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I. INTRODUCTION °

In the last two decades considerable interest has been focused

cn the role playeti by the biogenic gmineé'norepinephrigg {NE) ,
dopamine (DA) and S—Hydrqutryptaminé (5-HT, serotonin) in G;rious
central nervous system functions. Evidence has accumulated to
implicate tﬁese moncamines in a neurotransmitter or neuromodulator
role in the central nervous system (CNS). Since many drugs are
known to alter mental functions in man as well as to alter animal

behavior, it has been postulated that these drugs may produce their

effects, at least in part, viahthe biogenic amines in the CNS. fhus
studies involving the meéhanism controlling biogenic amine synthesis
and release may be instrumental to our further understaﬂding of.the
basic biochemical abnormalities that are believed to exist iﬂ various
mental disorders (1).

The present dissertation is concerned with two studi§$ involving
the role of brain biogenic amines. The first study invelves an in-
depth examination of the effects %f short term and chfonic.treatment
of lithium on biogenic amine'meﬁabolism in discrete rat brain regions,
with.emphasis given to the S—ﬁT'system. The second study involves an
examination of the influence of drug§ oﬁ the develoément of;bnain
monoamine—containi;g neurons.

Lithium

Although lithium salts have been used therapeutically for a

number of years as antimanic agents and more recently, propﬁ&lactically,

in manic depressive illness (2, 3) their sites and mechanisms of

action remain unclear (4, 5). Since disorders in the metabolism of

1



hibgenic_amines have long been postulated to play a significant
: 3
role in affective disorders (6-13), considerable attention has been

-

given :to the effects of litHium salts on the steady state levels and

P

-

td¥rnover rétes of these amines. However, little consideration has
beeﬁ éiven to loc§lizing the siteg ;£ which lithium ié presumed to
exert its therapeutic or neurotoxic effects. There is lihiped
information available on the distribution of lithium in specific
brain regions, although there is some evidence to suggest a non-

kggiform distribution of lithium following its acute or chronic

treatment (14-16).

While the mechanism of action of lithium remains obscure evidence

to date suggest that lithium produces marked alterations in the
metabolism of biogenic amines; particularly of NE (17-23), and 5-HT
(24-28) in the brain. Reports in the literature reveal marked
inconsistepgies in the results particularlf when whole brain levels
were studied. Some of these inconsistencies can be attributed to a
wide range of administration variable, including different routes of
aéminist;ation, dose levels and treatment times. However, a clear
distinction can be drawn between the acute effects after a single or
a few doses of lithium and the chronic effects after prolonged
periods of treatment. It is apparent from the literature that more
consistent results have éeen demonstrated with studies involving
short term lithium administration than those involving chronic
studies. Some of these differences can be attributed to the
administration of lithium at téxic doses.

Since it has been suggested that lithium produces its therapeutic

effects by acting in a number of brain regions bélieved to be



responsible for modulating emotionality (16, 123, 169), the regional
&
. '
distribution of lithium was examined following treatments which

a

produced plasma leveis similar to those found to be clinicallyléffective
in man. The time:;eriods selected were from 5 days to 5 weeks. The
S—déy treatment period was chosen because several reports note
significan%:changes in brain levels of both 5-HT and NE metabolism,
although in man therapeutic effects.are not usually evident until at
least 7 days of treatment. The 2~week treatment period was chosen
to approximate the point‘at which the therapeutic effect of lithium
in human patients be;omes evident. The 5-week treatment schedule was
chosen because chronic effects on brain 5-HT levels énd/or turnover
have been reported in several studies.

In order to exaﬁiﬁe the effect.ﬁf short and long term 1%thium
administration (g;ve§ intraperi£oneally o; in rat food) on brain
5-HT metalwlism, the influence of iithium on the levels of tryptophan,

5-HT and its metabolite 5S5-hydroxyindoleacetic acid, the activities

of the associated enzymes tryptophan hydroxylase and monocamine oXi

and the 5-HT turnover wege investigated in discrete brain regibns.
Since a relationship exists between the levels cof L-tryptop aﬁ in
blood and brain pools and 5-HT synthesis in the brain, ip'was of
interest to examine whether  lithium alters the distribution of
tryptophan in the blood and the brain.

To examine-whether short and long term lithium administration
produces changes in thé-catecholaminergic neurons, the influence of

lithium on the levels of tyrosine, WE, DA and tyrosine hydroxylase

activity was investigated in a number of discrete brain regions.
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Drugs and Brain Development

{

There is some evidence to support the view that biogenic amines

*

have important functions in growth and development, apart from their
roles in the adult animal. Exposure of experimental animals during

development to drugs which are known to reduce storage or synthesis

of brain biogenic amines (e.g. reserpine (45) ,d-methyl-p-tyrosine (40)

and p-CPA {44) or drugs which destroy specific monoamine terminals

* Y

e.g. 6-hydroxydopamine (29, 33-37), and the dihydroxytryptamines
{30, 31, 38, 39) were shown to produce behavioral and Biochem'cal
abnormélities‘in later life. Psychoaétive drugs which inter;::\ath
the monoamine receptors either éireqtly or indirectly such as
* chlorpromazine {41, 46), haloperidol and penfluridol (42, 47, 48) and
ISD {43) given pre- or postnatally Qere shown to produce similar

persistent effects. Several studies attempted to identify the.

s

‘“critical periods" during which the vulnerability of the brain to

thése agents is maximal. Indeedy-it was shown that the éritical
period for 6-OHDA for producing long lasting effects appears to be
within the first week after birth (e.g. 36, 37).

However, the pattern of the neuronal destruction was shown to be
deéendent on a number of variable such as the age at which the pups
were injected, the dose used and the route of administration.

In a numbef of studies, deficiencies in the experimental designs
makes the interpretation of the results difficult. 1In fact, it has

\ .
been suggested that in addition to the direct drug effects on the

-

fetus, a number of pre- and postnatal maternal factors may influence

the overall effect of the drug on behavior and biochemical changes

in the offspring (40). Since it was shown that the administration of
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6-OHDA to rats in the immediate postnatal period produces long
s

\lasting effects on the catecholamine containing neurons, it was of

interest to examine the time course of this effect in a large number

.

‘% of brain regions. In the light of recent biochemical and morphological

evidence that 5,6 or 5,7-dihydroxytryptamine and 4-chloroa’mphetamirz"

-

4

- ;@ay be selective neurotoxins acting on the serotonergic neurons (3(

]
¢

52, 49) apé%%tempt was mage to demonstrate biochemidally, terminal or
axonal degéﬁeraﬁion.similar to that shown for 6-OHDA.

There is substantial evidence that chlorpromazine (CPZ) éroduges
adverée effects on brain development with concomitant beha;ioral
deiibits-(40, 41, 48). It was therefore of in?erest £o investigate
whether éhanges in biogenic amine metabolism produced by prenatal

.

treatment could be produced when the drug was given directly to the

- offspring in the period immediately following birth (1-6 days). It

has been suggested that the brain of rats is most vulnerable to
environmentél insults during this period, which coincides with the
period during which nerve cell formation occurs most rapidly (44).
Therefore, the levels of 5-HT, 5-HIAA, tryptophan, and the activity
of monoamine oxidase were determined at 20, 40 or 60 days of age
to assess the development of the 5-HT containiﬁg neurons, while the
levels of tyrosine, NE, DA and tyrosine hydroxylase activ:':ty were
measuredoio examine the development-of the catecholamine-gohtaining
neurons.

The effect of CPZ on the development of moncamine~containing

neurons was then compared with another psychoactive drug with similar .

pharmacological properties, namely haloperidol. It was of interest



1so examine the possibility that\%ithiuﬁ a'arqé\with structural

and pharmacological properties different from that of chlorpromazine

v

and haloperidol would produce long lasting alteration in the

development of monoamine-containing  ngprons.
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2. LITERATURE REVIEW

I. NEUROPHARMACOLOGY OF BIOGENIC AMINES °

’

A. General Characteristics of Catecholamines and 5-Hydroxytryptamine
“in the Central Nervous System °

With the advent of new biochemical, morphological and histological
techniques it became possible to more precisely study the involvement
of brain biogenic amines with specific CNS neuron systems. Highly
sensitive assays of the monoémineo, their precursors, metabolites and
associated enzymes combined wioh hiétofloorescence and radio ‘-
immonological techniques for.visualization of the catecholamfﬁes and
5-HT in neurons enableé the identification and characterization of

L]

major monoamine-containing cell bodies and terminal networks in large

,brain areas.

-

It became readily apparent thatlthe monocamines were unevenly
distributed throoghout‘the brain oegions. Norepinephrine (NE} was
found to occur. in highest c¢oncentrations in the hypothalamus (51)
whereas dopamlne (DA) was found to concentrate in the basal ganglla
- NN

(51,‘51a). 5- Hydroxytryptamlne (5-HT, serotooln) was also found to
be unevenly olstrlbuted, with the highest concentrations present in’
hypothalamus, brain stem, neostriatum and some areas of the limbic

system (52, 53, 54}.

B. Monoamine Pathways

—~The mcnoamine neurons in the CNS have been mapped out, and the
major neural pathways were shown to arise from well localized cell
body groups mainly within the brain stem regions. The axons branch

profusely to give rise to terminal networks with a w1despread dis-

tribution to’many regions of the brain and the spinal cord. Forebrain



catecholamines arise '‘from terminal projéctions of NE cell bodies in
the pons and medulla, and from DA cell bodies in the midbrain.

i. Norepinephrine-containing neurons

The major ascending tracts are the dorsal and ventral NE pathways.
The dorsal bundle was shown to arise from the locus coeruleus'(AB
nuclei groups as described by Dahlstrom aﬁé Fuxe (59)) ' and to
innervate cerebellar, and cerebral cortices, the hippocampus and other
majof areas (Fig. 1; 55). The ventral NE pathway.was shown to arise
from cell group? Al, A2, A5 and A7 in the meduila and pons and sends
axon terminalshfo the stria terminalis progressing rostrally tbrough
the medial forebrain bundle. Two other pathw4§s have been identified
using a more sensitive histofluorescence technique (56), the dorsal
and ventral periventricular systems. The dorsal periventricular
system appears to arise from diffusely distributed cell bodies-in the
pons, medulla and caudal tﬂalamus which project to thalamic, hypo-
’ thalamiq and septailregions. The ventral periventricular system extends
along the periventricular grey of the hypothalamus to innervate the

dorsomedial and periven;iicular hypothdlamic nuclei.

ii. Dopamine-containing neurons

.—‘\/_.-‘/~
The dopaminergic system arise mainly from a large collection of

cell bodies in the ventral midbrain (groups A8, A9, Al0)} which forms
o ‘

a continuocus sheet of cell bodies extending across the midline over

the interpeduncular nucleus and into the pars compacta of the sub-
. - t

stantia nigra (A9 cell group) (Fig. 2). These nuclei give rise to a
dense network of terminals in the corpus striatum, forming the

nigrostriatal pathway. The second identified system, meso—iimbic DA

pathway, arises from the ventral tegmental mesencephalon cell bodies -
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°
(A10 cell group) to ascend dorsal £o the medial forebrain bundle to
innervaté the nucleus accumbens, striae terminalis, the olfactory
tubercle, septum, frontal and pirifc;rm coftices. The tuberoim‘fundibular
DA pathway is a diencephalic system linking cell bodies from the arcuate
nucleus to the median eminance.

iii. Epinephrine-containing neurons

Major advances in technology have provided useful techniques for
-

determiﬁing the presence of epinephrine in brain‘and for localizing
the enzymes responsible for its formation. Phenylethanolamine~N-
methyltransferase, the enzyme involved in the biosynthesis of epinephrine
from NE in the adrenal, has recen£;y been identified in the mammalian
brain and was shown to be unevenly distributed (56a) with highest
activity obse:Led in the rostral brain stem regions. Using‘ap immuno-
histological technique, HOkfelt et al. (56b) Qrovided evidence for the
existence of epinephrine-forming neurons in the rat brain, and gas
liguid chromatograﬁhy/mass spectometry (GC/MS) technique providgd
quantitative data on epinephrine content in specific rat brain nuclei
(56c}. Thus epinephrine may serve as a neurotransmitter in the brain

although its role in brain function is unknown.

iv. S5-Hydroxytryptamine-containing neurons

Histofluorescence and immunological techniques and biochemical

assays have been used to ocalize 5-HT in the brain. These methods

showed that mont. of the cell bodies of jthe 5-HT containing neurons

were localized in the rap the midbrain, pons and medulla.
5-HT containing fiber terminal e been detected in restricted
areas of the hypothalamus, limbic system, and other forebrain and

brain stem structures. Three major cell body groups have been



12

described: the B7 which occupies the area of the dorsal raphe

nucleus, the B8 localized in the medial raphe nucleus and the paired

B9 groups in the ventral midgrain tegmentum. S-H; terminals are
diffusely distributed to the corpus striatum and many forep:ain regions
inciuding the globus pallidus, habenula, septal region, amygdaloid
complex, cingulate gyrus, hippocampus, and varigpus hypothalamic

nuciei (57, 58, 59). The precise terminal distributions arising from
each of the cell bodies remains unclear. The caudal group of cell
bodies (Bl-BL;which include the.relatively large nucleus raphe magnus

(B3) appear to give rise to descending pathways to the spinal cord.

