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1 Acute administration of clonazepam, diazepam and diphenylhydantoin to mice elevated cerebral
5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA); chronic administration had
less effect.
2 Acute administration of clonazepam and diazepam but not diphenylhydantoin raised cerebral
tryptophan levels; chronic administration of clonazepam caused a smaller elevation of cerebral tryp-
tophan but chronic administration of diazepam still caused a large rise in cerebral tryptophan.
3 Neither clonazepam nor diazepam caused induction of drug metabolizing enzymes on chronic
administration but diphenylhydantoin had a marked effect.
4 These data suggest that the altered 5-HT metabolism caused by these compounds is unrelated
to a common action on tryptophan levels, and that the reduced effect of clonazepam and diazepam
on chronic administration cannot be attributed to increased metabolism of these compounds.
5 Clonazepam induced abnormal head movements in mice in a dose-dependent manner. Pretreat-
ment of animals with tranylcypromine increased the intensity of movement, although pargyline was
without effect. Similar effects were observed with diazepam and diphenylhydantoin, suggesting that
the increase in cerebral 5-HT caused by these compounds is of functional significance in stimulating
5-HT receptors.

Introduction

Manipulation of cerebral 5-hydroxytryptamine (5-HT)
is associated with an alteration of seizure threshold
(Meldrum, Balzamo, Wada & Vuillon-Cacciuttolo,
1972; Wada, Balzamo, Meldrum & Naquet, 1972;
Boggan, 1973). Conventional anticonvulsant drugs
also elevate brain 5-HT in experimental animals
(Bonnycastle, Giarman & Paasonen, 1957; Jenner,
Chadwick, Reynolds & Marsden, 1975). Changes in
cerebral 5-HT metabolism may occur in anticon-
vulsant-treated human epileptics and could con-
tribute in part to the therapeutic action of these drugs
(Chadwick, Jenner & Reynolds, 1975). On the other
hand, the elevation of cerebral 5-HT in animals only
occurs at dosage levels well above those causing a
marked anticonvulsant activity and the alterations
reported in humans are most marked in those sub-
jects showing clinical signs of intoxication. Thus, the
influence of these compounds on brain 5-HT may
either be related to some of their toxic side effects
or be of no therapeutic significance.
The object of the present study was to investi-

gate the action of anticonvulsant drugs on cerebral

5-HT systems. Tryptophan hydroxylase is generally
regarded as the rate limiting step in 5-HT synthesis
(Moir & Eccleston, 1968); however, since the brain
concentration of tryptophan is normally below the
enzyme saturating concentration, alterations in the
availability of the substrate may be important in the
control of 5-HT synthesis (Wurtman & Fernstrom,
1972; Hamon & Glowinski, 1974).
We have investigated the ability of three conven-

tionally used anticonvulsant drugs, clonazepam, dia-
zepam and diphenylhydantoin to alter brain trypto-
phan, 5-HT and 5-hydroxyindoleacetic acid (5-HIAA)
in mice.

Since the clinical activity of some anti-epileptic
drugs, in particular, benzodiazepines, decreases on
chronic administration the influence of chronic drug
administration on cerebral 5-HT metabolism has also
been investigated.
Drugs raising brain 5-HT levels in animals cause

a number of behavioural changes, such as head and
body jerking in guinea-pigs (Klawans, Goetz &
Weiner, 1973), head twitching in mice (Corne, Picker-
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ing & Warner, 1963), wet-dog shakes (Bedard &
Pycock, 1977) or hyperactivity in rats (Grahame-
Smith, 1971). In order to determine whether the
changes in 5-HT metabolism caused by the drugs
studied is of functional significance, a behavioural
assessment for the production of abnormal head
movements has been made.

Methods

Swiss 'S' or 'P' strain male mice (20-25 g, Animal Sup-
pliers Ltd.) were used in all experiments. Animals
were housed under normal conditions using a 12 h
light-dark cycle. The diet fed to the animals was
Dixons 41B.

Biochemical experiments

In acute experiments, animals received clonazepam
base (Rivotril, Roche; 1-8 mg/kg), diazepam base
(Valium, Roche; 4-32 mg/kg) or diphenylhydantoin
sodium salt (Epanutin, Parke-Davis, 5-40 mg/kg) or
0.9% w/v NaCl solution (saline, 0.1 ml) intraperi-
toneally 0.5-24 h before they were killed. Experiments
were always carried out at the same time of day (i.e.
between 08 h 30 min and 18 h 30 min). Animals were
killed by cervical dislocation and decapitation, the
brain quickly removed and frozen at -20°C. Whole
brain levels of 5-HT and 5-HIAA were determined
fluorimetrically according to the method of Curzon
& Green (1970) and tryptophan by a modification
(Eccleston, 1975) of the method of Denckla & Dewey
(1967).

