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The effects of clonidine on cortical neurones:
evidence for its action as a partial agonist at
oy-adrenoceptors

C.M. BRADSHAW, M.J. STOKER &
E.SZABADI

Department of Psychiatry, University of Manchester, Stop-
ford Building, Oxford Road, Manchester M13 9PT

Evidence obtained with receptor-labelling tech-
niques indicates that both ;- and a,-adrenoceptors
occur in brain tissue (Langer, 1980). Phenylephrine,
a selective a;-adrenoceptor agonist, is a potent excit-
ant of cortical neurones (Bevan, Bradshaw &
Szabadi, 1977). In the present experiments, we have
compared the effects of phenylephrine with those of
clonidine, a relatively selective stimulant of o,-
adrenoceptors (Langer, 1980).

Spontaneously active single neurones were studied
in the somatosensory cortex of the halothane-
anaesthetized rat; all the drugs were applied by
microelectrophoresis (Bevan et al., 1977).

The agonistic effects of clonidine and phenyl-
ephrine were compared on 34 cells which yielded
consistent excitatory responses to phenylephrine; 15
of these cells were excited by clonidine, the remain-
ing 19, however, did not respond to clonidine applied
by ejecting currents of up to 150nA. The relative
potencies of the two drugs were compared by cal-
culating the equicurrent magnitude ratio (Bradshaw,
Pun, Slater & Szabadi, 1981b). The mean equicur-
rent magnitude ratio (clonidine/phenylephrine) was
0.139%0.039 (n=29).

The mobilities of the clonidine and phenylephrine
ions were compared using the method of Bradshaw,
Pun, Slater & Szabadi (1981a). Eight micropipettes
were used. The transport number of noradrenaline,
released from a 0.05 M [**C]-noradrenaline bitartrate
solution (1 mCi/mmol), was: 0.098 +£0.007 (in the
presence of 0.05M clonidine hydrochloride) and

0.106 = 0.006 (in the presence of phenylephrine hyd-
rochloride 0.05M). There was no statistically signific-
ant difference between the two values of transport
number (P> 0.1; Student’s -test).

Since clonidine showed only a very weak agonistic
activity, we examined whether it could antagonise
excitatory neuronal responses to phenylephrine and
noradrenaline. Acetylcholine was used as a control
agonist. Successful drug-interaction studies were
conducted on 15 cells. On each of these cells, in the
presence of clonidine (clonidine hydrochloride
0.05M, 5-10 nA), responses to phenylephrine and
noradrenaline were antagonized, whereas the re-
sponse to acetylcholine was not affected. The mean
sizes of the responses to the agonists (expressed as
percentage of control), in the presence of clonidine,
were: 24.6 * 3.3 (phenylephrine); 39.0 + 7.4 (norad-
renaline); 99.8 £ 4.3 (acetylcholine).

These results show, in agreement with previous
findings (Anderson & Stone, 1974), that cortical
neurones are sensitive to clonidine. Clonidine, how-
ever, appears to be a weak agonist: it was approxi-
mately ten times less potent than phenylephrine. This
difference in potency is likely to reflect a genuine
biological difference between clonidine and
phenylephrine, since there was no significant differ-
ence between the mobilities of the two drugs. Finally,
clonidine antagonized the response to phenyl-
ephrine, a selective a;-adrenoceptor stimulant. Our
results suggest that clonidine, similarly to its action in
the rat aorta (Ruffolo, Waddell & Yaden, 1980), may
act as a partial agonist at a;-adrenoceptors on cortical
neurones.

This work was supported by the Wellcome Trust and the
Science Research Council. M.J.S. is an SRC/CASE Scholar
in conjunction with Imperial Chemical Industries Limited.
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Pharmacological evidence for the
subclassification of central dopamine receptors
in the rat

ALMA J. GOWER & A.S. MARRIOTT

Department of Pharmacology, Glaxo Group Research
Limited, Ware, Hertfordshire SG12 0DG

The dopamine receptor agonist SK & F 38393 causes
contralateral rotation in rats with nigrostriatal lesions
but fails to cause stereotypy (Setler, Sarau, Zirkle &
Saunders, 1978). The dopamine receptor antagonist
clozapine fails to inhibit apomorphine-induced
stereotypy in rats (Stille, Lauener & Eichenberger,
1971). To investigate whether these atypical actions
are due to differences in dopamine receptors mediat-
ing the two responses, we have compared the actions
of these drugs with other dopamine receptor agonists
and antagonists in the two tests.

Rats with nigrostriatal lesions were prepared by
infusing 6-hydroxydopamine (8 ug in 4 ul) into the
substantia nigra on one side (fr. 2.2, h.-2.4, sag. 2.0,
Konig & Klippel, 1963). In these rats agonists were
injected intraperitoneally or directly into the
striatum (fr. 7.5, h. 0.0, sag. 2.5) on the lesioned side
via an indwelling cannula. Stereotypy (licking and
chewing) was assessed in non-lesioned rats following
the injection of agonists intravenously or, via indwel-
ling cannulae, bilaterally into the olfactory tubercles
(A 8.6, H-2.4,L 2.5, De Groot, 1959). The effects
of antagonists (i.p.) on responses induced by agonists
(i.p. or i.v.) were determined in both tests at the times
of peak effects of both agonists and antagonists.

Dopamine and the 2-aminotetralins A-5,6 DTN
and A-6,7 DTN (3-30 pg/rat intracerebrally) were

non-selective and caused contralateral rotation and
stereotypy. Apomorphine was also non-selective,
causing contralateral rotation (0.1-1.0 mg/kg i.p.)
and stereotypy (0.2-1.6 mg/kg i.v.). Unlike these
agonists, SK & F 38393, 3-30 pug/rat intracerebrally,
or 1-3 mg/kg peripherally, induced contralateral ro-
tation but not stereotypy.

Contralateral rotation induced by SK&F 38393
(3mg/kg i.p.) was inhibited by clozapine (EDs,
6.2mg/kg i.p.) but not by haloperidol (0.8 mg/kg
i.p.). Contralateral rotation induced by apomorphine
(0.5 mg/kg i.p.) was inhibited by clozapine (EDsg
24 mg/kgi.p.) and haloperidol (EDso 0.1 mg/kgi.p.).
Stereotypy induced by apomorphine (1 mg/kg i.v.)
was inhibited by haloperidol (EDsy 0.1 mg/kg i.p.)
but not by clozapine (40-160mg/kg i.p.). Like
haloperidol, oxiperomide, pimozide and
fluphenazine inhibited apomorphine rotation and
stereotypy (EDs¢’s 1.0, 1.1-4.0 and 0.05 mg/kg i.p.
respectively) but failed to inhibit SK&F 38393-
induced rotation. Cis-a-fluphenthixol, thioridazine
and clothiapine (EDsy’s 0.2-0.4, 14.6-22 and
1-1.7mg/kg i.p., respectively) were non-selective
and inhibited rotation induced by SK& F 38393 or
apomorphine and apomorphine stereotypy. Yohim-
bine (2mg/kg), prazosin (2 mg/kg), propranolol
(20 mg/kg), atropine (20mg/kg), mepyramine
(10 mg/kg) or methysergide (20 mg/kg) did not in-
hibit apomorphine rotation or stereotypy or SK & F
38393 rotation.

The present results provide evidence for a func-
tionally related sub-classification of central
dopamine receptors. It is proposed that contralateral
rotation induced by dopamine agonists is mediated
by two types of dopamine receptors. One of these
receptors is classifiable in that it is selectively stimu-
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lated by SK&F 38393 and is blocked by clozapine
but not by haloperidol; the other receptor is blocked
by both haloperidol and clozapine. A third receptor,
mediating stereotypy, is insensitive to the agonist
actions of SK&F 38393 and is blocked by
haloperidol but not clozapine. In this classification
the receptors sensitive to blockade by haloperidol are
also sensitive to blockade by oxiperomide, pimozide
and fluphenazine. Clothiapine, cis-a-flupenthixol
and thioridazine do not discriminate between the
three proposed receptor types.
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The effect of ADTN and some of its derivatives
on dopamine receptor binding in rat striatum

S.B. FREEDMAN, WILMA W. TEMPLETON,
JUDITH A. POAT & G.N. WOODRUFF

Department of Physiology and Pharmacology, University of
Southampton

The potent dopamine receptor agonist ADTN (2-
amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphtha-
lene) is more active than iso-ADTN (2-amino-5,6-
dihydroxy-1,2,3,4-tetrahydronaphthalene) in sever-
al tests of dopamine receptor function. R-(+)-
ADTN is more active than S-(—)-ADTN as a
dopamine agonist and the dimethyoxy derivatives of
ADTN or iso-ADTN are virtually inactive (Wood-
ruff, Davis, Andrews & Poat, 1979). N,N-di-n-
propyl-iso-ADTN, which structurally resembles
apomorphine, is more active than iso-ADTN on the
dopamine-sensitive adenylate cyclase (Cannon, Cos-
tall, Laduron, Leysen & Naylor, 1978).

We have compared the potencies of these ADTN
derivatives, together with apomorphine and
dopamine, in receptor binding assays, using [°H]-
(+)-sulpiride (26.2 Ci/mmol; 15nM), [*H]-(+)-
ADTN (35 Ci/mmol; 5nM) and [*H]-cis-(Z)-
flupenthixol (17.2 ci/mmol; 3 nM) as ligands. Binding
assays were carried out in partially purified homoge-
nates of rat striatum as described by (Freedman, Poat
& Woodruff, 1981) except that [*H]-cis-flupenthixol
and [*H]-ADTN binding assays were carried out in
the absence of nialamide and ascorbate using GF/B
filters. S-(—)-sulpiride (1 um), cis-flupenthixol
(1 pum) and (£)-ADTN (1 uM) were used to define
specific binding in the sulpiride, flupenthixol and
ADTN binding assays respectively.

The results are shown in Table 1, which shows that
the rank order of potency of (+) and (—)-ADTN,
iso-ADTN and N,N-dipropyl-iso-ADTN are similar
whichever tritiated ligand is used. The potency ratios
for (+) and (—)-ADTN in the ADTN binding assay
are less than those obtained in a previous study which
used lower specific activity ligand (Woodruff et al.,

Table 1
ICsg agonist
Drug {H]-sulpiride [*H]-cis-flupenthixol [’H]-ADTN
(+)-ADTN 16 244 1.7
N,N-dipropyl-iso-ADTN 16 251 0.4
(3)-ADTN 28 242 3.6
Apomorphine 32 69 7.1
(-)-ADTN 250 18,080 22.8
Dopamine 580 423 12.6
(%)-iso-ADTN 760 >> 10,000 30.4
Dimethoxy-iso-ADTN >>10,000 >> 10,000 268.0

Potencies of some drugs in dopamine receptor binding assays. ICsq values are concentrations (nM) causing 50%
displacement of specific binding. Each value is the mean of at least 3 experiments carried out in triplicate.
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1979). Our results do not provide evidence that the
specific binding of tritiated sulpiride, cis-flupenthixol
or ADTN in rat striatum represents binding to differ-
ent populations of dopamine receptors.

