferred from existing evidence.

Another approach which may be used to investigate 
the relationship between receptor occupancy and the phar
macological effect of the benzodiazepines is the investiga
tion of strain differences. Strain differences have been ob
served in the picrotoxin seizure threshold in mice (Burt 
1962) and recent evidence has also revealed the existence 
of strain differences in benzodiazepine receptor binding in 
rats (Shephard et al. 1982). A paper by File etal.*(1985) 
compared the anticonvulsant potency o f a single dose o f 
diazepam against pentylenetetrazol-induced seizures with in 
vivo receptor occupancy for four strains o f mice. The strains 
differed markedly in the rate at which the anticonvulsant 
action of diazepam was lost and there was no correlation 
between these differences and strain differences in vivo re
ceptor occupancy.

The aim of the present experiments was to investigate 
further the relationship between receptor occupancy and 
the anticonvulsant effects of the benzodiazepines in the two 
strains of mice which in our previous study had the most 
widely differing time courses for the anticonvulsant effect 
of diazepam (the C3H/HE and NIH strains). Oxazepam, 
rather than diazepam, was selected, because it lacks active 
metabolites. In order to determine the anticonvulsant po
tency of oxazepam to a greater degree of accuracy, seizure 
threshold was used as the measure of anticonvulsant po
tency rather than the percentage o f animals which showed 
seizures in response to a challenge dose o f pentylenetetrazol.

The aim of experiment 1 was to investigate in more 
detail the differences between the two selected strains. 
Changes in seizure threshold, receptor occupancy and brain 
oxazepam concentrations, after a single dose, were followed 
across time for each strain.
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The aim o f experiment 2 was to investigate whether, 
when the receptor had been occupied by drug for different 
lengths o f time, equivalent receptor occupancies by oxaze
pam resulted in equivalent behavioural actions o f the drug. 
The development o f acute tolerance might result in a re
quirement for a higher receptor occupancy to produce the 
same effect after the receptor had been occupied for some 
time. In this experiment, the receptor occupancies and brain 
concentrations o f  oxazepam were compared at two different 
time points after a single dose o f oxazepam, when the dose 
o f drug administered had been varied in order to produce 
the same seizure threshold at different times.

Materials and methods

Animals

Male mice (C3H/HE from Olac Ltd, Bicester and NTH from 
Hacking and Churchill, Huntingdon), weighing approxi
mately 20-30 g at the time of testing, were used. The mice 
were housed in groups o f  20, in a 12 h light: 12 h dark 
cycle (lights on at 07:00 hours) and had free access to food 
and water.

Drugs

Oxazepam and diazepam were suspended in distilled water 
with a drop o f Tween 20. Pentylenetetrazol was dissolved 
in distilled water. Oxazepam, its appropriate distilled water/ 
Tween control and diazepam were administered orally at 
an injection volume o f 4 ml/kg. Pentylenetetrazol was either 
administered intraperitoneally (4 ml/kg) or infused intrave
nously (0.5 ml/min, 2 mg/ml) as appropriate. 3H-Flunitra- 
zepam was made up in physiological saline and was admin
istered intravenously at an injection volume o f  10 ml/kg.

Anticonvulsant action o f oxazepam

In the pilot study to find the doses o f  oxazepam for subse
quent experiments, a dose o f pentylenetetrazol was selected 
(80 mg'kg administered IP) which caused seizures (tonic- 
clonic extensions and contractions o f both fore- and hind- 
limbs) in 100% o f  animals o f  both strains. For each strain, 
the minimum dose o f  oxazepam (animals tested 1.5 hours 
after a PO injection) which completely prevented these sei
zures was selected for further study; a dose o f 11 mg/kg 
oxazepam was selected for C3H/HE mice and 13 mg/kg 
for NTH mice.

Animals were tested in a randomised order between 
12:00 and 16:00 hours. Seizure threshold to pentylenetetra
zol was determined by intravenous infusion into the tail 
vein until a clonic convulsion (repeated fore or hind limb 
myoclonic jerking) was observed.

Experiment /. C3H/HE mice were randomly allocated to 
the following treatment groups: control (n = l ). oxazepam  
11 mg kg. 1 {n — 6). 1.5 (n = 8). 2 (n = 6). 4.5 (n =  8). 6 1/7 = 6) 
and 7.5 h (n =  8) prior to testing NIH mice were randomly 
allocated to the following treatment groups: control i n -  8), 
oxazepam 13 mg/kg. 1 in = 8), 1.5 (n = 9) 2 (n = 11). 4.5 (n = 
7). 6 (« = 8) and 7.5 h (n = l)  prior to testing.

Experiment 2. C3H/HE mice were randomly allocated to 
the following treatment groups: control (n = 1) or oxazepam  
at 18 (n = 6). 19 (« =  6) and 20 mg/kg (n =  7), administered

7.5 h prior to testing. NIH mice were randomly allocated 
to the following treatment groups: control (n =  8), oxaze
pam at 19 (n = 8). 20 (n = 8) and 21 mg/kg (n = 6), adm in
istered 7.5 h prior to testing.

Determination o f brain oxazepam concentrations

Whole brains were weighed and suspended in 5 ml physio
logical saline and mechanically homogenised. Aliquots o f  
the homogenate were extracted and analysed for oxazepam 
using electron-capture gas-liquid chromatographic tech
niques as described in Lister et al. (1983). Calibration stan
dards were made using drug free brain homogenate. Final 
concentrations of oxazepam were expressed in ng/gm.

Experiment 1. C3H/HE mice were randomly allocated to 
the following treatment groups, oxazepam 11 mg/kg, 1.5, 
4.5, 6 (n = 6) or 7.5 h prior to sampling (n = 5 in all other 
groups). NIH mice were randomly allocated to the follow
ing treatment groups, oxazepam 13 mg/kg, 1.5, 4.5, 6 o r
7.5 h prior to sampling (n = 5 for each group).

Experiment 2. Two additional groups were sampled with 
those above: C3H/HE mice (/» = 5) 7.5 h after oxazepam 
(19 mg/kg) and NIH mice (« =  5) 7.5 h after oxazepam 
(20 mg/kg).

In vivo binding

In vivo binding of 3H-flunitrazepam was determined as fol
lows. The group treated with 32 mg/kg diazepam 30 min 
prior to sampling produced between 75.0% and 94.6% dis
placement of 3H-flunitrazepam binding, depending on 
mouse strain and brain area. This was defined as non-dis- 
placeable binding. The group treated with water/Tween 
control was used to assess “ to ta l” binding.