In chronic experiments, animals received clonaze-
pam (4 mg/kg), diazepam (32 mg/kg), diphenylhydan-
toin (20mg/kg), or saline intraperitoneally daily for
8 days. On day 9, drug-treated animals received either
the drug chronically administered on days 1-8 or
saline; saline-treated animals received saline, clonaze-
pam (4 mg/kg), diazepam (32 mg/kg), or diphenyl-
hydantoin (20 mg/kg).

Animals were killed 0.5-24 h after the final admin-
istration and whole brain 5-HT, 5-HIAA and trypto-
phan were determined as outlined above.

Paralysis and sleeping times were determined on
day 9 following chronic drug treatment on days 1-8
as outlined below. On day 9 animals received either
zoxazolamine (150 mg/kg) or hexobarbitone (100
mg/kg). Paralysis or sleeping time was defined as the
time between loss and recovery of the righting reflex.
The end point was taken as the time when the animal
righted itself twice in quick succession.
Cytochrome P450 and b5 levels were determined

in washed hepatic microsomes from chronically
treated animals according to the method of Omara
& Sato (1964). Protein levels were determined by a

modification (Miller, 1959) of the method of Lowry,
Rosebrough, Farr & Randall (1951).

Behavioural experiments

Animals were housed individually in 4 x 4 inch metal
cages with clear perspex lids. Clonazepam (0.5-8.0
mg/kg), diazepam (32 mg/kg), diphenylhydantoin (40
mg/kg) or saline was administered 45 min before, be-
havioural assessment. Some animals were pre-treated
with pargyline hydrochloride (50mg/kg, William
Warner Ltd.) or tranylcypromine sulphate (25 mg/kg,
SKF Ltd.) 30min before anticonvulsant administra-
tion.

Behavioural assessment was made by counting the
number of twitches, head jerks, head weaves, or 'wet-
dog shakes' observed in a 2 min period. The response
to pinna stimulation was determined by stroking with
a bristle paint brush. General observations of activity
were also employed.

All results were examined using Student's t test.

Results

Comparison of acute and chronic administration on
whole brain 5-hydroxytryptamine and 5-hydroxyindole-
acetic acid

Acute administration of clonazepam (4 mg/kg), diaze-
pam (32 mg/kg) and diphenylhydantoin (20mg/kg)
caused a rise in both whole brain 5-HT and 5-HIAA
levels (Figure 1). No change in 5-HT or 5-HIAA levels
(P > 0.05) was observed in saline-treated animals dur-
ing the time course over which experiments were car-
ried out. The effect of all three drugs was maximal
between 1 and 3 h after administration and levels
reverted to control values by 6 hours. At the time
of maximal effect (2 h), this elevation represented
139%, 147% and 148% of control 5-HT levels and
182%, 165% and 176% of control 5-HIAA levels for
clonazepam, diazepam and diphenylhydantoin re-
spectively (P < 0.001 in each case). Administration of
clonazepam (1-8 mg/kg), diazepam (4-32 mg/kg) and
diphenylhydantoin (5-40 mg/kg) showed the elevation
of 5-HT and 5-HIAA to be dose-dependent when ani-
mals were killed 2 h after drug administration (Figure
2).
Whole brain 5-HT or 5-HIAA levels 24 h after the

last administration of the chronic anticonvulsant
schedule were not different from those of saline-
treated or normal animals (P > 0.05). Pretreatment
with.saline caused some differences in the percentage
rise observed on subsequent anticonvulsant adminis-
tration (see Figure 4); this was particularly marked
in the case of diazepam. To overcome these 'injection
effects' the elevation of 5-HT and 5-HIAA following
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5-HT (152%) and 5-HIAA (181%) (P < 0.001) 2 h fol-
lowing drug administration comparable to that seen
on acute administration of clonazepam to untreated
animals (Figures 3 and 4). Pretreatment of animals

.________ _ _ 8 for 8 days with clonazepam (4 mg/kg) followed by ad-
ministration of a further dose on day 9, produced
a smaller rise in 5-HT (126%) and 5-HIAA (155%)
(P < 0.001) 2 h after drug administration, compared

--------- to those observed after clonazepam administration
either to animals given saline or to untreated animals
(P < 0.001) (Figures 3 & 4).

