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1.1. INTRODUCTION

Since the discovery of the non-protein aming acid, gamma-aminobutyric acid
(GABA), in mammalian brain (Roberts and Frarkel, 1950; Udenfriend, 1950;
Awapara et al., 1950), evidence has been gathered indicating that this compound
has a function as an inhibitory reurotransmitter {for a review see Krnjevie,
1970). Subseguent to its discovery in the brain GABA has also been identified
in other tissues, although in most cases only traces could be found (Zachman
et al., 1966; Whelan et al., 1969; Gerber and Hare, 1980).

Recently, it has been suggested that GABA may fulfil s role in morphirne
abstinence behaviour. A syndrome resembling morphine abstinence behaviour can
be induced in rats using di-n-propylacetate (DPA), a compound presumably
acting through GABA. The role for GABA in this behaviour was suggested by its
suppression by the GABA antagonists picrotoxin and bicuculline {De Boer et al.,
1977, 1980}. The results presented in this thesis provide further evidence
for a role of GABA in this behaviour induced by DPA. In additicn, the
involvement of different brain aresas in DPA-induced behaviour has been studied.
The implications of these findings for the involvement of GABA in morphine
abstinence behavicur will be discussed at the end of the thesis. In this
first chapter, therefore, a short review will be given on GABA, morphine
abstinence behaviour and the interacticns between GABA and morphine.

In the first part of this chapter the recent literature concerning CABA
will be reviewed with the emphasis on mechanisms regulating GABA-ergic
activity. The metabolism of GABA, the enzymes involved in this metzbolism and
the synaptic events related to GABA will be discussed. Furthermore, a short
descripticn will be given of the metabolic compartmentation of GABA and related
substances. Since DPA is an anticonvulsant drug, the role of GABA in con-
vulsions and the hitherto assumed mechanism of action of DPA will be
‘discussed. In order to compare the behavioural effects of DPA with the effects
of other GABA-ergic compounds an cverview will be given of the effects
of these ccmpounds on the spontaneous behaviour of rats and mice.

In the second part of the chapter the following subjects will be discussed:
the terms inveolved in the study of morphine abstinence behaviour; quasi-morphine
abstinence behaviour and its implications for true morphine abstinence; the
brain areas responsible for morphine abstinence; the interacticn between
morphine and GABA.

Finally, a description is given of what was known about DPA-induced

behavicur before the research described in this thesis was initiated,



together with an explanation of the way in which we have extended this

research by the present experiments.

1.2. GABA-ERGIC MECHANISMS

1.2.1. Metabolism and distribution

GABA is synthesized in the brain mainly by decarboxylation of L-glutamate
by the enzyme glutamate decarboxylase (GAD; L-glutamate. l-carboxy-lyase;
EC.4.1.1.15). The major pathway of GABA-degradation is its transamination by
GABA-transaminase (GABA-T; &4-amincbutyrate: 2Z-oxoglutarate aminotransferase;
EC.2.6.1.19) and subsequent oxidation to succinate by succinic semialdehyde
dehydrogenase (SSA-DH; succinic semi-aldehyde: NaD*t oxido-reductase:; EC.
1.2.1.18).

Since glutamate can be formed from 2-oxoglutarate, an intermediate of the
Krebs cycle, the conversion of Z-oxoglutarate via glutamate and GABA to
succinate is referred to as a bypass of the Krebs cycle and is called the
GABA shunt, as shown in Fig. 1.2.1.

Glutamine

AcetyiCoh ////(//i’///%
NH3 ™ Glutamate

isocitrate —= 2-oxoglutarate

! GAD l—»co2
Citrate

SuccinyiCoA {-Aminobutyrate
Oxalacetate l GABA-T
Malate Succinate  «-————— e SUCCinic semi-
\ / SSA-DH aldehyde
Fumarate
KREBS cycle GABA shunt

FIG. 1.2.1. The relation between KREBS cycle and GABA shunt. The enzymes
belonging to the GABA shunt are underlined.

The distribution of GABA in rat brain has been studied by many authors
(e.g. Balcom et al., 1973; Tappaz et al., 1977; Van der Heyden and Kerf,
1978). Van der Heyden et al. (1979 b) have measured the GABA content of approx

70 nuclei. GABA is present in nearly all areas of the brain. High levels of



GABA are present in the hypothalamus, substantia nigra and globus pallidus.
The GABA concentration in nerve terminals has been estimated to be 60-140
mM in the cat (Fonnum and Walberg, 1973 a,bs; Fonnum et al., 1974) and
10-20 mM in the rat (Storm-Mathisen, 1976). Whether or not this GABA is stored
in synaptic vesicles, like the storage of catecholamines (Douglas, 1968}, is
still a matter of dispute. The asscciation of GABA with vesicular structures,
a quantity accounting for only 10-20% of total brain GABA (Kuriyams st al.,
1948 a,b; Kuriyama, 1976; Zisappel and Zurgil, 1978), may be loose and it
probably represents unstable compartments (Mangan and Whittaker, 1966).

In conclusion, GABA is present in nearly ail areas of the brain, with
high concentrations in the hypothalamus, substantia nigra and globus pallidus.

The concentration of GABA in nerve endings may be in the order of 10-50 mM.

1.2.2. Shunt enzymes

Each enzyme involved in the synthesis and degradation of GABA has its own
cofactor requirements and kinetic profile, the modification of which can lead
to changes in the ultimate concentration of GABA.

The enzyme GAD, responsible for the synthesis of GABA, requires pyridoxal-
5'phosphate (PLP} as a cofactor.The enzyme has been purified from mouse, rat
and human brain (Wu et al., 1973; Maitre et al., 1978 b; Blindermann et al.,
1978) and is loecated mainly in nerve endings (Salganicoff and DeRobertis,
1963, 1965: Balasz et zl., 1966; Wood et al., 197&).

GAD activity can be inhibited by some Krebs cycle intermediates and GABA
{Gerig and Kwock, 1979; Wu and Roberts, 1574;Blindermann et al., 1978). The
latter effect may be important for feedback regulation of the GABA level in
nerve terminals (Bayon et al., 1978; Nitsch, 1980).

The activity of GAD can be influenced too by changing the degree of
saturation of the apoenzyme for the coenzyme PLP, since the <n uive
saturation of GAD by PLP is only 24-47% (Miller et al., 1977; Nitsch, 1980).
Pharmacological manipulation of the synthesis of GABA in vive, based on
competition with PLP, results in convulsions or in g decrease in the con-
vulsive threshold {see for a review: Péréz de la Mora et al., 1973).

GABA-T, the first enzyme in the degradaticn of GABA, has been purified
from mouse, rat, rabbit, pig, bovine and human brain (Schousboe et al.,

1973; Sytinski and Vasilijev, 1969; Waksman and Roberts, 1965; Maitre et al.,
19753 John and Fowler, 1976; Bloch-Tardy et al., 1974; Kobayashi et al.,
1977; Maitre et al., 1978 a). Waksman and Bloch (1968) have purified and
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separated several isozymes of GABA-T, which seem to be located in different
subcellular organelles. GABA-T from non-synaptosomal mitochondria has a much
higher activity and a higher affinity for GABA (Km for GABA is 4-6.5 mM)
than the GABA-T located in synaptosomal mitochondria (Km for GABA is 30-50
mM} {Ngo and Tunnicliff, 1978). The weaker affinity of synaptosomal GABA-T
for GABA and the lower activity of this enzyme favour a role of GABA-T in
the regulation of the high presynaptic GABA level (see section 1.2.1).

It has been suggested that the low activity of GABA-T in synaptcsomes can
be attributed to contamination of this fraction with free cytoplasmic
mitochondria (Baldsz et al., 19663 Van den Berqg et al., 1975; Hertz, 1979).
However, electronmicroscopic studies and measurements of marker enzymes
indicate that the low GABA-T activity detected in these fracticns cannot be
due to such a contamination {Salganicoff and DeRobertis, 1965; Van Kempen
et al., 1965; Waksman et ail., 1968; Walsh and Clark, 1976). Recently, the
localization of GABA-T in nerve endings has been unequivocally established
using immunohistochemiczl methods {Barber and Saito, 1976; Chan-Palay et al.,
1979).

A high ionic strength has been shown to decrease the activity of GABA-T
{De Boer and Bruinvels, 1977 a). In addition, the purified enzyme is
susceptible to irnhibition by a large number of metal ions, glutamate and
some other maturally occurring substances (Schousboe et al., 1974). Inter-
ference from carbchydrate metabolism, e.g. hypoglycemia, will also affect
GABA-T activity, through alterations in the level of 2-oxoglutarate (Otsuki
et al., 1968; Dravid and Jilek, 1965).

S55A-DH, the second enzyme of the GABA degradation, appears to be more
specific for the GABA shunt than GABA-T (Embree and Albers, 1964; Albers and
Koval, 1961). The enzyme has been purified from mornkey, human and rat brain
(Albers and Koval, 1961; Embree and Albers, 1964; Kammerzat and Veldstra,
1967; Cash et al., 1975, 1977).

Just like BGABA-T, SSA-CH activity seems to be present in mitochondria of
both synaptosomal and mon-synaptoscmal origin (Salganicoff and DeRobertis,
1965; Sims and Davis, 1973). The distribution of the enzyme in the brain
parallels the distribution of GABA-T teo (Miller and Pitts, 1967; Sheridan
et al., 1967). The activity of SSA-DH is always higher ({1.5-5 times) than
that of GABA-T {Miller and Pitts, 1967; Cash et al., 1975; De Boer and
Bruinmvels, 1977 a). This higher activity of $SA-DH (as compared to GABA-T),
together with its high affinity for SSA, indicate thab GABA-T and not SSA-DH

is rate-limiting in the degradation of GABA. However, changes in the
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concentration of cations (De Boer and Bruinvels, 1977 b; De Boer et al.,
1979) or in the availability of the cofactor NAD™, e.g. during hypoxia {Gubler
et al., 1974), may diminish the activity of SSA-DH in such a manner that it

may beccme rate limiting.

In conelusion, the GABA synthesizing enzyme GAD is located almost ex-
clusively in nerve terminals and may be regulated by PLP gvailability and
by the intraterminal GABA concentration. GABA degradation occurs mainly, but
not exclusively, in the non-nerve terminal compartment. It is suggested that
different isozymes of GABA-T are located in nerve terminals and in giial
cells. Cation concentration as well as ileonic strength may regulate the

activity of the enzymes involved in the GABA degradation.

1.2.3. Synaptic events reloted Lo GABA

In accordance with its role as a putative neurctransmitter, GABA is
released into the synaptic cleft, interacts with specific receptors and is
inactivated by uptake into the neurons or the glial cells surrcunding the
synaptic cleft.

Release of GABA has been demonstrated to occur after electrical
stimulation or by depolarizing potassium concentrations both £{n vifro
(Katz et al., 1969; Srinivasan et al., 1969) and {n vivo (Obata and Takeda,
1949; Van der Heyden et al., 1579 a}. It has been postulated by Tapia et al.
{1975) that GABA is continuously released from the synaptosomal cytoplasm
of inhibitory rmerve endings with a rate depending on the activity of GAD.
According to these authors it is still possible that GABA may also be re-
leased from a storage site such as synaptic vesicles, when the GABA neuron
is depolarized by a stimulus. The existence of a feedback control of the
release of GABA via presynaptic autoreceptors has been indicated by both
in vitrno and 4in vivo experiments {Mitchell and Martin, 1978; Van der Heyden
et al., 1980; Brennan et al., 1981).

Binding of GABA to subcelliular brain particles has beern shaown to be
either sodium-dependent or —independent (Sano and Roberts, 1961; Zukin et al.,
1974; Enna and Snyder, 1975). The sodium-independent binding of GABA re~
presents binding to postsynaptic receptor sites since it could be prevented
by bicuculline-methicdide (BMI) (for a review see De Feudis, 1978). The
existence of more than one single type of GABA receptor has been suggested
(Nistri and Constanti, 1979}.

Regulation of the responsiveness of GABA receptors is possible by
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desensitization of receptor affinity after chronically enhanced GABA-ergic
stimulation (Enna et al., 1980) or by development of supersensitivity of
the receptor as occurs after degeneration of GABA-ergic cells (Kuriyama et
al., 198Q0). The sensitivity of the GABA receptor may also be altered by
interaction with "GABA modulin', a low molecular weight protein, which
appears to interact specifically with the GABA receptor {Toffano et al.,
1978, 198Q0). It is net inconceivable that both the supersensitivity and sub-
sensitivity phenomena occur via alteration in GABA modulin recepter interacticn.
Uptake of GABA into the neuronal cell bodies or into the glial cells
surrounding the synaptic cleft and not degradation is responsible for the
termination of GABA-ergic transmission, since degradation of GABA requires
the presence of Krebs cycle enzymes, which sre located only in mitochondria
{Schouskboe, 1578; Iversen, 1971; Ryan and Roskoski, 1977; see review by
Iversen and Kelly, 1975). Nerve terminals are also capable of taking up
GABA (Fagg and Lane, 1979). The uptake systems for GABA are related to
sodium-dependent GABA binding and it has been described that the GABA uptake

depends on caticnic fluxes across the membrane (Levi and Raiteri, 1978).

In conclusion, GABA-mediated neurotransmission can be regulated at the
level of receptor interaction through modulztion of the receptor affinity
or at the level of release through a feedback system. The uptake may be

regulated through alterations in ionic transport.

I1.2.4. Metabolic comparimentation

The concept of metabolic compartmentation has been accepted for many
years and refers to the presence in tissue of more than one metabolic pool.

By definition, each pcol of a certain compound has its own metabolic rate,
which distinguishes the pcol or ccmpartment from znother of the same compound.
Such compartments are not in rapid equilibrium with each other; if they were,
they would be indistinguishable from each other {(Baxter, 1976).

There is much evidence suggesting that the glutamate in brain tissue is
compartmentalized {(for reviews see Baldsz and Cremer, 1972; Berl et zl.,
1975). The first indications of the existence of different glutamate pools
were given in 1953 (Braganca et al., 1953) and in 1958 (Roberts et al., 1958).
The latter authors studied glutamate metabolism in mouse brain after intra-
ventricular administration of labeiled GABA and they found that the specific
activity of glutamine was higher than that of its precursor.

glutamate. Brain glutamate metabolism has been suggested to consist of two
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pools (Garfinkel, 1966; Van den Berg ard Garfinkel, 1971). Other authors have
proposed the existence of three compartments consisting of a small glutamate
compartment in glial cells, a second small compartment composed of nerve
terminals and a large compartment located in merve cell bodies and dendrites
(Balsz et al., 1972 b). Several independent tricarboxylic acid cycles have
also been identified in brain tissue and have been related to the different
glutamate pools (Garfinkel, 1966). Both GABA synthesis and degradation are
each divided over more than one compartment (Baldsz et al., 1972 a; Van den
Berg et al., 1575). One has to bear in mind, however, that different metabolic
compartments are not necessarily equivalent to morphologically different cell
types. It is not incorceivable that, superimposed upon these morphological
defined cell types, anatomically distinci brain divisions exist which
represent separate metabolic compartments, independent of the number of
cell types present.

Recently, Hertz (1979) has proposed four morphologically distimct

compartments (Fig. 1.2.4), three of which include a complete Krebs cycle.

FIG. 1.Z.4. Schematic representation

of brain metabolism at the cellular
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glu-NHy?
4
(‘-:-’ABA?
GABA
giv rryvitw—ull
GABA
] glutamate
ket suc. suc, ccket,
[
pyruvate pyruvate pyruvate

glucose e glUCOSE —m———glucose

Perikaryon Cligodendrocyte

14



The author suggested that GABA synthesis is located only in nerve endings,
while GABA degradation takes place mainly in astreoglia and neuronal perikarya.
Therefore, a flux of GABA from nerve terminals to glial cells has to be
present. Glutamine is transported in the opposite direction and may then act
&5 the precursor of GABA in nerve endings {Tapia and Gonzalez, 1978; Reubi

et al., 1978). Although the model fails in that degradation of GABA in nerve
endings is not included {see section 1.2.2), it clearly demonstrates the
complexity of GABA metabolism in the brain and the importance of the concept

of metabolic compartmentation.

In conclusion, glutamate- and GABA metabolism is divided over several
metabolic compartments. When considering the pharmacology of GABA, this

compartmentation must be taken into account.

1.2.5. GABA and convulsions

GABA has been suggested to be implicated in many neuropathological and
psychopathological states, e.g. schizophrenia (Roberts, 1972; Van Kammen,
1977), Huntington's chorea (Ferry et al., 1973; Bird et al., 1973), Parkin-
son's disease (Bernheimer and Horniekiewicz, 1962; McGreer et al., 1971) and
tardive dyskinesia (Gibscn, 1977).

Since some work presented in this thesis deals with the mechanisms of
action of the anticonvulsant drug di-n-propylacetate (DPA, DepakineR), the
possible relationship between GABA and convulsicns will be discussed.

Before a physioclogical role for GABA as an inhibitory neurotransmitter was
established, it had already been shown that GABA has anticonvulsive properties
(Hayashi, 1959). A decreased availability of PLP, probably leading to a lower
activity of GAD (see section 1.2.2), was suggested to be the cause of seizures
occurring in children with a dietary vitamin B6 -deficiency (Holtz and Palm,
1964} . This relationship between GABA and convulsions can be summarized as
follows: a decrease in the level of GABA-ergic transmission parallels a
decrease in the convulsive threshold and makes the animals more susceptible
te convulsant agents. An increase in GABA-ergic transmission is associated
with an increase in the convulsive threshold and protects the animals against
convulsion-evoking treatments. Reviews on this topic have frequently been
published {Meldrum, 1975; Tower, 1976; Meldrum, 1978; Roberts, 1980).

