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ABSTRACT

For over three decades, lithium has been employed in the treatment of sipola;
affective disorders, with its use usualiy necessitating long-term treatment.

Recent studies have indicated that while patients continue to take lithium their
condition is stable, but on withdrawal of the drug, a 4rebound» mania may present
itself. 1In addition to its efficacy in the treatment and prophylaxis of manic
depression, lithium is considered to be of value in other conditions. One of

these is tardive dyskinesia, a slow developing buccal-lingual-masticatory movement
disorder which results from long-term neuroleptic use, and it is suggested that

if lithium is co-administered with the neuroleptic agent the onset of the dyskinetic
state may be prevented;

Despite the period of time for which lithium has been in use in psychiatric
medicine, its mechanism of actiom is still not known, although it is thought that
the monoaminergic neurotrgnsmitters may play a role. This £2§a is derived from
the Qiogenic amine hypothesis of affective disorders. If this is indeed so, then
it is reasonable to assume that these same neurotransmitters would be involved .
in the genesis of any withdrawal phenomenon. This study therefore set out to examine

[N

various parameters of moncaminergic function to determine whether they may be
. 4 .
involved in the mechanism of action of lithium, and to see if any form of neuro-

chemical «rebound» occurs following withdrawal of the drug. In addition, it was

decided to examine the effect of lithium in an animal model of tardive dyskinesia

to investigate whether the utility of this agent in preventing the dyskinetic

state is related to alteratioms in metabolic functions of the monoaminergi;'
neufotransmitters.

Preliminary toxicological testing showed that a dose of 2 mEg lithium/kg was
the maximé dosE of the drug colgrated by rats without the appearance of overt

toxic effects, and so this amount was utilized in all studies carried out in

-this investigation. Examination of spontaneous locomotor activity showed that

—_—

b



——
this behaviour was attenuated following 9 days of treatment with lithium, with .
the reduction being maintained with drug administration. When lithium was with-

drawn, locomotor activity had returned to essentially control values after 2 days,
bk

and so 48 hours was utilized as the withdrawal period in all subsequent studies.
No apparent «rebound» effect was.observed in tﬁis behaviour following lithium
withdrawal. Examination of the effects of lithium treatment and withdrawal in
various animal models of mania showed that these ;nalogues of the clinieal
condition were not affected by either, treatment regime, casting doubt; on their
uéility in the investigatio=n Sf anti-manic agents. For this reasomn, tmermaly
animals were employed in 511 subsequeht studies. ’

The effects of treatment with and withdrawal from short— and long-term lithium
on central monoamine systems in rat brain wefe investigated. Treatmeﬁt with the
drug for either 12 or 26 days resulted in the accumulation of similar amounts of
the catien in various brain regions; serum levels of lithium were also s}milar in
both groups. Following withdrawal, tissue and serum lithium levels declined to
approximately the same degree in both treatment groups. Synthetiec parameters for
the catecholamine and the indoleamine neurotransmitters were found to be unchanged
after beth treatment regimes, but abrupt withdrawal resulted in enhanced activity
of tyrosine hydroxyiase. NA in most brain regions e;amined was depressed following
both short- and long-term lithium admini;tration,/with a further decrease in pons
and an enhancement of cortical levels on withdréwﬁl. DA displayed regionally
variable changes after both lithium treatment and withdrawal, while 5-~HT content
was found to be reduced after lithium treatment with a return towards control
values on withdrawal. Lithium administration resulted in elevated DOPAC levels,
with long-term treatment producing an enhancement of S~HIAA content in certain
brain regioas. Withdraﬁal of lithium caused an enhancement of HVA and depression
of MOPEG levels, with a feturn towards control values for DOPAC and 5-HIAA. It

appears that the changes in central monoamine systems are qualitatively similar

following beth short- and long-term lithium treatment, as are the écnsequences



- i_
of abrupt withdrawal. It is suggested that lithium administration results in
a @isruption of monoamine storage processes, while withdrawal from lithiuﬁ does
not result in a simple return towards normal states of caqecholamine function.
‘The uptake systems for NA and 5-ET into synaptosomal preparations were found
to consist of two components, a low-capacity and a high-capacity process. While
administration of lithium for 12 days increased the activity of the low-capacity
uptake process for NA, it markedly inhibited the high-capacity system for this
neurotransmitter. Following withdrawal of lithium, the activity of the low-
capacity system returned towards control values, but there was a profound enhance-
ment of the high-capacity uptake process for NA. Both the low- and high-capacity -
,uptake systems for 5-HT were found to be-inhibited by lithium administration.
The reduced activity of the high-capacity system due to lithium administra;ion was
still present 2 days following cessation of‘drug treatmenf, whereas the low-capacity
process was found to be further depressed. The uptqke of DA into synaptosomal
. i
preparations appears to be more complex than that for NA and 5-HT, since the shape
of the substrate-velocity curve implies the presence of some form of multiple
and co-operative process. Lithium administration resulted in an enhancement of
DA uptake in all brain regions éxamined, while 2 days of withdrawal from the drug
causéd a reduction in the amount of DA taken up to below control values. It
therefore seems that alterations in monoaminrergic uptake processes may play ;
part in lithium's mode of action ;nd may be involved in the genesis of the lithium
withdrawal phenomenon.
Lithium administration for 12 days caused a regionally variable effect on
the binding of dihydroalprenalol to B—adreﬁergic binding sites on synaptic plasma
membranes, while a return towards control values was noted following lithium
withdrawdl. Examination of the binding of spiroperidol to dopaminergic binding
sites following lithium treatmeat and subsequent withdrawal appeared to result

, 1
in highly equivocal results. '
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When lithium was tested in an animal model of tardive dyskinesia, it was
found that when the anti-manic agent was administered in conjunction with haloperidol,
the apomorphine-induced stereotypiéal response was attenuated when compared to
that resulting from treatment with the neurolepticbalone. This was not the case
when lithium was administered following haloperidol administration. Examination
of various parameters of dop;hinergic function indicates that co-administration
of lithium and héloperidol cause an enhanced turnover of DA, whereas the changes
in noradrenergic and serotonergic parameters following this treatment are similar
to those observed when lithium is administered following haloperidol. Thesé data
suggest that alterations in metabolic aépects'of dopaminergic neurotransmission

may be involved in lithium's amelioration of tardive dyskinesia, while the other

two monoaminergic neurotransmitters do not play“a part in this effect.
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. ' A. INTRODUCTION

The field of Neuropsychopharmacology has become one of increasing imporpance
in the past two decades, as it applies the basic sciences of pharmacology and.
neurochemistry to the c¢linical problems of psychiatry and psychology. The combin-

ation of these disciplines has allowed for much investigation into the patho-
physiclogy and treatment of disease stares such as the affectivé disorders, schize-
phrenia, Huntington's chorea and Parkinson's disease.

‘The affective disorders are a group of psychotic disorders characterized by
exaggerated mood states, which have been sub;divided into two m?;or categories.,
The unipolar affective disorder is defined as recurrent depressien, while.ﬁge
bipolar illﬂess is a situation in which there are cycles of mania and depression.
These can be further sub-divided into primary and secondary affective diégrders,

&

with the major difference being that }n'the secondary illnesses, the disorder
oceurs with either a pre-existing_non;affecéive psychiatric illness or a life-
threatening or incapacitating medical }llness.

A problem which has exis:ed‘;ith regard to the ﬁrimary affective disorders
was a lack of specificity and confusing terminology which had been used to
describe them. 1In order to improve the‘diagnostic categories used in psychiatry,
Feighner et al. (1972) suggested the following criteria for‘the ¢linical assess—

ment of affective disorders: J

Diagnosis of depression. The following criteria should be fulfilled: (A) dysphoric

mood characterized by symptoms such as the following; depressed, sad, blue,
despondent; hopeless, «down in the dumpsiaxirritaﬁle, fearful, worried or discouraged.
(B} at‘least five of the following criteria are required for ¢definitenr depression;
four are required for «#robable depression»: 1) poor appetite or weight loss;
2) sleep difficulcy (including insomnia or hypersomnia; 3) loss of energy, e.g.

¢

fatigability, tiredness; &) agitatidq or retardation; 5) loss of interest in usual

activities or decrease in sexual drive; 6) feelings of self reproach or guilt

Te

(either may be delusional); 7) complaints of or actually diminished abiiity to



think or concentrate, such as slow thinking or mixed up thoughts; 8) recurrent

. L s L
thoughts of death or suicide, including thoughts of wishing to be dead. (C} A .
psychiatric illness lasting at least one month with no pre-existing psychiatric

conditions.

Diagnosis of mania. The following conditions should be mert: (A) euphoria or irrit-

abilityi (B) at least three of the following: 1) hyperactivity {includes motor,
social and sexual activity); 2) push of speech (pressure to keep talkingj;'3) flight
of ideas (racing thoughts); 4) grandiosity (may be delusional); 5) decreased sleep;
6) distractibility. r(C) A psychiatric illness lasting at least two weeks with no

pre=existing psychiatric conditions.

-

Hypomania is also possible. This condition is milder and more common than

mania. The mood elevation is moderate and accompanied by overactivity, distract-

ibility, heightened energy and irritability, but the flights of ideas or delusicnal
¢
convictions are absent. ' -

B. THE BIOCHEMICAL BASIS OF AFFECTIVE DISORDERS

1. Humoural Theory ° ‘ -

I3

The earliést theory regarding the biochemical basis of depression comes from
Hippocrates and other ancient Greek physicians, who believed that the liver removed
toxic humours, including black bile, from food. If the liver malfunctioned, then
there was an accumulation of black bile leading to melancholia, or severe depression
(Berger and Bafchas, 1977). Aretaeus of Cappadocia however, in the second century
A.D:, proposed that depression was caused by purely psychological factors and had
litcle to do with the bodily humours. He was also the first to associate mania
with depression in certain cases, and to consider both conditiqns as part of a
single disease entity (Arieti and Bemporad, 19785. This theory was not accep:ea .
by Aretaeus' successors, including Galeﬁ, who subscribed to the humoural hypothesis
of mental illness, which remained in vogue up to the scientific revolution in the

19th century. During this latter period, some investigators began to look upon

mental illness as .a physiological phenomenon, although the major focus at this time



.and for a éonsiderable period thereafter was on defining and categorizing the
"symptoms rather than determining a cause for the disorders. Also, due to the
predilection for psychoamalysis which flourished at the turn of the century, mest
psychiatric?bractitioners still considered the. affective disorders to be a purely
psycholog{cal problem. ]
However, there were many factors which appeared to provide evidence for a
biological basis for the disorders, pérticﬁlarly the somatic symptoms of severe
e a

. depression, i.e. disturbances of sleep, appetite, gastrointestinal function and

sex drive, together with the diurnal pattern of depressién and in many cases, the
association of depression with other medical illnesses (Baldessarini, 1975). Also,
since there appeared to be a lack of association with obvious stress factors in

the initiation of many severe depressions and manias, further evidence was provided

for the existence of some form of endogenous cause of the illmess..

e

2. Monoaminergic Hypothesis
There.were twe major clinical findiﬁgs in the early 1950's that laid the
groundwork for a neurochemical basis of affective disorders. 0ne<22>tﬁ;se was the
discovery that some patients receiving reserpine for the treatment of hyperténsion
became depressed (Bunmey and Davis, 1965; Schildkraut, 1965; Himwich and Alpers,
1970; Moskovitz and Klawans, 1977; Maas, 1979). Despite the fact that many reviewers
give the impression that this was -a widespread side-effect of this anti-hypertensive
regime, examination of the literature tends to suggest that reserpine-induced
depreséion was not particularly common, ranging from 5% to 207 of all patients
treated ( Achor et al., 1955; Muller et al., 1955; Lemieux et al., 1956}. Also,
from the same reports, it seems that many of the patients in whom a depressive
reaction to reserpine was noted had previous histories of depression, although it
appears that .the admlnlstratlon of reserpine may well have been the flnal pre-—
cipitating factor in the genesis of these depressive episodes. A number of studies
also showed that reserpine caused a depletion of both noradrenaline (NA) and

S-hydroxytryptamine (5-HT) stores in both peripherél and central tissues
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(Holzbauer and Vogt, 1956; Pletscher et al., 1956; Quinn et al., 1959). However,
thé importance of each neurotransmitter, or its lack, in producing the reserpine-
syndr;me was still uncertain, with some authors favouring the depletion of 5~HT
as the causative effectrproducing depression (Pletscher et al., 1956; Quimn et al.,
1959; Spector et al., 1960), while otﬂers regarded NA as being the primg agent
(Holzbauer and Vogt, 1956; Bertler, 1961). Carlsson and Lindgvist (1967) took
the catecholamine predominance one step furthér and suggested that the major neuro-
transmitter in tﬁe behavioural syndrome was, in fact, dopamine (DA). It later
became accepted that the behavioural syndrome noted following reserpine administ-
ration was related to the géneral depletion of brain monoamines (Schildkraut, 1965;
Berger, 1977).
- The second important clinical discovery was the réco;nition of one of the
major side-effects of iproniazid, an agent inrroduced for the treatment of tuber=
culosis. The principal side—effect, when consideriné the genesis of affective
disorders, was described by Selikoff et al. {1952} as «return of strength,’ energy
and sense of well—being.; TQ}S expression of a euphoric feeling was also described
by other investigators examining this anti-bacterial drug, and led to the suggestion
that-it may be of utility in the treatment of depression. Ayd (1957), Dally kl958),
DeVerteuil and Lehmann (1958}, Ferreira and Freeman (1958) and Pare and Sandler
(1959) all tested this theory using patients classified as clinically depresséd,
and found an imp;ovement in the mental state of certain of their subjects. -
Iproniazid was known to cause an inhibition of monoamine oxidase activity (Zeller
and Barsky, 1952; Brodie et al., 1956; Spector et al., 1958), causing a concomitant
elevation in the brain levels of "NA an& 5~HT (Spector et al., 1960}, which provided
further evidence for the involvement of central monoamines in the genesis of mood
and affective disorders. )

These. findings led to the development of the biogenic amine hypothesié of

affective disorders, which in its simplest form states that depression is

associated with a functional deficit of biogenic neurotransmitter 'at critical
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synapses, while the opposite is true in mania (Baldessarini, 1975} Berger, 1977).
This view is now considered to be too simplis;ic as the affective digprders are
not a clinically or neurochemically homogeneous group of illnesses, and it also
appears that alterations in two or more amine systems may be present in different ]
types of affective disease (Maas, 1979); however, despite these criticisms, the

-

hypothesis still provides the major impetus for research into the affective disorders.

[y

R C. LITHIWM

1. Lithium in Affective Disorders

Litbium salts have had a varied past in medicine, ha;ing been recommended for
use, at various.times, in the treatment of gout; rheumatism, ep@lepsy, syphilis,
diabetes, hypertension and as a diuretic (Cade, 1978; Priep; 1978), although their
application was not particularly widespread. Lithiumhs greatest initial public
use was in the 1940's aé a substitute for salt in patients requiring lowipodium
diets. The toxicity which resulted from this application of lithium chloride
(Corcoran et al., 1949; Hanlon et al., 1949} appeared to signal the end of the
therapeutic usefulness of lithium salts, and resulted ih the subsequent slow acceptance
of the cation into psychiatric medicine in later years, particularly in North
America.

The finding that lithium is of value in the treatment of bipolar affective

- disorders was purely a chance discovery, and provides convincing proof that serendipity

does play an important roie in the discovery of new therapeutic agents.

The discovery was made by John Cade, a psychiatrist working alcne in a small
chronic care centre in Australia. He thought that the manic-depressive syndrome
may be the result of some form of abmormal metabolism in his patients, and that
the product of this metabolism may be excreted in urine. His problem was to
demenstrate the presence of this anomalous metabolite, and he devised a crude
toxicity test toc determine whether the;e was a difference in the urine of various:
patient groups. He therefore administered varying amounts of concentrated urine

obtained frem manics, melancholies, schizophrenics and normal subjects by intra-
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peritoneal injection to guinea-pigs. Cade found that the urine from certain of
his manic patien;s was more toxic than that from ény other group, and further
determined that urea was the toxic agent, producing powerful convulsions prier to
death. '

His next question was - what makes the urine from manic patients more toxic
than that krom other groups? Cade considered the answer to lie with uric acid or
creatinine, which possibly medified the toxicity of urea, and dgtermined that uric
acid enhanced the toxic éffects of urea, while creatinine showed potent protective
properties. .

The next step. was to determine the amount of uric acid required to increase
the toxicity of urea. Cade ran into a technical problem ﬁere, dn that uric acid
is relatively insoluble in water, énd so he Ehose the most soluble salt with which

to work ~ lithium urate. Rather than-enhancing the toxicity of urea, this salt

seemed to -exert a protective effect.

P

The lithium salts themselves were then examined, and Cade found that large
doses of lithium carbonate given intraperitoneally to.guinea pigs produced
lethargic and unresponsive animals. This being éhe case, he next tried lithium
carbonate on one of his manic patients, and found that after 5 days of lithium
therapy, the patient was returning towards normal and was eventually released from
hospital care (Cade, 1978).

The case was reported in the Medical Journal of Australia in September 1949
(Cade, 1949) and was noted by a number of other investigators, primarily in
Australia and Europe (Schou, 1957) who tested lithium in their éwn clinies.

These groups noted'an impr;vemenc in the majority of their manic subjgcts
(Schlagenhauf EE‘EL" 1966), but tended to report their findings in a rather
subjective fashiog. Schou et al. (1954) were the firsﬁ to attempt ro demonstrate

the efficacy of lithium using «opend* and «double-blind» treatment regimes, with

controls for placebo effect. They found that approximately 40Z of their subjects
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became less manic within two weeks following commencement of lithium therapy,
thus confirming the earlier findings of the Australian researchers.

Subsequent to this, many other investigators reported the - efficacy of lithium
in the treatment of manic episodes, although the use of empirical methods without
the types of con£r01 used by Schou et al. (1954) were still prevalefg. Rice (1956)
described a study involving 58 patients, of whom 41 were diagnosed as suffering
from affective or predominantly affective disorders, while the remaining 17
dlsplayed schizoform lllnesses. 0f those with the affective illnesses, 38 either
reéovered or displayed marked improvement following initiation of lithium therapy.
No depréésion was noted in any of the subjects. With regard to the schizoform
patients, 5 showed signs of improvement. Gershon and‘§ﬁwi1er (1960) reported the
first study carried out in North America with lithium, and examined a number of patient
types, including subjects suffering from recurrent mania, various forms of schizo-.
phrenia, epilepsy, and behavioural disorders. They found that lithium therapy was
effective in the treatment of mania, even in cases that were unresponsive to
electroconvulsive shock, which'had been the mainstay of therapy for the affective
disorders until the introduction of reserpine, phenothiazines and lithium. However,
it was only useful in the treatment of non-manic states in which hyperactivity was
a feature of the symptomology, and in these cases, lithium's efficacy was based
purely on its ability to decrease psychomotor activity and not due to an improve-
ment of the basic condition. At the same time that Gershon and Yuwiler (1960)
were investigating lithium, Kingstome (1960} was examininé the effect of lithium
administration in both manic and non-manic patients. Of his 17 manic subjects,‘
all except one responded teo lithium, while there was little change in the patients
in whom excitement was not manic in nature. He did note however, that «although

these patients' moods and activity were returned to a normal state, the urge to

remain elated and facilitated was still present. The feeling of internal curbing
resulted from the inability of the patient to respond to this desire in thought,

speech or act.» Schou (1963) mentions this feeling of being tkept down» and
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suggests that it is due to the treatment not having had its full effeq¢t since

the feeling later dissipates. Maggs (1963) carried out the second reportgd ¢blind»
study involving lithium, and found no significant differences between his results
and those of the previous blind (Schou‘gg_ii., 1954) or open studies (Rice, 1956;
Yuwiler and Gershon, 1960; Kingstone, 1960). In all of these ;nvestigations, a
positive response to lithium was noted within two weeks of the commencement of

-

therapy.

Bunney et al. (1968) carried out one of the first longitudinal studies of
lithium administration during acute mania and although only two subjects were
involved, the authors provide elegant proof that the inhib¥itiod of manic symptoms
is diregtly related to serum lithium levels. Goodwin et al. §1969)“Fxtended this
study to include 12 manic subjects, and again showed that the degree of improvement
irn lithium responders corresponds to time from commencement of lithium therapy.

Stokes et al. (1971) examined the eféicacy of lithium using an «on-off»
treatment regime, with «blind» behavioural raters and demonstrated a specific
effect of lithium on decreasing the severity of mania during acute attacks. This
amelioration of manic symptoms due to lithium (757) was almost twice that noted
with placebo (40%Z). It was also found that the decrease in mania rating during
lithium administration was greater when the Pre-treatment manic score was high.
These effects were all seen following 7-10 days of treatment. 1In fact, Post and
Cutler (1979) have stated that in a2 number of uncontrolled and single-blind studies
utilizing 413 patients, an overall improvement was noted in 817 of the subjects.

These reports were ail important since they. demonstrated thét lighiﬁm was
a valuable psychopharmacological t;ol in the treatment of mania. A number of
investigators however, were showing that lithium's.abilities were more-profouﬁd
than ;imply the control of acute mania.

Schou et al. {1954) had noted that «many patients can be kept in a normal
state by admlnlstratlon of a maintenance dose» of lithium, while both Hartlgan

(1963) and Baastrup (1964) found that long-term treatment with lithium salts

11
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prevented the occurrence of new manic attacks. These observations led to the
hypothesis that lithium could be used not only for the treatment of manic attacks,
but also as a prophylactic hgeAt.

Biéstrup and Schou (1967) tested this hypothesis using 88 subjects admitted
to hospital for manie-depressive psychosis, which included patients also sufferiné)
from recurrent primary depression and a number of atypical cases, and followed /
them for a period of 6 1/2 years. Lithium treatment was started &ﬁring é psychotic
episode in attempts to establish a constant starting peint for theragy. They"
suggested that if lithium did %nterfere with the course of the manic-depressive
syndrome, this may be displayed  in four possible ways: 1) the treatment might
produce a change in fhe fféquency with which psychotic episoaes occured without
interfering with the durgtibn of the episodes; 2) 1;thium treatment might lead
to a Ehange in thé duration of the episodes withﬁﬁ: interfering with the relapse
frequency; 3) it'might alter the intensity of the symptoms; 4)- a combination of
all or any of the above. The parameters‘which were chosen for the study were the
relapse frequency (i.e. the average number of episodes per year) and the psychogis
rate (i.e. the average number of months per year spent in a psychotic state).

It was found that there was a significant decrease in_both of the parameters
measured, since prior to lithium administration, relapses occurred on average
every 8 mohths but during lithium treatment, they océurred only every 60 months,
and the average time spent in a psychotic state before lithium was 13 weeks per
year as compared to énly 1 1/2 weeks during lithium therapy. Relapses, when

they did occur, also tended to be shorter during lithium treatment than they were
prior to drug administration. This prophylactic effect was found to be strongest
in purely affective disorders, i.e. manic-depressive psychosis and recurre;t
depression, and less so when paranoid tendencies were present.

Blackwell and Shepherd (1968) however, took issue with the report of

Baastrup and Schou (1967) and re-examined the data presented in the original

Ry oo et
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paper. They concluded that a prophylactic effect had n;t been demonstrated and
that the initial report was flawed due to inappropriate selection of subjects,
criteria of prophylaxis, and evaluation of results, coupled with an observer bias.
In addition, since the study of Baastrup and Schou (1967) was carried out using an
fopen» treatment regime, there were; in the oplnlon of Blackwell and Shepherd
(1968), no adequate controls used. ;

Baastrup and Schou (1958) responded to the_critigisﬁs of'Blackweil and
Shepherd (1968) and supplied a critique of Ehe critic{sms,‘whiqh were shown to
be «either irrelevant or invalid» and again stated their feeling that «the study
succeeds in p?oving its point beyond a feqsonable doubt.» Howesz}, in order to
provide more conclusive evidence for a prophylactic effect, Baastrup et al. (1970)
carried out a double-blind comparisod‘o% matched patient groups treated with
either placebo or lithium. The procedur} which was used was to switch subjects
on maintenance lithium therapy in‘; double~blind fashion to either lithium or
placebo. The trial was terminated when the patient relapsed into either a manic
or depressive episode, at which point antimanie or antidepressant therapy was

administered and open‘lithium reinstituted. The patients chosen were diagnosed

as suffering from either bipolar manic-depression or recurrent endogenous depression,

and had received .lithium for at least one year prior to the sthdy. It was found
that no relapses occurred in the groups maintained on lithium, while there were
12 relapses from 22 manic-depressives and 9 relapses from recurrent depress1ves.
These data strengthened the view that lithium did exert a prophylactic effect,
not only in manic-depressive subjects, but also in recurrent depressives.

These reports were supplemented by independent ;eports from other invest-
igators. Coppen et al. {1971} used a totél of 120 patients, and found that the
time spent in hospital and the time undergoing an outpatient episode (expressed
as a percentage of the total time in the study) were significantly less in

.

patients on lithium therapy than on placebo. This was true both of subjects
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diagnosed as suffering from unipolar.as well as bipolar affective disorders.
Hullin et al. (1972) and Stallore et al. (1973) further confirmed these findings.
Hullin et al. (1972) also noted that unipolar manic patients and unipolar
depressives responded better to lithium than did thexb%polar méﬁic—depressives.

This latter study alsc brought up another interesting facet of the c¢linical
utility of lithium, which is the question of whether lithium is effective in the
treatment of recurrent depression. If this is indeed the case, then 1;thiﬁm could
wéll warrant the label applied to it by Schou (1963), i.e. that of normothymotic
or mood-normalizer, rather than simply an anti-manic agent. The normothymotics
act on the mood and turns a pathologically altered mood-state iﬁto a normal ome, °
and the classification is based om certain findiﬂgs that therapeutically, lithium
and the imipramines act in'a similar fashion (Schou, 1963).

However, the.evidence for the efficacy of lithium in recurrent éndogenous
depression is not-unequivocal. In his original report, Cade (1949) found that
lithium neither helped nor worsened depressiom, a comclusion also reached by
Noack and Trautner (1951), Gershon and Yuwiler 11960), Fieve et al. ﬁ1968) and
Zall et al. (1968). 1In contrast to these, Hartigan (1963) found a definite
therapeutic effect in his small number of the unipolar depressed patients. Dyson
and Mendelson (1968) reported that subjects in the depressive phase of the manic-
depressive cycle reéponded well to lithium therapy, and that lithium maintenance
had \been found to have a prophylactic effect. Similar responses to lithium therapy‘
were also noted by Baastrup et al. (1970), Coppen et al. 21971), Goodwin et al.
(1972), Hullin et al. (1972),‘Prien et al. (1973) and Stallome et al. (1973).

Goodwin éE,El' (1969), in their longitudinal study of lithium therapy,
included neot only manic patients, but also bipolar depressed subjects and non-—
cyclic depressives. Thez\ietermined that in addition to a 75% résponse in their
manic patients (9 of 12), 77% of the bipolar depressed subjects also showed a

degree of improvement (10 of 13). However, only 2 of the 5 non-eyclic depressed

-



_12_
patients displayed a response, with neither of these being classified as a
complete and unequivocal recovery. In the bipolar depressed group, it was found
that one ;f the lithium non-responders was successfﬁlly treated with imipramine.
In the majority of the studies mentioned aboge, it should be mentioned that

when the patient groups evaluated in determining the efficacy of lithium in
depression were subdivided into bipolar depressed and unipolar depressives, the
pfedpminant effect of lithium in ameliorating the symptoms was found in the
bipolar depressed groups. In fact, it has been suggested (Ramsey and Mendels, 1978)
that the unipolar patients who responded to lithiumrmay have been suffering from
.bipolar affective disorder, which follows zrom the work of Perris (1966) who
found that 14% of pauients diagnosed as unipolar depressives based on three
episodés of depression wiil have a manic episode in the future, and therefore’
require reclassification, .

- Although the use of lithium as an antidepressant drug is as yet unconfirmed
in the treatment of all subtypes of depression, its usefulness as both a thera-
peutic and prophylactic agent in bipolar affective disorder is well established,
with the evidence being more convincing for its effieacy in the manic rather than

the depressive phase.

2. Clinical Consequences of Lithjum Withdrawal

The:prophylactic aspect of lithium therapy has, of necessity, resulted in
a situation in whiqh treatment is long-term, and thus has raised the ethical
question of ;hether a drug which may no longer be required should be continued.
This is particularly true in light of recent clinical observations suggestiﬁg
renal impairment following chronic lithium administration (Bakris et al., 1981;
Moskovitz et al., 1981). The tonsequences of cessation of lithium in patients

,

stabilized on this anti-manic agent are, however, controversial.

In his account of one of his initial patients, Cade (1978) described a

subject who was stabilized on lithjum and subsequently released from hospital,
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but who required re-admission 6 months later with severe manic symptoms because
he had ceased lithium intake. Gershon and Yuwiler (1960) noted ;hat tprotracted
cases of mania respond to treatment by elimination or significant decrease in
symptomology so long as lithium is administered but discontinuation of treatment
leads to a recurrence of symptomology.» Hartigan (1963) found éhat withdrawal of
lithium or a reduction in ‘its dosage to below a minimum effective level usually
ieq to a rapid relépse,‘while Baasc;pp (1964) states that «discontinuation of
lithium always led to relapse.» -Bunﬁé§ et al. (1968) also found that when placebo
was substituted for lithium, a recurrence of manic symptoms occurred within 24
hours, data which.was substantiated by Goodwin et al. (1969). Stokes et al.
(1971} disagreea with the previous groups of investigators (Bunney et al., 1968;
Goodwin et al., 1969) with regard to the time-course of the manic relapse, but
did note an increase in mania rating whenever placebo was substituted for lithium.
It should be noted that in some of these studies, the patients under examination
were suffering from acute mania, and lithium wés discontinued duriné the course
of treatment for this acute state {(Bunney et al., 1968; Goodwin et al., 1969).
In the other reports however, lithium was beiﬁg administered on a long-term basis,
and while recurrence of manic symptoms would be expected if drug therapy was
withdrawn during the course of a manic attack, this would not necessarily be the
case if lithium was discontinue@ some time after stabilizatien.

These findings led to the‘suggestion that there may indeed be a lithium
withdrawal phenomenon. This theory was first tested.by Small EE_EL..(1971)
who withdrew lithium from five patients who had been on*li;hium therapy for at
least 18 months prior to placebo substitution. Of these five subjects, three \
had both manic and depressive attacks, one suffered only recurrent depression,
while the fifth had a c¢ircular illﬁess with some atypical features which were
not specified. They found that when lithium was replaced with a placeLo, the

atypical patient relapsed within'Q’dayS, and the other patients all displayed

symptoms 2-4 weeks after substitution. In all cases, the clinical deterioration
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wés reversed when lithium was re~introduced. Lapierre et al. {1980) described

a study in which well-documented bipolar manic depressives who had been stabilized
on lithium for at least one year were subjected to lithium wirhdrawal for 5 days.
It was found that 20% of their subjects suffered relapses within this time period,
necessitating hospitalization for some of them. In some cases, the deterioration
‘continued despite resumption of lithium intake. Wilkinson (1929),also reported
a'case of rgpid mental deterioration 2 days following lithium withdrawal. TIn

this casé, an acute confusional state wyas diagnosed rather tham a manic relapse.
Klein et al. (1981) examined 21 patients with previous histories of affective
disorders who had been maintained on lithium for at least 7 months. Within 14 days
of lithium withdrawal, 11 of their subjects relapsed into severe psychotic states
with paranoid, manic and depressive syndromes, the relapse state corresponding

' to their previous illness. A rapid remission.occur;ed in all cases when lithium
was re—administered. Klein et al. (1981) therefore stated that «ﬁhe immediate
onset of psychotic symptoms suggests rebound effects due to lithium withdrawal
rather than a spontaneous recurrence of the underlying disease during lack of
lithium protection.» ‘

This, however, is at variance with the views‘of other investiggtive groups.
Maggs (1963) used a treatment regime which iavolved 14 days of lithium treatment,
followed By 28 days with no lithium, and found no evidence of increased manic
symptoms after lithium withdrawal. Baastrup and Schou (1967) discontinued lithium
in some of their subjects, and found that 887 of these had relapses within
periods r;nging from a few days to 12 months. They stated that «the episodes
reappear with the same frequency and duration as Eefore lithium treatment was
started.» Baastrup et al. (1970) later repeated that «there was no indication
of rebound or abstinence effectsy following lithium withdrawal, a view also held
by Rifkin et al. (1975) who studied the effects of abrupt withdrawél of lithium
in twelve patients follow%Fg 6 week's of lithium treatment. In fact, Schou (1980)
stated that «abstinence phenomena have never beeg seen after dTscontinuation of

lithium, »

e e e -
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As can be seen, there is as yet no compelling evidence for either the presence
or absence of a lithium withdrawal syndrome, leaving the issue, in terms of its
clinical importance, unresolved.

3. General Methodology in Animal Studies With Lithium

(a) Problems encountered in lithium research

There aré many problems encoyntered in investigating the mechanism of action
) of lithium, some of which are common to all pharmacological invesﬁigations, e.g.
selection of dosage, route and frequency of administration and species of test
subject. Various routes of administration have been used to treat test animals,
which are usually rats although other species have also been used, e.g. mice
(Kuriyama and Speken, 1970; Shaw and Ratcliffe, 1976) and cats {Sangdee and Franz,

1980; Swann et al., 1981). Among the routes of administration employed are the

inclusion of lithium salts in diet (Hesketh et al., 1978; Gallagher and Bunney,
1979; Ebstein et al., 1980; Lerer et 2l., 1980; Rosenblatt et al., 1980; Staunton
et al., 1982), in drinking water (Eroglu et al., 1981; Guerri, 1982), by sub-
cutaneous injection (Grahame—Smith and Green, 1974; Atterwill and Tordoff, 1982),
slow-release tablets (Swamn et al., 1981}, but most commonly by intraperitoneal
injectlon (Friedman and Gershen, 1973; Poitou and Bohuon, 1975;: Shaw and Ratcliffe,
Collard, 1978a; Allikmets et al., 1979; Cameron and Swmith, 1980; Sangdee
and Franz, 1980; Teixeira and Karniol, 1982). 1In the cases of administration by
injection, the frequency of treatment is variable, lithium having been given
elther once daily (Friedman and Gershon, 1973; Collard, 1978a; Allikmets et al.,
1979; Swann et al., 1981) or twice daily (Grahame-Smith and Green, 15974; Poitou
and Bohuon, 1975; Shaw and Ratcliffe, 1976; Sangdee and Franz, 1980; Atterwill
and Tordoff, 1982). o

The oral route of administration tends to prcduce animals with z more
constant blood lithium level than do the parenteral routes, but the disadvantage
of this route of administration is that it 1s not possible to know beforehand

I3

the amount of lithium which the animal will ingest. This disadvantage was, however,
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considered to be minimal, since it was deemed to bé more important.to have stable
biood lithium levels, particularly for chronic use. ~This theory was recently
challenged by Plenge et al. (1981) who found that a relatively constant serum
lithium concentration is more harmful to the kidney than a peak wvalue followed.by
a period with a declining lithium concentration, and they suggest that this may
be due to an inhibition of regenerative processes in damaged kidney cells by high
levels of lithium. The popularity of the twice~daily administration is probably
related to the changes in blood lithium levels, in that the variations between the
high and low liEhium concentrations would be reduced. Also, usihg the twice-daily
treatment regime would enablela high, relatively ;onstant, lithium concent%ation
to be reached faster than by using once-daily administration. However, Plenge
et al. (1982) have determined that in a clinical setting, functional and structural
changes in kidney were more pronounced when patients were given lithium in divided
doses throughout the day rather than as a single dose. Perry et al. (1981) compared
twice-daily administration of lithium to single daily dosége and foﬁnd that there
was no significant difference in the average steady-state lithium serum concentration,
although the high and low limits were more exaggerated with the once-daily treat-
ment rggime. These data therefore-suggest that a single daily treatment with
litﬁium is preferable to administration cof divided doses of the drug in ofde; to
reduce the possibility of toxic side-effects.
| ﬂith regard to the selection of dose of lithium te be administered, many
’_—~\investigators have attempted to achieve clinically relevant blood levels of the
cation (0.6 - 1.2 mEq/1) in test species. However, it is possible that this'may
not be a valid target at éhich to aim in non-human subjects. Gallager and Bunney
(1979) achieved serum 1ithiuﬁ concentrations of 0.8 mEq/1, but noted a marked
polyuria in these rats, while Rosenblatt et al. -(1979) induced blood levels of
0.7 - 0.9 mEq/1, and found a 157 decrease in body weights relative to control

4

after 3-4 weeks. Ebstein et al. (1980) used two dosage regimes with 22-25 days
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of oral administration of lithium. At éheir lower dose, rats achieved serum
levels of 0.56+0.03 mEq/1, while at the high dose serum lithium levels were
1.56+0.10 mEq/1. At the higher dose, it was found thar the animals did not gain
welght and also displayed polyuria and polydipsia, while at the lower lithium
dose, growth was «almost normal.» Lerer et al. (1980) used an oral administratien
schedule which resulted in mean lithium blood levels of 0.87 mEq/1l, but noted
that while control animals gained 114+2 g in the 19 day treatment period, the
lithium-fed réts gained only 12+3 g. Swann EE;EE' (1981) administered lithium
to cats and after three days of treatment found plasma lithium concentrations of
0.7040.31 mEq/ivwith a weight loss of 0.34 kg, while fourteen days ¢f lithium
administration produced plasma levels of 1.0140.27 mEq/1 with a weight loss of
0.37 kg. Since polyuria and lack of weight gain, or a framk weight los;, are
considered to be toxic effects of lithium, it seems that the levels of lithium

*Fequired to produce therapeutic effects in the clinic are‘in excess of ‘those
tolerated by many laboratory animals. An alternative approach in choosing a dose
of lithium to be administered may be to use the maximum amount of 1ﬁthium tolerated
by the species before the onset of toxic g}gns. This follows from the fact that
the clinical plasma concentration of lithium used to achieve therapeutic effects
(0.6 - 1.2 mEg/1) is close to that at which toxic symptoms become manifest
(<2.0 mEq/1) (Schou, 1980). -

A factor which is of major importance in the evaluation and comparison of

many animal studies using lithium is the blood lithium level, since this is

. often the only effective way of assessing the suitability of the lithium dose

‘administered. Unfortunately, comparisons are often made difficult by the variations
in the time from the last lithium adminiftration to the time of blood sampling,
particularly in cases where treatment is parenteral. While some authors have

not reported time from last lithium administration to blood sampling (Ho et al.,
1970), others have used a variety of times, including 60 minutes (Friedman and

2

Gershon, 1973), 5 hours (Poitou and Bohoun, 1975), 8-10 hours {(Sangdee and Frangz,
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1980), 12 hours (Kuriyama and Speken, 1970), 16 hours (Caméron and Smith, 1980;
Shaw and Ratcliffe, 1976), 17 hours (Grahame-Smith and Green, 1974), 19 hours
(Atterwill and Tordoff, 1982), 21 hours (Slotkin et al., 1980) and 24 hours
(Collard, 1978a; Swann EE.él" 1981). Many of these reports state that the blood
iithium concentration at the time of sampling compares well to the clinical level
aimed for (Friedman and Gershon, 1973; Grahame-Smith and Green, 1974; Atterwill
and Tordoff, 1982), but this type of comparison must bel:iewed with caution.
Studies have shown a rapid decline in blood lithium concentrations following
parenteral lithium adginistration (Cameren and Smith, 1980; Plenge et al., 1981).
Since 51033 1i£hium Deasurements are made in the c¢linic approximately 12 hours
after the last lithium treatment (Schou, 1980), studies which demonstrate
«clinically relevant» blood levels at sampling times significéntly greater or less

than this are probably doing so erroneously.