3H-Flunitrazepam, 150 pCi/kg, was administered to all 
animals intravenously 20 min before decapitation. Brains 
were rapidly removed and cerebellum, hippocampus and 
cortex were dissected on ice, weighed and homogenised in 
100 volumes of ice-cold 0.1 M Tris-citrate buffer, pH 7.1, 
using ten strokes of an homogeniser. Triplicate 1 ml ali
quots were immediately filtered through W hatman G F/B  
filters followed,, by two 5 ml washes with ice-cold buffer. 
Aquasol 10 ml was added to the filters and radioactivity 
was determined by liquid scintillation counting after stand
ing at room temperature for > 12  h.

Experiment 1. C3H/HE mice were randomly allocated to 
the following treatment groups: control, diazepam 32 mg 
kg. 30 min prior to testing, oxazepam 11 mg/kg. 1.5, 4.5, 
6 ( n - 4 )  or 7.5 h prior to testing (« =  5 in all other groups). 
NTH mice were randomly allocated to the following trea t
ment groups: control (n = 5). diazepam 32 m gkg. 30 min 
prior to testing (« = 5), oxazepam 13 mg kg. 1.5 i n - 4). 4.5 
in = 5). 6 (n = 4) or 7.5 h (n = 5) prior to testing.

Experiment 2. Two additional groups were tested with those 
above: C3H/HE mice tested 7.5 h after 19 mg/kg oxazepam 
in = 5) and NIH mice 7.5 h after 20 mg/kg oxazepam in = 4).

Statistics

Data were analysed using analysis o f variance and D un
can's multiple range tests for post-hoc comparisons. When 
two groups were compared, unpaired /-tests were used.
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Fig. I. The change in seizure threshold across time for C3H/HE 
mice, 11 mg/kg oxazepam, (open circles) and NIH mice, 13 mg/kg 
oxazepam (closed circles). Seizure thresholds for each strain in the 
absence of oxazepam are given al time = 0 (control). • Significantly 
different from appropriate control (/><0.05). + Significantly dif
ferent from appropriate seizure threshold at 1.5 h (P<0.05)
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Fig. 2. The change in oxazepam concentration in the brain (ng/g) 
over time for C3H/HE mice, 11 mg/kg oxazepam, (open circles) 
and NIH mice, 13 mg/kg oxazepam, (closed circles). * Significantly 
different from appropriate concentration at 1.5 h (P< 0.05)

Results

Experiment 1: Anticonvulsant action o f oxazepam

Strain differences in sensitivity to pentylenetetrazol. A com
parison of the seizure thresholds of the two strains, in the 
absence of oxazepam revealed a significantly lower seizure 
threshold in the C3H/HE strain of mice [z(l3) = 2.7. P<
0 .02 ],

Strain differences in sensitivity to oxazepam. The C3H/HE 
strain required a lower dose of oxazepam (11 mg/kg) to 
protect 100% of animals against seizures induced by an 
80 mg/kg dose of pentylenetetrazol (1.5 h after oxazepam). 
This strain had a seizure threshold 1.5 h after an 11 mg/kg 
dose, which was not significantly different from that shown 
by the NIH strain at this time point after a 13 mg/kg dose 
of oxazepam (see Fig. 1).

Changes in seizure threshold across time. Figure 1 shows 
the mean dose of pentylenetetrazol administered to cause 
a clonic seizure, at each selected time point, for both the 
NIH and C3H HE strains of mice.

Analysis of variance across lime, for each strain individ
ually, revealed no significant effect of time in the case of 
the NTH strain. Post-hoc tests revealed that the seizure 
threshold was significantly elevated above control levels, 
in this strain, at all time points ( /><0.05). Analysis of vari
ance for the C3H/HE strain alone revealed a significant 
decrease in seizure threshold with time [F(5. 36)= 2.6. 
P<0.05]. Post-hoc tests again revealed that the seizure 
threshold was significantly elevated above control levels at 
all time points. However, the seizure threshold 7.5 h after 
oxazepam treatment had fallen sufficiently to be significant
ly lower than those observed 1.5, 2 and 4.5 h after the drug 
(/* < 0.05 in each case).

Brain oxazepam concentrations

Figure 2 shows the brain oxazepam concentrations across 
time for both the C3H/HE and NIH strains o f mice. Two- 
way analysis of variance across time for the two strains 
revealed no significant strain difference, even though the 
two strains received different doses of oxazepam.

Analysis of variance across time, for each strain individ
ually, revealed no change in oxazepam levels with time for 
the C3H/HE strain. In the case of the NIH strain, a signifi
cant decrease in brain oxazepam levels with time, was ob
served [F(3, 16) = 5.6, PcO.Ol]. Post-hoc tests revealed that 
this decrease was due to a significantly lower level o f brain 
oxazepam at the 6 h time point compared with all others 
(PcO.05). It is difficult to understand why such a decrease 
in brain oxazepam concentration should have occurred only 
in this group of animals, particularly as the concentration 
of oxazepam had returned to the higher concentration at 
the 7.5 h time point.

In vivo binding

Table 1 shows the total amount o f 3H-flunitrazepam bound 
(c.p.m) in control treated animals and in animals treated 
with a 32 mg/kg dose of diazepam (non-displaceable bind
ing).

Total binding differed between the two strains, C3H/HE 
mice having a significantly higher level than N IH  in un
paired /-tests (P < 0.05 in all brain areas). The C3H HE 
strain also had a significantly lower level of non-displace- 
able binding (P< 0.05  in all brain areas). Thus the C 3H/HE 
had significantly higher levels o f specific 3H-flunitrazepam 
binding than the NTH strain in all brain regions measured.