An anti-ccnvulsive effect through an increase in GABA-ergic transmissicn
can be achieved by administration of s GABA agonist (muscimol; Anlezark

et al., 1978}, by inhibition of GABA reuptake (L-2,4-diaminobutyric
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acid; Taberner and Roberts, 1978; Horton et al., 1979}, or by inhibition
of GABA-transaminase {ethanolamine-O-sulphate; Anlezark et al., 1976;
amincoxyacetic acid; Wallach, 1961; Kuriyama et al., 1968). Recently,
reviews have been published on the inhibitors of GABA-T and theilr anti-
convulsive action (Metcalf, 1979; Seiler and Sarhan,1980).

Although these reports suggest a simple relationship between GABA
concentration in brain and the susceptibility to seizures, the relation
appears to be more complex. Scme compounds,e.g. hydrazides, which enhance
GABA levels by inhibiticn of GABA-T, can, despite af enhancing GABA
concentrations, induce convulsions. This is related to concomitant inhibition
of GAD, and Wood and Peesker (1973} have postulated a mathematical relation-
ship in which the excitability of the brain is determined net only by the
GABA concentration but also by the GAD activity (see also Wood and Peesker,
1974, 1975; Wood, 1975). Other suthors have zlso found that the level of
synaptoscmal GABA, which decreases primarily after GAD inhibiticn, is likely
to be more important in determining excitability than total brain GABA
(Abe and Matsuda, 1976, 1977: Matsuda et al., 1978, 1979; Wood et al., 1579,
1980). The specific involvement of synaptosomal GABA in the determination of
brain excitsbility is further indicated by the finding that the onset and
the peak of the anticonvulsive activity of the GABA-T iphibitor gamma-vinyl
GABA (GVG) parallelled the time course for the (limited) increase in GABA
in nerve endings induced by this compound and not that of the {massive)

increase of GABA in the other compartments (Gale and Iadarcla, 198G).

In conclusion, the increase in GABA concentration in the brain is probably
involved in the anticonvulsive action of various compounds. The increased
level of GABA in nerve terminals rather than in glial cells and other

organelles seems to bes important for this anticonvulsive action.

1.2.4. Di-n-propylacetate

Di-n-propylacetate (DPA) is an effective anticonvulsant which appears to
act by raising GABA levels, since the time courses of its protection against
convulsions and of its enhancement of the GABA level are similar both in rats
and mice (CGodin et al., 1949; Simler et al., 1973; Cieselski et al., 1975;
Woed et al., 1977; Lust et al., 1978; LaCelle et al., 1978). Fig. 1.2.6
represents the time course of the increase in GABA level in the brain after
oral administration of 400 mg/kg OPA to rats. Regional studies, carried out

in mice and rats (Simler et sl., 1978; Iadarola et al., 1979}, show that
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the administration of DPA causes increased GABA levels of markedly varying

size in different brain areas.

3_0<GABA Hmol/fg
fe——s
20 ___\__r:_ S - 8-
1.0
1 2 4 6 8hr

FIG. 1.2.6. Time course of the ingcrease in GABA concentration in whole rat
brain after oral administration of 400 mg/kg DPA. From Kuking and Deguchi
(1977)-

With respect to the effects of DPA on GABA-mediated neurotransmission,
it has been shown that DPA augments GABA-ergic inhibition {n vifro
{Hayashi and Negishi, 1979; MacDornald and Bergey, 1979). Microiontophoretic
application of DPA potentiates GABA-srgic inhibition 4n vivo too (Schmutz
et al., 1979; Gent and Phillips, 1%80) although, using the same method,
enhancement of the excitability evoked by glutamate has also been reported
(Blume et al., 1979). Intraperitoneal injection of DPA {200 mg/kg) has been
reported to imhibit the spontaneous firing rate of unidentified nerve cells
in the cortex (Ostrovskaya and Molodavkin, 1576; Schmutz et al., 1979) and
to potentiate intracerebrally applied GABA or muscimol in several regions of
the brain (Gent and Phillips, 1980; Kerwin and Olpe, 1980). Only slight
effects were found, however, on transynaptic GABA-ergic transmission in the
substantia nigra and the nucleus of Deiters (Schmutz et al., 1979; Kerwin
et al., 1980).

It has been suggested that DPA exerts its GABA-enhancing effect via
inhibition of GABA-T (Godin et al., 196%: Simler et zl., 1973). However, it
has been reported that DPA inhibits more potently the second enzyme of GABA
degradation i.e. SSA-DH (Harvey et al., 1975; Sawaya et al., 1975; Anlezark et
a2l., 1976). Since in the latter reports no explanation was given concerning
the mechanism by which GABA concentration was increased, this mechanism has
been studied (chapter II).

DPA differs from GABA-T inhibitors with respect to the target system on
which they exert their action of enhancing the GABA level. A specific action

of DPA in nerve terminals has been demonstrated, whereas GABA-T inhibitors
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are active in both nerve terminals and other organelles (Iadarola and Gale,
1979; Sarhan and Seiler, 1979).

In conclusion, DPA exerts ite anticonvulsive action probably via inhibition
of one of the enzymes involved in GABA degradaticn leading to an increase in
the concentration of GABA in nerve terminals. However, the exact enzymatic
mechanism by which the GABA concentration can increase after this inhibition

of the degradation, remains to be elucidated.

1.2.7. GABA and behaviour

Systemic injections of GABA, a GABA-agonist or a GABA-T inhibitor into
rats have been reported to cause a decrease of spontaneous locomotor activity
(Biswas and Carlsson, 1978; Benton and Rich, 1976; Cott et al., 1976;
Matsul and Deguchi, 1977; Schechter et al., 1977, 1979; Worms and Lloyd,
1980; Scheel-Kriiger et al., 1978 b). In addition, Scotti de Carolis et al.
(1978) described a biphasic action afifer subcutanesous administration of
muscimol, viz. a short lasting excitation immediately after injection, followed
by muscle relaxation and loss of righting reflex.

Furthermore, intracisternal or intraventricular injection of GABA or the

GABA-T inhibitor ethanolamine-0-sulphate (EQS) inhibited spontaneous loco-
motor activity (Freed and Michaelis, 19763 Czajka, 1978:; File, 1977). Thus,
either systemic or intracranial injection of GABA-ergic compounds Tesults
in sedation of the animals.

However, effects of GABA-ergic compounds on spontaneous behaviour observed
after intracerebral injection, depend on the site of injecticn. Injection
of muscimel into the nucleus of the raphé€ dorsalis, an area containing
serotonergic cell bodies, stimulates locomotor activity (Przewlocka et 2l.,
1979). Similarly, injection of GABA agonists into areas containing dopaminergic
cell bodies has been found to be excitatory. Tanner (1979) injected GABA
into the ventral tegmental area (A 10) -a dopaminergic structure- and found
an increase in locomotor activity, which could be antagonized by picrotoxin.
However, Mogensor et al. {1979} found an increase in locomotor activity
after injection of the GABA antagonist picrotoxin into the ventral tegmental
area. This contradiction may be explained by differences in GABA function
within the caudal and rostral parts of the ventral tegmental area. Injection
of muscimol into the caudal part evokes hypermotility while after such an
injection into the rostral part sedation can be cbserved (Arnt and Scheel-
Kriger, 1979).
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Injection of muscimol or GABA-T inhibitors into the substantia nigra of
rats has been found to evoke stereotype behaviour, including sniffing, biting
and gnawing (Scheel-Krlger et al., 1978 a; Matsui and Kamioka, 1978 a, Dj
Koob et al., 1978). On the cther hand, injection of GABA-antagonists into
this areaz elicited catatonia (DiChiara et al., 1978).

Catalepsy and sedation were found after injection of muscimol or the
GABA-T inhibitor gabaculine into the nucleus accumbens or into the globus
pallidus (Scheel-Kriger et agl., 1977, 1978 b; Matsui and Kamioka, 1978,

1979: Wachtel and Andén, 1978; Andén et al., 1578). Catalepsy has also been
observed after injection of muscimsl into some nuclei of the thalamus
(DiChiara et al., 1979).

Thus, in most reports eoncerning the behavicural effects induced by
alteration of central GABA-ergic activity, the relationship with dopaminergic
systems has been studied. It may be inferred that injection of GABA-ergic
compounds into areas containing dopaminergic cell bodies may cause a
stimulation of bebavioural activity. Injection of these compounds into

areas containing dopaminergic nerve terminals induces sedation and catalepsy.

In conclusion, the enhancement of GABA-ergic transmission 41 viug
has beer generally reported to cause sedation. In some reports, excitatory
effects were cbserved. Behavioural effects obtained by modifying GABA-ergic
activity in discrete areas of the brain are not fully predictable since

both sedative and excitatory effects have been reported.
1.3. MORPHINE ABSTINENCE BEHAVIOUR

1.3.1. Morphine abstinence behavioun, definitions and description

Before describing the symptoms of morphine abstinenmce behaviour, some
terms should be defined. Tolerance is known to develop towards the effects
elicited by morphine-like compounds, when these drugs are given repeatedly,
while, concomitantly, the animals become physically dependent. Tolerance
may be said to have developed when, after repeated administration, z given
dose of a drug -in this case morphine- produces a decreased effect.
Conversely, tclerance exists when increasingly larger doses must be
administered to obtain the effects observed with the original dose. Physical
dependence refers to an altered physiological state produced by the
repeated administration of a drug, which necessitates the continued

administration of the drug to prevent the appezrance of a stereotypical
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syndrome, the withdrawal or abstinence syndrome characteristic for the
particular drug (Jaffe, 1980). The development of tolerance and physical
dependence with repeated use is a characteristic feature of 21l opioid drugs.
The degree of tolerance and physical dependence will depend on the particular
drug, on the frequency and period of administration and on the quantity
administered.

To study morphine abstinence behaviour, morphine is administered
chronically to animals, using sustained release preparations, e.g. sub-
cutaneously implanted pellets (Way et al., 1969: Wei et al., 1973 a; Blisig
et al., 1973) or subcutansgusly injected emulsions (Collier et al., 1972),
multiple injectionm schedules (Martin et al., 1963) or addition of morphine
to the drinking water (Gellert and Holtzmsrnn, 1578). After 2 sufficiently
long period of administration the withdrawal syndrome can be obtained by
abrupt cessation of morphire administration or by precipitation,using
narcotic antagonists like naloxone, levallorphan or nalorghine.

The symptoms cbserved in antagonist-precipitated abstinence behaviour
in rats have been described by Bl#sig et al. (1973). They arranged the
symptoms into two classes: counted signs and checked signs. The counted
signs were: exploratien. jumps, flights, "wet dog shakes" (body shakes),
episodes of teeth chattering and writhing. The checked signs were:scream
on touch, hostility {irritation} to handling, ptosis, eye twitching,
rhinorrhea, lacrimation, diarrhea and penile erection. Other authors have
used a slightly modified list, but in principle the abstinence behaviour 1is
described by these symptoms. Wei et al. (1973 a) called jumps and flights
"escape attempts” and this notion "escape” can be found also in the "escape
digging", observed in sawdust-lined cages used by Frederickson and Smits
(1973) and by De Boer et al. {1977) (see alsc section 1.4.1 and the chapters
II1I, IV and V}. The ranking of the relative importance of the symptoms
varies from author to author (Wei et al., 1973 a; Collier et al.. 1972).
However, from the study of Bldsig et al. (1973) it appeared that the relative
importance of a symptom depends on the degree of dependency. With a high
dependence some signs, e.g. jumps, are dominant, while with a lower degree

of dependence more recessive signs, e.g. body shakes, are expressed.
In conclusion, morphine abstinence behaviour consists of various symptoms

and the incidence of each particular symptom differs from another and the

relative importance of a symptom depends con the degree of dependency.
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1.3.2. Quasi-morphine abstinence behaviour

In an attempt to unravel the neurochemical and neuropharmacological
mechanisms underlying the expression of sbstinence symptoms in morphine
dependent animels, these animals are often treated with drugs either during
the phase of development of dependence or during the phase of withdrawal. The
effects of these drugs on the intensity of the withdrawal symptoms is then
measured.

However, the mechanism of the induction cf morphine abstinence symptoms
can also be studied in naive animals which have never received morphine. The
advantage of using naive animals is that the experiments can be performed in
a short period of time and no interference from a change of morphine level or
from the injection of antagonists occurs. Compounds of different categeries
{(Table 1.3.2) can induce in naive animals behavioural symptoms resembling
mgrphine abstinence behaviour. This kind of behaviour has been defined by
Collier (1974) as guasi-morphine abstinence behaviour: "An effect resembling
one elicited by withdrawal of a drug cn which an animal has been made
dependent, but produced by another treatment in a naive animal never exposed
to drug nor to a like-acting congener that induces such dependence".

For the guasi-abstinence behaviour tc be a mecdel for true morphine
abstinence behaviocur several criteria shouwld be fulfilled. Firstly, the
behaviour induced should closely rTesemble true morphine abstinenpe behaviour.
In several cases,e.g. using phosphcdiesterase inhibitors, histamine, DPA,

TRH and EGTA, three or more symptoms of the morphine abstinence syndrome have
been observed. In other cases, e.g. 5-HTP and kainic acid, also cother symptoms
occur, i.e. gnawing and biting (5~-HTP; Sloviter et al., 1978), and convulsions
{kainic acid; Ben-Ari et al., 1979). Therefore, the behaviour induced by the
latter two compounds cannct be considered as a specific quasi-morphine
abstinence syndrome.

A second criterion is that the effects of morphine on quasi-morphine
abstinence behaviour and on true morphine abstinence behaviour should be
parallel. One would expect that the quasi-morphine abstinence behaviour can
be suppressed by a low dose of morphine. Only the behaviour induced by DPA,
by TRH or by the phosphodiesterase inhibitors can be suppressed by morphine,
while the effect of morphine has not been studied on responses to EGTA and the
opioid compounds. In order to suppress the bshaviour induced by 5-HT, ACTH,
Ag 3-5 and the Sgd compounds, much higher doses of morphine have been used
and in some cases even at these high doses only partial suppression has been

found.
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The implications of these reports of the effects of phosphodiesterase
inhibitors, TRH and EGTA will be discussed briefly. The behaviour induced
by DPA is the topic of this thesis and will receive attention in section
1.4.2 and in other chapters.

Phosphodiesterase inhibitors. It has been reported that administration of

phosphodiesterase inhibitors or of cyclic AMP during the induction of morphine
dependence, accelerates the development of dependence resulting in an intensi-
fied abstinence syndrome (Francis et gl., 1976; Collier and Francis, 1975;
Shahid Salles et al., 1979).These data support the hypothesis by Collier
(1978) that ecyclic AMP plays a role in morphine abstinence behaviour (Francis
et al., 1978 ; for a recent review see Collier, 1980}. The implication is

that disinhibition of an adenylate cyclase system, which has become tolerant
to inhibition by morphine, leads to an overshoot in adenylate cyclase activity
during the abstinence phase.

However, the data relating to the role of cyclic AMP in true morphine
abstinence behaviour are contradictory. The rise in cyclic AMP in brain, which
would be expected to occur according to the afore-mentioned hypothesis, has
been found by some auvthors (e.g. Collier and Francis, 1975), but not by
others (VYonVoigtlander and Losey, 1977). The increase in cyclic AMP may
cccur in certain brain areas cnly, which may explain the conflicting results
(Bonnet et al., 1978; for a review see Rosenfeld et al., 1979).

Thyrotropin Releasing Hormeone (TRH). The areas of the brain from which

body shakes can be elicited by the injection of TRH, namely the medial

thalamus, the periaquaductal grey and the locus coeruleus {Wei et al.,

1975 a; Kalivas and Horita, 1980), are the same as those from which naloxon
injection can precipitate abstinemce in morphine pretreated rats (section
1.3.3). Repeated subcutaneous administration of TRH during the induction of
morphine dependence in mice has been reported to prevent the development of
withdrawal hypothermia, but it failed to modify the jumping response to
naloxore {Bhargava, 1980). Administration of TRH prior to precipitation

of abstinence by injection of naloxone in merphine dependent rats, exacerbated
shaking behaviour while other components of the withdrawzal syndrome remain
unchanged (Martin et al., 1977). Since TRH is widely distributed in areas of
the brain other than the hypothalamus, this endogenous compound may have a
direct role in the manifestation of these morphine abstinence symptoms which
are related to the thermoregulatory system (Jackson and Reichlin, 1974;
Winoky and Utiger, 1974).
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EGTA. Since EGTA is pre-eminently a chelater of calcium, the reports
cited indicate an important role for calcium in morphine abstinence behaviour.
This role of calcium in morphine abstinence behaviour appears toc be intimately
related to neurotransmitter release since the concentration of calcium in
synaptic vesicles has been found to be particularly affected by morphire
(for reviews see Way, 1978; Ross and Cardenas, 1979). Administration of
morphine acutely lowers vesicular calcium, while, during the development of
tolerance and dependence, an accumulation of vesicular calcium occurs. The
sudden removal of morphine leads to increased release of neurotransmitters
resulting in the hyperactivity of several neurctransmitter systems, which
characterizes morphine withdrawal behaviour (Way, 1578).

Although the syndromes induced by 5-MTP or by amphetamine and L-DOPA do
not seem to be as closely related as the afore-menticned syndromes to quasi-
morphine abstinence behaviour, the data do suggest that an overshoot of
serotonergic and catecholaminergic activity may form a part of the underlying
mechanism in the morphine abstinence behaviour. Such an enhanced neuronal
activity may become apparent in various ways. From enhancement of the release
of the transmitter, as has been suggested in relation to the response to EGTA
or from an enhanced sensitivity of the receptors or from a decrease in reuptake
or extra neuronal degradation of the transmitters. An altered receptor
sensitivity has already been suggested as the mechanism underlying abstinence
behaviour {Collier, 1965; Jaffe and Sharpless, 1968). In recent years,
receptor binding studies have confirmed this theory, e.g. for B-adrenergic
receptors (Llorens et al., 1978). No data exist to support the irvolvement
of decreased uptake or degradation. In contrast, an enhanced turnover of
noradrenzline appears to be present during morphine abstinence (Laverty and
Rath, 1980; Crawley et al., 1979).