C. Biosynthesis and Metabolism of Catecholamines

The synthesis of catecholamines proceeds from L-tyrosine which is

hydroxylated to form L-DOPA (Fig. 3). This step is normally rate

limiting in fhe synthesis of both NE and DA, and is catalyzed b? the
tyrosine hydroxyiase (TH) enzyme (60). TH was shown to occur in both
soluble and particulate forms with a high proportion of the solublé
form in regions containing cell bodies, while a high concentration of
- the particulate form in the nerve terminal regions (6l). The ehzyme
is believed to be synthesized within the cell bodies, and is transported
to the terminals via a slow axonal transport mechanism (62). There is
considerable evidence for an end¥product feedback mechanism respons-—
ible for controlling catecholamine biosynthesis (63) ' , as well as
a receptor-mediated feedback regulatioq operating via allosteric
activation of the enzyme (64), or by a change in the physical state
of the TH enzyme. Long term regulation of the enzyme activity was
-recently suggested to invdlve a trans-synaptic induction resulting in

an increased amount of the enzyme (65, 67).
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Theléhzyme involved in the conversion of L-DOPA to DA, is dopa
decarboxylase, which may be identical to the S—hfdroxytryptophan
decarboxylase enzyme. It is therefore-often described as L-aromatic
'amino acid decarboxyiase (66) . : v

The hydroxylatioﬁ of DA to NE by dopamine-f-hydroxylase is the
final step in the synthesis of NE. The enzyme was shown to require
molecular oxygen, ascorxbate, fumarate and Cu++. Like tyrosine
hydroxylase {TH), it is an inducible enzyme and its activity was shown
to be increased by stress and drugs such as reserpine (67, 68).

The catecholamines are metabolized by either deamination by
monecamine oxidase (MAO) or o-methylation by catechol—o—methy%
transferase (COMT); Méhoamine oxidase is widespread in the CNS, where
it is bound to mitochondria. Both glial cells and nerve cells contain
MRO. 7 *

The initial product‘of deaminatibn is an aldehyde which is
rapidly metabolized by either an aldehyde dehydrogenase or aldehyde
reductase to corresponding carboxylic acid or alcohol {69). MAQ is
known to exist in‘at least two forms which show different substrate
specificities and physical properties '(70). Both MAO and COMT con-
tribute to thé metabolism of both NE and DA giving rise to many known
metabolites. DA is metabolized to 3-methoxytyramine (3-MT) by the
action of COMT or deaminated to 3,4-dihydroxyphenylacetic acid
(DOPAC) and 3,4-dihydroxyphenylethanol (DOPET) by MAO. The : second
stage of rgactions yields 3-methoxy-4-hydroxyphenylacetic acid
{Homovanillic acid, HVA) and 3—methoxy—hydroxfphehylethanol (MOPET) .
NE is converted either to normetanephrine by COMT or to 3,4-
dihydroxymandelic acid@ (DOMA) and 3,4-dihydroxyphenylglycol (DCPEG)

by MAO. Further metabolism results in the formation of 3-methoxy-4-
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hydroxyphenylglycol (MHPG) and*3—methoxy-4—hydroxymandellic acid
(ﬁanillmandeiié acid, vMA). DOPEG and MHPQ are .considered to be the

main metabolites of NE and HVA the main metabolite of DA (70a).

There is some experimental evidence to suggest tha; intraneuronal
catabolism of catecholamines occurs mainly via MRO, while COMT is

largely responsible for extracellular or extraneuronal metabolism

{71, 72).

D. S5-Hydroxytryptamine Biosynthesis and Metabolism
The synthesis o% 5-HT commences with the hydroxylation of
L-tryptophan to 5-hydroxytryptophan (5-HTP) which in turn is
dééarboxylated to S-Hf (Fig. 4). The conversion of L-tryptophan to
5-HTP chtalyzed by the enzyme tryptophan hydroxylase is considered
to be rate limiting (73). The enzyme utilizes molecular oxygen and
a pteridine cofactor as an electron source. The tryptophan
hydroxylase enzyme is located within synaptosomes from whith it can
be released in a soluble form by hypo—osmotic.shock (74) . It is non
uniformly distributed in the CNS of mamalian brain (75-77) with the
highest levels revealed in the neurons of the midbrain raphe. It is
presumably synthesized in the cell bodies of the raphe nuclei, from
where it is transported to terminal regions via an axonal flow (78).
L-5-HTP decarboxylase the enzyme which catalyzes the formation
of 5-HT from 5-HTP appears to be identical with the enzyme capable of
decarboxylating a variety of aromatic amino aéids. This enzyme occurs
hthroughout the brain regions and™tesegional distribution parallels
that of the monocamines (79).. . .
The newly-formed transmitter amines, are largely taken up and
stored in granules which are believed to play a role in the release

of the transmitter induced by nerve impulses. The metabolism, stdrage
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and release of the transmitter seems to be regulated by a number o#
mechanisms not clearly defined. End-product inhibition of the tryptophan
hydroxylase ac£ivity has not been demonstrated. However it hqs been
suggested that 5-HT synthesis may be reguléted by the availability of
the substrate, sinée the tryptophan hydroxylase appears to be unsat-
urated with respect to substrate, and the indices of 5-HT in the
brain éppear to change in the same éirection as tryptophan levels
(80-84). L-tryptophan is taken up into brain and synaéto;omes by
meéﬁs of a carrier mechanism, aiong with other neutral amino acids
(85). Thus the uptake of tryptophan into the brain was recently
suggested to be dependent on the relation between the plasma con-
centration of both free tryptophan and other neutral amino acidg (86).
Synthesis of 5-HT was suggested not to be the important factér
controlling the 5-HT stores, since at least two different storage com-
partments may exist, of which the newly-formed S;HT may pe the only
functionally important one (87). Grahame-Smith (87) discussed the
possibility that there is a more rapid 5-HT synthesis than is required “
tolmaintain the "functional"” stores, whereby:the surplus is degraded
to 5-HIAA by a mecﬁanism which he deseribes as "overflow". waever,
it was demqnstrafed‘by several authors that treatments of rats with a
dose of tryptophan which produced a marked increase in 5-HT synthesis
in the midbrain raphe neurons (88-90), results in a %arked inhibition
of the raphe neurons activ%Fy (9i-92). Thus the increased levels
of 5~HT resulting from elevated tryptophan uptake in the brain is
functionally active in at least the midbrain raphe system. There
is considerable evidence for the receptor—mediated feedback

regulation of 5-HT synthesis, which was postulated to be activated

by an increased stimulation of pre- or post synaptic 5-HT



18~

~

recéptbrs {93) or via a éalcium—éctivation mechanism of the tryptophan
hydroxylase enzyhe (94-97).

5-HT is metabolizéd almosf exclusively by monpamine o#iﬁ;ses to
give rise to an intermediate 5-hydroxyindolgaéétaldehyde which iﬁ turn
‘is oxidized to 5—h§droxyindoleacetic acid or reduced to 5-hydroxytrypt-
ophol by an aldghyde dehydrogenase and reductase respectivelyr Both
kinetic studies and direct measurements of\S—HT!in‘brain tissue reveal
that 5-HIAA is the méjor metabolite of 5-~HT (é9). Because of the
relative simplicity of the 5-HT metabolism, both brain and cerebro

spinal flui@ {CSF) levels of 5-HIAA are used as a measure of 5-HT

turnover in the brain.

-

5-HT can also be acetylated by a N-acetylase enzyme to form the
imﬁediéﬁe precursor of melatonin in the pineal. N-acetylserotonin
(NAS) #n turn is o-methylated by a S-adenosylmethionine~dependent
enzyme, hydroxyindole o-methyltransferase (HIOMT) to form melatonin

(98).

II. LITHIUM

Lithium is the lightest of the alkali metals belonging to the
group IA of the Periodic Table and is known to occur in nature in at
least 145 minerals and in both plant and‘animal tissue. Lithium is
monovalent and one millimole is egual to oﬁe milliequivalent and
is contained in 66 mg of lithium acetate and 37 mg of lithium
carbonate.

A. Medicinal Uses of Lithium

Following the initial introduction of lithium salts intc medicine

by Lipowitz in 1841 and Garrod in 1859, the lithium content of mineral
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springs was extensively advertised as a cure for numerous disorders
ph n

'including gout aﬂg,rheumatism. In the 1920's, lithium was used as an

antiepileptic,/a tonic and hypnotic, and the early 1940's. saw its

_brief introdu tion as a salt substitute for cardiac and kidney

patients. The discovery of the psyéhoactive properties of lithium
] s ' . !
as reported by Cade in 1949 (99) led to an era of intense research

. .

culminating in the recognition of its antimanic, antidepressant and
proph&lactic properties (2, 3) in manic depressive disorders.

The effectiveness of lithium in the treatment of acute mania and
hypomania was established by seQeral rigorous double-blind controlled
studies (100). To date more than 70 si;gle and double blind controlled
studies have conclusively shown that lithium salts produce marked
imp?ovements in nearly 80% of manic patients within 7-14 days. These
effects appear to be independent of sex, aée, and duration of the
underlying disorder. Lithium was shown to be more specific than other
aptipsychoﬁic agents, especially in cases which are dominated by pure
elation-hyperactivity and press;re of?speech syndrome. _Lithium has

been shown to be superior to chlorxpromazine for highly disturbed

acute manic patients (101, 102). It, however, hagﬁbeen shown that at

" the onset of an acute assaultive manic episode, the combination of

lithium with chlprpromazine or haloperidel is preferable whereas after
the attack has subsided lithium maintenance alone is sufficient.

while the bulk of the available data suggests that lithium is
effective in the treatment 6f bipolar manic-depressive ésychoses, it
appears to be of little value against agitations of schizophrenics
and neurotics. It appears to curb agyressive behavior (103, 104) and

recurrent alcoholic-induced behavior manifestations (105). Experiments

-
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on healthy subjects indicate that lithium does not impair normal

intellectual activity or restrict the emotional range; yet subtle and
transient chénges have also been reported (106, 107) .

4

In a moderately severe manic episode the initial daily dose of °

lithium carbonate required is usﬁally from 1500 to 2100 mg in a

70 Kg patient. This dosage is given¥for 1 tot 2 weeks and the steady
state level between intake and elimination is reached within®5-6 days:

thereafter serum lithium levels in blood. samples drawn 12 hours after
" the. last intake is in .the Subtoxic range of 0.8 to 1.5 mEg /L.

]

B. Pharmacokinetics of Lithium

4

i.’-Absorption and.diétribuéién' .