Figure 3 shows the change in percentage receptor occu
pancy across time for the two strains of mice and the three 
brain regions investigated (cerebellum, hippocampus and 
cortex).
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Table I. Mean counts per min (±SEM ) for both total and non- 
displaceable binding of JH-flunitrazepam in the two strains of mice 
for the three different brain regions. CX-cortex, HIP = hippocam
pus, CB = cerebellum

Strain Region Total Non-displaceable

NIH CX 1188.5 + 67.1 204.7 + 25.1
HIP 1109.0 + 84.8 235.6+52.2
CB 624.4 + 38.7 155.9 ±36.5

C3H/HE CX 1378.1 +38.5* 96.0 + 5.9*
HIP 1364.6 + 40.4* 90.7 ± 3.4*
CB 788.0+ 7.4* 42.5 ±9.5*

* Significantly different from equivalent measure in NIH strain, 
P< 0.05

Table 2. Mean ( + SEM) seizure thresholds observed 7.5 h after 
18-21 mg/kg and 1.5 h after 11 and 13 mg/kg oxazepam, in C3H/ 
HE and NIH strain mice

Strain Time
(h)

Dose Seizure threshold 
(mg/hg) (mg/kg pentylenetetrazol)

C3H/HE 1.5 11 122.3 ± 9.0
7.5 18 109.2 + 14.1

19 118.0 ± 8.5
20 139.8 ± 11.2

NIH 1.5 13 103.9 ± 9.8
7.5 19 95.3 ± 6.5

20 104.4 + 16.7
21 110.2 ± 8.2
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Fig. 3. The change in percentage receptor occupancy over time 
in each brain region for C3H/HE (11 mg/kg oxazepam) and NIH 
mice (13 mg/kg oxazepam). * Significantly different from percent
age occupancy at 1.5 h (/* < 0.05). + Significantly different from 
percentage occupancy in hippocampus at appropriate time point 
(P<0.05). x Significantly different from percentage occupancy 
in cerebellum at appropriate time point (P<0.05)

Table 3. Mean (±SEM ) concentrations of oxazepam (ng/g) ob
served 1.5 h after 11 mg/kg or 7.5 h after 19 mg/kg oxazepam in 
C3H/HE mice and 1.5 h after 13 mg/kg or 7.5 h after 20 mg/kg 
in NIH mice

Strain Time
(h)

Dose
(mg/kg)

Oxazepam concentration 
(mg/g)

C3H/HE 1.5 11 6353.0 + 802.6
7.5 19 8079.2 ±559.4

NIH 1.5 13 5869.2 ±323.2
7.5 20 6496.2 ±883.3

cantly higher occupancy 1.5 h after oxazepam compared 
with groups tested 6 and 7.5 h after drug treatment in cortex 
(P < 0.05 in all cases). Analysis o f variance for the NIH 
strain alone, for individual brain regions, revealed no signif
icant decreases in receptor occupancy with time.

There were significant differences in percentage receptor 
occupancies between brain regions, and post-hoc tests 
showed that this was because occupancy in the cortex was 
significantly lower than in the other two regions [F(2, 85) =
6.9. P = 0.002]. Individual analysis o f variance at each time 
point for each strain across brain regions provided a more 
detailed analysis, which is summarised in Fig. 3.

Experiment 2: Anticonvulsant action o f  oxazepam

The seizure thresholds observed 7.5 h after a range o f doses 
of oxazepam are shown in Table 2.

On the basis of these results, doses of 19 mg.'kg oxaze
pam for C3H/HE mice and 20 mg/kg for NTH mice were 
selected as those which gave a seizure threshold closest to 
that observed 1.5 h after oxazepam (11 mg/kg and 13 mg/ 
kg, respectively).

Three-way analysis o f variance across time for both 
strain and brain region demonstrated a significantly higher 
percentage receptor occupancy in the NIH than in the C3H/ 
HE strain of mice [F (l, 85) =  155.7, /><0.0001] in all brain 
regions.

Analysis of variance for the C3H/HE strain alone, for 
each individual brain region, revealed significant decreases 
in receptor occupancy with time [F(3, 15)>6.4, P<  0.005] 
in each case. Post-hoc tests revealed a significantly higher 
occupancy 1.5 h after oxazepam compared with all other 
time points in cerebellum and hippocampus and a signifi-

Brain oxazepam concentrations

The concentrations of oxazepam in the brain 1.5 h after 
11 mg/kg or 7.5 h after 19 mg/kg oxazepam for C 3H .H E 
mice and 1.5 m after 13 mg/kg or 7.5 h after 20 mg/kg for 
NIH mice are shown in Table 3.

Two-way analysis of variance on these two groups ac
ross the two strains revealed a trend towards an overall 
effect of time [F(l. 16) =  3.0, /*<0.1 ]. with a tendency to 
wards higher brain oxazepam concentrations at the 7.5 h 
time point.
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Table 4. Mean (±SEM) percentage receptor occupancy observed 
in different brain regions, 1.5 h after 11 mg/kg or 7.5 h after 19 mg/ 
kg for C3H/HE mice and 1.5 h after 13 mg/kg or 7.5 h after 20 mg/ 
kg for NIH mice. CB = Cerebellum, HP = Hippocampus and CX = 
Cortex

Strain Brain Time Dose Per cent
region (h) (mg/kg) occupancy

C3H/HE CB 1.5 11 81.9+ 1.1
7.5 19 79.8 ±  2.1

HP 1.5 11 83.2 ±  1.8
7.5 19 84.8 ±  2.2

CX 1.5 11 78.2+ 1.2
7.5 19 78.3 ±  1.4

NIH CB 1.5 13 103.6± 8.2
7.5 20 103.0 ±  3.5

HP 1.5 13 98.4 ± 8.4
7.5 20 98.6 ± 3.5

CX 1.5 13 89.5 ±10.1
7.5 20 90.6 ±  5.3

In vivo binding

The percentage receptor occupancies, for each brain region, 
observed for C3H/HE mice 1.5 h after 11 mg/kg and 7.5 h 
after 19 mg/kg oxazepam and those observed for NIH mice
1.5 h after 13 mg/kg and 7.5 h after 20 mg/kg are shown 
in Table 4.

No differences in receptor occupancies were observed 
between the two time points for either strain.

Discussion

The results of experiment 2 demonstrate that equivalent 
receptor occupancies are required to produce the same be
havioural effect, irrespective of the length o f time for which 
the receptor has been occupied. However in both cases a 
higher concentration o f oxazepam in the brain was ob
served at the 7.5 h time point and in the case of the C3H/HE 
strain this effect approached statistical significance. These 
results suggest that, when the receptor has been occupied 
for some time, a higher concentration o f oxazepam in the 
brain may be required to produce the same level o f receptor 
occupancy. This would be a form o f acute tolerance caused 
by a decrease over time in the affinity of the benzodiazepine 
receptor for oxazepam. Such a decrease in receptor affinity 
across time would also account for the fact that in the 
C3H/HE strain receptor occupancies decrease across time, 
whilst the brain oxazepam concentrations remain constant.