It is rot within the scope of this chapter to discuss all the implications
of the data summarized in Table 1.3.2. However, it is clear that when
studying quasi-morphine abstinence behaviour, data are yielded which support
the resesarch on true morphine abstinence behaviour.

In conclusicn, it has beer shown that quasi-morphine abstinence behaviour
can be induced by interference at several levels of brain function, i.e. at
the level of transmitter release or receptor stimulation, or at the level

of the second messenger cyclic AMP.
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TA

Category Individual compounds R.o.a. Signs induced Morphine Reference
Dase Effect
Phosphodiesterase inhibitors 5
IBMX s.c. Jumping, body shakes, diarrhea, (1.m) ¥ 1,2
irritability
Theophylline 8.C. 3.4
Caffeine 5.C. 5
Precursors or transmitter agonists
5-HTP i.p. Body shakes, irritability n.t 6
5-HTP + carbidopa s.c./i.p. Body shakes n.t. 7
5-HTP + benserazide i.p./i.p, Body shakes n.t 8
5-HTP + carbidopa i,p./i.p. Body shakes n.t 9
5-HT 1.0V, Body shakes 10 N 10
Amphetamine + L-DOPA i.p./i.p.  Jumping n.t. i1
Histamine i.e.l Body shakes, teeth chattering, n.t. 12
irritability
DPA i.p. Body shakes, escape digging, pilo- 1.0 + 13
erection, ptosis
Kainic acid ie.v. Body shakes, teeth chattering, 4.0 - 14
salivation, chewing
Kainic acid i.e.2 Body shakes, chewing, paw tremor n.t, 15
Peptides
TRH i.v. Body shakes, tremor n.t. 1a
TRH i.e.v, Body shakes, paw tremor, n.t. 17
lacrimation
TRH i.p. Body shakes 2.0 ¥ 18
TRH i.c.’ Body shakes, tremor, lacrimation n.t. 19,20
Met-enkephalin i.c.v, Body shakes n.t. 21
f-endorphin i.c.y, Jumping, body shakes, diarrhea n.t. 22,23
ACTH i.c.b Jumping, teeth chattering, body 30 ¥ 24

shakes, irritability



cZ

Category Individual compounds R.o.a. Signs induced Morphine Reference
Dose Effect

Opioid compounds

RX-336-M iup. Body shakes, ptosis, tremor 1.0 ¥ 25,34
Pentazocine i.p. Body shakes n.t, 26
Ketocyclazocine i.c.w, Body shakes n.t, 27
Morphine/Morphine- i,c.v, Body shakes n.t. 28
glucuronide
Miscellaneous agents
Sgd B8473/15073 i.p. Body shakes, tremor, escape 50 ¥ 29,34
behaviour, ptosis
Ag 3-5 i.p. Body shakes, tremor, escape 10 ¢ 30,34
behaviour, ptosis
Steroid-0-sulphate i.e.v, Body shakes, salivation, n.t, 31
irritability
Androsteronsulphate i.e.v. Body shakes, escape behaviour n.t, 32
EGTA ic.v. Body shakes, salivation, n.t 31
irritability
EGTA i.c.v. Body shakes, escape behaviour, n.t. 33
weight loss
Abbreviations: R.o.a. - route of administration; s.c. - subeutanecusly; i.p. - intraperitoneally; i.c.v. -
intracerebroventricularly; i,v. - intravenously; i.c. - iptracerebrally; 1) dorsal hippocampus; 2) amygdalaj
3} hypothalamus; thalamus, preoptic area, locus coeruleus; 4) periaquaductal grey; 5) heraine, + = nearly total
suppression; x = only partial suppression; - = no effect; n.t. = not tested, References: 1) Francis et al., 1975;

2) Francis et al., 1976; 3) Collier et al., 1974; 4) Francis et al., 1978; 5) Butt et al., 1979; 6) Collier,
1974; 7) Bedard and Pycock, 19773 8) Sloviter et al., 1978; 9) Fozard and Palfreyman, 19793 10) Drust-et al.,
1979; 11) Lal et al,, 1975; 12) Glick and Crane, 1978; 13) De Boer et al., 1977; 14) Lanthorn and lsaacson,
1978; 15) Ben-Ari et al., 1979; 16) Schenkel-Hiilliger et al,, 1974; 17) Prange et al., 1974; 18) Martin et =l,,
19773 19) Wei et al., 1975; 20) Kalivas and Horita, 1980; 21) Leybin et al., 1976; 22) Gispen et al., 1974;

23) Bloom et al., 1976; ?4) Jaquet et al,, 1978; 25) Cowan and Watson, 197B; 26} Schneider, 1968; 27) Lanthorn
et al,, 1979; 28) LaBella et al., 1979 b; 29) Jahn and Mixich, 1976; 30) Wei, 1976; 31) LaBella et al., 1979 a;
32) LaBella et al., 1978; 33) Schmidt and Way, 1980; 34) Cowan, 1981,



1.3.3. Localization of sites {nvolved in abstinence behavicur

Localization of the areas involved in morphine abstinence behaviour is
performed by many authors by lesioning the brain or by injection of opiate
antagonists into particular sites of the brain in morphine dependent animals.
The lesion technique, however, has several drawbacks since it is not possible
to decide whether a lesion was truly made at the primary site respeonsible
for withdrawal signs. The lesioned brain structure may be merely inter-
connected with the primary site. Therefore, lesion studies should always be
accompanied by injection studies using injections of different substances
into the same structure. Taking these precautions into consideration, no
clear conclusions have been drawn from lesion studies in morghine withdrawal
{see Pert, 1978).

Results of the studies using the antagonist microinjection technique in rats
are summarized in Table 1.3.3. The studies of Laschka et al. (1976} and
Laschka and Herz (1977) were carried cut using labelled levallorphan or
naloxone and the distribution of the label was studied autoradiographically.
Aghajanian (1978) reported that the locus ceceruleus, probably the most
important structure in the anterior part of the floor of the 4th ventricle
with respect to the induction of abstirence signs (Laschka et al., 1976),
exhibits a hyperactive firing rate after precipitation of abstinence, a
finding which is in agreement with the snhanced noradrenaline turnover
mentioned in the preceding section. The involvement of the amygdala, as
suggested by Lagowska et al. (1978) and Calvino et al. (1579), is
supported by the finding that B-endorphin-induced body shakes occurred
immediately after high frequency bursts reccrded from the amygdala, bursts
which were not observed in the hippocampus or the cortex (Henriksen et al.,
1978).

The approach oppeosite to that of the antagonist microinjection method
has been used by Wei et al. (1975c), who studied the sites at which morphine
suppresses body shakes, evoked by immersion of anaesthetized rats into cold
water. Three sites, i.e. the locus coeruleus, the medial preoptic area and
the periaquaductal grey, appeared to be highly sensitive to morphine, whereas
no effect could be found on injecting morphine into the amygdala. These
areas, apart from the amygdala, are similar to those which were found to
be sensitive to naloxone in morphine-dependent rats {(see Table 1.3.3).

Thus, the occurrence of morphine abstinence symptoms is related to
several brain areas, i.e. locus coeruleus, periaquaductal grey, medial

preoptic area, medial thalamus and amygdala. However, apart from the locus
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coeruleus no specific tramsmitter system has yet been implicated in any of
these brain structures.

Table 1.3.3. Precipitated abstinence by intracerebral injection of morphine
antagonists in the rat.

Antagonist Dose {(1g) Site of action Ref.

Naloxone 40-200 medial thalamus, diencephalic- 1,2
mesencephalic junctures

Naloxone 1.5 medial hypothalamus, medial preoptic 3
area, periaguaductal grey, 4th
ventricular spaces

Levalliorphan 1.5-25 anterior part of the floor of the 4th 4
ventricle

Naloxone 0.4~ 6.0 locus coeruleus, medial thalamus,
periaquaductal grey

Naloxone 1.5 floor of the 4th ventricle, periaquaductal 5
grey

Naloxone 40 amygdala, striatum 6

Naloxone 10 several nuclei of the amygdala, striatum 7

References: 1) Wel et al., 1972; 2) Wei et al., 1973 b:; 3) Wei et sl.,
1975 b; 4) Laschka et al., 1976; 5) Laschka and Herz, 1977; 6) Lagowska et
al., 1978; 7) Calvino et al., 1979.

In conelusion, antagonist micreinjection studies in morphine dependent
animals indicate that abstinence symptoms are mediated by more than one

area of the brain.

1.5.4. Monphine actions on the GABA-system

Reports on the acute effects of morphine on GABA levels in the brain
are scarce and the results are not clear either. Decreases and increases in
GABA concentration in the brain have both been found {Lin et al., 1973;
Takanaka et al., 1976), although other authors could not find any change
in GABA after administration of morphine (Maynert et al., 1942; Sesthy and
Bombardt, 1978). Regional differences in the effect of morphine on the
GABA level, however, have been described and may explain these different
results {Kuschinsky et al., 1976: Moroni et al., 1978, 1979; Costa et al.,
1978).

Chronic treatment of mice with morphine has been reported to decrease
whole brain GABA level as well as GAD activity (Takanaka et al., 1976).
In addition,' after morphine withdrawal in rats, a decreased level of GABA

in the cerebellum and an increased GABA-concentraticn inm the hypothalamus
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has been observed (Lin et zl., 19733 Tzeng and Ho, 1978; Volicer et al.,
1977).

With respect to the GABA shunt enzymes, only minor effects of morphine
on GABA-T have been reported, whereas a decrease in the activity of GAD is
found after chronic morphine administration (Tzeng and Ho, 1978}, possibly
due to a decressed affinity of this enzyme for PLP. This decrease can be
reversed by withdrawal of morphine or by precipitating abstinence with
naloxone (Ho and Gilliland, 1979).

The interaction between morphine and GABA has also been studied at the
cellular level. Morphine has ro influence on the inhibitory effect of
exogenously applied GABA in the hippocampus (Segal, 1977}, However, morphine
was reported to decrease the inhibitory effects of putative GABA-ergic
pathways in this area, presumably via a presynaptic mechanism (Corrigall and
Linseman, 1980). The presence of a presynaptic effect of morphime on GABA-
neurons is supported by the fact that morphine inhibits the potassium-evoked
release of GABA im vive and {n vitro (Iwatsubo and Kondo, 1978; Van der
Heyders et =21., 1980; Coutinho-Netto et al., 1980).

At the receptor level there also seems to be a relastionship between
GABA and opiates, since GABA— antagonistic features have been ascribed to
nalexone, morphine, leverphancl and dextrorphan (Breuker et al., 1975;
Dingledine et al., 1977). These data are relevant only when high doses of
these compounds will be used (see Gruol et al., 1980).

Thus chronic administration of morphine appears te result in a decreased
GABA-ergic activity either by a decrease of the activity of GAD or by
inhibition of the release. Administration of naloxone or withdrawal of merphine

will then result in a relative incresse in GABA-ergic activity.

In conclusion, the interaction of morphine with the GABA-ergic system
in vivo is complex, possibly due to regicnzl differences. In most cases

morphine decreases GABA-ergic activity.

1.4. DPA-INDUCED QUASI-MORPHINE ABSTINENCE BEHAVIOUR

1.4.7. Methods

All experiments were performed on male albino Wistar rats (TNO, Zeist,
The Netherlands). At the start of the experiment rats were allowed to
habituate for at least 30 min in a transparant Macrolon cage (£7x27x15 cm)

with sawdust bedding. Thereazfter an intrsperitoneal injection of DPA was
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given (in most cases 300 mg/kg at & concentration of 100 mg/ml deivnized
water). Fach rat was continuously cbserved for the following 15 min, sub-
divided into three periods of 5 min, and its locomotor activity monitored
using a Varimex activity meter, equipped for alternating measurement of
Porizontal and vertical activity every 10 sec. The following signs were
checked as absent, mild or marked: salivation, rhinorrhea, lacrimation,

urination, diarrhea, penile erecticn and ejaculation, ptosis, teeth

chattering, swallowing, tremor. hunchback posture, piloerection, irritability

to handling and reaction on poking. Other signs were counted as quantitative

events: escape digging, body shakes, head shakes, foreleg shakes and yawning.

SCORING ABSTINENCE USING THE SYSTEM OF FAEDERICKSON AND SMITH.

ITEX

SALTVATION
RHINORRHEA
LRCRIMATION
URINATION
DIARRHEA
ERECTION
JACULATTON
PTOSIS

TEETH CHATTER
SWALLOWING
TREMOR

HUNCHBACK POSTURE
PILOERECTICN
IRRITATION HANDL.
REACTION POKING

t N Smin |5 -l0min |30 - 18 gin o = 1z pin

AEBERAREREL

ESCAPE DIBCTNE
ESCAPE JUMPING
HET DOG SHAKES
HEAD SHAKES
FORELEG SHAKES
YARNING

— 1

L—--.—-—L—F——‘LH

TOTAL SCORE

MOTOR ACTIVITY 0-5min[5-10min 110 - 15 min lo - 15 min_ |
FORTZONTAL ACTIVIT

b
VERTICAL ACTIVITY
TOTAL ACTIVITY
HOR./ VERT. RATLD |

[ ANDWAL

| TReATHENT

[ METGHT

DATE
GENERAL REMARKS i

FIG. 1.4.1. Scoring-sheet used for measuring DPA-induced abstinerce
behaviour. From De Boer (1977).
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From this checklist (Fig. 1.4.1) of behavioural symptoms described by
Frederickson and Smits (1973), an abstinence score was calculated,
according to these authors, in which the checked signs received 0, Z or 4
when they were absent, mild or marked, respectively, and the counted signs
received 0, 2, 4, 6, 8, or 10 when they occurred 2-5, 6-10, 11-20, 21-40
or more than 40 times per 15 min period, respectively. Table 1.4.1 gives a
characterization of the DPA-induced behaviour. Not all signs of morphine
abstinence behaviour cccur after injection of DPA, but the signs present

after this treatment can be summarized as "central signs" (Frederickson,1975).

Table 1. 4 1. Characterization of DPA-induced behaviour

Item Treatment Significance
_______ i, DPA Saline P
A. Incidence of:
Erection 21 5 < 0.1
Teeth chatter 16 0 <0.1
Swallowing 32 0 <0.01
Tremor 5 0 -
Hunchback posture 85 B < 0.001
Pilcerection 89 11 < 0.001
Irritation 5 0 -
Digging 68 21 < 0.001
Body shaking 95 5 < (0.001
Head shaking 21 5 -
Foreleg shaking 21 0 0.053
Catalepsy 42 0 < 0.0C5
B. Frequency of:
Body shaking 19.7 + 2.1 0.2 + 0.1 < 0.001
Digging 10.6 E 2.9 1.1 E 0.5 < (0.001
£. Total
abstinence score 17.3 + 1.0 1.2 + 0.4 < 0.002
D. Activity:
Horizontal activity 252 + 16 52 + 10 < 0.001
Vertical activity 347 ¥ 24 195 %30 < 0.001

Summary of the DPA-—induced abstlnence behaviour for 19 rats treated with 300
mg/kg DPA intraperitoneally and being observed for 15 min. A symptom was
considered to be present when it contributed to the total abstinence score.
The incidence of a particular behavioural item refers to the percentage of the
treated rats exhibiting that abstinence symptom, while the frequency of
shaking or digging represents the number of events per 15 min observation
period. Also, activity parameters are presented as counts per 15 min period.
Statistical significance was calculated using Fisher's exact probability

test (A) or the Mann-Whitney U-test (B, C and D).

From De Boer et al. (1980)
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1.4.2. The nofe of GABA

In this section the behavioural syndrome induced by DPA will be described
with respect to the pharmacological aspects, summarizing the results of
De Boer (1977).

A role for GABA in this behaviour is suggested by the action of DPA to
increase the concentration of GABA in the brain (see section 1.2.5) and by
the suppressicn of the behaviour by treatment with subconvulsive deses of
the GABA antagonists bicuculline (De Beer et al., 1977) and picrotoxin
{De Bger et al., 1980}. The GABA synthesis iphibitor, 3-mercaptopropionic
acid, has alsc been found to antagonize DPA-induced behaviour, while
strychnine, a convulsant glycine antagonist, has no effect. These data
indicate that the DPA-induced behaviour may be a correlate of increased
GABA-ergic activity (De Bger et al., 1980).

This bebavioural syndrome has alsc been compared with behavioural effects
obtained after injection of the GABA-T inhibitor amincoxyacetic acid (ADAA).
Administraticn of AUAA does not induce zbstinence behaviour, although this
treatment is known to enhance the GABA concentration in the brain (Wallach,
1961). Moreover, DPA-induced abstinence behaviour is suppressed in AOAA-
pretreated rats, indicating that GABA-T inhibition counteracts rather than
potentiates DPA-induced abstinence behaviour.

It has, therefore, been postulated that DPA and GABA-T inhibitors may act
in two different GABA compartments with opposite roles, in relation to the

behaviour studied (De Boer, 1977; Fig. 1.4.2).

FIG. 1.4.2. A model of the
actions of morphine and GABA-
ergic drugs on a GABA neuron.

glial cell
Two types of GABA receptors are
pestonne Y propesed: Type Ry, mediating
sa K ; gabo-ergic terminal~ @bstinence behaviour and located
oPA- -.hfwdh e on a postsynaptic element, and
SSATES GABA type R,, GABA-sensitive pre-

synaptic inhibitory auto-
receptors affected by release
of GABA from glial cells due to
inhibition of GABA degradation by
femiouno by AQAA. The effect of morphine,
preventing the release of GABA,
might be mediated via opiate
receptors, located on the pre-
synaptic element. From De Boer
et al. (1980).
Abbreviations used: GLU - glutamate; SA - succinate; GAD - glutamate
decarboxylase; GABA-T - GABA transaminase; SSA-DH -~ SSA dehydrogenase;
N.I.F. - nerve impulse flow; ~--~ - inhibitign.