We thank Dr J. Hytell of Lundbeck for [3H]-flupenthixol
and Drs Alan Horn and John McDermed for other drugs.
Wilma W. Templeton is a Parkinson’s Disease Research
Fellow and S.B. Freedman is a SRC CASE student with
Chemitechna.
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Effect of chronic antidepressant administration
on rat frontal cortex o,- and -adrenoceptor
binding

M.F. SUGRUE!

Centre de Recherche Merrell International, 16 rue d’Ankara,
67084 Strasbourg-Cédex, France

Long-term administration of certain antidepressants
is associated with adaptive changes in rat brain o,-
adrenoceptor sensitivity, as assessed by studying the
effect of drug administration on the ability of a low
dose of clonidine (CLON) to lower rat brain 3-
methoxy-4-hydroxyphenylethyleneglycol sulphate
(MHPG-SO,) content. For example, chronic desip-
ramine induces subsensitive o,-adrenoceptors
(McMillen, Warnack, German & Shore, 1980; Sug-
rue 1981a). In contrast, the sensitivity of the recep-
tors is enhanced by chronic mianserin (Sugrue,
1980). Other chronically administered anti-
depressants such as iprindole, trazodone, nisoxetine
and salbutamol are devoid of effect on rat brain
ay-adrenoceptor sensitivity (Sugrue, 1981b). In light
of these observations, the effect of chronically ad-
ministered desipramine, mianserin and iprindole on
rat frontal cortex [*H]-CLON binding was investi-
gated since it could be speculated that changes in
receptor sensitivity may be manifested by alterations
in the characteristics of the radioligand recognition
site. Drug effects on [*H]-dihydroalprenolol (DHA)
binding were also investigated since it has been sug-
gested that the sensitivity of rat cortical o,-
adrenoceptors may be regulated by f-adrenoceptors
(Maggi, U’Prichard & Enna, 1980). Electro-
convulsive shock therapy (ECT) and the monoamine

1Present address: Labs Merck, Sharp & Dohme, Centre de
Recherche, BP 127,63 203 R10M Cédex, France.

oxidase inhibitors pargyline and tranylcypromine
were also studied.

Adult male Sprague-Dawley rats were used. De-
sipramine, mianserin and iprindole (all 10 mg/kg)
were injected i.p. every 12 h for 14 days and rats were
killed 12h after the last injection. Pargyline
(25 mg/kg) and tranylcypromine (5 mg/kg) were in-
jected i.p. once daily for 14 days and rats were killed
24 h after the last dose. ECT (100 mA for 1s) was
applied by ear-clip electrodes once daily for 10 days
and rats were killed 6.5 h after the last shock. Specific
[*H]-CLON and [*H]-DHA binding was the differ-
ence in radioactivity bound in the presence and ab-
sence of phentolamine (10 uM) and (%)-propranolol
(20 uM) respectively. Scatchard analysis indicated
that both radioligands are bound to a single popula-
tion of recognition sites.

Long-term administration of desipramine and ip-
rindole, but not mianserin, reduced cortical [3H]-
DHA binding. Scatchard analysis indicated that both
drugs decreased the number of binding sites (Bax)
with no change in the dissociation constant (Kp).
[*H]-DHA binding was also decreased by chronic
ECT. In contrast to these observations, none of the
above grocedures altered [>H]-CLON binding. How-
ever, ["H]-CLON binding was decreased by chroni-
cally administered pargyline and tranylcypromine.
This was due to a decreased B, with no change in
Kp. The monoamine oxidase inhibitors also reduced
cortical [*H]-DHA binding.

In summary, the ability of chronically administered
desipramine and mianserin to modify rat brain a«,-
adrenoceptor sensitivity, as assessed by the CLON-
induced reduction in MHPG-SO, content is not re-
flected in [’H]-CLON binding studies thus indicating
that the two phenomena are not interrelated.
Moreover, the ability of chronic desipramine, iprin-
dole and ECT to alter [*’H]-DHA, but not [*H]-
CLON binding suggests that an inverse reciprocal
modulation of central adrenoceptors does not occur.
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Finally, rat cortical a,-adrenoceptor recognition sites
are down-regulated by the monoamine oxidase in-
hibitors pargyline and tranylcypromine.
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Involvement of dopamine in the analgesic
response induced by footshock

G. CURZON, P.H. HUTSON & M.D.
TRICKLEBANK

Department of Neurochemistry, Institute of Neurology, 33
John’s Mews, London WC1N 2NS

Analgesia induced by 30 s footshock is enhanced by
inhibiting SHT synthesis or by lesioning spinal SHT
neurons and is attenuated by SHT releasers (Curzon,
Hutson & Tricklebank, 1980, 1981). We now report
a similar relationship with DA.

Latency to lick the paws on exposure to a hot plate
at 56°C was determined three times in sequence on

Table 1 Effect of drugs on footshock induced analgesia

male Sprague-Dawley rats (weights 200-250¢g) as
follows:— Initially (L1); immediately after returning
to the home cage for 30 s (L2); immediately after 30 s
exposure to 1 mA inescapable footshock (L3). Re-
sults are expressed as percentage analgesia score
(PAS) = (L3/L2)x 100. The ratio (L2/L1)x 100
provides a non-shocked control value.

In non-drug treated rats, PAS after footshock was
greater than non-shocked control values (Table 1).
Non-cataleptogenic doses of the DA antagonists
haloperidol (0.2 mg/kg, i.p., 60 min before test) or
pimozide (1 mg/kg, i.p., 60 min before test) further
increased PAS after footshock. In agreement with
these findings, intraventricular 6-hydroxydopamine
(6-OHDA) (200 ug in 25 ul 0.9% NaCl containing
ascorbic acid 1mg/ml, 1h after desipramine

Percentage Analgesia Score

No Shock Shock
Vehicle 88.8+27.1 203.5+32.2**
Haloperidol 96.1+20.1 274.7+£57.4**%
Vehicle 110.3+32.4 210.1+33.7**
Pimozide 109.3+30.3 265.7+47.8**%
Vehicle 109.2+47.4 211.2114.3**
60HDA 91.2+35.6 258.6£63.9**t
Vehicle 829+15.9 215.9+52.4**
Amphetamine 81.9*+17.1 151.9+£23.2**%
Vehicle 105.5+29.8 192.3+31.4**
Apomorphine 95.7+31.6 1442+34.7* §

Values are means * s.d. n=7-10 per group.

Significance of differences from non-shocked values: *, P<<0.01; **, P<<0.001.
Significance of differences from vehicle treated rats: ¥, P<<0.05; 1, P<<0.01.
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25 mg/kg, i.p. and 10 days before testing) increased
PAS after footshock. Conversely, amphetamine sul-
phate (2 mg/kg, i.p., 90 min before test) or the DA
agonist apomorphine (0.75 mg/kg, s.c. 30 min before
test) decreased PAS after footshock. None of the
above effects of drug treatments were manifest in
non-shocked rats.

Results indicate that dopaminergic activity inhibits
footshock induced analgesic response. Whether this
indicates a true analgesia or an effect on the motor
response to a noxious stimulus after footshock re-
mains to be investigated.
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Dopamine receptors and dopamine dependent
behaviours in iron-deficient rats

R. ASHKENAZI, D. BEN-SHACHAR &
M.B.H. YOUDIM

Department of Pharmacology, Faculty of Medicine, Tech-
nion, Haifa, Israel -

Iron is the most abundant trace element in the body
and is associated with enzymes and membrane struc-
tures (Jacob & Worwood, 1974). Its deficiency re-
sults in abnormal behaviour in man and rat (Pollitt &
Leibel, 1976; Youdim & Green, 1977). Rats made
nutritionally deficient have lower brain iron content
and exhibit significantly lower drug (amphetamine,
apomorphine and S-methoxy-N,N-dime-
thyltryptamine) and non-drug induced behaviours
(Youdim & Green, 1977; Youdim, Yehuda & Ben
Uriah, 1981). These animals have normal brain
levels of dopamine, noradrenaline and 5-
hydroxytryptamine (Youdim & Green, 1977).
Youdim & Green (1977) suggested that the al-
tered drug induced behaviours in nutritionally iron-
deficient rats may be related to post-synaptic
changes. Measurement of dopamine (D; receptor)
dependent adenylcyclase in the caudate nucleus re-
vealed no differences between iron-deficient and
control adult rats. The examination of post-synaptic
dopamine (D;) (caudate nucleus), o- and B-
adrenergic (cortex); muscarinic (hippocampus); 5-
hydroxytryptamine (hippocampus) and GABA
(cerebellum) receptors using radioactively labelled
ligands have shown a selective and significant
(P<0.01) reduction (55%) in B max of [°H]-
spiperone binding sites in iron-deficient rats with-
out a change in the receptor Kd. The reduction in
dopamine (D,) receptor B max can be achieved more

readily in young (21 day old) as compared to adult
(80 day old) rats fed iron-deficient diet. The produc-
tion of haemolytic anaemia in rats by the use of
phenylhydrazine had no effect on [3H]-spiperone
binding in the caudate.

The altered dopamine D, receptor B max can be
correlated with studies on the hypothermic effect of
amphetamine and the prolactin binding site number
in the liver in rats. In control animals kept at an
ambient temperature of 4°C, amphetamine
(15 mg/kg) induces hypothermia and this hypother-
mia is blocked by haloperidol and pimozide (Yehuda
& Wurtman, 1975). Iron-deficient rats (Hb
6.9+ 1.1 g%) fail to develop extensive hypothermia
following treatment with amphetamine (15 mg/kg).
In this respect the iron-deficient rats behave similarly
to neuroleptic treated animals (Youdim et al. 1981).