In the earlier study (File et al. 1985), a receptor occu
pancy of approximately 50% with diazepam was required 
to protect 100% of mice against the seizures induced by 
an 80 mg/kg IP dose of pentylenetetrazol. In this study an 
occupancy of some 80-100% was required to produce the 
same level of protection with oxazepam. It would thus ap
pear that these two benzodiazepines do not produce the 
same behavioural effect with the same receptor occupancies 
and it may be that oxazepam posesses some partial agonist 
properties.

A comparison of receptor occupancy with seizure 
threshold across time in these experiments revealed two in
dependent effects. For each individual strain there was a
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correlation between percentage receptor occupancy and 
anticonvulsant efficacy. A significant decrease in both re
ceptor occupancy and seizure threshold with time was ob
served for the C3H/HE strain, whereas no such change 
in either measure with time was observed for the N IH  strain 
o f mice. However, a correlation between percentage recep
tor occupancy and seizure threshold was not observed when 
the two strains of mice were compared with each other. 
The NIH strain had significantly higher percentage receptor 
occupancies than the C3H/HE strain throughout the time 
course. In spite of these differences in receptor occupancies, 
the seizure thresholds for the NIH strain did not differ 
significantly from those for the C3H/HE strain and, if any
thing, they tended to be lower. These results are in agree
ment with previous experiments (File et al. 1985) in which 
the two strains were compared 6 h after a single dose o f 
diazepam.

Therefore a lack of between-strain correlation has oc
curred simultaneously with a positive within-strain correla
tion across time. Measurement o f seizure thresholds, rather 
than the percentage o f animals showing seizures in response 
to a challenge dose o f pentylenetetrazol, demonstrates that 
C3H/HE mice seize in response to a lower dose of pentylen
etetrazol than NIH mice and are more sensitive to the anti
convulsant effects of oxazepam. Thus the C3H/HE strain 
was more sensitive to the effects of both pentylenetetrazol 
and oxazepam.

These results suggest that the number o f specific benzo
diazepine binding sites occupied, rather than the percent
age, may determine drug effect, as the total specific binding, 
which provides a measure of the total number of benzodia
zepine binding sites, was found to be higher in the C3H/HE 
than the NIH strain o f mice, both in this study and in 
the previous one.

Such differences in the number of specific benzodiaze
pine binding sites may reflect underlying differences in the 
GABA-benzodiazepine receptor complex. Strain differences 
may exist in the coupling efficacy within the GABA-benzo
diazepine receptor complex or in the number of benzodiaze
pine receptors coupled to GABA sites. Thus the C3H/HE 
strain, which appears to be more sensitive to compounds 
acting at the complex, might have a higher number o f spe
cific benzodiazepine binding sites coupled to GABA than 
the NIH strain, the crucial factor being the percentage of 
GABA sites that are operational in response to the benzo
diazepines. Strain differences would thus be reflected in dif
ferences in expression of the GABA-benzodiazepine recep
tor complex.
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Evidence for Simultaneous Anxiolytic and Aversive Effects Several 
Hours after Administration of Sodium Phenobarbitone to the Rat
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A bstract. Using a place conditioning paradigm , it was shown that the state experienced by rats 8 h after a 50- 
mg/kg dose o f sodium  phenobarbitone had aversive properties. However, at th is same tim e, rats showed an increase 
in the percentage o f  tim e spent on the open arm s o f  an elevated plus-maze, and an increase in the num ber o f  
punished licks in  a conflict test. Th^se two effects are indicative o f an anxiolytic action. It was therefore possible to 
dem onstrate , sim ultaneously, an anxiolytic effect o f  sodium  phenobarbitone and that it induced an aversive state. 
C onditioned  place aversion could also be dem onstrated  1 h after a 20-mg/kg dose o f sodium  phenobarb itone, but this 
dose was ineffective in the elevated plus-maze test o f  anxiety. These results provide further evidence th a t drugs tha t 
reduce anxiety do not necessarily have secondary positive reinforcing properties.

Introduction
Changes in aggressive behaviour have been detected 

several hours after a single dose o f sodium  phenobarb i
tone to  the rat. For exam ple, 8 h after a 50-mg/kg dose, 
resident rats increased attacks on untreated  in truder 
rats, and 6 h after a 20-mg/kg dose, in truder rats showed 
increased attacks on un treated  resident rats [Wilks et al., 
1988]. T he form er change in aggression was thought 
m ost likely to be the result o f  decreasing brain  concen
trations o f  drug, i.e. to represent a w ithdrawal response. 
H owever, the change in in truder behaviour was thought 
m ore likely to  reflect the effects o f  low doses o f  pheno
barbitone, since the same effects were also found 1 h 
after a 20-mg/kg dose.

1 L.J.W. was in receipt of an MRC postgraduate training award. 
S.E.F. is a Wellcome Trust senior lecturer.

The present study sought to characterise fu rther the 
behavioural changes occurring a t these tim e poin ts. The 
place conditioning paradigm  [M ucha et al., 1984] was 
used to determ ine w hether the in ternal sta te  a t these 
tim e points was aversive, neutral or rewarding. In this 
test, a particular test cham ber is associated w ith drug 
experience and a different, d istinctive cham ber associ
a ted  with control injections. T he rat is subsequently  
given a free choice o f the two cham bers and it is assum ed 
tha t the tim es spent in each cham ber reflect the relative 
preference for the cham bers. A choice o f  the  drug-associ
a ted  side reflects positive reinforcing properties o f  the 
drug, and a choice o f the non-drug-associated side re
flects negative reinforcing properties o f the drug-induced 
state.

T he elevated plus-maze [Pellow et al., 1985] and the 
Vogel conflict [Vogel et al., 1971] tests were used to 
determ ine w hether changes in anxiety could be detected
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at these tim e points. In the elevated plus-maze the rat is 
given a free choice between open, elevated arm s o f a 
plus-maze and arm s with high sides. The total num ber of 
arm  entries provides an indication o f overall activity lev
el. Undrugged rats make fewer entries onto the open 
arms, but this is increased by anxiolytic drugs and 
decreased by anxiogenic drugs. In the Vogel conflict test, 
thirsty rats are allowed to drink, bu t this response is also 
punished. Anxiolytic drugs increase and anxiogenic 
drugs decrease the num ber o f  punished licks made.

Methods
Animals and Drug
Male hooded Lister rats (Olac Ltd., Bicester) were housed singly 

for 5 days prior to behavioural testing, with free access to food and 
water. They were housed in a room with lights on from 07.00 to 
18.00.