In‘maﬁ, as in experimental.aniqgls, lithium ioﬁ,is readily absorbed
following oral, é;pcutanedus, intr;muscular Pr intraperitoneai routes
of adm}nistration; Blood levels peak bBetween 2 and 4.£6urs after a
s;ngie bral dose, ana intragastric absorption appears to be completé
wifhin 6-8 héﬁrs_(lOS). éince lithium is no; protéin bound, it is

’ Aistribﬁted widély throuéhout the body water, although it crosses cell
méﬁbranes‘ét a relaéively slow rate — an effect which may be related
to thé delay d£;6-10 dayé in achieving full therapeutic response aé
well ag‘tb its continéed exctetion folloéing discontinuation of
treatﬁeng(}Zl, 122).

In‘experimghtal studies inuolving‘animalsf the preferred route of
admiﬁistrationvof }ithium is in the diet since it ensures a fairly
constant sérum lithium leVelslthkothout the day and reduces the
frequenéy of side effeéts (;091.

Since. an equilibrium would be expected to be established between -

the serum and the tissue levels of lithium, a direct approach to the
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study of lithiumldistribution has been the giiﬁysis of both tissue
“and serum lithium concentrations. A number of studies demonstrated
that the fate of.uptake of lithium into peripheral and central tissues
is not uniform (15,_110, 112, 114). As in animal whole brain studies,
' the.human experience suggests a slow raée of lithium uptake into 'the
CNS and tﬁe cerebrospinal fluid (CSF) with a lack of egquilibrium between
serum ana'CSF ievels.(lll). -Repor£s on the brain regidgal distribution
of lithium pf éatients and experimental animals treated wi lithium
has been sparse and Yari;ble, with differences in regional concentrations
reported to be‘small {14-16, 113) or reported to be associated with
particulate fractions of brain homogenates (115).

It has recently been*suggesﬁed that lithium levels in the red
blood cells may better correlatg with the clinical state than the

"

simﬁle serum lithium levels (116). However, the kinetics of lithium
transport acréss the ged bloed cell membrane and factors whiéh govern
its steady state are not well defined (117, 11i8).
- ii. Excretion

The main route of lithium excrefion is via the kidneys. The
renal handling of lithium and the effects of lithium on renal cations
' reflects partial substitution for other univalent cations. After
filtration through the glomerular membrane, approximately 80% of
lithium is reabsorbed together with Na+ and water in the proximal
tubules. The lithium clearance has a half-life of approximately
24 hours which appears to be decreased with age and with a reduction
in sodium intake ( 3). Pollowing a single oral dose of lithium
carbonate, 30-60%.0f the drug is excreted in the uriﬁe during the
initial 6-12 hours, with a prolonged excretion rate extending

&
10~14 days (122).
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C. Lithium-Induced éide'gﬁfects and COTéliégtions

There are three main types of unwanted effects of litﬂium:

a) .side effects which can be manifested at low serum levels (0.5-1.5 mEq/L)
b) 1lithium toxicity associated with serum lithium levels greater than
2 mEq/L and ¢} a variety of endocrine and metabolic effects.whiqh

may occur -independent ﬁf serum lithium levels.

During the‘initiai periods of therapy some patients experience
slight gastrointestinal irritation, nausea, abdominal pain and loose
stools. They may also experience muscular weakness, weight gain, a
dazed feelinér polyuria, thirst and fine.hand tremor. These common

-, symptoms often coincide with the peaks of lithium concentrations in the
blood and are usually transient in nature. However, more persistent
side effécts are the feeliﬁg of thirst occasionally combined with
polyuria and fine hand tremors which does not respond to antipark-
insonian drugs but does to propranolol (120).

When lithium is given in excess amounts or when- renal mechanisms
fail to eliminate it effectively, the serum lithium levels rises
above 2.0 mEq/L. Tgis rise is generally accompanied by symptoms of
lithium toxicity in man notabl; those which involve the CNS. Early
syﬁptoms include sldggishness, slurred spéech, drowsiness, course
hand tremor, twitching, anorexia, ataxia, vomiting ané diarrhea.

Within days consciousness is severely impaired and coma may develop with
hyperactive tendon reflexes, muscle tremors, fasciculations and
epilepiform seisuresloccasionally observed (5, 121, 122).

Recent reports of lithium-related neurotoxicity at doses producing

serum levels in the subtoxic range have appeared in the clinical

literature. It has therefore been suggested that some of the lithium-
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induced neﬁrotoxicity may not be directly rela;ed to blooﬁ lgvels of
lithium. These bizzare effects have been associated wiﬁh electro-
encephalographic changes (123) and it has been suggested tha£ lithium
producés these effects directly on the brain (124, 125). However,
little experimental work.has been forthcoming on the effects of lithium
on the .CNS directly.

A number. of recent studies examined the endocrine and metabolic
consequences following prolonéed lithium treatment in man. In general,
the maﬁifested changes are unpredictaﬁle, infrequent and occur at blood
levels not usually associated with toxicity. These include neurotoxic
episodes, goitre and hypothyroidism, polydipsia and polyuria, cardiolog-
ical abnormalities, skin reactions and assorted metabolic effects.

"i. Lithium and thyroid function

Recently Baily et al. (122) compiled and reviewed the recent
literature on the effects of lithium on thyroid function both in man
and experimental animals and concluded that in ﬁan, three forms of
thyroid disorders are occasionally observed: transient biochemical
changes'(increaséﬁ levels of thyroid stimulating hormone, and reduced
triiodothyron&ﬁg and thyroxine in the serum), compensated goitre with
euthyroidism, and hyperthyroidism with or without goitre. While more
consistent changes were observed following agute treatments, chronic
animal experiments provided diverse and inconclusive results. However,
lithium was shown to consistently inhibit thé thyroid stimulating
hormone —;stimulated thyroid adenylate cyclase activity by a mechanism

\\QEE;/élearly defined (126).

ii. Lithium and thirst and urine flow

Lithium-induced polyuria was shown to be consistently evoked in
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experimental -animals and the effects wér? postulated to be -related

to the histological changes observed in the nephron and/or altered

salt content in the diet (127). The site(s) at which lithium exerts

its polydipsic effect was suggested to be the lateral hypothal- _
"amus or the kidney (129). ~ ¥ o >

iii. Lithium and metabolic effects

ﬁithium was shown to produce profound hypoglycemia and to promote
tissue glucose uptake in both experimental animals and humans; which
correlates with the observed rise in the serum levels of insulin (130).
It has also been observed that lithium produces decreases in hepatic
cholesterol and fatty acid s&nthesis, as well as inhibits the ACTH-
stimulated adenylate cyclase activiiy in isolated fat cell ghosts (5).
Lithium was also shown to alter carbohydrate metabolism at various
sites, however since the changes’observed were often after very high
lithium doses, their relevance to the clinical situation remains
questionable.

iv. Lithium and adrenocortical activity

The relati&nship between mood disorders and the pituitary-

adrenal axis prompted investigations into the possible role of lithium
on this systém; however the published results are widely conflicting.
Several reports claim elevated corticosteroid levels after lithium
carbonate administration to‘normal volunteers and manic-depressive
patients (131, 132) which were not confirmed by others (133), Holmi et al. (134)
reported lower plasma cortisol levels in the morning and suggesfed

that the apparent blunting of the circadian fluctuations of plasma
cortisol by lithium may be due to altered secretion of ACTH rather -

than diminished responsiveness of the adrenal cortex to the trophic

"
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hormoné. Recently Ush;r {135) reported tha£ high dosés of lithium
given in thé-diet of two strains of rats for 5 weeks caused increased
adrenal in vitro cofticosteroid output aﬂd_diminished KCTH response .

ih both strains, with no changes in plasma corticosteroid levels. The
lack of uniformity of the experiments does ﬁgt allow‘prbper comparison
of results, and the available evidence do not offer firm conclusicns as

to the effects of lithium on this regulatory axis.

v. Lithium and placental transfer

Since the reintroduction of lithium into medicine, several ;eports
have been published documenting the effects of mothers and infants of
mothers treated with lithium during pregnancy. “'Nassr (1386)
described a case of lithium-treated female in late pregnancy who
developed a toxic condition during the delivery and the infant was
cyanotic with demonstrable flaccid yuscle paralysis. Indeed, it was
shown that infants born to lithium-treated mothers have measurable
blood lithium levels which were reported to correlate with the
observed lethargy'and cyanosis (137). Additional support for this
suggestion was derived from the study of Weinstein et al. {138)
who reported that lithium was detectable in breast milk‘at the level
of 25-33% of that found in the méternal blood, such that it is likely
thaf infant exposure to lithium may be both prenatal and postnatal
in origin. )

The possible teratogenic effects of lithium were investigated in
experimental animals and humans. Several reports af,zifﬁiﬁm(induced
teratogenicity in mammalian and submammalian species have been)

described, although the Infernational Register of Lithium Babies

having assessed nearly'ISO cases (up to 1975) reported only 13 of
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the born in%ants to manifest any malformations (139). Th;\incidence
was considered to be higher than would be expected to'occuf in a
normal population. Although the literatﬁre on lithium teratogenicity
in mammalian studies is relatively sparse, the available data provide
inconsistent results possibly stemming from variable dose .schedules
and variable serum levels which was achieﬁed in these studies
(140-145),

D. Lithium and Electrolyte Distribution

L]

Electrolytes are known to be involved in maintaining the normal
membrane potential and in carrying the current responsible for action
p v ;
and synaptic potentials. They are also known to be intimately involve§

in the synthesis, storage, release and inactivation of putative *
neurotransmitters. It was therefore postulated that altered
electrolyte metabolism in concert wifh interaction of monocamines

would be responsible for altered neuronal function in psychiatric
disorders. Indeed, altered electrolyte distribution has been reported
in association with mood changes, and clinical depression was shown

to be consistently associated with sodium retention (146). These

early observations prompted studies into the possible role of lithium
. ;

in medifying el e metabolism. It is generally agreed that

lithium characteristically alters eléctrolyte balance in man (147).
The medhanish(s) responsible for the fluid and electrolyte changes

are complex but appeér to be independent of the glomerular filtration
rate yvet may be related to the renin-angioctensin-aldostercne mechanism
and/or the displacements of Na+ and K+ in extra- and intracellular

compartments of the body (148, 149). Lithium has also been shown to

. . ++ ++ .
produce effects on other bivalent cations — Ca .and Mg , both in
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man and experimental animals (150, 151). However, the magnitude and
the direction of changes of these ions following Iithium treatment
remains highly incoﬁsistent.

'The'speculative interﬁretation of the available data lean towards
a membrane effecﬁ as the primary site of lithium action. WNaylor et al.
(152) reported that subjects whose erythrocyte Na+—K+~ATPase acﬁibity
rose in lithium responded best to lithium. Mendels and Frazer (153)
suggested’ that there is an abnormality of elegtrolyte flow across the
cell membranes of depressed patients, and that lithium may interact
with membrane processes. Rafaelson et al. (54) also postulated that
lithium may éct by membrane stabilization. 'Howéver, other studies
suggested that lithium inhibits the‘Na+-K+ dependent-ATPase activity
in rat ﬁagus nerve membranes (155), or several brain regions (1l56)
and Mg+2-dependent-ATPase activity in some brain regions (156).

The fluid and. electrolyte effects of lithium remain complex,

but its inability to completely substitute for Na+ in many beody systeﬁs
may parallel its actions in the CNS such that réplacement of elect-
rolytes by lithium in cells and its inefficient outwara pumping could
alter electrical traﬁsmission or possible electrolyte-transmitter
interaction at critical central locations.