Prolactin induces its own receptor in the livers of
rats after exogenous prolactin treatment for 7-14
days (Barkey, Shani, Lahav, Amit & Youdim, 1981).
It is well established that blockade of dopamine
receptor by chronic treatment with neuroleptics re-
sults in increased plasma prolactin (Costal & Naylor,
1980). Normal rats treated for 7 days with either
haloperidol (10 mg/kg), chlorpromazine (5 mg/kg)
or fluphenazine (5mg/kg) showed increased liver
prolactin binding sites of 60, 80 and 110% respec-
tively over the control values. It is interesting to note
that iron-deficient rats also show an increase of 60%
in liver prolactin binding compared to their control
group. The behavioural and biochemical changes
produced by iron-deficiency can be restored to nor-
mal within 8 days of feeding rats the iron-deficient
diet supplemented with iron. These results may go
some way to explain the possible behavioural
changes produced by iron-deficiency in man
(Youdim, Yehuda, Ben-Shachar & Ashkenazi,
1981).
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Neuronal development in discrete areas of rat
brain during neonatal thyroid deficiency

R.N. KALARIA, A.M. KOTAS, AK. PRINCE
& R. REYNOLDS

Department of Pharmacology, King’s College, London
WC2R 2LS

Impaired choline acetyltransferase (ChAT) activity
in whole brain of propylthiouracil (PTU)-treated
neonatal rats (Ladinsky et al., 1972) prompted this
investigation of postnatal development in rat cere-
brum. Female Wistar rats with 4 day-old litters were
fed PTU (0.3% w/w) in 41B meal. ChAT, glutamate
decarboxylase (GAD) and the atropine-sensitive
binding of quinuclidinyl benzilate (QNB) were as-
sayed in whole homogenates of neonatal brain tissue,

choline (Ch) uptake was assayed in fine slices
(0.05 x 0.05 x 1 mm; 3H-Ch, 0.5 um; Na*, 118 mm).

PTU-treatment caused consistently large deficits
(30-40%) in ChAT activity in corpus striatum and
occasional, small deficits (approx. 10%) in frontal
cortex (Table 1). Small but significant deficits (ap-
prox. 12%) were also apparent in hippocampus.
Ch-uptake was minimally affected in cortex, but was
25-35% impaired in striatum. There was no evi-
dence of impaired GAD activity in these tissues or
impaired QNB-binding in cortex and striatum.
Striatal ChAT activity and Ch-uptake remained im-
paired after withdrawal of the PTU, effects on corti-
cal ChAT were again uncertain (Table 1).

Postnatal neurogenesis in rat cerebrum is largely
confined to microneurones (Altman, 1969). Thus
late differentiation of cholinergic interneurones may
explain the protracted development of Ch-uptake in

Table1 Effect of PTU-diet on ChAT and GAD activities, choline uptake and QNB binding in cortex and striatum

of developing rat brain
Age ChAT Choline uptake GAD QNB binding
(weeks) (% control) (% control) (% control) (% control)
3-4 91.042.3(2,7,73)  103.0£4.9(0,4,37) 87.3;112.0(0,2,24) 97.2+3.2(0,3,36)
cortEx 67 89.0+3.3(2,548) 101.9+7.8(0.3.26) 88.4(0,1,12) 95.6(0,1,12)
12-13  89.6;95.9(0.2,20)  116.9;128.7 (1,2,20)
W/D* 89.5+1.1(24,41)  99.9+2.3(0,4,41)
3-4 61.8+2.4(10,10,107) 80.5+2.5(3,4,37) 115.1%4.5(0,4,46)  89.2+0.6 (0,3,35)
6-7 66.7£4.7(1,7,69)  70.7£53(2,3.26) 109.8+4.9(1334) 102.6(0,1,12)
STRIATUM 15 13 563;64.4(22.20)  77.7;72.2(2.2,20)
W/D* 70.4+3.7 (4,4,41)  77.8+6.2(3,4,41)

Effects represented as means (mean per cent 1 s.e.mean, except where results of individual experiments are given).
Figures in brackets respectively: number of experiments in which the effect proved significant (P < 0.05), the total
number of independent experiments, and the total number of animals (test and control, approx. equal numbers) used

in all the experiments.

*PTU withdrawn for 3 or 6 weeks at 3 or 6 weeks age, pooled data.
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the striatum (Sorimachi & Kataoka, 1975) and ac-
count for the differential effects of neonatal thyroid
deficiency in rat cerebrum (Table 1). The persistent
deficits in the striatum suggest fewer cholinergic
nerve terminals, in agreement with morphological
evidence of impaired axonal branching of neurones
in rat caudate nucleus, in neonatal thyroid deficiency
(Lu & Brown, 1978). The unimpaired GAD ac-
tivities are consistent with the development of GAD
before ChAT in rat brain (Coyle & Yamamura,
1976). Some degree of selective impairment of brain
development with respect to neurone type and
neurotransmitter may thus be achieved by timing the
onset of experimental thyroid deficiency in relation
to the onset of differentiation.
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Effect of adenosine on acetylcholine output
from electrically stimulated brain slices

F. PEDATA & G. PEPEU

Department of Pharmacology, University of Florence, Viale
Morgagni 65, 50134 Florence, Italy

Vizi & Knoll (1976) showed that adenosine de-
creases the release of acetylcholine (ACh) induced
by electrical stimulation in the guinea-pig isolated
ileum and by ouabain in brain slices. Their findings
were confirmed by Hayashi, Mori, Yamada &
Kumitomo (1978) in the guinea-pig ileum and by
Harms, Wardeh & Mulder (1979) in potassium-
depolarized striatal slices.

In the present study the effect of adenosine on
ACh output was investigated in cortical slices stimu-
lated at different frequencies and the dose-response
relationship was also sought.

Rat superfused cortical slices were electrically
stimulated at different frequencies according to
Beani, Bianchi, Giacomelli & Tamberi (1978) and
ACh in the perfusate was bioassayed.

Following the addition of adenosine (30 uM) to the
superfusion fluid a 21% decrease in ACh release
from the unstimulated slices was found. The decrease
was 44% at 2, 57% at 5 and 37% at 10 Hz stimula-
tion frequency. Table 1 shows the dose-dependent
decrease in ACh output induced by adenosine at
5 Hz.

From these experiments it appears that ACh re-
lease from electrically stimulated slices is much more
sensitive to the depressant effect of adenosine than
from the slices at rest and a modulatory role of
adenosine on cholinergic function can be envisaged.

This work was supported by grant no 79.01950.04 from
CNR.

Table 1 Effect of adenosine on ACh output (ng/g/min * s.e.mean) from electrically stimulated cortical slices

Atrest 5Hz
Adenosine (uM) ACh output % decrease AChoutput % decrease
0 9.86+0.5 — 119.00£9.4 —
1 9.56+0.8 3 60.03 £8.3** 50
30 7.80+0.9* 21 50.72 £6.0** 57
100 6.281+0.9* 36 36.11%£5.0 70

Each value is the mean t s.e.mean of at least 4 experiments.

Statistically significant difference from no adenosine: *P<<0.,05; **P<0.01.
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Changes in locomotor activity in rats following
acute and chronic treatments with nicotine

P.B.S. CLARKE & R. KUMAR

Department of Psychiatry, Institute of Psychiatry, De
Crespigny Park, London SE5 8AF

Nicotine can stimulate or decrease the motor activity
of rats and the type of effect may depend upon the
dose, the interval before testing and previous expos-
ure to the drug (Bovet et al., 1967; Clarke & Kumar,
1981; Morrison & Stephenson, 1972; Stolerman et
al., 1973). Some of these major sources of variation
were further analysed by continuously recording the
motor activity of male hooded rats in photocell cages
(30cm x 30cm x 30 cm). Movements between two
parallel infra-red photobeams, spaced 23 cm apart,
were counted every 20 min for 80 min after sub-
cutaneous injection of nicotine or saline. Tests in
non-tolerant rats (n= 14) were spaced 3 or 4 days
apart and the order of doses was randomised.
Nicotine (0, 100, 200, 400 ug/kg base) initially pro-
duced ataxia and reduced activity in the first 20 min,
but 40— 80 min after injection, activity was enhanced.
Both effects were dose-related (P < 0.002). Activity
did not change over days of testing.

Tolerance was studied by comparing rats (n=10)
given daily injections of nicotine (400 pg/kg) with
control animals (n=10) given saline instead. Both
groups were tested twice weekly on consecutive days,
once after nicotine and once after saline in a counter-
balanced way. On saline test days, the rats given daily
nicotine received the drug after their test. Thus the
changing response to nicotine was monitored over 4
weeks in rats receiving weekly or daily nicotine. The
initial depressant effect on activity changed to en-
hancement after a week’s treatment with nicotine
(P<0.001), and tolerance to the depressant effect
was also seen one week after a single dose in controls
(P<0.002). The motor stimulant effect appeared
sooner and became more prominent as the experi-

ment progressed (P<<0.05); these changes de-
veloped more rapidly in rats receiving daily rather
than weekly doses of nicotine. On saline test
days, the rats given daily nicotine became slightly
less active over successive weeks than the controls
(P<0.02). After 5 weeks, nicotine (0, 100, 200,
400 pg/kg) stimulated activity throughout the session
in a dose-related way (P<<0.0001). However, a
larger dose of 800 pg/kg still caused some ataxia, and
activity was stimulated less than with 400 pg/kg.
Three weeks after chronic injections were termi-
nated, the rats still displayed tolerance to the
depressant effects of nicotine (P < 0.0001).

In non-tolerant rats (n = 11), the initial depression
of activity by nicotine (400 pg/kg) was prevented by
mecamylamine (0.5, 1.0 mg/kg s.c.) given 20 min
before the nicotine; the antagonist alone did not alter
activity. In tolerant rats (n = 12), stimulation of activ-
ity by nicotine was prevented by mecamylamine (0.1,
0.32, 1.0mg/kg s.c.) in a dose-related way
(P<0.001), but in similar tests in other rats (n = 8),
hexamethonium (0.2, 1.0, 5.0mg/kg s.c.) was
ineffective.

Interpretations of tests of activity using spaced
doses of nicotine may therefore be complicated by a
lack of knowledge about rates at which tolerance
develops and is lost. A few treatments with nicotine
can unmask stimulant actions of this drug, which are
probably of central origin.
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Chronic L-dopa-benserazide treatment
facilitates dopamine-dependent dyskinesias in
the guinea-pig

BRENDA COSTALL, R.J. NAYLOR &
V. NOHRIA

Postgraduate School of Studies in Pharmacology, University
of Bradford, U.K.

The ability of L-dopa to alleviate akinesia and induce
dyskinesia has been associated with an action on
striatal dopamine (DA) receptors, whose sensitivity
may consequently change to thereby modify the ac-
tion of L-dopa. Within the striatum of guinea-pig we
have shown the DA receptors mediating hyperactivi-
ty and dyskinesia to have differing topography. In the
present study we follow the behavioural changes
consequent on L-dopa-benserazide treatment by in-
jecting DA agonists both into the ‘dyskinesia’ site of
the striatum and peripherally.