Sodium phenobarbitone (Sigma) was dissolved in distilled water 
to various concentrations to give an injection volume of 2 ml/kg. 
Control rats received equi-volume injections of water. All injections 
were intraperitoneal. The doses aref expressed as the salt.

Apparatus
The place conditioning apparatus consisted of a battery of 4 test 

boxes mounted above each other. Each bad two compartments, one 
black (178 lx) and one white (412 lx), each 29 X 29 X 27 cm, with a 
coarse wire mesh floor. The compartments were separated by a cen
tral wall, with an opening 7 X 7  cm. There were three pairs of 
infrared photocells in the walls, and interruption of these beams 
allowed automatic detection of the rat’s location. The light intensity 
in each compartment was adjusted so that there was no significant 
preference for one side or the other.

The plus-maze consisted of two opposite open arms, 50 X 10 
cm, and two opposite enclosed arms, 50 X 10 X 40 cm, with an 
open roof. The arms were connected by a central square, 10 X 10 
cm, thus the maze formed the shape of a plus-sign. It was elevated to 
a height of 50 cm above the floor, in a room which was brightly lit 
(110 radiometric lx).

The Vogel conflict test took place in a rectangular plastic box, 27 
X 19.5 X 18 cm, with a floor composed of 18 brass bars, through 
which 0 .15-mA, 0.5-second scrambled shocks could be delivered. 
Access to water was provided by a spout protruding 1 cm into the 
end of the box. Each lick was counted by the clicks made by a ball
bearing in the spout; this was detected by a microphone and the 
output from this entered directly into a computer. The computer 
also counted the number of shocks delivered.

Procedure
Place Conditioning. Training and testing of the rats in place con

ditioning took place over 6 days. On the 1 st day all rats were tested 
undrugged, with free access to both sides of the test chamber, for 10 
min. Thus, for each rat its preferred side was established. On the 
2nd and 4th day each rat received an intraperitoneal injection of 
sodium phenobarbitone, at the appropriate time before test, and 
was then trapped in its preferred side for 1 h. On the 3rd and 5th 
days each rat received injections of water at the appropriate times

and was then trapped on its non-preferred side for 1 h. On the 6tb 
day each rat was again given a 10-min undrugged preference trial, 
during which the times spent on each side of the chamber were 
recorded. With this training schedule, rats injected only with vehicle 
control show no significant change in the time spent on their pre
ferred side [File, 1986). The timing of injections was arranged so 
that all the rats received place conditioning at the same time of day. 
The following groups were tested: 8 h after sodium phenobarbitone 
50 mg/kg (n -  6); 6 and 1 h after sodium phenobarbitone 20 mg/kg 
(n » 6 and 8, respectively).

Elevated Plus-Maze. Rats were randomly assigned, 8 to each of 
the following groups: control (tested 8, 6 or I h after injection); 
sodium phenobarbitone (50 mg/kg at 8 h; 20 mg/kg at 6 and 1 h). 
The injection times were chosen so that all the rats were tested at the 
same time of day. Each rat was placed in the centre of the plus-maze 
and allowed 5 min to freely explore the apparatus. An observer sit
ting 1 m away from the maze scored the number of entries into open 
and into enclosed arms. An arm entry was defined as all four paws in 
the arm. The maze was thoroughly cleaned after each rat was 
tested.

Vogel Conflict Test. Rats were deprived of water for 23 h and 
then placed in the test chamber with free access to water for 15 min. 
After this familiarisation period, each rat was given a further 2 h 
access to water in its home-cage, and then deprived of water for a 
second 23-hour period. The next day, the rats were placed in the test 
chamber and allowed to drink freely for a period of 60 s. A conflict 
period of 5 min then followed, during which a shock was delivered 
to the grid floor after every 20th lick. Rats were tested 6 or 8 h after a 
control injection, 6 h after 20 mgflcg sodium phenobarbitone, or 8 h 
after 50 mg/kg sodium phenobarbitone; n -  8 per group.

Results

Conditioned Place Preference
As can be seen from figure 1, all the rats exposed to  

their formerly preferred side when treated  w ith pheno
barbitone showed a decreased preference for th is side,
i.e. a conditioned aversion. T his reached significance for 
those trained 8 h after 50 mg/kg (t = 2.7, p <  0.05) and  
1 h after 20 mg/kg (t = 3.1, p  <  0.05).

Elevated Plus-Maze
There was no significant change in the to tal num ber 

o f  arm  entries for any o f the groups tested (control m ean 
-  12.0 ± 1.9, phenobarbitone groups 11.9 ± 1.4, 12.3 ±  
1.8 and 13.8 ± 1.3). However, the percentage o f  entries 
tha t were m ade onto the open arm s d id  differ signifi
cantly for the  group tested 8 h after 50 mg/kg (p <  0.01, 
D unnett’s test after analysis o f  variance), indicating  an 
anxiolytic effect (fig. 2).

Vogel Conflict Test
It can be seen from table I tha t sodium  phenobarb i

tone did not significantly change the num ber o f  licks
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Fig. 1. Mean (±  SEM) number of entries onto the open arms of 

the plus-maze, expressed as a percentage of the total arm entries, for 
rats given control injections, or injected with sodium phenobarbi
tone (I or 6 h after 20 mg/kg or 8 h after 50 mg/kg). * p <  0.05, 
significantly different from controls.

Fig. 2. Mean (±  SEM) decrease in time spent on the drug-asso
ciated side following place conditioning 1 or 6 h after sodium phe
nobarbitone (20 mg/kg) or 8 h after sodium phenobarbitone (50 
mg/kg). * p <  0.05 change from pre-conditioning preference.

Table I. Mean (± SEM) number of licks made during a 1-min 
unpunished period and during a 5-min punished period and the 
mean ( ± SEM) number of shocks received during the conflict peri
od, by rats injected with water (cpntrol) or sodium phenobarbitone 
(20 mg/kg 6 h before test or 50 mg/kg 8 h before test)

Drug dose 
and time

Unpunished
licks

Punished
licks

Shocks

Control 199.4 ± 33.7 t 329.9 ±89.3* 15.9 ±4.3
20 mg/kg, 6 h 243.1 ±26.9 063.1 ±65.6 17.4 ±3.2
50 mg/kg, 8 h 219.1 ±45.9 618.1 ±95.7* 29.9 ± 4.6*

* p <  0.05, compared with controls.

m ade during the unpunished period. However, it did sig
nificantly increase the num ber o f  licks m ade during the 
conflict period [F (2, 20) = 3.91, p <  0.05] and the num 
ber o f shocks taken [F (2, 20) =* 3.94, p <  0.05]. Dun- 
nett's  tests showed tha t these increases were significant 
only for the group tested 8 h after the 50-mg/kg dose 
(p <  0.05).