E. Lithium Distribution in the Central Nervous System

The distribution of lithium in the brain is not clearly established
following its acute and chroni¢ treatment. There is little information
on the distribution of lithium ig specific brain regions. There is
ho@ever some evidence which suggests a non-uniform distribution of

lithium in the CNS following both acute and chronic treatments but

in a limited number of brain parts (16, 114, 157—~ 159), although
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several reports to the contrary have also been published. It has
l;een reported ..t'haﬁ following chronic administration the concentration
of lithium in whole brain closely approximates that of blood p%asma
él4,'110, 160-163). However, the concentrations may differ in
discrete brain regiohs both in animals (15, 16, 114, 157) and in
man (113, 164), and may be localized in the particulate fraction of
rat brain homogenates {115). X

The regions of the brain which were repofted to contain the
highest‘levels of lithium include the hypothalamus and white matter
in rats (114, 166), the pituitarf of rats and rabbits (157), the
posterior hemisphere (159), and the basal ganglia and the pituitéry
of rat and primate brain (15, 164). Since the majority of the above
studies were acute, with the administration of lithium salts in large
doses, the importance of these findings when compared to long term

studies becomes questionable. Furthermore, previous studies were

conducted following different routes o

dministration with variable
and inconclusive results reported. Epf;ex ple, Davenport {16el}
studigd the distribution of lithium followigig acute (1, 24 and 96
hours) intraperitonéal injections, and Séhou (1{0\ used intravenous
lithium chloride administration whereas Morrison et al. (167)
studied the distribution of lithium following stomach intubation and
Birch and Jenner (162) reported results based on the addition of
lithium to the drinking water, Taub and Usher (16) and Bond et al.
(14) and Edelfors (114) added lithium salts to dry food. Thus few
comparable sfudies have been published.on the distribution of lithium
in specific'brain regions‘which precludes any definitive comparison

of results.

3
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Two recent studies provided evifence for a temporal relationship
between lithium administration and regional distributiqn, and a more
comprehensive distribution of the ion in some 32:brain regions in a
primate following long term oral lithium treatment (164, 166}. Sprites
{164) described the regicnal brain qistribution of lithium in the
brain of monkeys following 3-6 weeks of oral lithium carbonate treat-
ment. Lithium levels were significanti§ higher in 7 reglons out of
32 {in decreasing order), the anterior thalamus, caudate nucleus, fornix
and the cingulum, putamen, poéterior hippocampus, and olfactory tract.
The lowest levels were obtained in ﬁhe cerebeilum and cortical regions
(temporal, occipital gnd frontal lobes), as wéll as in the .pons and
midbrain. The study of Mukherjeg et al. (166, 168) although representing
an acute study, was one of first to demon§trate a time-course of
lithium concentrations in different bgain parts over a 24 hour period.
It was reported that péak levels were obtained by 8 hours in most brain’
regions (cortex, hypothalamus, diencephalony and midbrain) with the
exception of the caudate nucleus which exhibited peak levels 12 hours
after a single intraperitoneal injection. Furthermore, the highest
concentrations were maintained in the caudate nucleus and diencephalon
between 8 and 24 hours following lithium administrati;n.

The apparent non-uniform concentrating ability or retention of
lithium in discrete brain regions is compatible with the well-known
specific functional roles that different regions of the brain exert

on the possible modulation of emotional behaviour (169).

. F. The Effect of Lithium on Central Biocgenic Amines

Although lithium salts have beer used therapeutically for a

number of years, their site(s) and mechanism({s) of action remain
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unclear (4, 5, 122). It is well recognized that the biogenic amines,
may play a role in the etiology of manic-depressive disorders {6-10). .

Considerable attention has therefore been given to the effects of . \\\

¥

lithium on the steady state levels and turnover rates of NE, DA,
and 5-HT. \ .

A clear distinction can be drawn between the acute effects after

-
» -

a single or few doses of lithium over a short period of:time (up to
Y
4-5 days) and the chronic effects after lpnger periods of time (2-6
waeks 6r more). It is appafent from the literature that more con-
sistent results have been demonstrated with the short term lithium
i)
administration than its chronic studies, although at “least some of
tﬁé\tQE differences may be attributable to the use of a variety of

methods and dosiﬁg schedules.

vi. Effect of 1lithium on catechclamine-containing neurons

a. short term studies

A number of studies involving the measurements of steady state
levels and turnover rates of norepinephrine (NE) and dopamine (DA) in
whole brain of experimental animals treated with lithium salts suggest,
that lithium does not modify the brain levels of NE ana DA. However,
the turnover rate of NE was consistently shown to be increased.
Indeed, Corrodi et al. (170) and Stern (171) and Poitou and Bohuon
{22) showed no change in the levels of NE following a siné&& intra-
peritoneal injection of lithium chloride at doses of 2.5-3.75 mEq/Kg.
However, when a tyrosine hydroxxlase inhibitor w;s given, brain ﬁE
turnover was shown to be increased by up to approximately 95%.

Several authors have investigated the effett of lithium on the

. , . . 3 ,
metabolism of intracisternally administered ["H]-NE in the rat.



¥

~disappearance of intracisternally administered [3H]—NE. However,
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Early studies (172) showed decreased levels of [3H]—normetanephrine

-
and increased levels in deaminated metabolites. Schildkraut et al.

'(173) found that following LiCl (2.4 mEq/Kg, i.p.) for 7 days, lithium

increased the rate of disappearance of intracisternally administered
[3H]-ﬂE from the rat brain, and the production of [3H]—deaminated.
catechol metabolites and free deaminated—o-methflaped metabolites.
These authors suégested that lithium treatment led to increased turn-
over of NE in the brain, with a shift in the metabolism towafds-
increased déamination. It is’therefore interesting that Murphy and
Weiss (174) have reported a lower monoamine oxidase activity in
platelets from‘depressed bipolar patients, whereas Bockar EE.EQ: (175)
showed an increase in the platelet monoamine oxidasé\acpivity during-
lithium therapy. However, in vitro lithium had no significant effect
on monoamine oxidase activity in either rat brain (172), or human
platelets (175). In a more recent study. S&hildkraut,jl?) reported
that both single (1.2, 2.4, or 4.8 mEq/Kg LiCl; i.p.) and repe;ted

{2 mEg/Kg, Lin once daily for 3 days) treatments led teo increased

turnover of NE in the brain as indicated by a more rapid rate of ',

-
-

Schubert {176) reported that 7 days LiCl treatment did not affec£ the
disappearance of labelled DA formed from [14C]-tyrosine‘in the brain.
In contrast, Perssoﬁ {177) "“reported a lgck of significant rise in
[3H]—DA in the caudate nucleus following intravenous [3H]—tyrosine
injeétions to lithium carbonate (150 mg/Kg, 4 hours)-treated rats.
Recently, tbé focus of attention has shifted'to examining the

effect of short term lithium treatment on the levels of NE and DA

in several discrete brain regions. "Friedman and Gershon (20) reported

r
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_ that 60 minutes following acute Liﬁl éreatment (2-4 mEq/Kg, i.p.) to
male Sprague Dawley rats‘there was no alteration in either DA levels
or the synthesis rate of [3HI—DA in striatal slices from 3,5—3H—tyrosine.
Segal et al. (1?8) provided evidence to suggest that the dopaminergic
nigrostriatal pathway rather than the dorsal norepinephrine pathway

“jlocus coeruleus and hippocampus-cortex regions) was selegtively
modified by lithium. They observed slight increase in the tyrosine
hydroxflase activity in the substantia nigra and caudate nucleus
following acute administration (1.5 mEg/Kg, s.c.) and significant
elevations (30-40%) following 24 hours and 8 days of rgpeated daily-
treatments.

= b. ILong term studies

- Prolonged lithium treatment was shown to cau;e decreased DA
synthesis. which appears to be consistent with the data of some invest-—
igators (19, 20, 22) but at wvariance wi;ﬁ&tiﬁse reported by others
(18, 178, 179). Moreovef,-thé lack of effect of lithium on NE
system following chronic lithium is consistent with the reports of
some (18, 19, 22, 1%8, 179) but not all investigators (180). When
lithium was given in dry food for 3 weeks achieving blood lithium
levels of 0.5-1.5 mEg/L, Corrodi et al. (19) observed no changes in
either the as;olute levels of NE or its rate of depletion following
tyrosine hydroxylase inhiﬁition. However, they reported a significant
decrease in whole brain DA turnover without changes in DA coﬂcentrations.
In contréstJ Ho et al. (179) could find no alteration in DA turnover in
-the cortex, cerebellum, hypothalamus, diencephalon and the brainstem

following 4 weeks of lithium treatment (2 mEq/Kg, i.p.). Greenspan

et al. (180) showed that under certain: experimental conditions 1lithium
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increases the turnover of Nﬁ in rat brain. They administered lithium
carbonate in two'daily doses of 1-3 mEg/Kg for)l0 days. -On the 11lth

day DL—[BH]—NE was intraventricularly injected| into the animéls. They
observed that 3 mEq/Kg of lithium more tﬁan oubled the rate of efflux

of labelled NE from the brain while iner

sing the relative amounts:
of tritiated-o-methylated deaminated met éiitéé. Using another
measure of turnover, (rate of NE accumulatibn after monoamine oxidase
inhibition), it was shown that the rate of increase of NE was
significantly 1oweriin the lithium pretreated rats.

c. Uptake and release studies

A number of studies examined the effect of lithium treatment on
.the Processes of NE and DA uptake. Colburn et al. (181) studied the
effect of lithium carbonate given to rats in food for 5-7 days and
achieved blood levels of 1-2 mEgq/L. They reported that the uptake of
[3H]—NE by synaptosomes prepared from the brains of thése rats was
increased by 30%. Baldessarini and York (182) confirmed the small
increase in the rate of uptake of NE by synaptosomes from rats given
lithium carbonate, although they found . the dose of lithium ‘
(2 mEq in food each day) to be toxic and ofﬁen fatal. Similarly,
Kuriyéma and Speken (183i observed a sm%ll‘increase {18%) in synapto-
somal uptake of'IBHluNE following lithium t;eatment in mice {3.75 mEg/Kg
Licl, i.p., twice daily for 5 days). However, this effect was not
seen when the uptake of [3H];NE into intact brain after either acute
or répeated (7 days) dosage of lithium was studied (184}. Furthermoré,
there was no effect on uptake of [BH]—NE by slices from brains of

rats given lithium chloride for 3 days, even though the stimulated

release of [3H]-NE from the slices was decreased (186).
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More ;eéently, Stefanini et al. 1185) provided evidence to suggest ' -;le
that lithium producées a temporally-dependent change in the in vitro
[BH]-DA uptake into synq@?osomes derived froﬁ caudate nuclei. In in
vitro studies, lithium at concentrations of 1 to 10 mEq/L in the
bathing medium was shown to deciéase [3H]-DA uptake by 13 to 31%
into synaptosomes. However, lithium was shown to caﬁse increased
[3H]—DA uptakej(23%) into synaptosomes isolated from caudates of rats
chronicallf treated with LiCl (2 mEq/Kg,~twice daily, i.p.) for 20
days. Thus in vitro lithium appears to inhiyig ﬁA uptake into
synaptosomes and in vivo to enhance DA uptake folléwing chronic
treatment.

Studies on the release of radicactive NE from slices of brain
strjata following electrical stimulation showed that lithium chloride
when éiven intraperitoneally for_3 days (2.5 and 7.5 mEq/Kg}, or when
added to the incubation medium (0.8, 1.2 or 2.4 mEg/L) caused a
decrease in the electgicallyfsfimulgted efflux of NE (21, 186). Based
on these observations and the added report that calcium was able to
prevent the lithium effect, it was postulated that lithium may inter-

.

fere with the calcium-stimulated release of NE from slices in G}tro.

) ’ 14 N
Later it was also reported that the release of [T C]-NE from th% .

7/
pexrfused cat spleén'induced by splenic nerve‘stimulation was réduced
by the addition of 4 mM lithium to‘the perfusion medium (187).