G
ha-t %‘\ “DPA
GABA“‘“{..: SSA
+ AORA

post-synaptic element
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Accordingly. DPA increased GABA concentration only in nerve endings,
initiating quasi-abstinence behaviour, while GABA-T inhibitors will mainly
prevent GABA degradation in glial cells (see section 1.2.6). Consequently,
GABA, leaking or released from glial cells, may act on presynaptic GABA
receptors. This effect on presynaptic GABA receptors will cause a decreased
GABA-ergic activity impairing quasi-abstinence behavicur. The specificity
of DPA-induced gquasi-morphine abstinence behavicur as a model for true

morphine abstinence behaviour has been discussed in section 1.3.2.

In conclusion, DPA-induced behaviour can be considered as a possible
correlate of GABA-ergic activity zand it is a specific quasi-morphine

abstinence syndrome.

1.4.3. Adm of this thesis

In the previous section it was suggested that DPA induces gquasi-morphine
abstinence behaviour via an increased stimulation of GABA receptors. It is
probable that this increased GABA-ergic stimulation occurs via irhibition of
the degradaticn of GABA (sectiocn 1.2.6}. Since the mechanism by which DPA
increases the GABA concentration had not been clearly characterized, it was
our aim to study this mechanism and to examine its possible contribution to
explain the induction of quasi-morphine abstinence behaviour.

The tehaviour observed after administration of DPA may throw some light
on the relation between GABA and morphine-abstinence bshaviour. It enabled us
to study the involvement of particular GABA-ergic systems in the brain in the
induction of abstinence behaviour.

In brief, the aim of our research was to characterize the mechanism
responsible for the behaviour evoked by DPA, to locate its site of action, and
to obtain, in this way, a deeper understanding of possible mechanisms in-
volved in morphine abstinence behaviour.

In this thesis experiments are described to specify the role of the GABA-
ergic system in the mechanism of action of DPA (chapter II). Using amalogues
of DPA we then studied the involvement of this mechanism of action in the
quasi-abstinence behaviour (chapter I1I). The discrepancy between the time
course of the behavioural effects of DPA and of its effect on the level of
GABA in brain, known from the literature, was studied {chapter IV). Finally,
the involvement of several GABA-containing brain structures in the DPA-
induced behaviour was studied in order to characterize the site of action

of DPA ir evoking this behaviour (chapters V and VI).
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CHAPTER II

DI-n-PROPYLACETATE AND GABA DEGRADATION
PREFERENTIAL INHIBITION OF SUCCINIC STCMIALDEHYDE DEHYDROGENASE
AND INDIRECT INHIBITION DF GABA-TRANSAMINASE

J.W. van der Lzan, Th. de Boer and J. Bruinvels

Published in Journal of Neurochemistry 32 (1979) 17569-1780

ABSTRACT

The kinetiep constants for 4-amincbutyrate: 2-oxoglutarate aminctransferase
(GABA-transaminase) and succinate-semialdehyde: NADT oxidoreductase (SSA-DH)
have been determined using rat brain homogenate.

The Michaelis constants for GABA-T at saturaied substrate concentrations were
calculated to be KGABA = 1.5 mM, K2~DG = 0.25 mM, KGlu = 620 uM and KSSA =
87 uM. The Vmax for the reaction using GABA and 2-oxoglutarate (2-0G) as
substrates (ferward reaction) was found to be 35.2 umcl/g/h, whereas for the
reaction using glutamate {(Glu) and succinate-semialdehyde (SSA) a value of
63.0 pmol/g/h was found.

The kinetics of GABA-T have been shown toc be consistent with @ Ping Pong
Bi Bi mechanism. Substrate inhibition of the forward reaction, through forma-
tion of 2z dead-end complex, was found fo cccur with 2-0C (Ki = 3.3 mM),
whereas GABA was found to be a produect inhibiter of the reverse reaction
(Ki = 0.6 mM). Using the appropriate Haldane relationship, a Keq of 0.04 for
GABA~T was found, indicating that the reaction was strongly biased towards
GABA.

For SSA-DH, the K of SSA was determined (9.1 UM} and the Vmax was
27.5 umol/g/h. The effect of di-n-propylacetzte (DPA) on both GABA-T and
SSA-DH was measured. DPA inhibited SSA-DH competitively with respect to SSA,
giving a Ki of 0.5 mM. GABA-T was only slightly inhibited. The Ki of DPA
for the forward reaction was 23.2 mM with respect to GABA, which was 40-50
times higher than that for SSA-DH. For the reverse reaction the Ki of DPA
was found to be nearly the same (15.2 mM with respect tc Glu and 22.9 mM
with respect to SSA). These results suggest that GABA accumulation in the
brain, after administraticn of DPA {r vdivo, is caused by SSA-DH inhibition.

Two mechanisms are indicated by the data. (1) The higher level of SSA, which
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results from inhibition of SSA-DH, initiates the reverse reaction of GABA-T,
thus increasing the level of GABA via conversion of S$SA. (2) The degradation
of GABA is inhibited by SSA, since SSA has a strong inhibitory effect on the

forward reaction, as calculated from the present data.

INTRODUCTION

In mammalian brain gamma-aminobutyric acid (GABA) is thought to be an
irhibitory neurotransmitter (Krnjevié, 1970). A decrease in the concentration
of GABA has been implicated in the onset of convulsions (Tower, 1976).
Accordingly, it has been reported by many authors that several anticonvulsant
drugs increase GABA levels in the brain through inhibition of its degradation
(see Tapia, 1975).

Elevation of GABA levels has been extensively studied by administration of
drugs which affect the activity of 4-aminobutyrate: Z-oxoglutarate amino-
transferase (EC 2.6.1.19; GABA-T). Such drugs include aminooxyacetic acid
(ADAA; Baxter & Roberts, 1961), ethanclamine-O-sulphate (E0S; Fowler & John,
1572), v-acetylene-GABA and Y-vinmyl-GABA (Schechter et al., 1977; Jung et al.,
1977). Similarly, di-n-propylacetate (Depakineﬂ, Valproate, DPA) also increases
the concentration of GABA in the brain (Anlezark =t al., 1976; Godin et al.,
1969; Simler et al., 1973) and its acticn has been ascribed to an inhibition
of GABA-T (Godin et al., 1949; Simler et al., 1973; Fowler et al., 1975).
However, some authors reported a preferential action of DPA on SSA-DH {Harvey
et al., 1975; Anlezark et al., 1976). Two specific reactions are invelved in
the degradation of CABA; firstly, the reversible conversion of GABA and 2-
oxoglutarate (2-0G) into succinate-semialdehyde {SSA} and glutamate (Glu),
respectively, which is catalvsed by GABA-T, and seccndly, the subsequent
oxidation of 55A to form succinate by succinate-semialdehyde: NADT oxide-
reductase (EC 1.2.1.16; SSA-DH) using NAD as a cofactor, which reaction is
almost irreversible. Since the equilibrium of the GABA-T catalysed reaction
is biased towards GABA (Duffy et al., 1972}, inhibition of SSA-DH may alsec
result in elevation of the GABA concentration.However, this possihility has
so far been neglected, because SSA-DH was considered toc be very efficient
in preventing accumulation of SSA. Recent studies have suggested that the
activity of S5A-DH can be affected by monc- and bivalent caticns like sodium,
potassium and calcium (De Boer & Bruinvels, 1977b). Therefore, it is possible
that SSA-DH may play a Tegulating rtole in GABA degradation 4n vivo and that

inhibition of this enzyme might increase GABA-concentrations through
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activating the reverse reaction of GABA-T.

The aim of the present paper has, therefore, been to study this regulatory
role of SSA-DH in relation to the action of DPA. The affinity of SSA for both
GABA-T and SSA-DH and its alteration by DPA have been determined as well as
the effect of DPA on the cenversion of GABA into SSA.

MATERIALS AND METHODS

Materiats

GABA was obtained from Calbiochem, Los Angeles, CA. Triton X-100, Z-oxo-
glutaric acid, di-sodium succinate and 2-mercaptoethanol were cbtained from
BDH Chemicals Ltd. Pyridoxamine-di-HC1 and SSA were purchased from Sigma
Chemical Company. NAD and NADH were obtained from Boehringer-Manmnheim.
Eulad]GABA {specific radioactivity 4.6 mCi/mmol) was obtained from the Radio-
chemical Centre, Amersham, UK. All other chemicals were purchased from Merck,
Darmstadt. DPA was a gift of Labaz B.V., Maassluis, The Netherlands.

Tissue preparation

Randomly selected male Wistar rats {125-175 g) were killed by decapitation
and their brains were rapidly removed and weighed. A 10% {w/v) brain homogenats
was prepared in an ice-cold solution containing C.32 M-sucrese and 4.5 mM-2-
mercaptoethanol, using a Teflon-glass Potter-Elvehjem homogenizer. One volume
of the hcomogenate was added tc 3 vol of ice-cold Triton medium (0.67% w/v
Triton X-100, 50 mM-Tris-HC1 (pH 8.5) and 4.5 mM-Z-mercaptoethancl) and kept
on ice-water for 1 h befure use.

GABA-T assay using GABA as substrate [forward neaciion)

For the performance of the assay of the GABA-T forward reaction a radio-
chemical method was used as previously described (De Boer & Bruinvels, 1977a)
with the fellowing modifications. NAD was omitted from the incubation mixture,
unless otherwise specified, to exclude interference with SSA-DH, since DPA
might affect this enzyme toco. A control was carried throughout the whole
procedure in the presence of NAD but without DPA. Tissue concentration was
4.44 mg/ml (wet wt.). After preincubation at 22°C for 30 min the reaction was
started by the addition of homogenate and the mixture was incubated for a
further 30 min at the same bath temperature. All experiments were carried out
in duplicate.

GABA-T assay using SSA as substrate {reverse reaction)
The reaction was carried out under similar conditions to the forward

reaction. The incubation mixture contained 50 mM-Tris-HC1 (oH 8.5), 20 mM
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2-mercaptoethanol and 0.12 ml Triton-treated homogenate in a total volume of
0.615 ml. The fimal tissue concentration was &4.44 mg/ml. The reaction mixture
was preincubated at 22°C for 1 h in the presence of glutamate {0.5-5.0 mM)

and in the absence of SSA. The reaction was started by addition of 60 ul SSA
solution, resulting in final concentraticns of 50-600 UM-SSA. For the inhibition
studies DPA was added simultaneously with SSA.

Since the sodium salt of DPA was used throughout this study, a solutien in
which DPA was replaced by sodiumisethionate, equimolar to the highest DPA
concentration, was used ss control.

After an incubation period of 15 or 20 min, the reaction was terminated by
adding an equal volume of ice-cold 5% TCA soluticn. Subsequently, the tubes
were placed in ice-water. After centrifugation (10 min x 1200 g) the concen-
tration of 2-0G in 0.5 ml of the supernatant was determined in duplicate.
Dedermination of 2-oxoglutarate

The fluorcmetric determination of c-oxo acids as described by Takeda et al.
{1976) was used. To neutralize 0.5 ml of the 2.5% TCA solution (sample
solution), 0.2 ml of a sclution containing 2 vol 1 M-Tris-HC1l (pH B.3) and 1 vol
1 M-NaOH was added. Thereafter, 5 ml of a solution containing 2% (v/v) pyridine
in methanol, 100 mg/l pyridoxamine-di-HCl and 2.0 g/l zinc acetate was added.
The reaction of pyridoxamine, 2-oxoglutarate and Zn{II)icn was found to yield
a Zn{II) chelate of the aldimine (Matsushima & Martell, 1967}. After incubation
for 30 min at 37°C the reaction mixture was cooled in ice-water for 3-5 min.
The fluorescence intensity was measured within 2 h at room temperature using
a Baird-Atomic spectrophotoflucrometer with excitaticn at 395 nm and emission
at 475 nm. Standards and blanks were carried throughout the entire assay
procedure. Blanks contained the complete incubation mixture, except SSA. The
standards were prepared in the same way as blanks and 2-0G was added to final
concentrations of 20-80 wM. The change in the glutamate concentration used
in the GABA-T assay resulted in blanks which varied to a maximum of 20% and
this variation was proportional to the glutamate concentration. Therefore, the
assay was always performed with standards of all glutamate concentrations used.
Incubation mixtures, to which the TCA solution was added immediately after
starting the reaction by addition of SSA, were used as additicnal controls.
When 2-0G was incubated under the conditions of the assay in the absence of
S5A it was not significantly metabolized, as measured after 1 h {recovery
98.4 + 1.3%; n = 13).
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SSA-DH assay.

Measurement of the SSA-DH activity was performed as described previously
{De Boer & Bruinvels, 1977a), using 2 tissue concentration of 0.44 mg/ml
(wet wt.).

Data analysis

The apparent kinetic parameters of the forward reaction of GABA-T were
calculated from Lineweaver-Burk plots.

Since in both the assay of the reverse reacticn of GABA-T and in the assay
of S55A-DH more than 5% of the initial concentration of S5A was converted,
the apparent kinetic constants were calculated using the integrated form of
the Henri-Michaelis-Menten equation (Segel, 1975}.

To obtain limiting Michaells constants for the substrates of GABA-T from
the apparent constants the equaticns for a Ping Pong Bi Bi mechanism (Cleland,
1963) were spplied, since ift is generally accepted that transaminations occur
via such z mechanism (Meister, 1955; Scott & Jakoby, 1959; Henson & Cleland,
19647 .

The type of inhibition by DPA of GABA-T was determined graphically. The
Ki's were calculated from a replot of the ratic of the apparent Km and Vma
vs concentration of inhibitor as suggested by Segel {1575) for mixed-type

inhibition.

X

All constants were calculated from the plots using the least squares method.
Variance analysis for regression lines was used to test the significance of
differences in X_and V__ .

m max

RESULTS
Kinetics of GABA-T

Reaction with GABA as substrate (formward reaction)

The kinetic constants of the GABA-T forward reaction were determined using
concentrations of 0.5-5.0 mM-GABA and 0.05-6.0 mM-2-0G in the absence of
NAD. Lineweaver-Burk plots are given in Fig. 1.

Since substrate inhibition was observed with 2-0G (Fig.lA), data obtained
with conmcentrations of 2-0G exceeding 0.5 mM were omitted for calculation of
the kinetic constants. The dependency of the apparent kinetie constants for
2-0G ¢n the concentration of GABA, and vice versa, is shown in the plots of
Figs. 1A and D. The data were fitted to equaticn (1)
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where v is the measured velocity, depending on the substrate concentrations,V is
the maximum velocity under saturated conditicns for both substrates., (2-0G) and
(GABA) are the concentrations of 2-0G and GABA, respectively, KZ—OG and KGABA
are the Michaelis constants for both substrates under saturated conditions

and Kiz-os is the imhibition constant for 2-0G. This relationship was derived
from the rate equation, which is operative in z Ping Pong Bi Bi mechanism
{Cleland, 1963), when substrate inhibition occurs with a single substrate
(Garces & Cleland, 196%). To obtain the Michaelis constants for saturated
conditions, replots were calculated in which the reciprocal apparent

constants, KmZ—UG’ KmGABA and Vmax’ were used as functions of the reciprocal
substrate concentrations (Figs. 1B, C, E and F). £quations describing the
curves in these figures, derived from equation (1), are indicated in the
legend of Table 1. The values ot the limiting Michaelis constants obtained

from these repliots are summarized in Table 1.

Table 1.

Kinetic constants of the GABA-T forward reaction, calculated for saturated
conditions

Fig.1 Replot KZ_GG(mM) KGABA(mM) v{umel/g/h)
B 1/v vs 1/GABA 2,072 35.18
max
c 1/Km, . vs 1/GABA  0.29 1.11
E l/vmax vs 1/2-0G 0.33 35.14
2
F l/KmGABA vs 1/2-0G 0.12 1.44
Mean values 0.25 1.5 35.2

Replotting the reciprocal apparent kinetic constants for the GABA-T forward
reaction, obtained from Fig. 1A and D, vs the reciprocal concentrations of
the fixed substrate allows the caleulation of the limiting Michaelis
constants. The following equations were applied:

1 v 1 1 1 v 1 1

®) Viax  Fonga - (GRBRY " Kigapay ® Voax  Fo—gg | (2708T T Ky g
1 Kzooe 1 1 1 v 1 1

© Ry o Foaga « (GRBA) ~ Reuoe ) Kicasa  Koon | (2000 Ky e
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FIG. 1. The kinetic constants of the GABA-T forward reaction.

Incubations were performed in 50 mM-Tris-HC1 (pH 8.5)-20 mM-2-mercaptoethansl
and in the presence of Triton X-100 at a temperature of 220C. A and D are
Lineweaver-Burk plots, of the mean of three experiments, whereas B, C, E and

F are replots of the reciprocal apparent kinetic constants obtained from A and
D to calculate the limiting Michaelis constants. The reciprocal fixed substrate
concentration is given on the horizontal axis. The equations which were applied
to calculzate the constants are given in the legend to Table 1. The resulting
values are summarized in Table 1. A. Reciprocal plot of the velocity vs the
concentration of 2-0C with GABA as a fixed substrate. GABA concentrations:
o——a, .5 oM; ¢—se, 1.0 mM; 11, 2.0 mMM; B——>& , 5.0 mM. B. Replot of
reciprocal apparent maximum velocity vs the reciprocal GABA concentration.