0 2 4 6 8/t} 22 24 Following chronic saline treatment, administration
0 2 4 6 of diazepam (32 mg/kg) or diphenylhydantoin

(20 mg/kg) on day 9 produced elevation in 5-HT
o , ~(160%, 135% respectively) (P < 0.001) 2 h following

drug administration compared to untreated animals.
0 /° 2/ However, pretreatment with either drug followed by

- - - . . - - -- - a further administration on day 9 again resulted in
a smaller rise in 5-HT (137%, 121% respectively) and
5-HIAA (153%, 139% respectively) (P < 0.001) 2 h fol-

, _______ /__ lowing drug administration compared to those
observed following drug administration either to
saline-treated or to untreated animals (P < 0.001)
.(Figure 4).
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Figure 1 The time course of the effect of acute
administration of (a) diazepam (32 mg/kg), (b)
clonazepam (4 mg/kg) and (c) diphenylhydantoin
(20 mg/kg) on whole brain levels of 5-hydroxytrypt-
amine (5-HT, *, 0 ) and 5-hydroxyindoleacetic
acid (5-HIAA, A, A). Open symbols represent
values significantly different (P < 0.05) from saline-
treated control values. Closed symbols are not sig-
nificant. Each point represents the mean of 12 deter-
minations. Standard errors in no case exceed 12
ng/g for 5-HIAA and 20 ng/g for 5-HT.

chronic drug administration has been compared with
the saline-treated controls to assess the drug-induced
effects.

Pretreatment of animals for 8 days with saline fol-
lowed by administration of clonazepam (4 mg/kg) on

day 9 again resulted in a rise in both whole brain

Comparison of acute and chronic administration on
whole brain tryptophan levels

No change in whole brain tryptophan levels was
observed in animals receiving saline at the time inter-
vals used for these experiments.

Administration of clonazepam (4 mg/kg) produced
a rise in whole brain tryptophan levels. The effect
was maximal between 2 and 3 h after drug adminis-
tration, but declined rapidly such that by 4 h, levels
were the same as those found in control animals
(Figure 5).

Adopting a response time of 2.5 h, the effects of
clonazepam (4 mg/kg), diazepam (32 mg/kg) and
diphenylhydantoin (20 mg/kg) on whole brain trypto-
phan were compared (Table 1). Both clonazepam and
diazepam produced a marked elevation of whole
brain tryptophan (P < 0.001). Diphenylhydantoin
was without effect.

Following chronic administration of the drugs
according to the schedule described above (Table 2)
clonazepam no longer produced an elevation of whole
brain tryptophan. Diazepam still produced an effect
compared to acute administration, and diphenylhy-
dantoin remained without effect. In animals pre-
treated with saline, identical changes to those
observed on acute administration of the drugs were
observed.

Comparison of effects on sleeping times and cytochrome
P4io levels
Chronic administration of clonazepam and diazepam
(as detailed above) produced no change in hepatic
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Figure 2 The effect of dosage of clonazepam, diazepam and diphenylhydantoin (DPH) on whole brain
levels of 5-hydroxytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) 2 h following drug adminis-
tration. Open columns: 5-HIAA: hatched columns: 5-HT. Each column represents the mean of at least
12 determinations. Vertical lines show s.e. mean. P < 0.005; **P < 0.001.
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Figure 3 The time course of the effect on whole
brain 5-hydroxytryptamine (5-HT) and 5-hydroxy-
indoleacetic acid (5-HIAA) of chronic administration
(8 days) of clonazepam (4 mg/kg) and of a sub-
sequent administration of clonazepam (4 mg/kg) on

day 9 (5-HT 0; 5-HIAA A) in comparison to
saline-treated animals (8 days) receiving clonaze-
pam (4 mg/kg) on day 9 (5-HT 0; 5-HIAA A).
Each point represents the mean of 12 determina-
tions. Standard errors in no case exceed 12 ng/g
for 5-HIAA and 18 ng/g for 5-HT.