It was therefofe suggested that the observed increased turnover rate
in vivo may result from an increase in the intraneuronal release and

deamination of NE rather than increased extraneuronal discharge of

this moncamine (17}.
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d. Clinical studies ' &

The limited studies in man do not demonstrate marked effects of
. . <

lithium on catecholamines. Severai studies demonstrated increased
- urinary excretion of catecholamines and deaminated O-methylated meta-
boiités, although the changes were more consistent with the clinical
staté thén to the high lithium lgvels (17). A recent report (188)
suggested that during acute lithium treatment there was no clear
pattern of change in the urinary MHPG levels. Similarly it was
reported that foilowing lithium treatment no.chanées in the excretion
of VMA (usually elevated in mania) ¥as noteé whereas DA excretion was
shown to return to normal levels {189, 180}. In studies involving the
estimation of metaboliteé in the c;rébrospinal flﬁid of patients

undergoing lithium treatment, the levels of DA metabolite, HVA was

reported to be either elevated (191, 192), or unchanged (193).

ii. Effect of 1ithiuﬁ on S-hydroxytryptamine-containing neurogs

The results of studies on the effects of lithium on ind&leamine
metabolism in the brain of rats are controversial but in a number of
studies lithium has been found to increase consistently the whole brain
levels of S5-hydroxyindoleacetic acid, (5-HIAR) thé deaminated meta-.
bolites of 5-hydroxytryptamine (5-HT) (18, 23-25, 176). _Again, a
distinct separation between the short versus the chronic treatment of
lithium can be made in the studies on S5-HT metabolism.

a. Short term studies

Reports of no significant changes in the levels of 5-HT and
turnover rates in brain (170, 194) , decreases in the turnover rate
with increases in the levels of 5~HIAA (173) or decreases in the

-

levels of 5-HT, 5-HIAA and L-tryptophan (195) following the acute
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administration of lithium saits characterize the controversial nature
of these studies.
Several reports describe the effects of subacute (4-5 days)

treatment with lithium salts on the metabolism of 5~HT in the brain.

Lithium was shown to cause an 80% increase in 5-HIAA and 15-20% increase "

in the 5-HT levels in the rat brain.following LiCl (85 mg/Kg, i.é.,
twice daily for 5 days) (24). It was sugge#ted that these changes we#e
due to an increased rate of, synthesis of 5-HT, and appear to depend

on the dose of lithium administered. Perez-Cruet et al. (24) reported
that brain tryptophan was elevated by 70% and this effect was postulated
to be the méchaniém by which the increased 5-HT synthesis was achievgd.
Other investigators reportéd comparable increases in the brains of

réts given a similar dose éf lithium (194, 196). Shearq and Aghajanian
(23} also reported increased turnover of 5-HT in rat forebrain following
a single lithium injection or 4 days of 5 mEg/Kg LiCl. The increased
hydroxyindole levels could be explained eitherlby increased synthesis
and breakdown or due to decreased rate of S—HIAA efflux from the brain.

»

To distinguish between these two possibilities they administered N
probenecid, which blocks the active S-HIAA efflux from the brain.
Following electrical stimulation of the dorsal raphe nucleué, the
level of the hydroxyindoles\gss significantly elevated in the lithium
treated réts in the forebrain. Sheard and Aghajanian {23} concluded
that increased turnover rate islnot necesiagily associated with
in;reased release of 5-HT. It is howeverglnot clear whether the
increased synthesis is due to increased release of the amine from

5-HT-containing neurons or due to increased intraneuronal deamination

by monoamine oxidase.

S e il
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Several authors have investigated the effect of lithium on the

&

metabolism of intravenously infused [3H]—tryptophan in the rat. Schubert

(176) reported that 7 days of lithium chloride treatment when given in
the diet produced significantly increased accumulation of labelled
5-HT (56%) and 5-HIAA (44%) following [3H]-tryptophan infusion. They
observed no changes in the level of the hydroxyindéles in the brain,
but noted a 32% increase in brain tryptophan levels with no changes in
total and serum—frée tryptophan. In two studies, Schubert (176), and
Shaw and Ratcliffe (26) examined the rate of disappearance of the
labelled 5-HT and 5-HIAA from the brain formed from [3H]-tryptophah or
[3H]—5—HT and cbserved that lithium retarded the rate of disappearance
by about 47%, or reduced the 1evels_?£ labelled 5-HT. The authors
interpreted the data to suggest thaJ-lithium may operate via two
separate mechanisms: a) increqﬁivfhe brain tryptophan by altering
the amino acid uptake resulting in augmented intraneuronal synthesis
and metabolism and b) impulse-induced release of 5-HT is reduced by
lithium. This idea is compatible with the observed issults of several

investigators (19, 23, 24, 186).

Tt was suggested by Collard and Roberts (25, 197) that lithium
increased the deamination of free cytoplasmic 5-HT by a mechanism
which inhibits transport of newly synthesized 5-HT into or ghe binding
within the storage granule. They observed that following a tryptophan
loaé (100 mg/Kg, i.p.) the rise in 5-HT was reduced ingthe forebrain
of lithium—pretreaged rats (LiCl 0.75 mEq/Kg, i.p. for 10 days) while
the rise in 5-HIAZ levels was correépondihgly increased. The authors

A .
interpreted their results to suggest that lithium reduced the capacity

of 5~HT storage or reduced the rate of newly synthesized transmitter
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that could be incorporated int6 the storage pool.

Tryptophan disﬁribution and metabolism is also affected by
liﬁhium. An increase in p;asma tryétophén levels in rats given lithium
carbonate has been reported (195), although the plasma free fryptophan
of recovered manic-depressives appeared unaffected by lithium treat-
mgntl(l99). The comparfme#tation of tryptophan was altéred by lithium
(81, 200), and the high qffinity tryptophan uptake system in several
regions of rat brain is stimulated by lithium in vitro (27, 198).

——

b. Long term studies

A number of studies have investigated the effects of prolonged
treatment of lithium salts using varying dose schedules and routes of
administration. When lithium was given in dry foed for 3 weeks
Corrodi.et al. (19) observed no changes in‘the absolute levels of
S-HT, however the administration of a tryptophan hydroxylase inhibitor
produced a smaller depletion of 5-HT in lithium-pretreated animals
than in contrpls. These results were interpreteé as an indication that
repeated administration of lithium over a period of 3 weeks leadé to
either a lowered activity of the serotonergic neurons or to an
inhibition of impulse-stimulated release of 5-HT at nerve terminals.
Bliss and Ailion (18) administered lithium in the food of rats for
two weeks and achieved plasma levels of 0.5-1.0 mEq/L. They observed
no change in the levels of 5-HT although ; slight rise of 5-HIAA was
noted. Following'the administration of pheniprazine, a potent monoamine
oxidase inhibitor, to study the synthesis rate of 5-HT, the rate of
accumulation of 5-HT as well as the rate of loss of 5-HIAAR in whole
brain of lithium treated rats was similar to those produced by control

rats. The authors interpreted their results to suggest that lithium

-
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did not alter the rate of synthesis and metabolism of 5-HT. However,
when lithium was injected intfaperiﬁoneally for 4 weeks (2 mEq/Kg)
Ho et al. (179) reported a significant reduction in 5-HT levels in
the hypothalamus and brainstem with no changes in the cerebral cortex,
cerebellum, or the é*encephalon. The.S—HT turnover rate as determined
by the rate of accumulation of 5-HT following pargyline was changed

only slightly in the whole brain, whereas 15 the cerebellum there was
a 37% increase and in tpe hypothalamus a 51% decrease and lower '
decreases in the cortex,.dienéephalon and the brainstem. However,
following 1-4 weeks of lithium treatment (given in the diet) no
changes inIS—HT levels was seen in the hypothalamus and white brain
matter, while 5-7 weeks of treatment produced a significant rise in

the .levels of 5-HT in the hypothalamus (19%) (201).

c. Uptake and release studies

n

Recently.,, Knapp and Mandell (27, 198) studied the effects of
lithium (5-10 mEq/KQ LiCl for 5, 10 and 21 days) on both synaptoscmal
uptake of L-tryptogﬁhn ang £he activity of tryptophan hydroxylase.
Théy concluded that lithium administration increased the high affinity
uptake of tryptophan in synaptoscmes, which in short term study led
ﬁo increaséd éynthesis of 5-HT.' Following 10 days of treatment the
‘degreased tryptophan hydroxylase activity led to a decrease in 5-HT
synthesis. Mandell and co-workers (28, 198) claim that the delayed
alteration in t?ypfophan hydroxylase activity corresponds in time to
the axoplasmic flow rate of the enzyme and interpret their results by
suggesting that this mechanism is a compensation to thé effects which

occurred at earlier time periods. This study is particularly important

in that it is one of the few which attempt to account for the
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different effects reported with acute and chronic lithium administration.
'Studies on the release of radioactive 5-HT from slices of rat
brain following electrical stimulation showed that 1ithium,oé€£her when
giveq intraperitoneally for 3 days, or when added directly to the
incubation medium caused a decrease in the glectricallyhstimulated
efflux of 5-HT {186) . Sheard and Aghajanian (23) showed, however that
the increase in the levels of hydroxyindoles following stimulation of
‘the midbrain raphe was enhanced by short term treatment of rats with

lithium (2.5-7.5 mEg/Kg for 2-4 days).

d. Clinical studies

A number of clinical studies demonstrated inereased levels of ™4
5—hydroxyindoléacetic acid in the cerebrospinal fluid (CSF) of patients
undergoing lithium treatment (191, 192). However, no changes ér
even decreases in the 1e§els of 5-HIAA in the CSF were reported by
others (193, 203, 204). 1In a study of the levels oé total and free
tryptophan in the plasma of depressed patients, ne difference was found
in plasma free tryptophan levels between patients on lithium and
recovered patients not treated with lithium (199). The uptake of 5-HT
into platelets from‘patients_with depressi;n or manic—dépressive
psychosis was decreased in patients treated with lithium (202},
although no effect was seen Qhen lithium (1, 2 and 5 mEg/L) was added
to the incubation medium (205) containing platelets from control
patients. Monoamine oxidase activity was shown to be low in depressed
bipolar patients (174) and markedly elevated following lithium
carbonate treatment (175}.

The results of many studies on 5-HT metabolism in experimental

animals are seemingly inconsistent, and the duration of lithium
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administration appears to be one of the factors which éontribute for
the discreﬁancies. However, a body of evidence suggests increases in
5-HT synthesis and turnover following short term lithium (24, 27, 198,
206).. In addition, increased levels of 5-HIAA in rat brains formed
eithe§ from endogenous or intracisternally administered radioactive
S5-HT has been reported (le 23, 24, 26,l176, 184). However treatment
with lithium for longer periods of time appear to have little effect
on 5-HT synth;sis and turnover rates (18, 19, 37, l{9, 138}. It
remains to be determined whether the increaséd hydroxyindole levels

in animal brain following lithium treatment Feflect increased turnover
of 5-HT, altered disposition and metabolism or aitered rates of efflux

from specific brain loci.

iii. Effect of lithium on the cholinergic neurons

3 n;mber of effects of lithium on acetylcholine (ACh) metabolism
weré %ﬁported with substantial emphasis given to the synaptic trans-
mission mechanism. It waé reported (207} that toxic doses of lithium
(137 mM) depr;ssed ACh release from the cortex by a presumed post—
synaptic mechanism (208). However studies using the abdominalléanglion
neurons of Aplysia provided evidence to suggest that toxic levels of
lithium (lO—éOmM) reduced ACh release by a presynaptic mechanism (209).
In contrast, pharmacglogical studies using cortical slices derived
‘From lithiumftreated and control rats did not produce signiﬁicant cyt
changes in the ACh release (210). Haas and Ryall (211) using micro-
iontophoretic procedures showed increased firing rates of cholinoceptive
neurons in the spinal cord (Renshaw cells) and the brain {(cerebral
cortex, thalamus, caudate nucleus, hypothalamus and’brain stem) o£

cats and rats. Recently, Krell and Goldberg (212) reported that acute
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.administration of LiCl to mice (5 mEg/Kg) produced a moéest but
.siénifican; d;crease-in'whole brain ACh without‘:hanges in the levels

of its precursor choline. However, chronic adﬁinistration of LiCl

at doses of 1 or 2 mEq/Kg/day for 6 days produced no significant changes
in the levels of steady state levels ;f brain choline or ACh.

Tke administration of lithium to manic depressive patients wés
shown by Lee et al. (213) to reduce choline transport into the
exythrocyte to 10% of control values, effébts which were.shown to be
extensive and irreversible (214). However while choline transport in
human erythrocytes is inhibited by incubation with lithium-containing
medium in vitro, this effect cou}d not be demonstrated in efythrocytes
of rats and rabbits following prolongeé lithium administration. .