Male Dunkin-Hartley guinea-pigs (500-550g)
were stereotaxically implanted with guide cannulae
to allow drug injection into a striatal area responsive
to dyskinesia induction (Ant. 8.0, Lat. £ 2.5, Vert.
8.2mm below the skull surface; see Costall, De
Souza & Naylor, 1980). Animals were initially di-
vided into three groups which received vehicle, L-
dopa (100 mg/kg i.p.) or L-dopa plus benserazide
(50 mg/kg i.p.) for 14 days (the L-dopa alone failed
to modify striatal DA content, but combined with
benserazide it caused increases of 80%,25% and 8%
at 2, 4 and 24 h after treatment; serotonin levels were
not changed). The experimental routine for 14 days
was 09.00 h — observe for motor change/dyskinesia,
11.00 h — administer dopamine agonist peripherally
or intrastriatally and observe response, 15.00h —
treat guinea-pigs with L-dopa or L-dopa-
benserazide and observe for a further 3 hours. In
addition to its failure to change striatal DA levels,
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L-dopa alone failed to cause behavioural change;
subsequent studies therefore concentrated on the use
of an L-dopa-benserazide treatment. Changes in
motor behaviour to this treatment alone were ob-
served on the first 4 days of treatment as sedation
which developed within 20 min of injection and per-
sisted for 70—80 minutes. From the 5th day of treat-
ment the sedation was absent; in virtually all animals
there developed a highly characteristic grimacing and
munching response (‘orobuccolingual movements’)
and, in approximately 30% of animals, involun-
tary forelimb movements. During the first 2-3
days of L-dopa-benserazide treatment the biting
response to tetralin (2-(N,N-dipropyl)amino-5,6-
dihydroxytetralin, 0.025 mg/kg s.c., 12.5pug intra-
striatal) was the same as that of control animals, but
from the 4th day of treatment this increased sensitivi-
ty to the tetralin such that responses were obtained at
0.00625 mg/kg s.c. and 2.5 pg intrastriatal. Similarly,
from the 4th day of treatment 50 pg intrastriatal DA
could be used to elicit orobuccolingual dyskinesias (a
dose ineffective in normal animals).

We conclude, firstly, that daily treatment with
L-dopa and benserazide can induce dyskinesias in the
guinea-pig. Secondly, that such an extended treat-
ment regime can facilitate the induction of dys-
kinesias by dopamine and the dopamine agonist,
2-(N,N-dipropyl)-amino-5,6-dihydroxytetralin, at a
striatal site of action.

This work was supported by the Parkinson’s Disease
Society.

References

COSTALL, B., DE SOUZA, C.X. & NAYLOR, R.J. (1980).
Topographical analysis of the actions of 2-(N,N-
dipropyl)amino-5,6-dihydroxytetralin to cause biting
behaviour and locomotor hyperactivity from the
striatum of the guinea pig. Neuropharmacology, 19,
623-631.

Neurotoxin lesions of the lateral septum and
changes in social and aggressive behaviours

A. CLARKE & SANDRA E. FILE

Department of Pharmacology, The School of Pharmacy,
29/39 Brunswick Square, University of London, London
WCIN 1AX

Changes in social and aggressive behaviours have

been reported following electrolytic lesions of the
septum (Albert & Chew, 1980; Jonason & Enloe,
1971), but the roles of specific neurotransmitter
pathways remain unknown.

Ascending 5-HT and NA pathways originating in
the dorsal raphe and locus coeruleus, respectively,
innervate the lateral septum (Azmitia & Segal, 1979;
Ungerstedt, 1971). The present study compared the
effects of 5,7-dihydroxytryptamine (5,7-DHT) and
6-hydroxydopamine (6-OHDA) induced septal le-



PROCEEDINGS OF THE B.P.S., 16th-18th SEPTEMBER, 1981

sions on social and aggressive behaviours.

Male hooded rats, anaesthetized with halothane,
received bilateral injections each of 5,7-DHT
(3x0.4pg in 0.05pul), 6-OHDA (3x0.4pg in
0.05pl) or vehicle into the lateral septum (co-
ordinates w.r.t. ear bar: A 7.4, L 1, V 3.8, 4.2 and
4.6). Two weeks post-operative recovery time was
allowed. Lesions were verified biochemically by de-
termination of septal 5-HT and NA.

Rats were isolated for five days prior to testing, and
randomly assigned to be tested under high or low
light. On the first test day, pairs of rats were placed in
the unfamiliar test arena in the assigned light level,
and the time spent in social interaction scored for 7.5
minutes. The social behaviours were largely inves-
tigatory such as sniffing or following. Locomotor
activity was automatically recorded. After the first
test, each rat was given 10 min in the test box, and the
following day, all pairs were re-tested in the now
familiar arena.

Aggression was assessed by placing the experimen-
tal rats into a long-established colony of 10 unoper-
ated rats for 5 min, and scoring the frequency of
dominance and subordination behaviours.

Overall, there was less social interaction when the
test arena was unfamiliar (F(1,21) = 37.7,
P<0.001); but the 5,7-DHT group had significantly
higher scores in the unfamiliar test conditions than
did controls (lesion x familiarity (F(1,21) = 13.8,
P<0.02). In the colony aggression test, the inci-
dence of dominance behaviours, and specifically of
approaches to the residents, were reduced by the
lesion (U = 33 and 34 respectively, P<0.05).

In contrast, the 6-OHD A group did not differ from
controls in the social interaction test, although in-
creasing familiarity again increased responding (F(1,
24) = 144.5, P<0.001). However, this group of rats
was more aggressive: the incidence of dominance
behaviours was increased (U= 18, P<0.01), whilst
the incidence of subordination behaviours was de-
creased (U=25.5, P<0.02). In particular, the fre-
quencies of submissions and squeaks were reduced
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(U=10, P<0.001 and U=23, P<0.02, respec-
tively).

The pattern of results shown by the 5,7-DHT
group resembles that seen after 5,7-DHT lesions in
the dorsal raphe nucleus (File et al., 1979b), and after
the chronic administration of benzodiazepines (File,
1980). The contrasting results from the 6-OHDA
group resemble those seen after 6-OHDA lesions of
the locus coerulus (Crow, et al., 1978; File, et al.,
1979a).
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Apomorphine antagonizes the stereotyped
behaviour produced by metoclopramide in the
guinea-pig

I.L. RODRIGUEZ DEL CAMINO &

D.F. SHARMAN

A.R.C. Institute of Animal Physiology, Babraham, Cam-
bridge CB2 4AT

Although catalepsy induced by drugs in guinea-pigs
is difficult to determine because of the ‘freezing’
behaviour which these animals show when handled, it
was evident that metoclopramide (78 mg/kg, sub-
cutaneously) did not produce catalepsy within the
first 45 to 60 min of injection. On the contrary,
metoclopramide consistently induced a state of
hyperactivity which was followed by a period, lasting
15 to 45 min, of stereotyped circular movements of
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the head and sniffing, which was usually accom-
panied by pressing of the nose against the walls or the
floor of the cage. This behaviour has been reported as
‘snout’- or ‘nose-rubbing’ in the pig and the guinea-
pig respectively (Ely, Rumble & Sharman, 1978).
‘Snout-rubbing’ is induced by metoclopramide and
other neuroleptic drugs in the pig (Fry & Sharman,
1976).

The stereotyped behaviour produced by metoclop-
ramide in guinea-pigs is not blocked by haloperidol
(Sharman, 1979). Furthermore, guinea-pigs which
clearly showed signs of catalepsy following a dose of
haloperidol (5 mg/kg), showed hyperactivity and
stereotyped behaviour after an injection of metoc-
lopramide (78 mg/kg s.c.) 15 min after this dose of
haloperidol. Metoclopramide, like other neuroleptic
drugs, blocks the stereotyped chewing-biting be-
haviour induced by apomorphine in the guinea-pig.
However, in most cases, when both metoclopramide
(78 mg/kg) and apomorphine (8 mg/kg) were ad-
ministered simultaneously, neither the apomor-
phine-induced chewing-biting response nor the
‘nose-rubbing’ behaviour was observed. In the few
cases in which circular movements of the head were
observed, their frequency and duration were greatly
reduced compared with those seen after metoclop-
ramide alone. When smaller doses of apomorphine
(2-6 mg/kg) were administered, blockade of the
characteristic abnormal behaviour induced by
metoclopramide was less evident or absent.

Atropine which can reverse the catalepsy induced
by metoclopramide in rats (Ahtee, 1975) and
enhance the stereotyped behaviour induced by
amphetamine (Arnfred & Randrup, 1968), when
administered at a dose of 5 mg/kg, blocked the ab-
normal behaviour induced by metoclopramide in
guinea-pigs.

The response to metoclopramide in the guinea-pig
shows many similarities to the dyskinetic behaviour
induced by intrastriatal dopamine reported by Cos-
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tall & Naylor (1975), in particular the fact that both
responses are inhibited by apomorphine only at a
dose of 8 mg/kg. Recently Fry, Sharman & Stephens
(1981) and Sharman, Mann, Fry, Banns & Stephens
(in preparation) have reported that in early weaned
piglets showing stereotyped ‘snout-rubbing’ there is a
reduced metabolism of dopamine in some parts of the
brain. Thus it is possible that the production of some
stereotyped behaviour may be mediated through
dopaminergic mechanisms different from those in-
volved in the production of stereotypies by apomor-
phine.
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Triazolam and related 1,4-benzodiazepines:
spatial delayed alternation behaviour in the
monkey (Macaca mulatta)

CATHERINE M. BRADLEY &
A.N.NICHOLSON

Royal Air Force Institute of Aviation Medicine, Farn-
borough, Hampshire

Activity of two triazolo-1,4-benzodiazepines (Figure
la & b) was compared with three other 1,4-
benzodiazepines (Figure 1c, d & e) with different
heterocyclic ring structures across the 1,2-position.
Five male rhesus monkeys were tested on a spatial
delayed alternation task 1 h after intraperitoneal in-
jection of drug or drug vehicle (placebo control). The
order of administration of drugs and placebo was
randomised, and one week separated injections.
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c) d)

e)

Figure1 Structural formulae of compounds: (a) 8-chloro-6-(o-chlorophenyl)-1-methyl-4H-s-triazolo [4,3-a][1,4]
benzodiazepine. (b) 8-chloro-6-(o-chlorophenyl)-1-(4-pyridyl)-4H-s-triazolo [4,3-a][1,4] benzodiazepine. (c) 9-
chloro-7-(o-chlorophenyl)-3,5-dihydro-as-triazino [4,3-a][1,4] benzodiazepine-2-(1H)-one. (d) 8-chloro-6-(o-
chlorophenyl)-4H-imidazo [1,2-a][1,4] benzodiazepine. (e) 8-chloro-6-(o-chlorophenyl)-2-methyl-4H-imidazo

[1,2-a][1,4] benzodiazepine.