(b) Animal models of mania

Another problem prevalent in the investigation of a psychofﬁerapeutic agent
is that of choice of an appropriate model of the disorder, against which the
test agent is effective. Murphy (1977) suggested that an animal model of a
human behavioura; disorder would utilize some component of the disorder. Most
models can be classified according to their ability to resemble the human condition
in terms of symptoms, aetiology, mediating mechanisms, or treatment responses.
Since one of the major clinical symptoms of mania appears to be a hyperactive
state, most animal models which have been used for investigating this disorder
are based priéarily on hyperactivity. However,lbehavioural hyperactivity is
very non-specific, and so models based on this behavioural element would, at
best, provide a poor fit with the c¢linical syndrome. Some of these hyperactivity
analogues of mania are described together with their possible shortcomings.

1) Hyperactivity due to neonatal hyperthyroidism. The rationale for the use

of this model derives from the fact that a number of clinical studies have
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demonstrated that excessive thyroid secretion produces psychological symptoms

including egotional 1abi1ity;'rest1essness, irritability, over-reactiveness with
predominant‘anxiety; and tension (Eayrs, 1960; Whybrow and Ferrel, 1974).
Evidence also exists suggesting some neurochemical and behavioural similarities
betweén hyperthyroidism and mania (Maletzky and Blacﬁley, 1971). It has been
shown that neonatal hyperthyroidism is accompanied by hypermobility, in addition
to increased synthesis and turnover of NA, DA and 5-HT in specific areas of the
brain (Rastogi and Singhal, 1976; Singhal and Rastogi, 1978). However, there is
no evidence indicating an increase in thyroid function during mania, and it is
known clinically that lithium will in itself affect thyroid actiyity, resulting
in hypothyroidism with or without goitre (Wolff, 1979; Mann and Gershonm, 1960).
Since lithium appears to alter thyroid function, the question to be asked with

. respect to the neonatal hyperthyroidism model of mania is whether the neurochemical

effects seen following lithium administration are due to lithium per se, or are

—

sequelae to alterations?&huthyrbid function confounded by direct lithium action

-~
“

on central neurotransmitter systems.

ii) Amphetamine-induced hyperactivity. In this model, low doses of amphetamine

are administergd in combination with barbiturates or chlordiazepoxide. The
resulting hyperactivity was found to comsist of «fast and co-ordinated, but
characteri;tically repetitive and apparently compulsive walking,sas well és_other
activities, depending on the species of gnimal and on the kind of test environment
used» (Davies et al., 1974). This type of activity was said to be different

to the stereotyped behaviour seen after large doses of amphetamine alone, and

has been used by a number of iﬁvestigators (Davies éE al., 1974; Poitou et al.,
1975; Engel and Berggren, 1980; Berggren et al., 1981). Unfortumately, this

model does not correlate well with the clinical picture seen in mania, since the
time-course of amphetamine-induced hyperactivity would be in the order of hours

and not days, as in mania. Also, Davies et al. (1974) state that «in clinical

practice lithium usually only becomes effective after several days, in our
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experiments with rats the most striking results were obtained after only a
single pretreatment.» This would tend to suggest that ;he mechanism of lithium
action in this model is not the same as that required for its therapeutic
effectiveness.
Another problem encountered in this model with regard to biochemical deter-

minations is due to the inherent neuronal effects of amphetamine, which would

result in a confounding of the neurochemical changes due to lithium alone.

ii1) Reserpine-induced hyperactivity. This particular analogue of mania has

been described by Delini-Stula and Meier (1976). Hyperactivity is induced by
administration of reserpine following treatment with pargyline, a monoamine oxidase
inhibitor. This combination results in elevated levels of monoamine neuro-—
transmitters in the‘synaptic cleft, a sit;ation which is thought to be present

in mania. Unfortunately, this model has certain of the drawbacks present in the
amphetamine-induced hyperactivity model, particularly those relating to time-
course and to attempﬁing to carry out neurochemical studies in these animals.

iv) 6-Hydroxydopamine-induced hyperactivity. This animal model of mania was

recently proposed by Petty and Sherman (1981), and involves the intraventricular
administration of 6-hydroxydopamine. This treatment is said to increase irrit-
ability, aégression, hyperemotionality, hyperreactivity and vocalization. The
data presented by these authors indicate that chronic lithium, electroconvulsive
shock and acute ;hlorpromazine all reduce the hyperreactivity due to shock
following 6-hydroxydopamine administration. Petty and Sherman (1981) propose
that since the behavioural response is abolished by three treatments efficacious
in the clinical treatment of mania, this is a pharmacologically valid model of
the disorder. However:'it again appears that its usefulness is limited by the

inability to carry out neurochemical studies.

4, Lithium and Biogenic Amine Neurotransmitters

! 4
Much of the research regarding the neurochemical mode of action of lithium

has centred on examination of the monoaminergic neurotransmitters. This has
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primarily been due to the fact that the biogenic amine hypothesis of affective
discrders, despite its deficiencies, has tended to dominate thinking regarding
the genesis of mood dysfunctions. If this rheory holds true, even partially,
then lithium must exért its effects, to some extent, through alrterations in some
aspect of monoamine neurotransmitter function. .

.

(a) Synthesis and metabolism of the moncaminergic neurotransmitters

Strictly speaking, catecholamines are all organic compounds containing a
catechol nucleus and an alkylamine group (Fig. 1), although the term tends to be
reserved fér the neurotransmitters which are cdﬁposed of these, i.e.' DA, NA and
adrenaline. The indolealkyl amines, comménly referred to as indoleamines, also
have an amine substituent, but arelbased on an indole nucleus (Fig. 2), and
include trypgamine, 5-HT and melatonin.

i) Catecholamines. The synthesis and metabolism of the catecholamines has heen

the subject of many excellent reviews over the years, including detailed examin-
ation of the subject by Euler (1972) and Bowman and Rand (1980) and will therefore
only be briefly summarized here.

The starting point for the synthesis of catecholamines is with the amino
acids, phenylalanine and tyrosine, which are derived from proteins in the diet.
Although the dietary intake of tyrosine is usually more than adequateJfor
catecholamine synthesis, phenylalanine can enter the syntheéic pathway via ;
conversion to tyrosine by phenylalanine hydroxylase (Fig. 3).u Since phenyl-
alanine hydroxylase is primarily a liver enzyme, the primary substrate for the
catecholamine synthetic pathway can be considered to be tyrosine.

Tyrosinéchydroxylase catalyses the addition of a 3-hydroxy group to tyrosine,
forming 3,4-dihydroxyphenylalanine (DOPA). The enzyme requires tetrahydro- .
pteridine as a co-factor, and is activated“by Fe2+. This conversion of tyrosine

to DOPA is a relatively slow process when compared to the subsequent enzymatic

transformations, and is therefore the rate-limiting step in this pathway.
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Fig. 1: General Structure of Catecholamines
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Fig. 3: Main Synthetic Pathway for Catecholamines
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Tyrosine hydroxylase is synthesized in the cell body and is passed along the

T,

axons in association with the endoplasmic reticular apparatus, to which it remains

loosely bound. The rate of enzyme synthesis is proportiocnal to the neuronal

activity, being increased when activity is high and decreésed during periocds of

low neuronal traffic. Tyrosine hydr%xylase is subject to an endfprbduct inhibition
by NA in peripheral nérves, and is likely to show similar characteristics in brain
- tissue. It is also probable that in‘nerves lacking dopamine B~hydroxylase, i.e.
dopaminergic structures, DA exerts a similar effect.

The next step in the pathway is the decarboxylation of the side-chain of
DOPA to form DA with DOPA deca;boxylase as the catalytic e&zyme. This 1is a rapid
transformation and for this réason, DOPA ‘does not accumulate in nervous tissue.
The enzyme appears free in the ¢ytoplasm and not bound to any subcellular
structures. The co-factor required for DOPA decarboxylase activity is pyridexal
phosﬁﬁate. The name DOPA decarboxylase is derived from the e;rly discovery that
fhe enzyme remcves carboxyl groups from L-DOPA, but it was subsequently found
that the'enzyme will act on all naturally occurring aromatic i—amino acids, e.g.

histidiné, tyrosiﬁe, tryptophan and pﬂenylalanine, and 1s therefore more approp—

riately referred to as L-arematic amino acid decarboxylase.

The next enzyme in the pathway, dopamine S-hydroxylase, is absent in nerves
/

/o, . .
which utilize DA as a neurotransmitter, but is present in adrenergic structures.

"This énzyqe catalyzes the convérsion of DA to NA by.the addition of a hydroxy
group to the B-position oﬁ'the side-chain. Dopamine B-hydroxylase is auCu2+-
containing protein, and réquires aséorbic acid as a co-factor. It appears to
‘be incorporated in the catecholamine storage granules, with part being bound
to the organelle membrarne and part being releasable. In neurones in which NA
is the tranémitter substance,_catecholamihe synthesis is complétéﬂ at rhis point,
since the epzyme'}esponszble for the formation of adrenaline is absent.

This enzyme is phenylethanolamine-N-methyl transferase (PNMT) and it is

responsible for the conversion of NA to adrenaline by the transfer of a methyl

ol
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group from S-adenosylméthionine to the nitrogen atom. Although PNMT is primarily
found in the chromaffin cells of the adrenal medulla, the presence of adrenaline-
and its synthetic enzyme have been reported in brain (Ciaranello et al., 1969;
Koslow and Stumpf, 1974). Alsc, using immunohistochemical teéhniques, Hokfelt
et al. (1574) have provided evidence for the existence of adrenaline neurones
in the brain, although their contribution to central function is as yet unknown.
There are two major enzymeswinvolved in the termination of action of released
catecholamines, catechol O-metﬁyl transferase and monoamine oxidase (Fig. 4,
Fig. 5). Catéchol.o-méthyl transferase catalyzes the transfer of a methyl group
from S—adenosylmethionine to the 3-hydroxy group of catechol coﬁpounds, and
requires magnesiﬁm or other divalent cations for this activity. It is found in
the cytoplasm of most animal tissue, Being particularly abundant in liver and
kidney. The precise cellular localization of the enzyme is not known, although
it has been suggested to function extraneuronally. Moncamine oxidase brings about
- the oxidative deamination of a variety of amines, including catecholamines, to
form an aldehyde. The gldghyde intermgdiate is rapidly metabolized by oxidation
or reduction to the correspending acid or alcchol. In brain, if the initial
substratg contains a B-hydroxyl group, e.g. NA, then the favoured route of
metabolism of the aldehyd¢ is reduction to an alcchol, with gfhe end-product being
a glycol. Menoamine oxidase is a mitochondrial enzyme and is thought to be
located between the o;ter and inner membranes of mitochondria. Because of this
localization, the enzyme is only able to act on intracellular monoamines if
they are free in the cytoplasm, and not on amires which ére bound in the amine
storage vesicles. The two enzymes usually act in concert, with the 3-methoxy
compounds formed from catecholamines by catechol O-methyl ﬁ;ansferase being &
substrates for moqpamine,oxidase, while the catechols with aleccholic or -acid
side-chains produced by monoamine oxidasé are acted on by catechol O-methyl trans~-

ferase.

e
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Fig. 4. Catabolic Pathways for Noradrenaline
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Fig. 5. Catabolic Pathways for Dopamine
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In addition to enzymatic degradation, physical processes take place which
terminate the action of released neurotransmitter. The neurotransmitter is
removed from the synaptic cleft by diffusion away from the receptor sites and
subsequeﬁt absorption into the circulation, or by an active re—uptake of the
catecholamine through.the presynaptic membrane into neurones, where it can either
re-enter the storage granules or undergo enzymatic metabolism (Fig. 6). The

re-uptake process is considered to be more important for the terminatiom of >

monoamine transmitter function than is enzymatic degradation. ‘While 3ll parts
*of the neurcne have the ability to take up catecholamines across the neuronal
membrane, the process is functionally.more impbrtaﬁt at axonal terminals because
the terminals are the site of release and hence reuptake, and are in close
proximity to the sites of action of the neurotransmitter.

ii) 5-Hydroxytryptamine. The precursor for 5-HT synthesis is the amino acid

tryptophan, which is obtained through the diet. Tryptophan is hydroxylated at
the 5-position to form 5-hydroxytryptophan (Fig. 7),‘the enzyme responsible
. being tryptophan hydrdxylase. Like tyrosine hydroxylase, tryptophan hydroxylase
, )

- ﬁpilizes tecrahydrpptéf&dine as a'co—f;;tor and seems to provide the rate-limiting
tstep in the biosynthesis of 5-HT. In contrast to tyrosine hydroxylase, tryptophan
hydroxylase does not appear to be associated With any subcellular organelle, but
appears to exist as a soluble cytoplasmic enzyme. F;llowing %ts synthesis,
5-hydroxytryptophan is decarboxxlated to 5-HT by L-aromatic amino acid decérboxylase,

the same enzyme re%ponsible_for the formation of DA from DOPA. ' o

. The inactivation of 5-HT in many ways resembles the. termination of action

of the catecholamine neurotransmitters. The principal enzyme concerned with QEE

its degradation is monoamine oxidase, which causes the oxidarive deamination of

5-BT to 5-hydroxyindole=3-acetaldehyde. This compound is therw rapidly converted @&

to either 5-hydroxyindole-3-acetic acid (5-HIAA) or to 5-hydroxytryptophol, the

- product formed being dependent upon the relative abundance of NAD and NADH.

.
-

However, under normal conditions, the major metabolite is S~HIAA -(Elliot et al.,

~ -
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Fig. 6. Simplifjed Schema for the Synthesis and Inactivation of Dopamine
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Fig. 7. Biosynthetic and Catabolic Pathways for S5-Hydroxytryptamine
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1977). 1In addition to this major cétabolic pathway, it has been suggested that
lformation of a 5—sulphéte ester of 5-hydroxytryptamine may be an important metabolic
pathway, as may the N-methylation of the neurotransmitter.

In keeping with the similarities to the inactivation of catecholamines,

physical processes are probably also important in terminating the actiom of 3-HT,

and so the schema for DA depicted in Fig. & (without the invelvement of catechol-

(8N

O-methyl transferase) may well be applicable to 5-HT also.

(b) Neurochemical changes due to lithium treatment

{i) Noradrenaline. Thé'influence of lithium treatment on various processes
associated with central noradrenergic function has been examined.ove: the years,
coften providing conflicting data. Co;rodi et al. (1969) examined the disappearance
of NA from the brain following the inhibition of tyrosine hydroxylase with

H44/68 (c-methyl-tyrosine m;thyl ester). Three weeks of dietary lithium did not
influence the depletion of NA from rat brain following inhibition of the synthetic
enzyme, nor did it cause any change ;n the steady-state braiﬁ conpentration of

the moncamine. Schubert (1973) administered lithium in the diet for 7 days and
examined the accumulation and disappearancé of labelled catecholamines in rat
brain after intravenous infusion of (IAC)tyrosine. He demoustrated that accum—
ulation of labelled NA was not different in lithium—treated animals when compared
to controls, while the levels of endogenous tyrosine énd NA were in the same

range in different treatment groups. The rate of decline of labelled neuro-
transmitter was also unchanged by lithjum administration. Segal et al. (1975)
examined the activity of tyfﬁéiﬁe hydroxylase in the cell—body and nerve-ending
regions of the dorsal noradrenefgic pathway (i.e. the locus coeruleus. and
Hippocampus-cortex) and found éhat eight daily injections of lithium chleride

(1.5 mEq/kg) did not affect the activity of this enzyme in these regions. These
data would tend to suggest that chronic lithium treatment dces not affect the

biosynthesis and depletion of NA.
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In contras£ to these reports however, Corrodi et al. (1967) found that
administration of acute doses of lithium (up to 15 mEq/kg) resulted in a greater
depletion of NA in the presence of H44/68 than that produced by the inhibitor
alone. They therefore suggested that since the effect appeared to be correlated
with the amount of lithium in the brain, it may simply be a local effect of
lithium on the nerve terminals. Alternatively, the presence of lithium may result
in higher activity of noradrenergic neurones, a hypothesis which was not supported
by the data from their chronie study {(Corrodi et al., 1969). Schildkraut et al.
(1969a) examined the effects of both acute and chronic lithium administration in
rats. Tritiated NA was injected intracisternally and followed (60, 120 and 180
min later) by intraperitoneal lithium chloride (2.4 + 1.2 + 1.2‘mEq/kg), with the

-»
animals being sacrificed 270 min after the intracisternal injection. It was

found that the levels of labelled NA and normetanephrine were lower in the brains
of lithium-treated rats than in control animals, while the concentrations of
tritiated deaminated catechol metabolites were higher, suggesting an increased

3,
turnover of NA and an enhanced rate.ogﬂdeaminatiOn. In the chronic study,
lithium chloride was administered intraperitoneally (2.4 mEq/Kg twice daily)
for 7 days. Labelled NA was injected 3.5 hr after the last drug treatment.

These authors found that the levels of tritiated NA were significant}j less in

‘lithium~treated rats than control animals 150 min after the intracisternal injection,

although 6 min after administration of the labelled catecholamine brain ievels
were not significantly different in the two treatment groups. Increased amounts
of tritiated deaminated catechol metabolites and free deaminated O-methylated
metabolites were noted in the 1ithium—treated rats relative to controls. These
data suggest that acute and chronic lithium administration increases the turnover
of NA in brain, and produces alterations in the metabolism of the amine such

that deamination is increased. The effect of lithium on the turnover rate of

NA was also investigated by Stern et al. (1969), who gave four injections of

3.75 mEq/kg lithium chloride (48, 38, 24 and 14 hr prior to studying turnover).
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They determined that while the whole brain steady~state levels of the neuro-
transmitter were unaffected by lithium treatment, the turnover rate of NA was
increased by 95%, while the turnover rate in heart was not altered significantly.
Greenspan et al. (1970) administered lithium carbonate (1, 2 and 3 mEq/kg daily)
for 10 days, and then injected (3H)NA intraventricularly. At various times
following the administration of the labelled neurotransmitter, rats were sacrificed
and the levels of tritiated NA and its metabolites measured. At the highest
lithium dose used, the rate of NA turnover was more than twice that of control,
while a smaller increase (approximately 40%) was produced by 2 mEq lithium/kg.
No change was found in the animals treated with 1 mEq lithium/kg. None of these
treatment regimes caused a change in the amount of radiocactivity.present as
deaminated O-methylated metabolites of NA in lithium—ureatéd rats as compared to
controls (cf. Schildkraut EE.E!'* 1969a). Howewver, in contraét to Schildkraut
et al. (196%9a), Greenspan et al. (1970) found no change in the amount of labelled
normetanephrine present in the brains of control and lithium~treated ra:;. Poitou
and Bohuon (1975) used both short- and long-~term lithium administration, and
foynd no alteration in NA levels following either treatment regi@e. It is
noteworthy that these authors did find that after 5 days of lithium treatment'
{2 mEq/kg, twice daily) there was a two-fold increase in the rate of synthesis
of NA indicating an enhanced turnover rate, while after 15 days of treatment
(2 mEq/kg daily), there was no modification of NA metabolism. It was therefore
suggested that the effects of lithium on catecholamine metabolism are rime-
dependent.

There is, however, evidence that lithium does not induce an increase in
NA turnover. Ho et al. (1970) treated rats for 28 days with lithium chloride
(2 mEq/kg) and in accordance with other investigators (Corrodi et al., 1967;
Stern et al., 1969; Greenspan et al., 1970; Poitou and Bohuon, 1975) found that
chronic Tithium treatmént had.no effect on NA ievels in any of the brain regions

examined. However, when rates of NA turnover were measured, a decrease was found
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in the hypothalamus. Matussek and Muller (1975) also showed that following
inhibition of tyrosine hydroxylase, there was a decrease iﬂ-the rate of dis-
appearance of NA from the brains of lithium-treated rats. Berggren et al. (1980)
were also able to provide an alferhate interﬁ;etation for the data obtained by
Poitou aﬂd Bohuon (1975), when they determined that the effects of acute lithium
on catecholamine syhthesis, as measured by the accumulation of DOPA following
inhibition of L-arbmatic amiﬁo acid decarboxylase, were dose-dependent, resulting
in a decrease in DOPA accumulation which suggests a decrease in catecholamine
turnover. These autﬁorg (Berggren et al., 1980) also found that acute lithium
treatment results in reduced tyrosine levels in both striatum andﬁlimbic fore-
brain, which confirmed the data of Leonard (1975) who also noted decreased tyrosine
content in brain after acute lithium administration. This decrease in central
tyrosine levels has been suggested to.be due to a decreased uptake of tyrosine
by brain as a result of lithium treatment (Berggren et al., 1980).. If this is
so, then the change in tyrosine uptake must occur at the level of the individual
neurones, since Ehrlich et al. (1980) have shown that neither acute nof chronic
lithium administration affects tﬁe transport of tyrosine across the blood brain
barrier.

Another aspect of noradremergic function which has been investigated is
that of neuronal.re—uptake. Colburn et al. (1967) examined the uptake‘of Na
into synaptosomes prepared from the‘brains of rats which had been treated with
dietary lithium for 5 to 7 days. Synaptosomal accumulation of (BH)NA was
measured using a single concentration of ligand (7 M), and it was found that
lithium pretreatment increased the net uptake of the catecholamine by.approximately
30Z. Admiristration of lithium by gastric intubation was used by Baldessarini
and Yorke (1970), who treated rats with a daily dose of 6-8 mEq lithium/kg for
3 to 5 days, and then examined (3H)NA uptake into synaptosomes. Using substrate

concentrations of 20-30"nM, they found a small increase in uptake (8-107%).

-
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They further determined that when lithium (4 and 10 mM) was added to the
incubation medium of symaptosomes prepared from control animals, there was a
significant decrease in the amount of NA taken up by the synaptosomes (11 andll7z,
respectively).. Kuriyama and Speken (19?0) prepared. synaptosomes from the brains
of mice treated for 5 days with lithium chloride (3.75 mEq/kg twice daily) and
incubated them with 3 uM (3H)NA. In agreement with the previous authors, Kuriyama
and Speken (1970) noted a small increase in synaptosomal uptake of NA,.but in
contrast to Baldessarini and Yorke (1970) found that addition of 2-10 mM lithium
in vitro did not alter NA uptake. Cameron énd Smith (1980) examined (3H)NA uptake
into brain slices obtained from rats treated with lithium, again using a single
concentration of tritiated ligand (0.1 uM). They found a time-dependent effect,
with short-term lithium administration causing an increase in the amount of NA
taken up, with a return to control values after long-term treatment. Katz et al.
(1968) howevér, had previously shown that acute lithium administration (2.5 and
7.5 mEq/kg) did not alter the uptake of radiolabellgd NA into tissue slices
obtained from striatum, while Schildkraut et al. (1969a) had found no significant
change in (3E)NA uptake into brain in vivo after chronic administration g¢f lithium
chloride (2.4 mEq/kg twice daily for 7 days).

Slotkin and his assoclates examined the effects of'lithium on vesicular
uptake of NA. They determined that while EE.EEEEE lithium concentrations of up
to 5 mMrﬁid not alter significantly the uptake of NA, concentrations of li;hiﬁﬁ
ranging from 10 to 100 w markedly inhibited NA uptake into synaptic vesicles
(Sloékin et al., 1978). However, the relevance Ef this finding to the in vivo

-4 LS

situation is not known, particularly in view of the high levels of the cation

required to achieve the inhibition.. The action of acute and chronic lithium
administration on the storage and release of NA from synaptic vesicles was also
investigated (Slotkin et al., 1980). It was found that both of these treatment

regimes caused an impairment of vesicular retention of the catecholamine, resulting

b
.
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in a more rapid spontaneous release than.was seen in the vesicleé prepared from
c;ntrol animals. This effect was not seen when lithium was added to the
incubation medium in vitro (conceﬁtratioqs up to 100 mM). The possibility that
lithium treatment could affect the storage capabilities of the central noradrenergic
neurons, and hence reduce the effectiveness of central noradrenergic neurotrans-
mission had previously been mentioned by Greenspan et El..(l970) and Kuriyama and
Speken (1970). Since the storage of the ne;rotransmitter appears to be essential
prior to release into the synaptic cleft, Fhen a disruption in the storage capacity
of the vesicles could explain the reductién in release of NA from brain slices
of rats treated with lithium chloride following electrical stimulation (Katz
et al., 1968). This e;rly report seems to be in agreement with that of Slotkin

et al. (1980), since Katz et 2l. (1968) had found that addition of lithium

(up to 2 mM) to the perfusion medium did not alter the rate of spontaneous release

of the catecholamine from control brain slices, although the stimulation-induced
release of NA was reduced.

Alterations in ;drenergic receptor populations as a result of lithium treat-
ment ﬁave also been investigated. - Rosenblatt et al. (1979) administered dietary
lithium for 3 weeks, and then examian the B—-adrenoceptor pspulation in whole
brain. They found a reduction in (3H)dihydroalprenalol binding of 10-137, which
was attributed to a decrease in the number of specific binding sites. Similar
changes were noted in cerebral cortex by Tréiser and Kellar (1979), while.Schult;
et al. (1981) reported that ch;onic lithium treatment (75-85 mg lithium chloride/
kg/day for 9 to 12 days) haq\no significant effect on (BH)dih§droalpreﬁalol binding
in cerebellum. Rosenblatt et al. (1979) also investigated the binding of

(3H)WB—&101 to c-adrenoceptors in ceFebral cortex. The observed alterations in

adrenergic Teceptor populations appear to be adaptive changes to chronic in vivo

administration of lithium, since Rosenblatt et al. (1979) had found that the /

- . =
addition of lithium to rat brain membranes in vitro (0.03-3.0 mM) did not affecgJ

binding to either o~ or B-adrenoceptors.
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(ii) Dopamine. The case for dopaminergic involvement in the central action of
—LYpauine v N

lithium is as contradictory as is that for NA. Schubert (1973) examined th;

) . : WA
accumulation and disappearance of Dﬁ formed from ( Q)tyrqstge ai;eﬁa?'aq¥s of
dietary lithium, and showed that neither the formation nor the ;éée of de%line of
the labelled catecholamine was altered by administration of this cation. ;In additibn,
lithium treatment did not affect the endogenous levels of the neurotransmitter or
itgﬂgggabolite, homovanillic acid (HVA). This observation that éﬁdogenous Da
c;nten; 1s not altered by lithium treatment was in agreement with the.findings of
investigators using both acute (Frie&man and Gershon, 1973) and chronic administration
(Corrodi et al., 1969; Ho et al., 1970; Friedman and Gershon, 1973; Hesketh et al., .

1978). Other groups however,“ai& find changes in DA content. Corrodi et al. (1967)

noted a slight decrease in DA levels following acute lithium administration, as.—

.did Leonard (1975). Poitou and Bohoun (1975) found a decrease in brain DA after

15 days of lithium treatment (2 mEq/kg daily), while Rastoéi and Singhal. (1977)
demonstrated that lithium carbonate administration (60 mg/kg daily for 10 days)
resulted in decreased DA levels in striatum only. Erzglu et al. (1981) reported
increased levels of DA in striatum after 2 weeks adE?ﬁistration of lithium chloride
in drinking water, with no alterations in the tissue content of the neurotrans-
mitt;r in froﬁtal cortex. 7 -

Corrodi et al. (1969) also found that the decline in brain DA levels after.
tyrosine hydroxylase inhibition was less pronounced in animals chronically treated
with lithium than in controls, suggesting a decrease ‘in DA turnover. Data from

Friedman and Gershon (1973) seem to support this observation since they found a

significant degrease in striatal DA synthesis following 14 days of lithium admin-

e

.

istration (1 and 2 mEq/kg), as did Poitou and Bohuon (1975). 1In contrast, Segal
et al. (1975) noted a significant increase in tyrosine hyaroxylase activity in
the dopaminergic nigro-striatal pathway after 8 days of lithlum—treatment 5

(1.5 mEq/kg daily), while Hesketh et al. (1978) demonstrated increased concent-

~
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rations of .striatal HVA and 3,4-dihydroxyphenylacetic acid (DOPAC), but no
-/glteratio§ in tyrogine hydroxylase activity. Ho et al. (1970} however, found
no significant changes in DA turnover in four brain regions following 28 days
of lithium adﬁin;stration (2 mEq/kg). ‘

\ Litcle is known regarding.the effects of lithium on processes regulating the
neurcnal uptake -of DA. One of the few repérts regarding tﬁis aspect of lithium's
action comes from Stefanini et al. (1976) who invéstigg;ed both the in vitro' and

o . 7
in vivo-effects of lithium on synaptosomal uptake. When rat caudate nucleus -

synaptosomes were incubated w;th (3H)DA (0.09 uM) in the presence of varying
amounts of lichium (1j10 ﬁM), it_was found that the amount of radiolabelled
catecholamine accumulated by thé synaptosomes was signiiican;ly:reduced. However,
when rats were chronically treated with lithium chloride (2 mEq/kg tgice daily
for 20 days) and the uptake of (3H)DA into caudate‘nucléus synaptosomes prepared
from these animals examined, Stefanini et al. (1976) found that the amount of
catechoia@ine taken up into the synaptosomes was 237 greater than that in the
corresponding controls. They postuféte that the enhancement of DA uptake‘following
chronic treatment with lithium is an adaptive re;ponse to an initial inhibition
of this process. Alternativelf, it may be a response to alterations in other
parameters of. dqpaminergic function. . -

The effects of lithium on dopaminergic receptors have been a subject of

: - r

considerable interest in recent years, particularly in view of irs potential
utility in preventing neuroleptic-induced dopaminergic supersensitiv%ty. Since
this particular aspect of lithium's activity is more involved with chénﬁ;éatment ‘

?

. . . . . . . T,
and/or prevention of tardive dyskinesia, it will be examined later. ’

-

Pert et al. (1978) studied the binding of (°H)spiroperidol to ;yﬁaptic
membranes prepared from the striata of chronicglly lithjum-treated rats, and
found no difference when compared to the control preparations. Similar obser—
vations were made by RoseAslatt et al. (1979) and St;unt;n et al. (1982).

In contrast, Rosenblatt et al. (1§601 later found that (3H)5piroperidol binding

-

e
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to striatal membranes was reduced following 14 and 21 days of dietary lithium

(by 26.3 and 26.9Z, respectively). These authors also showed that after cessation
of lithium adminiscration (3H)spiroperiabl binding returned to control values
within 3 days, and that there was no evidence of a trebound» effect with regard

to dopaminergic receptors following lithium withdrawal.

(iii) 5-Hydroxytryptaminé. The involvement of this neurotransmitter in the mech-

anism of action of lithium has been the subject of much investigation in re;ent'
years. In their early study- of the effects of chronic lithium admiﬂis;ration,
Corrodi et al. (1969) found no change in the brain gonéeﬁtration of S—Hf, an
observation confirmed by other authors (Schubert, 1573; Shaw and Ratcliffe, 1976;
Collard, 1978a; Furukawa et al., 1979). This.is not a consistent finding hoﬁever,
as.Ho et-al. (1970) noted sigrificant reductiéns in 5-HT concentr;tions‘of hypo-
thalamus and brain stem following 28 days of lithium injectioﬁs (2 mEq/kg daily),
while Leonard (1975) found that acute lithium treatment (50 mg lithium chloride/kg,
equivalent to 1.2 mEq lithium/kg) resulted in decreased ;ransmitter content. In
contrast, Perez-Cruet et al. (1971) noted a dose-dependent ﬁncrease.in brfin
5-HT after 5 days of lithium administration, while Rastogi and‘Singhal (1977)
found that 10 days treatment.with lithium (1.6 mEq/kg) caused regionallf'variable
changes in.thé centrai levels of the amine, with increased amounts relative to
controls seen in pons-medulla:‘midbrain and striatum, but a decrease in cerebellum.
Atterwill and Io?doff (1982) examined the sub—cellélar distribution of 5-HT and
found that lithjum administration (3 mEq/kg twice daily for 3 daya?/:id not alter
the transmitter content3of nuclear, crude synaptosomal or soluble fractlons, nor
did this treatment change the levels of 5-HT in either the cytoplasmic or
vesicular fractions obtained from hypo-osmotically disrupted synaptosomes. (
Unfortunately, this last observation did not correspbnd well _with that of Kuriyamé
and Speken (1970).who had previously reported a decrease in the synaptosomal content
of -5-HT in p%eparations obtained from the brains of mice which had been treated

» a\
with lithium for 5 days (3.75 mEq/kg twice daily). '

s

-
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In addition to detecting no change in central 5-HT, Schubert (1973) found

no alteratlons in the endogencus level of its metabolite, 5- —HIAA. This flnding'

was supported by data from Grahame-Smith and Green (1974) who treated rats with

lithium (3 mEq/kg twice daily for 3 days), and Shaw and Ratcliffe (1976), who

administered lithium to mice (2 mEq lithium ;;rbonate/kg twice daily for 3 days).

At véfiance with these data are those of Leocnard (1975) who noted a decrease in

the brain concentrations of 5-HIAA. Perez—Cruet et al. (1971) however, noted

elevated levels of the metabolite, as did Collard (1978;) who measured forebrain

levels of 5-HIAA in rats after 10 days of lithium (0:75 mEq/kg daily), and

Furukawa et al. (1979) who measured brain levels after acute lithium treatmén;.

Rastogi and Singhal (1977) found that the changes in 5-HIAA concentration paralleled
- e

those-of 5-HT.

Since alterations in-the level of the transmitter substance and its metabolite

may be indicative of an alteration in turnover, this has also been a subject of

investigation. Corrodi et al. (1969) examined the depletion of 5-HT from rat

N

brain after administration of a2 tryptophan hydroxylase inhibitor, H22/54" (a-propyl-
dopacetamide) and found that the race of dlsappearance of the amine was reduced in.
lithium-treated' animals. Schildkraut dﬁgél (1969b) 1njectgd radio-labelled 5-HT

1ntrac15ternally into rats trea;ed.acutely with 1ithidm, and in accord with. the

data of Corrodi et al. (1969), noted a slowing in the disappearance of "the radio-~

{/active amine. These data suggest a reduction in rhe turnover of the neurotranss

mitter. Ho et al. (1970) measured 5-HT turnover following -pargyline administration

‘and found decreased turnover of the monoamirie in several brain regions of lithium-

 treated rats, the exception being cerebellum, in which an increase was noted.

{

However, Perez~Cruet et al. (1971) examined the disappearance of 5-HIAA after
monoamine oxidase inhibition with pargyline and found that while the decline of
brain levels of the metabolite.was not'influenced by prior lichium'creatment;,/

the rate of synthesis of 5-HT was increased by 61-82%. Slmllar data were ”\4\

obcalned by Grahame- Smlth and Green (1974) who 1nh1b1ted monoamlne oxldase ‘with
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both pargyline and tranylcypfomine éﬁd noted increased turnover rates of approx-
imately 70& after lithium treatment. Shaw and Ratcliffe (1976). found a significant
increase in 5-HT accumulation in lithium—t?eated mice after pargyline administratign,
together with an elevation in the activity of S-hydrogytryptophan decarboxylase,
while Rastogi and Singhal (1977) have reported an ingrease in tryptophan hydroxylase
activity as a result of cﬁronic lithium treatment. Schubert (1973) has also shqwn
that following the infusion of tritiated tryptophén, the accumulation of labelled
5-HT and its'maj;r metabolite was enhanced in lithium-treated rats.. In addition,
Schubert (1973) demonstrated an increase in the brain levels of tryptophan, a change
which was also reported by Perez-Cruet et al. (1971) and by Singhal and Rastogi
(1977). However, Grahame-Smith and Green (1974) found no alteration in central
tgyptophan concentration. -The increase in the concentration of brain tryptophan
could be due to either 2 decrease in 5-HT synthesis or an increase in tryptophan
uptake. Knapp and Mandell (1975) showed that administration of lithium stimulated
the uptake of tryptophan by striatal synaétosomes, and demonstrated that this
increase was due to thg high;affinity uptake system which is presentlin these
organelles. In_their examination of the c&nversion of.tryptophén to 5-HT, Knapp
fand Mande11‘(1975)_also noted a biphasic effect_éf lithium on serotonergic

systems. Theretwas aﬁ initial increase in 5-HT syrithesis due to the stimulation

of tryptophan uptake into striatal synaptosomes and conversion of the precursor

to the neurotransmitter, followed some time later by a compensatory decrease in

the activity of brain tryptophan hydroxylase. It was stated that these changes

in the biosynthetic parameters of g—HT served to stabilize serbtonergic function.
Swann et al. (1980; 1981) hawve also”found an increase 1in synaptgsomal uptake of
‘tryptophan and, like Knapp and Mandell.(l975), attributed.tﬁis to the highj
affinity uptake system. However, unlike Knapp and Mandell (1975}, Swann et al.