While lithium inhibits a number of events related with synaptic
transmission, the evidence is not conclusive:éspecially in the light of

the fact that these changes were observed at supra-therapeutic doses

which produced a corresponding change. in the levels of other cations.

iv. Effect of lithium on y—aminobutyiic acid (GABA)

-

Several reports have been published on the effects of lithium on
GABA and glutamic acid. Decreased levels of glutamic acid were
reported in whole brains of mice following a single high dose of LiCl

£215). In vitro studies showed that in the presence of lithium, the

uptake of GABA by neural tissue was either unaltered (216} or -
Y

inh;bited {217}, and the stimulus-induced release of GABR as well as
glutamic acid from brain slices was greatly reduced (218). 1In ragf
both acute and.short term lithium salt treatment resulted in increaséﬁ

levels of glutamate in the amygdala and hypothalamus, and GABA in

the hypothalamus (219) but not in other brain regions (220). The

4
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ingFease in hypothalaﬁic GABA levels in lithium-treated rats did not
appear to be due to changes in either GAD (glutamic acid decarboxylase)
the synthesizing enzymé, or the metabolizing enzyme, GABA-T (GABA-
aminotransferase) (221, 222). How;ver decreaées in the levéls of
glutamate, aspartate and glutamihe in snail central ganglia were
observed on incubation in vitro with lithium-containing media.

G. Lithium and Animal Behavior

In spite of many investigations in the last few yeérs, the
‘ t
wide

b

mechanism(s) of action of lithium on behavior remains unknown.
variety of experimental approaches vielded information with demon-
strable effects of lithium on nonassociative behavior, And aversively
motivated behavior induced by drugs in both rats and mice (Table 1y.
Lithium was reported Fo typically depres5 spontaneous motor activity

oy

—in mice and rats (168, 223-225, 252). Some of these studies employed
: .

a vafiety of methods which inclﬁde both rearing and locomotive move-
ments in a novel environmené (226) , spontaneous activity in activity
wheel céges, a.jiggle cage and open field,-swimming to exhaustion
tests (227), or Aminex activity meter ;ber 24 hour period (228).

N Since pharmacological manipulations of the monoamine-containing
neurons are known to produce profoqnd alterations in animal behaviour,
- it appears that NE, DA and 5-HT neurons play a role in modulating
behavior (229). In order t6 elaborate upon the possible neurochemical
mechanisms which subserve the coﬁponents of lithium;induced behavior,
several investigators explored the effegt of lithium following
pharmacological manipulations with agents which mQdify brain monoamine

levels. Lithium has been reported to alter drug-Induced hyperactivity

(225, 230-233) in a number of investigations. For example, Cox et al.
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(232) reports that amphetamine plus chlordiazépoxide;iﬁduced hyperactivity
was reduéé&'by acute but not chronic lithium treatment to rats. In mice,
behavioral activation by morphine was reduced by lithium (4 days on

5 mEq/Kg, i.p.) (231), as was the Tocaine inducé activity (234). 1In
.several studies lithium was shown to depress feot-shock -induced aggression
(235-238), or following ldng term isolatioﬁ (251) and reduce the rate

of self;stimulation {239, 244) . .

In contrast to its activity suppressing effect, lithium was shown
to also potentiate the hyperactivity produced in rats by drugs believed
to increase the availability of catechplamines 1in the brain. These
drugs include tranylcypromine (240, 241) pargyline (17, 180),
amphetamine (228, 243), clonidine and nialimide plus L-Dopa (242).

Several investigators have suggésted a possible relationship
between 5-HT and the physiological and behavioral effects of lithium.

An effect of lithium on 5-HT metabolism has been suggested from an

8
cbservation of a decrease in foot-shock jump- threshold in fats given
1ithiq? (1 or 2 mEa/Kg) daily for 14 days (245). Treatment with
5-hydroxytryptophan (5-HTP), to raise 5-HT levels, restored the normal
thresheld but did not affect control animals not receiving lithium.
Tenen (246) found a similar decrease in jump threshold reversible
with 5-HTP after depletion of brain 5-HT witﬁ p—chlorophenyiélanine.
Shorter periods of lithium.treatment *(7 days at 1 or 3 mEq/Kg/day)
produced noleffect in jump threshold even'when the lithium dose was
increésed to 5 mEg/Kg/day, for 5 days (235). However, several
reports (223, 227, 247) suggest that both the interval between lithium

treatment, testing and social setting may affect the behavioral

changes due to lithium. Smith (247) recently reported that pargyline,

c.



////,»f/

d

46

which elevates brain 5-HT by inhibiting MAO, counteracted the effects

of short term lithium administration on exploratory and emotional

~~behavior in rats. Curiously, p-chlorophenylalanine (p-CPA) which

blocks brain 5-HT synthesis alsé prevented the behavioral effects
prgduced by 1.5 mEq/Kg dose lithium given twice daily for 5 days
(247). However, it haslbeeﬁ suggested.that the anomalous effects of
p-CPA may be attributed to an active metabolite whose actions may
not involve 5-HT depletion (248, 249).

" When a comparison of the effects of lithium on animal behavior
is made, short term or chronic studies reéort either persistent
reductions or exaggerated suppression (180,228, 237) while
others report a "presumed development of tolerance"” to ;he early
lithium—i;duced behavioral suppression (178, 232, 233).

Although there is some evidence to implicate lithium induced-
behavioral changes with the catecholamine and S—ﬁT contain;ng neurons,
it is not known at the present time whether the thérapeutic effect of

lithium is mediated by a mechanism which involves central biogenic

amines. It is possible that lithium may exert its behavioral effects

‘by acting at specific sites known to subserve emotional behavior.

Indeed, certain of the limbic regions, notably the amygdala, the
septum, cingulate\gyrus and the hippocampal formation appear.to
function as certain modulators of emotion (169). Morgover Delgato
aﬁd D&Feudis (250) produced high voltage 1/second sharp waves with a
localiked electrical after-discharge and a decrease in spontaneou;
restlessness afte; an injection of 10 hl of isotonic lithium chloride

into the amygdala-hippocampus region of unanaesthesized rhesus

monkeys. Based on these results the authors suggested that the



therapeutic effects of lithium may indeed be related to-its specific

" action in the limbic system.

IIT. DEVELOPMENT OF CATECHOLAMINE AND 5-HYDROXYTRYPTAMINE-CONTAINING
NEURONS IN THE CENTRAL NERVOUS SYSTEM .

-

i
-

A. Morphological Development

The morpﬁological, biochemical and functional features which
characterize the development of the brain of many mammals are extremely
complex, but represent a synchronized series of events assoclated with
Celluiar growth and differentiation. At birth, the brain of mpst
mammalian spkcies is underdeveloped and undergoes maturational process
in the early postnatal period. ﬁeuronal maturation has been described
to include cell éivision and cellular migration of neurons and glial
~ cells, along with the extensipn of axons from the cell bodies and the
consequent growth and arborization of dendritic procésses, and the
formation of functional synapses. Biochemically'functional aspect o{ )
the developing brain include the formation of synaptic vesicles and
their transmitter substance, neu;osecretory granule, and increases in
the specific activity of enzymes, and the active deposition o§ myelin.

In the rat, maturity is achieved in the first 5-6 weeks of life,
during which the brain size increases six times, the.neurons increase
in size with marked proliferaticon of axonal and dendritic processes,
and the deposition of myelin. The rate of change of DNA'content in
the brain suggests that cellular Qultipliqation is maximal at about
the 10th pogtnatal,day. Most of the neurons are formed aﬁ birth in

the forebrain but cell division is more active postnatally in the

cerebellum where some 97% of the final number of cells is acquired
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during the first three weeks (253). Histological studies reveal
increases of dendritic arborization and synaptic contanct formation
‘when the myelinétion process begins. The increase in synaptosomal
weigﬁ% from 5-15 days.correiates with the increased number of nerve
terminals. Synaptogeﬁesis in many brain regions extend for longef
than the first }0 post;ataf days since ‘obnly 80% of adult sinapses are
found in the striata, 70% in the cerebellum but only 40% in hippo-
campus {254). Eléctrical acEivity in the brain of rat was reported to
occur 5-6 days-after birth Qith the adult pattern achieved b¥'the

. -
third postnatal week (255)  The high rate of increase in brain weight

in the first 14 days, represent a developmental stage called the

’ .

"crit%pal period", which coincides with morphological observations

-
of marked growth of axons and dendrites from neurons and an active
myelin formation (256). s

The first appearance of NE neurons was shown to occur on the 14‘
déy of gestation in the rodent (257). Using [3H]~thymidine auto-
radiogrﬁphy and histochemical studies it was revealed that NE neurons
in the locus coeruleus, and DA neurons in the sdbstantia nigra exhibit
a period of cell division between 12-14 days of gestatioﬁ, while the
differentiation of cerebellar Purkinje cell commenced on days.14-15
(258a): The cells are capable of synthesizing the transmigter
.substances prenatally, and begins to proliferate scon after_(257, 258).

Loizou,(259) documented the po§Fnata1 proliferation of the
= catecholamine-containing neurons in éhe rat brain, and suggested that
. qag birth the monoamine fluorescence was restricted to cell bodies in

the pons-medulla, and the DA cells of the substantia nigra. With time,

the fluorescence intensity was shown to progress to regions containing

.
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terminél populations, to achieve an adulﬁ pattern bf the 4-5 post;
natal week. A number of studieg provided evidence to sugéest that
NE containing neurons matured earliér than did the DA neurons
(259-261).

The pharmacologiéal manipulation of the fluorescence of moncamine
neurons- during development provided evidence on the functional
maturity of the neurons. Agents known to deplete storage granuies or
inhibit fhe tyrosine hydroxylase enzyme activity {(e.g. reserpine and
a -methyl-para~tyrosine) caused a depletion of fluorescefce which
appeared to be related to the neuronal activity (262). Therefore it
was suggested that functional maturity has been attained by these
neurons prior to morphological maturations. ‘

Evidence was provided that 5-HT éontaining neurons develop early
in prenatal life and achieve the adult pattern by the 3rd postnatal
week. Histofluorescence techniques demonstrated 5-HT terminals in
brain stem regions and the spinal cord at the end of the first post-
natal week, the distributi;n and density achieving adult pattern
several weeks later (259). The maturation studies of Loizou (259)
and the prenatal studies of Olsen and Seiger (257);ghd seiger and
Olson (258) ingicated an active 5-HT metabolism in 5-HT containing
neurcns during development and maturation phase of rat brain morpho;
genesis. 'They suggested that a mature biochemical system is present
early, and neuronal outgrowth and terminalization is the controlling
factor in 5-HT metabolism.