In the initial experiments the doses were 0.25, 0.5
and 0.75mg/kg. Each dose of triazolam (a) and
pyridyltriazolam (b) decreased the number of correct
responses (P<0.001) and increased total response
time (P<0.01 & P < 0.05 respectively). The highest
dose (0.75mg/kg) of the triazino compound (c)
also reduced the number of correct responses
(P<0.01), but without an increase in total response
time. There was no consistent effect with the imidazo
(d) and methylimidazo (e) compounds.

Experiments with a lower dose range (0.005, 0.01
& 0.05 mg/kg) showed that triazolam (0.05 mg/kg)
still reduced the number of correct responses. A
higher dose range (1.0, 3.0 & 7.5mg/kg) of the
imidazo compound was without effect.

It would appear that the triazolo ring across the

1,2-position of a 1,4-benzodiazepine leads to marked
behavioural activity which is not altered by a pyridyl
radical. The triazino compound is associated with
behavioural activity similar to that seen with
diazepam and nordiazepam (Curry, Nicholson,
Whelpton & Wright, 1977), whereas the imidazo
compounds appear to have even less activity.
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Ciclazindol increases resting metabolic rate in
rats in the absence of CNS stimulation

A. FLETCHER, D. GREEN,
N.J.ROTHWELL, R.J. STEPHENS, M.J. STOCK
& M.G. WYLLIE

Department of Pharmacology, Wyeth Institute of Medical
Research, Huntercombe Lane South, Taplow, Maidenhead,
Berkshire,and Department of Physiology, St George’s Hospi-
tal Medical School, Cranmer Terrace, Tooting, London

The increase in resting metabolic rate (RMR) pro-
duced by ciclazindol has been attributed to an inhibi-
tion of noradrenaline (NA) uptake in brown adipose
tissue with subsequent stimulation of Na*, K*-
ATPase (Latham, Rothwell, Stock, White & Wyllie,
1981; Rothwell, Stock & Wyllie, 1981). Ciclazindol
also inhibits brain NA (Sugden, 1974) and dopamine
(DA) uptake, raising the possibility that the ther-
mogenic response to this drug may contain a compo-
nent of CNS stimulation. We describe here the effects
of ciclazindol (compared with mazindol and (+)-
amphetamine) on RMR and behavioural arousal.
Animals were male Sprague-Dawley rats
(250-350 g) and drugs were administered i.p. Rest-
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Figure 1 Correlation of metabolic and behavioural
arousal effects of ciclazindol (A), mazindol (O) and
d-amphetamine (4). Numbers on the graph are drug
doses in mg/kg i.p.
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ing oxygen consumption (VO,) was measured in a
closed circuit respirometer (Stock, 1975) and be-
haviour was assessed using an arbitrary scoring sys-
tem: O = sleep; 1 = motionless, drowsy; 2 = inactive
but alert; 3 = normal activity e.g. exploration,
grooming; 4 = overt stimulation e.g. hyperactivity,
stereotypy. Scores were assigned every 10 min; the
final behavioural score being the sum of 12 scores
accumulated over the 2 h period immediately follow-
ing dosing.

The behavioural stimulation produced by ciclazin-
dol differed markedly from that produced by mazin-
dol and (+)-amphetamine. The latter two drugs in-
duced an increase in exploratory behaviour at low
effective doses and hyperactivity and stereotypy at
high doses. Ciclazindol did not induce stereotypy or
hyperactivity but increased sleep latency at 10 and
30mg/kg. Doses required to produce 40% of
maximum arousal score were: ciclazindol (10
mg/kg), mazindol (1.8 mg/kg), (+)-amphetamine
(0.42 mg/kg). The different behavioural effects of
ciclazindol and mazindol may reflect different actions
on brain DA. Mazindol (10 mg/kg) caused a 15%
decrease in brain DA levels after 1h; ciclazindol
had no effect. Also, mazindol was a more potent in
vitro inhibitor of D A uptake than ciclazindol.

The correlation of RMR with arousal (Figure 1)
suggests that the metabolic and central stimulant
properties of mazindol and amphetamine cannot be
resolved whereas ciclazindol significantly increased
RMR at doses (1, 3 mg/kg) which did not increase
arousal.
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Pharmacokinetics and metabolism of
A!- tetrahydrocannabinol in rabbits and mice

D.J. HARVEY & J.T.A. LEUSCHNER
(INTRODUCED BY W.D.M. PATON)

University Department of Pharmacology, South Parks Road,
Oxford OX1 3QT, UK

Plasma levels of A!-tetrahydrocannabinol (A!-
THC), the major psychoactive component of
marihuana, are typically in the ng/ml range during
intoxication by the drug and rapidly fall to the pg/g
range as the result of metabolism and uptake by
tissues. Few accurate pharmacokinetic data are avail-
able as these levels are below the detection limits of
existing assay techniques; these are in the range
0.5-1 ng/ml. Information on metabolites, particular-
ly regarding their concentrations in tissues and their
contribution to the drug’s activity are also lacking.

We have developed a sensitive GC/MS assay
method for A'-THC in plasma based on metastable
ion monitoring which is capable of measuring Al-
THC to 0.005 ng/ml (Harvey, Leuschner & Paton,
1980) and have used this to study A!-THC phar-
macokinetics in rabbits and mice. Female New Zea-
land white rabbits (2.5-3 kg) were treated intraven-
ously with A’-THC (1.0 or 0.1 mg/kg) in Tween 80
and isotonic saline either once or daily for 8 or 22
days. Serial blood samples were taken immediately
after the last dose. Tissues were collected from ani-
mals killed at intervals to 30 days after dosing. Mice
(male Charles River CD-1, 20-25 g) were treated
intraperitoneally at doses of 30 and 10 mg/kg. A’-
THC was extracted from plasma samples with hex-
ane, the extracts were methylated (CH,N,) and
trimethylsilylated and the THC was measured using
the metastable ion from the M* (m/z386)—> [M-
CH;]*. (m/z371) transition with [°’H,] CBN as the
internal standard.

A'-THC could be monitored in the rabbit for 7
days after a single 1 mg/kg dose and for 26 days after
a 22-day treatment. Terminal elimination half lives
obtained using non-linear regression analysis (NON-
LIN) ranged from 34.16 to 60.24h (mean 60.49h,
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n=15) following a single dose and 77.94 hto 120.02 h
(mean 94.36 h, n=15) following multiple doses. This
is consistent with data obtained from the dog (Gar-
rett & Hunt, 1977) and rat (Kreuz & Axelrod, 1973)
and confirms considerable accumulation and slow
release of A’-THC by tissues.

Similar results were obtained from mice. In addi-
tion metabolites were identified in liver and meas-
ured by GC/MS using conventional selected ion
monitoring techniques in both liver and brain.
Metabolism was rapid; up to 50 metabolites were
detected in liver. Brain levels of A'-THC were
0.6 ug/g at 20 min after the 10 mg/kg dose and then
declined slowly. 7-Hydroxy-A'-THC levels were
maximal after 10 min, 6a-OH and 6a, 7-di-OH THC
reached maximum concentrations at 20 minutes.
These differential rates of uptake and release prob-
ably account for effects such as the differences
in the time-course of the perceived ‘high’ produced
by the drug and the observed plasma levels of
A'-THC in humans (Ohlsson, Lindgren, Wahlen,
Agurell, Hollister & Gillespie, 1980).

We thank the Medical Research Council for a Programme
Research Grant and The Wellcome Trust for additional
financial support. We also thank Mr D. Perrin and Miss J.
Hughes for technical assistance.
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The inhibition of the first pass metabolism of
propanololin the pithed rat — correlation of in
vitro and in vivo pharmacokinetic parameters

H.E. BARBER, N.R. KITTERINGHAM,
J.C. PETRIE & K.J. SMITH

Departments of Pharmacology and Therapeutics and
Clinical Pharmacology, University Medical Buildings,
Foresterhill, Aberdeen AB9 2ZD, Scotland

The first pass elimination of propanolol can be de-
scribed in terms of a perfusion-limited model. The
activity of the drug metabolising enzymes in vivo is
expressed as the intrinsic clearance of free drug
(Cl'ine) (Rowland et al., 1973; Wilkinson & Shand,
1975). This is derived from the intrinsic clearance of
total drug (Cl;,,) after correction for protein binding
(Cliy, = aCl'je where a is the free fraction of drug in
the blood). Cly, is equivalent to D/AUC gyora Where
D is the dose administered orally and AUC gyotal is
the area under the total blood concentration versus
time curve. In vitro, under first order conditions, Cl';,,
is equivalent to V,,,/Km.

This study has compared values for Cl';,, of prop-
ranolol obtained from in vitro studies with values for
Cl;, obtained in vivo in the absence and presence of
chlorpromazine (CPZ) or imipramine (IMIP).

The disappearance of propranolol in vitro was de-
termined in a rat liver microsomal preparation after

Table 1 The values for propranolol of the intrin-
sic clearance of free drug (Cl';,) and the intrinsic
clearance of total drug (Cliy)

Treatment Cljpy Clipy

(ml min~! kg_l) (ml min ! kg_l)
Control 596+ 54 (4) 803+ 145 (5)
CpPZ 183+ 14 (4)* 96+ 15 (5)*
Imipramine 268+ 52 (4)t 93+ 20(4)t

Results are mean* s.e.mean.
*,+, P<0.01; non-paired ¢ test.
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incubation at 37°C for 5 min. The incubates con-
tained propranolol (1-20 um), 0.5 = 0.03 mg protein
ml~! and a NADPH generating system in excess. In
some experiments CPZ (10 pm) or IMIP (10 uM) was
added to the incubate. Km and V., were calculated
by Lineweaver-Burke analysis.

Rats were pithed under halothane anaesthesia and
ventilated with 100% oxygen. [*’H]-Propranolol was
injected over 30 s via a cannulated side branch of the
hepatic portal vein (HPV). CPZ (4.0mg/kg;
12.5 umol/kg), IMIP (8.0 mg/kg; 28.5umol/kg)
or 0.9% saline was infused via the HPV for 15 min
before injection of propranolol. Blood samples were
obtained at various times and [*H]-propranolol was
separated from its metabolites by liquid chromato-
graphy (Pritchard, Schneck & Hayes, 1979) and
quantified by liquid scintillation counting. The results
are shown in the Table.