Time (h)

microsomal protein, cytochrome b5 and cytochrome
P450 levels compared to those found in control ani-
mals or those chronically treated with saline (Table
3). Similarly, these drugs induced no change in hexo-
barbitone sleeping times or zoxazolamine paralysis

times. In contrast, chronic administration of diphenyl-
hydantoin increased hepatic cytochrome P450 and
cytochrome b5 levels and reduced hexobarbitone
sleeping time and zoxazolamine paralysis time (Table
3).
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Figure 4 The effect of chronic administration of clonazepam (4 mg/kg), diazepam (32 mg/kg) or
diphenylhydantoin (DPH; 20 mg/kg) for 8 days on the elevation of whole brain 5-hydroxytryptamine
(5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) caused 2 h following a subsequent administration of
the same regime on day 9 in comparison to the effect of these drugs in untreated and saline-treated
(8 days) animals. Hatched columns: untreated plus drugs; open columns: saline-treated plus drugs; solid
columns: drug-treated plus drugs. Each column represents the mean value as a percentage of basal levels
for at least 12 determinations. Vertical lines show s.e. mean. * Represents a significant difference (P < 0.05)
between the saline-treated animals and drug pre-treated groups.
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Figure 5 The time course of the effect of clonaze-
pam (4 mg/kg) on whole brain tryptophan levels.
Each point is the mean of at least 12 determinations.
Vertical lines show s.e. mean. * P < 0.005.

Behavioural effects of acute and chronic drug adminis-
tration

Administration of clonazepam (0.5-4.0 mg/kg) in-
duced a dose-dependent incidence of abnormal head

movement (Table 4). A higher dose of clonazepam
(8 mg/kg) caused ataxia and sedation. These effects
lasted several hours. Clonazepam also induced a
pinna response manifested by a 'wet dog shake' that
was not observed in normal animals. Both the abnor-
mal head movements and the 'wet-dog shake' were
maximal at around 2.0 mg/kg but declined at higher
dosage levels when animals were increasingly sedated.
In the presence of pargyline (50 mg/kg) this effect was
maximal at around 1.0 mg/kg clonazepam and again
declined at higher dosage levels. Animals pretreated
with pargyline generally appeared less active than ani-
mals treated with clonazepam alone and were, less
easily aroused.

Pretreatment of animals with tranylcypromine
(25 mg/kg) alone caused a well coordinated increase
in motor activity compared to animals receiving
saline, and an increase in abnormal head movement
was observed but no pinna response was seen. On
administration of clonazepam, this behavioural effect
was transformed into the type of hyperactivity syn-
drome seen on administration of tryptophan plus a
monoamine oxidase (MAO) inhibitor to rats de-
scribed by Grahame-Smith (1971) although reciprocal
forepaw treading was not evident. Clonazepam, in the
presence of tranylcypromine, also produced a marked
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Table 1 The effect.of clonazepam, diazepam or diphenylhydantoin on whole brain tryptophan levels in
mice

Drug treatment*

Saline
Clonazepam
4 mg/kg

Diazepam
32 mg/kg

Diphenylhydantoin
20 mg/kg

Tryptophan'*
(Pg/g)

2.31 + 0.13 (16)

3.95 + 0.24 (16)

4.71 + 0.29 (8)

2.69 + 0.19 (8)

% of control values

171%

203%

116%

p

< 0.001

< 0.001

> 0.05
* Animals were pre-treated with drugs 2.5 h before they were killed.
** All values are quoted as the mean of all determinations ± s.e. mean; numbers
number of animals used for each group.

in parentheses are the

Table 2 The effect of chronic pre-treatment 'with clonazepam (4 mg/kg), diazepam (32 mg/kg) or
diphenylhydantoin (20 mg/kg) on mouse whole brain tryptophan levels

Pre-treatment
Day 1-8

Saline
Clonazepam
Diazepam
Diphenylhydantoin
Clonazepam
Diazepam
Diphenylhydantoin
Saline
Saline
Saline

Treatment
Day 9

Saline
Saline
Saline
Saline
Clonazepam
Diazepam
Diphenylhydantoin
Clonazepam
Diazepam
Diphenylhydantoin

1.70 ± 0.24 (8)
1.41 ± 0.11 (8)
1.55 ± 0.18 (8)
1.83 ± 0.19 (8)
1.68 ± 0.18 (8)
3.76 ± 0.33 (8)
2.24 ± 0.19 (8)
2.88 ± 0.14 (8)
5.56 ± 0.37 (8)
2.21 ± 0.24 (8)

* Animals were killed 2.5 h following drug administration on day 9.
** All values are quoted as the mean of all determinations ± s.e. mean; numbers in parentheses are the
number of animals used for each group.
*** Values are expressed as a percentage of the respective pretreatment group treated with saline on
day 9. NS: not significant (P > 0.05); tP < 0.001.