(1981) suggest that lithium does not cause a stabilization of the serotonergic

system, but makes it more flexible by changing the responsiveness of tryptophan
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uptake to changes in 5-HT utilization. This theory was proposed after experiments

" in which lithium-exposed rats were subjected to other drug treatments. Neither

.

lysergic acid diethylamide (LSD) nor chloriﬁipraﬁine altered striatal tryptophan
uptake in control animals. However, after 5 weeks of dietary. lithium, Swann

et al. (1981) found®that LSD (which decreases the firing rate of, and transmitter.
efflux from, serotonergic neurones) decreased tryptophan synaptosomal u;take,

while chlorimipramine {(which increases 5-HT efflux but not serotonergic firing

rafe) caused‘aa enhancement of tryptophan uptaké: It theréfore appears that

lithium treatment results in changes in the tryptophan uptake process which renders
it more éensitive to the synthetic requirements of neurones for the replacement

of neurotransmitter stores.

It is possible that this change in precursor-uptake is related to éltéraﬁions\
in the re-uptake procesg for the neurotransmitter itself, such that if the_S-HT
uptake process is impaired_as"a result of lithium treatment, thenhthe neurone is
obligéd to synthesize more transmitter than would normally be generated in order
to replace transmitter_IOSt due to loss into the synaptic cleft. Kuriyama and
Speken (1970) examined the uptake of radiolabelled 5-HT into synaptosomes prepared
from mouse brain after 5 days of lithium treatment (3.75 mEq lit@ium/kg twice daily)
and found a small, although noﬁ-significant, reduction in the amount of tritiated -

amine taken up by the synaptosomes after incubation with 2 uM substrate. Collard

(1978a) however, reported that~after incubating synaptosomes prepared from rat

. forebrain after 10 days of lithium,gdministration (0.75 mEq/kg) with 0.1 uM

(3H)5-HT, there was no-alteration in uptake of the neurotransmitter.

An alternative theory regarding lithium's effect on the serotonergic system
is that if alters the ability of the neurones to store 5-HT. This follows ¥rom
the findings of Grahame-Smith and Green (1974) and Collard (1978a) that chronic
lithium treatment incteases the intraneuronal deamination of 5>-HT, and of Kuriyama
and Speken (1970) who noted a decrease in the synaptosomal content of the mono-

amine. Collard (1978b) has also reported a decrease in the amount of 5-HT in
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the cytoplasmic fraction of synaptosomes, together with an increase in the conc-

~ ~

entfation of thé'metabqlites of the neurotransmitter in this fraction after 10
days of lithium administration (0.75 mEq/kg daily), although vesicular concent-
rations of 5-HT were unaffected. Since monoamine oxidase activity is also not
affected By lithium treatment (Shaw and Ratcliffe, 1976; Collard, 1978b; Guerri,
1982), the increase in deaminated metabolites of the-monoamine must be due to
the presence of elevated levels of «free» S-HT in tﬁe cytoplasm. However, as
neither the uptake of the neurotransmitter (Kuriyama and Speken, 1970; tollard;
1978a) nor the vesigcular concentration of the amine are affected by 1ithium
treatment (Collard, 1978b), the «free» 5-HT must come from some other squéce.
One possibility is that the «free» amine which is acting as extra substrate for
the monoamine oxidase is excess 5-HT synthesized by the neurone as a result of
enhancement of the activities of the serotonergic synthetic enzymes (Shaw and
Ratcliffe, 1976; Rastogi and Singhal, 1977). Alterﬁatively, the «free» 5-HT
may well be the amine which is no longer bound to a cytopiasmic binding site.
Tamir and Huang (1974) have demonstrated the presence of a soluble cytoplasmic

protein present in synaptosomes which has a high affinity for 5-HT, and whose

regional distribution appears to parallel that of areas rich in the neurotrans-

mitter. This protein, termed serotonin-binding-protein (SBP), displays a

relatively high specificity, in addition to high affinity,\for 5-HT and it has
been suggested that it may function as a storage site fo? 5-HT in the cytoplasm
(Tamir and Rapport, 1976). If SBP does function as a neurotransmitter storage
site, it is possible that chronic treatment with Iflhium affects the protein,
either by altering its chemical properties or by inhibiting its syn;hesis, and
s0 causeé an increasg in the amount of 5-HT «free» in the cytoplasm avéilable
for deamination by monocamine oxidase. A decrease in the stérage'capabilities
of the serotonergic nerve terminal could explain the finding of Katz et al.

(1968) that acute lithium treatment 24 or 48 hr prior to sacrifice decreased the

-

- evoked release of 5-HT from rat striatal slices. Further evidence for a
- L}
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disruption in 5-HT storage comes from Weilosz and Kleinrok {(1976) wh6 noted head-
twitch respenses in rats within 15-20 min of lithium chloride administration
(150 mg/kg, equivalent to 3.5 mEq lithium/kg). The. effect was transient, and
may reflect an initial disruption of transmitter storage resulting in an over-
flow of 5-HT onto receptors from the presynaptic neurones.

If a disrupticn of the storage mechanism of 5-HT does occur due to lithium
administration, it is pgssible that in order to comﬁensate for reduced amounts
of transmitter in the synaptic cleft the serotonergic receptors could become

supersensitive. This, when coupled with the lithium-induced reduction in 5-HT
release, may re#ult in a situation where 5orma1»function is little affected,

but large transient increases'or decreases in activity in serotonergic pathways
are b;ffered. This theory was proposed by Harrison-Read (1978}, -based on data
from a number of behavioural studies and appears to be supported, at least in part,
by the findings of Carruba et al. (1979) who demonstrated that‘prolonged blockade
of serotonergic neuronal transmission in the central nervous system may well |
result in recéptor supersensitivity. However, a degree of doubt is cast on this
hypothesis by Maggi ;nd Enna (1980) who.reported that receptor binding saturation
studiés following chronic lithium administration (21 days of dietary lithium) .
resulted in a significant decrease in 5-HT binding to hippocampal and striatal
membranes, which was due to a loss of binding sites with no change in éhe affinj,,t:yb
of.the receptor. Tﬁis decrease in binding Qas alsc observed by Treiser and

Kellar (1980) following &4 or 6 weeks of dietary lithium. -These data would tend

to suggest that rather than causing a supersensitivity of.the serotonergic
receptors, lithium tréatment in fact results ir a receptor subsensitivity.

)

wii

As is obvious, d&Spite extensive research regarding the effects of lithium
on'central'monoaminergic neurotransmitter systems, there is little uniformity in
the data obtained, leaving the role of these substances in t mechanism of action

of lithium unresolved.
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D, TARDIVE DYSKINESIA

-

1. Introduction B

In the late 1950's, two groups of European physicians reported the occurrénce
of late énd persistent dyskinesias following prolonged treatment with pheno-
thiazines (Delay et al., 1959; Sigwald et al., 1959). Thgse were followed in
the early part of the next decade by a number of reports describing the occurrence -
of "similar persistent dyskinesias, nearly aiways among chronic psycﬁiatric A
patients, in the course of treatment with phenothiazine antipsychotic agents.

Uhrbrand and Faurbye (1960) examined a group of patients being treated with
chlorpromazine for a variety of disorders, and documented the course of the
dyskinesias which developed. The dyskinesias were found to persist during the
treatment periods and also folleowing termination of therapy. Uhrbrand and
Faurbye (1960) called ‘the syndrome a bucco-linguo-masticatory dyskinesia, and
described the symptoms as €consisting of incessaﬁt involuntary munching and
masticulatory movements of the jaw d;ring which the tongue is protruded at short
interva1§ with vigorous grimaces of the lips. In the most serious cases; there
are also rocking and torsionary body movements and incessant tripping and
shuffling movements so that the pati:nc can not stand still.)_

This bucco-linguc—masticatory syndrome was to be later dubbed tardive dyskinesia
by Faurbye et al. (1964) and was said to generally occur only after treatment with ;//,/\_*
anti-psychotic agents for a long peried of time, was seldom seen during the first | '
6 months of treatment.and may occur even after several years of symptom—-free
treatment. " In a review of the syndrome, Baldessarini and Tarsy (1979) stated
that various studies strongly support an association getween the use of neﬁro-v
1epfic drugs and the development of persistent‘or relatively transient forms
cf tardive dyskinesia. While there also appears to be evidence that prolonged

exposure, Or exposure to large total amounts of drug may be a2 contributing factor,

there is no definitive correlation with, the size of average doses. Tepper and -
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Haas (1979) carried out an examination of epidemiological studies, as did Kane
(1982) and consistently noted a higher incidence of tardive dyskinesia in the
elderly and in females, with no other conclusive predisposing factors for the

syndrome. Prevalence of the dyskinesia was estimated at between 24~56% of chronic

neuroleptic users.

2. Pathophysiology and Aetiology of Tardive Dyskinesia

(a) Neuropathological studies

Since tardive dfskinesia is prolonged and frequently irreversible, it is
possible that permanent structural alterations of the brain may be responsible
for the disorder. Various studies have been carried out to detetmine whether these
alterations are morphological in nature. Mackiewicz and Gershon (1964) treated
guinea-pigs with chlorpromazine (10 mg orally/day) for periods ranging from 4-13
weeks. At the end of each treatment period, the animals were sacrificed and the
brains examined histologically. Changes in morphology were noted, predominantly
after thé'longer treatment regimes (i.e. 11 and‘13 weeks)., These wére found to
consist of vacuolization of nerve cells in £he anterior part of the brain, hyper-
plasia of the'éeilular elements of the capillaries, mobilization of microglia and
the presence of large numbers of these elements about the reticular formation,
while in the cerebellum, there was a fall-out of Purkinje cells and a marked glial
reaction along the lines of the Purkinje cells. From their data, Mackiewicz and .
Gefshon (1964) concluded that the areé.of brain most affected‘by the chronic
chlorpromazine treatment was the reticular formation of the medulla oblongata.
They further suggested that thesge éhanges may not be totally irreversible, while
the focal déstruction in the granular layer of the cerebellum was. irreversible.

Other studies have disagreed with these authors as to the site of possible
damage. Christensen Ei.ii’ (1970) carried out a neurcpathological investigation
of 28 brains from patients who had tardive dyékinésia-at the time of death. The

most conspicuous differences between the brains from dyskinetic subjects and

those from controls were cell degeneration in the substantia nigra, and gliosis
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in the midbrain and brain stem. Pakkenberg et al. (1973) examined the effect -

of pgrphenazinq‘in rats. The\anémals used were 3 months old at the start of the

study ‘and were administered perﬁhenazin enanthate every second week. The treat- .
ment period was 1 year and each animal received a total of 30.9 mg of perphenazine
enanthate. At the end of this time, the brains of these rats were examined and
Pakkenberg EE_EL..(1973) found that the number of nerve cells in the basal ganglia
‘were significantly reduced in neuroleptic-treated rats, while there was little
diffefénce in the cortices of treated and control animals. On histological exam-
in;tion of sections from these brains, no difference was seen between the two groups,
either with respect to the morpholegy of the nerve cells or to the placing of the
glial cells. Peripheral tissues were found to be normal in all cases. Fog et al.
(1976) also investigated the effects of perphenazine, but used a different treatment
strategy. In this later study, Fog et al. (1976) administered 40 mg perphenazine
enanthate/kg every second week to rats for a period of 6 manths. When cell counts-
were carried out, there was no difference between treatment groups in the number

of cells in either basal ganglia or cortex, and electron microscopy of the corpora
striatum showed no mofphological differences between control and treated aﬁimals.
These data were different to those obtained by Pakkenberg et al. (1973).' Since

the treatment period in the second study was only 6 months, as compared to one

year in the first, Fog et al. (1976) proposed that the time factor may be more
im?ortant than the dose. Also, the animals were said to have been younger at

the time of sacrifice iIn the latter study than in the former. However, it appears
that the'finding; from the two studies are in accordance with the clinical reporés
that the neurotoxic effects of neuroleptics are seen primarily in elderly

patients after many years of constant neuroleptic treatment.’

Since the introduction of computerized axial tﬁmography scanning, it has

been possible to carry out non-invasive radiological examination of the ventricles

and surrounding tissues, so that it is possible to examine patients suffering
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from the dyskinetic syndro@e. Such a study was carried-out by Gelenberg (1976),
who examined 8§ patients aged 17 to 56: all.of whom were diagnosed-as suffering \
from-tardive dyskinesia foliowiné éxposﬁre to a2 variety of neuroleptics. Normal
scans were observed in 7 of the subjects, while in the eighth, a 40 year old woman
wh; ﬁ;d been“taking Phenothiazines for 16 years, a mild generalized cortical )
atrophy was seen. B ‘ -

None of these investigations provided convincing proof of gross morphological
changes resulting from prolonged‘neuroleptic use, affhéugh Christensen et al.
(1970) and Pakkenberg et al. (1973) have indicated alterations in cell numbers
in the basal ganglia, while Mackiewicz and Gershoﬁ'(l964) and Christensen et al.
(1970) have éuggested that the morphology of brain stem may be affected. Gelenberg
(1976) therefore proposed that if a brain lesion is indeed responsible for Ehe
development of tardive dyskinesia, it may be in the form of a véry fine lesion.
Alternatively, there may be no morphological lesion underlying the syndrome, but

rather a biochemical change, such as neuronal supersensitivity te DA.

{b) Behévioural studies

'

The possibility that the dyskinetic syndrome may be related to dopaminergic

supersensitivity was suggested by Klawans '{1973), and is based on the fact éhat

T ———— - -
chlorpremazine and other neuroleptics exhibit DA receptor blockade as one of

their major properties. Therefore, by causing a blockade of these receptors, neuro-
- . .

leptics may produce~a «chemical denervation» of the DA receptors, particularly

in the striatum where there is a profuse dopaminergic imnervation. If the block-

ade, is complete, the receptor is unable to receive its normal neurotransmitter

input, and so denervation supersensitivity may result aftér prolonged blockade.

Many investigations, both elinical and animal, have been carried out to determine

whether such a hypérsensitivity does exist following neuroleptic treatment, and

whether the tardive dyskinesia syndrome is a manifestation of dopaminergic over-

reactiveness.
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(1) Clinical investigatioms. Kazatmatsuri et al. (1974) examined the effects of

. . . M
. haloperidol, a DA receptor blocking agent, and tetrabenazine, a central amine

depleting agent, in chronic psychotic in-patients suffering from tardive dyskinesia.

After discontinuation of their primary medication, ‘the subjects were treated with

-’

one of the test drugs for 18 weeks. It was faund that the 7 patients receiving
haloperidol displayed a reduction in. the fréquency of oral dyskinesia which was
most evident in the first 2 weeks. Those subjects receiving tetrabenazine also

had a reduction in dyskinetic symptoms, alcthough it did.not appear to be as effective
as haloperidol in suppressing abnormal movements. Bateman et al. (1979) also )
investigated the effects of halop;ridol in tardive dyskinesia, and 'in addition,
examined metaclopramide, a DA receptor blocker considered to be ineffective as

an anti-psychotic. Intraveﬁous.a&ministration of both gf these agents was found

to improve the dyskinetic symptoms displayed, although the authors considered the
dose of metaclopramide required (40-mg) to have been high. These findings, tqgsther
with repofts indicating that other agents which interfere with dopaminergic function,
e.g. clozaﬁinea phenothiazines, pimozide, reserpine, oc-methyldopa, a-methyltyrosine,
havé anlgmeliorating effect on tardive dyskinesia (Gerlach et al., 1974; Tarsy

and Baldessarini, 1976; Carroll et al., 1977) helped to further advance the
dopaminergic hypersensitivity theory.

If a post-synaptic supersensitivity situation does exist, then DA agonists;
should exacerbate the’dyskinetic syaptoms. Smith et al. (1977) tested this
hypothesis by administering a directly acting agonist, apomorphine, and an
indirectly—-acting agonist, d—amp%etamine{ to patients with tardive dyskinesia.
Apomorphine did not increase the dyskinetic symptoms in these subjects, and in
fact caused a reduction in dyskinesia in some patients: In contrast, d-amphet-
amine produced an increase in tar&ive dyskinesia in most subjects. Similar
results were reporteq by Carroll et al. (1977). The fact that d-amphetamine

administration caused a worsening of the dyskinetic symptoms seems to" support
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the hypergensitivity theory, although the paradoxical responses to apomorphine

D)

reported by these fwo groups (Carroll et 3l., 1977; Smith et al., 1977) would tend
to be in confliét Qﬁth the hypothesis. Iq order to explain these unexpected

" ~ . '
‘effects with apomd}phine, it was suggested that apomorphine at e, doses used

-

(2-6 mg s.c. - Carroll et-al., 1977; 0.75-6 mg s.c. - Smith et al., 1977) may

have had a preferential effect at the presynaptic DA autoreceptors, thus inhibiting
thd release of the neurotransmitter. It was not possiblé foé either of these
groups of investigators to examine higher doses of_apnmorpﬁine to produce a post-

synaptic response due to the emetic effect of the drug.

-~

Smith et al. (1977) also used & neuroendocrine approach to the investigation

of the dopaminergic hypersensitivity theory. They proposed that since DA plays

a role—in the modulation of prolactin anq growth hor&one release (Frohman and
Stachufa, 1975), the stimulationlof supersensitive DA receptors in patients with
tardive dyskinesia should r;sult in a greater decrease in prolactin and a greater

increase in growth hormone levels than would be seen in control subjects. It -

was found that apomorphine did not produce greater neurocendocrine responses than

——

were noted for controls. Swmith et al. (1977) suggested that this does not provide
evidence for the lack of dopaminergic hypersensitivity, but simply reflects the
choice of an inappropriate indicator, since the receptors influencing the release

of prolactin and growth hormone are part of the tubuloinfundibular DA system,

and so are distinct from the nigrostriatal DA pathway which modulates motor

-~

control. Ig\is therifore reasonable to accept these data as showing that repeated
neuroleptic adh}n&ézkation may have regionally variable effects in the brain.

In addition to the evidence indicating a dopaminergic hypersensitivity in
-+ tardive dyskinesia, Lhere are reports which suggest that d cholinergic hypo-
sensitivity may'exi§t in this syndrome (Gerlach et al., 1974; Tarsy and
Baldessavini, 1976; Jeste and Wyatt, 1979; de Montigny et al., 1979; Ansell}

1981), although this possibility ‘has been less well explored due to the pre-

dominance of the DA supersensitivity theory.

Y
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(ii) Animal studies. If tardive dyskinesia.is indeed related to enhanced

activity of DA at striatal dopaminergic receptofs, then an animal model of the
disorder should also be bas;é on striatal dopaminergic funcgion (Klawans et al.,
1977). For this reason, many investigators have carried out studies in animals
using ampbetamine—'and apomorphine—induced Stereotypical behaviour. Rubovits
et al. (1973) examined stereotyped behaviour in guinea-pigs after amphetamine
administratiog and found that chronic pretreatment with chlorpromazine resulted
in a reduction in the threshold for amphetamine~induced étereotypy. A similar
reduction in the threshold.to apomorphine~induced stereotypy was noted by-farsy
and Baldesiizigi/(l974); This enhancement of stereotypical résponse aftér
apomorphi&é administration to chronically ﬁeuroleptic-treated animals has been
ogserved not only in rats (Tarsy and Baldessarini, 1974; Smith and Davis, 1976;
Clow et al., 1979; Tye et al., 1979), but also in monkeys (Barany and Gunne, 1979},
and has also been noted after challenge with DA applied to the nucleus accumbens
or corpus striatum (Jackson et El:’ 1975). .

It has also been found that this change in receptor sensitivity is a relatively
long-lasting phenomenon. Rubovits et al. (1973) determined that the reduction in °
the amphetamine~induced stereptypy threshold was maintained for up to & weeks after

s

discontinuation of neuroleptic administration in guinea-pigs, while the magnitude
S -
. . S

of the stereotypical response to apomorphine challenge was also found to be

maintainéd for some weeks after cessation of neuroleptic treatment (Térg; and
Baldessarini, 1974; Smith and Davis, 1976; Tye et al., 1979). In addition, Smith
and Davis (1976) noted.that rats withdraﬁg from chronic thioridazine or clozapine
displayed an increase in sﬁontaneou; locometor activity for up to 10 days after

withdrawal from neurcleptic treatment.

These data all provided evidence for an enhanced DA receptor sensitivity

after long-term treatment with and withdrawal from neuroleptics, and therefore

appeared to provide a useful animal model for the investigation of the biochemical

v
~
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disruption which occurs folloﬁing prolonged administration of antipsychotic agents.

a

- However, these investigators appeared to assume that dopaminergic hypersensitivity
was the only cause of the d&skinetic syndrome. Barany and Gunne (1979) examined
agedts which are ae;ive on other neurotransmitter’ systems in Cebus monkeys which
had received chranjc ealoperidol treatment. In addition to determining.that neuro—
leptics alleviated the tardive dyskineéia symptoms, they found that both apomorphine -
and L-DOPA produced a degree of de;;e551on of the dyskinetic signs, and this was
attributed in both cases te stimulation of dopaminergic presynaptic inhibitory

. receptors. The central cholinerg}c agonis#s examined, deanol and RS86, both reduced
tardive dyskiresia, lending $upport to the arguement for cholinergic hypofunctioning.
Drugs active within the sefotonergic system were tested in thds model of tardive
dyskinesia and it was found that S-hydroxycryptophan caused a profound reduction

in dyskinesia, whereas cyproheptadine, whi;i/;;% 5-HT antagonist properties, “caused

an increase in symptoms, suggesting that .tife serotonergic system imay also play a

; o 7
part in this disorder. : {

{¢) Biochemical studies

Since the dopaminergic receptor hyperseﬁsitivity hypothesis of tardive dyskinesia
has tended to dominate thought regardzng this essentially iatrogenic disorder, the
‘majority of studies carrled out to determlne the underlying biochemical dysfunctlon
have focused on alteratzons in DA receptor populatlons. The first group to
demonstrate a change in these receptors were Burt et al. (1977), who examined the
binding of (3H)haloperidol to‘meﬁbranes obtdided from the corpus striatum of rats
chrenically treated with neurolepticsi They observed that treatment with haloperidol,
reserpine and fluphenazlne (all of which have been .used’ clinically as anti-
schizophrenics) for 3 weeke, followed gy a withdrawal period of 5~7 days, resulted
in an -enhancement of the specific-binding of the radiolabelled ligand, whereas
similar treatment wlth promethazine, a phenothlazlne which lacks antl-schlzophrenlc

actxvxty, did not alter the amonnt of haloperxdol binding to the membranes.

Burt et al. (1977) further determined that the increased binding observed after ,

N | .
. ‘

—— B pnm
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termination of haloperidol administration was due to an increase in the number
of binding sites present, rather than to a change in the affinity of thé Teceprors.

Pert et al. (1978) also found increased binding to dopaminergic binding sites after

T

chronic haloperidol using (3H)spiroperidol as the ligand, and also attributed

this to ;n increase‘{n éhg number of sites with no change in affinity." Lai et al.

(1981) examined tritiated spiroperidol binding to rat striatal membranes. after-. '

" chronic treatmé;t Qith zotepine, thioridazine or haloperidol, and found that all .
three netroleptics enhanced the concentration of ﬁinding sites, again with no
altergtion in the dissociation constant of the binding. After p;olqnged admin-
istration of haloperidol or sulpiride to rats, Jemner et al. (1982) noted increases
in the gpecific striatal binding sites only, when.binding measurements were

carried out using (BH)spiroperidol, (3H)sulpiride or t3H)N,n—propylnorapomorphine
as'the ligand. | ' | - {Fj

Hitri Ei.él' (1978) used an experimental design similar to that“of Burt é£

al. (1977) in that rats were administered haloper? for iﬁ days followed by 7
days of saline treatment. Dopaminergic binding sites in the corpus striatum and
nucleus accumbens were then determined by measuring the binding of tritiated DA
to membranes obtained from these brain regions. In accord with the data of
Burt et al. (1977), Pert et al. F1978), Lai EE_EE._(1981) and Jenner et al. (1982),
Hitri et al, (1978) founq an increase in the numbetr of binding sites in striatum,
but in contrast to these author, Hi#%i et al. ~(1978) . so noted a large increase
An the binding affinity. No alterationms in eigyer the number of binding siges
or the.binding afﬁinity-was seen in nucleus é;cumbens. Hitri Ei.il: (1978)

atiributed the difference in their data to that ‘of Burt et al. (1977) to.che

different radiolabplled ligands used in the two studies. They suggested that
‘their data prgiide a more accurate measure of the alterations which occur in the

supersensitivity phenomenon following neuroleptic withdrawal since the natural
h ' et _

agonist may well bq_aore specific for DA receptors. This is parficularly true
. Q *

z



-54—
.
in light 'of the fact that haloperidol is thought to bind not only to DA receptors,

but also to other sites, e.g. serotonergic, o—adrenergic, muscarinic, halopéridol
(Hitri et al., 1978; Peroutka and Snyder, 1980), which could influence the data

i

obtained using the antagonist. This arguement could well apply to other studies

which have utilized a DA antagonist as the binding ligand, as Peroutka and Snyder

’
-

(1980) have demonstrated that many neurolepti;s compete for binding sites assoc-
iated w;tﬂ ﬁeurotransmitter substances other than DA, = .
" The maiority of the studie§ described so far utilized neuroleptic treatment

periods of 2-3 weeks,-and it has been suggested that treatments.of this duration
.may not accurately reflect the clinical dyskinetic.syndrome since tardive dyskinesia
tends to be manifested aECer,se;eral months, or even yeafs, of neuroieptic admin~
istration (Qwen et al., 1980), and often appears duridg the period in which the
‘patient is receiving the medication (Clow EE.EE" 197§). Some investigaﬁivé‘groups
have therefore examined changes in receptor populations resulting from treatment
periods of some months. Clow et al. (197?) administered trifluopera;ine_to rats
for a Total of 6 months; and measured striatal DA receptors using (3H)spiro—
pe}idol binding, at various times d;ning this treatment pe;iod. An initial
decrease in striatal ligand binding was noted (after 1 month's neuroleptic’ admin-
_iscfation) due to deéreased receptor affinity, while after 6 months of trifluo-
perazine treatment, total specific radioligand binding was géeater than in age-
matched controls with the change beiﬁg due to an inc;eased receptor affinity

wigz no alteration in the number of binding sites. Similar results wére said

to havebeendbpained_with thioridazine (Clow et al., 1979). Owen et al. (1980)
treated rats with haloperidol for a period of 9 months following which (BH)spiro—

peridol binding to striatal membranes was determined. It was found that there

was an increase in the number of specific binding sites present, and this was
g ' s I

also noted in animals gllowed a 7-10 day drug withdrawal period at the end of
the 9 month treatment schedule. When the dissociation constant for the (BH)

spiroperidol binding was calculated however, an increase in the dissociation
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constant was seen only in the animals which had not received a drug-washout
period. _ Owen EE.E!’ (1980) suggested Ehét this alteration in affinity of the
in vitro binding may be én artifact, and caused by the presence of the drug in
the tissue from which the membrane fractions were prepared.

However, the effects of anti-psychotic neuroleptics are not confined to
changes in receptor populations. In his review on the effects of neuroleptic
drugs on central DA metabolism, Westerink (1979) has shown that there is consider-
able evidence for a pre-synaptic component to the act%on of these agents, although
many of the changes in DA biosynthésisfand catabolism observed fbllowing acute
administration of these drugs may be regulated through DA receptors located both
pre- and post-synaptically. Carlsson and Lindquist (1963) had initially proposed
that there was a strionigral loop which acted as an inhibitory feedback mechanism -
activated_fo%}pwing occupation of post—synaptic DA receptors by an agonist, and
that_thé enhancement of DA turnover followiﬁg neuroleptic administration was due
to blockade af the recebtor sites by the antagonist which prevented activation
of the inpibit;ry feedback mechaﬁism. However, DiChiara et 31.7?1978) have
shown that following intrastriatél administration of kainic acid, a glutamic
aci& analogue which damages receptors, haloperidol treatment stimulated the
synthesis of DOPA, which would tend to imply thas-post~synaptic receptors are
not an essential requirement for the neuroleptic—induced enhancement of DA
turnover. The second possibility therefore, is-that DA metabolism is regulated
by the actions of the neurotransmitter at pre-synaptic autoreceptors, which
have an inhibitory action on dopaminergic neurotransmission (Strombom, 1977;
Westerink, 1979), and that by blocking the aﬁtoréceptors, neuroleptics stimulate
DA turnover. : °

Unfdrtﬁﬁétely, the situation is further complicated by the fact that the
effects of acute neuroleptic. administration are different to the ‘changes observed

.

following chronic treatment, and it has been proposed that a tolerance develops
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following long~term administration of these agents‘(We;terini, 1979; Casu et al.,
1980; Meller, 1980; Nicalaou, 1980). Casu et 2l. (1980) administered haloperidol
both acutely and chronicallf;‘and found that acute admini#tration of the neuro—
1ep£ic resulted in enhanced levels of DOPA and DQOPAC in the caudate'ﬁ;cleus, tbgethe;

( .
withfan increase in the activity of tyrosine hydroxylase. Tollowing chronic admin-

-

‘istration, the enhancement of DOPA and DOPAC ‘content was not observed, although

.-

tyrosine hydroxylase still displayed an increased activi;y: Treétment with kainié
acid did not alter tolerance development, suggesting that post—synaptic sites are
not an important component to the development of the tohsfig%e {Casu et al., 1980).
Engel et al. (1980) also noted an enhanced activity'of tyrosine hydroxylase

following chronic treatment with penfluridol, but in contrast to Casu et al. (1980),

"found that there was still an increase in the accumiilation of DOPA following

inhibition of L-aromatic amino acid decarboxylase. The data of Engel et al. (1980)

therefore suggest that the synthesis of DA is enhanced after chronic neuroleptic

treatment,-whereas those .of Casu et al. (1980) appear to demonstrate that while the

T

activity of the synthetic mechanism is increased, the actual rate of synthesis is .

not affected. A number of other studies have also noted that the increase -in the
- !

striatal content of DA metabolites following chronic neuroleptic treatment 1is

attenuated relativé to the increase found after acﬁte administration (Meller et al.
1980; Nicolaou, .1980; Stanley and Wilk, 1980), while Meller et al. (1980) and
Nicolaou (1980) also determined that the enhancement of QA turnover seen in the
substantia nigra following acute neuroleptic treatment was not attenuated following
chronic administration’ indicating a regional variation in the response to chronic
neuroleptic adﬁinistration. . ' .- .

If should be noted however, that althoggh the turnover of DA in these
studies was attenuated following chronic neu:oleptic administration relafﬁve to
acute treatment, it was still generally‘grea;er than was noted in &ontrols.

It is therefore. possible that the dyskinetic symptoms seen-following long-term

neuroleptic use may be due to a combination of the pPre-synaptic component of
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neuroleptic action, 1.e. increased synthesis and hehce spillover of DA, coupled -

to the post-synaptic component, i.e. supersensitive DA receptors, rather than Jé:i>’*‘~;?

simply to hypersemnsitive éost—synaptic receptors. Thié is particularly true in
the case of dyskinesia noted following neuroleptic withdrawél, as it has been
shown that not-only is there a dopaminergic receptor hypersqgsitivity which exists
for some time following neuroleptic w%thdrawal (Rubovits et al., 1973; Tarsy and
Baldéssarini, 1974; Smith and Davis, 1976; Tye et al., 1979), but there-is still
an enhanced'neurot?gnsmitter synthesis (EngellgE_El., 1§80), which is suggestive.
of an eleGated rate of DA turnover., ) - -

A limited number of investigations have been carried out exaéining the
effects of the neﬁroleptic anti-psychotic agents on other monoamine neurotransmitter
systems. Carlsson et.al. (1977) administered haloperidol acutely to rats, and
found thgf the drug caused no change in the brain content of tryptophan or 5-HT
and did not glteé the fatefof tryptophan hydroxylation. B#%kai (1979) examined
5-HT turnover in rabbits fdllowing acute administration of haloperidol. Turnover
‘of the neérot?ansmitter was estimated from the rate of appearance of 5-HIAA in
the cerebrospinal fluid compartment during ventriculocisternal perfusion. Barkai
(1979) determined that haloperideol administration caused an almost two-fold
increase in 5-HT turnover. Rastogi et al. (i981) noted that acuﬁe administration
of either haloperidol or chlo:promazine to raéé elicited an increase in the 1ebgls_
of 5-HT and its primary metabelite in the mid-brain together with enhanced activity
of tryptophan hydroxylase, indicating an incrgése in tranémitter.turnover.
Bacopoulos et El; (1982) however, found that-gzuge haloperidul or fluphenazine
treatment of the Vervet monkey did not alter the concentration of_S-HIAA in any
brain region‘examined, while Bgadle—Biber (1982) determiped that'halopgridol
(0.5 mM) édded to the pgyfusion medium of brain-stem slices Eﬁlgigzgjdid not

affect the activity of tryptabhan hydroxylase. Rastogi et al. (1981) further

noted that chronic administration of either haloperidol or chlorpromazine to rats

.t

( ) - -
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caused pronounced increases in tryptophan hydroxylase, in conjunctioﬂ with
elevated levels of both 5-HT and 5-HIAA in various brain regions. In coﬁ;rast,
Bacopoulos et al. (1982) saw no significant alteration in the 5-HIAA content of
any brain region of Verver m&nkey after chronic treatment with either haloperidol
or fluphenazine. However, there is a growing body of evidence indicating that
the serotonergic.neurotransmitter system has a modulatory effect on ddpaminergic
function (Balsara et al., 1979; Carter and Pycock, 1979; Waldmeier and Delini-
Stula,' 1979; Waldmeier, 1980; Fang and Shian, 1981), with the modulation taking
the form of an inhibitory action. .If there is indeed an increase in S—BT turn-
over, as postulated by Rastogi et al. (1981),Iit is possible that this could be

—

the cause of the dopaminergic tolerance to chronic neurcleptic administration.

It is also possible that with a treatment period of sufficijent duration, the %
. - .

serotonergic ‘system could itself bgcome tolerant to the effects‘qf chronic neuro-
leptic admin@stration: If this happens, then the inhibitory action of the sero-
ténergic system on dopaminergic function could be reduced, with the disinhibition
allowing the dopaminergic sys el to become more active causing a greater release
of DA onte supersensitive d(;Z:inergic recepzors resulting in the appearance of
dyskinetic symptoms. -

With regard to the effects of neuroleptics on central noradrenergic funetion,
Kizer et al. (1978) examined the turnover of catecholamines in hypothalamus
following short-term haloperidol administration. It was found that while 4 days
of haloperidol treatment increased the rate of decline in DA levels of the median
eminence in treated rats folIowiﬁg administration of a-methyl-p-tyrosine, thgre
was no alteration in the‘éisappearance of NA;' These data however, do not correlate
well with previous studies éemonstrating increased turnover in brains of mice

a . :

(Nyback and Sedvall, 1970) and rats (Anden et al., 1970; Bartholini et al., 1973),

and in rat brain stem (Burki et al., 1975) following acute neuroleptic admin-

istration. The most probahle explanation for this discrepancy is that Anden et al.
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(1970), Nyback and Sedvall (1970}, Bar-tholini.&’;_ al. (1973) and Burki et al.
(1975) studied the turmover of this catecholamine in gross brain regions,
incorporating many noradrenergic pathways, whereas Kizer et al. (1978) used a
discrete hypothalamic nucleus which contains a more limited numbér of no;adrenergic
terﬁinals, which may be unaffected by neuroleptic treatment. It has also been
found that the evoked release of NA from rat cerebral cortex, using as a stimulus
either potassium (Arbilla Eﬁ.il'* 1978) or electrical stimulatioﬁ (Gross and
Schumann, 1980), was enhanced in the presence of neuroleptics in vitro, which
would apﬁear to correlate well with th dﬁta showing enhanced NA turnover after
acute neuroleptic administration. -

In addition to examining the effects of neuroleptiés on catecholamiﬁe turn-
over, Anden et al. (1970) determined the ratio of dopaminergic recepfor blockade
to noradrenergic receptor blockade. Thése authors determined that while some
neuroleptics blocked only DA receptors, e.g. pimozide, others mainly blocked DA
receptors, e.g. spiroperidel, haloperidol, fluphenazine, while a third group,

e.g. chlorpromazine, thioridazine, blocked DA and NA receptors to the same extent.
Anden et al. (1970) therefore suggested that noradrenergic receptor blockade by
the neuroleptic drugs may cause a compensatory feedbackfﬁhich results in an
activation of the presynaptic noradrenergic neurone, a theory which also appeared
to explain the enhanced NA turnover noted by Bartholini et al. (1973) and Burki
et al. (1975}. With the advent of the hypothesis which linked stimulation of
presynaptic a-adrenoceptors with inhibition of NA release (Langer, 1974), an
alternative explanation for the neuroleptic-induced enhancement of NA turnover
became possible,” i.e. that by blockiyng presynaptic c—adrenergic receétoré,

the anti-psychotic neuroleptics enhancéd the stimulated relea;e of neurotransmitter,
hence increasing NA turnover. :

Marwaha et al. (198I) investigated the electrophysiological interactions of

certain anti-psychotic drugs with cerebellar noradrenergic fibres and found that
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acute administration of neuroleptics such as fluphenazine, haloperidol and
'a-flupﬁenthixol were able to produce a complete blockade of noradrenergic neuro-
transmission, and they suggested that the neuroleptics therefore have a post-
synaptic component to their mechanism of action. These authors (Marwaha et al.,
1981) also determined that this effect was‘present after chronic administration of
fluphenazine, impiying that if a tolerance to the noradrenergic blockade does
de&elop, the duration of the neuroleptic treatment pefiod required is greater than
is that necessary to observe dopaminergic function tolerance. Marwaha‘EE al. (lﬂSl)
also suggest that if their data were generalized to the centgal nervous system as
a whole, then the mechanism of action of neuroleptic drugs involves the nor-
adrenergic system in addition to the dopaminergic. They, further propose that
the functional consequence of a blockade of noradrenergic neurotransmission may
be to diminish the sensitivity of post-synaptic neurones to other neurotransmitters,
since NA increases the sensitivity of neurones to other afferent synaptic inputs.
1f this is so, then the increase in the number of DA receptors found after chromic
neuroleptic administration may be an adaptive response to a decreased sensitivity
of the post-synaptic neuane_to neurcchemical tramsmission, while the tardive
dyskinetic symptoms seen pay be due to a late developing tolerance of the

noradrenergic system to the presence of the neuroleptic agent, resulting in a

decrease in the blockade of noradrenergic neurotransmission.