There was no significant difference between Cl';,,
and Cl, in the control group. This supports the
suggestion that propranolol, in the absence of in-
hibitors, is available for elimination by the liver
whether bound or unbound within blood. In contrast,
after CPZ or IMIP pretreatment, the difference ob-
served between Cl';,, and Cl;,,, suggests that binding
may become an important factor in the elimination of
propranolol.

This work was supported by I.C.I. Limited. We thank DrJ.
Cruickshank for his interest in this project.
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Deficient glucuronidation of 4-
hydroxybiphenyl in hepatocytes isolated from
diabetic rats

R.W.S. COULSON & J.R. FRY

Department of Physiology and Pharmacology, Medical
School, Queen’s Medical Centre, Nottingham NG7 2UH

The gross disturbances of carbohydrate metabolism
that characterize diabetes mellitus might be expected
to lead to an impaired ability of the liver to conjugate
drugs and other foreign compounds with glucuronic
acid, a derivative of glucose. This possibility appears
to have been little explored and we have therefore
studied the effects of streptozotocin (STZ)-induced
diabetes on the glucuronidation and sulphation of a
model substrate, 4-hydroxybiphenyl (4-OHBP), in
rat isolated hepatocytes.
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Female Wistar albino rats were rendered diabetic
by a single injection of STZ (55 mg/kg i.p.) and all
the animals so treated displayed polydipsia, polyuria,
glycosuria and initial weight loss and were judged on
these criteria to be diabetic. Two weeks after injec-
tion hepatocytes were isolated by collagenase diges-
tion of liver slices as previously described (Fry,
1981). The viabilities and cell yields were similar in
preparations isolated from control or diabetic rats.
The isolated hepatocytes were incubated with either
100 uM 4-OHBP or with 100 uM 4-methoxybiphenyl
(4-MBP), which is metabolized to 4-OHBP by Phase
1 metabolism, and the metabolites were assayed by
fluorimetry (Wiebkin, Fry, Jones, Lowing & Bridges,
1978).

4-OHBP was conjugated with glucuronic acid to
the extent of 28.2%5.3 nmoles/2 x 10° cells/h in
‘control’ hepatocytes (mean % s.d.). In hepatocytes
isolated from diabetic rats this value was decreased to
14.9+6.6 nmoles/2 x 10° cells/h, this difference
being statistically significant (P<<0.01, n=14). Ac-
tivity of the alternative minor pathway of conjuga-
tion, i.e. sulphation, was not affected by the diabetes.

This defect in hepatic 4-OHBP glucuronidation
found in STZ-induced diabetes was also apparent if
4-OHBP was generated in situ via demethylation of
4-MBP, although in this case there was a compensat-
ory increase in 4-OHBP sulphation, probably be-
cause the concentration of 4-OHBP so generated was
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insufficient to produce saturation of the sulphation
enzymes.

The finding of a defect in 4-OHBP glucuronidation
in hepatocytes of diabetic rats is in agreement with
earlier liver slice studies which demonstrated defec-
tive glucuronidation of testosterone (Schriefers,
Ghraf & Pohl, 1966) and of 2-aminophenol (Muller-
Oerlinghausen, Hasselblatt & Jahns, 1967) in
alloxan-diabetic rats and, together, these findings
point to there being a defect of hepatic glucuronida-
tion in diabetes. Interestingly, activity of the hepatic
mixed function oxidase system was not altered in the
hepatocytes isolated from diabetic rats.
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A comparison of drug conjugation in male and
female rat liver cubes and isolated microsomes

LESLEY GRAHAM & P. SKETT

Department of Pharmacology, The University, Glasgow
G128QQ

The metabolism of drugs is achieved in two stages;
phase I ‘functionalisation’ of the molecule, and phase
II, conjugation of the functional group to an en-
dogenous substrate. Many sex differences exist in
phase I metabolism but little has been done on con-
jugation.

Fresh liver was sliced and cubed (0.5 mm) using a
Mickle tissue chopper and suspended in Hank’s bal-
anced salt solution. The conjugation of bilirubin,
testosterone, a-naphthol, o-aminophenol and p-
nitrophenol was measured by the methods of Heir-
wegh et al. (1972), Rao et al. (1976), Otani et al.

(1975), Arias (1961) and Isselbacher (1956) respec-
tively. Linearity to time, tissue weight, and substrate
concentration was established for all assays. The
results obtained are given in Table 1.

Liver cubes from male animals conjugated a-
naphthol faster, and p-nitrophenol slower than those
from female animals. No sex difference was seen for
the conjugation of testosterone.

Microsomes (where the enzymes responsible for
glucuronidation are localized) were prepared by
Ca®* precipitation (Cinti et al., 1972) activated by
treatment with digitonin (2,4 mg/mg protein) or Tri-
ton X-100 (0,2 mg/mg protein), and glucuronidation
measured using the above methods. The results ob-
tained are shown in Table 1.

Microsomes from male animals metabolized p-
nitrophenol about twice as fast as those from female
microsomes but no other sex differences were seen.

Thus sex differences exist in the conjugation of
a-naphthol and p-nitrophenol in the rat liver but
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Table 1
Microsomes Liver cubes

Substrate male female male female
Bilirubin 5,00+0,48 4,77+0,22 n.d. n.d.
a-Naphthol 493+34 388+ 46 16,9+2,0 4,8+0,4***
Testosterone 16,14+1,78 12,13+3,06 0,90+0,10 0,78%+0,15
o- Aminophenol 4,31+0,49 3,96%+0,11 1,89+0,10 1,10+0.09***
p-nitrophenol 159+1,3 8,3+0,6** 0,26+0,05 0,32+0,05*

Each figure represents the mean ( s.e.mean) of between four and nine observations, and results are expressed as

nmoles product formed min~ gm liver .

*=P<0,02; ** = P<0,01; *** = P<0,001. n.d. = not detectable.

these differences are not due to changes in the level of
UDP-glucuronyltransferase (UDPGT) in the micro-
somes. These effects may be due to differences in the
activation of the UDPGT (assuming all the conjuga-
tion in the cubes is glucuronidation, only about 3% of
the latent UDPGT activity is seen in this preparation)
or to sex differences in the activity of other conjugat-
ing enzymes.

This work was funded by a grant from the University of
Glasgow Medical Research Fund. L.G. is an MRC student.
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Metabolic conjugation of some carboxylic acids
in the horse

J. CALDWELL, MARIAN W. HORNERH, E.
HOUGHTONTY, A.J. HUTT, MARY VARWELL
MARSH, M.S. MOSSt & R.L. SMITH

Department of Biochemical Pharmacology, St. Mary’s Hos-
pital Medical School, London W2 1PG and tRacecourse
Security Services, Newmarket, Suffolk, CB8 7DT

Non-steroidal anti-inflammatory drugs of the car-
boxylic acid type are widely used in equine medicine
and occasionally encountered as doping agents.
There is little metabolic information available on
such compounds in the horse since the ability of the
horse to carry out any of the common conjugations is
unknown. It was thus of interest to study, in the
horse, the metabolism of three aromatic carboxylic

acids, whose fate in other species involves extensive
conjugation.

['*C]-labelled  benzoic, salicylic and 2-
naphthylacetic acids (see Table for doses) were ad-
ministered by stomach tube on separate occasions to
two gelded horses (weight 296-560kg) and their
urine collected for up to 7 days. The elimination of
[“C] was followed by scintillation counting, and uri-
nary metabolites separated by solvent extraction,
XAD-2 resin columns, thin layer and high pressure
liquid chromatography and quantified by scintillation
counting. Confirmation of the identity of the metabo-
lites was achieved by gas chromatography-mass spec-
trometry. In order to permit the identification of
benzoic acid metabolites in the presence of endogen-
ous hippuric acid, (ring-ds)-benzoic acid was co-
administered with the ['*C]-benzoic acid.

Details of the fate of these three acids in the horse
are given in Table 1, which shows that there is
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Table1 Urinary metabolites of some xenobiotic acids in the horse
Drug administration, urine collection and analysis as described in the text
% 0.24 h urinary [**C] excreted as
|
Dose % [14C] dosein Unchanged Glycine Taurine

Acid mg/kg [14C] 0-24 h urine acid Conjugate Glucuronide Conjugate Other

Benzoic 5.35 150 uCi 100 1 96 2 n.d. 3-hydroxy*
3-phenylpropionic
acid 2*

Salicylic 35 100 uCi 100 95 0.5 2 n.d. Gentisic Acid 2

2-Naphthyl- 2.24 110 puCi 20 19 61 10 10 n.d.

acetic

*Found in one animal only, n.d. = not detected.

substantial variation in the rate of elimination and
route of conjugation according to the structure of the
acid. Benzoic acid is rapidly and completely elimi-
nated in the urine principally as its glycine conjugate,
hippuric acid, with small amounts of the ester
glucuronide, 3-hydroxy-3-phenylpropionic acid and
unchanged benzoic acid also present. In contrast,
although salicylic acid was also rapidly and complete-
ly eliminated in the urine, it was largely excreted
unchanged, accompanied by very small amounts of
the glycine and glucuronic acid conjugates and the
oxidation product, gentisic acid. 2-Naphthylacetic
acid was excreted slowly with only 20% excreted in
the urine in 24 h and 65% in 6 days. The principal
metabolite was 2-naphthylacetylglycine, with the
taurine and glucuronic acid conjugates and the free
acid also present.

This study has shown for the first time the ability of
the horse to utilize three metabolic options for car-
boxylic acids, involving conjugation with glycine,
taurine and glucuronic acid, and that the extent of
these depends upon the structure of the acid. The
finding of a novel metabolite of benzoic acid, 3-
hydroxy-3-phenylpropionic acid, arising from the
addition of a two carbon fragment to the carboxyl
group of benzoic acid, suggests that there may be
important links between the metabolism of xenobio-
tic acids and the intermediary metabolism of fatty
acids.

Mary Varwell Marsh is an S.R.C. - CASE student.

The effect of passive immunisation with
digoxin-specific antibodies on digoxin handling
and response

N.M. GRIFFITHS, D.S. HEWICK &
IL.H. STEVENSON

Department of Pharmacology and Therapeutics, University
of Dundee, Ninewells Hospital and Medical School, Dundee

Several animal studies have suggested that digoxin-
specific antibodies may be used to prevent or to
reverse digoxin toxicity (Hess, Scholtysik & Riesen,
1978; Lloyd & Smith, 1978; Ochs & Vatner, 1978).
Digoxin-specific Fab (Fragment antigen binding)
fragments have also been used to reverse a case of
digoxin overdose in man (Smith et al., 1976).