Discussion
A previous study on conditioned place preference 

showed that, whilst lorazepam  and diazepam  produced a 
significant place preference, indicating rewarding p rop 
erties, this was not so for all anxiolytic drugs [File, 1986]. 
This suggested tha t it was possible to dissociate the 
rewarding and anxiolytic properties o f  a drug, i.e. th a t a 
drug that reduced anxiety d id  not necessarily have sec
ondary reinforcing properties. The results o f the present 
experim ents provide even stronger evidence for this d is
sociation. At a tim e when phenobarbitone was signifi
cantly anxiolytic (8 h after 50 mg/kg) it actually resulted 
in a conditioned place aversion. A sim ilar place aversion 
was shown by rats tra ined  1 h after 20 mg/kg, a dose tha t 
had no significant effects in the elevated plus-maze.

The results from the plus-m aze experim ent also shed 
some light on the brain  concentrations o f sodium pheno
barbitone tha t are necessary to  produce an anxiolytic 
effect in the elevated plus-m aze test o f  anxiety. T he con
centrations 8 h after a dose o f  50 mg/kg were 26 pg/g, 
and 1 and 6 h after a 20-mg/kg dose they were 14.8 and
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10.4 ng/g, respectively [Wilks et al., 1988]. Thus it seems 
that a b rain  concentration  greater than  15 pg/g is neces
sary, bu t tha t 26 pg/g is sufficiently high to produce an 
anxiolytic effect.
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F IL E , S. E . ,  L . J. W IL K S  A N D  P. S . M A B B U T T . W ithdraw al, to lerance  a n d  sensitiza tion  a fte r  a  sing le  d o s e  o f  
lo ra zep a m . P H A R M A C O L  B IO C H E M  B E H A V  31(4) 937-940, 1988.— F o rty -e ig h t hours afte r  a  single d o se  o f  lo ra z e p a m  
(0.25 m g/kg), th e re  w as to lerance  to  the lo ra zep am -in d u ce d  red u c tio n  o f  lo c o m o to r activ ity  in th e  h o le b o a rd : b u t no  
to le ran ce  to  th e  reductions  in ex p lo ra to ry  h ea d -d ip p in g  o r  rearing . M ice te s ted  undm gged  at th is  tim e show ed  sign ifican t 
h y p erac tiv ity  and  increased  rearing , ind ica ting  w ith d raw al re sp o n ses , bu t no change in h ead -d ipp ing . In th e  e le v a te d  
p lu s-m aze , no  to le ran ce  could  be d e tec te d  to  the e ffe c ts  o f  lo razepam  (0.25 m g/kg) w hen the m ice w ere  te s te d  48 h r  a f te r  an  
initial d o s e ; in fac t, there w as 3 trend  to w ard s  en h a n c e d  e ffec ts  in th is  g roup . W hen  m ice w ere te s te d  und rugged  2 4 ,4 8  o r  72 
h r a f te r  a  single dose  o f  lo razepam  th e re  w as an  in c rea se  in the %  tim e sp en t on  the o p en  a rm s, co m p a re d  w ith  c o n tro ls , th a t 
reac h ed  sign ificance fo r the 24 g roup . T h is  in d ica te s  a  sensitiza tion  to  th e  anx io ly tic  effec ts  o f  lo ra zep am , as  a s s e s se d  in 
the  p lu s-m aze. T h e se  resu lts  d em o n stra te  long -las ting  effec ts  o f  even  a single d o se  o f lo ra z e p a m .

B en zo d iazep in e  L orazepam  M ouse T o le ran ce  W ithd raw al H y p eractiv ity  A nx ie ty  
S ensitiza tion

VERY rapid tolerance to the sedative effects o f ben
zodiazepines has been reported in man following overdose, 
even at times when the plasma concentrations remain high 
(12), and tolerance to the hypnotic effects of a single high 
dose o f  diazepam has been found in mice (21). Tolerance has 
been found to anticonvulsant effects following a single dose 
o f clobazam in mice (4) and following a single dose of 
lorazepam in mice and rats (16). In both these studies 
tolerance occurred at a time when there was still some re
sidual drug acting at the benzodiazepine receptor. A recent 
in vivo binding study indicated that following an acute dose 
of oxazepam in mice there was a change in the affinity o f the 
benzodiazepine receptor, such that higher concentrations of 
oxazepam were needed to produce the same level o f  receptor 
occupancy (20). Tolerance developed to the deficits in 
rotarod performance after two doses of diazepam (13), indi
cating that some behavioral effects o f benzodiazepines do 
not show tolerance after single doses. Indeed there is good 
evidence that tolerance develops at different rates to the 
different behavioral effects o f the benzodiazepines (7). and it 
has been suggested that different mechanisms might underlie 
the development o f tolerance to the various responses (14). 
The purpose of the present experiment was to determine 
whether it was possible to detect tolerance to the effects of

benzodiazepines in the holeboard and in the elevated plus- 
maze test o f anxiety, following a single dose o f lorazepam.

A second purpose of the study was to determine whether 
tolerance and withdrawal responses appeared in parallel fol
lowing a single injection of lorazepam, as they seem to do 
following chronic benzodiazepine treatment (11). In order to 
do this, additional groups o f mice were tested undrugged at 
the same time-points after a single dose oflorazepam . There 
is less evidence on the occurrence of withdrawal responses 
following a single dose of benzodiazepine. None could be 
detected in a drug discrimination paradigm 8 hr after a single 
extremely high dose of diazepam (3), but it was possible to 
demonstrate sensitization to the proconvulsant effect o f a 
benzodiazepine inverse agonist 6 hr after a single dose of 
lorazepam. indicating an ‘acute withdrawal’ response (16). A 
spontaneous withdrawal syndrome has been described in the 
rat. occurring 100-124 hr after an exceptionally high (450 
mg/kg) dose of chlordiazepoxide (2).

M ETH O D

Drugs

Lorazepam (as Ativan injection, Wyeth) was further di
luted to a concentration of 0.06 mg/ml and administered

937
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orally at a dose of 0.25 mg/kg. Behavioral testing took place 1 
hr after dosing since this is the time of peak effect after oral 
administration.