C. Replot of the reciproccal apparent Ky for 2-0G vs the reciprocal GABA
concentratien. D. Reciprocal plot of the velocity vs the concentration of GABA
with 2-0C as fixed substrzte. 2-0G concentrations: o———o, $.05 mM; o———-a,
0.1 oM; Oy, 0.2 mM; &——8, 0.5 mM; fe—n, 6.0 mM. The broken line

for 6.0 mM-2-0G indicates that substrate inhibition occurred. For reasons

of simplicity the curves obtained with 2-0G concentrations of 1.0 mM and

2.0 mM are not shown in the figure. E. Replot of the reciprocal apparent
maximum velocity vs the reciprocal Z-0G concentration. F. Replot of the
reciprocal apparent K for GABA vs the reciprocal 2-0G concentration,

54



Slope [

0.154

0.161

09

0.054

T T T

20 40 8.0
oG] mm

FIG. 2. Replot to determine the K5 for 2-0G as substrate inhibiter.
Slopes of the lines given in Fig. 1D were pleotted vs the concentration
of 2-0G. The following equation was applied to calculate Ki
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FIG. 3. Reciprocal plot of the velocity vs the concentration of GABA where
the {2-0G)/(GABA) ratio is maintained constant (ratio is 0.1). The
incubation conditions were the same as in Fig. 1.



A Ki value for 2-0G of 3.3 mM was obtained from a replot of the slopes
of the double reciprocal curves (Fig. 1D) vs the concentration of 2-0G
according te Segel (1975)(Fig. 2).

For a further verification of the appearance of a Ping Pong Bi Bi
mechanism, a reciproecal plot was calculated of the velocity vs the concen-
tration of GABA, in which the concentrations of 2-0G and GABA are varied
together with a constant ratio of G.1 (Fig. 3). A linear relationship was
clearly shown. To study the influence of the presence of an active SSA-DH on
the activity of GABA-T, the activity of this latter enzyme was measured both
in the presence (1.1 mM) and absence of NAD, using 0.5 mM-2~0G (Fig. 4 ). The
rate of conversion of GABA seemed to be higher in the presenmce than in the
absence of NAD (34.2 and 21.9 umol/g/h, respectively), while the Ko valive for
GABA was also affected (2.6 and 1.4 mM, respectively}. Thus, inhibition of
SSA-DH zppeared tc result in an apparent mixed-type inhibition of GABA-T.

/v (pmel/g/nty]

0,154

0,104

1/ [GABA] mM!

FIG. 4. The effect of inhibition of SSA-DH on the GABA-T forward reaction.
Reciprocal plot of the velocity vs the concentration of GABA in the presence
of 0.5 mM-2-0G. o——o, in the absence of NAD; e—a. in the presence of
1.1 mM-NAD to obtain irreversible conditions.

E4fect of DPA

Using a concentration of 0.5 mM-2-0G, DPA exerted a weak inhibitory action
on GABA-T activity. DPA concentrations used in these experiments were 10, 20
and 40 mM. As can be seen in Fig. 5 this effect was observed with respect to
a control containing 40 mM-sodiumisethionate, a concentration equivalent to
40 mM-Na-DPA.

The inhibiticen was found to be competitive with respect to GABA, with a
Ki for DPA of 23.2 mM. Addition of sodiumisethionate to the incubation mixture
resulted in an apparent activation of GABA-T through lowering of the Km of
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1/v (pmol/g/h) ! FIG. 5. The effect of DPA on the GABA-
T forward reaction. Reciproczl plot of the
velocity vs the concentration of GABA in
the presence of 0.5 mM-2-0G. o0—-—0,
Control in the presence of 40 mM-sodium-
0.104 isethignate; e——wo. 10 mM-DPA; 8——W0um,
20 mM-DPA; g——a, 40 mM-DPA. A replot
of the ratios of the apparent Ky and V.
values vs the DPA concentration is inserted.
showing the apparent K. of DPA.
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GABA (0.5 mM in the presence and 1.5 mM in the absence of sodium-isethionate),
whereag the Vmax only slightly differed (17.8 and 21.9 wnel/g/h, respectively).
With respect to the control without salt additien (not shown in Fig. 5) there
appeared to be hardly any inhibition, as indicated by the differences in Km
and Vmax in the presence (40 mM) or absence of DPA: Kmpppy was 1.7 mM and 1.4
mM, respectively, and the Vmax was 20.4 and 21.9 umol/g/h, respectively.

Reaction with SSA as substrate |reverse reaction)

The kinetics of GABA-T using SSA and glutamate as substrates were studied
using concentrations of 50-600 uM-S5A and 0.5-5.0 mM-Glu. A typical experiment
is shown in Fig. 6. The replots of reciprocal Km or Vmax vs reciprocal substrate
concentration shown are the means of four experiments (Figs. 6B, C, £ and F).

As with the forward reaction, two characteristics of the Ping Pong Bi Bi
mechanism were also observed in these replots. Thus, when the concentration of
one substrate, SSA or Glu, was limiting to zero, the Km for the other substrate,
Glu or SSA, respectively, also decreased to zero. On the other hand, by in-
creasing the concentration of one substrate a limiting value for the Km of the
other substrate could be eobtained, indicating saturated conditicns. In Table

2 the extrapolated values for the K of both substrates and the V are shown.
Concentrations of glutamate exceeding 5.0 mM were found to be inhibitory as
measured in the initial two experiments. These high concentrations were,
therefore, not used in the tweo subsequent experiments. Additicnal evidence
that the reaction catalysed by GABA-T cobeyed the Ping Pong Bi Bi mechanism was

obtained by measuring the inhibition of the reverse reaction by GABA (Fig. 7).
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FIG. 6. The kinetic constants of the GABA-T reverse reaction.

The incubations were performed in 50 mM-Tris-HC1 (pH &.5) at 2Z20C in the
presence of 20 mM-Z-mercaptoethanol after preincubation of the tissue in
0.5% Triton X-100. A and D are integrated Henri-Michaelis-Menten curves,

caleulated for a typical experiment. Y is equal to the amount of product formed

during the incubation time t. (85A), and (GLU), are the initial substrate
concentrations, whereas {55A)y and ?GLU)t are the substrate concentrations
at the end of the incubatien period. The slope of the lines obtained from
these curves equals -Kp, while the intercept with the vertical axis equals
the apparent V,,y. B, C, £ and F are replots of the reciprocal apparent
kinetic constants, which are the mean of four experiments, cobtained from
plots similar to A and D. The reciprocal fixed substrate concentration is
given on the horizontal axis. The equations which were applied to calculate
the limiting Michaelis constants from these plots are given in the legend
to Table 2. The resulting values are summarized in Table 2. A. Curves with
Glu as varied substrate and SSA as fixed substrate. SSA concentrations:
o—0¢, 0.10 mM; e—we, 0.15 mwM; e, 0.20 nM; B——1m, 0.40 mM. B.
Replot of the reciprocal apparent Ky for Glu vs the reciprocal $SA concen-
tration. C. Replot of the reciprocal apparent maximum velocity vs the
reciprocal SSA concentration. D. Curves with SSA as varied substrate and Glu
as fixed substrate. Giu concentraticns: o——o, 0.5 mM; e——e, (.75 mM;
O0—1{, 1.0 mM; 88—, 2.5 nM. E. Replot of the reciprocal apparent K
for S5A vs the reciprocal Glu concentration. F. Replot of the reciprocal
apparent maximum velocity vs the reciprocal Glu concentration.
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Table Z.

Kinetic constants of the GABA-T reverse reaction calculated for saiurated
conditions

Fig. & Replot KSSA(uM) KGIU(MM) v{umel/g/h)
B l/KmGluvs 1/88A 123.3 781
C /v ve 1/5SA 83.8 67.5
max
E l/KmSSAVS 1/Glu 55.2 504
F 1/v vs 1/Glu 480 58.5%
max
Mean values 87 &20 63

Apparent kinetic constants were cazlculated from four experiments as indicated
for a typical experiment in Fig. 8A and D. The mean value obtained for each
concentration of the fixed substrate used was reciprocally repletted vs the
reciprocal of the concentration of the fixed substrate. An endogencus
concentration of 44.0 uM-glutamate in the incubation medium was assumed, based
on a total brain concentration of 10 pmol/g tissue (wet wt.) (Van den Berg

et al., 1975). The follewing equations were applied:

1 K 1 1 1 K 1 1
® 7 = g x E5AY TR ©) = x Gluy R
M1y SSA SSA Pssa “Glu u Glu
© 1 y 1 1 - 1 v 1 1
= X =+ = b +
Vmax KSSA (SSA) KSSA Vmax Vmax (&1u) KGlu

The inhibition was shown to be competitive with respect to glutamate (Fig. 7A)
while that with respect to 5SA was non-competitive (Fig. 78). The apparent
Ki for GABA was 0.60 mM.

Effect of DPA

The effect of DPA on the reverse reaction was measured using concentrations
of 1, 5and 10 mM (Fig. 8). DPA competitively imhibited the conversion of
glutamate by GABA-T (Fig. 8A; Ki =z 15.2 mM), while the conversion of 53A was
inhibited in a ron-competitive manner (Fig. 8B; K, = 22.9 mM).
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FIG. 7. Effect of GABA on the GABA-T reverse reaction.

Incubations were performed in 50 mM-Tris-HC1 (pH 8.5) at 22°C in the presence
of 20 mM-2-mercaptoethancl after preincubation of the tissue in 0.5% Triton
X-100. Integrated Henrti-Michaslis-Menten curves are calculated for a typical
experiment. {See also Fig. 6). A. Inhibition of the GABA-T reverse reaction

by GABA with respect to Glu. SSA concentration is 0.2 mM. GABA concentratiocns:
o—-0, No addition; e——a, 0.5 mM; 00—, 1.0 mM; B——®&, 2.5 mM. A replot
of the ratios of the apparent Ky and Vg5, values vs the GABA concentration

is inserted, showing the apparent K; of GABA. B. Inhibition of the GABA-T
reverse reaction by GABA with respect to S5A. Glu-concentration is 1.0 mM.
GABA concentrations: o——0, no addition; s—s, 0.5 mM; O—iJ, 1.0 mM;
B\, 2.5 mM. A plot similar to that in A is inserted, showing the
apparent Ki of GABA.

Kinetics of SSA-DH

The reaction was carried out using SSA-concentrations of 25-400 uM.
Integrated Henri-Michaelis-Menten plots of the data are shown in Fig. 9.
Concentrations of 55A higher than 150 uM seemed to be inhibitory and were
omitted for the caleculation of the Km and Vmax' The Km of S5A for SSA-DH was
found to be 9.1 uM., whereas the Vmax was 27.5 umol/g/h.

Effect of DPA

Inhibition by DPA was measured using concentrations of 1, 5 and 10 mM of
the sodium salt of DPA. A control including 10 mM-sodium-isethionate
(equimolar to 10 mM-Na-DPA) was used to revezl possible effects of sadium

ions. The imhibition of SSA-DH by DPA appeared to be competitive with respect
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FIG. 8. Integrated Henri-Michaelis-Menten curves. calculated for a represen-
tative experiment, to determine the effect of DPA on the reverse reaction of
GABA-T. The incubation conditions were the same as in Fig. 6. Inhibition with
DPA with respect tec Glu, S5A concentration is 0.2 mM. DPA concentrations:
o—0, no addition; e~———e, 1 mM; O], 5 mM: B8, 10 mM. A replot to
determing the Kj of DPA with respect to glutamate is inserted, in which the
ratio of the apparent K, and V., as a function of the DPA concentraticn is
given. B. Inhibition of DPA with respect to S5A. Glu concentration is 1.0 mM.
The symbols are identical to those in A. A similar replot to determing the
Ki of DPA with respect to SSA is inserted.
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FIG. 9. Integrated Henri-Michaelis-Menten curves to determine the kinetic

constants of SS5A-DH and the effect of DPA. The incubation was carried out with
0.44 mg/ml tissue (wet wt.) in 50 mM-Tris-HC1 (pH 8.5) at 22°C in the presence
of B.2 mM-Z-mercapteethanol. Bars represent S.E.M. (n=3). o——0, No addition;
g, 1 mM-DPA; O———, 5 mM-DPA: B——=&, 10 mM-DPA; k—e—d, contrcl with
10 mM-Na-isethionate. A replot to determine the Kj of DPA with respect to 55A
is inserted, in which the ratio of the apparent Ky and V.. as a functicn of the
DPA concentration is given.
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tc 33A (Fig. 9) K, = 0.5 mM. However, by increasing DPA concentrations the
Vmax was alse increased {Vmax = 51.5 umol/g/h). Such an enhancement of the
activity was also observed in the control containing sodium-isethionate

(Vmax = 35.6 umol/g/h}. The apparent difference between this latter
enhancement and the DPA-induced increase of the sctivity was not statistically

significant.
DISCUSSION

Administration of DPA (400 mg/kg, i.p.) increases GABA concentrations in
rat brain up to 140% (Godin et al., 1969; Horton et al., 1977; Schwarcz et
al., 1577} while a similar increase was observed after oral administration of
the same dose (Kukino & Deguchi, 1877). The present results indicate that
inhibition of SSA-DH by DPA is responsible for this increase in GABA.

Several suthors have simultaneously determined the K's of GABA and 2-0G for
GABA-T in several species including rabbit, mouse and bovine (Waksman & Roberts,
1965; Schousboe et al., 1973; Simler et al., 1973; John & Fowler, 19763
Tunnicliff & Ngo, 1977; Kobayashi et al., 1977; Maitre et al., 1978).

Three reports concerning rat brain GABA-T are krown (Pitts et al., 1965;
Sytinski & Vasilijev, 1970; Maitre et al., 1975), in which zlmost identical
affinities of the substrates 2-0G and GABA for the enzyme GABA-T were reported,
while the present results revezled a K for GABA which was 6 times higher than
that for 2-0G. This discrepancy is probably due to different incubation
conditions.

The data indicated that at high 2-0G concentration a dead-end 2-0CG-enzyme
complex iz fermed (Fig. 1A and D}. Although seversl authors have observed
substrate inhibition of the forward reaction by 2-0G in several species
(Scott & Jakoby, 1959; Hall & Kravitz, 1967; Sytinski & Vasilijev, 1970;
Tunnicliff & Ngo, 1977; Maitre et al., 1978), only Maitre et al. ( 1975)
reported results comparable with the present data. Recalculation of the data
obtained by Maitre et al. (1%75) according to Segel {1975) resulted in a Ky
for 2-0G of spprox 12 mM, while the authors themselves reported a value of
0.18 mM. This recalculated Ki is of the same order of magnitude as that
calculated from the present dats (3.3 mM).

The observation that 2-0G could beguantitatively recovered after 1 h of
incubation using assay conditions for the reverse reaction indicated the
absence of any significant 2-0G converting aminotransferase activity (e.g.

aspartate aminotransferase) as suggested by Maitre et al. ( 1976). while
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GABA and 2-0G both exhibited higher affinity for GABA-T during the forward
reaction, as discussed above, the affinities of SSA and Glu in the reverse
reaction were also higher than those reported by others (Harvey et al., 1975;
Maitre et al., 1975).

The Ki of GABA (0.6 mM) must be viewed as an apparent value measured at a
fixed concentration of Glu (1.0 mM) or SSA (0.2 mM). Nevertheless, it might
be a good estimate of the real value since the concentrations of both
substrates used exceeded their K values for GABA-T.

It seems remarkable that the Ki of GABA for the reverse reaction, which
represents the extent of binding of GABA to the aldimine form of GABA-T
without subsequent conversion in competition with respect to Glu, is lower
than the K of this substance for the forward reaction, which represents the
extent of GABA converted into SS5A by the enzyme. This suggests that in the
overall conversion of GABA into SSA and the concomitant conversion of the
aldimine form of the enzyme irto the ketimine form, the binding of GABA to
the enzyme does not represent the rate-limiting step.

This interpretation is consistent with the results of John & Fowler (1976),
who reported that the conversion of the GABA-enzyme complex from the
aldimine into the ketimine form is relatively slow as compared with identical
steps in other transaminase catalysed reacticns.

The enzyme kinetics of GABA-T presented are consistent with a Ping Pong
Bi Bi mechanism, which is generally accepted to be the underlying mechanism
for transamination reactions. According to Segel (1975) the family of parallel
lines (Fig. 1A), as well as the linear recipreocal plot when the concentrations
of 2-0G and GABA are varied tfogether with a constant ratio (Fig. 3) are
sufficient for the identificaticn of a Ping Pong Bi Bi mechanism.

An ordered Bi Bi mechanism, which may yield similar results under certain
conditions, can be rejected, since the inhibition pattern of GABA in the
reverse reaction does not fit in with this latter system. Four equations,
relating the equilibrium constant and the variocus kinetic constants (Haldane
relgtionships) are operative in the Ping Pong Bi Bi mechanism. The following
equation provides an indication of the occurrence of the reverse reaction in

this system.

v.\2 vk
K = (—) x —2ACG Glu  _ q.04 (2)
q v KooK

r casat2-03

VF and Vr are the velocities of the forward reaction and reverse reaction

respectively. Two values for the Keq of GABA-T from different species have
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been reported: for mouse brain GABA-T, KEq = 0.29 (Duffy et al., 1972). and
for Pseudomonas fluorescens GABA-T, Keg = 0.10 (Scott & Jakoby, 1959). The
latter two Ke 's have been determined by measuring the concentrations of the
substrates when the reaction was allowed to come into equilibrium, applying
the following equation:

(6ABA) (2-0G)
Keq S NG (3)

Scott & Jakaby (1959) have reported the effect of different initial
substrate concentrations on the resulting Keq' Since the Ke . calculated with
equation (2) is independent of the substrate concentrations, this valus seems
to be more reliable. Besides 2 species difference, it might be possible that
the discrepancy in these Keq values and the present value is due to a
different way of calculating the Keq'

The present observation that omissicn of NAD from the incubation mixture
resulted in an impaired GABA-T activity during the assay of the forward
reaction (Fig. 4) is in agreement with the findings of Hall & Kravitz (1967)
using lobster GABA-T, and can be taken as indirect evidence for an equilibrium
biased towards GABA.