The mechanism by which these antibodies exert
their protective effect is not fully understood but one
possible explanation is that these effects may stem
from altered tissue distribution or elimination of
digoxin. In an attempt to provide some information
on this we have carried out two studies on the effect
of passive immunisation with digoxin-specific an-
tibodies, firstly on digoxin pharmacokinetics and tis-
sue distribution in mice and secondly, on digoxin
lethality in anaesthetized guinea-pigs.

In the first study, three groups of mice were pre-
treated with antidigoxin IgC, or Fab fragments
(65 ug/kg, i.p.) or saline. At intervals up to 14 days
thereafter the pharmacokinetics and tissue distribu-
tion of single doses of [*H] digoxin (7.5 pg/kg,
20 uCi/kg i.v.) were determined. On all occasions
plasma levels of digoxin were increased in both the
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treated groups in comparison with controls and plas-
ma clearance of digoxin was delayed (e.g.onday 1 -
digoxin clearance in control group 0.21, IgC group
0.008, Fab group 0.10 1kg~'h™?). In general, tissue
levels tended to be reduced in the treated animals.

In the second study, two groups of 5 guinea-pigs
were anaesthetized with urethane. After 30 min the
control group received saline and the other group
Fab fragments (2mg/kg i.p.). After a further 30
min, digoxin infusion (250 pg/ml, 3.8 ml/h iv.)
was commenced and ECG and heart rate monitored
until death. The time to death and lethal digoxin dose
required were significantly increased in the treated
group (time to death, control group 31 min, Fab
group 49.5min; lethal dose, control 0.61 mg/kg,
Fab 1.01 mg/kg). Serum and urinary digoxin levels
were significantly increased in the Fab treated ani-
mals as compared to controls (e.g. serum-control
group 0.46 ug/ml, Fab group 1.44pug/ml). In
general, as in the study in mice, tissue levels in the
treated group were lower, significantly so in the case
of the heart.

The second study indicates that pretreatment with
digoxin-specific Fab fragments produces a significant
protective effect against digoxin lethality. These ef-
fects may be related to alterations in digoxin disposi-
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tion. The lower concentrations of digoxin in the heart
at death in the Fab treated animals however are
surprising.

We are very grateful to Dr A. Munro of the Scottish Blood
Transfusion Service for supplying us with the digoxin
antibodies.
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Some studies in the rat into the possible
mechanism of action of the
hypocholesterolaemic drug probucol

G.D. BELL, G. KITCHINGMAN,
ILA. MACDONALD, A. MIDDLETON, B.
MIDDLETON & D.A. WHITE

Departments of Therapeutics, Physiology & Pharmacology
and Biochemistry, University of Nottingham

Probucol [4,4’-(isopropylidenedithio) bis (2,6-di-
tert-butylphenol)] is an effective hypocholes-
terolaemic agent in man (Heel, Brogden, Speight &
Avery, 1978) and certain laboratory animals, but its
mode of action remains unclear (Kritchevsky, 1980).
The purpose of the present study was to see if we
could find any evidence in the rat to support the
suggestion (Kritchevsky, 1980) that probucol either
(a) inhibited cholesterol synthesis, or (b) stimulated
bile acid production.

For seven weeks night/day adapted male Wistar
rats received either a normal 418 diet or one sup-

plemented with probucol (0.25%). Serum choles-
terol levels were not depressed, neither did probucol
affect the activities of the three key hepatic mic-
rosomal enzymes which are rate limiting for choles-
terogenesis, bile salt synthesis, or cholesterol ester
formation (see Table 1). Probucol (0.5%) in the diet
for two weeks did slightly (P<<0.05) reduce serum
cholesterol, but again the liver’s capacity to synthes-
ize either cholesterol or bile acids was not altered (see
Table 1).

Myant & Lewis (1966) estimated the rate of con-
version of cholesterol to bile acid in man by measure-
ment of ['*C]O, excretion in the breath following
intravenous (26—['*C]) cholesterol. We performed
essentially similar studies in four groups of six normal
light cycle rats which had eaten for one week either
(i) a normal 41B diet, (ii) 41B + 5% cholestyramine,
(iii) 41B + 1% cholic acid or (iv) 41B + 0.25% pro-
bucol. Cholestyramine significantly (P<0.001) in-
creased, cholic acid significantly (P<<0.01) reduced,
while probucol did not affect the percentage of the
injected [**C] cholesterol excreted as [1*C]O, in the
rats’ breath (P['*C]O,). After giving probucol
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Table 1 Effect in the rat of either 0.25% probucol for 7 weeks or 0.5% probucol for 2 weeks on serum cholesterol
and the hepatic microsomal enzymes which are rate limiting for cholesterogenesis (HMGCoA reductase) cholesterol
esterification (ACAT) and conversion of cholesterol to bile acid (7« cholesterol hydroxylase)

Ta
Serum HMGCoA Cholesterol
Duration of Body weight Cholesterol reductase ACAT hydroxylase
experiment (3} mmol/1 nmolmg™min~1 pmolmg='min~! pmolmg="min~!
41B alone 7 weeks 256+4.5 2.13%£0.05 1.00+0.10 122+ 7 8.1%1.5
(12) (12) (6) ©) ©)
41B + 0.25% 7 weeks 262%5.0 2.271+0.10 0.99+0.11 133+11 6.810.9
probucol 12) 12) (6) (6) 6)
41B alone 2 weeks 217+4.0 1.96+0.04 1.16+0.16 109+ 8 11.9+2.0
(12) 12) 6) (6) (6)
41B + 0.5% 2 weeks 220%3.5 1.72+0.09* 1.54+0.14 109+ 11 89104
probucol (12) (12) 6) (6) 6)
*P<<0.05.
(0.5%) for two weeks to night/day reversed rats References

P[**C]O, was slightly though not significantly higher
than in an appropriate control group.

We conclude that these data do not support the
hypothesis that probucol’s cholesterol lowering ac-
tion is due to either depression of hepatic choles-
terogenesis or enhanced bile acid synthesis.

HEEL,R.C., BROGDEN, R.N,,SPEIGHT, T.M. & AVERY,G.S.
(1978). Probucol: a review of its pharmacological prop-
erties and therapeutic use in patients with hyper-
cholesterolaemia. Drugs, 15, 409-428.

KRITCHEVSKY, D. (1980). Pharmacology of probucol. In:
Diet and Drugs in Atherosclerosis. eds Noseda, G.,
Lewis, B. & Paoletti, R. pp.143-149. New York:
Raven Press.

MYANT, N.B. & LEWIS, B. (1966). Estimation of the rate of
breakdown of cholesterol in man by measurement of

CO; excretion after intravenous (26— C) choles-
terol. Clin. Sci., 30,117-127.

Danazol — aromatase inhibitory properties

R.C. COOMBES!, A .B. FOSTER?,
M. JARMAN? W. RATCLIFFE® &
M.G. ROWLANDS?

Ludwzg Institute for Cancer Research (London Branch),
2Mass Spectrometry-Drug Metabolism Group, Insmute of
Cancer Research, Sutton, Surrey SM?2 SPX, Glasgow
Royal Infirmary, Glasgow

The effectiveness of danazol (pregna-2,4-dien-20-
yno[2,3-d]isoxazol-17-ol) in the treatment of benign
breast disorders in humans (Nezhat et al., 1980) and
against rat mammary tumours (Peters et al., 1977)
prompted a study of its effects in patients with his-
tologically proven, metastatic breast carcinoma. The
preliminary results (Coombes, et al., 1980) indicate
that the drug may be effective for some patients and

may provide a suitable alternative to oophorectomy
in pre-menopausal patients (Coombes & Powles,
1980).

The mechanism of the anti-tumour action of
danazol is not clear but the drug, inter alia, inhibits
the release of LH and FSH (Potts et al., 1980) and
adrenal 21- and 11B-hydroxylation (Barbieri et al.,
1980), decreases progesterone production (Asch et
al., 1980), and binds to oestrogen receptor (Cham-
ness et al., 1980). Danazol is extensively metabolized
in humans (Rosi et al., 1977) but the role of the
metabolites in the expression of the biological activi-
ty of the drug in vivois not known.

Post-menopausal patients with breast cancer were
given danazol (100 mg, thrice daily) either alone or in
combination with aminoglutethimide (250 mg, thrice
daily), tamoxifen (10 mg, twice daily), and hydro-
cortisone (20 mg, twice daily). Hormones were meas-
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ured by radioimmunoassays before and after therapy
for 2 months and the expected fall in gonadotrophins
was revealed but also, inter alia, elevated plasma
testosterone levels with danazol alone (7 patients;
1.8%+1.2>2.76 + 1.17 nmol/l) or in combination (9
patients; 0.9+0.45->1.581+0.37 nmol/l). Neither
aminoglutethimide nor tamoxifen caused elevation
of testosterone levels. On the basis of these prelimi-
nary findings the effect of danazol and some of its
metabolites (Rosi et al., 1977) on the release of
[*H,]O from [18, 2B->H]-testosterone by the aromat-
ase in the microsomal fraction of human placental
tissue (Graves & Salhanick, 1979) was investigated.
An apparent K, of 0.13 um (30°, pH 7.4) was ob-
served for testosterone in this system (no product
inhibition or non-hyperbolic kinetics). With the sub-
strate at the optimal concentration of 1.5 uM, danazol
behaved as a competitive inhibitor of modest activity
(K; 44 uMm), the major metabolite (17-hydroxy-2a-
(hydroxymethyl)-17a-pregn-4-en-20-yn-3-one) and
one of the minor metabolites (17-hydroxy-17a-
pregn-4-en-20-yn-3-one, ethisterone), were weakly
inhibitory but the other minor metabolites [17-
hydroxy- and 6, 17-dihydroxy-2-(hydroxymethyl)-
17a-pregna-1,4-dien-20-yn-3-one] were inactive; cf.
K; values of 0.6 uM for aminoglutethimide [which
inhibits both aromatase and desmolase (Santen et al.,
1979)] and 0.165uM for 4-hydroxyandrost-4-en-
3,17-dione [a potent experimental aromatase in-
hibitor (Brodie et al., 1977)]. The inhibition of
aromatase is probably a minor contributor to the
anti-tumour activity of danazol.

Since 5/7 patients receiving danazol alone also
showed reduced plasma levels of dehydro-
epiandrosterone sulphate (2.23+1.45>14%1.0
pumol/l) desmolase inhibition was also considered as a
contributory mechanism. In the combination, such an
effect could be masked by the much stronger sup-
pression (1.06+0.2>0.1210.2 umol/l) caused by
aminoglutethimide. However, danazol had very
weak inhibitory activity against desmolase in vitro in
the standard assay (Hochberg et al., 1974).