B. Biochemical Development

i. Catecheclamines

3 N .

Although the concentrations of brain amines are low in the

L
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neonatal period, they progressively increase to adult levels (261,

263, 264), and the rate of increase in the moncamines differs among
parts of the déveloéing rat brain (265, 266). NE content, low at

birth, is lower én forebrain regions than brain stem regions, and with
time progressively increases to reach adult wvalues by Sth week after
bifth with the highest rate of increase occurring during the first

14 days after birth (267).. Kellog and Lundborg (271, 27l1a) demonstrated
that NE neurons matured prior to ﬁA neurons. The maturation of NE

and DA neurons in rat brain has been examined.in detail by Coyle and.
Axelrod who measured the development of the major enzymes {(TH and DBH}
inyolved with the catecholamine synthesis and Ehe neuronal uptake of
E3H]—NE {268~270). They 6bserved that these 3 indices of NE neurocnal
development incre;sed iﬁ co—ordingted fashion from the 15th.day of
gestation to adult life; regions which contained NE a#d DA cell bodies
{pons-medulla and the midbrain) acquired TH activity at earlier stages
of development than those regions in which nerve terminals of these
system predpminate {e.g. striatum, cortex, cerebellum). .It was also
observed that over 90% of DBQ and TH and uptéke ahd séorage cqpébilities
of the rat brain are developed after birth. 1In addiéion, based on
their uptakehstudies, Coyle and Axelrod (268) guggeéfed a iag between

the development of uptake mechanism and storage granule mechanism.

ii. S5-Hydroxytryptamine

Although the levels of brain 5-HT are low in the neonatal period,
they rapidly increase during the first 3-4 weeks of life (263, 267).
‘gimilarly the low moncamine oxidase activity (up to 30% of adult values)

in.the negnate progressively increases to adult levels (272). While

5-HTF décarboxylase activity is relatively high in.the neonate (80%



51

of adult values) (273), trypt;phan hydroxylase activity was shown to
be low at birth but dramatically increaseé between 7-30 days after
birth (274, 275). The concentration of trxyptophan in the immature
brain is much higher in the young neonate than in the adﬁ%} rat

(276}, and is mostly in the free form in the p;asma of newborn
animals (277). The rate of {3H]—5—HT uptake into synaptosémes derived
from immature cortical regions was shown to be 50% of that which
occurs in the brain stem, and only 10-30% of the synaptosomes appear
to be mature (278). 1In contrasf, Nomura et al. (267) found that the

affinity of [BHI—S—HT to synaptqgsomes did not increase with age but

the density of synaptoscmes increased in each brain region with

-

inecreasing age. N

Maturation of the functional responses of brain 5-HT turnover
to isolation, immobilization and treatment with agents kpown to block
5-HT re-uptake (e.g. imipramine and desmethylimipramine) was shown
to occur simultaneocusly and correlated with the morphological
maturation of the terminals of 5-HT neurcons and of the synaptic

junctions of the brain (259). Mechanisms which regulate changes

in amine turnover in 5-HT neurons are absent from rat brain until

later stages of neonatal development. Their appearance lags behind
that of the normal subcellular distribution and content of 5-HT and
related enzymes, as well as that of storage and transport of 5-HT

into synaptosomes (278, 279).
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IV. EFFECT OF NEUROTOXINS ON THE DEVELOPMENT OF BRAIN
BIOGENIC AMINES

The popularity in the use of neurotoxic agents as pharmacological
tools stems from the discovery that 6-hydroxydopamine {6~0OHDA) was
capable of selectively destroying the catecholamine-containing neurons.
The search for analogous agents with neurotoxic specificity towards the-
S-hydroxytryptamine-containing neurons led to the discovery of three
agents which can fulfill such a role to varying degrees. These include

the 5-HT analogues, 5,6-dihydroxytryptamine (5,6-DHT) and the less toxic

5,7-dihydroxytryptamine (5,7-DHT), and the halogenated derivative of

-

amphetamine, d4-chloroamphetamine 44-Ca) (30-32).

.-
v

Although histochemical and histological techniques have been used
to study the cytotoxic effects of these agents, a number of biochemical

measures specifically associated with catecholamines and 5-HT containing

v .
neurons offer a simpler and more rapid approach for estimating the

relative degeneration that is produced on selective brain xegilons.

"A. b6-Hydroxydopamine

Once taken up by the nerve terminals, 6-OHDA is believed to destroy
the catecholamine-containing neurons by a mechanism which most likely
involves the action of hydrogen peroxide (280). In general, nerve
terminals are found to be more vulnerable to the actions of 6-OHDA than
the axons and cell bodies. Following peripheral administration of
6-0OHDA to mature animals, the catecholamine-containing neurecns in the
CNS appear to be little affected. However, following intracranial
(intraventricular, intracisternal and intraregicnal) route of

administration, 6-OHDA was shown to produce profound destruction of
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central caﬁecholaminé negfons with varying degrees of non-specific
cell damage as assessed histochemically or biochemically (29, 281} .

A number of investigators examined the actions of 6-hydroxydopa
or 6-OHDA oh the development of catecholamine-containing neurons
(33, 35, 36, 282, 283). It has beer shown that peripheral adminis—'
tration of. these égents during the first days after birth produces a
long-lasting degenerative effect in f;rebrain regions characterized
-by massive reductions in the levels of NE, uptake and tyrosine hydro-
xylase activity (35, 36, 284-286). These effects have been explgined
in terms of the immature blood brain barrier which allows the 6-CHDA
to selectively destroy the dorsal noradrenergic syStém (284). In
addition to the mafked depletion of NE in most forebrain regions,
consistent increases in the NE levels and tyrosine hydroxylase
activity in the midbrain, pontine and/or cerebellar regions were
reported (35, 36, 284, 287). These effects %ave been explained by
-suggesting that NE terminals arising from the locus coeruleus
degenerate followed by a regenerative "sprouting” in the region of the
cell bodies, or collateral sproﬁting from adjacent neuxons (282).

Several reports suggest that following' intraventricular or
intracisternal injections of 6-OHDA different effects are pfoduced.
Indeed, the reduction in catecholamine levels and tyrosine hydro-
xylase activity occurs in the fo;ebrain regions (37, 286, 288, 289),
while the NE level is reported either upéhanged or reduced in the
brain stem (288). Recent reports by Peterson and Laverty (290) and
Peters et al. (37) suggest that changes in NE levels in certain

regions are not always accompanied by similar changes in the enzyme

activity; rather NE levels may be better related .to the physical
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state of the tyrosinelhydrbxylase enzyme (291).

The pattern of neuronal destruction was shoﬁn to be depen&ent oﬁ
a number of variablés such as the‘age at which the pups were injected,
the dose and th; route of administration‘(SG, 37, 292).A In genéral, the

critical pericd for 6-0OHDA to produce long lasting effects appears to

be between days 1-8 after birth (36, 292).

A number of theories have been advanced to explain the regional
variations in the effects of neonatal 6-OHDA administration. The
destruction of forebrain nerve terminals may result in "anomalous
éprouting" in the regioﬂs centaining the cell bodiés (282; 283} with
resulting inéreases in NE levels and TH.actigity presumably attribut- |
able tp increased number of synaptic sites.  Alternatively, both the
en;ymeé‘and étb;agé granules may accu@ulate ins the cell bodies of
destroyed terminais. ‘while'convihcing evidence is available to
support the first suggestion fol%owing peripheral injections; it does

~

not. adequately explain the lack of effect on TH activity in the

brainstem regions following intraventricularx injéctions (37). It is

possible that in addition to sprouting, damage to certain catecholamine-

‘containing neurons may result in reduced feedback inhibition at the

level of the cell bodies, leading to enhanced -firing rate and compén—
satory increase in the synthesis of NE in regions containing the cell
bodies (37, 294).

The effect of neonatal 6-OHDA on 5-HT-containing neurons was sﬁown'
to be minimal with reports of no changes in the levels of 5-HT (284,
293), or the 3H—S-HT uptake into cerebral cortex (282}, althoﬁgh the
5-HIAA content and tryptoghan hydroxylase activity are significantly

increased in both the hypothalamus and the brainstem (35, 293).
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B. Dihydroxytryptamines T \;w.m.w L

Since the discovery of the selective toxicity of 6~-CHDA towards
catecholamine—containing neurons in the periphery and éﬁs {34), efforts.
were made ‘to ideptify cdmpounﬁs that would produce similar selective
effect; on S—hydroxytryptamine—containing neurons. A variety of
morphological{ biochemical and functional evidence indicates that ;ﬁe
uptake of 5,6- or 5,7-dihydroxytryptémine inte 5-HT containing neurons
of the CNS elicits cytotoxic effects leading to degenerafion of both
axons and neuronal terminals (30, 31, 295-297). Such cytotoxic effects
are not limited to the'S;HT—containing.structures, but also occur to a
lesser extent in c;techolamine—containing neurons (39, 297, 298).
Selectivity of action of these agents appears td result from higher
affinity for uptake processes of 5-HT-containing terminals than
catecholamine terminals. However, while 5,6-DHT, the first drug to
be extensively studied, was shown to be relatively specific for 5-HT,
5,7-DHT produces some depletions of NE which can be prevented by the
pretreatment with desipramine before the 5,7-DHT injection (39, 299).
The usefulness of S,G;DHT as a tool was shown to be limited sihpe it
produced extensive non-specific tissue daﬁage when given in doses
greater than 75 uyg (296, 298). In contrast,'5,7-DHT has gained in
popularity as a better tool of investigation.

It has been shown that intracranial administrations of dihydroxy-
tryptamines to mature animals produces long lasting degerative
effects in forebrain regions characterized by marked decreases in the

levels of the 5-hydroxyindoles, the.tryptophan hydroxylase activity

and 3H—5—HT uptake (31, 39, 308, 301). In general, these reductions

L
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are greater in terminal regioné, and least in the cell body rich areas
of the brain. Decreaées in the 5-hydroxyindoles in the brain and
spinal cord are not irreversible, since regeneiation of terminalé can
occur (302, 303). Indeed, it was reported that_the newly formed
terminals, although regionally diverse, can normalize the.function of
S-HT synapses (303, 304). The most active and extensive regeneration
after 5,7-DHT appears to occur in the lower brainstem regions assessed
biochemically as a recovery in the levels of thydroxyindoles and
tryptophan hydroxylase activity (305), and the\3H—5—Hﬁ uptake capacity
in these brain regions (304). These effects have been explained by
;uggesting that 5-HT terminals arising from 5-HT containing‘cel; bpdies

degenerate to cause intensive sprouting in the region of the cell

L .
e

bodies, (31). It has also been suggested that the increase in the
levels of S-hydroxyindo}es possibly reflects increased synthesié in
the surviving terminals, or decreased rate of metabolism of S—HT
i38). Like 6-OHDA, it is conceivable that the increases in certain
brain regions-following 5,7-DHT may reflect a reduced feedback at the
jevel of the cell bodies, leading to enhanced firing rate and compen-

satory increase in 5-HT synthesis in regions containing the cell bodies

(111) . :

Few studies were reported on the effect of dihydroxytryptamines
on the development of 5-HT-containing neurons. When 5,7-DHT was
given intracisternally early in development in low doses, it was
shown to produce a long lasting and profound decreases in the levels
of S5-HT and 5-HIAA which persisted for at least 240 days (38, 39).
There was a small decrease in the level of NE while the DA levels

+

remained unaltered (38, 39). The reductions in 5-hydroxyindoles
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levels were shown to be dose-rglated, and the extent of the decrease

varied between regions. Iytle et al. (38) reported that -the cortex and

spinal cord were more sensitive, whiie the hypothalamus and the midbrain

were less sensitive to the destructive effects of the neurotoxin.
Systemic administration of 5,7-DHT to newborn rats at a dose

of 100 mg/Kg subcutaneously was reported to either reduce the'aﬂlgiHT

uptake into cerebral cortex by up to 50%, or increase it by the same

magnitude, in thelpoﬁs-medulla when determined at 7 days of age (29,

300). 1In addition, neonatal 5,7-DHT produced only slight decreases

in the 3H—NE uptake into the cerebral cortex and the corpus striatum.

C. 4-Chloroamphetamine

4-Chloroamphétamine (4-CaA), the halogenated derivative of
amphetamine, was sho;n to cause m;rked and long lasting depletions of
brain 5-HT. Parameters specifically assogiated with 5-HT neurons were
shown to be reduced: tryptophan hydroxylase activity, 5-HT and 5-HIAA
content, 5-HT turnover rate, and a decreased S5-HT uptake into
syhaptosomes {49, 50, 306, 307). The persistence of the impairment
of 5-HT function for several months has led investigators to speculate
that 4-CA may be a toxic agent (49, 308).
Recently harvey et al. {32) provided morphological evidence for
the degeneraéi;e Fhanges in the brainstem of rats pretreated with
‘4—CA. This neurotoxic effect was suggested to be localized in an
area of the ventral midbrain tegmentum corresponding to cell groups
B9 of Dahlstrom and Eu#e {59). Biochemical evidence provided support
to thé suggestion that 4-CR is not toxic to the major 5-HT ceil bodies

projecting to the forebrain (i.e. groups B7 and B8) (309). However,

Fa

»
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after comparing the effects of BY lesions with the effects produced by
4-CA, i£ was concluded that the prdloﬁged biochemical effects of 4-CA
in the forebrain cannot be explained by a selective neurotoxic action
on this cell group (310,311). Necker; EE.EE-)(312) reported
differences in the effect of 4-CA on various terminal xegions both in
‘the extent and the duration of the depletion of 5-HT and the tryptophan
hydroxylase activity. They interpreted their results to suggest that
the nerve terminals are the primary éité of the cytotoxic ;ctions of
4-CA. This interpretation is consistent with the ultrastructural
study of McGeer et al. (313) who showed that 4-CA produced degeneration
Sf axon terminais in the striatum. More recently, based on -hist-
ological and biochemical data Massari et al. (314) suggested that the
cytotoxic action of 4-CA resiées in the 5-~HT axon terminals, sparing
the 5-HT axons. In fact they observed increases in axonal 5~HT
levels which was similar to the axonal swelling and a;cumulation of
5-HT fluorescence reported to occur following large doses of a
similar drug, p-chloromethamphetamine (315).