Although the value of the Keq strongly suggests that the equilibrium is
biased towards GABA. it seems doubtful whether this mechanism will contribute
tc the in vive synthesis of GABA, since the substrate for the reverse reaction,
S8A, is continuously removed by a subsequent almost irreversible reaction
via S8A-DH (Pitts & fQuick, 1965). Although the present value of the Vmax of
SSA-DH is not very high, it is not directly comparable with the value of the
V of GABA-T, since somewhat different conditions were used.

Recent studies have indicated that monovalent and bivalent cations can
affect the activity of SSA-DH (De Boer & Bruinvels, 1977b). Therefore,it is
conceivable that, in wivo. these ipns exert s regulating role inm the meta-
bolism of SSA and will therefore indirectly affect the formation of GABA via

the reverse reaction of GABA-T.
Effect of DPA

The preferential action of DPA on SSA-DH, as shown by its higher affinity
for this enzyme compared te that for GABA-T, is in agreement with the findings
of Harvey et al. (1975) and of Anlezark et al. (1976). Only a slight inhibitory
effect of DPA on the GABA-T forward reacticn was found using conditions which

excluded interference of DPA with SSA-DH. The Ki of DPA (23.2 mM) for this
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reaction is in the same order of magnitude as those found by Maitre et al.
(1974) for mouse brain GABA-T (approx 1B mM} and Fowler et al. (1975) for
rabbit brain GABA-T (42 mM} wsing an assay in which SSA is measured directly.
Recently, Kukino & Deguchi (1977) reported only a 10% inhibition of rat brain
GABA-T using 60.2 mM-DPA. The lower values for the Ki of DPA reported by
Maitre et al. (1976) for rat brain (9.5 mM) and Simler et al (1973) for mouse
brain {1.4 mM) may be due to simultaneous inhibition of SSA-DH, since these
authors have used a coupled enzyme assay.

In preliminary experiments, using the coupled assay of De Boer & Bruinvels,
(1977a ). omission of NAD from the reaction mixture, which imhibited SSA-DH
completely, and addition of 10 mM-DPA in the presence of NAD gave the same
results (unpublished).

As shown in Fig. 4, inhibition of SSA-DH by omission of NAD from the
incubation mixture also resuited in an inhibition of GABA-T, indicating that
this inhibition is not the result of a direct effect on GABA-T.

The Ki of DPA for the reverse reaction catalysed by GABA-T in the present
study (15.2 mM with respect te glutamate and 22.9 mM with respect to $5A),
was of the same order of magnitude as that reported by Godin et al. (1969%).
The difference between the Ki values for DPA with respect to Glu and 55A, on
the one hand, and the different type of irhibition on the other hand, indicate
that the affinity of DPA for the aldimine form is higher than that for the
ketimine form of the enzyme. This has also been reported by Fowler et al.
(1975} using rabbit brain GABA-T.

This higher affinity of DPA for the aldimine form of the enzyme sesems
surprising since the carboxyl group of the amino acids, which is thought to be
equivalent tc the carboxyl group of DPA, appears to be of minor importance in
the specific binding to the aldimine form (Snell & Di Mari, 1970).

The present experiments revealed a Ki of DPA for SSA-DH of 0.5 mM, which is
more or less consistent with Ki's reported by Harvey et al. (1975) and
Anlezark et al. (1976), namely 1.5 oM and a value below 1 mM, respectively.
However, a higher Ki {4 mM) was reported by Maitre et al. (1976). Nevertheless,
it can be concluded that DPA has a much higher affinity for SSA-DH than for
GABA-T.

The increase in the apparent Vmax for SSA-DH observed after addition of DPA
must be ascribed to the presence of sodium ions in the incubation medium,
since in the control experiment in which an equimclar concentraticn of sodium-
isethionate was used instead of the Na-DPA salt, a comparable increase in the

¥V

may “as shown.
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As discussed, the Ki values for GABA-T (reverse reaction) and SSA-DH differ
considerably, being 0.5 mM for SSA-DH and 22.9 mM for GABA-T. Consegquently,
it may be expected that DPA, administered {n vivo, might primarily cause a
strong inhibition of SSA-DH, since the concentration of DPA in brain will
reach only low values, of the order of magnitude of the Ki of DPA for SSA-
DH, whereas much higher concentrations of DPA are required for significant
inhibition of GABA-T. It has been reported that plasma levels of DPA in man
are 0.07-1.0 mM (Sawaya et al.. 1975). In view of the reports that brain
levels of DPA are approx 30% of the plasma level in mice (L®scher & Frey,
1977; Schobben & Van der Kleyn, 1974) and monkeys (Schobben et al., 1977),
these data favour a preferemtial action of DPA on SSA-DH in vivo.

The affinity of SSA-DH, which was shown to differ markedly from the affinity
of S5A for GABA-T, would be expected to decrease in the presence of DPA to the
same value or even lower than that obtained for GABA-T. Therefore, addition
of DPA will cause accumulation of $SA, thus initiating the conversion of
SSA into GABA via the reverse reaction of GABA-T.

In contrast to the present results., Maitre et al. (1976) reported that
addition of p-hydroxybenzaldehyde, a potent SSA-DH inhibitor, im vitre, does
not change the conversicn of GABA into SSA by GABA-T. However, from their
experiments it can be calculated that less than 10 uM-SSA was formed during
the incubation, a concentration which is far below the K of SSA for GABA-T
{87 uM) to imitiate the reverse reaction of CGABA-T.

An additional mechanism by which DPA might contribute to an increase in
GABA concentration in brain is inhibiticn of the GABA-T forward reacticn by
the DPA induced accumulation of SSA. The present data show that omission of
NAD from the imcubation mixture, resulting in an inactive SSA-DH, greatly
reduced {30%) the measured activity of GABA-T. SSA accumulated during the
incubation period of 30 min, reaching a final concentration of 30-40 uM.
This concentration would be sufficient to cause product inhibition but might
be too low to explain the increase in GABA via conversicn of 5SA. From a
Hzldare equation, which is an equivalent of equation (2), the K. of SSA for
GABA-T could be calculated as follows:

Voo oK K

. _ GABA "2-0g  _
Kigep = Kogom X ——"9 = 19 uM

ea vy
f KGlu

66



This valus is a rough estimate of the real value but it provides an
indication of the ordsr of magnitude. The value is gquite low if compared with
known data. Maitre et al. {1975) have found a competitive inmhibition of
GABA-T by SSA with respect to GABA with a Ki of 4 mM. However. this type of
inhibition does not fit with the Ping Pong Bi Bi mechanism, since in this
system non-competitive inhibition has to be expected. Dye & Taberner (1975)
were not able to find any inhibitory effect of S5A using concentrations of up
to 20 mM. These authors, however, did not use Triton X-100 in their incubaticon
mixture to obtain maximal activity of the enzyme.

The present results indicate that two mechznisms can be held responsible
for the DPA induced increase in GABA. The primary effect is inhibitien of
S5A-DH and will result in accumulation of SSA, which will inhibit the forward
reaction of GABA-T preventing the degradation of GABA. A further increase of
SSA will initiaste the conversien of 5SA into GABA by the reverse rsaction of
GABA-T, Thus, DPA will act indirectly as an inhibitor of the GABA-T forward
reaction. A schematic presentation summarizing the mechanism involved in the
action of GABA and S5A 1s shown in Fig. 10.

_DPA-_
Ki=232mM \Ki=

JAz08mM T g m |
CoN IO }
GABA =—=SSA — SA

\\\\_,//J ' ;\\\—’/j
N L
_Ki=1 guM

K=1.5mM Ken=91uM

FIG. 10. Limiting Michaelis constants and inhibition constants of GABA, SSA
and DPA for GABA-T and SSA-DH. The unbroken lines represent the Michaelis
constants, indicating the affinity of the substrate for the binding to the
egnzyme resulting in conversion. The broken lines represent the inhibition
constants, indicating the affinity of the substrates (or products) for binding
to the enzyme not resulting in conversion. The inhibition constant for CPA

is also represented, as a broken line.

Although many autheors ascribed the anticonvulsant action of DPA to an
enhanced GABA level (Codin et al., 1969; Anlezark et al., 1976; LBscher &
Frey, 1977), which has been shown to be correlated {Simler et al., 1973; Wood
et al., 1977; Lust et al., 1978), it was not until now clearly understood
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how DPA exerts its action, because of its weak inhibitory effect on GABA-T
{Kukino & Deguchi, 1977; Fawler et al., 1975). The action of DPA on SSA-DH
and the effects of the resulting accumulated SSA might explain the increase
in GABA levels in a more satisfactory way. It is interesting to note that
inhibitors of GABA-T like ADAA exert their action via trapping of pyridoxal
phosphate and therefore the action of GAD, which alse needs this cofactor,
will be impaired too. Inhibition of SSA-DH might, therefore, be a better

choice to increase GABA levels {n vivo.
REFERENCES

Anlezark,G., Horton,R.W., Meldrum,B.S., Sawaya,M.C.B.{1976) Anticonvulsant
action of ethanolamine-0O-sulphate and di-n-propylacetate and the metabolism
of y-amincbutyric acid (GABA) in mice with audiogenic seizures.

Biochem. Pharmac. 25, 413-417

Baxter, C.F., Roberts, £.{1961) Elevation of y-aminobutyric acid in brain:
selective inhibition of y-amincbutyric-c-ketoglutaric acid transaminase.
J. Biol. Chem. 236, 3287-32%4

Cieland, W.W. (1963) The kinetics of enzyme-catalyzed reactions with two or
more substrates or products 1. Nomenclature and rate equations. Biochim.
Biophys. Acta 67, 104-137

De Boer, Th., Bruinvels,J. (1977a) Assay and properties of 4-aminobutyric-2-
oxoglutaric acid tranmsaminase and succinic semialdehyde dehydrogenase in
rat brain tissue J. Neurochem. 28, 471-478

De Boer, Th., Bruinvels, J. (19778} Succinic semizldehyde dehydrogerase:
activation by monovalent and bivalent cations. Precc. Int. Soc. Neurochem.
6, 524

Duffy, T.E., Nelsaen, S.R., Lowry, O.H. (1972) Cerebral carbohydrate metabolsim
during acute hypexia and recovery. J. Neurochem. 19, 959-3977

Dye, D.J., Taberner, P.V. (1975) The effect of scme newer anassthetics on the
{n vitre activity of glutamate decarboxylase and GABA transaminzse in
crude brain extracts and on the levels of amino acids {n vive. J. Neuro-
chem. 24, 997-1001

Fowler, L.J., John, R.A. (1972) Active-site-directed irreversible inhibition
of rat brain 4-aminobutyrate amino-transferase by ethanolamine-0-
sulphate {n vitre andin vivo. Biochem. J. 130, 569-573

Fowler, L.J., Beckford, J., John, R.A. (1975) An analysis of the inhibition
of rabbit braim y-aminobutyrate aminotransferase by sodium n-dipropyi-
acetate and some other simple carboxylic acids. Biochem. Pharmac. 24,
1267-17270

Garces, E., Cleland, W.W. (1949) Kinetic studies of yeast nucleotide di-
phesphate kinase. Bicchemistry, Easton 8, 833-640

Godin, Y., Heiner, L., Mark., J., Mandel, P. (1969) Effects of di-n-propyl-
acetate, an anticonvulsive compound, on GABA metabolsim. J. Neurochem.
16, 869-873

Hall, Z.W., Kravitz, E.A. (1967) The metabolism of y-aminobutyric acid (GABA)
in the lobster nervous system-1. GABA-glutamate transaminase. J. Neurocchem.
14, 45-54

Harvey, P.K.P., Bradford, H.F., Davison, A.N. (1975) The inhibitory effect
of sodium n-dipropylacetate on the degradztive enzymes of the GABA shunt.
FEBS Lett. 52, 251-254

68



Henscn, £.P., Cleland, W.W. {1984) Kinetic studies of glutamic oxaloacetic
transaminase isozymes. Biochemistry, Easton 3, 338-345

Horton, R.W., Anlezark, G.M., Sawaya, M-C.B., Meldrum, B.S5. (1977) Mono-
amine and GABA metabolism and the anticonvulsant action of di-n-propyl-
acetate and ethanolamine-0-sulphate. Eur. J. Pharmac. &1, 387-397

John, R.A., Fowler, L.J. (1976) ¥inetic and spectral properties of rabbit
brain 4-amincbutyrate aminotransferase. Biochem. 3. 155, £45-651

Jung, M.J., Lippert, B., Metcalf, B.W., Schechter, P.J., B&hlen, P.,
Sjoerdsma, A. (1977) The effect of 4-amino-hex-5-ynoic acid ({y-acetylenic
GABA, Y-ethynyl GABA) a catalytic inhibitor of GABA metabolism {n vivg.
J. Neurochem. 28, 717-723

Kobayashi, K., Miyazawa, $., Endo, A. (1977) Isolation and inhibitory
activity of gabaculine, a2 new potent inhibitor of Y-aminobutyrate aminc-
transferase produced by a streptomyces. FEBS Lett. 75, 207-210

Krnjevié, K. (1970) Glutamate and y-aminobutyric acid in brain. Nature, Lond.
228, 119-124

Kukinc, K., Dequchi, T. {1977} Effects of sodium dipropylacetate on Y-amino-
butyric acid and biogenic amines in rat brain. Chem. Pharm. Bull., Tokyo
25, 2257-2262

Lischer, W., Frey, H.H. (1977} On the mechanism of action of valproic acid.
Arzneim. Forsch./Drug Res. 27, 1081-1082

Lust, W.D., Kupferberg, H.J., Yonekawa, W.D., Penry, J.K., Passonneau, J.V.,
Wheaton, A.B. (1978) Changes in brain metabolites induced by convulsants
or electroshock: effects of anticonvulsant agents. Molec. Pharmac. 14,
347-356

Maitre, M., Cieselski, L., Mandel, P. (1974) E£ffect of Z-methyl-2-ethyl-
caproic and 2-Z-dimethyl valeric acid on audiogenic seizures and brain
gamma-aminobutyric acid. Biochem. Pharmac. 23, 2363-2368

Maitre, M., Cieselski, L., Cash, C.,Mandel, P. (1975) Purification and studies
on some properties of the 4-aminobutyrate: 2-gxoglutarate transaminase
from rat brain. Fur. J. Biochem. 52, 157-169

Maitre, M., Osscla, L., Mandel, P. (1976} In vifre studies into the effect
of inhibition of rat brain succinic semialdehyde dehydrogenase on GABA-
synthesis and degradztion. FEBS Lett. 72, 33-57

Maitre, M., Cieselski, L., Cash, C., Mandel, P. {1978) Comparison of the
structural characteristics of the 4-aminobutyrate: 2-oxoglutarate trans-
aminases from rat and human brain, and of their affinities for certain
inhibitors. Biochim. Biophys. Acta 522, 385-399

Matsushima, Y., Martell, A.E. (1987) Pyridoxal analegues. X. Zinc (I1I)-
chelate catalysis of transamination in methancl soluticn. J. Am. Chem.
Soc. 89, 1331-1335

Meister, A. (1955) Transamination, in Advances in Enzymology (Nord F.F. ed)
Vol. 16, pp.185-246. Interscience, New York

Pitts, F.N., Quick, C. (1965) Brain suceinate-semialdehyde dehydrogenase-
1, assay and distribution. J. Neurochem. 12, 893-500

Pitts, F.N., Quick, €., Robins, £. (1965} The enzymatic measurement of y-
amincbutyric-ti-oxoglutaric transaminase. J. Neurochem. 12, $3-101

Sawaya, M.C.B., Horton, R.W., Meldrum, B.S. (1975) Effects of anticonvulsant
drugs on the cerebral enzymes metabolizing GABA. Epilepsia 16, 649-855

Schechter, P.J., Tranier, Y., Jung, M.J., Bdhlen, P. (1977) Audiogenic seizure
protection by elevated brain GABA concentration in mice: effects of y-
acetylenic-GABA and y-vinyl-GABA, two irreversible GABA-T inhibitors.
Eur. J, Pharmac. 45, 319-328

Schobben, F., Van der Kleyn, E. (1974) Pharmacokinetics of distributior and
elimination of sodium di-n-propylacetate in mouse znd dog. Pharm. Week-
blad 109, 33.42

59



Schobben, F., Van der Kleyn, E., Vree, T.B., Guelem, P.J.M. (1977) Pharmaco-
kinetics of dipropylacetate (2-n-propyl pentanocate) in men and laboratory
animals, in Antiepileptic Drug Monitoring. (Gardner-Thorpe, C., Janz,

0., Meinardi, H., Pippenger, C. eds.) pp. 147-169 Pitman, Kent

Schousboe, A., Wu, J.-Y., Roberts, E. (1573) Purification and characterizatien
of the 4-aminobutyrate-2-ketoglutarate transaminase from mouse brain.
Bicchemistry, Easton 12, 2868-2873

Schwarez, R., Bennett, J.P., Coyle, J.T. (1977) Inhibitors of GABA metabolism:
implications for Huntington's disease. Ann. Neurol. 2, 29%-303

Scott, E.M., Jakoby, W.B. (1559) Soluble y-aminobutyric-glutamic transaminase
from Pseudemonas fluorescens. J. Bigl. Chem. 234, 932-934

Segel, I.H. (1975) Enzyme Kineties. Wiley, New York

Simler, S., Cieselski, L., Maitre, M., Randrianmarisca, M., Mandel, P. (1573)
Effect of sodium n-dipropylacetate on audiocgenic seizures and brain y-
amingbutyric acid level. Biochem. Pharmac. 22, 1701-1708

Snell, E.E., Di Mari, S.J. (1970) Schiff base intermediates in enzyme catalyses,
in The Erzymes (Boyer, P.D. ed.), 3rd Ed., Vol. 2. pp. 335-370. Academic
Press, New York

Sytinski, I.A., Vasilijev, V.Y. (1970} Some catalytic properties of purified
Y-aminobutyrate-o-oxoglutarate transaminase from the rat brain.
Enzymologia 39, 1-11