Table 3 The effect of chronic pretreatment with clonazepam (4 mg/kg), diazepam (32 mg/kg) or
diphenylhydantoin (20 mg/kg) on drug metabolizing ability as judged by hexobarbitone sleeping time,
zoxazolamine paralysis time and the level of cytochrome b5 and P450 in washed hepatic microsomes

Pre-treatment
Day 1-9*

Saline

Clonazepam

Diazepam

Diphenylhydantoin

Hexobarbitone
sleeping

time (min)

46.6± 1.8
(59)

45.6 ± 3.2
(1 9)

49.8 ± 2.8
(1 9)

19.0 ± 1.2**
(20)

Zoxazolamine
paralysis

time (min)

68.9 ± 2.7
(58)

67.9 ± 4.7
(20)

59.7 ± 4.1
(19)

23.8 ± 2.4**
(20)

Cytochrome P450 Cytochrome b5
(OD 450-490 nm) (OD 424-470 nm)

0.12 ± 0.02
(7)

0.10 ± 0.01
(3)

0.19
0.05
0.29***
0.32

0.16 ± 0.05
(7)

0.15 ± 0.03
(3)
0.16
0.07
0.16
0.26

* Animals were killed 2 h following the final dosing on day 9.
The number of observations made for hexobarbitone sleeping time and zoxazolamine paralysis time are
shown in parentheses.
The biochemical parameters represent at least 2 observations on tissue pooled from groups of 6 mice.
**P < 0.001; ***P < 0.005.

% of *** saline
Tryptophan ** (pglg) treated controls

1 1 9%NS
243%t
1 22%NS
169%t
327%t
1 30O/o -

Microsomal
protein
(mg/g)

31.4 ± 2.3
(7)

37.1 ± 0.9
(3)

30.0 ± 5.2

38.0 ± 2.2
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increase in head movements compared with clonaze-
pam alone, and induced a pinna response.

Administration of diazepam (32 mg/kg) also pro-
duced abnormal head movements, and a behavioural
profile similar to that seen following clonazepam (4
mg/kg). Pretreatment of animals with pargyline (50
mg/kg) or tranylcypromine (25 mg/kg) again in-
creased the intensity of abnormal head movements.
In the presence of tranylcypromine, diazepam pro-
duced the hyperactivity syndrome (Grahame-Smith,
1971) as observed with clonazepam.
Diphenylhydantoin (40 mg/kg) produced some

abnormal head movements either alone, or in the
presence of pargyline. These movements were not
enhanced by tranylcypromine and pinna stimulation
was not effective in diphenylhydantoin-treated ani-
mals. Sedation was not observed following diphenyl-
hydantoin administration, although animals were
slightly ataxic. Diphenylhydantoin in the presence of
tranylcypromine did not produce a hyperactivity syn-
drome, in contrast to diazepam and clonazepam.

Following chronic administration of clonazepam
(4 mg/kg), diazepam (32 mg/kg) or diphenylhydantoin
(20 mg/kg) for 8 days, the behavioural response to
these drugs was less marked and of shorter duration.
Animals receiving saline over the same period showed
behavioural changes consistent with acute administra-
tion when given any of the drugs on day 9.

Discussion

The ability of the anticonvulsant drugs to induce head
shaking in mice would suggest that the alterations
in 5-HT turnover observed are of functional signifi-
cance since such movements have previously been as-
sociated with altered function of this neuronal path-
way. Similarly, the enhancement of these effects by
tranylcypromine provides further evidence for the in-
volvement of a monoamine system, although the lack
of effect of pargyline is difficult to explain. However,
the two MAO inhibitors did induce a different behav-
ioural pattern when administered alone to mice; par-
gyline, in general, produced slight sedation, whereas
tranylcypromine enhanced activity. The involvement
of 5-HT is also suggested by the ability of clonazepam
and diazepam to transform the tranylcypromine-
induced increase in motor activity into the 5-HT-
related hyperactivity syndrome previously described
by Grahame-Smith (1971). The failure of tranylcypro-
mine to enhance diphenylhydantoin-induced abnor-
mal head movements cannot be explained, although
other behavioural changes were apparent, for
example, tremor and ataxia. It may well be that this
drug alters 5-HT function in a different manner from
benzodiazepine derivatives. The facilitation of,i pinna
evoked head response by the benzodiazepines might
also suggest these compounds act by inhibition of an