Animals

Male albino mice (Bantin & Kingman), weighing 25-30 g. 
were housed in groups of 5 with food and water freely avail
able.

Apparatus •

The holeboard was a wooden box 40x40x27  cm. with 
four 3.2 cm diameter holes in the floor. It provides independ
ent measures o f exploratory head-dipping, rearing and loco
motor activity (10,15). All responses were automatically re
corded by the interruption of infrared photobeams placed 
under the holes and in the walls, respectively.

The plus-maze was wooden with two open arms, 17x8 
cm. and two enclosed arms with walls 30 cm high. It was 
raised 50 cm above the floor.

Procedure

Experiment I . Each mouse was given a 7.5 min trial in the 
holeboard and the animals were tested in an order ran
domised for drug treatment, between 0800 and 1300 hr. In a 
previous study we had found increased locomotor activity 48 
hr after a single dose of lorazepam. and therefore this time 
interval was selected for the holeboard study. Ten mice were 
randomly allocated to each of the following 4 groups: control 
group (vehicle 48 hr and 1 hr before test); acute lorazepam 
(vehicle 48 hr and lorazepam I hr before test); acute 
tolerance to lorazepam (lorazepam 48 hr and 1 hr before 
test); withdrawal from acute lorazepam (lorazepam 48 hr and 
vehicle 1 hr before test).

Experiment 2. In this experiment, 14-15 mice were allo
cated to each of the treatment groups used in Experiment 1, 
but the mice were tested for 5 min in the elevated plus-maze 
lest o f anxiety. Two additional groups were included, tested 
undrugged 24 and 72 hr after lorazepam, because of the 
possibility that withdrawal responses in the elevated plus- 
maze might occur at a different time from the withdrawal 
responses in the holeboard. Certainly, following chronic 
lorazepam treatment, we have found that the times at which 
withdrawal responses can be detected vary for different re
sponses (14). Each mouse was placed'? in the center of the 
plus-maze and allowed to enter freely iqto any o f the arms. 
The time spent on the open arms as a percentage o f the total 
time in arms, and the number of entries onto the open arms, 
as a percentage o f the total arm entries, provide measures of 
anxiety (10,12). Total arm entries provides a measure of gen
eral activity. An arm entry was defined as all four paws in the 
respective arm and the behavior was scored by an observer, 
with no knowledge of the drug groups, seated 1 m from the 
maze. Testing took place in an order randomised for drug 
treatment, between 0730 and 1200 hr.

R E S U L T S

Experiment /

It can be seen from Fig. 1 that 48 hr after an injection of 
lorazepam (0.25 mg/kg), a second test injection had signifi
cantly less sedative effect, as reflected in a decrease in loco
motor activity, compared with the group receiving only a 
single test injection. The group tested undrugged 48 hr after a
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F IG . I. M ean ( i s e m )  lo c o m o to r ac tiv ity  in m ice te s te d  undrugged  
48 h r  a fte r an  in jec tion  o f lo ra z e p a m  (L o r  48 hr), a f te r  an ac u te  dose  
o f  lo razepam  (L o r  I h r) o r  fo llow ing a p ro b e  do se  o f lo ra z e p a m  given 
48 hr afte r  an e a rlie r  d o se  (L o r 48 h r  + 1 hr). * * p < 0 .0 l, * ^ < 0 0 5  
co m p ared  w ith  c o n tro ls ; A p < 0 .0 5  c o m p ared  w ith ac u te  lo razepam  
g ro u p : D u n n e tt 's  te s ts  a f te r  an a ly s is  o f  v a rian ce .

single injection of lorazepam showed significant hyperactiv
ity, compared with the controls.

An increase in the number o f rears could also be detected 
48 hr after a single dose oflorazepam (see Fig. 2). However, 
there was no evidence for tolerance to the effects of 
lorazepam to reduce rearing, and the group that received 
lorazepam both 48 and 1 hr before test had scores no differ
ent form those of the group receiving lorazepam only I hr 
before test (see Fig. 2). There was no evidence for either 
tolerance to, or withdrawal from, an acute dose oflorazepam  
in the measures o f exploratory head-dipping (see Table 1).

Experiment 2

From Fig. 3 it can be seen that lorazepam (0.25 mg/kg 1 hr 
before test) significantly increased the % time spent on the 
open arms, and the % number o f entries onto open arms, but 
was without effect on total arm entries. This indicates an 
anxiolytic effect of acute lorazepam. The increases in% time 
on open arms and % number of entries onto open arms were 
as marked in animals that had received lorazepam 48 hr ear
lier as for the acute treatment group, and in fact the trend 
was for a greater effect. However, the difference between 
the two lorazepam groups did not reach significance, partly 
because of the larger standard error in the 48 hr + 1 hr group.
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TABLE I
M EAN ( r s c m )  N U M B E R  O F  H E A D -D IPS A N D  

TIM E SPE N T  H EA D -D IPP IN G  isec) BY M ICE IN JE C T E D  W ITH AN 
A C U T E DOSE O F  LO R A Z EPA M  <0.25 mg/kg). OR IN JE C T E D  W ITH  A 
PROBE DO SE O F  LO R A Z EPA M  48 hr AFTER AN E A R L IE R  D O S E . OR 

T E S T E D  U N D R U G G E D  48 hr AFTER A DOSE O F  LO R A Z EPA M

D rug T re a tm e n t 

48 hr 1 hr
N u m b er o f  
H ead-D ips

Tim e S pen t 
H ead -D ipp ing

Con C on 70.8 = 8.4 40.2 _  8.1
Con L o r 54.0 = 10.7* 26.9 r  6.1*
L or L o r 44.5 -  8.1* 20.7 r  5.5*
L o r C on 72.8 = 11.6 39.3 r  7.9

T he  c o n tro l g ro u p  rece ived  veh icle  in jec tions bo th  48 h r  and  I hr 
be fo re  te s t . * p < 0 .0 1 . co m p ared  w ith co n tro ls . D u n n e tt 's  te st a fte r  
ana ly sis  o f  va rian ce .

F IG . 2. M ean ( ± s e m )  n u m b er o f  rea rs  by m ice te sted  und rugged  48 
h r a f te r  an  in jec tio n  o f lo ra z e p a m  (L o r  48 hr), a fte r  an  ac u te  d o se  o f  
lo ra z e p a m  (L o r  I h r) o r  fo llow ing a p robe  d o se  o f lo ra z e p a m  given 
48 h r  a f te r  an  e a rlie r  d o se  (L o r  48 h r -  I hr). *p< 0 .0 5  co m p a re d  w ith  
c o n tro ls : D u n n e tt 's  te s ts  a fte r  an a ly s is  o f  v a riance .