It therefore appeérs that while the primary cause of tardive dyskinesia may
be alterations in dopaminergic function, particularly in the basal ganglia,
these changes may be modulated by neuroleptic-induced dysfunctions in other mono-
%

aminergic neurotransmitter systems.

3. Lithium and Tardive Dyskinesia

In addition,to its efficacy in the treatment and prophylaxis of bipolar
affective disorders, a few brief reports in the early part of the last decade

indicated that lithium may be useful in the treatment of tardive dyskinesia
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(Dalen, 1973; Simpson, 1973; Reda et al., 1974). Klawans et al. (1977) therefore
tested lithium in an animel model of tardive dyskinesia. Guinea-pigs were treated
with haloperidol for 3 weéks, or with haloperidel in conjunction with a lithium-
containing diet for the same period of time. ?reatﬁent in both these gfoups was
terminated 1 week prior to behavioural testing. A third experimental group
received haloperidol for 3 weeks, ;ollowed by a iithium diet .for 1 week. It was
found that haloperidol treatment caused a decrease in the threshold’ for amphetamine--
induced ;tereotypy; which was prevented by the' simultaneous administration of
lithium., Lithium given. after ‘haloperidol did not élter the haloperidol-enrhanced
response to amphetamine. Similar changes were n?ted in animals challenggd with
apomorphine. Klawans et al. (1977) therefore suggested that while lithium treat-
ment may not amelioragg the dyskinetic symptoms once they have developed,
concurrent admiﬁistrat;on of the drug may prevent the onset of the syndrome.
Allikmets et al. (1979) examined the effect of lithium treafment on apomorphine-
induced aggression following chronic haloperidol administration. In this study,
rats were treated with haloperidol for 2 weeks, or haloperidol plus lithium, or
lithium alone for 2 weeks, and behavioural assessments carried out 5 days following
cessation of drug tﬁerapy. -Following apomorphine challenge, these authors found
that chronic haloperidol prolonged the stereotyped behaviour elicited as a
result of DA agonist administration, which was prevented by lithium given -
simultaneously with the peuroleptic agent. Interestingly, Allikmets et al. (1979)
also noted a decreased stereotypical response to apomorphine challenge in the
lithium-treated rats indicating that lithium alone may ;ecrease the sensitivity
of DA receptors (cf. Rosenblatt et al., 19805. When high doses of apomorphine
were administered to paired male rats, chronic haloperidol caused an enhancement
of the aggressive behaviour produced, which concurrent lithium administration
prevented. Allikmets et al. (1979) therefore proposed that simultaneous chronic

treatment of lithium with haloperidol prevents the development of dopaminergic



—62—
supersensitivity due to neuroleptic administration, a view which is in concurrence
with Klawans Eg_gé.'(l977). , .

The biochemical basis behind this 1pro£ective) effect’of lithium has been
the subject of limited investigation. Pert et al.. (1978) used treatment groups

similar to those employed by Klawans et al. (1977) and also noted that the enhanced
R .

apomorphine-induced stergeypy in rats following chronic haloperidol was abolished

in those anima}s receivJ-.;iithium in conjunction with haloperidol. ?ert et al.
(1978) took this investigation one step further and examined (3H)spir0peridol
binding to striatal membranes of rats 7 days after the termingtion of haloperidol‘
or haloperidol plus lithium, It was found that while chronic haloperidol
produced an elevation in the specific binding of the ligand, due to an increase
in the numger of binding sites, cotreatment with lith%um rgduced_the abilicy
of the neuroleptic to induce new binding sites. However, while Staunton et al.
(1982a) agree that chronic lithium attenuated the behavioural response due to
dopaminergic supersensitivity, énd that haloperidol treatment increases the
number of binding sites for (BH)spiroperidol (Staunton_gg_il., 1982b), they found
L .

that lithium administration in conjunction with neuroleptic treatment had no

effect on, the densit& of binding sites with respect to the eﬂgect of haloperidol =

alone (Staunton et al., 1982b).

Eroglu et él. (1981) examined DA metabolism in two brain regions of rat
following concurrent administration of chlorpromazine and lithium. These authors
noted that while chronic treatment with either the neuroleptic or the anti-manic
agent caused no alté;ation in DA metabolism in the frontal cortex, simultaneous
administration of bo;ﬁ drugs appeared to reduce dopaminergic activity in this
brain region. In the striatum, Eroglu et al. (1981) found that chlorpromazine
reduced DA turnover while lithium alone appeared to have no effect. The result

of the combined treatment seemed to be a return towards normal metabolism of

the neurotransmitter. These data indicate that there may well be a regionally

- ™
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variable effect associated with the combined administration of lithium and neuro-
leptic drugs.

However, the usefulness of the administration of lithium in preventing or-
treating the tardive dyskinesia syndrome remains equivocal, while there are still
uﬁanswered questions regarding the neurochemical consequences of this combination

treatment.

. "E. ATMS OF THE PRESENT STUDY

As can be seen from the preceding sections, there is as yet little concensus
in the literature regarding the neurochemical consequences of lithium treatmeng,,
while the subject of lithium withdrawal has received almost no attention. It
was therefore felt that a kurthér-investigation of thewffects of lithium admin-

istration on certain parameters of monoaminergic neurotransmitter function was

. N -
warranted. This would not only provide new information on the functioning of the-

monoamine systems following chronic treatment with this anti-manic agent, but
would also serve as a basis for comparison of the -effects of abrupt lithium with-
drawal on these parameters of monoamine neurotransmission.

In addition, since the limited information available indicates that lithium
{s able to modify the dopaminergic effects of neuroleptic administration, it was
decided to ihvestigate in more detail the intera;;ion of these two psychoactive
drugs with respect to DA metabélism“ Since NA and 5-HT have also bqﬂh implicated
in the central action of both of these agents, it seemed appropriate to extend
the étudy to include an examination of thesé two monoamine neurotransmitters in

addition to DA.
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A. BEHAVIOURAL TECANIQUES -5

1. Gross Locomotor Activity ) L)\

Activity was measured using a two-channel Columbus Selective Activity‘neter
(Model SE, Columbus, Ohio). The observation chambers were clear polfcarbonate
cages with dimensiqﬁs_of 43x23x15 ‘cm (lxwxh). Each channel was used to record
one animal,.with each subjéct Egépg sampled for 30 sec in every minute.- The.?eters
were set at 57 uA for semsitivity and 16" pA for tuning, and_at these';ettings 1imb
;nd body movements and gross, but not minor, tremor were recorded.  The obseryation
chambers were located within a woodgn enclosure, subdivid;d such that the two

chambers were isolated from each other. Each section of the enclost:qﬁ;eéeived

equal artificial white light; and.was equipped with a white-noise generator set

»
-

te mask external noise.
Typically, animals were placed in the observation chambers and allowed a

5 min adaptation period. Activity was then measured in a 30 min observation

period.

2. Monitbring of Stereotypical Behaviour l LN

Behaviourél observations were conducted using the method of‘Merali
(unﬁublished). The ;bsefvation chambers {(clear polycarbonate cages, 43x23x15 cm)
were equipped with an array of lg.infrared light beams. One beam was located
lmmediately below an array of holes on the floor of the cage to monitor the
frequency and duration of poking behaviour. A grid of five beams was located
1 cm above floor level, and these beams were used to detect hprizontal and lateral
displacement of the animal, and could differentiate between'locomotion and local-
ized floor activity by dividing the cage floor into 6 secEions. A curtain of
"four beams located approximately 14 cm above the floor dggected rearing, and
measured both frequency and duration of this behaviour. An inverted cage of the

same dimensions as the observation chamber, but with a metal grid floor, served

as a lia>allowing adequate ventilation and room for' rearing. A custom designed
L= e

/
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-
2-80° mlcroprocessor—based controller performed the tlmlng and scoring functions.

-

This system con51sted of 12 chambers, with all beams being sampled onte every

second. . .

. .-
Fl

Typically, animals were placed in-the'gbservation chambetihand allowed a

5 min adaptation perio. Activity was then fieasured in a 20 mih observation \\\:3

session. _ _ s - A\. : i
L -
B. BIOCHEMICAL TECHNIQUES :

-~

-1. Brain Dissection

¥ . ; . . . .
Animals were sacrificed by decapitation using a rodent guillotine. The
A . .
skull was removed as. rapidly as possible and the brain excised. After being

placed on a glass plate resting on crushed ice, grossly visible blood vessels and

meningeal tissue were removed from the surface of the braim, which was then

]

sectioned into the following Tegions: i) cerebellum; 1i) pons-medulla, which

-

comprised the medulla eblongata and the pons; 1iii) hypothalamus; iv) striatum, /
composed- of the pu;fgen nucleus, caudate nucleus and the.globus pallidus, i;e,zz////

the basal ganglia withOgr the amygdala; v) hippocampus; vi) midbrain, corresponding

.

to the midbrain, thalamus and “subthalamus; vii) cortex, contalnlng both white and'
grey matter of the cerebral cortex. , {

The dissection was carried out fr hand; essehtially'using the method of ‘f. .
. " § - - .

Glowinski and Iversen (1966). The cerebellum was flrsp teased away from the rest .

‘gﬁithe brain exposxng the pons-medulla whlch was them removed (Flg 8, Section 1.

A transverse seCtion was made at the level of the optic chiasm (F1g 8, Sectlon 2)

-

pllttlng the brei:-i:;o two parts. The more caudal of these was\sub-dlvrded
| ‘

into five portions. e hypothalamus was removed, taking the anterlor commissure

a2 =

as the horlzontal veference and the line between the posterlor hypothalamus and

(=3
the mammlllary bodles as the caudal lrmlt, "The strratum was dissected usrng the

external walls of the rhtera$%;33;t1cles and the corpus callosum as the lnner

and outer reference p01nts, respectively. The frontal portlons of the strratum,

kY M .
<
- »

. N -,
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'*  Fig. 8. Diagram of Rat Brain to Show Dissection Procedure

o -
. a—

Cortex

. \ \ Corpus callosum
\\J @7 \ Lateral ventricle
- Striatum

¢

Hypothalamus

-

Cortex Cerebellun.l

Hippocampus

Medulla oblotigata

AnterioY commissure and pons .

Optic Midbrain
- Chiasm .
Hypathalamus
, Dotted lines indicaté positions of initial sectioms. X
(Taken from Glowinski and Iversen, 1966). = .
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located in the rostral part of the two brain sections were also removed and added

‘to the rest of the striatum. The cortex was then carefully split along the mid-

line and peeled away, exposing the hippocampus which was removed. The remaining

L \ ) -
tissue after removal of the remnants of the.cortex, was the midbrain. Cortical
tissue removed from this portion of -the brain was added to that frog_EEs,rpstral

part of the two brain sectiocns.

2. Determination of Catecholamine Synthetic Systems

Tyrosine content and tyrosine hydroxylase activity were measured in striatum
only because of their relative preponderance in this particular refgion of the

brain.

a) Tyrosine hydroxylase .activity

This assay 1is mbdif&ed from those’of McGeer et al. (1967) and Shiman et al.

(1971) and is based on the formation of (14C)D0PA from (lac)tyrosine by tyrosine
hydro?ylase present in the s%mple. .
/&issue was homogenizea in 50 vol (w/v) of ice-cold distilled water using~a
: ) - .
Teflon-glass homogenizer. -The hofogenate was centrifuged at 6,000 g for 10 min,
¢

and the resultant pellet discarded. The supernatant ‘fluid wasjused to estimate
both tyrosine hydroxylase actiﬁity.and tyrosine content.

50 ul of the supermatant fluid was placed in an incubation tube kept on ice.
The incubation was carried out in a total velume of 130 ul containing, in-.addition
to the sample,'2.$ uM (lhc)tyrdsine, 180 mM 2-mercaptoethancl (to allow reacﬁivaﬁion
of the co;factor), 1.2 mM.tetrahydrobiopterin (the natural co-factor for tyrosine
hydroxylase; Weiner, 1979}, 0.8 mM‘NSD;1034 (a non-specific decarboxylase inhibitoer),
4 mM ferrous‘sulphate and 0.4 M potassium phosphate (;§ 6.0), for 10 min at 37%c.
The reéction was terminated by the addition of 1.25 ml of 0.4 M perchloric acid

; .

containing cold carrier DOPA, and the perchlorate precipitated material removed

by centrifugation. The supernatant fluid from this centrifugation was added to

1.5 wl of 0.2 M EDTA and 3 ml of 0.4 M potass&um phosphate. The solution was

3
g
- . . . - > .
' ; e f\\ ‘
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adjusted to between pH 8.8 and 9.2 using dilute sodium hydroxide, and approx-

rd -
L
imately 400 mg of acid-washed alumina immediately added to the sample and the

mixture stirred for 4 min. It was then poured intoc a glass column plugged with

cotton wool, and the alumina rinsed from the mixing beaker into the column with

25 ml of distilled water. The passage of fluid through the column was helped by

the use of slight_ vacuum. When the water had passed through the alumina layer,

the colump was removed from,the aspirator and the (laC)DOPA removed by elution with

4 ml of 0.5 M acetic acid, which was placed in a scintillation vial to which was

added 14 ml of scintillant (100 gnaphthalenme+ 4 g Omnifluor/l of dioxane).

Radioactivity was measured using a Beckman LS-230 Liquid Scintillatiqn Counter,
and the amount of (IAC)DOPA formed was calculated.

b) Tyrosine content . -

Tyrosine levels were measured in the same sample as was tyrosine hydroxylase

activity, essentially using the method of McGee; EE_EL.“(1967). To 0.5 ml of

AY

the sample supernatant was added 2 ml of 87 (w/v)‘%richloroaéetic acid. After

standing for 10 min, the sample was centrifuged and 0.5 ml of the resultant super-

.

natant fluid added to 1 ml of a 0.1Z (w/v) methanolic solution of l-nitroso-2-
v ,

napthol %Pd 1 ml of 2.5 M nitric acid. The solution was then incubated at 60°C
for 30 min. After cooling in ice, 2.5 ml of etliylene dichloride was added and
mixed to exfract the unreacted aitrosonapthel into thé orgénic phase. After cent-
rifugation, the aqueous layer was removed.and the fluorescence measured using

a .
either a Turner spectrofluorometer (Model 43Q) or an Amincp-Bowman spectrofluorometer.
Activation and fluQrescence wavelengths were 460 nm %nde?O nm, respectively.
Tyrosine-content was then detefmined by-comparingréhe sample‘fluoréscence to a
curve pfepéred using known émounts éf the substrate.
3. Measurement of Indoleamipé:Synthetic Systems - )

-

Tryptophan content and tryptophan hydroxylase activity were measured in mid-

-

E;ain-only due to their relatively high amounts in this region when compared to

other parts of the brain. -
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a) Tryptophan hydroxylase activity . . e .

This assay is modified from that of Kizer et al. (1975), and is based on the

conversion of L—(lAC)tryptophan to (14C)5-hydroxytryptophan by tryptophan hydroxy-

lase present in the sample, followed by decarboxylation of the hydroxylated product

"to ( C)S hydroxytryptamzne by exogenous L-aromatic amino acid decarboxylase added

-

in excess. : ) . s-

i) Preparation of L-aromatic amino acid decarboxylase. This enzyme was prepared
géing the method described by Kizer EE.Ei' (1975). Rats were treated with_p—chlor-
ophenylalanine (325‘mé/kg of the methyl ester, i.p.) ‘and sacrificed 24 hr later.

v
The livers were removed and homogenlzed in 2 vol (w/v). of 0 1 M sodium phosphate
buffer (pH 7 2), and centrlfuged at 78,000 g for 90 min. The supernatant fluid

wes ‘removed and to it was slowly added solid ammonium sulphate to pufdduce an

approximately 507 saturated solution. After stirring for 1 hr at 4°C, the solutidn

‘was centrifuged ,at 16,000 g for 20 min. The supernatant fluid was removed and to

it was slowly added further solid ammonium sulphate to give an approximately 757

o ‘ ,
saturated solution. This was stirred at 4°C for 1 hr and then centrifuged at
16,000 g for 20 min. The precipitate was resuspended in 100 ml of an approximately

75% saturated solution of ammonium sulphate in 0.1 M sodium phosphate buffer

" (pH 7.2). Afteryﬁtan¢ing for 1 hr at AbC, the‘preparation was centrifuged at

.

12 OGU g for 20 mln and the precipitate resuspended in a minimal volume of 0.02 M
sodlum phosphate‘buffer (pH 7.2). Thls-solutlon was submitted to succe®sive
dla}yses (3 hr eag&l agalnst 200 vol of 0.02 M sodium phosphate buffer (pH 7.2).
After.diaiysis, the precipitate was removed by centrifugation. To the supernatant
was added ethylene glycol (107 w/v) aﬁd sodium‘EDTA and dithiothreitol to give i
final concentrations of 0.1 mM and 1.0 mM, respectively. The enzyme preparation

was then divided into 1 ml aliquots and stored at -70°G.

ii) Assay of L-aromatic amino acid decarboxylase. The activity of the enzyme

was determined as déscribed'by Kizer et al. (1875). 1In incubation tubes were

‘N
-
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“placed 10 1 of a 1:10 dilution or 10 uf of an undiluted aliquot of the enzyme

preparation. To these_incubation tubes weré added. 200 yl, of a éqlution containing
pyridoxal phosphate (100 mM), sodium EDTA (30:mM) shd ascorbic acid (0.0632 w/v)
in.O.l M sodium phosphate bﬁffer (pH_7.2). 50 yl\of a 2 mM CIQC)DOPA solution were
then added and the tubes capped with rubber stoppe ; holding a plastic well into
which had been placed a small piece of filter paper amd 200 pl of NCS solubilizer
to trap thg carbon dioxide liberated by the reaction. The inéubatioq was Et;;ted
by transfering the reaction tubes from an ice bath to a Dubnoff metabolié shaker
at 37°cC. Affér 20 min, 0.5 ml of 10Z (w/v) trichloroacetic acid was added to each
tub; to terminate the react;on, and the tubes incubated for ‘a further i hr to
re£ease all of the labelled carb;n dioxide which had been formed. At the end of
this period, the plastic wells were.removed and placed in scintillation wvials.
:50 il of glacial acetic acid was added to each, fsllowed by 10 ml of scintillant
(40 m1 Liquifluor/l of toluene).

It Qas found that 1 ml of the enzyme preparations used during the course of

these studies decarboxylated 2.15 - 2.60 ymol of L-DOPA per hr.

i1i) Assay of tryptophan hydroxylase. Tissue was hoﬁogenized in 50 vol of

ice-cold 0.?5 M HEPES buffer (pH 7.4) containing 2 mM ditﬁiotﬁreitol, and_the
homogenate centrifuged at 6,060 g for 10 min in a }efrigerated centrifuge. The
supernatant fluid was removed and used to estimate both tryptophan hydroxylase
activity and tryptophan content. -

50 ul o% the sample supernatant’ were p aced in an in;ubation tube kept on
ice. The incubation was carried out in a total volume.of 75 ul containing, in
addition to the sample, 0.1 mM L—(lAC)trypfgphah, 0.21 mﬁ?p;rgyline (to imhibit

Vg

any moncamine oxidase which may be present), 0.82 mM MPH, (an artificial”co-factor)
~ e .

and 30 mg/ml albumin, for 30 min at 37?C. The reaction was terminated by the
addition of 25 ul of 0.% M hydrochloric acid and the incubation tubes placed on

ice. . ’ - . .

»>
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The 5-hydroxytryptophan formed during this incubation was then conve;ted to

S-hydroxytryptamigg as follows: to the incubation tube from the first reaggion
was added 100 ul of a ‘solution made up of 115 parts of ~1 M dipotassium bggen
phosphéte and 1 part of 10 M sodium hydroxide contaiﬂing 2? vg/ml o-phenanthrolene
(to inhibit any phenylalanine hydroxylas€ which may be present in the L-aromatic
amino acid decarboxyli§e;preparation). To this was added 33 ul‘of a mixture
con%aining equal volumes of ;he decarboxylase enzyme preparation and 0.1 mM hydro-

chloric acid. The incubation was then carried out at 37°C for 30 min. This

-

reaction was“terminated by the addition to the incubation tube of 1 ml of ice-cold

b ]

4

perchlorie acid/acetic acid (1.75 ml of 707 perchloric acid and 0.6 ml'of glacial
.acetic acid/lOb ml). . . ] | o~

The reaction tubes were centrifuged fér 10 min in a bench-top centrifuge to
remove the particulate matter, and the sﬁpernatant fluid removed. The residué
was washed with 2 ml of the perchloric acid/acetic acid mixture, and the resulting
supernatant combined with thit iﬁgtially obtained to which was added 50 ul of a
1 mg/ml solution of 5- hydroxytryptamlne in 0 1M hydrochlorlc acid. To the sample
was added 5 ml of 0.5 M Tris buffer (ph 7.0), and the sample adjusted to pH 7.0
w1th sodlum hydroxide. The pH adjusted sample was then poured into 'a column packed
with pre-soaked Amberlite GC-50 resin to a height of 2.5 cm (0.5 em diametér).
After the sample had passed through, the column was washed with 5 ml of distilled
water, foilqwed by S0 ml of 10 mM Tris acetate buffer (pR 7.0).. 5—Hydroxycryp£amine
was thep eluted from the column with 5 ml of 4 M acetic acid, which was placed in
-a scinéillation vial to which wag aéded 14 ml of scintillant (100 g of naphthalene +
4 g Omnifluor/1 of dioxan;e). Radicactivity was‘ ‘measured usi Beckman LS-230
'Liquid Scintillation Counter and the amount of (IAC)S-hydroxy ptamine formed
was\;alculatéd. TN

" b) Tryptophan content .

. 0. . , ) i
The levels of this amino acid were mehsured in the same sample as was tryptophan

. hydroxylase, using(a modification of the method of Hess and Udenfriend (1959). 4«/’4//'
. K i | ' - ) o
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‘the aqueous phase was kept for S-hydfoxyiqdéleacetic acid measurement.
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To 0.5 ml of the sample superantant was added 2 ml of 8 /v) trichloro-

d 0.5 ml of

acetic acid. After standing for 10 min, the sample wa€ centrifuged
the resultant supernatant fiuid added to 2 ml of water and 0.1 ml of 187 (WAv)
formaldehyde Solution. After mixing, the samﬁle was incubated for 20 min ip a
boiling wéter bath. After.cooling, 0.1 ml of 3Z (v/v) hydrogen peroxide .was addedr

to the sample, and the solution re-imcubated for .a further 20 min in a boiling

water bath. The sample was cooled to room temperature, and the fluorescgnce

‘measured with either a Turmer Spectrofltworometer (Model 430) or an Aminco-Bowman

spectrofluorometer, using activation and fluorescence wavelengtis of 365 nm and —
440 nm, respectively. The tryptophan content was determined by comparing the -

sample fluorescence to a curve prepared using known amounts of the amino acid.

4. Tissue Preparation for Monoamine Estimation

Noradrenaline, dopamiﬁe, S-hydroxytryptamine and 5-hydroxyindoleacetic acid
were extracted from brain tissue essentially by the procedure of Maickel et al.
(1968). h

Cortex was homoéenized in 10 vol (w/v) of n-butanol acidified with concentrated
hydrochloric acid (1000:1), while all other brain regions (weighing less than
300 mg) were homogénized in 3 ml of acidified.butanol-(Curzon and éréen, 1970).
After centrifugation at 10,000 g for 10 min at 0°C, 2.5 ml of the supernatant fluid
was added to a test tube containing 5 ml of n-heptane and 1 ml of 0.1 M hydro-
chloric acid and mixed for 10 min using a mechanical shaker. The phases were
then separated by centrifugation, the aquebus acidic phase removed and kept for
determination of noradrenaline, dopaming and 5-hydroxytryptamine. _.'-

To the-organic phase was added 0,6 ml of 0.5 M Tris buffer_epH 7.0), and
the tube mixed for 10 min u;ing a mechanical shaker. The phaégg.were ségafated

by centrifugation, the organic phase removed by aspiration and discarded, while

— .



[

N

5. Determination of Tissue Catecholamine Levels
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This assay procedure is based on the O-methylation of catecholamines by
catechol O-methyl transferase using (3H)S-adenosylmethionine as thé methyl donor
in the presence 6? magnesium and diéhiéfhreitol and is modified from the methods
of DaPrada and Zurcﬁer‘(1976) and Peuler ané Johnson (1977).

i) Preparation of catechol O-methyl transferase. The enzyme preparation

described ‘here is a modification of the method of Axelrod and Tomchick (1958).
Adult rats were sacrificed by cervical dislocation and exsanguination, and

the 1iverslremoved and chilled. Tissue was combined from up to 6 rats, fqllowing

which the livers were homogenized in 4 vol (w/v) of isotonic potassium chloride

(1.97 y/v). The homogenate was centrifuged at 78,000 g for 30 min at 4°C to remove

the cellular debris. The supernatant fluid was removed and titrated to pH 5.0

with 1 M acetic acid, following which it was stirred for 20 min at 4°C. At the

end of this time, the acidified supernatant was centrifuged at 10,000 g for 20

.

min in a refrigerated centrifuge. Solid ammonium sulphate wasfélowly added to the
resulting supernatant fluid to produce a 30% saturated solution. This solution

was stirred at 4°C for 1 hr and then centrifuged at 10,000 g for 20 min, following
which further solid ammonium sutlphate was added to the resultant supernatant to
produce a 557% saturated solution. After being stirred for 1 hr at.AOC, this
solution was centrifuged at 10,000 g for 20 min, and.the supernatant fluid discarded.
The précipitate obtained was resuspended in water, and solid'ammoﬁium sulphate

added to prodpce a 357 saturated solution. After standiné for 1 hr at 4°C, ﬁhe

rd .
solution was centrifuged at 10,000 g for 20 min, and the resulting supernatant
.-

fluid discarded. The precipitate obtained from this centrifugation wa; dissolved
in 1 mM Tris buffef (pH 7.4) conéaining 1 mM dithiothreitol, to give a solution
containing 2 g original ;isSue/ﬁi.‘ This solution was dizlyzed against 1 mM Tris
buffer (pH ?.4)-contaiﬁipg l‘mM_ditﬁiothrei;ol.for_EO hr, using a total buffer

~

i - volume of 241. Following dialysis, the solutrion was centrifuged at 10,000 g for

,/<::>§ " 20 min to remove the debris. Aliquots of the enzyme preparation were then frézéh

Lr’and_sr:o'red.at: -70°C until used. -
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ii)} Assay of catechol O—methyi.transferase. The activity of this enzyme was

determined as described by McCaman (1965). In incubation tubes were placed 20 ul
of a 1:4 dilution of the enzyme and 20 ul of an undilg;ed aliquot of the enzyme
pgeparation. The ingubation was then carried out in a total volume of 125 ul
containing, in addition to the enzyme sample, 1 mM nofadrenaline, 44 WM (3H)S-
adenosylmethionine, 5 mM magnesium chloride and 80 mM potassium phosphate buffer
(pH 7.8) for 60 min at 37°C. At the end of this time, the reaction was stopped by
»

the addition of 20 pl of 3 M hydrochloric acid and the tubes placed on ice. - The
normetanephrine formed was then extracted in 0;5 ml of ethyl acetate. After seb-
aratéﬁg the phases by centrifugation, 250 upl of the ethyl acetate phase was
transferred'to a scintillation vial and 10 ml of scintillant (20:1, toluene:Liqui-
fluor) added. The radioactivity was measured in a Beckman LS-230 Liquid Scint-
illation Counter.

It was found that 1 ml of the enzyme preparations used in the course of these

studies O-methylated 90.0-97.5 umoles of noradrenaline per hour.

iii) Measurement of catecholamine content. To 30 nl of the acid phase obtained .

b

from the extraction of monoamines from brain tissue was added 30 ul of a. mixture

containing 2 M Tris buffer (pH 9.6), 7 uM magnesium chloride, 9 mM dithiothreitol

“and 1.5 uM (3H)54adenosylmethionine. After mixing, ‘20 ul of the catechol O-methyl

.

transferase preparation was added. An internal standard was utilized for this

.

assay and so duplicates of the above mixtures were prepared to which were added
100 pg each of noradrenaline and dopamine. The reaction mixtures were incubated
at 37°c for 60 min, at the end of which time the incubation was stopped by the

addition of 100 ul of ice-cold borate buffer (pH 11.0) containing 8 mM normetan-

o

ephrine, 4 ?M metanephrine and 4 mM 3-methoxytyramine to act as non-labelled

- -

carriers at a later stage. To each reaction tube was added.2 ml of a toluene/
isoamyl alcohol (3:2) mixture. After vortex1ng for 60 sec and subseRuent separation,

an aliquot of the organlc phase *was removed and added to 200 ul of 0.1 M acetic

acid. This was vortexed for 30 sec and after separation, the organic phase was
2 a 7 : :

-

B
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aépirated and discarded. The aqueous layer was then washed with a further 1 m]l
of the toluene/isoamyl alcohol (3:2) mixture. An aliquot of the aqueous phase
was added to 100 ul methanol and mixed well. This alcoholic solution was then
spotted onto silica gel thin layer chromatography plate (silica gel GF plates,
250 um thick) and the plate developgd using'a mixture of t-amyl alcohol/benzene/
407 aque&us methylamine solution (6:2:3).. After the plates had dried, they were
visualized under UV light (wavelength 254 um).and it was.pos§ib1e to clearly see
three zones: 3-methoxytyramine (top), metanephrine kmiddle) gnd normetanephrine
(bottom) (Fig. 9). The individual zones were marked on the plate.

For the measurement of doQamine, the 3-methoxytyramine spot was scrapéd into
a scintillation vial, and 1 ml ;f 50 mM ammonium hydroxide added to elute the
metabolite‘froﬁ the silica gel. 3-Methoxytyramine was then extracted from the
ammonium hydroxide into 10 ml of a toluene/isoamyl alcohol mixture contain;ng
Liquifluor (70:30:5) which acted as a scintillant, and the radiocactivity measuréd
in a Beckman LS-230 Liquid Scintillation Counter.

For the déterminatiop of nora&renaline, the normetanepﬁrine spot was scraped
into a scintillation vial, and the ?etabolite eluted from the gilica gel with
1 ml of 50 mM ammonium hydroxide. To this was addedsggﬁyl of 47 sodiud periodate
to oxidize the normetanephrine to vanillin,'d reaction which was stopped 5 min
later by the addition of 50 ul of a 107 (v/v) glycerol solution. The mixture

was acidified with 1 ml of 0,1 M acetic acid and the vanillin extracted into -

10 ml of toluene cont ing Liquifluor (20:1). Radicactivity was measured ia a

o .
Beckman LS-230 Liqui iqtillation Cgunter. The final reaction in this assay,
. o

i.e. the conversion of metanephrine to vanillin is incorporated to help reduce
- -~

the blank counts which improves the sensitivity of the assay (DaPrada and Zurcher

-

1976; Peuler and Johnson, 1977).

6. Determination of Tissue Indoleamine Content

~ -

After extraction from tissue, both S—hydroxytryptamiﬁe-and 5-hydroxyindole-

acetic acid were measured by fluorcmetric means, using modifications of the

- ‘“ . .
/ . -



A

-76—

Fig. 9. Chromatograph Showing Sepération of the'O—Methylated
Metabolites of the Catecholamines

3-Methoxytyramine

Metanephrine

Normetanephrine
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methods of Curzon and Green (1970). -

a) S5-Hydroxytryptamine

200 1l of the acid phase obtained from the extraction of monaomines from _
brain tissue were pipetted into ; test tube and tohehis wes added 1.2 ml of 0.0047
(w/v) o-phthalaldehyde in 10 M hydrochloric acid.. After mixing, 20 ul of a 1%
(w/ﬁ}‘L—cysteine solution was added and the sample incubated at 60°C for 15 min.
After cooling, the fluorescence of the sample was measured using either a Turner
spectrofluorometer (Model 430) or an Aminco-Bowmae spectrofluorometer. Activation
and fluorescence wavelengths were 360 nm*and 470 nm, respectively.

-

S5-Hydroxytryptamine content was determined by comparing the sample fluorescence

%

to a2 curve prepared using known amounts of the indoleamine.

b) 5-Hydroxyindoleacetic acid

400 pl of the buffered aqueous phase obtained from the extraction of mono-
amines from brain tissue were pipetted into a test tube, and to this was added

50 pl of a 17 (w/v) L-cysteine solutlon followed in sequence (with mixing between
s

each addition) by 1 ml of concentrated hydrochloric acid, 50 Wl of a 0.1% (w/v)

solutlon of oﬁphthalaldehyde in methanol, and 50 ul of a 0.027 (w/v) soluC1on of

potassium periodate. After incubation at 60°C for 15 min, the tubes were allowed

-

to cool and the fluorescence read in a spectrofluorometer using activation and

fluorescence wavelengths of 360 nm and 470 nm, respectively.

-
S-Hydroxyindoleacetic acid content was determined by comparing the sample

fluorescence to a curve prepared using known amounts of the substrate.

-

7. Measurement of Catecholamine Metabolite Content

a) 3-Methoxy—4-hydroxyphenylglycol sulphate

A modification of the fluorometric procedure of Meek and Neff (1972) was
used to measure the tissue levels of this noradrenaline metabolite.
Rat brains were homogenized in 4 vol of 0.2 M zinc sulphate. To the homogenate

was added 4 vol of 0.2 M barium hydroxide and after mixing, the homogenates were

centrifuged at 23,000 g for 15 min at 0°C. The supernatant fluid was passed
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through agéj#‘SO mm coluﬁn of DEAE Sephadex 4-25, and the effluent discarded.
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The column was washed with 8 ml of 0.06 M hydrochloric acid, and then the MOPEG
eluted from the column with 5.5 ml of 0.15 M hydrochloric acid. To the eluate
was added 200 pl of 1.52 (w/v)_L—cysteine hydroéhloride and 300 ui of 60% perchloric

acid. 2 ml aliquots of the acidified eluate were then used for éample, internal '

standard and blank analjsis. The internal standaré consisted of 1 ué MOPEG,

- s

which was added to one of the .aliquots. The tubes contaiﬁ%ng the sample and the

1

standard were heated at 100?C for 12 min in a water bath while the blank was
' . . a
left at Toam temperaturel. After cooling, 300 pl of ethylene diamine was-.added
Ay i o .- . . o -
to all tubes, including blanks and heated at 100°C for 5 min. After cooling, the

fluorescence was measured using either a Turmer spectrofluorometer (Model 430)
l ‘

. ] | } . ] :

or an Aminco-Bowman spectrofluorcometer. Act1v§tlon and fluorescence wavelengths
- —

were 320 nm and 465 nm, respectively.

b) Homovanillie acid . -

The striatum was homogenized in 2 ol of ice cold 0.1 M hydrochloric acid
and the homogenate transfered to a polypropylene centrifuge tube. The homogenizer

was washed with 2 ml of ice cold water, and the washings added to the homogenate.
. . A
120 pl of 70%Z perchloric acid was then added and mixed with the homogenate. Solid

4

potassium chloride was then. added in. an amount just in excess. of thQQL;equired to
sattrate the homogenate (approximately 750 mg) and mixed thoroughly: This removes
the perchlorate ion as the insoluble potassium salt, yet leaves the solution acid.’