Takeda, M., Kinoshita, T., Tsuji, A. (1974) A fluorophotometric method for
the determination of a-oxoacids by using pyridoxamine and Zinc (II)ion.
Analyt. Biochem. 72, 184-190

Tapia, R. (1975) Biochemical pharmacology of GABA in CNS, in Handbock of
Psychopharmacology (Iversen, L.L., Iversen, S.D., Snyder, S.H., eds.)
Vol. 4, pp. 1-58. Plenum Press, New York

Tower, D.B. (1976} GABA and seizures: clinical correlates in man, in GABA
in Nervous System Function. (Roberts, E., Chase, T.N.. Tower, D.B. eds.)
pp. 461-478. Raven Press, New York

Tunnicliff, G., Ngo, T.T. (1977) The mode of action of homocysteine on mouse
brain glutamic decarboxylase and y-amincbutyrate aminotransferase. Can.
J. Biochem. 535, 1013-1018

Van den Berg, C.J., Mstheson, D.F., Ronda, G., Reynierse, G.L.A., Blokhuis,
G.C.D., Kroon, M.C., Clarke, D.D., Garfinkel, D. (1975} A model of
glutamate metabolism in brain: a bicchemical analysis of a heterogenocus
structure, in Metabolic Compartmentation and Neurctransmission. NATO
Advanced Study Institute Series, Vol. 6 (Berl., S., Clarke, D.D., Schneider,
D., eds.) pp. 515-543. Plenum Press, New York

Waksman, A., Roberts, E. (1965) Purification and some properties of mouse
brain y-aminobutyric-o-ketoglutaric acid transaminase. Biochemistry,
Easton 4, Z132-2138

Wood, J.D., Durham, J.S., Peesker, §.J. (1977) Effect of di-n-propyl-
acetate and y-acetylenic GABA on hyperbaric oxygen-induced seizures and
GABA metabolism. Neurochem. Res. 2, 707-715

70



CHAPTER III

FFFECTS OF BRANCHED-CHAIN FATTY ACIDS ON GABA-DEGRADATION AND
BEHAVIQUR:

FURTHER EVIDENCE FGR A ROLE 9F GABA IN QUASI-MORPHINE ABSTINENCE
BEHAVIOUR

J.W. van der laan, A.W.C.M. Jacobs and J. Bruinvels

Published in Pharmacology Biochemistry & Behavior 13 (1980)843-849

ABSTRACT

An increase in GABA-ergic activity has been implicated in the initiation
of quasi-morphine abstinmence behaviour by di-n-propylacetate (DPA). Two
structural analogues of DPA, namely the branched-chain fatty acids Z-methyl
2-ethyleaproic acid and 2,2-dimethylvzleric acid have now been used to study
this relationship between behavioural and bicchemical effects. A correlation
appeared to exist between the Ki of these compounds for succinic semi-
aldehyde dehydrogenase, the second enzyme in the degradation of GABA, and
the doses exerting a maximum effect on behaviour. On the other hand, concurrent
inhibition of GABA-transaminzse seemed to suppress the behavioural effects
of the fatty acids. This apparent paradox can possibly be explained by
supposing a different action of the fatty acids in distinct compartments of
the brain, suggesting an important role for increased GABA-ergic activity in
the neurcnal compartment in the initiztion of the gquasi-morphine abstinence

behaviour.
INTRODUCTIGON

Elevation of GABA levels by di-n-propylacetate has been shown to occur via
inhibition of suceinic semialdehyde dehydrogenase (SSA-DH), the secend enzyme
in the degradation of GABA {Harvey et al., 1975; Van der Laan et al., 1979).
The resulting accumulation of succinic semialdehyde (SSA) probably increases
GABA concentration by product inhibition of GABA-transaminase (GABA-T). In
addition, backward formaticn of GABA from SSA may occur since the reactions
catalysed by GABA-T are strongly biased towards GABA (Van der Laan et al.,
1979].
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In order to find more evidence for the involvement of this mechanism in
DPA-induced 'quasi-morphine abstinence"behavigur ( De Boer et al., 1977), we
have studied ths effects of some aznalogues of DPA both on behaviour and on the

enzymes involved in GABA-degradation.
MATERTIALS AND METHODS
Behavioural Sfudies

Animats

Male albino rats (100-200 g), randomly selected from an inbred Wistar
strain (TNQ, Zeist, The Netherlands), were used for all experiments. The
animals were housed Four or Tive to a plastic cage with food and water ad 1ib.
Lights were kept on from 8.30 a.m. till 20.30 p.m. Behavioural observations
were performed between 10.00 a.m. and 16.30C p.m. in a room with constant back-
ground noise and a constant temperature of 22 + 1°c.
Behavdout

Cbservation of behaviour was carried out essentially as described by Ce
Boer et al. (1977). Briefly, the scoring system of Frederickson and Smits
{1973) was used, in which scores of 0 {absent), 2 (mild) or 4 {marked) were
given to penile erecticn, penis licking, ptosis, teeth chattering, swallowing,
tremor, hunchback posture and pilcerection. Escape digging, body shaking, head
shaking and foreleg shaking were cocunted and assigned scores of 2, 4, 6, 8 or
10 if they occurred 2-5, 6-10, 11-20, 21-40 or more than 40 times, respectively,
during the observation period of 15 min. Horizontal activity was measured
using & Varimex activity meter.
Drug preparation and administration

Sodium di-n-propylacetate (Sodium Valproas, Albic BV, Maassluis, The
Netherlands) was dissolved in deionized water (0.6 mmol/ml). 2-Methyl, 2-
ethylcaproic acid (MEL) and 2,2-dimethylvaleric acid (DMV) were a gift from
Prof. Dr. A lLespagnol (Lille, France) and were, like caproic acid (Merck,
Darmstadt, GFR) dissolved in deionized water, together with an equimolar
quantity of sodium hydroxide to obtain a similar solution as for DPA. For
intraperitcneal injections, the fellowing concentrations were used: MEC, 0.3
mmol/ml; DMV, 0.4 mmol/ml; and caproate, 1.2 mmol/ml.
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Biochemical Studies

Materials

Apart from the drugs mentioned above, the following compounds were used:
GABA was obtained from Calbiochem: Triten X-100 and 2-mercaptoethanol were
obtained from BDH Chemicals Ltd. $SA was purchased from Sigma Chemical
Company. NAD and NADH were obtained from Boshringer Mannheim. (U—IAC)GABA
(specific radioactivity 224 mCi/mmol) was obfained from the Radicchemical
Centre, Amersham. All other chemicals were purchased from Merck, Darmstadt.
Tissue preparation

Randomly selected male Wistar rats (125-175 g) were killed by decapitation
and their brains were rapidly removed and weighed. A 10% (w/v) brain homogenate
was prepared in an ice-cold solution containing 0.32 M-sucrose and 4.5 mM-
2-mercaptoethancl, using a Teflon-glass Potter-Elvehjem homogenizer. One
volume of the homogenate was added to 3 vol of ice-ccld Triton medium (0.67%
w/v Triton X-100, 50 mM-Tris-HC1 (pH 8.5) and 4.5 mM-2-mercaptoethanol) and
kept in ice water for 1 h before use.
GABA-T assay

For the assay of GABA-T a radiochemical method was used, as previously
described ( De Beer and Bruinvels, 1977), with the following medificaticns.
NAD was omitted from the incubation mixture to exclude interference with SSA-
DH. Tissue coneentration was 1.11 mg/ml{wet wt.). Drugs, as mentiored abave,
were used as their scdium salts and, when necessary, sodium isethicnate was
added tc obtain a standard sodium cencentration of 20 mM in all incubaticn
media. After preincubation at 22°C for 30 min, the reaction was started by
the addition of homcgenate and subsequently the mixture was incupated for a
further 80 min at the same bath temperature. All experiments were ecarried cut
in duplicate.
SSA-DH assay

Measurement of SSA-DH activity was pesrformed as previously described (De
Boer and Bruinvels, 1977) using a tissue concentration of 0.44 mg/ml (wet
wt.). In all incubgstions the sodium comcentration used was 10 mM. Al
incubaticns were performed in quadruplicate.
Date analysis

lhe kinetie parameters of GABA-T were celculated from Lineweaver-surke
plots. Since in the assay of SSA-DH more than 5% of the initial concentration
of SSA was converted, the apparent kinetic constants were calculated using

the integrated form of the Henri-Michaelis-Menfen eguation (5egel, 1975).
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The type of inhibition of the enzymes by the fatty acids was determined
graphically. The Ki's were calculated from a replot of the ratic of the
apparent Km and Vmax versus the concentration of the inhibitor as suggested
by Segel (1975) for mixed type inhibitionms. All constants were calculated
from the plots using the method of least squares.

RESULTS

Behaviowr

As shown in Table 1 and Fig. 1, most behavicural symptems induced by DFA
could also be evoked by the other brenched-chain fatty acids, MEC and DMV.
In contrast, only a few so-called "checked signs™, viz. swallowing, hunch-
back posture, piloerection and ptosis, could be observed after injection of
the short straight-chain fatty acid, caproic acid.

numkers/1S min activity counts
30 body shakes A 3p0) Nerizentat activity B abstinence score C
20
200 20
!
| i
*© 100 }_g/k 10)
o‘» oot e . h ——o 1
L A Il — S L L. el o] I I3 L
15 30 &0 90 15 30 &0 S0 12 30 €0 20
mmol/kg mmotskg mrol/skg

FIG. 1. Dose-effect curves of the behaviour observed after injection of some
branched-chain fatty acids or caproate. Rats were treated with increasing
doses of DMV, MEC, DPA or caproate after which their behaviour was cbserved
for 15 min. Bars represent SEM. For each compound the same symbol in all

figures was used: o——o, OPA; e—eo, MEC; O—-0, DMV; @~—, Caproate;
A, NaCl.
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Table 1, Effect of short-chain and branched-chain fatty acids on behavioural parameters

Counted Signs Checked Signs
Compound  Dose n  Escape Head Swallowing Hunchback Pilo Penis Ptosis Teeth
mmol/kg digging  shakes posture erection licking chattering
DMV 0.6 3 - 1/3 -- 1/3 - e - —-—
1.2 4 -- - 3/4 1/4 1/4 1/4 2/4 --
1.8 4 3/4 1/4 3/4 4/4 1/4 3/4 2/4 1/4
2.4 4 1/4 -- 3/4 4/4 2/4 1/4 2/4 2/t
3.0 4  1/4 2/4 1/4 4/4 1/4 1/4 1/4 1/4
3.6 & - 1/4 - 4/4 4/4 - 2/4 -
5.4 5 - - -- 2/5 4/5 -- - e
HEC 0.6 3 - 1/3 - 2/3 1/3% 1/3 e -
0.9 4 2/4 - 1/4 4/4 2/4 L/4 1/4 --
1.2 4 e 2/4 -- 2/4 4/4 - —_— -
1.5 4 - - e -- 374 - 1/4 --
1.8 4 - 1/4 - 1/4 1/4 - 1/4 -
2.4 30 - 1/3 - 1/3 2/3 - 1/3 -
BPA 0.6 3 1/3 -- 1/3 e - 1/3 - 1/3
1.2 4 1/4 2/4 1/4 2/4 3/4 2/4 2/4 -
1.8 4 3/4 3/4 2/4 4/4 4/4 1/4 2/4
2.4 4 7/4 1/4 274 474 a4/ - - -
3.6 4 -- 2/4 - 474 3/4 1/4 - -
5.4 4 - 1/4 - 4/4 3/4 - - -
Caproate 3.6 3 — -- -- 2/3 2/3 -- 1/3 -
5.4 3 - -~ 1/3 303 3/3 -- ZEES
7.2 3 - - 1/3 2/3 - - —-— -
2.0 3 - - 1/3 2/3 1/3 -- 2/3 --
NaCl 1.8 4 1/4 1/4 1/4 - e -- e --

Survey of the abstinence behaviour induced by MEC, DMV, DPA and caproate in rats treated with varying doses
and observed for 15 min. For all symptoms the ineidence has been given, showing the number of rats in which
that particular symptom was observed at the given dose. As a control four rats were trested with NaCl

(100 mg/kg). The maximally effective doses for each symptom have been underlined.



As can be seen in Fig. 1, the dose which induced the maximzl number of
body shakes was, for MEC, 1.2 mmol/kg, whereas with doses higher than 1.8 mmol/
kg a decrease was cbserved. With DMV, a maximal number of body shakes was
obtained using 1.8 mmol/kg, while for DPA this was the case with 2.4 mmol/kg
(Fig. 1A).

Maximum activity after injection of MEC was found using a dese of 0.9 mmol/
kg, while maximal locomotor activity after DPA was cbtained using 2.4 mmol/kg
and after DMV, when using 3.0 mmol/kg. Caproate did not alter the activity,
as compared with NaCl treatment, up to doses of 9.0 mmol/kg. The decrease in
motor activity obtained after administration of high doses of the branched-
chain fatty acids was caused by a loss of righting reflex occurring within the
cbservation period (Fig. 1B).

As was found for body shakes and locomotor activity, so with regard to the
total abstinence score {Fig. 1C}, MEC was shown to be the most potent compound,
eliciting a maximum score after administration of 0.9 mmol/kg. For DMV and
DPA the highest abstinence score was svoked using a dose of 1.8 mmol/kg.

Comparing the magnitude of the maximal activity of the various compounds,
DPA was found to be the most potent compound in evoking body shakes, hori-
zontal activity and abstimence behavigur (Fig.l) . Using MEC, a higher number
of body shakes and activity counts was obtained when compared to DMV, wheresas
the DMV-induced maximal abstinence score was somewhat higher than found for
MEC.

With regerd to the checked signs (Table 1), no great differences were
apparent between all compounds tested. Therefore, the differences in the
total sbstimence score can only be ascribed to differences in counted signs,
such as body shakes and escape digging. As already mentioned, counted signs

were not observed after injection of caproate.
Blochemistny

The kinetics of GABA-T were studied using concentrations of 0.5-5.0 mM
GABA and 0.5 mM 2-oxoglutarate. The concentrations of MEC, DMV and caproate
were 5, 10 and 20 mM for each compound. Linewsaver-Burke plots are presented
in Fig. 2. From these plots the Ki's were calculated using a replot of the
ratio of the Kmand Vmax vs the concentration of the iphibitor and the
calculated Ki’s are presented in Table 2. MEC was found to be the most potent

inhibitor, DMV was slightly less potent, whereas no inhibition could be found
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Table 2.

Effects of DPA, MEC, DMV and Caprozte on the activity cof GABA-T and SSA-DH

in rat brain homogenate

ﬁi?ﬁMg ij?ma? Ratic EE_EﬁEEZI_
i SSA-DH
DPA 23.2% 0.43 54
MEC 3.9 0.17 23
DMV 6.0 0.61 10
Caproate NI 1.89 —_—

* .
Ki GABA-T value from Van der Laan et al. (1979). Values were derived from

the replots in the Figs. 2 and 3. The ratio is the guotient of the Ki for
GABA-T and the Ki for SSA-DH of any one compound. NI = no inhibifion.

with capreoate. The inhibitign by MEC and DMV had a mixed character, in which
the competitive component was the greatest.

To study the effect of the fatty acids on SSA-DH, S5A concentrations of
50, 75 and 130 uM were used. In order to determine control values in the
absence of an inhibitor, two additional concentrations were used, namely
25 and 100 uM. The concentrations of the fatty acids varied from 0.25 to
2.0 mM for MEC and from 0.5 to 4.0 mM for DPA, DMV and caproate, as can be
seen in the replots (Fig. 3). For the determination of the Km and Vmax
integrated Henri-Michaelis-Menten plots were used. The ratic of these para-
meters was plotited versus the concentration of the inhibitor to calculate
the Ki' The resulting Ki's are presented in Table 2. With respect to SSA-DH,
MEC was also found to be the most potent inhibitor, while the Ki of DMV was
shown to be 1.5 times that found for DPA. The Ki for caproate was found to
be 4.5 times that for DPA.

A relation between inhibition of GABA-T and irhibition of 55A-DH is given
in Table 2, by expressing the inhibition of the GABA degradating enzymes as

the ratio of the Ki's of these compounds.
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FIG. 2. The effect of DMY, MEC and Caproate on the activity of GABA-T. Reci-
procal plots of the velocity vs the concentratiom of GABA in the presence

of 0.5 mM 2-0G. For each concenfration of the inhibitor the same symbol

was used in all the figures: e——e, contrel in the presence of 20 mM
sodium—isethicnate; o—o, 5> mM of a fatty acid; C—-O, 10 mM of the

fatty acid; A—A, 20 mM of the fatty acid. For DMV and MEC a replot of

the ratics of the apparent K, and V.4 values vs the fatty acid concentration
is insertid, to calculate the spparent K; of these compounds. Bars represent
SEM (m = 3).

DISCUSSION

Branched-chain fatty acids have been described as anaesthetic and neuro-
depressive agents (Lespagnol et al.,1971; 1972), while Marcus et al. (1967),
using straighf-chain fatty acids, reported an epileptoid rather than an
anaesthetic state after administration of these fatty acids.

More recently, however, other behavioural. effects of a branched-chain
fatty aecid, namely DPA, were reported using somewhat lower doses (Cowan and
Watson, 1978; De Boer et al., 1577), e.g. body shakes and enhanced locomotor
activity, besides other symptoms, resembling morphine sbstinence behaviour.
Therefore, this behaviour was presented as "quasi-morphine abstinence behaviour"
(Bruinvels et al., 1980; De Boer et al., 1980) as defined by Collier
(1974).