Table 4 The production of abnormal head movements in mice by clonazepam, diazepam or diphenylhydan-
toi n

Drug*

Saline

Clonazepam
0.5 mg/kg

Clonazepam
1.0 mg/kg

Clonazepam
2.0 mg/kg

Clonazepam
4.0 mg/kg

Clonazepam
8.0 mg/kg

Diazepam
32 mg/kg

Diphenylhydantoin
40 mg/kg

Number of head movements'
Plus pargyline Plus tranylcypromine

Alone (50 mg/kg) (25 mg/kg)

0.6 ± 0.3
(1/12)

0.6 ± 0.3
(9/12)

1.3 ± 0.5***
(11/12)

2.1 ±0.8***
(10/12)

2.5 ± 0.5***
(5/12)

0
(0/12)

3.2 ± 0.9***
(6/12)

1.3 ± 0.3
(0/12)

0.3 ± 0.2
(1/12)

1.1 ±0.3"'
(10/12)

1.7 ± 0.5"'
(9/12)

1.2 ± 0.4"'
(6/12)

0.8 ± 0.3
(0/12)

0
(0/12)

0.8 ± 0.6
(3/12)

2.7 ± 0.6"'
(0/12)

2.2 ± 0.8
(0/12)

3.6 ± 0.9
(9/12)

10.4 ± 2.0***
(11/12)
5.2 ± 1.2***
(11/12)

18.0 ± 2.2***
(8/12)

3.2 ± 1.0
(1/12)

9.8 ± 1.3***
(9/12)

2.8 ± 0.6
(1/12)

* Anticonvulsants were administered 45 min before behavioural assessment. Pargyline and tranylcypromine
were administered 30 min prior to anticonvulsant treatment.
** Results are expressed as the number of abnormal head movements observed in a 2 min period 45
min following anticonvulsant administration. The figures in parentheses represent the number of animals
exhibiting a wet dog shake in response to pinna stimulation over the total number of animals used.
*** P < 0.05 compared to saline-treated controls.
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afferent inhibitory brainstem pathway (see Corne et
al., 1963). Only at high doses is the pinna response
diminished as a general depression of cerebral activity
occurs and at these doses, spontaneous abnormal
head movements are also reduced.
During the course of this work, other workers

(Nakamura & Fukushima, 1976) have also shown
clonazepam to induce head twitches in mice following
oral administration, and have attributed this phenom-
enon to an action on 5-HT neuronal pathways. How-
ever, they were unable to demonstrate an effect fol-
lowing oral diazepam administration. The dose-ratio
(clonazepam:diazepam) used was higher in this work
than in the present study, and may explain this discre-
pancy.
The elevation of cerebral 5-HT and 5-HIAA levels

by acute administration of clonazepam, diazepam and
diphenylhydantoin provides further support for an
action of anticonvulsant drugs on central 5-HT neur-
onal systems. Similar actions of these and other anti-
convulsant drugs on cerebral 5-HT have previously
been demonstrated (see Bonnycastle et al., 1957;
Chase, Katz & Kopin, 1969; Lidbrink, Corrodi &
Fuxe, 1974; Fernstrom, Shabshelowitz & Faller, 1974;
Dominic, Jinha & Barchas, 1975; Green & Grahame-
Smith, 1975). The time course of action of all three
drugs appears similar, but in each case the effect is
only seen in the first few hours following administra-
tion even though such compounds have prolonged
biological half-lives in man at least. Of the three drugs
studied, clonazepam was most potent in elevating
5-HT and 5-HIAA. Interpretation of the elevations
observed in terms of a basic mode of action of these
drugs is difficult, since a number of possibilities exist
which cannot be distinguished by the present data
alone. Previous studies (Chase et al., 1969; Chase,
Katz & Kopin, 1970; Lidbrink et al., 1974) have sug-
gested that anticonvulsants decrease 5-HT turnover
(leading to an accumulation of the transmitter) and
block the egress of 5-HIAA from the CNS. However,
other studies with diphenylhydantoin (Green &
Grahame-Smith, 1975) have suggested an increased
turnover of 5-HT.