$.After the administration of 4-CA, there are striking regional
differenceshih the degree to which 5-HT is reduced; While the hippo-
campal and Eortiéal regions were depieted of 5-HT by as much é; 90%
hypothalamic and spinal cord 5-HT levels were reduced by about 35%
after 5 or 10 mg/kg of 4-CA (307, 312). The regional pattern ip the
reductions differ from that produced by the dihydroxytryptamines
which are believed to selectively destroy nerve terminals and spare
the perikarya (30)."It,waé suggested By Massari et al. (314) that

the regional difference may be accounted for by the relative

proportion of 5-HT present in axons and axon terminals.



When 4-CA was given at a dose 1efil of 50 umol/Kg to one-day-
old rats and measured 5-HT content at 56 days of age, it did not
produce significant change in the levéls of 5-HT in the ponﬁiﬁe
raphe nuclei, and area B9, as well as in the forebrain (312)7 .
Similar results were cbtained after a single.dose of 250 uéol/Kg
when given to 2 day old rhts (312).. However, insufficient ddta on
the effect of 4-CA on the deveiopment of the 5-HT neurons is avail-
able to interpret thése observations.

V. EFFECT CF PSYCHOACTIVE DRUGS ON POSTNATAL DEVELOPMENT
OF BRAIN MONOAMINES i

A. General Considerations

There are‘many reports that various psychoactive drugé B
administered to pregnant rats have significant effects on the
postnatal behavior of the offspring (40). Moreover, recent survey
of the iiterature indic;tes that perinatal drug exposure can result
in persistent biochemical changes wﬁich may be associated‘with an
altered adult behavior (41, 42, 45). Exposure of experimental
animals during development to drugs which are known to reduce storage
and synthesis of brain biogenic amines (e.g. reserpine, ¢ methyl-
p-tyrosine and p-chlorophenylalanine) alsc produce behavioral and
biochemical abnormalities in later life.(316-318}. Research in the
field progressed with the main strateqgy of pharmacolégical manipul-
ations of the Eiogenic amines ih the developing brain. It became
the goal of some to relate more closely the maturation of the
neuronal system with_tpe altered behavior, as well as to provide

evidence for the postulate’that the biogenic amines play an important

role in growth and development apart from their negrotransmitﬁer
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- role in the adult animals.
A number of psychoactive drugs altér mood and behavior by acting
“at central receptor sites of the monocamines, or by interaéting with
storage, re}ease oxr uptake of these amin;s. Therefore several studies
attempted‘to‘provide evidence for the effects of neonatal adﬁinistration
of'tgege.dfugs on brain biogenic amines, and identify the "eritical

periods" at which vulnerability of the brain is at a peak.

B. Chlorpromazine

The effect of perinatal chlorpromazine (CPZ) administration on
behavior in the adult has been studied by several investigators.
Evidence of ad;erse effects of learning in rats treated prenatally
or during infancy with CPZ has accumulated (319). Treaément with -

CPZ during early pregnancy resulted in‘slowér maze acquisiﬁion in the
offspring, whereas treatment during mid pregnancy resulted in a

faster maze acquisition (319, 320). Rats whose mothers received CPZ
.on gestational days' 12-15 took longer to acquire a bar press reéponse
{320). Golub and Hornetsky (46) found that the offspring of rats ~
treated with CPZ.in Pregnancy showed higher avoidance scores in shock
avoidancg leﬁrning,'higher activity.and.grgatef seizure susceptibility
than the offsprings af controls. Moreover, significantly lowered

adult ﬁaze performance was observed in both male and females given

CPZ in early life (321).

CPZ injections to pregnant feﬁale rats and mice have been shown
to reduce body weight gain in the offspring when given at a daily
dose of 10 mg/Kg or more (41, 322), although lower dose levels

(1~8 mg/Kg) have usually been reported to have no effect on body

weight (46, 320, 323). Nair (41) reported that the suppression of
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norm?l developmental increases in body weight was maximal in animals
feceiving CP2 during the last few days of pregnancy.

Several reports suggest tﬁat the persistent alterations in brain
biogenic amines dccurs folléwing perinatal CPZ treatment. Tonge
{324, 325) administgred CPZ ?o pregnant rats in drinking water lhrdﬁgh-
out the gestation and suckling period and studied the brain monoam%nes
in the offspring at maturity. Both 5-HT levels and turnover rates
were significantly elevated in most brain regions, with little or no
change in the levels of S;HIAA. In contrast, Nair (41) found reduced
5-HT and elevated 5-~HIAA levels in whole brain at 40 and 80 days old
rats following CPZ treatment (10 mg/Kg, s.c.), the effects being
maximal when the drug was given either throughout pregnancy or during
gestational days 18-21. The brain norepinephrine level aﬁ 40 and 80
days was increased in the group receiving the drug on gestational days
18~-21. Tonge (326) reported increased turnover of NE in the cortex,
hippocampué, hypothalamus and midbrain and reduced turnover in. the
amygdala following CPZ administered in the drihking water as assessed
‘at the age of 90 days.

However, these studies did not distinguish between pre- and
post natal effects nor did they separate direct effects on the fetus
or neonate from indirect effects operating through the mother.
Circumstagtial evidence exists that CPZ can influence brain matur-
ation of biogenic amines as well as the development of normal
behavioral processes.
¢. Haloperidol

Haloperidol, a neuroleptic and potent dopamine receptor bldcking

agent when administered to immature rats at doses of 0.25 and
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.50 mg/Kg caused an indreésé in ambulation in the open field arena,

and caused a lowered maze performance when tested at 90 days of age
{321). The effect of neonatal treatment with a pharmacologically

-

similar’drug, penfluriddl, was studied by Lunﬁborg and co=-workers

. -

(42, 47, 48). When given to nursing rat mothers, the pups at.the

age 8- 4 ana 8 we?}é'EHoqu inferior conditioned avoidance response
‘acquisition'(47). " The drug treated offsprings were shown to have a
change in the levels of the monoamines and/or reduced rate of

tyrosine hydroxylation at 28'days of age. 1In addition, they reported

that tryptophan-hydroxylation was also decreased in the limbic
' ‘ ¥

system (olfactory tubercle, nucelus accumbens, septum, amygdala) and
brainstem of these rats (48). Furthermore, the dopamine turnover in

the mesolimbic region was shown to be reduced by prenatal penfluridol

-

treatment (42). The authors interpreted their results to suggest

that the persistent effects of penfluridol'may be the result of
-

-~
.

treatment with dopamine-receptor antagonist during a vulnerable periol

~ _ for the functional matﬁrat%én of the central dopamine system. A

. -
possible relationship between these behavioral and biochemical effects

2

[

- was supported by the observation t t d—-amphetamine spécifically could
. -

clunteract - the learning deficit in the

[

fépring of the nursing mothers

treated with a similar dopamine receptore blocking agent, pimozide (327“

-
. - b }

D. Reserpine * S
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. Resgerpine, a well ‘known CNS dépressant which dzz}gtes monoamine
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»

storas,'wheh'giVji prenatally or neonatally, was fo Ad to cause

decreaseé in bir' weight.and brain weight which proésgssively infreased - -
, seﬁera; days later (45}). _The'agrenai tyrosine hydraxylaée énd
3 > . "C:‘ P N e .

. ° "dopamine-B~hydroxylase dctivi jes of theqe.néonatés-ﬁe;e_fouﬂé to be

v . e T
P B - . R .
h] ! %. L - ' : b N
. - . .
. ., ™ ¥ . . .
. . .
.’ (P
.




seizure and activity are of significance (40).
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-

‘persistently elevafed, while tﬁe brain tyrosine hydroxylase activity

was significantly‘deéreased at later life. The more pronounced

H

decreases were observed in rats. 30-45 days old, and the most vulner-

able group being those rats whoge mothexs received reserpine on

days 9-11, or 12-14 of gestatipn (328).. Recent histolegical and
biochemical studies (329) provided evidence to suggest that reserpine
(2.5 mg/Kg dose) causes marked depression in cell proiiferation in
the brain of 11 day old rats.” This stuéy utilized the 3H thymidine
incorpo;ation into DNA as a measure of cell prolifer%éion.

/ Although reserpine did not affect the learning of several

behavioral tasks, the effects of susceptibility to audiogenic

¢

E. p-Chlorophenylalanine

p-chlorophenylalanine (p-CPA), a 5-HT synthesis inhibitor, when
given during.the postnatal periocd was shown to retard brain grawth in
rats (165), probably attributable to loss in cell numbers (119) and
delayved myelin formatiog (128) . Recéntly, p-CPA was also shown té
delay the onset of neuronal differentiation in bra;n regions repdrted
to receive 5-HT innervation in-the adult (44). The behavioral studf
of Hole (165} suggests Epat p-CPA treatment du;ing the first.post—
natal week produceqd animals yith reduced arousal levels, with no
learning deficits or clear motivational cﬁanges. -In addition, the‘

brain 5-HT levels were substantially decreased in these rats.

F. D-Lysergic Acid Diethylamide (LSD) : ' T

L3

LSD, which is a highly potent inhibitor of\S-HT neurcns in the

¥

raphe (lll)d‘whén given prenatally was shown to decrease the normal

developmental body weight gain. The reduction was found to-be

-, . .
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greatest in animals exposeg EO_LSD during the final days of préénancy
{41) . In addition they reported reduced brain 5-HT levels in the -
offspring when measured at 40 and 80 days of age. In contrast, new-
borﬁ male mice injected with ﬁSD (5:50 ng/gm) on days 1-7 showed a
small but statistically significaﬁt increase in 5-HT levels and MAO
gctivity_in‘the mesencephaloq—diencgphalog (43) when measured at
8 weeks of age. i

Thus ample evidence is availahle to suggest that psychocactive
drugs when administered during the prenatal ﬁr the perinatal period
can produce behavioral deficits and/or altered braiﬁ biogenic amine
levels or turnovér rates at later life. Based on morphological and
biochemical data it aépearé that these agents influence the
maturation of the central nervous system, ;nd may also alter the
development of qentral catecholamine and ﬁ—HT containing.neurons.
However, in a number of these studies deficiencies in the experimental
design makes the interpretations sf the results difficult. In fact,
it has been suggested that in addition to the direct drug effects on
the fetus a number_of pre- and postnatal maternal factors may influence
the overall effect of the drug on the behavior and the biocHemical
changes of the offspriéé (40) . Moreover, evidence is lacking to
" show the effect of these agents on the maturation of specific pathways
" associated with catecholamines and 54hydroxytryptamine. The_;resent
study was therefore undertaken to investigate the effects of neonatal
aéministration of several psychoactive drugs on the metabolism of

catechoalmine and 5-HT in up to 14 discrete brain regions at different

postnatal ages.

e bt Lo i i A
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3. MATERTALS AND METHODS -
I. ANIMALS

A. Mature Rats

In the coursé of this investigation two yariaht strains of rats
were utilized, albine Sprague Dawley rats oﬁtained from Bio Breeding
Laboratories of ganada, Ottawa, Ontario, and the brown ACI {(Micro) rats
obtained from M