The homogenate was centrifuged at 15,000 g for 5fmiﬂ at 0°C and 2 3.5 ml Eliquot

‘of the supernatant fluid transferred to a screw-capped Centrifuge tube to which

* . = " ) \—//)
was added a few crystals of potdssium chloride (to emsure that the soltition was
’ ' . : ’ 3 . L3
saturated) and 10 ml of n-butyl acetate. The tube was then gently shaken using

2 mechanical shaker for 5 min. The phases were separated by centrifﬁgation and
. . " >

two 4.5 ml aiiquots of the organic phaée‘taken. - To one portion wa§ added 2 ml

of a 0.6Z (w/v) Tris solution, and the tube shaken on 2 mechanical shaker for

-

~
v
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3 min. The second aliquot was used for the-measuremeng of DOPAC (to Be-described).
The phases were separated by centrifugation, and the n-butyl acetate phase aspirated
and discarded.” A 0.6 ml aliquot of the Tris extract was transfered to a culture
tube and:to it wa; added 1 ml of 0.002% (w/v) potassium ferricyanide in 5 M
ammonium‘hydroxide. 4 min after mixing, 200 ul of 1Z (w/v) L-cystein was added

and mixed. The fluorescence of the sample was}then read in either a Turrer
Spectrofliorometer (Model 460) or an Amingo—Bowman spectrofluorometer (activation

" wavelength 315 nm, fluorescence waveléngth 420 nm) and compared to a curve constructed

using known amounts of substrate.

c) 3,4-Dih§droxypheny1acetic acid

To the second n-butyl acetate aliquot obtained above was added 2.2 ml of a
mixture containigg 35 ml distilled water, 1 ml of 2 M hydrochloric acid and 1.5
ml of ethylenediamine. The tube was shaken ﬁhoroughly cn a mechanical shaker for
3 min, and the phases separated by centrifugation. The organic phase was aspirated
and discarded. A 1 ml aliéuot of the ethylenediamine extract was transfered to
a culture Egbe and heated at 60°C for 20 min in the dark.. After cooling, 300 ul
-ef a 1:1 (v/v) dilution of concentrated hydrochloric acid was added and mixed.
.The sample was left on iceror 10 min, then neutralized by the addition of 300 ul_
of a 1:9 (v/v) dilution of ethylenediamine. The fluorescence was measured in a
spectrofluorometer using an acﬁivatidﬁ wavelength of 385 nm and a fluorescénce
‘ wavelength of 450 nm. The DOPAC contént waé then determined by comparing the
sample's fluorescence to a curve constructed using known amounts of the substrate.

The methods of Murphy et al. (1969) were used for the measurement of HVA and DOPAC.

8. Moncamine Uptake Into a Synaptosomal Fraction

The method of Slotkin et al. (1978) was used to prepare synaptosomes and to
determine monoamire uptake.
Tissue was homogenized in 4 vol of 300 mM sucrose containing 25 mM Tris

(pH 7.4} and 10 uM iproniazid, using a Teflon-glass homogenizer. The homogenate
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was centrifuged at l,OOb g for 10 min. The supernatant was theﬁ sedimented by
centrifugatiog atl10,000'g_for~20 min and the cgude.#ynaptosomal Eelleﬁ washed

by gently resuspending the precipitate in 4 _vol of K:;bs—HenSelgit mediuﬁz(120 mM
sod;um chloride, 5 mM potassium chi;ride, 1.2 oM magnesi;m sulphate, 1.9 mM calcium
chisride, 1.2 mM potassium dihydrééen phosphate, 25 mM sodium bicarbb&2te, 10 mM
dextrose) modified by the addition of 2 uM asco;bic acid and 1.25 uM iproniazid.
After recentrifugation at 10,000 g for 20 min, the supernatant.fluid was digcarded
and the washed pellet resuspended.in 10 vol modified Krebs-Henseleit medium.

Thi§ final resuspension therefore contained 100 mg original tissue per ml.

100 ul aliquots of the synaptosomal prepa?atioh (equivalent to 10 mg of
original brain tissue) were mixed with 100 ul of the modified Krebs—Henseleit
medium. The sample was pre-incubated at 37°C for 5 min, at the end of which time
tritiated monoamine was added in a volume of either lb vl or 20 pl. After a 10
min incubation period, uptake was stopped by the addition of 1 ml of ice-cold
modified Krebs-Henseleit medium and placing éhe tubes on ice. Duplgecate tubes
kept on ice throughout the incubation period served as blanks. Labelled synapto-

-
somes were trapped by filtration under vacuum through cellulose-acetate filters
(0.2 um pore size). After three washes with .ice—cold modified Krebs-Henseleit
medium (2 ml per wash), the filters were oven-dried. Scintillation fluid (10 ml
of PCS) was added to each filter and the radigactivicy counted using a Beckman

LS-230 Liquid Scintillation Counter.

Uptake was determined by subtracting the 0°C blank from the 37°C sample,

and expressed in terms of pmol of monocamine taken up either per gram of originmal

tissue or per mg protein.

v

9. Measurement of Synaptic Membrane Binding Sites

a) Preparation of synaptic membranes

Synaptic membranes were prepared from synaptosomes according to modifications

of the procedures.of Slotkin et al. (1978) and Maggi and Enna (1980).
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Tissue was homogenized in L vol of ice eold 0. 2 M sucrose containing 50 mM
Tris (pH 7.4) using a Teflon-glass homogenizer and the homogenate centrifuged at
1,000 g for 10 min. The supernatant was sedimented by centrifugation at 10,000 g
for 20 min. The resul;hnt pellet was homogenized in 5 vol of ice-cold water
using 2 Polytron PT~10. This homogenate was centrifuged at 45,000 g for 20 min, ﬂ
and the precipitate resuspended in 5 vol of the appropriate buffer (for dihydro-
gplrenalol binding, 50 mM Tris, pH 8.0 at 37°C; for spiroperidol bindirg, 50 mM
Tris=-HC1, 120 mM sodi;m chloride, 5 mM potassium .chloride, 2 mM calciim chloride,
1 oM magnesium chloride, 0.1Z {w/v) ascorbic acid, pH 7.1 at 37°C). After
recentrifugation at 45,000 g for 20 min, the supernatant fluid was disca?ded and

the pellet resuspended in 10 vol of the appropriate buffer.

b) Determination of membrane binding sites - .

i) B-Adrenergic bindiﬁg sites. 100 ul aliquots of the fiﬁal membrane preparation
were incubated at 37°C for 10 min with varying concentrations of (3H)dihydr0-
alprenalol‘in a final incubation volume of 1 ml. The incubation was terminatéd
by the addition of 4 ml of ice-cold buffer to the sample, and rapid filtration
of the membrane preparation under vacuum through glass-fibre filters (Whatman
GF/B). The filters were washed three times with 4 ml of ice-cold buffer, placed
in scintillation vials and oven dried. Scintillation fluid (10 ml of Econofluor)
was added to each vial and the radiocactivity measured in 2 Beckman LS—7860 Liquid
Scintillation’ Counter. Specific reéeptor binding was defined as the difference
between radicactivity bound in the absence and presence of 10 uM alprenaiol.

~ ‘
ii) Dy-Dopaminergic binding sites. 100 pl aliquots of the final membrane

preparation were incubated at 37°C for 10 min with varying concentrations of
(3H)spiroperidol in a final inc;bation velume of 1 ml. The incubation wa;
terminated by the addition of 4 ml of icg-cold buffer to the sample, and rapid
filtration of the membrane preparation through glass fibre filters (Whatman GF/B).

The filters were washed three times with 4 ml of ice-cold buffer, placed in

scintillation vials and oven dried. 10 ml of scintillant (NEN Econofluor) was
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added to each vial and the radioactivity measured in a Beckman LS$S-7800 .Liquid
Scintillation Counter. Spe;ifiﬁ rEteprfﬂgzgaThg was defined as the difference
between total binding in the presence of 10 uM (-)-sutaclémol and non-épe;ific
bihdiﬁg in the presence of 10 uM (+)-butaclamol.

\

10. Determination of Protein Content

-

This assay is modifieq from that of Lowry et-al. (1951).

To an aliquot of the sample was added 5 ml of a mixture of 1% copper sulphate,
27 potas;ium-sodium tartrate,and 27 alkaline sodium carbomate (1:1:100), which
was incubated at 45°C for 10 min. After cooling on ice, 0.5 ml of a 1:1 dilution
of Folin-Ciocalteau reagent was added to the sample, mixed immediately and left
at room temperature for 20 min, after which the intensity of the developed colour
was measured using a Klett colourimeter with a No. 64 filter (620-680 nm). The
amount of protein present was determined by comparing the colour developed to a
eﬁrve prepared using known amounts of protein (bovine serum albumin).

11. Determinatien of Lithium Levels

a) Measurement in serum : ' -

When the animals we;gfﬂecapitated, trunk blood was collected.in,polypropyiene
centrifuge tubes, and left at room temperatu:e for approximatélj 1 hr to clot.

The clotted blood was centrifuged at 10,000 g for 10 min, and, the serum removed.
This was stored frozen at -20°C until lithium determinations could‘£e carried out.
, 250 yul of thawed serum was added to 5 ml of a 5.25% (w/v) solution of !

trichloroacetic acid, mixed and allowed to stand at room temperature for 10 min,
following which it was centrifuged using a clinical centrifuge for 10 min. The
deproteinized supernatant fluid was removed and used for lithium determination.

To measure lithium content of the deproteinized serum, a Jarrel-Ash Model 850
atomic absorption spectrophotometer was used in’its flame emission mode. . The

operating parameters were as follows: detection wavelength 6708A; spectral band

pass lA; oxidizing flame using acetylene and air. In order to compensate for




=83~

other ions which would be present in the serum, the lithium standards were

prepared in a solution which also contained 150 mEq/% sodium, 6 mEq/lkthaésium
and 6’mEq/1,ca1cium.‘ Lithium content of serum samples was determined by comparison

to a curve prepared using known lithium standards.

b) Measurement in brain tissue

~

Aftér weighing, brain sections were oven—dried overnight at 105°C. To the
dry tissue ga;_added 1.5 ml of concentrated nitric acid, which was gently heated
until théhtissue was completely digested. The digest was then concentrated to a
volume of 1 ml over low heat, following which 1.5 ml of a 5% (w/v) solution of
trichloroacetic acid was adde&, mixed and allowea.to stand‘at.room tempe:aturé
for 10 min. The précipitate formed was removed by filtration and the filtrate
diluted with a equal volume of distilled w#:er. The level of lithium in this
solution was then measured by atomic absorption spectrophotometry, using.the
operating parameters described above. The lithium content of the tissue samples
was determined by comparison to a curve prepared using.known lithium standards.

C. ANIMALS |

All - animals used in these studies were male Sprague—Dawiey rats obtaineﬁ
from Canadian Breeding Farms Léd., Montreal. At the start of each study, rats
weighed 150-175 g and were maintained in groups of 3 per cage under. constant
environmental conditions (ZAOC, 607 relative humidity and regular altermate cycles
of 12 hr I;éht and darkness) with food and water ad libitum.

D. MATERIALS

The following radiolabelled compounds were obtained from either Amersham
Corp., Oakville, Ont. or New England Nuclear (Canada)'Ltd., Lachine, Que.:

L (U—lAC)tyrosine (>450 mCi/mmol), L-(side chain-3-14C)tryptophan (40-60 oCi/mmol),
—3,4-dihydroxypheny1(1—14C)alanine (5~20 mCi/mmol), S-adenosyl—L—(methyl—3H)
dfethionine (5-15 Ci/mmol),\5-hydroxy(G-3H)tryptamine creatinine sulphate (10-20

Ci/mmol}, DL-(?—BH)noradrenaline hydrochloride (8-20 Ci/mmol), 3,4-(3H(G)dihydroxy—

t

v
N

\.\ - .
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_phenylethylamine f2—10 Ci/mmoi), L-(ring, propyl—BH(N)dihydroalprenalol hydro-
chloride (90-120 Ci/mmol), (benzene ring—3H)spiroperidol (20-40 Ci/mmol).

Also obtained from Amersham Corp.~uere PCS scintillation cocktail and NCS
solubili;er, while New England Nuclear (Canada) Ltd. supplied Econofluor scint~
illation cocktail and Omnifluor and Liquifluof pre-mixed liquid scintillation
fluors.

The 5,6,7,8-tetrahydro-L~biopterin was obtained from Hoffman La Roche, Montﬁeal
while the NSD-1034 came from Smith and Nephew, Lachine, aue. (+) and (-)-Butaclamol
hydrochlor;de were purchased from Research Biochemicals Inc., Wayland, Mass. .

McNeil Labs (Canada) ﬂtd., Stouffville, Ont. prﬁvided the haloperidol. The silica
gel GF thin-layer chromat?graphy plates were supplied by Mandel Scientific Co. Ltd.,
Rockwood, Ont. ' ‘

All other chemicals wete the purest grade available from commercial suppliers.

E. STATISTICAL ANALYSES

Mean values and their standard errors were calculated and were compared by
a two-tailed analysie using Student's t-test. Diffefences were considered
significant if p=0.05 or less. In.cases where-the use of the t-test was inapprop-
riate, 1.e. multiple comparisons, data were compared using a one-way analysis of
variance and if a significant difference was found (p <0.05), they were further

subjected to the Duncan multiple-range test to isolate the differences.




g—.ﬁﬁﬁu?‘;.rd,ri\: —————

—

11

RESULTS



-85~ B

1. Determination of Gross Toxicity Following Chronic Lithium Carbonate Administration

Many investigators have examined the effects of lithium in animals after
achievement of «clinically effectng; bleood lithium concentrations. ch%ver,
certain reports have indicated #hat‘lithium levels of the magnitude used in the
clinical situation may produce toxic manifestations in commonly used laboratory
animals. .An alternative approach to the selection §f a lithium dosage to be used
is to utilize the maximum sub-toxic dose, i.e. the highest amount of the drug
tolerated by the animal without the appearance of any toxic effect.

Singly housed, male Sprague—Dawley raﬁs were therefore treated with varying

. amounts of lithium carbonate for a period of 30 days. The doses used ranged from
0.25 to 2.5 mmol/kg (equivalent to 0.5-5.0 mEq lithium/kg), administered intra-
peritoneally once daily in a volume of either 5 ml/kg (0.25, 0.5, 1.0 and 1.5
mmol/kg) or 10 ml/kg (2.0 and 2.5 mmol/kg). The lithium carbonate solutions were
adjusted to pH-7.4 with citricJ;cid immediately prior to use. Control animalg
received equivalent volumes of physiological saline. .

Eighteen hours after each drug administration, the rats were checked for
signs of toxicity. Among the symptoms for ;hich the animals were examined were
polyuria,'diarrhoea, piloerection, tremor, gross motor dysfunction (i.e. disturbed

-

gait) and mortality.
None éf the saline~treated control anigéls displayed any toﬁic s&éptoms,
and they gained weight at the same rate'as untreated rats. No toxic symptoms
ver;,noted in animals administered either 0.5 mEq lithium/kg or 1 mEq lithium/kg,
Eut in the group treated with 2 mEq lithium/kg, two animals displayed signs of
polyuria (day 3 to day 6) and one of these also suffered a brief period of
diarrhoea (day 3 to day 5) (Table 1). However, since these signs were only
present in a small number of animals for a short -period of time, it is likely

that they may not have been related to lithium toxicity. Administration of

3 mEq lithium/kg resulted in polyuria in 3 animals, which was delayed in onset




A

.

Table 1. Toxic Symptoms Displayed Following Chronic Lithium Treatment

Amount of Lithium Administered (mEq/kg)

Symptoms
0.5 . 1.0 2.0 3.0 4.0 . 5.0
. ] " . kkk - *kk
Polyuria 0 0 ke wokk
. . xn dokk Fekk
Diarrhoea 0 0 -
X . . *kk k Rk *kk
Piloerection 0 0 0 *% * "k
. ' *k % Kk Kk
Tremor | 0 0 0 " *k
. * *k *kk
Motor Dysfumction O 0 0 . -
. * k% %k
Mortality _ 0 0 0 0

~ ) k&

Each dose of lithium was administered daily (i.p.) to 6 rats for
30 days. Each animal was examined daily for toxic symptoms.

0

the symptom was not observed in the group during the treatment period.

*

n

the symptom was observed in one animal at some point during the
treatment period.

L

N

To ey uia
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(starting days 13-17), but pgrsisted fo$ the remainder of the test period.
Diarrhoea was also noted in these rats, starting between days 21 and 25, and
also lésting to the end of the test perioé. Five animals suffered from pilo-
erection for varying periods of time, while 3 exhibited pronounced tremor.
Disturbed gait was also seen in one animal. Weight gain in this group was not
different to control animals. Polyuria was ﬁoted in all rats treated with
4 mEq lithium/kg, while diarrhoea was seen in 3 animals. Piloeregtioﬁ and tremor
were displayed by:4 rats, with 2 also exhibiting disturbed gait.‘ Three animals
died during the treatment period (days 23; 26 and 27). Weiéht gain was also
reduced in this treatment group (76% of cont;ol). With the highest treatment
regime, all animals suffered polyuria and diarrhoea, 5 exhibited piloereétion and
severe tremor, #nd 4 displayed a disturbed gait. Five of the rats in this
treatment group died before the end of the treatment period (days 17, .19 (2),
%,

22 and 23).

Since 2 mEq lithium/kg appeared to be the higgest dose of lithium ﬁolerated
by the animals after a 30 day treatment period; this was the aose chosen for use

in subsequent studies.

2. Changes in Spontaneous Locomotor Activity Due to Lithium Administration and

Subsequent Withdrawal

Clinical experience has shown that there is a time-lag of between 5 and 12
days associated with the start o% lithium treatment and the onset of its anti-
manic e%fect. It is therefore reasonable to assume that there is a delay period
following the commencement of lithium treatment in experimental animals and the
alteration. of neurochemical parameters resulting from this treatment. In order

to determine whether this ;as in fact so, it was decided to examine the changes

iﬁ gross behavioural parameter, spontaneous locomotor activity, with the assumption

. ey . o . . .. .
being that lithium would reduce spontaneous activity. In addition, it was

decided to examine the coansequences of withdrawal of lithium following a suitable
! I
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treatment period, since certain clinical studies had suggested that a €rebound
phenomenon» became manifest on termination of lithium therapy.

Groups of rats were therefore treated with lithium carbonate (1 mmoi/kg,
eqﬁivalent to 2 mEq lithium/kg) i.p. daily, with a total treatment period of
16 days. One of the groups of animals treated with lithium was to undergo lithium
withdrawal, the start of the withdrawal period to be determined by the behavioural
response. Contrel animals received an equivalent volume of physiological saline
daily.

Behavioural testing was carried out 18-24 h? after the previous drug admin-
istration, using a test period of 30 min. As can be seen in Fig. 10, after 9 days
of lithium administration, there was a significant decrease in spontaneous loco-
motor behaviour, the decrease being maintained for the remainder of the treatment.
Since a decrease in behavioural activity was seen after 9 dayg of tréatment! it
was decided that the lithium-withdrawal group should receive 10 days of lithium
administration, followed by 6 days of an equivalent volumg of physiological saline.
As Fig. 10 shows, 12 days after the start of the treatment period, i.e. 2 days
into the withdrawal period, spontaneous locomotor activity was glightlg, bu:rnot
significantly greater than control (119%), and with time more closely approached
control values.

It therefore appeared that a two-day withdrawal period was appropfiate,
although no conclusive evidence for a behavioural «rebound» phenomenon was foun&,
and this was used in subsequent studies.

3. The Effect of Lithium Administration and Withdrawal in Various Animal Models

of Mania
Various models of «manic» behaviour have be '??Z;Bsed for the behavioural

testing of known and novel anti-manic agents, including re p{he-induced hyper-

‘J
activity in the presence of 2 monoamine oxidase inhibitor, and amphetamine-induced
.

hyperactivity in the presence of chlordiazepoxide or barbiturate. It has been said

e
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Fig. 10. Effect ofiLithium Treatment and Withdrawal on
Spontaneocus Locomotor Activity
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that the behavioural hyperactivity due to neuronal release of neurotransmitters
following treatment with either reserpine or amphetamine provides a more acéurace
method of.determining the effectiveness of anti-manic agents than doeé the.
‘utilization of ¢normal» animals. It was therefore Jecided to evaluate the effects

of lithium treatment in these analogues of mania, and to compare them to changes
in locomotor activity in tnormaly lithium;;;eated animals. 1In addition, the
consequences of lithium withdrawal.were examined in these behavioural paradiéﬁs.
Groups of animals were treated with lithium carbonate (1 mmol/kg) i.p.
daily for 12 days, or with the salt'(l mmol/kg) 1.p. .for 10 days followed by é

days of saline. Control rats received an equivalent volume of physiological

saline for 12 days. Prior to measurement of locomotor activity, which took place

18-24 hr after the last drug administration, animals were divided into four groups:

(a) normal - no drug pre-treatment immediately prior to locomotor testing;

(b) reserpine-induced hypéract?vity - the animals were administered pargyline;

(50 mg/kg i.p.) Yollowed 30 min later by reserpine (5 mg/kg i.p.). Locomotor
testinglwas carried out 30 min after reserpine administration (Delini-Stula and
Meier, 1976); (c) amphetamine-induced hyperactivity «A» - the animals were treated
with a mixture.of dexamphetamine (1.18 mg/kg) and chlordiazepoxide (12.5 mg/kg),
administered i.p. 30 min before measur ing locomotor activity (Daviég et al.,
1974); (d) amphetamine-induced hyperactivity «B» - as above, but using_2.36 ng/kg
dexamphetamine and 25 mg/kg chlordiazepoxide (Davies et al., 1974).

As can be seen in Fig. 11, there was a significant enhancement of recorded
spéntanébﬁs activity in control animals following treatment with reserpiﬁe and
both amphetamine regimes as compared to the «normal» rats, with amphetamine
displaying a dose-dependent effect. This increase in astivity was more pronounced
in the amphetamine-treated groups tban in those anima;s receiving reserpine, but
the causes of the enhanced activity appear to be diéferent. In the case.of the

N

reserpine-treated animals, the rats seemed to exhibit more voluntarylactivity in
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Fig. 11. Effect of Behavioural Stimulants on_
« Spontaneous Locomotor Activity o

[ Normal
. 1200+ I Reserpine -
§ y :\\jﬁmie:amineg 7
| §1000- 777, Amphetamine
% 600- * § %
20| T § Z
9 201 § | Z
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Each value represents the mean + S.E. mean for 6 rats
per group. Control animals were administered the behavioural
stimulants as described, Locomotor activity was measured for
30 min following a 10 min adaptation period.

Significanély different from control («normal»); *p <0.05;
**p <0.01.
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the home cages and the test cage than did t@e tnormal » réts, and displayed no
other overt behavioural symptoms. In contrast to this, the animals treated
with amphetamine, particularly at the higher dose, appeared to have a marked
impairment of voluntary movement, as manifested by locomotion, but displayed
severe tremor. Therefore, the increased spontaneous activity recorded when these
animals were placed in the test cages does not represent spontaneoﬁs locomotor
activity. Attempts to alter fhe sensitivity and tuning of the measuring instru-
ment to eliminate the recbrding of this severe tremor resulted in a situation in
which the recording of actual locomotor activity, as determined by the use of .
«normal» animals, wés impaired.

When the effect of 12 days of lithium administration was examined using the

behavioural paradigms described, it can be seen (Fig. 12) that the only model in

which lithium.produced a significant effect was in the dnormal» animals, where
a2 reduction iIn spontanecus activity was noted. {oll?wing withdrawal of lithium,
the spontaneous activity of the «normal» animals was siightly, but non—significantly
enhanced relative to the control animals. Agair, no change in spontaneous activitf
%as seen following lithium withdrawal in the other behavioural analogues of mania
tested. It should be noted that the évert behavioural symptoms displayed by
the control rats receiving the amphetamine-chlordiazepoxide mixtures were also

- .

seen in the animals-subjected teo lithium administration and withdrawal and then

treated with this drug mixture.

4. Consequences of Short—Term Lithium Administration and Subsequent Withdrawal

on Central Monoamine Systems

The central biogenic amine neurotransmitters have been heavily implicated
in the genesis of mood and mood disorders, which has led to the investigation
of their role in the meghanism of action of lithium. This study was designed to
investigate the changes which occur in the monoaminergic neurotransmitter Systems
of rat brain following short-term lithiuq admiqistra:ion, and tc determine whether

any «rebound» effects are present following abrupt cessation of lithium treatment.
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Activity in Various Animal Models of Mania
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Three treatment groups-were used in this study. One group received lithium
carbonate (1 mmol/kg, equivalent to 2 mEq lithium/kg) i.p. for 12 days, while
the second group was given the salt (1 mmol/kg) i.p. for 10 days followed by
2 days administration of physiological saline. Eightgen hours after thewlast
injection, animals were sacrificed and the trunk bloo& collected for 1itﬁ$um
analysis. The brains were répidly removéd and sectioned, and unless used for the
measurement of‘enéyme activity, were frozen in liquid nitrogen and stored at
ZT-YOOC until assayed. Series of brains were used for the measurement of tyrosine,
-tryptophan, NA, DA, 5-HT, MOPEG, S5-HIAA, HVA, DOPAC ;nd tyrosine h&droxylasé and
tryptophan hydroxylase activities. In addition, lithium levels in the various

brain regions were determined.

. C3
1) Lithium concentrations. 18 hr after the last drug administration, serum

lithium levels in the lithium-treated animalé were 0.32040.036 mEq/1, while in

the rats withdrawn from lithium for 2 days, serum concentration was 0.018+0.002

mEq lithium/1. Lithium levels in the control animals were not detectable. The
tissue levels of lithium detected following this tre;tment regime are shown in

fable 2. As can be seen, following 12 days of lithium administration, the cation ff
appears to be distributed relatively evenly throughout the brain, with the highest
concentration -being in the striatum. After 2 days of withdrawal from lithium
treatment, tissue levels of the ion were significantly reduced in all regions of

the brain. No lithium was detectable in any region of control brains.

ii) Effect of lithium treatment and withdrawal on precursor levels and syhthetic

enzyme activity. Neither lithium administration nor its subsequent withdrawal

had any effect on the parameters of serotonergic synthesis examined, i.e. tryptophan
levels and tryptophan hydroxylase ;Etivity (Table 3). With regard to the catechol-

anminergic sygthetic parameters, no change was noted following lithium treaﬁment.

An increase in the activity of tyrosine hydroxylase was seen in the group withdrawn

from lithium (1317 of control), although this increase did not reach statistical

significance.



Table 2. Brain Lithium Concentrations Fellowing Short-Term

-95-

Treatment and Subsequent Withdrawal

Li-Treated

3

- Li-Withdrawal

Pons
Hypothalamus

Striatum

Hippocampus .

Midbrain

Cortex

0.286+0.020
0.225+0.020
0.445+0.028
0.327:0.013
0.247:0.018

0.33520.042

0.0SS:O.QOS
0.070+0.012
0.0359:0.003
0.033x0.002
0.052:0;004

0.035£0.004

Each value is the mean + S.E. mean for 6 animals per
group. Data are expressed as mEq lithium/kg wet tissue.
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Table 3. Effect of Lithium Administration and Subsequent Withdrawsl

on Parameters of Monoamine Synthesis

- . Tyrosine - Tryptophan
Treatment Tyrosine &ydroxylase Tryptophan Hydroxylase
Control 34.22+6.2 361.97+56.4 10.79+2.63 3.7320.5
. (100) . (100) (100) (100)
Li—tréated 39.01:5.6 357.16%56.1 9.7420.83 3.33:1.1
(114) . (99) (90) (89)
Li-withdrawal 31.03:21.2 473.48+66.3 12.14%1.50 4.6920.4
’ (1) (13D (112) (126)

Each value is the meah + S.E. mean for 6 animals per group.
Data in parentheses express results as percentage of control (100Z).

. Tyrosine and tryptophan values expressed as ug/g tissue.
Tyrosine hydroxylase and tryptophan hydroxylase activities expressed

as nmol/g tissue/hr.

Y
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iii) Changes in regional catecholamine levels following lithium administration

and withdrawal. After 12 days of lithium administration, the only change in

e

tissue DA content was found in hypothalamus, where 2 significant decrease relative

to control was noted (Fig. 13). Following lithium withdrawal, hypothalamic DA

content was still depressed relative to control (41% of -control, p <0.05) while

the level of neurotransmitter in pons-medulla was reduced (21% of control, p <0101)’
Cortical DA content was found to be elevated in the lirhium withdrawal group
(143Z of control), although this change did not reach statistical significance.

- Short-term lithium treatment resulted in decreased NA levels in hypothalamus,
st;iaggm and hippocampus (Fig. 14). After 2 days of withdrawal from 1;thium
administration, those brain regions which displayed a reduced NA content as a
result of 12 days lithium administration did not display a return towards control
values. Thererwas alsc a decrease, although staéistically ﬁon-gignificant, in
pons-medulla of the wifhdrawal group, while cortical NA levels were enhapced

(1877 of control, p <0.05). =

~

iv) Alterations in catecholamine metabolite levels following lirhium treatment

and withdrawal. Examination of MOPEG and DOPAC tissue levels éhowed that there

was no significant alteration in these parameters as a resulf of either 12 days
of lithium administration or 2 &ays of lithium withdrawal (Table 4). No alter-
ation in striatal HVA content was noted as a result of lithium treatment, although
a significant increase (1617 of control, p <0.05) was seen in the withdrawal group.

v) Effect of lithium treatment and withdrawal on regional 5-hydroxytryptaminé and

-

S5-hydroxyindoleacetic acid concentrarions. As can be seen from Table 5, lithium

administration for 12 dgys resulted in a significant decrease in 5-HT content of
the mid-brain (65% of control, p <0.01). Following 2 days of withdrawal from
lithium cfeatment, all the brain regions examined,_with the exception of hypo-
thalamus, showed a tendency for 5~HT levels to return towards the control values.
Hypothalamic content of the neurotransmitrer showed a slight, but non-significant

increase (114% of control) following lithium withdrawal,
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Fig. 13. Changes in Brain Dopamine Levels Following Treatment With and

Withdrawal
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Table 4. Changes in Catecholamine Metabolites Following Short-Term
Lithium Administration and Subsequent Withdrawal

) .
Metabolite " Conmtrol Li-Treated Li-Withdrawal
HVA 9.44%1.4 6.23%1.6 T 13.29#3.2

: (100) (66) , (161) *+
DOPAC 20.98%2.8 17.82%3.7 16.24%3.3

) (100) (85) an
MOPEG 0.28810.06 0.240%0.04 0.213#0.02

- (100) (86) (76)

Each value is the mean + S.E. mean for 6 animals per group.
Values are expressed as pg/g tissue. Data in parentheses express
results as percentage of control (100%). ‘

Statistically significant difference when compared to control
(*p <0.05)

Statistically sigﬁificant difference when compared to Li-treated
rats (tp <0.05).
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Table 5. 5-Hydroxytryptamine Concentrations in Rat Brain Regions
Following Administration and Withdrawal of Short-Term

Lithium
Control Li~treated Li~withdrawal
Pons 1.5540.08 1.65:0.08 1.58+0.12
(100) _ (106) (102)
Hypothalamus 1.010.07 1.00:0.07 1.1540.11
\ (100) (99) (114)
Striatum 0.28+0.02 0.25+0.01 0.26+0.03
(100) (89) (90)
Hippocampus 0.10x0.01 ,0.09:0.01 0.10+0.01
' (100) (89) (99)
Midbrain 1.37+0.16 0.89+0.07 1.02+0.10
{100) (65) ** (75)*
Cortex 0.59+0.03 0.52+0.04 0.56+0.04
(100) (90) (95)

Each value is the mean_i,§,E:'mean'for 6 animals. Values are
expressed as ug/g tissuer—Data in parentheses express results as a
percentage of control (100%).

Significantly different to control values (*p <0.05; **p <0.01).
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Table 6. Regional 5-Hydroxyindoleacetic Acid Levels Following
Short-Term Lithium Adwministration and Subsequent
Withdr;wal- - :

Control Li-treated Li-withdrawal

Pons 1.59+0.08 1.49:0.06 1.32%0.15
(100) (94) (83)

Hypothalamus 2.06:0.25 1.47£0.09 1.95:0.15
- (100) (71) * (94)

Striatum 1.3020.05 1.30:0.06 1.3240.10
(100) (100) (102)

Hippocampus 0.9320.06 1.03:0.13 1.02+0.06
(100) (110) (109)

Midbrain 1.43+0.14 0 1.23%0.14 1.2920.08
(100) (86) (90)

Cortex 0.680.04 0.660.04 '0.7740..06"
. (100) (97) (113)

v
Each value is the mean + S.E. mean for 6 animals. Values
are expressed as ug/g tissue. Data in parentheses express
results as a percentage of control (100%).

Significantly different to control (*p <0.05).

Significantly different to lithium-treated animals {+p <0.05).
s
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On examination of the regional levels of the S-HT metabolite, 5-HIAA in the
12 day lithium treated group, a significant decrease (71Z of control, p <0.05)
was found in the hypothalamus (Table 6). No significant differences to the control
animals were found following lithium withd;awél, while hypothalamic levels returned

towards control values.

5. Changes in Parameters of Central Monoamine Function Afrer Treatment With and

Withdrawal From Long-Term Lithium

Clinical evidence has shown that lithium is of value in the treatment of
manic-depressive episodes, and it appears that the monoamine neurotransmitter

systems may well be involved in lithium's anti-manic action. In addition to this

acute action, lithium has been found to provide prophylaxis against the recurrence
. - I3

- -~

of this affective disorder. However, it is not known if the underlying process(es)
involved in its effieacy in returning manic subjects to normal is the same as that
involved in its prophylactic usefulness. %his study therefore set out to determine
whether the effect of long-term («prophylactic») administration of lithium is
qualitatively the same as that seen following short-term («therapeutic») treatment.
In addition, this study examined the consequences of withdrawal from the long-
term treatment Fegime. The withdrawal period utilized in this gtudy was the same
as that used in the shért-term administration regime, i.e. 2 days.

Three treatment groups were again used: one grouﬁ of. animals received lithium
carbonate (1 mmol/kg, equivalent to 2 mEq lithium/kg) i.p. daily for.26 days,
while the second group received the salt for 24 days\followed by 2 days of saline
treatment. Control aﬁimalé were administered an equivalent volume of ﬁhysiological
saline daily for 26 days. Eighteeﬁ hours after the last injection, animals were
sacrificed and the trunk blood collected for lithium measuremen;. The Brgins
were rapidly removed and sectiomed, and unless used for the measurementlof enzyme
activity, were frozen in liquid ditrogen and stored af -70°C uncil assayed,

Series of brains were used for the measurement of various parameters of catechol-

aminergic and serotonergic function, and for the determination of tissue lewvels

of lithium.

\
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i) Lithium concentrations. Eighteen hours after the last drug administration,

‘Sexrum lithium levels in the lithium-treated rats were found to be 0.345+0.04 mEq/1,

while in the withdrawn animals lithium concentrations were 0.03640.006 mEq/1.

ﬁo lithium was detectable in the serum obtained from control rats. The serum
lithium levels in the lithium-treated gréup were found to be comparable to those
found following 12 days of lithium treatment, while they weré slightly higher in
the rats withdrawn from long-term treatment when compared to thg leQelq in animals
withdrawn from short-term administration. -

As was the case with serum levels, the concentrations of lithium in the

various brain regions after long-term lithium administration were comparable to

those obtained after short-term treatment (Table 7). Two days of withdrawal from
the long-term treatment regiﬁe also resulted in brain lithium levels which were -
similar to those found after withdrawal from sh?EE;zéfm lithium administration.

1i) Effect of lithium treatment and withdrawal on precursor levels and synthetic

enzyme activities. The effects of long-term lithium administration and its sub-

sequent withdrawal on serotonergic synthetic processes resemble those of short-
term lithium treatment and withdrawal in that no significant changes in tryptophan

content or tryptophan hydroxylase activity were seen (Table 8). With regard to

the catecholaminergic synthetic parameters examined, long-term lithium treatment . .-

did not change either tyrosine levels or tyrosine hydroxylase activity.. Following
2 days of withdrawal however, tyrosine content “was significantly reduced (42Z of
control, p <0.01), while the activity of tyrosine hydroxflase was enhanced (1317
of control, p <0.05). This increase in tyrosine hydroxylase activity is of the
same magnitude as that noted following withdrawal from short-term lithium
administration (Table 3).

11i) Changes in regional catecholamine levels following lithium administration

and withdrawal. After 26 days of lithium administration, significant decreases

b=

in DA levels were seen in hypothalamus (652 of control, p <0.05) and hippocampus

)
f
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Table 7. Brain Lithium Concentrations Following Exposure to and
_ - Withdrawal from Long-Term Lithium

o«

Li-Treated

' Li-Withdrawal
Pons - ' 0.31720.028 _ 0:043;0.004
Hypothalamus - ?.25itQ.017 0.06%:0.011
Striatum | 0.520+0.037 0.064+0.006
Hippocampus . 0.37420.046 0.030+0.002
Midbrain 0.27920.017 0.04120.003
Cortex 6.38720.018 0.0400.011

Each value is the mean + S.E. mean for 6 animals per group.
Data are expressed as mEq lithium/kg wet tissue.
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Table 8. Effect of Long-Term Lithium Administration and Subsequent
Withdrawal on Parameters of Monoamine Syuthesis

5 LR S
. Tyrosine Tryptophan
Tyzosine Hydroxylase T?yptophan Hydroxylase
Control 8.2620.7 360.8054.1 5.91+0.69 11.00x1.1
(100) (100) (100) (100)
Li-treated 8.24%1.4 393.27+34.5 5.30:0.13 9.2321.9
(99) {109} (90) (84)
Li-withdrawal 3.4821.0 . 474.26%28.5 -4.,90:0.44 10.00+0.6

(42) %% ++ (131)#* (83) (91)

i Each value is the mean + S.E. mean for 6 animals per group. Data
in parentheses express results in percentage of controls (100Z).