In man and animals the cerebral concentration of
tryptophan may be influenced by the availability of
free tryptophan in plasma (Curzon & Knott, 1974;
Gessa & Tagliamonte, 1974; Young, Lal, Feldmuller,
Sourkes, Ford, Kiely & Martin, 1976). Since the bulk
of the plasma tryptophan is bound to albumin
(McMenamy & Oncley, 1958) drugs which compete
for the same binding site may increase the plasma
concentrations of free tryptophan, hence the cerebral
levels, and consequently lead to increased 5-HT syn-
thesis (Tagliamonte, Biggio, Vargiu & Gessa, 1973;
Iwata, Okamoto & Koh, 1975). In particular, benzo-
diazepines have such actions and this may in part
explain their ability to alter cerebral 5-HT function

(Sjoholm & Sjodin, 1972; Muller & Wollert, 1975).
Indeed, in the present study, both clonazepam and
diazepam increased cerebral tryptophan levels on
acute administration, suggesting one mechanism by
which an increase in 5-HT and 5-HIAA might be
brought about. However, as pointed out by Muller
& Wollert (1975) the relevance of such an effect to
the activity of these drugs in man is probably small,
in view of the low therapeutic plasma levels attained.
Further, there is evidence for reduced, rather than
increased, incorporation of [3H]-tryptophan in cere-
bral 5-HT synthesis following pretreatment of mice
with diazepam, flurazepam and chloridiazepoxide
(Dominic et al., 1975).
We have recently reported increased cerebrospinal

fluid (CSF) levels of 5-HIAA and tryptophan in
treated, compared to untreated, epileptic patients
(Chadwick, Jenner & Reynolds, 1977). This suggests
that changes in 5-HT metabolism similar to those we
have reported here may occur in man. These differ-
ences were most marked in patients showing clinical
signs of anticonvulsant intoxication, so the possibility
must be considered that such changes may be of more
relevance to the production of such toxic effects
rather than to anticonvulsant activity.

In another epileptiform disorder, myoclonus, we
have also shown the abnormally low CSF 5-HIAA
values to be elevated in a dose-dependent manner
following clonazepam therapy (Chadwick, Harris,
Jenner, Reynolds & Marsden, 1975; Chadwick, Hal-
lett, Harris, Jenner, Reynolds & Marsden, 1977). This
action may represent a therapeutic effect in the alter-
ation of 5-HT metabolism.
The clinical action of anticonvulsant drugs and, in

particular, benzodiazepines, decreases following
chronic administration. It is, therefore, of interest that
administration of clonazepam, diazepam and di-
phenylhydantoin to mice for 8 days leads to a reduc-
tion in the elevation of 5-HT and 5-HIAA measured
in response to a further drug dose. Tolerance to the
increase in homovanillic acid induced by antipsycho-
tic drugs is known (Sayers, Burki, Ruch & Asper,
1975) but such an effect on the 5-HT system has not
been previously demonstrated. The effect on chronic
administration of diazepam and clonazepam on cere-
bral tryptophan levels also questions the relevance
of this increase to the altered 5-HT and 5-HIAA
levels, since the effect of clonazepam on tryptophan
is abolished by chronic treatment, while that of diaze-
pam is unchanged, although the effect of both drugs
on 5-HT and 5-HIAA is diminished. Why two closely
related benzodiazepines should have such different
actions on cerebral tryptophan levels remains unclear.

Benzodiazepines and other anticonvulsant drugs, in
particular, diphenylhydantoin, have been reported to
induce their own metabolism and that of other com-
pounds (Kato & Chiesara, 1962; Gerber & Arnold,
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1969; Vallerino, Vessel, Johnson & Aurori, 1973).
Such an effect could easily explain the reduced eleva-
tion of 5-HT and 5-HIAA observed on chronic ad-
ministration. The measurement of drug metabolism
parameters in this study, however, negates the possi-
bility for diazepam and clonazepam. Diphenylhydan-
toin, however, produced an expected elevation of
cytochrome P450 and reduction of zoxazolamine par-
alysis time and hexobarbitone sleeping time in agree-
ment with previous findings (Kato & Chiesara, 1962;

Gerber & Arnold, 1969). These data, therefore, sug-
gest that in the case of clonazepam and diazepam
at least, another explanation must be sought, possibly
more closely related to the neuronal level of drug
action.
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