TABLE 2
M EAN ( = sem )9f T IM E 'S P E N T  ON O PEN  ARM S. 7  N U M B E R  O F  
E N T R IE S  O N T O  O P E N  ARM S A N D TO TA L  ARM E N T R IE S  FOR 

G R O U PS O F  M ICE T E S T E D  24. 48 or 72 HR A F TE R  A 
DOSE O F  L O RA ZEPA M  (0.25 mg-kg)

%  Number

5 0

40

3 0

20

10

0 L

X X)fr

I I

I
□

% Time

M W MA A A

II11
f i f

1
C o n tro l > Lor 1 hr

Total

1
Lor 48hr +1hr

F IG . 3. M ean  ( r s e m )  %  tim e spen t on  open  a rm s, 7c n u m b e r o f  
en tr ie s  o n to  o p e n  a rm s  and to ta l arm  en tries  fo r g roups  o f  m ice 
te s te d  a f te r  an ac u te  d o se  o f  lo razepam  iO.25 m g k g ) (L o r  I hr) o r 
fo llow ing  a te s t d o s e  o f  lo ra zep am  (0.25 m g kg) given  48 hr a fte r  an 
e a rlie r  do se  <Lor 48 h r -  I h r). * * p < 0 .0 L  ***p< 0.001 co m p ared  
w ith  c o n tro ls , a n a ly s is  o f  va rian ce .

r/c N um ber 
E n tries  O n to  
O pen  A rm s

7. T im e on 
O pen A rm s

T o ta l A rm  
E n trie s

C on tro l 27.1 ± 2.5 15.6 r  1.7 13.3 * 1.6
L o r 24 hr 34.5 ± 3.8 27.6 :  5.1* 16.6 r  3.2
L o r 48 hr 33.8 = 5.0 20.0 r  2.0 16.8 -  1.9
L o r 72 hr 24.4 r  4.4 22.1 -  5.7

r 
iIIrt

* p < 0.05 co m p ared  w ith  c o n tro ls . D u n can 's  te s t a fte r  an a ly s is  o f  
v a riance .

This was because some of ihe animals showed a very marked 
enhancement. There was no evidence of a decrease in the9£ 
time spent on open arms or the 7c number o f entries in the 
groups tested 24. 48 or 72 hr after the single dose. Thus, 
there was no evidence of any withdrawal responses. On the 
contrary. Table 2 shows that the 7c time spent on the open 
arms was higher for the groups tested after lorazepam than 
for the controls, and this was significant for the 24 hr group. 
This, together w ith the results of the 48 hr -r 1 hr test group, 
indicates that there is some sensitization to the anxiolytic 
effects of lorazepam.

D ISC U SSIO N

We have been able to detect tolerance to the lorazepam- 
induced reductions in locomotor activity 48 hr after only a 
single injection. Tolerance to the reductions in exploratory 
head-dipping and rearing could not be detected. However, 
tolerance does develop relatively rapidly to these effects, 
and can be observed in mice after 10 days o f diazepam 
treatment (9). Shorter time intervals were not tested in mice, 
but tolerance to the lorazepam-induced reductions in head- 
dipping have been observed in rats after 3 days (5). We were 
also unable to detect any acute tolerance' to the anxiolytic 
effects of lorazepam in the elevated plus-maze. This is in
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accord with the results from a drug discrimination experi
ment where rats tested after a single dose of diazepam did 
not select the lever previously associated with the 
anxiogenic drug, pentylenetetrazole (3). It is also in agree
ment with results from chronic treatment where tolerance 
has not been found to the anxiolytic effects o f ben
zodiazepines in the plus-maze before 14 days of treatment in 
mice (18) or 21 days in rats (II).

The different time-course of development of tolerance to 
the different behavioral effects o f benzodiazepines (7) 
suggests that different mechanisms underlie the development 
of tolerance to different responses. If. as has recently been 
proposed (14), the development of tolerance to ben
zodiazepine effects and the incidence of withdrawal re
sponses are both reflections of a common underlying mech
anism. then one would not expect to be able to detect 
tolerance to a particular behavioral effect, without also ob
serving changes in that response on withdrawal o f the drug. 
Our results following acute treatment are in general agree
ment, except for the effects of lorazepam on rearing. 
Tolerance was not detected, but an increase in rearing was 
observed 48 hr after the single dose oflorazepam. Rearing is 
a measure partly reflecting exploratory behavior and partly 
reflecting general motor activity (6) and this may explain the 
discrepant results with this measure. However, the mech
anisms underlying ‘acute tolerance and withdrawal' may be 
distinct from those underlying the tolerance and withdrawal 
detected after chronic treatment with benzodiazepines. 
There are insufficient data at present to determine the extent 
to which the incidence of withdrawal responses following a 
single dose of benzodiazepine is linked to the development of 
an acute tolerance to the behavioral effects.

Rather than detecting withdrawal responses in the plus-

maze, which would have been indicated by a decrease in the 
% time spent on the open arms, there was an indication of an 
increase in this measure particularly 24 hr after a single dose 
oflorazepam. This suggests the possibility of a sensitization 
to the anxiolytic effects of lorazepam occurring at least from 
the first to the second dose of a benzodiazepine. There is a 
report of a similar enhancement of diazepam's anticonvul
sant effect. Mice tested 14 days after an initial dose of di
azepam had a significantly greater anticonvulsant response 
than mice tested with diazepam for the first time (1).

These experiments have shown that it is possible to detect 
tolerance to some, but not all, of the behavioral effects of 
lorazepam after even a single dose. It is also possible to 
detect behavioral changes on withdrawal from this single 
dose. There is some evidence from a human volunteer study 
that tolerance to some of the behavioral effects oflorazepam  
can be detected after a single dose (8). The possibility that 
similar effects will occur when the drug is used clinically 
suggest that even short-term lorazepam should be used with 
caution. However, the indication of a sensitization to the 
anxiolytic effects following a single dose does suggest that at 
least over the first few administrations the anxiolytic efficacy 
of benzodiazepines might become more pronounced. This 
would certainly explain the faiJure to demonstrate tolerance 
to the anxiolytic effects in less than 2-3 weeks, since any 
developing tolerance would be offset by the development of 
sensitization.
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