Tyrosine and tryptophan levels expressed as ug/g wet tissue wt..
Enzyme activities expressed as nmol/g wet tissue wt./hr.

Statistically significant difference when compared to control
(*p <0.05; **p <0.01). '

. Statistically significant difference when compared to lithium-
treated rats (+tp <0.01).
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(497 of - concrol, p <0.05) (Fig. 15). DA content of pons-medulla was also

depressed (77Z of control), while the concentration of this neurotransmitter in

cortex was elevared (1532 of control), although nefcher of these changes achieved

statistical significance. In the withdrawal group, the reduction in DA content

in hypothalamus and hippocampus was maintained, while a further decrease was noted

in DA concentration of pons-medulla (to 452 of control, p <0.05). The increase

in neurotransmitter levels in cortex seen after long-term lithium administration

was.enhanced as a result of 2 days withdrawal from lithium (238% of control, p <0.05).
Long-term treatment with lithium resulted in decreaséd NA content in hypo-

thalamus (657 of control, p <0.05), striatum (267 of control, p <0.01) and

hippocampus (58%Z of Sontrol, p <0.05) (Fig. 16). Cessation of lithium after

long-term treatment produced a further decrease in hippocampal concentration of

NA (to 177 of lithium-treated rats: p <0.01),.while pontine levels of the neuro- !

transmitter were also found to be degressed (297 of control, p <0.05). Cortical

NA content was elevated in these animals (2237 of control, p <0.05). N

iv) Alterations in catecholamine metabolite levels following lithium treatment

and withdrawal. Lithium administration for 26 days resulted in a significant
enhancement in the striatal content of DOPAC (1827 of control, p <0.05), whiie

HVA and MOPEG levels were unaltered {(Table 9). Following lithium withdrawal, the

concentration of DOPAC returned essentially to control values, while there was
a significant decrease in MOPEG content (362 of control, p <0.01). There was
also an increase in the concentration of striatal HVA in the withdrawal group
(165% of control, p <0.05), the magnitude of which was comparable to that found ;
following withdrawal from shert-term licthium administration.

v) Effect of long-term lithium treatment and subsequent withdrawal on regional

.

S-hydroxytryptamine and 5-hydroxyindoleacetic acid concentrations. Administration

of lithium carbonate to rats for 26 dayé caused decreased levels of 5=HT imn_ g
hypothalamus, striatum and mid-brain (75%, 737 and 59% of control, respectively)

(Table 10). As was noted after short-term administration of lithium, 2 days of {
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Fig. 15. Effect of Treatment With and Withdrawal From Long-Term
Lithium on Central Dopamine Levels
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Fig. 16. Braim Noradremaline Content Following Long-Term Lithium
Treatment and Subsequent Withdrawal
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Table 9. Catecholamine Metabolite Levels in Rat Brain Following Long-
Term Lithium Treatment and Subsequent Withdrawal

Control Li-treated - Li-withdrawal
HVA 2.010.2 2.08:0.3. 3.31:0.6
(100) (104) (165) %+
DOPAC 5.12+0.5 9.32+1.7 4.34+0.29
(100) (182) * (85)++
MOPEG  0.24620.02 0.226+0.03 0.088+0.02
(100) (92) (36) %44

Each value is the mean® S.E. mean for 6 animals per group.
Values are expressed as ug/g tissue. Data in parentheses express
data as percentage of control (100Z).

Statistically significant ‘difference when compared to control
(*p <0.05; **p <0.,01).

Statistically significant difference when compared to lithium-
treated rats (+p <0.05; ++p <0.01).
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Table 10. Changes in Central 5~Hydroxytryptamine Concentration After Long- .
Term Lithium Treatment and Withdrawal

Control ) Li-treated Li-withdrawal

Pons 1.0120.10 0.96+0.12 1.13+0.08
(100) (95) ) (112)

Hypothal amus 2.09:0.12 . 1.5720.09 2.28+£0.15
(100) (75)** (109)+

Striatum 1.34:0:18 0.98+0.05 1.23:0.10
{100) (73)* (92)

Hippocampus 0.85+0.09 0.85:0.12 0.80:0.07
(100) (99) (93)

Midbrain 1.43+0.06 0.84%0.10 1.21:0.09
(100) (59) % (84)*+

Cortex 0.78+0.05 0.73+0,06 0.79+0.09

: (100) (94) (102)
T .

Each value is the mean + S.E. mean for 6 animals. Values are expressed

as pg/g tissue. Data in parentheses express results as a percentage of
_ control (100%).

s

Significantly different to control values (*p <0.05; **p 0.01).

Significantly"différent to lithium-treated animals (+p <0.05).
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Table 11. Effect of long-term lithium treatment and withdrawal on regional
5-hydroxyindoleacetic acid levels

Control Li=treated Li-wichdrawal

Pons 0.8620.13 0.73%0.20 0.81%0.15
(100) (85) (94)

Hypothalamus ' 0.60+0.07 1.16%0.07 0.57:0.11

, (100) (194) *x (95)+t

Striatum 1.29+0.12 1.3620.13 1.4420.10
. (100) (106) (111)

Hippocampus 1.2820.06 ' 1.19%0.20 1.57+0.24
(100) (93) (123)

Midbrain ' 0.990.10 1.25:0.04, 0.74%0.10

- (100) (126)** (75)++

Cortex 0.560.07 0.48:0.08 0.6320.07
. (100) (86) . (112)

Values are expressed as ug/g tissue, and each is the mean + S.E,

mean for 6 animals. Data in parentheses express results as a percentage
of control (100%). :

Significantly different to control values (**pv<0.01) or to lithium~
treated animals (+ip <0.01). '

[YNENH
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withdrawal resulted in-a tendgncy for S-FT levels to return towards the control
values. ﬁypothalamic conteﬁt of the neurotransmitter again showed ; slight, but
non-significant increase (IO?Z cf contrel) following lithium withdrawal.

Levels of 5-HIAA weré found to be elevated in hypothalamus and midbrain
"(194Z and 126% of control, respectively) after 26 days of lithium administr#tion
(Table 11). Following 2 dayg of withdrawal from the loné-term treatment regime,
concentrations of the metabolite in most brain regions displayed a return towards
céntrol levels. 1In the midbrain however, there was a decrease, although non-

significant, relative te control (75%2). _

6. Changes in Monocamine Uptake into Synaptosomes from Various Regions of Rat Brain

Following Lithium Administration and Withdrawal

It has loﬁg been.knowp that re;uptake of NA into nervous tissue is a major
route of inactivation for the neurotransmitter, and it is assumed that the same
type of mechanism wéuld apply for the other monoamine transmitter substances.

Many psychotherapeutic agents (e.g. tricyclic antidepressants) have the abilicy

to altér uptake, and it is thought that at least part of'their therapeutic efficacy
is duge to changes in this process. If the biogenic amine hypothesis of affective
disorders is indeed correct, then mania is a consequence of a functional excess

of monoaminergic neurotransmitter at critical synapses. Should this be the case,
it would be reasonable to assume that lithium may exert an effect on this inact—
ivation process. A limited number of studies have examined 1ithium-induced
chanées i& NA uptake, and have shown that lithium treatment may well enhance
synaptosomal NA uptake. However, an early in vive study had shown that lithium
administration dia not affect the uptake of NA into brain tissue. This study
therefere set out to examine the consequences of short-term lithium administration
and its subsequent withdrawal on the uptake of NA, DA and S;HT into synaptosomes

prepared from various regions of rat brain.
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(2) Determination of the uptake of monocamines as a function of time

’

Syné#tosomal fractions were prepared from each brain region of drug-naive
rats as described previously. Aliquots of these preparations were incubated
at 37°C-for 5 min., At the end of this time, 20 pl of buffer containing one of
the radiolabelled monoamines was added to the synaptosomal aliquots, and the
fraction incubated for a further period of time ranging from 30 sec to 20 min.
The concentrations of tritiated ligands used were 0.05 uM and 5 uM.

‘Figure 17 shows the uptake of monocamines into hypothalamic synaptosemal
ffactions using a substrate concentration of 5 uM. As can be seen, synaptosomal
uptake of all three monocamines waé linear for at least 10 min, and this was
found to be the case for all brain regions examined at both concentrations of
substrate, and for this reasbn, 10 min was chosen as the appropriate incubation
: perioq in subsequent uptake studies.

(b) Synaptosomal uptake of a single concentration of radiolabelled ligana
{ ' .

Three treatment groups were used in this study: i) received 1 mmol/kg lithium

carbonate i.p. for 12 days; ii) received lithium carbonate (1 mmol/kg) i.p. for
10 days followed by physidlogical saline for 2 days; iii) received an equivalent
volume‘of physiological saline for 1é days. Eighteen hours after the last
injection, agimals were sacrificed, the brains removed, sectioned and synapto-
somal fractions prepared from each brain region. Aliquots of the synaptosomal
preparations were then incubated with 100 uCi of radiolabelled monoamine, |
resulting in final concentrations of 310 nM (3H)NA, 1.03 uM (3H)DA and 160 nM
(3H) 5-HT.

Following 12 days of treatment with 2 mEq lithium/kg, the amount of (3H)DA
taken up by the synaptosoma}aprepgrations shoyed a highly significant increase
in all regions examined (Table 12), with the greatest relative increase being

in the hippocampus (2507 of control). When the animals had been withdrawn from

lithium for 2 days, all brain regions examined, with the exception of the hippo-
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Fig. 17. Uptake Into Hypothalamic Synaptosomes as a Function of Time
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Table 12. Synaptosomal Dopamine Uptake Following Lithium Treatment and

" Withdrawal
Control Li~-treated Li-withdrawal
Pons 256.246.6 426.7+430.0 262.4%5.9
{100) (167)** (95) ++
Hypothalamus 132.0+6.8 301.4#17.0 145.0%3.5
(100) (228) ** (110)++
Striatum 139.4%2.5 247.1%9.4 327.610.3
(100) (177) %% (235) **++
Hippocampus 161.148.9 404.324.5 385.735.8
(100) (250) %* (239) **
Midbrain 153.923.9 348.5145.1 192.4%2.6
(100) (227) ** (125) *#++
Cortex 139.3:8.2 366.2:8.4 159.8%5.2
(100) (249) ** (115)++

Values are the mean + S.E. mean of 6 determinations per group and

are expressed as pmol/g tissue/10 min.

4s percentages of control (100%).

Data in parentheses express results

Significantly different to control values (**p <0.01).'"

Significantly different to lithium-treated rats (t+p <0.01).
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campus and striatum, showed a significant decrease in uptake relative to the
12-day treated rats, i.e. the uptake values tended to return towards those of
the control preparations. The hippocampus sﬁowed no sigﬁificant change from the

12-day treated animals while the striatal preparations displayed a highly signif-

icant increase.

In the case of (3H)5-HT uptake (Table 13), twelve days of lithium administration

resulted in significant decreases in uptake in all regions, with the greatest
" relative decréase‘being in the midbrain (to 37Z of control). Following withdrawal
from lithium, significant increases in uptake values, i.e. tending towards control,
were noted in pons-medulla, hippocampus, hypothalamus and cortex, while no
differences to the 12-day treated animals were seen in striatal and midbrain
preparations.

Uptake of (3H)NA alsé showed regional variation, with the maximai uptake .in
striatum, and the ‘least in hypothalamus (Table 14). The influence of 12 days of
lithium treatment appeared to be a combination of the effects seen with (3H)5—HT
and (3H)DA uptake. The amount of (3H)NA taken up dy synaptosomés was significantly
enhanced in the hypothalamus and striatum, but decreased in the midbrain and
cortex, with no significant changes in the pons-medulla or hippocampus. On
cessation of 1ithf§%, the uptake values in the regions which showed change dué
to lithium all displayed a tendency to return towards control.

As”can be seen, lithium treatment appeared to have profound effects on the .
synaptosomal gptake of all three monoamines, with the changes due to lithium
withdrawal being confined to dopaminergic and serotonergic systems. However, the
data obtained in this study should be treated with caution since uptake is
expresséd in terms of pmol/g wet tissué'weightllo min. It is known that the
amount of monoamine' taken up by synaptosomes is proportional to thé‘amount of

proteln present in the sample, and no allowances were made in this study for the

possibilfty of varying amounts of proteinrin the different aliquots of synapto-
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Table 13. Changes in Synaptosomal Uptake of 5-Hydroxytryptamine After
Lithium Treatment and Withdrawal:

Cbntrol Li-treated Li-withdrawal
Pons . 70.420.8 44.7+1.7 61.7:2.6
, (100) (64) %% (88) *++
Hypothalamus ' 69.0+2.2 26.623.0 34.9+1.6
(100) C(39) (51) **
Striatum 56.622.2 34.244.0 . 32.5:1.8
(100) (60) ** ' (57) **
Hippocampus 51.4+6.3 21.14.0 ©33.2¢3.4°
(100) (G1)** (64)%+
Midbrain 80.0+4.0 29.8+11.8 28.620.8
(100) (37) % (36)*%
Cortex 48.1+6.7 30.5+1.9 - 34.0+3.3

-~ (100) (63)% (71)*

Each value is the mean + S.é.'mean for 6 determinations per group.
Values are expressed as"pmol7g tissue/10 min. _~Data in parentheses
express results as percentages of control ues (100%).

: i .
. Statistically significant difference when compared to control
(*p <0.05; **p <0.01). o .

Significantly different to lithium—treated rats (+p <0.05;
++p <0.01). ‘ . .
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Table 14. Effect of Lithium Treatment and Subsequent Withdrawal on
Synaptosomal Uptake of "Noradrenaline

ﬁL Control ; Li-treated - Li-withdrawal
P .
—T[ .

Hypothalamus 15.5%2.0 49.6%%,0 . 29.2%3.1
(100) (321) %% (189) *+

Striatum 66.7%5.4 266.226.8 136.7%19.0
(IQO) (399)** (205) *++

Midbrain 50.9:8.4 ) ' 11.9%3.0 30.3%7.2
(100}, P (23)* (60)+

Cortex 40.9%5, 8 21.8%6.4 34.8%3.2
(100). (53)* (8?)

Values are expressed as pmol/g tissue/10 min and each is the
mean + 5.E. mean for 6 determinations per group. Data in parentheses
express results as percentages of control (100%7). :

Significantly different when compared to control (*p <0.05;
**xp <0.01).

Significantly different to lithium-treated rats (+p <0.05;
++p <0.01).

-

/

- L
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somes used. Despite this, it is probable that at least part of the changes in
synaptosomal uptake noted are due to lithium 253 55, but the use of a single
concentration of ligand results ia the accumulati;n of limited informatiom, and-
it was therefore decided tc examine the uptake of the monoamines using a range
of substrate concentrations.

(¢) Consequences of lithium treatment and withdrawal on synaptosomal moncamine

uptake: A kinetic study

Series of animals were ;éeated as described previously. Eighteen hours
after the last injection the rats were sacrificed, the brains removed and sectioned,
and synaptosomal fractions prepared from each brain region. Aliquots of the
synaptosomal preparations were incubated in'; modified Krebs-Henseleit buffer

5

containing radiclabelled monoamine in concentrations ranging from 0.05 uM to
5.0 uM.i Portions of the synaptosomal preparations were also used for the deter-
mination of protein content.‘ Plots of uptake velocity vs. substrate concentration
were then constructed for each brain region for each of the three monoamines
examined.

Figure 18 displays the uptake gf (BH)NA into hippocampal synaptosomes. As
can be seen im Fig. 18a, NA uptake into synaptosomes prepared from this Srain‘
region displayed linear characteristics for substrate concentrations ranging
from 0.05 uM to 1 uM. However, when higher substrate concentrations (2.5 uM
and 5.0 uM) were incorporated into the graphic display (Fig. le),-a second
uptake component became apparent. This was true of all the- brain regions examined.
The presence of two uptake components for NA upﬁake was_further éonfirmed by
the finding that it was not possible tc obtdin a linear plot for the uptake of
NA using double-reciprocal transformation methods (Lineweaver—Burk plét). When

A

the'uptake of NA into synaptosomal fractions was tre;ted as a two-component '

system, it was possible to calculate Km and Vmax values for the low-capacity

system, but not for the'high-capacity system due to the lack of sufficient dara -

-
<
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Fig. 18. Noradrenaline Uptake into Hippocampal Synaptosomes
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points on which t6 base the Lineweaver—Burk plot. As can be seen in Table 15,
the low-capacity uptake system in synaptosomes prepared from the 6 brain regions
examined have similar affinities for NA, and similar maximal velocities of
substrate uptake.

?;liowing lithium administration for 12 days, when synaptosomes were
incubated with (3H)NA at concentrations of up to 1 uM, there was an enhancement
in the ability of synaptosomes to take up the catecholamine (Fig. 19a). When
the uptake constants were calculated for the NA uptake into the synaptosomes
prepared ﬁrom lithium-treated rats, there was a tendency for an increase in the
Vmax for 21l 6 brain‘regions (Table‘l6), with the greatest relative increase
being in the striatal synaptosomes. There was also a con;omitant decrease in the
affinities of the synaptosomes for the substrate {(as demonstrated by an increase in
the Km value) in all regions except hypothalamus, in which there was no difference
when compared to control. When uptake at higher NA concentrations was examined
(Fig. 19b), an even more surprising change is seen. At substrate concentrations
of 2.5 uM and 5.0 pM, (3H)NA ﬁptake into synaptosomes prepared fFom all regioﬁ;
of the brains of lithium-treated rats was significantly reduced with respect
to control values.

Synaptosomal preparations from rats withdrawn from lithium dispiayed a’
return towards controi values of NA ;ptake~in the substrate concentration range
of, 0.05 uM to 1.0 wM (Fig. 1Sa). As can be seen from Table 16, Km and Vmax
values at this time also returned to, or towards, control values for both these
constants, except in hypothalamus and cortex. In both of these regions, Vmax
values were found to be lower in the lithium—withdrawal‘group with respect to
control, together with an increase in affinity for the substrate. " At the higher
concentrations ¢f NA however, there was a marked elevatiQn_ﬁn the amount of NA

taken up into synaptosomes prepared from all brain regions (Fig. 19b), with the

~
exception of cortex. Uptake of the catecholamine via the high-capacity system

-



- -123-

Table 15. Uptake Constants for Synaptosomal Accumulation of
Noradrenaline and 5-Hydroxytryptamine

NA 5-HT
Km Vmax Km Vmax
. Pons 1.020 ©20.46 0.403 10.64
+0.01 +1.04 +0.06 +0.16
Hypothalamus 1.253 26.73 0.366 11.14
+0.06 +0.57 +0.01 +0,02
Striatum \ . 0.657 24.83 0.534 13.48
) +0.03 *1.63 #*0.02 +0.05
Hippocampus 0.627 15.34 0.399 9.38
+0.02 +0.74 +0,02 +0.07
Midbrain 0.818 22.89 0.329 6.55
=0.04 =1 .40 +0.04 +0.09
Cortex 1.019  29.84 0.302 8.88
0.04

+0.55 +15.03 +0. oz.gf“i> 0.

Each value 1is the mean + S.E. mean for 3 determlnatlons
Km expressed as 107®M, and Vmax expressed as pmol/mg Protein/ -
10 min.
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Fig. 19. Noradrenaline Uptake into Hippocampal Synaptosomes After
Lithium Administration and Withdrawal
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Table 16. Effect of Lithium Treatment and Withdrawal on Constants Associated

With Noradrenaline Uptake

Control Li-treated Li-withdrawal
Km Vmax Km Vmax Km Vmax
Pons 1.020 20.46 3.544 40.72 1.544 15.79
+0.01 *1.04 +1.00%* *14.03 *0.23 +4.10
Hypothalamus  1.253 26.73 1.066 4497 0.505 8.969
- +0.06 *+0.57 *0.22 +8.52 +0.03%%* *0.16%%++ .
Scriatum 0.657 24 .83 3.518 105.47 0.738 17.06
*0.03 *1.63 *0.,72%% +10.38%% 20,25 +3,85
i
Hippocampus 0.627 15.34 1.561 . 40,48 1.175 . 22.18
+0.02 *0.74 £0.25% +8.01* +0.14%* +2.52
Midbrain 0.818 22.89 2.862 32.02 1.544 17.09
+0.04 +1.40 *0.42%%  +3 (6% =0.35 +3.36t
Cortex 1.019 29.84 3.616 48.96 0.390 7.71
. £0.27%+

+0.55 *15.03 *0.62%* +9.60 0,04+t

Each value is the mean + S.E. mean for 3 determinations.
as 10-6M and Vmax expressed as pmol/mg protein/10 min.

Significantly sifferent to control (*p <0.05; **p <0.01).

Significantly different to lithium-treated rats (4p <0.05{

Km expressed

|+p <0.01).
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in this brain area was estentially the same as that noted in control preparations,
although it was significantly greater than was seen in synaptosomal fractioms
" obtained from lithium-treated'animals.

When the synaptosomal uptake of (3H)5-HT was examined, a similar situation
to thatAnéted for NA was observed. With exogenous 5-HT concentrations of up to
1 uM, tptake appeared to be lineat, with a second high=-capacity system gecoming
apparent at substrate concentrations of 2.5 uM and 5.0 uM (Fig. 20). Aéain it
was only possible to calculate Km and Vmax values using Llneweaver-Burk transformations
for the low-capacity system due to the lack of data regarding the high-capacity
uptake process. As shown in Table 15, the values of these constants for the
low—capacity system are similar in all brain regions examined, but wtre consistently
lower than those calculated for NA. These data indicate that the uptake process
for 5-HT present at low substrate concentrations has a higher affinity, but a.
lower capacity, than the corresponding systeﬁlfbr NA.

Following lithium administration, 5-HT uptake was found to be slightly
reduced in all brain regions with substrate concentrations of up to 1 uM
(Fig. 2la). This was found to be due primarily to a decrease in Vmax (Table 17),
which was accompanied in some cases by an increase in tffinity. At higher
substrate concentrations, it was found that there was a decrease in uptake also
(Fig. 21b).

However, it was in the synaptosomal preparations obtained from rats which
had been withdrawn from lithium that the greatest changé in 5-HT uvptake para-
meters was apparent. In all.$ ggain regions examined, there was a reduction in
the amount of moncamine taken up by the synaptosomal fraction at substrate
goncentrations of up tt 1 u¥ (Fig. 2la). On transformation of the data, it was
found that there was a significant reduction in Vmax, relative to control, in -

all brain regions with the exception of pons-medulla (Table 17}. In this brain

region, there was a tendency towards reduced values of this parameter, although
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20. 5-Hydroxytryptamine Uptake into Hypothalamic Synaptosomes
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Table 17. Constants Relating to Symaptosomal Uptake of 5-Hydroxytryptamine
Following Lithium Administration and Withdrawal

Control Li-treated Li-withdrawal
’ _Km Vmax Km Vmax Km Vmax
Pons 4.030 - 10.64 4.273 10.21 5.267 7.25
=0.56 *1.56 *0.12 0.23 *0.75 +1.20
Hypothalamus 3.663 11.14 4.387 7.13 4,230 3.85
+0.14 +0.19 +0.42 +0.35%%  =1.03 +0. 85%*+
Striatum 5.340 13.48 3.013 5.42 3.390 4.22
+0.16 $0.51. | *0.12%%  :0_49%% 0. 21%% +0.01%*
Hippocampus 3.993 9.38  3.057 7.85 2.147 3.06
+0.15 =0.72 £0.02%%  20.44 +0.40% +0. 64 **t+
Midbrain 3.290 6.55 2.160 4.88 1.053 2.69
+0.41 +0.81 +0.05% +0.18 $0.03%%+t  +0,16%++
Cortex 3.023 8.88  3.367 7.45 3.357 2.78
#0.20 35 *0.66 +0.76 40.11 <0, 18%*++

0.

Each value is the mean + S.E. mean for 3 determinarions.

as 1077M and Vmax expressed as pmol/mg protein/10 min.

Significantly different to control (*p <0.05; **p <0.01).

Km expressed

Significantly different to lithium treatment (+p <0.05; ++p <0.01).
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the change did not reach stati;tical significance. In addition,'éignificant
alterations in the Km of the uptake process were noted in striatum, hippocampus
and midbrain. When synaptosomal uptake of 5-HT was examined at the higher
substrate levels (Fig. 21b), it was found that there was no difference in thg
amount of monoamine taken up by synaptosomes prepared from either the.iithium-
treated or the lithium-withdrawal rats, although both were significantly lower
than control.

The uptake of DA into striatal synaptosomes is shown in Fig. 22. “As can
be seen, there appeared to be more than one_uptake process present for the cat-
echolamine.  When Lineweaver-Burk plots were constructed for DA uptake, curves
were produced which could be resolved into two linear components. The kinetic
constants for these two components are shown in Table 18, and it can be seen that the
dissociation constants for Uptake, are similar in all brain regions examined, as are
the Vmax values. The values for Km and Vmax for Uptakey are also given in
Table 18, and it can be seen that the dissociation constants for this uptake process
are two orders of magnitude greater than for Uptakeé, with a corresponding increase
in Vmax. It was not possible to calculate the‘kinetic constants for the high-
capacity process for DA uptake into pons-medulla. | : 4

When DA uptake into synaptosomes prepared from the brains of lithium-treated -
rats was examined (Fig. 23), it was generally found that there was an increase
in the amount of amine accumulated at mosf concentrations used. However, it
was not possible to calculate the kinetic constants for DA uptake into synaptosomes
prepared from litﬁium-treated rats, as transformation of the data into double-~
reciprocal plots did not allow for linearization, even when é‘two-component )

system was assumed.
Following lithium withdrawal, uptake of DA into regional synaptosomes tended
-to show a decrease relative to both control and lithium-treated preparations

(Fig. 23). Again, it was not possible to linearize the data to allow caltulation

of the kinetic constants.

e
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N
Table 18. Kinetic Constants for Dopaminé’Uptaké:by Rat Brain Synaptosomes

Uptake, 'Uptakes
— . xm Vmax Km . Vmax
= Pons 0.53 L 0.442 NA NA
+0.007 +0.066 ‘ .
Hypothalamus 0.049 0.456 2.776 67.58
. $0.003  $0.018 +0.224 £9.41
Striatum . 0.050 0.574 4.180 151.86
. $0.001 +0.083 £1.676 *31.30
' Hippocampus 0.036 0.473 . 5.050- 172.49
- 0.008 . 20.091 - $0.370 . *4.99
Midbrain ©0.033 & 0.413 T 9.166 . - 76.22
. C. 20,013 #0.147 . #1.931  £17.09
Cortex 0.038 0.677. 18.575¢ ©  317.40
+0.005 +0.105 +6.885 - +122.06
BB

- - g 3

.Each value is ghe mean + S.E. mean for ‘3 determinations. Km
is expressed as 107°M and Vmax as pmol/mg protein/10 min.

NA - constants could not be calculated.

u)

-

/
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Fig. 23. Alterations in Dopamine Uptake into Striatal Synaptosomes
Fellowing Lithium Treatment and Withdrawal
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7. The Effect of Lithium Administfafion and Withdrawal on Binding of-Spiroperidol

and Dihydroalprenalol to Synaptic Membranes from Various Regions of Rat Brain :

~

' . . N : + . .
Many recent studies have focused ou~the effects of wvarious psychotropic drugs

on central receptor popuiations, and lithium has been no exceptiom, although the

investigations regarding this anti-manic agent have been somewhat. limited. This 3:—*

A}

>

. study therefore set out to examine further the changes in B—adrenergéf and dopamin-

: . : a p
ergic receptors following lithium treatment, and to determine whethér abrupt

cessa;ion of lithium administration caused an effect on ;hese populations.

The three treatment schedules described previously were again utiiihed, and
after 12 days of treatment the animals were sécrifiéed and synaptic membrane
fr;étions prepéred. Aliquots of these preparétion; were then incubated with -conc-
entratiBQ§ of either (3H)éihydroalprenélol (for B—adfenoceptor determination) or
(BH)épirOPeridol (for dopaminergic binding sites) ranging from 0.5 to 20.0 nM.
Binding constants were determined by Scatchard analysis of the binding data

obtained.

i) Changes in dihydroalprenalol binding following lithium treatment and withdrawal.

The values for the dissociation constants'(KD) and total number of bindin; sites
(Bmax) for each brain region examined for dihydroalprenalol binding are shown in
Table 19, and as can be seen, the Bmax values show more regional var%ation than

is seen with the Ky values. Phe effect of 12 days of lithium treatment also dis-
plays regional variability, with enhanced Bmax values in hypothalamus;i;;riatum

and cortex, and decreases in pons-medulla and.midbrain. Hip ot pus displayed
“little change in thigﬁps:ameter or in Kp value. A decreased KD-value was noted

in pons-medullq,-in which a decrease in Bma¥ was observed, while increased KD

values were found in hypothalamus and striatum, both of whicﬁ areas has increased %
‘numbers of binding sites. U

Following lithium withdrawal, Bmax values returned towards control in hypo-

thalamus,- striatum and cortex. In hippocampus and midbrain however, the number.

» N
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Table 19. Effect of Lithium Treatment and Withdrawal on Constants

of Q—Adrenoceptor‘Binding ¢
y) Coﬁtrol Li-treated Li-withdrawal
Kp Bmax Kp Bmax - Kp Bmax

Pons 3.89 169.3 1.80 108.8 NA
Hypothalamus  3.88 95.2 9.47 176.8 1.94 130.4
Striatum 1.13 22.1 3.83 328.5 3.64 182.8
Hippocampus 2.13 33.4 1.95 40.6 8.83 -206.9
Midbrain 3.61 157.2 3.18 128.7 4.89 239.7
Cortex 3.45 88.27 3.40 126.7 2.69 79.5

Values are the result of one assay carried out in triplicate.
Kp values are expressed as nM, while Bmax is expressed as fmol/mg
protein. ' : - )

N&A - values not available

. @
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of binding sites was found to incre#ge following lithium withdrawal. With regard
to the dis;ociation constaﬁts, these remained elevated in striatum, but declined
relative to control and lithium-treated-préparations in hypothalamus and cortex.
Binding of dihydroalprenalel to membranes obtained frqp lithiuwn—withdrawn rats

displayed elevated K, values (relative to control and lithium treatment) in hippo-

campus and midbrain.

ii) Consequences of lithium treatment and withdrawal on spiroperidol binding to

synaptic membranes. The dissociation constants for_spiroperidol binding are shown
in Table 20, and appear to be similar in all brain regions examined, with‘the
exception of poms—medulla’. In this area, the calculated binding affinity was
greater than in the other regions. Bmax values displayed a regionmal variation,

as had these values for dihydroalprenalel binding. Following lithium treatment,
regional alterations in the number of binding sites were found, with increased Bmax
values in poms-medulla, striatum and hippocampus, and a decrease in hypothalamus.

K, values were elevated in these brain reg;ons élso, but were essentially ﬁnaltered
in hypothala;us and cortex. in péeparations obtained from rats withdrawn from
lithium, Bmax values were foun& to-be depres;ed relative to both control and
iiithium—tregced animals in hypothalaﬁus, striatum:and cortex. In-pons-medulla,

the number of biﬁding éites'ca;culatéd was not different to those in lithium—treated
preparations, while‘hippocampus displa;ed a return towards control values. Binding
affinities for spiroperidecl were also altered as a result of lithium withdrawal, .
with a return towards control KD values in pons-medulla, s;Fiatug and. hippocampus.

E
Hypothalamic values for this parameter were essentially unaltered with respect

. .
to control and lithium-treated animals. In cortex however, lithium withdrawal
appeared to cause an increase in affinity for the ligHhd with Trespect to the other

two treatment groups.

It should be noted however, that the data shown in this study are the results

of 2 single, unreplicated experiment and hence were not subjectable to statistical

N
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Table 20. Constants of (3H)Spiroperidol Binding Following Lithium
Administration and Subsequent Withdrawal ;X

-

V

Control Li-Treated * Li-Withdrawal

Kp Bmax Kp Bmax Kp Bmax
Pons 0.79 94 .44 11.42  243.66 1.77  231.15
Hypothalamus  4.14 765.12 3.33  332.30 4.20 7 221.71
Striatum #3505 17377 13.55  600.98 5.40 34,24
Hippocampus '3.12 129.48 32.86  381.30 2.06  146.26
Cortex 7.37  $82.82 - 6.61  686.21 1.57  182.39

~ Values are the result of one assay carried out in triplicate.

Kp values are expressed as nM, while Bmax is expressed as fmol/mg protein.

¥
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Bat .
analysis. For this reason, any conclusions drawn from these data are open to
question, but_they may give an indication as to the effects of lithium treatment .

and withdrawal on these two receptor populations,

8. Effects of Haloperidol and Lithium on Biochemical Parameters Associated with :

Central Monoamine Function
” -

One of the major iatrogenic disorders seen in psychiatry is tardive dyskinesia,

-~

a late-developing bucco-linguo-masticatory dyskinesia, which usually results from
‘prolonged administration of neuroleptic drugs. It has been suggested that the
onset of the dyskinesia is due to the development of supersensitive post-synaptic

DA receptors resulting from a «chemical denervation» caused by receptor blockade

by the neuroleptics. A limited number of studies have demonstrated that lithium

may be efficacious in preventing the appearance of increased numbers - of DA receptors:

caused by the prolonged presence of anti-schizophrenic drugs,. if the anti-manic
agent is co-administered with the neuroleptics. .

However, studies with neuroleptic agents have demonstrated that these drugs
also affect biochemical processes involved with dopaminergic neurotransmission,
and in addition cause chénges in certain of these parameters associated with the
other monoaminergic transmitter substances. Since lithium has been shown to have
profound effects on biochemical functions'related to biogenic amine neurotrans-
mission, it may be that the consequences of co-administration of lithium and a
neuroleptic are due to a change in these aspecﬁs of monoamingggic function, rathér

than a simple stabilization of DA receptor numbers. This study was therefore

designed to investigate the interaction of lithium and haloperidol on certain

_——

-

aspects of monoaminergic function.

The treatment groups used‘wereréssentially those described by Klawans et al.
(1977). Rats were subjected to one éf the following treatment regimes:
a) lithium carbonate (1 mmol/kg daily, i.p.) for 26 days (Li);
b) saline for 10 aays, followed by haloperidol (0.75 mg/kg i.p.) for 10 days,

then saline for 6 days (Sal + Hal + Sal);
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¢} lithium carbonate (1 mmeol/kg, i.p.) for 10 days, foiloﬁed by haloperidol
(0.75 mg/kg i.p.) plus lithium for 10 déys, then lithium alone for a further
6 days (Li + Hal-Li + Li);
d) saline for 10 days, followed by haloperidol (0;75 mg/kg i.p.) for 10 days,
then lithium carbonate (1 mmol/kg i.p.) for 6 days (Sal + Hal + Li).

e} physiological saline for 26 days (Control)

(a) Apomorphine-induced stereotypical behaviour following lithium and haloperidol

.

administration

Eighteen hours after the last drug administration, animals received an
injection of apomorphine hydrochloride (0.5 mg/kg s.c.) and were placed in
individual behavioural cages. After a 5 min adaptation ?eriod,“ECereotypical
activity was measured in a 20 min observation session using a microprocessor—
based scoring system.

Scores were generated for rearing frequency, poking frequency, locomotion and
floor.ac_t:ivityf and these data are given in Table 21. It should be noted that
most of these behavigurs are mutually e*clusive, i.e. if an animal is displaying
a fearing response, It is unlikely to display marked locémotion. Also, the admin-
istration of apecmorphine to thé animals of one group did_not result in all the
animals of that group exhibiting the same behav;oural response, and this accounts
for the high standard errors given in Table 21. For these reésons,.the individdgl
behavioural score; for each animal were summed, and these_are given in Table 21
as Gfoss‘Activicy. Although no scatisticaliy significant differences between

-

groups were observed when this measure of behavioural,&esponse was examined, it
L ]

is possible to make qualitative comparisons. The greatest degree of activity was
seen in the animals whigh received haloperidol alene (Sal + Hal + Sal), an effect

which was attenuated when there was a co-administration of lithium (Li + Hal-Li +

Li}. An unexpected effect was seen when lithium was given following haloperidol

—




.

Table 21. Effect of Haloperidol and Lithium on Stereotyplcal Responses in
Rats Induced by Apomorphine

Rearing Poking Locomotion Flooxr ‘ Gross
Frequency Frequency Activity Activity
Control 42.0716.1 6.8#.3 103.0#21.6 261.3#54.2 413.2+81.0
(100) (100) ‘ {100) (100) {100)
Li 35.2%16.8  2.5#0.9 119.2#0.9 319.02101.7 475.8%137.6
) (84) (37 (116) (122) (115)
Sal + Hal + Sal 52.2%30.6 3.540.6 121.8114;6 394.,2444.6 517.7265.1.
- (124) (51) (118) (151) © o (138)
Li + Hal-Li + Li 5.823.7 1.80.9 55.8%21.0 189.2#43.5 252.758.7
(14} 27 (54) 72) (61)
Sal + Hal + Li 48.3 22.0 2.3 0.9 101.2 29.1 285.7 80.4  437.5 98.0
(115) (34) (98) (109) (106)

Each value is the mean + S.E. mean for 6 animals per group. Data in
parentheses express results as percentage of control (100Z). )

-~
r .
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treatment (Sal + Hal + Li), in that -the adm%gistration of lithium subsequent to
haloperidol appears to produce an amelioration of the haloperidol response.