This work is supported by an MRC programme grant and
Sterling Winthrop are gratefully acknowledged for provid-
ing samples of danazol and its metabolites.
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Time course of action of phenobarbitone on
liver blood flow in the rat

C.R. HILEY, A.C. WILSON* & M.S. YATES

Department of Pharmacology & Therapeutics, University of
Liverpool, Liverpool L69 3BX and Department of Phar-
macology, University of Cambridge, Cambridge CB2 2QD

Phenobarbitone not only induces hepatic microsomal
drug metabolizing enzymes but also increases liver
blood flow in the rat (Ohnhaus, Thorgeirsson, Davies
& Breckenridge, 1971; Nies, Wilkinson, Rush,
Strother & McDevitt, 1976; Yates, Hiley, Roberts,
Back & Crawford, 1978). In an attempt to determine
whether liver blood flow, liver weight and microsom-
al enzyme levels are affected independently by
phenobarbitone, we studied its onset of action and
offset following treatment.

Groups of male Wistar rats (185-300g) were
injected intraperitoneally with phenobarbitone
(80 mg/kg/day) for 1, 3 or 5 days and two groups
were dosed for 5 days and left a further 2 or 4 days.
As described previously, liver blood flow was deter-
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Figure 1 Effect of phenobarbitone (80 mg/kg/day
given for up to 5 days as shown by the hatched area) on
liver wet weight (O), dry weight (O), volume (®) and
blood flow (B) in the rat. The ordinate indicates days
after the commencement of treatment. C indicates the
values obtained in animals treated for 1 day with saline
(2 ml/kg). For each time point n= 6 but for the control
group n= 5. The error bars represent 1 s.e.mean.
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mined in some rats using 15 pum diameter radioactive
microspheres while liver microsomal cytochrome
P450 and cytochrome c reductase levels were deter-
mined in other animals in the group (Yates et al.,
1978). Liver volume was measured by saline dis-
placement to an accuracy of 0.05ml and dry liver
weight after freeze drying to constant weight.

Figure 1 shows statistically significant increases
(P<0.05; Student’s unpaired t-test) in liver volume,
dry and wet weight after 1 day of phenobarbitone
treatment when compared to 1 day saline-treated
controls. After 5 days treatment these parameters
and liver blood flow reached peak values and blood
flow was significantly greater than control values.

Cytochrome P450 and cytochrome c reductase
activity increased; the former peaked after 5 days of
treatment, the latter after 3 days. The greatest values
were 267% and 313% respectively above controls.
After treatment stopped all parameters decreased
concomitantly and were not significantly different
from control values 4 days after treatment ceased.
There was no continuation of elevated values of
either liver blood flow or wet weight after ending
treatment and it was not possible to differentiate the
effect of phenobarbitone on liver blood flow, weight
or microsomal enzyme activity with respect to its time
course of action.

MSY was a Wellcome Research Fellow; present address
Department of Pharmacology, University of Leeds,
LS29JT. ACW is an MRC Research Student. This work
was partly supported by grants from the Mersey Regional
Health Authority.
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Effects of distal diuretics, amiloride and
hydrochlorothiazide, on renal magnesium
clearance in rats

J. DEVANE & M.P. RYAN

Department of Pharmacology, University College Dublin,
Belfield, Dublin 4, Ireland

The role of the distal tubule of the nephron in the
renal handling of magnesium remains unclear.
Brunette, Vigneault & Carriere (1974) have sug-
gested a negligible role for the distal tubule, whereas
others have suggested that under certain circum-
stances, a magnesium secretory mechanism exists at
this site (Wen, Evanson & Dirks, 1970). We have
previously reported that the administration of the
distal diuretics, amiloride and triamterene, to con-
scious saline-loaded rats resulted in a reduced uri-
nary excretion of magnesium (Devane & Ryan,
1981). We also carried out clearance experiments in
anaesthetized rats and amiloride resulted in a small
but significant fall in the fractional excretion of mag-
nesium under these conditions (Devane & Ryan,
1980). We have now extended our studies to the
effects of the two distally-acting diuretics amiloride
and hydrochlorothiazide, on renal clearance of mag-
nesium during a frusemide-induced diuresis.

Male Wistar rats were anaesthetized by in-
traperitoneal injection of thiobutobarbitone sodium
(100 mg/kg, ‘Inactin’). The left femoral artery was
catheterized for obtaining blood samples. Donor rat
plasma was infused into the right jugular vein
(2.4 ml/h for the first hour; thereafter 0.4 ml/h). A
bolus injection of 6 uCi [*H}-inulin in 0.6 ml of 0.9%
NaCl was given into the left jugular vein, followed by
infusion of a modified Ringer containing 0.6 uCi
[*H])-Inulin/ml, at a rate of 60 ml/kg h. The trachea
was cannulated. The left ureter was cannulated
for urine collection and results refer to the left
kidney. After 100 min equilibration, frusemide
(1mgkg™'h™') was added to the infusion solution
and, after 40 min, three control urine collections
were made. Amiloride hydrochloride or sodium hyd-
rochlorothiazide was then added to the infusion solu-
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tion and, following 15 min equilibration, three furth-
er 15 min urine collections were made.

The effects of amiloride were investigated at four
dose levels 0.02, 0.08, 0.20 and 2.00mgkg™'h™".
Infusion of amiloride at all four doses resulted in a
significant reduction in the fractional excretion of
potassium (FEx). A significant reduction in FEy, and
FEc, occurred at the three higher doses (0.08, 0.20
and 2.00mgkg™'h™!). A significant natriuresis only
occurred at the two highest doses (0.20 and
2.00mgkg~'h™"). The effects of amiloride on K and
Mg excretion showed a significant dose-dependence
when assessed by a one-way analysis of variance and
an F-test, whereas the effects on Na and Ca did not
show a significant dose-dependence. Infusion of hyd-
rochlorothiazide (2.0mgkg™'h™?) resulted in a sig-
nificant natriuresis and a small increase in FEg. The
FEu, and FE, remained unchanged.

These results confirm our previous findings that
the K-sparing diuretic amiloride reduces the urinary
excretion of magnesium. This magnesium sparing
action is dose-related and does not appear to be
consistently associated with a natriuresis. Another
diuretic, hydrochlorothiazide, which acts in the distal
tubule did not affect the urinary excretion of mag-
nesium. Further studies are required to elucidate the
mechanism(s) by which amiloride alters the renal
handling of magnesium.
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A ddressing receptors — a model study

A.W. CUTHBERT & J.M. EDWARDSON
Department of Pharmacology, University of Cambridge

Drug receptors and other membrane proteins are
often located in specialized membrane domains, for
example synapses and Ranvier nodes. There is con-
siderable interest at the moment in the mechanisms
underlying specific localization. A membrane protein
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is synthesized on ribosomes attached to the rough
endoplasmic reticulum (RER) where it usually ac-
quires a characteristic high-mannose core oligosac-
charide. Migration to its final destination then pro-
ceeds via the Golgi apparatus, where the core
oligosaccharide is trimmed and terminal sugars are
added (Rothman & Fine, 1980). At some point in
this pathway proteins must be sorted for delivery to
specific destinations. The location and mechanism of
this sorting facility are, however, unclear.

Transporting epithelia show marked polarization
of their plasma membranes into apical and basolater-
al domains, in which targets for drug action such as
ion channels and pumps and hormone receptors are
uniquely located. Furthermore, several enveloped
viruses have been shown to bud exclusively from one
or other domain (Rodriguez Boulan & Sabatini,
1978). For example, vesicular stomatitis virus (VSV)
buds from the basolateral membrane of MDCK
monolayers, whereas influenza virus buds from the
apical membrane. These viruses code for only a small
number of proteins and host cell mechanisms are
involved in their transport and assembly. Conse-
quently, the fortunes of viral proteins may provide
important information with regard to the sorting of
proteins in epithelial cells.

In this study we have examined the interaction
between VSV and avian influenza (fowl plague) virus
(FPV) at the RER insertion step. Viral mnRNA was
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translated in a rabbit reticulocyte lysate cell-free
system containing [**S]-methionine and sup-
plemented with dog pancreas microsomes, a RER
preparation from an epithelial tissue. Core glycosyla-
tion and resistance to proteolysis were used to screen
for membrane insertion of VSV glycoprotein (G) and
FPV haemagglutinin (HA). By varying the relative
concentrations of RNA messages, while keeping the
microsome concentration submaximal, we have de-
monstrated that nascent VSV G, competes with nas-
cent HA, for membrane insertion. Lack of competi-
tion would have indicated that the two proteins had
already been sorted and were being processed sepa-
rately. In the event the result indicates that proteins
destined for different cellular locations may have a
common early pathway and that sorting occurs after
insertion into the RER.
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Fluidity of membrane proteins and lipids: a
structure/activity study of the effects of
S-alkylthiouroniums

R.A. BERESFORD & B.M. PEAKE

Departments of Pharmacology and Chemistry, Otago Uni-
versity, Dunedin, New Zealand

General depressant compounds may act on biological
membranes in one of two ways (which may not be
mutually exclusive). They may interact directly with
hydrophobic sites on excitable functional proteins or
they may dissolve in the lipid bilayer of the mem-
brane and perturb the lipid environment of adjacent
proteins. The modification of membrane protein or
lipid induced by such depressant drugs may be inves-
tigated with paramagnetic probes, compounds which
are inserted into the membrane at fairly specific
points and report on the properties of their im-

mediate environment. These are recorded as changes
in the electron spin resonance (ESR) spectra gener-
ated by the probes. We have used three such probes
to examine the actions of some members of a
homologous series of S-alkylthiouroniums on fluidity
changes within protein and lipid regions of erythro-
cyte membranes. This series of compounds, notably
the S-heptyl-, S-octyl-, S-nonyl- and S-decyl- deriva-
tives has previously been shown to penetrate and
stabilize erythrocyte membranes, their potency in-
creasing with increasing chain length (Beresford &
Fastier, 1980). Other membrane stabilizing drugs
have been shown to alter the fluidity of membrane
compounds (Chin & Goldstein, 1977; Lenaz et al.,
1979). We wished to determine whether the alkyl-
thiouroniums behaved in a similar manner.
Erythrocyte ghost membranes were prepared from
human blood suspended in phosphate buffer (5 mm
pH 7.4). Changes in protein fluidity were monitored
with the protein-reactive spin-labelled probe
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molecule, 4-maleimido-2,2,6,6-tetramethylpiperi-
dinooxyl (MAL-6), this being incubated overnight
with the ghost membranes. Changes in lipid fluidity
were monitored with two spin-labelled stearic acid
probes, N-oxyl-4,4,-dimethyloxazolidine derivatives
of 5-ketostearic acid (5 NS) a