Although these results are not unequivocal, it does appear that haloperidol treat- ~
ment followed by a withdrawal period produces an elevated response to a DA agonist:

and that co—treatment with lithium antagonizes this effect.

b) Changes in central monoamine funmction following treatment with haloperidol and

lithium
Further series of rats were subjected to the drug treatment schedules described
and utilized for biochemical determinations. lEighteen hours after the last drug
administration, the anim&ls were sacrificed, the brains raéidly removed and
sectioned, and used for the méasu{ement of tyrosine, tryptophan, NA, DA, 5-HT,
MOPEG, HVA, DOPAC, 5-HIAA and tyrosine hydroxylase and tryptophan hydroxylase

activities.

i) Effect of neuroleptic and lithium administration on monoamine precursor levels

and synthetic enzyme activity. As shown in Table 22, none of the treatment regimes

altered the parameters of indoleamine synthesis. In the case of the catecholaminergic
system, although no significant changes were found in either the levels of tyrosine
or the activities of striatal tyrosine hydroxylase, there did appear to be a

tendency towards an increase in enzyme activity in the three groups which received

haloperidol as part of their treatment schedule.

1i) Alterations in indoleamine content of brain regions due to haloperidol and

lithium treatment. Changes in 5-HT content were found in certain of the brain
regions examined (Hypothalamus, striatum, midbrain), but these decreases in tissue
coﬁcentration were only §ignific;nt in animal groups which recéived lithium as

part of their drug treatment (Table 23). 1iIn the case of the indoleamine metabolité,
5-HIAA, elevated levels relative to control were noted in hypothalamus in the

three tr&atment groups which received lithium (Table 2%4). 1In the animals which

recelved haloperidol alome (Sal + Hal + Sal), decreases in 5-HIAA levels relative
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Table 22. Effect of Haloperidol and Lithium on Parameters of Monoamine

Synthesis
. Tyrosine Tryptophan
- Tyrosine Hydroxylase Iryptophan Hydroxylase
Control 8.26%0.7 360.8+54.1 5.92+0.69 11.021.1
' (100) ) (100) ' (100) (100)
Li . 8.24+0.2 399.0x18.6 5.30+0.13 9.2+1.9
(99) (110) (89) (84)
Sal + Hal + Sal 9.12*1.4 475,1+30.2 4.61+0.20 11.5£1.2
(110) (132) (78) (104)
Li + Hal-Li + Li  9.62:1.0 468.6=45.7 5.02+0.35 9.1x2.9
(116) (130) (85) (83)
Sal + Hal + Li ; 9.91:1.0 454.5+24.1 4.86+0.96 10.1=1.4

(120) (126) . (82) (92)

Each value is the mean + S.E. mean of 6 animals per group. Data
in parentheses express results as percentage of control (100%).

Tyrosine and tryptophan levels expressed as ug/g tissue.

Tyrosine hydroxylése and tryptophan hydroxylase activities
expressed as nmol/g tissue/hr. .
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Table 23, Central 5-Hydroxytryptamine Levels After Treatment With Haloperidol
and Lithium

Pons  Hypothalamus Striatum Hippocampus Midbrain Cortex
Cohtrol ©1.1020.04  1.32#0.15 1.52#0.17 1.00%0.03 1.68:0.05 0.82:0.0¢

(100) (100) (100) (100) (100) (100)
Li 1.05¢0.03 0.81:0.16 .0.98t0.05 0.9920.05 1.0620.06 0.77+0.05

(95) (61)2 (64)3¢ (99) (63)2 T (94)

Sal + Hal + Sal  0.9920.03  0.92:0.15 1.39:0.13 0.89:0.05 1.49:0.06 0.76:0.06
(50) (69) (91) (89) (89) (93)

Li + Hal-Li + Li 1.02:0.05 0.68t0.i7 0.93%0.07 1.1720.24 1.53=0.51 0:@4:0.04
(93) (51)2 (61)3»>¢ (116) (91) (102)

Sal + Hal + Li  .1.0620.04 0.77-0.18  0.93:0.07 0.9620.04 1.2120.13 0.78:0.03
(96) (58)2 (61)a»¢ (95) .72 (95)

~Each value is the mean + $.E. mean for 6 animals per group and is expressed

as pg/g tissue. Data in parentheses represent results ds percent of control

(10072).
Significantly different to—control (aF>2.76, df 4,25; p <0,05).

Significantly.different to Sal + Hal + SLl (°F>2.76, df 4,25; p <0.05).

-



Table 24, Alterations in Regional ConBentration of 5- Hydroxylndoleacetlc Acid
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Following Administration of Haloperidol and Lithium

F

Pons Hypothalamus Striatum Hippocampus Midbrain Cortex
Control 0.89%0.13  0.5820.08 1.3120.12 1.5620.06 ‘0.9840.10 0.50+ .06
(100) (100) (100) (100) (100) (100)
Li 0.740.21  1.1620.07 1.65#0.13 1.07:0.23 1.25:0.14 0.33:0.07
(83) (198)2 (125) “(68)2 (126) (66)
Sal + Hal + Sal  0.40%0.08  0.81+0.07 1.0740.24  1.36%0.07 0.44%0.06 0.49+0.04
(45)a,d (139) (82)b (87)b (44)2,b (97)
Li + Hal-Li + Li 1.02:0.08  0.99:0.06 1.3020.06  1.54£0,05  1.10:0.14 \“0.43:0.07
(114) (171)2 (99) (98) (112)¢€ (86)
Sal + Hal + Li 0.7920.15 1.10%0.21 1.32:0.06 1.56+0.07 1.20:0.07 0.4320.07
(88) (189)2 (100) (100)b (122)¢ (85)

Values are the mean + S.E. mean for 6 animals

ug/g tissue.

pexr group and are expressed as
Data in parentheses represent data as percent of control {(100Z).

Significantly different to control (aF>2.76, df 4,25; p <0.05)*5

Significantly different to Li (PF>2.76, df 4,25; p <0.05).

Significantly different to Sal + Hal + Sal (CF>2.76, df 4,25; p <0.05).
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to control were found in pons-medulla and midbrain. Unexpectedly, a reduction

in hippocampal content of this metabolite.was also observed following lithium

treatment alone.

11i) Effect of haloperidol and lithium on brain catecholamine metabolites. Although

.

the tissue content of HVA, the deaminated O—methy&ated metabolite of DA, did not
show significant change following any of tife treat%ﬁgt regimes used, a tendency -
towards an increase was noted after three of the drug schedules, with the greatest .

relative elevatlon being in the haloperldol—treated rats (Table 25). _ In the case

.’
—_—

of DOPAC, a significant increase was found follow1ng lithivm administration.
Enhanced tissue content_was also obiffqed after lithium and haloperidol co—tieat—
ment (Li + Hal-Li + Li), although this increé;; did not re#ch Statistical signif-
icance. ‘

With regard to MOPEG, it was found tﬁa; brain levels of this. NA metabolite
were significantly reduced in twq‘groups which received hafoperidof (Sal + Hal +
Sal and Li + Hal-Li + Li), while the Li and Sal + Hal + Li groups displaye&.no

‘significant difference in comparison to the control values.

iv) Catecholamine levels in various brain regions following lithium and- haloperidol

treatment. With regard to fegional NA content, lithium adminis;rafiqn alone )
resuited in decreased transmitter levels in most brain regions (Table 26),thile
‘haloperidol caused reglonally variable changes. As can be seen, the Sal + Hai +
Sal treatment schedule resulted in significantly decreased tissue concentration in
the hippocampus, while in the cortex there was a significant enhancement. When
lithium wa;\adgifi§zégéd in combination with haloperidol (Li + Hal-Li + Li), the
alteration noted was in the samé direction as the predominant effect seen with
either lithium or haloperidol alone, and decreases in NA levels were therefore
'observed in hypothalamus, striatum and hippocampus, with a 51gn1f1cant increase

1q cortical tissue. "Administration of lithium following haloperidol (Sal -+ Hal + Li)
caused changes which appeared to be similar to those observed after lithiqm alone

(i.e. decreased NA levels).
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Table 25. Catecholamine Metabolites in Brain Following Administration
: . of Haloperidol and Lithium

e MOPEG | HVA. DOPAC
Control 0.24620.02  2.01#0.19  5.12:0.49 -
o . (100) , (100) (100)
Lli : ~ -0.23120.04 2.45x0.57 7.68:0.60
(82) (122) (150)2
Sal + Hal + Sal .  0.125:0.03  2.80:0.40 = 6.11%0.57 _ .
: (51)@,b (139) . (119)P
Li + Hal-Li + Li  0.13120.02  2.25#0.29 7.3520.92
(53)3,b (112) . (144)
Sal + Hal + Li 0.172¢0.02  2.00:0.28 . 5.0620.37
(70) (100) DL

'Each value is the mean + S.E. mean for 6 animals per group.

Values are expressed as ug/g tissue. Data in parentheses express
results as percent of control (100Z). =~

Significantly different to control (*F>2.76, df 4,25; p <0.05).

Significantly different to Li (°F>2.76, df 4,25; p <0.02). -
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Table 26 Noradyenaline Content of Various Brain Regions Following Admin-
1strat10n ‘'of Haloperidol and thhlum

o
Hypothalamus Striatum Hippocampus. Cortex
: - kil
Control . 14.78%6.02 3.48£1.06  12.00:0.76 0.58+0.11
(100) (100) (100) (100)
Li : , 5.8430.74 - 1.14%0.47 6.91+0.84. . 0.67+0.21
) (50)2 T (33)3 (58)2 (115)
Sal + Hal + Sal 13.51%1.64  3.90+1.17 0.81+0.18 1.37:0.52
: (91) (112)b (7)2:° (236)3,P
Li + Hal-Li + Li-  4.18+0.33 ‘1.77iq955/\ 4.3920.78 1.87:0.55
(28)a,0 (s5173-¢ (36)2>55¢ (322)%P
Sal + Hal + Li 2.6120.58  0.39:0.12 1.30:0.57 - 0.23:0.07
. (18)23s¢ (11)2-¢ (11)a,b (40)a,b,c,d

Each value is the mean 4+ S5.E. mean for 5 or 6 animals per group and
is expressed as ug/g tissue. Data in parentheses represent results as

percent of control (100%).

Significantly different to control (aF>2.76, df 4,25; p <0.05).

Significantly different to

] - i '

S&gn%ijjigtly different to
LY

Slgn1 icantly dlfferent to

p <0.05).

Li (PF»>2.76, df 4,25; p <0.05).

Sal + Hal .+ Sal (F>2.76, df 4,25; p <0.05).

Li + Hai-Li + Li (YF>2.76, df 4,25;

~

. .53
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When DA levels are examined (Table 27), it can be seen that lithium admin- ) -
istration resulted in significantly decreased peurotransmitter content in hypo-

thalamus and hippocampus, and that there was an increase, although non-significant,

in striatal tissue concentration. Six days after haloperidol administration,

hypothalamic DA content was reduced, with again a statistically non-significant -

e —

_increase in striatal levels. In both of these treatment groups (Li and Sal + Hal +

Sa;) cortical DA”yaszfound to be slightly, although-non-significantly, altered
also. As was the case with NA, when lithium was giveh concurrently with the neuro-
leptic (Li'+ Hal-Li + Sal), the changes observed followed the direction seen after
the administration of each_aéent alone, and so decreases Were found/Iﬁ“Hypeeﬁalamus
and hippocampu;, while striatal and cortical levels ;ere significantly elevated
with respect to‘contr?ls» Following adminiscracioﬁ-§§ lithium aftér the neuro-

leptic (Sal + Hal + Li), the alteraﬁions in DA content observed were essentially

the same as those observed following lithium alone (Li). <:i

-

o

i
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Table %Z}/Brain Dopamine Levels Following.Haloperidol and Lithium Treatment

-

Pons Hypothalamus Striatum N Hippocampus Cortex

Control 0.59:0.11  1.77#0.19 - 11.22:2.76 0.98:0.18  0.90%0.25

: (1007 £100) {100) {100) - (100) -

.Li 0.4520.05 1.22:0.21  16.395.15 0.4620.15  1.06%0.40
(76) (69)3. (146) 473 +(118)

Sal + Hal + Sal  0.44:0.07 0.97+0.14 17.5844.36 0.97:0.21 1.1420.31
: (74) (s5)2 s (9P (127)

Li + Hal-Li + Li  0.7720.17  0.9420.13  23.32:3.31 - 0.4820.08  1.74%0.29

. (130) - (53)2 (208)2 (49)@-¢ (193)a

Sal + Hal + Li’ 0.26:0.09  0.55+0.04 14.26£2,47  0.5420.14  1.01:0.18
(44)4 (31)3b (127) (55) (112)

Vilues are the mean + S.E. mean and are expressed as ug/g tissue. Data in
parentheses represent results as a percentage of control (100%).

Sigﬁificantly different to contr;l (aF>2.76, df 4,25;-p <0.05).
Significantly different to Li (®F>2.76, df 4,25; p <0.05). )
’Sigpificantiy different to Sal + Hal + Sal (°F>z.7§, df 4,25; p <0.05).
Significantly different to Li + HaloLi + 1i F>2.76, df 4,25; p <0.05). "

7
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A. LITHIUM TREATMENT AND WITHDRAWAL AND CENTRAL'MOhOAMINERGIC PROCESSES

-

1. Behavioural and Toxicological Considerations

' As can be seen from the in}tial experimenc.carried out i; this study,

1 mmol/kg/day of lithium carbonate administered.chronicalli appears tc-be the

highest amount of the ;alt tolerated_by_réﬁs without the appearance of any ovért

toxic manifestations. This particular treatment regime gave relétivéiy constant
-serum lithium levels {0,/32-0.34 mEq/1) when measured 18 hours following the last

drug administration. Nnce it has been shown thaf plasma and serum leveis of

lithium are 2-3 times greater when determined at 12" hours, as compared to measure-

ments made 18 hours after the treatment (Frazer et al., 1973; Mukherjee et al.,

1976; Plenge et al., 1981}, it is 1ike1y that serum, lithium concerntrations in

rats maintained on a treatment schedule of 2 mEq lithium/kg/day would be in the

hdman-fhepapeutic range (0.6~1.2 mEq/1), as clinical assessments of serum lithium

are generaily made 12 hours after the last drug administration. This therefofe

implies that this dose level of Lithiﬁm, which was used in all subsequent experi-

ménts, was appropriate not only for its apparent compatibility with. the thera-

peutic level of lithium, but also for the fact that it was a sub—cox1c dose.

It also appears that studies which have utilized doses of lithium in excegs of

2 mEq/kg{day may have been examining the toxic rather than the therapeutic effeccs

~

of the cation. While it is possible that the changes in central monoamine function
»
associated with the use of toxic levels of iithium may .simply be a magnificatibn
of the effects responsible for its therapeukic effectiveness, this has not vet
been conclusively demonstrated.
It has been suggested that the administration of lithium af sub-toxic
doses exerts little or no effect on spoﬁtanéous locomotor activity (Smith, 1977),
and that this lack of effect may be attributed, in part, to the use by many

investigators of magnetic field recorders to measure movement (Smith, 1980).

However, as can be seen from the darta presented in this study, chronic lithium
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administration at sub-toxic doses did cause a reduction in the spontaneous activity
of rats, thus confirming the results of Cappeliez and White (1981), Smith (1981) }4;ﬁ>——\“;)

v

and Staunton et al. (19825). While these authors measured activity by means of
photocell assemblies (Cappeliez and White, 1981; Staunton et al., 1982a) and
open—field exaﬁination (Smith, 1981), the present study utilized a magnetic field
recorder, showing that it is possible to demonstrate a reduction in spontaneous
activity with this type of movement detector. The suggestion that the reduction

in sPontaneOus activity may be due to a non—spgcific toxic‘effect of the cation
{(Smith, 19%7) ig not considered to be the case in the present study, since none .
of the animals displayed any overt toxic symptoms. Also, the pos;ibility that
there may be a local irritant action following lithium administration is discounted
as the ratsidisplayedsno signs indicative of tissue irritation, e.g. licking the
injectiop site. Any transient local irritation which may result following
injection é%_the ?rug should have disgipated 18-24 hours following- lithium admin-
istration, which was the time at which behavibural testing was carried out.

Smith (1980) has also implied that.there may be a degree of neurotoxicity assoc-
lated with the administration of lithium, but it seems unlikely in view of the

fact that spontaneous locomotor activity returned to control:levels within 2 days
of cessation of treatment. This therefé;e indicates that the reduction in
spontaneous activity displayed by lithium—tfégied rats is a physiological consequence
of chronic administration of the cation. The time course of this alteration in
activity appears to correlate well with the clinical situétion, since the full
effect of 1ithiuﬁ is not noted in manic patiqus_until 6-8 days after the start

of treatment (Schou, 1980), while the reduction in spontaneous activity in rats

. P _
was noted after 9 days of lithium administration. The g}me~lag which is seen

could- be due to two factors: (a) the gradual accumulation of the cation in central
IS -

neuronal tissue and (b) the development of adaptive response(s) to the presence

of lithium in these sissues. Following cessation of lithium administration,
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there was a rapid returr to control levels of activity, with no evidence of a
¢rebound» phenomenon_with regard-to this particular behaviour. The fact Ebat-
central tissue levels of lithium were significantly reduced following 2 days of
withdrawal from the drug tend to suggest that the behavioural effgcts noted are
directly related to the amount of lithium present in the bfain.

The second behavioural experiment was designed to evaluate various animal
models which have been suggéstqd for the behavioural assessment of anti-manié drugs.
‘Delini-Stula and Meier (1976) proposed the use of behavioural-stimulation p;oduced
by reserpine in the présende‘of a monoamine oxidase”inﬂibitor as a model for mania,
since the excitation syndrome had been shown to be due to «excessive accumulation

-and subsequent liberation of biogenic amines in the central nervous system.» .

The present data agree with that of Delini-Stula and Meier (1976) in that there
4

was an'%nétease in locomotor activity of control animals followiné administragion
of pargyline—reserpiné, although the enhancement of locomotion was not as
pronounced as that reported by the previous authors. However, the finding that
chronic lithium pre-treatment<had no obvious efféct-on the behavioural stimulation
. -
wouid tend to cast doubt.on\t utility of this analogue of mania. .
The concurrent administration of amphetamine and chlordiazepoxide has been
said to produce «activity for activity's sake» (Davies et al., 1974) which is
different to the stereotyped behaviour seen after administratidn of 1érge doses
of amphetamine alone.- However, the fact that the animals which received either
the low- or high-dose mixture were severely limited in their ability to perform
any veoluntary locomotion would ténd to suggest that these behavioural stimulation
paradigts are not suitable for the testing of anti-manic agen£s. Also; the
finding that vastly elevated locomotor measurements were recorded despite the
fact thag\éhe animals were restricted in their ability to walk would suggest

that the type of instrumentation used in this experiment, i.e. a magnetic field

recorder, is incapable of differentiating between an animal moving of its own
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volition and one suffering from severe continuous tremor.

Since lithium treatment alone was found toc reduce spontaneous activity inm
rats, it is evident that there is some change in the central systems which mediate
behaviour. Thi§ depression of the behavioural_respouse, however, was n;t observed
in Ehe animals which received some form of behavioural stimulation, implying
-that when the central monocaminergic neurotransmitter systems, which appear to be
involved in the actions of Eoth reéerpine {Delini-Stula and Meie?, 1976), and
amphetamine (Davies et al., 1974; Smich, 1981), are subject to 2 higher rate of
synaptic stimulation than usual, the behavioural suppression effect of lithium
is overcome. Tﬁe fact that lithium treatment, at sub-toxic doses, was not able
'Eo ameliorate the behavioural excitation caused by e%thér reserpine or amphetamine
and yet is able to normalize moocd and behaviour c¢limically, implies Ehat
behaviogral stimulation induced by either of these agents does not'resembie the
flinical manic syndrome.
¢

Following 2 days of withdrawal from lithium, spontaneous locomotor activity
in «normaly» animals returned essentially to controlllevels, and showed no
obvious signs Bf'any form of «rebound» phenomenon. It is possible. that no

-~

«rebound» was seen since only gross locomotor activity was measured, whereas
Ny .
if some other behavioural parameter was to be examined, a more obvious effect

may have been noted.

As can be seen, the analogues of mania which utilize behavioural stimulation_
do not appear to be appropriate models to study due to their lack of respomsivity
to chronic lithium treatment, and for this reason «normalpy rats were used in
all subsequent experiments to examine the effects of %ithium‘on éentral mono-

aminergic neurotransmitter procBsses.

2. Metabolic Aspects of Monocamine Function

With regard to the neurochemical consequences of short- and long-term

lithium administration and its subsequent withdrawal, the first point of
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interest concerns the apparent discrepancy in the absolute values obtained for
certain of the paraméters measured. This is thought to be due to the fact that
the animals obtained for the short-term experiment were of a different strain
.than those supplied for the long-term study. The difference in the rats was
due to a change in the b;eeding stock utilized by the animal supply house.

. The involvement of the‘synthetig processes for catecholamines in the mech-
anism of action of lithium has been ;he subject-of much investigation over the
years. Segal et al. (1975) found an increase in striatal tyrosine hydroxylase
activity following lithium tEqatment, while Friedman and Gershon (1973) and ‘
Berggreﬁ et al., (1980) demonstrated decreases in striatal DA synthesis and DOPA
accumulation, respect%vely, suggesting that there was a decrease in the activity
of tyrosine hydroxylase. The present data ﬁowever, would tend to support the
finding of Hesketh et al. (1978) who noted no chénge in tyrosine hydroxylase
activity after lithium administration for up to 3 weeks, and demonstrates that
neither short- nor long-term lithium administration at sub-toxic doses affect
catecholamine synthesis. .

However, some.inves:igato£s have found that lithium administration results
in an enhancement of NA turn;ver (Schildkraut et al., 196%a; Stern et al., 1969;
Greenspan et al., 1970). An.increase in transmitter turnover in the absence of
an elevated activity of the synthetic process should result in a decrease in
" tissue content of the transmitter. This may well be-the case for NA in most
regions of the rat br;in following both short- and long-term lithium administration.
However, this finding appearé to be at variance with the data from Stern et al.
(19?9) and Greenspén et al. (1970) who found no change in steady state NA levels,
and Leonard (1975) who noted only a slight decrease in NA content. This apparent
discrepancy can be explainedjby the fact that these previous studies utilized
whele brain for the estimation of endogenous NA, while in the present study

estimations were carried out in discrete brain regions. It is therefore possible

that the reduction in NA content in those regions affected by lithium treatment

LY
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could well be masked by t?e re{a:ively high amount of NA in brain regions which
were unaffected. - ‘

The fact that NA level; were found to decrease raises three possibilities
regarding central noradrenergic functiom: (&) there is an increase in the activity
of NA-containing neurones as a'consequence of lithigm treatment; (b) the abilirty
of the neurones to store NA is iﬁpeired by 1i£hium; or {c) a combination of the
two. Any of fhese cquld explain the apparent increase in NA turnover hoted -
previously (Schildkraut 35}3&., 1969a; Stern EE'EE" 1969; Greenspan et al., 1970).
However, if there was an increaéé in the outflow of NA as a result of enhanced
neuronal activity, a concomitant increasé in the aPtivity df the synthetic process
would be expected {Euler, 1972), but nc change was observed in tyrosine hydroxylase
activicy as a resplt of ,either short— or long-term lithium treatment. Also,
increased noradréﬁergic neuronal activity would be expected to cause an elevation
in the level of the major end-product of metabolism following‘NA release; i.e.
MOPEG. This was not seen, and there was in fact a slight decrease in the tissue
content of this metabolite following both short— and long-term lithium admin-
istration. MOPEG is the product of both deamination aﬁd O-methylation and so if
either enzymatic procéss were inhibited, the level of MOPEG would be reduced.
Schanberg et al. (1967) found that following chronic treatment with lithium there
was a change in the metabolism of NA, and Schildkraut et al. (1969a) suggested -
that this metabolic alteration was due to an inerease iﬁ the deamination of NA,
accompanied by a decrease in the levels of the O-methylated metabolite, normetanephrine.
These data indicate that tﬁe activity of monoamine oxidase is enhanced, while
that pf catechol O-methyltransferase is inhibited, a situation which should
reéuit in decreased MOPEG levels. Greenspan et al. (1970) found no change in

the formation of normetanephrine following lithium administration, suggesting

.

that there is, in fact, no inhibition of catechol O-methyltransferase. These

authors also noticed an increase in O-methylated deaminated metabolites (Greenspan

et al., 1970) which in addition to MOPEG included 3-methoxy-4—hydroxyphenylglycol
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aldehyde and 3-methoxy-4~hydroxy mandelic acid. It is possible that a relative
increase in the formation of these other metabolites following lithium treatment
could cause a decrease in the amount of MOPEd present, as was seen in the present
study. .

However, the fact that tyrosine hydroxylase activity was not affected by either

of the two lithium administration regimes used indicates that the decrease in NA

content in certain braig.fee ons, as noted in this study, and the enhanced NA

turnover seen previously dfe not due to an increase in the activity of central
‘noradrenergic neurones. This therefore leaves the possibility that litﬁium affects
the storage capabilities of the noradrenergic nerve terminals. This theory was‘
first proposed by Greenspan et al. (1970) and later elaborated by Slotkin et al.
(198Q) who fgund that chronic’ lithium administration cesults in a destabiliza;ion
of NA storage in synaptic vesic;es. If this is indeed the gase, then there\zsyld
be a reduction in the tissue content of NA, since it camnot be stored, and would
also result in a decrease in the release of NA, as shown by Katz et al. (1968).
With regard to DA, there’appears to be a ﬁime-dependent effect on tissue
cdnggnt ;f this neurotransmitter, since short-term lithium administration resulted
in decreased hypothalamic content only, while after 26 days of Ereatment reduced
levels were noted in h1ppocampus in addition to hypothalamUS.di;hls finding ;s
contradictory to that of Ho et al. (1970) who found no change in hypothalamic DA
content following chronic lithium treatment. The fact that the concentration of
DA in most. other brain regions is unaffected by lithium confirms the data of numerous
other investigators (Corredi et al., 1967; Ho et al., 1970; Hesketh et al., 1978;
Eroglu EE:El" 1981). Scriatal DOPAC content was enhanced following long~term
lithium treatment, while HVA levels were not affected. It is possible that this
is due to an increase in the activity of monoamine oxidase, as suggested by

Schanberg et al. (1967) and Schildkraut et al. (1969a), without a concomitant

increase in the activity of catechol O-methyltransferase. This, however, seems

-

unlikely in view of the fact that Guerri (1982) has demonstrated that lithium
’ - ~
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treatment does not alter the activity of monoamine oxidase. The altermative
possibility is that there is an increase in the amount of substrate for the mono-

amine oxidase, i.e. DA, tesulting in an elevation in the tissue content of DOPAC.

. The increase in intraneuronal DA could be due to either an enhancement in the

uptake of the catecholamine from the synaptic cleft making more available for
deamination, or due to a decrease in the storage of the neurotransmitter. The

‘ - .
latter seems unlikely as neither short- nor long-term lithium treatment significantly

altered striatal DA content.

Previous studies have provided conflicting reports on the effects of lithium

A3

treatment on the synthetic systems_for 5-HT in ratkbrain. Rastogi and Singhal

(1977) demonstrated an increase in tryptophan hydroxylase activity as a result of
lithium administration, while Shaw and Ratcliffe (1976) reported an increase in

the activity of 5-hydroxytryptophan deca;ﬁoxylase. In contrast, Knapp and Mandell

(1975) have shown that tryptophan hydroxylase activity decreases with lithium

treatment, while Ho et al. (1970) found a decrease in 5-HT synthesis. The present

data indicate that there is, in fact, no.alteration in tryptophan hydroxylation,

as determined by the activity of tryptophan hydroxylase, following both long- and
short-term lithium administration, nor is there-a change in the central concentration
of the substate for this enzyme, i.e. tryptophan. . Despite the finding that the
synthetic processes for this neurotransmitter were not affected by lithium treat-—
ment, 5-HT levels in-midbrain (the region in_which synthetic paraméters were
detefmined) declined after short—term lithium administration, while after iﬁ days
of treatment, decreases were noted in hyéothalamus and striafum«in ad&ition to
midbraip. This suggests that there is an effecg of lithium on the serotonergic
system, which may be not only region-specific but also time—dependent. This
rgduction in midbrain neurotransmitter level following shﬁrt—term liﬁﬁium admin-
5 _

istration was not accompanied by a change in the regional concentration of the

metébolite,-S-HIAA, while the hypothalamic concentration of 5-HIAA was reduced.
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The decrease in 5-HT le;els in hypothalamus and midbrain after 26 days of lithium
treatéént was accompanied by significant increases in‘S-HIAA content of these
brain.regions. It is possible that these changes are due to increased utilization
of the neurotransmitter in these areas, but if this were so, one would expect an
elevated rate of synthesis of the indoleamine, which was not observed.. Another
possibility remains that lithium alters the ability of serotonergic neurones to
storé the neurotransmitter (Collard, 1978b). This would cause the decreased- levels
of 5-HT observed, which in turn could result in elevated levels of the metébolite.
The decliné in S—HIAK‘content of hypothalamus following short*tgrgblithium treat-
ment is at present inexplicable.

Following lithium withdrawal, NA levels in both short— and long-term treated
rats remained low, exéept in cortex, while the brain content of the norédrenergic
metabolite, MOPEG, was found to decrease. These data would suggest that the

activity of noradrenergic neurones is reduced following withdrawal of lithium,

-

s

_which appears to contradict the finding that the activity of the syPthetic enzyme,
tyrosine hydroxylase, is enhanded since an elevaﬁed rate of synthesis would tend
to imply that there is an increased utilization of the neurotransmitter. This
is particularly true in view of the fact that there was a further reduction in i
NA content in certain of the brain regions exaézned following lithium withdrawal.
It is therefore possible that t@e observed reduction in MOPEG content is, in fact,
‘an artifact, since the tiséue.conteﬁt of this metabolite was measured in wholg
brain, where the amount of cortical tissue is préportioﬁally greater. than that . .
for any other regidn; and cortical NA levels were found to increasq_after with-
drawal of lithium. -

Regional DA content was essentially unchanged as a result of lithium with-
drawal relative to the lithium-treated animals, while HVA levels were found to

increase. This was true of both treatment periods. This increase in HVA content,

together with the elevated rate of catecholamine synthesis, may well be indicative

r
H



~159- -
of an increese in the release of DA dee.to withdrawal of lithium. It has been
suggested that this excessive releaee of DA may be due to a reé%Btor sub—sensit;vity ’
during lithium withdreeal, which reeulte in a failure of the pre-synaptic release
regulation mechanism (R.H. Belmeker, Personal Communicationm). However; there was
also a slight reductioﬁ in DOPAC content relative to both control and lithium— .
treated anzmals, particularly after long-term treatment. It iS“therefore possible
that following lithium withdrawal there is a greater O-methylation of DOPAC than
wae previously observed, which would account for the increased 1eve;s of the
deaminated O—methylated metabolite of DA, espepieily-when dhg considers the

elevated levels of substrate for catechol O;methyltransferase, i.e. DOEQ?,‘which

were present following lithium administration. 1In addition, if there were a

” N -

desFease in the amount of primary sgbstrate for the eatabolic pathway, i.e. DA,
poesibly due to a reduction in neurodel tptake of the eatecholamine, thee there
would not only be -less DOPAC genetated,.but there coele also be reduced competition
for the methylatzng enzyme, so enabling the excess DOPAC syntheszzed as a result

of 11th1um admlnlstratlon to be O—methylated However, an arguement against thxs

possibility is derlved from the work.of Roffler-Tarlov et al. (1971) who have
suggested that the formatlon of HVA from DOPAC is not a major route. of synthe51s
of the DA metabollte, partlcularly in striatum, although at least a part of HVA ’

present does originate from this metabolic pathway.

With regard to the serotonerglc system, 11th1umIW1thdrawal appears to result
in a2 simple return towerds control values in the patameters'affected by either
short- or long-term lithium administratien. | |

These data therefore imply that alteratioee in:varioue-aspects of metabolism
assoclated with all three monoaminergic neurotransmitter‘syetems play a part in
the therapeutic effect of lithium, whereas only those related to catecholamine

-

function may be involved in any form of withdrawal phenomenon.

N | .o
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3. Synaptosomal Uptake Systems S , v

-

~

The information regarding the effects of 11th1um.on monoamine uptake is at

. - - q -
present somewhat limited, with most studies paving been concerned with the nor-
- - .

adrenergic process (Colburn et al., 1967; Kuriyama.and Speken, Ef;0:~Cameron and
Smith, 1980), although ghe serotonergic system has peen briefly vestigated \\\:3
(Kuriyama and Speken, 1970; Collard, 1978a), as has'this’igactivation mechanism

. - ¥
for DA (Stefanini et al., 1976). The pilot study carried out to examine the effects

of lithium on the uptake phenomenon resembled most of the previous investigations
in that a single condentration of ligand was used. ' This experiment confirmed the

results of Stefanini et al’ (1976) who had observed an increase in the uptake of

DA into synaptosomes prepared from the caudate nuclei of rats treated chronically

with lithium. " The present study furcher demonstrates that this alteration in the
ability to take up DA is not restricted to a discrete nucleus, but may be a
generalized phenomenon."_The data from this investigation however’, were not in

accordance with those Arom Collard (1978a) who had reported that 5-HT uptake into
- s P h
7 . ' :
- synaptosomes prepared from rat forebrain was not affected by lithium administration.

a

The present results-showed that,the synaptosomal uptake of- this amine was reduced

in all brain regions examined. It was With regard {o the noradrenergic system however,

he data from the presen{,;:;dy

>y - . = ‘ ) . -‘\
and those pubiished previpusly. Most of the previous authors who had examined NA

uptake into synaptosomes from 11thium—treated animals-had shown that prior admin-

" that the greatest discrepancies were notied between

istration of the gation resulted in an enhancement of uptake (Colblrn et al.,
1967; Kuriyama -and Speken, 1970 Cameron and Smith, 1980). whereas rhe data from * -

this- study demonstratedia regionally variable effect, with increased amounts of

NA being accumulated in hypothalamus and striatum“ and a reduction in uptake in 1

.

midbrain and cortexh Reconciliation of these. conflicting data is, howeg/r fossible

- since Colburn et al (1967) ad$;gur1yama and Speken (19703 used: synaptosomal prep—
wg» <
arations obtained from whole brain, and therefore brain regions which. exhibited

an increase in NA uptake, i.e. hypothalamus and striatum, may mask those which -

. 3 ° o
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displayed eit chaqée or a decrease in uptake. 1In the case of the study of
. bl - R

- "Cameron and Smith,élQSO), it may be that the results obtained using tissue slices

reflect uptake of the amine into cell bodieg or.axonal varicosities, which would
give a misleading picture, while when using. synaptosomal preparations, these

- . )
structures would either not be present or would be ruptured, so that the uptake

-

‘1§§3?ined would be primarily that of the amine into merve terminals. g
. ~ .
A simpler explanation is also possible. Synaptosomal uptake is knowm to be

proportional to the amount of synaptosomal protein present (Horm, 1979), and in

% -

the present study no allowance was made for the protein content of the synaptosomal

fraction. It therefoqe can not be ruled out that much of the data displaying changes

in synaptosomgl uptake of the monoamines following lithium treatment, and a general

return towards control values after withdrawal, are in fact artifacts caused by

-

differential amounts of protein being present in the sample. .

"The next experiment’wag_therefdre moré rigerous in its design, in that the

-

. . ’ : . . . . .
protein concentration of.the sample was taken into comsideration. This experiment

-alsc extended the previous work by examining monoamine uptake at a variety of .

substrate concentrations.

'As’ can be seen, data from the kinetic study of NA uptake allowed for the cal-

culation of dissociation constants for/the low—capacity uptake system, and these
were found to be of the same order of magnitude as values pre¥iously reported

(§ny8er and Coyle, 1969; Iversen et al., 192114\ The Vmax values arg_@owéver,

e

different to those calculated by these previous authors, but as Horn (1979) has
. ~ L
stated, the Vmax is dependent on the type and amount of tissue present, and the

manner in which the synaptosomal fraction is prépared.
) - ‘

The most interes;@ng aspect of this study was the discovery, that there were
in fact two uptake systems present in synaptosomes for NA, with the high-capacity
. BN v

procefss apparently coming into play at substrate concgntrdtions greater than 1 uM.
B " ' Y -
It is possible that this second high-capacity system is involved with regulating
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the inhibition of noradrenaline release mediated by the pre-synaptic o-adrenoceptors

(the az-adrenobeptor). Thére'has been a considerable accumulation of evidence

in recent years that stimulation‘bf the u-adrenocepto;s causes an inhibition of‘FA -
release (Langer, 1974; 1980) ané the theor}, simply stated, is that when NA released
from the pre-synaptic terminals by stimulation reaches a'threghold concentration in
the .synaptic cleft, it activates a,~Teceptors apd sc Friégers a negative feedback
sysﬁem that .inhibits further release of the transmitter (Langer, 1974). It should

be stated at this point that the view thag pre-synaptic a-receptors have an

inhibitory role in NA ;elease is not held by all investigators (Cpan and -Kalsner,

1979a; 1979b). However, if the hypothesis is accepted as being valid, then

, immediately following release, the local concentration of NA in the immediate

- -

vicinity of the pre-synaptic terminal would be expected to be high, which should
. 4 o .
cause activation of the pre-synaptic receptors. It may be that the high-capacity

uptake process comes into opTration at this time to reduce the local NA concentration
|

= - - .
to be:7y the threshold level” for uz—adrenoceptor activation, until diffusion away
from the release site lowers the ansmitter level to below the critical conc-
' 1
t

¢
entration. In this way, sufficl neurotransmitter would be released into the

synaptic cleft to allow for propagation of the neuronal impulse prior to feedback

inhibition. It has also been demonstrated that pre-synaptic inhibition of NA .
release by az—adrenoceptors is more pronounced at low stimulation frequencies

" (Duboceovich and Langer, 1974), p055ib1y.bécause at high concentrations of NA the

high-capacity uptake system is more efficient, so that there is less NA available

in the immediate vicinity of the uz-adrenocepcors. In this way, high rates of
.neuronal traffic may be propagated. N\

After 12 aays of lithium treatment, it was found that synaptosomal preparations
no longe} exhibited Fhe_high—capacity uptake process, .and it is possible that

this is the more important effect on the uptake systems than the increase in Co
' »

uptake noted at substrate concentrations below 1 pM, If the hypothesis described‘

- . ~ H

. S s T e . I S :

adeeAregard%ng the modulation of az—adren§b%ptor activation by this high—capacity ..
e -

7’ .
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uptake system is correct, then inactivation of this removal process for NA would
. 1% -

result in elevated levels of the neurotransmitter in the vicinity of the az—adreno-

ceptors, allowing activation of the feedback inhibition of the release process.

- -
. .

This woq}d be particulgrly true during perieds of higﬁ neuronal traffic, as these
are times‘dqripg which the high-capacity uptake process.would be most effective
in removing the neurotransmitter. If this is indeed the case, it would help to
explain why lithiuwm is 5ble to alter behaviour in manic patients in whom neuronal
activity is considered to be high, but ﬁﬁt affect «normal» subjects, in whom
neuronal/activity is thqught to be at a lower level. It is posskble that alter-
ations in the uptake parameters of the low-capacity system observed followingllithi;m
administration may be a purely adaptive response to the increased amounts of NA
which would be present in the synaptic cleft following inactivation of the high-
capacity process.

Two days after lithium yithdrawal, it was found that there was a significant
"elevation in éhe activi£§ of the high-capacity upt;;e system, ﬁithoqgh the low-—
capacity process in most regions had essentially rgcurned Eo'control-levels; This

increase in the activity of the high-capacity system could result in the passage

A <

of a higher rate of neuronal traffic than would normally be seen, as there would
- be a lesser likelihood of @, -receptor activation due to enhanced removal of KA
from the precsynaptic terminal region. This would obviously.rgsult‘in a reduction
of the receptor-mediated ighibition of NA release. In a situation inrwhich there
was. high activity in the noradrenergic system,>e.g. in manic patients,’the -
enhancement of NA release resulting from ;his increase in the high—capgcity process
would cauSF increased activation of post—synaptic feceptor sites, due to the
increase& availability of‘NA'in the s&naptic cleft, and could well trigggr the
. ¢rebound» mania noted in ceraai& patients withdr;wn from lithiuﬁ therapy jsm;ll
| ‘ ~

et al., 1971; Lapierre et al., 1980). -
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The synaptosomal uptake of 5~HT was found to resemble that of NA <in that
two uptake processes again appear to be present, with characteristies similar to

those noted for the catecholamine, i.e. a high-capacity system becoming apparent

at substrate concentrations greater than 1 uM. A similar situation had previously )

- been observed by Snyder et al. {(1973) using tissue slices from rat brain. These

. but this discrepancy can be explained by the fact that Collard (1978a) utilized

-

authors had determined that the high-affinity process which they detected had a

Km valuve of 2 x 10_7M, which is comparable in magnitude to the low-capacity system
. . ‘ ' -6

found in the present study, while a dissociarion constant of 8 x 16 M was displayed

by the low-affinity process. - Snyder et’al. (1973) bostulaced that one of these
r

uptake processes for 5-HT may reflect uptake into catecholamlnerglc neurones, and
further determined that the low-afflnlty transport of 5-HT appears to be via a

cagecholaminergic mechanism. ' o © ‘)z

=

If this is indeed so, then it would explain the present finding that the high=-
capacity uptake system for 5-HT Into synaptosomes prepared from the brains of

lithium~treated rats is markedly attenuated, as was the case with NA at high
.

substrate concentrations. Kuriyama and Speken {1970) had previously observed a
slight decrease in 5-HT uptake after lithium treatment, when synaptosomes prepared
from the whole brains of mice were incubated with 2 M (3H)54HT. At low exogenous

Tevels of 5-HT, sfﬁaptqgomal'uptake in most brain regions was found to be depressed

o

: 7] T - - . .. . . -
relative to contror‘values following lithium administration and this decreased

w-" . "-

a.

uptake'was assoc1ated with a reduced number of uptake sites. Certain ar®ms also

displayed a concomitant' increase in affinity for the substrate. This reduction

. N .
noted at_ldﬁ concentrations of 5-HT is at variance with the data of Collard .(1978a),

.

synaptosomes prepared from rat forebrain, and the present stﬁdy has shown that
there was no difference in 5-HT uptake into cortical syneptosomes following lithi

treatment, .

Y
L Y

I
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- However, the fact that withdrawal from lithium did not’ cause the same change

in 5-HT uptake via the high-capacity system as was noted with NA would tend to

suggest that the two monocamines do not urilize the sagle uptake process at high
. N L)

-

substrate concentrations, although it is tempting %o speculate that there may be
similarities in function of the two high-capacity s)stems. This is particularly
true in light of reports describing the presence of 5-HT autoreceptors (Cox and

Ennis, 1982) which appear to have a role in inhibiting 5-HT release (%?:her; and

Weinheimer, 1979). Unfortunately, the finding by Aghajanian et al. (1968) that
LSD-responsive, and therefore presumably serotomergic, neurones in the midbrain

raphe nuclei exhibit an extremely slow spontaneous rate of firing (20 to 40 spikes

per minute) would tend to suggest that the fine modulation of :transmitter release
which could result from the combired effects of a high-capacity neuronal uptake

system with autoreceptor stimulation would not be of physiological importance in

serotonergic neurotransmission. :

It is therefore possible that the decrease in 5-HT uptake noted following

lithium treatment, particularly in the high—capacity system, is a facet of a

situation-in which there is a reduced release-of transmitter {Katé et al., 1968) .
due to a decrease in the neurohal‘storage of 5-HT (Collard,: 1978b). The situation

. v

is further complicated by the fact that following withdrawal of lithium, there was

a2 decrease in synaptosomal uptake of the indoleamine at low substrate concentrations

v

relative to both control and lithium-treated preparations. This change was
characterized dy a decrease in Vmax values of all brain regions examined, with
N o~
an associated increase in affinity in most r;hions. The reason for this alteration
. - *
after withdrawal of lithium is equivocal in wiew-of the fact that the biochemical

parameters associated with serotomergic function which were measured appeax’fo

-

demecnstrate a return towards normal function at this time.~ However, the fact that

v - . B -

there was a decrease_in synaptosomal uptake of 5-HT cbnsequent to withdrawal of
lithium suggests that there may be an increase in neurotransmitter present in' the

synaptic cleft following the arrival of an impulse at the nmeuronal terminal,

P -
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resulting in an enhgncement of the activation of post-synaptic 57HT receptors. It
may be that this over—activation of 5-HT receptors piays~a part in the genggis of
the «rehound» mania noted ciinicqlly following cessation of lithium therabyft

As with -the synaptosomal uptake of N% and SJHT, thgre appears to be more than
one componeﬁt to this inactivation mechanism for .DA. In fact, Sn&der_and Coyle
(196?) had previously éhgéésted the presence of two systems for the édcgmulation
of DA, which they termed Uptake;-(high-affinity) and Uptakey, (low-affinity), and
which werevpresent in all brain regions except striatum. In this area, they
demonstrated Ehe presence of Uptakea enly. As can be seen ffom thg present study,

it is possible in most brain rfgions, including striatum, to resolgf the uptake

curve for this catecholamine Anto two components, as suggested by Snyde;-and Coyle

(1969). However, the fact that in the pons-medulla it was not possible to calculate
kinetic constants for the low-affinity system, while the assumptionAof a single,
component did not expla%p the shape of the substrate-velocity curve obtained for
this amine, tends to suggeit ;he presence of a more complex uptake system. This
view is supported by the finding that it was not possible to calculate kinetic
constants for DA uptake following treatment with, and subsequent withdrawal from
lithium when the presence of either one or two pﬁtake components is assumed.

These data raise an intefesting possibility ;egarding the DA uptake process.
In order to-be able to linearize substrate-velocity curves using the Lineweaver-.
Burk transfor;ation, and hence calculate Km and Vmax values,'the'uﬁtake of a
compound ‘must display hyperbolic saturation with respect to substrate concentration.
Howeveg, as can be seen, the substrate-wvelocity curve for DA {ptake does nét
display simple hyperbolic characteristies, but appe%;s to show a sygmoid

L4
dependence -on substrate concentration. This implies the presence of some form

of multiple and co-operative process, in which the bin ng of fthe first substrate
A : .

molecule to an active site gnhances the binding of a secon bstrate molecule,

- * C . -
. and so enhances the actiwity (Lehninger, 1970). 1In this way, the uptake process

.

can respond rapidly. to changes in substrate concentration, and so provides fine

1Y
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' *_ control for the amount of DA present in the synaptic cleft. It is possible that

this process also provides a modulation mechanism for the activation of dopéminergic
autoreceptors b%“cohtrolling the concentration of DA in the viciniFy of the pre-
synaptic termiﬁal, in a fashion simiiar to that postulated for NA.

Lithium administration for 12 days was found to enhance DA uptake into
synaptosomal fractions prepared from all regions of rat brain. It ‘therefore seems
that the presence of the cation causes an adaptive response in the uptakqaprocess,

such that increasing conceéntrations of rhe substrate result in the activation of

. greater numbers of uptake sites than is normal. The mechanism behind this enhance~-

-

ment of uptake activation is not known, but it seems likely that it is an important
component in the therapeutic effect of lithium, although there are two possible
consequences to this alteration in uptak;. If the uptake process does biay a
modulating role in the activation of pre-synaptic receptors involved in the inhibition
of DA release, then enhancement of uptake would result in an increased release of

transmitter, as activation of the inhibitory autoreceptors would not occcur as

rapidly as normal. This implies that there may be a deficit in dopaminergic neuro-

_transmission in the manic state, and that lithium normalizes the condition by

allowing increased activation of post-synaptic:structures. Alternatively, lithium
may provide the means whereby excessi%e dopaminergic neuronal activity could be
returned to a more normal state by the removal of DA from the synaptic cleft,
possibly prior to activation of post-synaptic receptor sites.

In the case of lithium withdrawal, synaptosomal uptake of\f?;was found to be
depressed. This ig probably due to a reduced activation of uﬁtake sites in respomnse

to increasing concentrations of the catecholamine, although again the mechanism

N

is unknown. This attenuated inactivation of the neurotransmitter may .also be a

factor in the production of «rebound» mania following clifical withdrawal of

-

lithium, the means by which‘it plays a part Being dependent on the consequences

. -

—‘;" - - - -
‘of reduced DA uptake on dopaminergic neurotransmission.

. il -
' i ) .
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Also, the fact that DA uptake was found to be altered as a result of both
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lithium administration and its subsequént withdrawal would help to explain some

of the biochemical alterations observed previously. It was found that the level <
of the deaminated Da mg;abolite, DOPAC, was elevated after lithium administration,
wh%if the concentration of the deaminated O-methylated metabolite, HVA,'was

enhanced following withdrawél of lithium treatment.. Since DA tptake was enhanced

as a coﬁsequenqe of lithium adﬁinistration, the concentration of DOPAC probably
represents intra-neuronal métabolism of the amine, while HVA levels are probably
indicative of extraneuronal metabolism, since ‘they were found to increase when
synéptosomal uptake of the catecholamine was reduced. These data lend support to

the theory of Roffler-Tarlov et al. (1971) that catechol O-methyltransferase is

located extraneuronally,

4. Central Catecholamine Receptor Populations

‘The effect of lithium treatment on central receptor populations has not been

.
-~

the subject of extensive investigation, primarily due to the fact that lithium

has been considered to exert its therapeutic action through alterations in mono-

- amine metabolism. The few studies which have examined this aspect of neurotrans-

mitter function has been mainly-concerned with the binding of 8-adrenergic
(dihydroalprenalol) and dopaminergic (spiroperidol) ligands to preparatidnf of
synaptic membranes following chronic'lithium administration. Although thewdata
from the present study should be viewed with a degree of caution, they do appear
to bé at variance with previously published reports. Treiser and-Kéllar‘(1979)

4

have'reported a 'small decrease in the binding of dihydroalprenalel to cortical

membranes following incubation with 4 nM ligand, while Rosenblatt et al. (1979)

r
8

. ‘\l‘

found similar changes in binding in membrane preparations obtained from whole

brain. These latter authors attributed this differéﬁce in binding to a decrease

in the.number of specific binding sites (Rosenblatt et al., 1979). ’Schultz

a—

et.al;.(l98r)'however, found that chronic lithium treatment did not affect the .

Ve
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binding of the ligand to cerebellar preparations. In support of the findings
of Treiser and Kellar {1979) and Rosenblatt gg_él. (1979), the data from the
present study indicate a decrease in the number of binding sites for dihydro-
dlprenalol in pons—medulla and midbrain, but increased Bmax values in hypothalamus,
striatum and correx. In ceftain of these brain regions (pons-medulla, hypothalamus
and ‘striatum), alterations in the dissociation constants were also observed. It
is possible that the increase in the number of binding sites is a conseqﬁence
of the decrease in NA release which has previously been observed following
liqeium treatment (Katz et al., 1968). This reduced neurotransmitter release
could be due to either a disruption of NA ‘storage, as proposed by Greenspan et al.
(1970) and Slotkin et al. (1980), or due to ‘enhanced inhibition of NA release -
resulting from alterations in the high capacity uptake process, as postulated
earlier in this discussion, or a combination of botﬁ. The net effect of either
or both of these changes would be to produce a denervation~like situation in
which the absence ;f néurotransmitter in the synaptic cleft leads to z prolifer-
ation of receptor sites for the transmitter. The reason for the decrease in
Bméx observed in pons-medulla and cortex is pot known. Following, two days of
lichium withdrawal, the number of binding -sites for dihydroalprenalol appea;ed
to reEurn'toﬁards control values for most regions. .The exceptions to this were
the Eippocampus ;nd midbrain and the apparent increase in Bmaf valuei,in these
brain areas is, as yet, inexplicable.

@ Discrepancies also exist between previocus investrigations of spiroperidel
binding and the present st@dy. Pert et al. (19?8),,Résenb1att et al. (1979)

and Staunton’EE_él. (1982b) did not observe any alteration in the binding of

this dopadinergic ligapd to striatal synaptic membranes following chronic lithium

treatmeﬁt, while Rosenblatt et al. (1980) found that there was reduced binding

of spiroperidol to caudate membranes due to a decrease in binding site density.

~

These,data conflict with the present finding of an increase iz the number of

» . K * .
”, .

& ! /



et al., 1964; Klayans, 1973). At present, the most éfficacious'treatqgnt for
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binding sites for the ligand after 12 days of lithium treatment. This elevation
in binding s&te density was also observed in pons—medullalana hippocampus. The
Galidity of these cobservations must, however, be questio;ed in the light of our
knowlé&ge of other agents which affect dopaminergic receptors. Neuroleptics are
known to.cause an increase in the.nuqber of striatal dopaminergic binding sites
(Burt et al., 1977; Hitri et al., 1978; éerc'gg_gl., 1978;lLai et al., 1981;
Jenner 35.32., 1982), and it has been shown that adminisﬁraﬁion-of a DA agonist
to %reviously neuroleptic-treated animals during the period £; which an increaéed
number of DA receptors are present:results in an enhancément of stereotypical
behaviour (Iarsy'and Baldessarini, 1974; Smith and Davis, 1976; Barany and Gunne,
1979; Clow et al., 1979; Tye Egrél;,‘1979). Therefore, if an increased number

of dopaminergic receptors were indeed present following liFhium administration,
then apomorphine administration should result in an elevation of steéeotypical
responses with respectAto control animals. This has not been found to be the
case in eit?er this or prEQiOus investigations (Stéunton et.al., 1982a). 1In

addition,, if lithium were able to induce new dopaminergic receptors, it would be

unlikely that co-administration of ‘this anti-manic agent with 2 neuroleptic would
L]

Rk

e

prevent the appearance of new receptor sites, as deﬁ??mined bbth behaviourally
(Klawans et al., 1977; Pert et al., 1978; Allikmets et al., 1979) and biochemically
(Pert et.al., 1578). These observations all tendlto imply that tﬁe changes in
spiroperidol binding constants noted following lithium treatment, and theref§ré

in the withdrawal grftp also are artifactual and probably reflective of poor
- "~ ' .

assay technique.

B. LITHIUM IN AN ANIMAL MODEL OF TARDIVE DYSKINESIA

i

The bucco—llnguo-mastlcatory dyskinesia syndrome has been shown to develop

after prolonged usage of neuroleptics or following their discontinuation (Faurbye

-

tardive dyskinesia is an increase in the dosage of, or a re—}ntroductioh of, .o
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neuroleptic. The syndrome is considered to be caused by an induction of DA

. receptors followed by a late adaptive response of neurotransmitter mechanisms
—

to the presence of the heuroleptic agent {Baldessarini and Tarsy, 1979). The
most commonly used animal model of tardive dyskinesia has therefore been based on
the administration of'a neuroleptic drug follswed by a withdrawal period . The
r;tiohale behind this analogue of the disease state is that neuroleptic treatment
will cause a proliferation of dopaminergic réceptﬁ% siﬁés, while the withdraval
geriod results in a return toﬁards-nﬁrmal functioning of the monocaminergic
neuroné;. The aim of this phase of the investigation was to determine whether
lithium, administered .in conjunction with or following haloperidol, could modify

the effects of the neuroleptic drug.

Previous authors have demonstrated that haloperidol adminjistration followed
by a withdrawal period results in an enhancement of apomorphine-induced stereo-

typical behaviour (Tarsy and Baldessarini, 1974; Smith and Davis, 1976; Tye et al.,

1979). However, while the present data using an objective scofing method based on

-

animal movement indicates an increased stereotypical response to apomorphine'
following haloperidol withdrawal, no strong confirmation of the previous reports
was found. For this reason, a more subjective scoring method based on observer
rating, e.g. that used by Klawans EE.El-.(l977b)’ may have been a more appropriate

. : . & . . .
measure of behavioural response, since this scoring technique makes allowances

-for behaviours. such as sniffing, licking and gnawing ghich cannot be detected

by the electronic measuring system used. If this type of subjective rating method

-

had been utili2ed, a more obvious enhancewment of apomorphine-induced stereotypical

.
™

" behaviour would have been noted as the animals subjected to the Sal + Hal + Sal

1 ’ .

treatment regime exhibited a high degree of sniffing and—iyaﬁing_behaviour. :
) <

<
This was also observed in rats treated with Sal + Hal + Li, whereas the electronic

[y

scores for the animals in this group indicate.that there may have been a ”* /

*

reduction in stereotypical response when compared to both contrel and Sal + Hal + Sal.

- -
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In the case of rats treated with lithium alone, there appeared to be little
¢

difference to control with regard to these apomorphine-induced responses, while _

. ]
the Li + Hal-Li '+ Li group displayed a degree of behaviour which, while greater

»
than that observed in the comtrol and Li groups, was less than that in other animals
which received haloperidol as part of their treatment regime. Therefore, if these
observations are taken into account when examining the scores obtained from the .
"apomorphine-induced stereotypical behaviour, they appear to be in agreement with

the results of Klawans‘gg_gl. (1977b) and.Per: 55_31. (1978) which show an amelior-
ation of the haloperidol—lnduced enhancement of stereotypy by concurrent treatment

of lithium, but not when lithium is admlnlstered following haloperldol treatment.

It was therefore decided to utilize these same treatment regimes to 1nvestlgate ¥
the interaction of haloperidol and lithium on processes associated with monoamlnerglc
neurotransmitter function.

Previous studies have shown that neuroleptic administration results in an
.increase in the activ%&y of‘tyros;ne hydroxylase (Casa et al., 1980; Engel et al.,
1980), a situation whic;.Vas also found in the present experiment, although:it
_should be stated that the increase noted (1327 of control) did not reach statistical
significance. It is possible that this enhancement of tyrosine hydroxylase
activity is indicative of an enhanced synthesis of catecholamine,.accompanied by
an increase,in upteke of tyresine since the tissue content of the precursor'amino '

) -
acid was not affected by haloperidol treatment. This increase in éynthetic
énzyme activity was only observed in the three groups which received haloperidol
ae part of their treatment seﬁedules, and was appfoximately equal in these groups
(126-132% of control) indicating that neither concurrent t;eatment with lithium
nor administration of the anti-manic agent after haloperidol affects alterations
in the catecholamine synthesis induced by the neuroleptic. .
If the elevation in tyrosine hydroxylase activity suggested by the prev1ous

data is indicative of an 1ncrease in DA turnover, then an incr&ase in the levels

of DA metabolites should also be seen. As was noted previously, lithium admin-
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istratioqzi&eme resulted in a significant enhancement in the'striatal concentration
of DOPAc: probably due to the increased neuronal uptake which results from this
treatment. Inm the Sal + Hal + éal group, elevated levels of EVA‘were observed
. (139% of controi), which could well suggest an increase in DA release since the

O-methylated ‘deaminated metabolite of, this neurotransmitter is considered to be

a reflectiqn of the amount of DA liberated from\neuronal terminals. Following .
concurrent lithium and haloperidol treatment (Li + Bal-Li # Li), the striatal
concentration of HVA was reduced relative to the Sal + Hal + Sal group, while the

'Y \ ) - - - - : i - .
amount oEIDOPAC present was equivalent to that seen in lithium-treate® animals.
<~ & ’ *

Since the amouut of -the intra-neuroual metabolite of DA is enhanced when lithium

£

is co-administered with haloperidol, 1t ls|p0351b1e ‘that the increased activity
of the hlgh-capac1ty uptake system resultskmut? decrease in the amount of neuro- .
transmitter present in the synaptlc cleft which may well result in a'reductlon in

.the activation of the'post—synaptic receptor sites. However, if this were the

case, an elevation in the number of DA receptors present would be expected in

this situation, as it would exacerbate the «denervation’ which resulted from the

4 -

presence of the neurcleptic agent, but it has been shown that concurrent admin-
istration of lithium-and heloperidol results.in a2 normalization of the number - .
of dopaminergic binding sitee (Pert et al., 1978). Alternatlvely, ft 1s possible
that the L£\+~ﬁal-L1 + L1 treatment schedule results in an enhanced turnover of

DA 1n the striatum which in some way limits the 1nduct10n of new DA receptors.

. ' ThlS 1s particularly true in view of the finding that strratal DA content in the

L1 + Hal -Li + Li group was higher than that seen following elther Li Qﬁ the ; ‘

Sal + Hal =+, Sal treatments. // ) ) ; //{

4 -
If this ls indeed the case, ‘then it is likely to be a reglon—speczflc effect

since the increase .in DA content was only observed in striatum and hippocampus

following the Ll + Hal-Li + Li ‘treatment schedule. In ﬁypothaiamus and cortex,

decreased transmitter content was observed. Since the majority of the parameters
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concerned with dopaminergic function were only measured in striatum, there is
little basis for speculation regarding the changes in the other brain regions;
however, they appear to be due to-an effect of both lithium and haloﬁeridol in
the hypothalamus, but-a lithium-specific effect in h;ppocampus.

With regard to the noradrenergic system, the §itua£ion is ;quallf confusing.

-

After administration of Sal”+ Hal + Sai, NA content was reduced in hippocamﬁhs

. +
(te 7Z of control), but elevated in cortex (to 236% of control). This would tend e
to imply that there was an elevation in the turnover of this neurotransmitter in
the hippocampus, but a'reduction in the cortex. This could explain the finding
that MOPEG was depleted following haloperi&ol adm;nistrabion since this metabolite
was measured in whole brain only, and the cortex constitutes a major portion of
the tisspe used for the determination of this compound. Lithium treatment alone
resulted in decreased transmitter content ig most brain regions, which may well
be due to a disruption of NA storage as mentioned previously. Again, an anomalous
situation was observed in cortex when NA content was ngt altered by the Li administ-

ra?ion schedule. Following combined treatment with’the two drugs (Li + Hal-Li +

-

Li), ;he major'effec;s‘observed appeared to bp’related to the presence of the
lithium, with the exception of cortex. In.this brain region, transmitter content
was elevated with respect to both the control ;nd Li groups. As'previously, the
reduction in brain MOPEG content is likely to be related to this cortical effect.
When lithium was administered folloﬁing haloperidol (Sal + Hal + Li}, a reduction
in both cortical NA and whole brain MOPEG levels was observed.

It is unlikely that an alteration in noradrenergic function, as indicated
by these data, is involved in the protective effect of lithium when administered
concurrently with haloperidol, as the alterations obserfed when lithium was given
aﬁter.the neuroleptic (Sal + Hal + Li) are essentially the same as those found in

the Li + Hal-Li + Li group, with fhe exception of the cortex. Klawans et al.

(1977) had previously demonstrated that when rats are challenged with amphetamine,

-
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which induces the release of NA as well as DA, -lithium only provided protection

agalnst enhanced stereotypical responding when it was admlnlstered in conJunctlon

"with haloperidol.

-~ .
‘Various parameters of serotonergic function were also investigated in these

treatment groups, and_ét wa; found‘thgt none of. the drug stheéules caused any

alteration in synthetit processes. Haloperidol treétment_alone had.noéignificant

effect Sn regional 5-HT levels, while lithium caused a depletion of the amine in

most brain regions exaﬁined. When lithium was added to the haloperidol schedutes

(Li + Hal-Li + Li and Sal + Hal + Li), the effetts seen were the result of the

presence of lithiam. Adminisffation of haloperidol alone caused a reduction of

5-HIAA levels in pons and.midﬁrain, and it is possible that these decreases in
metabolite concentration are indicative of a reduction in’ turnover of the monoéﬁine.
This however would be at‘variandé.with the.findings of Rastogi et al. (1981) who

have suggested that chronic neuroleptlc treatment results 1n an enhanced turnover

of 5-HT. The effects of long-term lithium were the same as those described

previously in this study. When lithium was added to thé’haloperidol treathent,

& return towards control levels of 5-HIAA was observed in pons and midbraln

in both groups receiving the two drugs (Li + Hal-Li + Li and Sal + Hal + Li),

while increased tissue concentratlon gd’ found in hypothalamus. However; since ~
these changes were seen when llthlum was administered following haloperido]l - (\\\\\S
treatment (Sal + Hal + Li)lin addition to being'noted in the group receiving

concurrent treatment (Li + Hal-Li + Li), it is considered\fo be an effect reljj%gjib

to the presence of lithium alone, and probably plays little, if any, part in the

ability of the drug to present supersensitive responses to either apomorphime—

or amphetamine-induced behaviours following haloperidol treatment. .

C. SUMMARY

As has been shown, the administration of lithium at a maximal sub-toxizs

dose produces a change in spontaneous locomotor activity. This decreage in ) -
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activity has a delayed onset, the magnitude of which seems compaxable to the
!

) X /\/ ) .
delayed :ﬁka: of therapeutic effect which is observed clinically. The attenuation

in behav1our once establlshed appears to remain relat1ve1y constant, Wlth the

proviso that 11th1um admlnlstratlon is maintained, since dlscontlnuatlon.of drug

-
- “

treatment results in a-rapid return towards normal spontaneous 1ocomotor activity.
It is likely that these effects are directly related to braln tissue levels of

the cagion. However, the reduction in spontaneous locomotor activity was only
observed in «normal» animals, and not in those. subjected to behavioural stlmulants.
The use of various behavioural paradlgms was an attempt to produce animal analogues
of mania, and the finding that lithium pretreatment did not ameliorate the observed

.. b .
behavioural stimulation tends to cast doubt on the utility of these particular

animal models of the .dis#¥der. It was however, disappointing to find no obvious

¢rebound¥ effect on the behavioural parameter measured following cessation of

lithium treatment, but it is possible thar this was due to the fact that spontaneous

-

locomotor activity s a very gross behaviour, and a2 more subtle test may have

-

been.able to uncover a 4rebound» activity.

With regard to the metabolic processes associated with the monoamlnerglc
neurotransmltters, it appears that the effects of short-term and long-term
-
admlnxstratlon of lithium are qualitatively similar, although there are quantitative

differences in some cases. These quantitative dlfferences are probably unrelated

“to the tissue 1evels of the cation, as the llthlum concentrations in brain detected

: 3
'after 12 days of drug treatment-are essentially the same as those found following

26 days of lithium administration. Neither of these treatment regimes resulted
irn changes in the synthetic parameters measured for either catecholaminergic or
the serotonergic systems. When éissue levels of the neurotransmitters were
examined hogever, alterations in the regional contents of these substances were
noted following lithium administraﬁion. NA levels in most brain régions were

reduced following both short— and long=term lithium treatment. DA content was

L3
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found_td be depressed in a time-dependent fashion, with the levels of this cat-

’\\*\echolaminé being reduced in hypothalamus after 12 days of lithium administration,

while after 26 days of treatment, reduced content was noted in ﬁippocampus as -
well as hypothalamus. Lithium treatment also appears to exert a time-dependent

8 . o L, .
effect on 5-HT levels, since short-term treatment caused reduced transmitter content

in mid-brain, while long-term administration resulted in depressed levels in

hypothalamus and striatum in addirien to mid-brain. It would be expected that -

~ - —

. . ~ . ‘ . .
decreased neurotransmitter content in the presencé of unaltered synthesis would

result in an elevation in the levels of the metabolites of these substances.

‘Shoret-term lithium treatment however, caused no change in the central levels of

tﬁ? major metabolites of the monoaminergic newrotransmitfers, while 26 days of.

lithium administration resulted in an enhancement of the striatal content of DOPAC

alone. These data would tend to suggest that the observed: decreases in neuro—
transmitter levels were not a consequence of an increase in turnover of these

substances. It is therefore possible that these alterations reflect decreases

.

in the storage capabilities of the neurones Which utilize.these neurotransmitters.
Two days of withdrawal from either short-term or long-term lithium treatment

resulted in a rapid decline in tissue and serum levels of the cation, the degree .ol

of reduction being approximately equal in both treatment groups. Associated with

this decrease in tissue levels of lithium was an enhancement of tyrosine hydroxylase

L4

activity, although alterations in tyrosine content were only noticed fdl}owing
withdrawal from long-term lithium.adminiétration. Parameters of serotonergic
synthesis were unaffected by abrupt cessation of drug treatment. NA levels were
generally unchanged relative to lithium-treated animals, i.é. decreased co;;;%t
when compared to conttg}. The exceptiens to this were in the pons, in which a
further decrease relative to that noted following lithiym treatment was seen,

and in the cortex, in which transmitter content wag’enhanced when cémpared to both

control and lithium-treated animals. DA concentrations showed similar changes

————————
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following lithium withdrawal as were seen with NA, i.e. enhanced cortical levels /

and depressed pontine content, with other regions being comparable to those

observed after lithium treatment. In contrast to the cate holamines, 5-HT levels

returned essentially to control values following withdrawall from both short— and
Y

- long~term lithium administration. The same was true for t

major metabolite

(5-BIAA) of this neurotransmitter. With regard to the catedholamine metabolites,
. .

HVA levels were enhanced relative to control values followi g withdrawal “from both.

- -

short— and long-term lithium treatment. The elevated DOPAC)content which resulted
~ : - . )

from long-term administration of lithium was found to have HYeen normalized after :°

2 days of with&rawal'from the drug. « At the same time, MOPEG Mevels were found to.

be significantly reduced relative to control. As can be seen, if is unlikeXy that

™ .

serotonergic processes are invelved in any form of «rebound» phen since the

merny

parameters measured for this neurbtransmitter system displayed a rapid return
: ) N N
towards control values following.cessation of Iithium administration. In the case

of NA and DA however, it appears. that changes in the metabolic processes for the

catecholamines may be involved in the {rebound», phenomenon since lithium withdrawal .
™~ T N
did not result in either a'simple return towards control or a maintenance of the

-

effects seen following lithium administration.

When the uptake of the monoamines into synaptosomal preparations was examined,

the most interesting finding was that the uptake processes for all three substances

examined displayed more than one system. In the case of NA and 5-HT, there

appeared tec be a low-capacity sys;ém which predominated at exogenous substrate.

—

' LY
, concentrations of up to 1 uM, and a high<Capdcity system which came into play at

concent;atioﬁs'of substrate greater than 1 uM. The up;ake process for DA seems
to be more complex than that for the other 4 f oncamines, and may well involve
some form of multiple and co-operative process. The uptake of NA into syﬁaptoéomes
was found to be markedly altered by 12 days of lithium treatment. . The previocus

observation that lithium administration enhances NA uptake at low substrate

concentrations was confirmed in the present study, but more interesting was the
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finding that the high—capacity'systeh appears to be inactivated by lithium
treatment. It is suggested‘that the high-capacity system may play a modulatory
role in the presynaptic inhibition of NA\rele#se, and that lithium acts to reduce
neufonél traffiec in the noradrengrgic sy;zéhrﬁy abolishing this'high—capacity

s ;

uptake. There is also strong evidence for a neurochemical «rebound» phenomenon
4

in this process, since following withdrawal of lithium treatment there is a signif-

.

icant increase in the activity of the high-capacity uptake system. It is possible

- b

that this alteration in uptake of the néurotransmitter could play a part in the
clinical «rebound» mania which has been observed. The uptakeof 5-HT into synapto-
somal preparations resembled that of NA, since lithium treatment caused a2 marked
decrease in monoamine uptake at high substrate concentrations. é difference how—
ever, was seen at low exégenous concentrations since lithium administration
resulted in reduced activity of the low-capacity Pptake‘system for 5-HT. This
decrease in uptake of the indoleamine following lithium treatment*m;y be a
reflection of’decreased transmitter release due to an impairment of 5-HT storage.
Following the withdrawal of lithium, the activity of the high-capacity uptake

system remained depressed relative to control. Uptake of 5-HT at low exogenous
concentrations however, was further reduced relative to control by the cessation

of 1itﬁiﬁm treatment, and this alteration may play g'part in the geneﬂis of
«rebound» mania. When the uptake of DA into synaptosomal preparations was examined,
it was found that 1ithium.treat;ent resulted in-enhanced uptake in all brain
regions, while 2 days of withdrawal from lithium resulté& in a depression of DA
uptake. at most substrate concentrations examiped. These data show that the neuronal
uptake processes represent a major site for lithium's action, and may well be

an important factor in producing the ¢rebound mania» noted clinically. It should

be noted hoéever, that there is scope for further investigations of these processes

to fully characterize the uptake systems, and to further examine the consequences

of lithium treatment and withdrawal upon these processes.
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With regard to the binding of a B-adrenergic 1igand to synaptic plasma
membranes, it appears that the effect of lithium administration on the number of
binding sites present is regionally vari;ble, causing an incréasg in certﬁin‘brain
_areas but a decrea;e in others. Lithium withdrawal resulted in a return towards
control valﬁes in mosﬁ of the regions examined. The data obtained for the binding
of spiroperidol to synaptic membrane preparations are high;y equivocal, bdt it
should be remembered that these were the results from a singley‘unreplicated study.
However, these data do indicate that much remainé to be done in order to elucidate
fully the consequences of iithium treatment and its subsequent withdrawal on
central receptor populations. -

A second aspect of lithium's utility in psychiatric medicine was examined
in the final study reported here, i.e. its potential usefulness in preﬁenting the
onset of tardive dyskinesiai The behavioural éomponent_of this study demonstrated
that when lithium was administered in conjunction with haloperidol, it was possible
to ameliorate the enhancement of apomorphine-induced stereotypical behaQiour due
to administration of haloperidol alonme. This was not the case when lithium was
administered after_haloperiéol treatment. When the.biochemical ﬁarametefs assaz;
lated with monoaminergic neurotransmitter function were examined, it was found
that lithium administration did not alter the enhanced tyrosine hydrokylase activity
due to neuroleptic treatment. .The presence of increased levels of striatal DA
when lithium was co-administered with haloperid61 (relative to the concentrations

found when either lithium or haloperidel were given alone) together with the
L]
alrterations observed in dopaminergic metabolites may well be indicative of an

enhanced turnover of the neurotransmitter resulting from this treatment regime.

It is-possible that this altered turnover ceuld in some way limit the appearance

of new DA receptors, which are considered to be involved in the genesis of
tardive dyskinesia. 1In the case of the noradrenergic system, the alterations in

various parameters were qualitatively similar when lithium was administered in
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conjunction with haloperidol as those observed when lithium was given following
haloperidol treatment. This may imply that this neurotransmitter is not involved

in the prevention of tardive dyskinesia induction. Since a similar situation was

observed when parameters of serotonergic function were examined, it is unlikely

that élterationé in 5~HT metab?lism play a part in the lithium-induced protection
against the genesié of this dyskinetic syndrome. While it appears that alterations
in the metabolism of DA (but not NA or 5-HT) are involved in the protective effect
exerted by lithium, the_possibility also remains that changes in metabolic functioms

associated with some other neurotransmitter substance(s) are involved in this aspect

\

of lithium's action. Also, it may be that lithium causes alterations in Teceptor

populations other than dopaminergic sites which may play a role in the prevention

of neuroleptic-induced tardive dyskinesia.

@ In conclusion, therefore, it appears that lithium eerEs its therapeutic

- . -

effect, at least in part, by causing alterations in various parameters of central
monoamine function. However, it is not known whether all these changeé are

required for this anti-manic agent to exert its psychotherapeutic action, or

whether the alteration in one particular parameter is the predominant effect.

Also, it appears that there is strong evidence for a neurochemical basis for the
«rebound mania» -which ‘has been observed clinically following withdrawal of lithium
therapy. There is however, still the need for considerable future investigation

of the biochemical consequences of lithium administration and withdrawal in order

to establish the nature of the dysfunction underlying the genesis of mania.
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