In contrast to the data of Lespagnol et al. (1972), these reports indicate

a stimulating rather than a depressive action of this compound. The present
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FIG. 3. The effect of DMV, DPA, MEC and Caproate on the activity of S5A-DH.
Integrated Henri-Michaelis-Menten curves. Y is equal to the amount of product
formed during the incubaticn time t. [SSA]O is the initial substrzate concen-
tration, whereas [SS{]t is the substrate concentration at the end of the
incubation pericd. The slope of the lines obtained from these curves equals
Ky, while the intercept eguals the apparent V. A: control in the presence
of 10 mM scdium-isethionate. B: ¢—o0, 0.5 mM DPA; e—=. 1.0 mM DPA;
O— 0, 2.0 mM DPA; 8— E, 4.0-mM DPA. C: 0—gq, 0.25 mM MEC; e~—a=a,

0.5 mM MEC; OJ~0i; 1.0 mM MEC; 8——8, 2.0 mM MEC. D: oc—o0, 0.5 mM
Caproate; e—e,1.0 mM Caproate;-0—0, 2.0 mM Caproate; B—8, 4.0 mM
Caproate. E: o -0, 0.5 mM DMV: @—we, 1.0 M DMV: O—0, 2.0 mM DMY;

i B, 4.0 mM DMV. Replots to determine the K;'s of the compounds are
inserted, in which the ratic of the apparent K and V., as a function

of the irhibitor concentration is given. The results are the mean of three
experiments.
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results show that these behaviourzl effects could also be evoked after
administration of two other branched-chain fatty acids, MEC and DMV.

Comparison of the doses of the compounds used for maximal induction of
the behavioural syndrome revealed that MEC was more potent than DPA or DMY.
The dose of MEC inducing the maximzl score of body shakes, locomotor
activity or total abstinence (1.0 mmol/kg-the mean of 1.2 for body shakes,
0.9 for horizontal activity and 0.9 for the total abstinence score} was found
to be lower than these found for DPA or DMV (both 2.2 mmol/kg). On the other
hand, the number of body shakes, the locomotor activity and the abstinence
score were higher after injection of DPA at its maximally effective dose
than after the maximally effective doses of DMV or MEC. After injection of
DMY only a few body shakes could be shown, even at the maximally effective
dose, whereas the scores for horizontal activity and abstinence were the same
as for MEC.

The biochemical data obtained for MEC and CMY Qith regard fto GABA-T are
in agreement with those reported by Cash et al. (1975) and Maitre et al.
(1978). However, other studies revealed a Ki for these compounds ten-fold
lower than that obtained in the present study (Cunningham et al., 1980;
Maitre et al., 1974}. Pessibly, this discrepancy may be due to the use of
different methods. Although the Ki’s for $5A-DH of the branched-chain fatty
acids in the present experiments were eight-fold lower than those reported
by Cash et al. (1975), the polency rarking was found to be the same. The Ky
for CPA was shown to be the same as that reported previously (Van der Lzan
et al., 1979).

When considering the inhibition pattern of GABA-T by these compounds, it
appeared that the compound with an intrinsic butyric acid chain, MEC, was the
most potent inhibitor of GABA-T when compared to the compound with a pro-
pionic acld chaim {(DMV) or with a valeric acid chain (DPA); a conclusion
which is in agreement with other reports (Fowler et al., 1975). When
considering inhibition of SS5A-DH, the length of the longest chain in the fatty
acids studied seems to be more important, as has been repcrted previously
for the straight-chain fatty acids (Bruinvels et al., 1980).

The present study clearly shows a great similarity in behavioural
symptems evoked by the branched-chain fatty acids, while the short straight-
chain fatty acid, caproic acid, was inactive in this respect. Furthermere,
the present results show that the three branched-chain fatty acids were
acting as strong irhibiters of the degradation of GABA, especially by
inhibition of SSA-DH.
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Combining behavieural and biochemical data, & correlation appeared to exist
between the maximally effective doses, evoking the strongest behaviocural
effects, and the Ki for SSA-DH of the various compounds studied. Thus, MEC,
which elicits the behaviocural syndrome at the low dose of 1.0 mmol/kg, has
also been shown to be the strongest inhibitor of SSA-DH with a Ki of 0.17
mM. DPA and DMV, both exhibiting mean doses values evoking maximal behavioural
effects higher than that found for MEC, namely 2.2 mmol/kg, are alsoc less
potent with regard to inhibition of SSA-DH with Ki values of 0.43 and 0.61
mM, respectively. The much higher Ki for $SA-DH or caproate (1.8%9 mM} may,
therefore, indicate why no similar behavicural effects were observed with
this fatty acid.

Cn the other hand, the number of body shakes. the increase in locomotor
activity and the abstinence score appear to be dependent on the ratio of the
K;'s for GABA-T and SSA-DH (Table 2). The high ratio (54) found for DPA seems
to correlate with the highest behavicural score obtained with this compound,
while the moderate ratic found for MEC (Sarhan and Seiler, 1979) and the
low ratio found for DMV (Fowler et al., 1975) are in agreement with the
moderate and low behavioural scores, respectively obtained with these
campounds, especially with respect to body shakes.

These results may indicate that inhibition of SSA-DH by these branched-
chain fatty acids, thus enhancing GABA levels, is responsible for the
initiation of the guasi-merphine abstinence behaviour, a conclusion which is
in agreement with the findings that the behaviour induced by DPA is antagonized
by bicuculline, picrotoxin or 3-mercaptopropionic zcid, but not by
strychnine (De Boer et zl., 1977, 1980). However, concurrent inhibition of
GABA-T by these fatty acids -indicated by a lower ratic of the Ki's for both
enzymes— results in a suppression of this abstinence behaviour. Intact GABA-T
activity seems to be a regquirement for full expression of the abstinence
behaviour since pre-treatment of rats with the GABA-T inhibitor aminooxyacetic
acid (ADAA) prevents DPA-induced behaviour (De Soer et al., 1930).

Since inhibition of either SSA-DH or GABA-T will both result in an increase
in the GABA concentration, the results can be interpreted in favour of a
compartmentalized actlon of DPA, suggesting a preferential inhibition of
GARA-degradation, via SSA-DH, in the neurcnal compartment as the action
responsible for evoking guasi-abstinence behavicur, whereas an overflow of
GABA to presynaptic areas, pessibly CGABA-ergic presynaptic receptors, might
be responsible for suppression of this behavicur (Bruinvels et al., 1980;

De Boer, 1977: De Boer et al., 1980).
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A possible presynaptic action of GABA in inhibiting its own release has been
suggested by several authors (Mitchell et el., 1978; Van der Heyden et zl.,
1980). Recently, Sarhan and Seiler (1979) presented evidence for a
compartmentalized action of DPA in mouse brain, indicating an increase in
synaptosemal GABA during the first 10 min and thereafter, an increase in non-
synaptosomal material. This time course for the increase in synaptosomzl
GABA after DPA is in agreement with the time course of the guasi-abstinence
behaviour induced by DPA.ladarcla and Gale (197%) have alsc provided
evidence that the GABA-increase produced by DPA is associated mainly with
GABA-ergic nerve terminals, while ADAA primarily elevates GABA in ncn-nerve
terminal compartments.

Using the neuronal model as described above, MEC and DMV can be thought
to inhibit the guasi-abstinence behaviour by enhancement of the concentration
of non-synaptosomal GABA (probably located in glial cells and reuronal cell
bodies). Release of GABA from the glial compartment will promote an action
of GABA on presynaptic GABA-ergic autoreceptors resulting in inhibition of
neuronal GABA-release. This explanation is supporiedby the recent findings
of Cunningham et al. (1980), showing that MEC and DMV are capable of
irhibiting GABA-dependent oxygen-uptake in non-synaptcsomal mitochondrie,
while the very weak GABA-T inhibitor DPA was without effect in this system.
Thus, DMV and MEC, but not OPA, inhibit GABA-metabolism in the non-
synaptosomal compartment.

Although the role for GABA in true morphine-abstinence behaviour is still
not clear, Ho et al. (1973, 1976) have shown that administration of ADAA or
bicuculline can affect morphine analgesia, the development of tolerance and
the degree of physical dependence.

Studies on the activity of glutamate decarboxylase during morphine
dependency and abstinence (Ho and Gilliland, 1979: Tzeng and Ho, 1978) also
indicate an enhanced synthesis of GABA (which is localized in the nerve
endings) during the abstinence phase when compared to the dependency phase.

In conclusion, the present findings support a role for GABA in guasi-
morphine abstinence behaviour evoked by bramched-chain fatty acids. Inhibition
of SSA-DH, resulting in an accumulation of GABA in the synaptesomal compart-
ment, seems to be responsible for evoking guasi-morphine abstinence behaviour
whereas inhibition of GABA-T, resulting in an increase in GABA-concentration
in the non-synaptosomzl compartment, will be responsible for suppression of
this behaviour. The latter may occur via leakage or release of GABA from this
compartment into the extraneuronal space, promoting an action of GABA on

presynaptically located autoreceptors.

a2



REFERENCES

Bruinvels, J.. Van der Laan, J.W., De Boer, Th. (1980) GABA-degradation and
its possible relationship teo the "morphine abstinence”syndrome. Brain
Res. Bull. 5, suppl. 2, 797-804

Cash, C., Cieselski, L., Maitre, M., Mandel, P. (1975) Purification de la
semialdehyde succinique déshydrogénase de cerveau de rat et étude de
son inhibition par des acides gras ramifiés. C.r. S5&anc. Soc. Biol.
169, 884-887

Collier, H.0.J. (1974) The concept of the quasi-abstinence effect and its
use in the investigstion of dependence mechanisms. Pharmacoleogy 11,
58-61

Cowan, A., Watson., T. (1978) Lysergic diethylamide antagonizes shaking induced
in rats by five chemically different compounds. Psychopharmacology 57,
43-46

Cunningham, ., Clarke, D.D., Nicklas, W.J. (1980) Oxidative metabolism of
4—aminobutyrate by rat brain mitochondria: inhibition by branched-chain
fatty acids. J. Neurochem. 34, 197-202

Dz Boer, Th.(1977)GABA shunt enhzymes and the relationship with morphine
abstinence. Thesis, Erasmus University, Rotterdam

De Boer, Th., Bruinvels, J. (1977) Assay and properties of 4-aminobutyric-
2-pxoglutaric acid transaminase and succinic semialdehyde dehydrogenase
in rat brain tissue. J. Neurochem. 28, 471-478

De Boer. Th, Metselaar, H.J., Bruinvels, J. (1977) Suppression of GABA-
induced abstinence behavior in naive rats by morphine and bicuculline.
Life Sci. 20, 933-942

De Boer, Th., Bartels, K., Metselaar, H.J., Bruinvels, J. (1980) Di-n-
propylacetate induced abstinence behavior as a possible correlate of
increased GABA-ergic activity in the rat. Psychopharmacology,7l,257-257

Fowler, L.J., Beckford, J., John, R.A. (1975) An znalysis of the kinetics
of the inhibition of rabbit brain yv-aminobutyrate aminotransferase by
sodium n-dipropylacetate and some other simple carboxylic acids.
Biochem. Pharmac. 24, 1267-1270

Frederickson, R.C.A., Smits, S.E. (1973) Time course of dependence and
tolerance development in rats treated with "slow release" morphine
suspensions. Res. communs. chem.pathol. Pharmac. 5, 867-870

Harvey, P.K.P., Bradford, H.f., Davison, A.N. (1975) The inhibitory effect
of scdium n-dipropylacetate on the degradative enzymes of the GABA-
shunt. FEBS tett. 52, 251-254.

Ho, I.K., Gilliland, 7. {1979} Effects of acute and continuous morphine
administration on the affinity of glutamic acid decarboxylase for
pyridoxal 5Zphosphate. Biochem. Pharmac. 28, 355-360

Ho, I.K., Loh, H.H., Way, E.L. {(1973) Influence of GABA on morphine
anzlgesia, tolerance and physical dependence. Proc. West. Pharmac. Soc.
16, 4-7

Ho, I.K., Loh, H.H., Way, E.L. {1976} Pharmacological manipulation of y-
aminobutyric acid {GABA) in morphine analgesia, tolerance and
physical dependence. Life Sci. 18, 1111-1123

Iadarola, M.J., Gale, K. (1979) Dissociation between drug-induced increases
in necve terminal and non-nerve terminal pools of GASA {n vivo.

Eur. J. Pharmac. 59, 125-12%

83



Lespagnol, A., Mercier, J., Erb-Debruyre, F., Dessaigne, S. (1971) Sur les
propriétés pharmacodynamiques du méthyl-éthyl-caproate de sodium et en
particulier son acticn anksthétique générale de courte durée aprés
injectior intraveineuse. Therapie 26, 96%-981

Lespagnel, A., Mercier, J., Erb-Debruyne, F., Dessaigre, S. (1972) Sur les
propriétés neurcdépressives et antiépileptiques d'acides organiques
& chaine ramifiée. Annls. pharm. fr. 30, 193-198

Marcus, R.J., Winters, W.D., Mori, K., Spooner, C.E. (1967) EEG and behavioral
comparison of the effects of gamma-hydroxybutyrate, gamma-butyrolactore
and short chain fatty acids in the rat. Int. J. Neuropharm. 6, 175-185

Maitre, M., Cieselski, L., Cash, C., Mandel, P. (1978) Comparison of the
structural characteristics of the 4-amino-butyrate: Z-oxoglutarate
transaminases from the ret and human brain, and their affinities for
certain irhibitcors. Biogchim. Biophys. Acta 522, 385-399

Maitre, M., Cieselski, L., Mandel, P. (1974} Effect of Z-methyl. 2-cthyl
caproic acid and 2,Z-dimethyl valeric acid on audiogenic seizures and
brain gamma aminobutyric acid. Biochem. Pharmac. 23, 2363-2368

Mitchell, P.R., Martin, I.L, (1978) Is GABA release modulated by presynaptic
receptors? Nature 274, S04-906

Sarhar. S., Seiler, N. (1979) Metabelic inhibitors and subcellular
distribution of GABA. J. Neuroseci. Res. 4, 399-4Z2

Segel, I.H. (1975) Enzyme Kinetics. John Wiley, New York

Tzeng, S.F., Ho, I.K. (1978) Acute and continuous morphine administration
on the Y-aminobutyric acid system in the mcuse. Prog. Neuro-Psychopharmac.
2, 55-64

Van der Heyden, J.A.M., Venema, K., Korf, J. {1980} In vivo release of endo-
genous GABA from rat sktriatum: effects of muscimel, oxctremorine and
morphine. J. Neurcchem. 34. 1648-1453

Van der Laan, J.W., De Boer, Th., Bruinvels, J. (1979) Di-n-propylacetate
and GABA-degradaticn. Preferential inhibition of succinic semialdehyde
dehydregenase and indirect inhibition of GABA-transaminase. J.
Neurochem. 32, 1769-1780

84



CHAPTER IV

A DUAL ROLE FOR GABA IN QUASI-MORPHINE ABSTINENCE BEHAVIOUR
INDUCED BY DI-N-PROPYLACETATE INVOLVING BOTH INITIATION AND
TERMINATION

J.W. van der Laan and J. Bruinvels

Psychopharmacology, in press

ABSTRACT

Di-n-propylacetate (DPA) induces in rats a behavioural syndrome resembling
morphine abstinence behaviour. The inhibitory action of DPA on GABA
degradation, resulting in an enhanced release of GABA, is probably responsible
for this behavioural effect since GABA antagonists like bicuculline and
picrotexin have been shown to suppress this behaviour. However, the time
course of the DPA induced behaviour is much shorter than that of the DPA
induced enhancement of the GABA concentration. Therefore, we have studied
the influence of ephanced GABA levels caused by a first injection of DPA and
the behaviour evoked by a second injection of DPA at different time intervals
after the first injection. The results indicate that GABA fulfils a role both
in the initiastion and termination of DPA induced behavicur.The mechanism
responsible for this dual acticn of GABA is ascribed to a differential
sensitivity to DPA of the nerve terminal and glial metabolic compartments
of GABA in the brair. The increase of GABA in the nerve terminal caused by
DPA is probably responsible for the initiation of the quasi-abstinence
behaviour, whereas the overflow of GABA inteo the synaptic cleft may be
responsible for the suppression of this behaviour via stimulation of pre-
synaptic autoreceptors.

Another mechanism responsible for the rapid termination of the DPA
evoked behaviour can be the formation of metabolites of DPA which may anta-
gonize this behaviour. From experiments using some primary metabolites of
DPA a role for these metabolites in the termination of the DPA induced
behaviour seemed unlikely.
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INTRODUCTION

It has been shown that administration of sodium-di-n-propylacetate (300
mg/kg 1.p.; sodium valproate, DepakineR, DPA) to naive rats induces a
behavioural syndrome, including body shakes, resembling morphine abstinence
behaviour {De Boer et al., 1977). This behaviour is antagonized by the GABA
antagonists bicuculline and picrotoxin, but not by strychnine, a glycine
antagonist, and a role for GABA in the expression of abstinence signs has
been suggested (Des Boer et al., 1977, 1980). In addition, it has been shown
that DPA irhibits the degradation of GABA via inhibition of succinic semi~
aldehyde dehydrogenase (Van der Laan et al., 1979). The behaviour induced
by DPA in rats has, therefore, been suggested to represent a model for
increased GABA-ergic activity (De Boer et al., 1980).

However, the time course of the increase in GABA concentration in rat
brain after injection of DPA differs from the time course of the behaviour
evoked by DPA. The latter reaches a peak value after 5 tc 6 min and
disappears after about 15 min (De Boer et al., 1977}, while the maximum
increase in GABA levels occcurs 45 min after DPA administration and after
4 h has almost returned to rormel {Kukino and Deguehi, 1977}.

Thus, although the behaviour evoked by DPA appears to be initiated by an
enhanced GABA-ergic activity, no correlation can be found between the
time courses of behavigur and increased GABA. On the contrary, while the
GABA concentration in brain is still increasing, the behaviour evoked by
DPA has disappeared before the maximum GABA concentration has been achieved.
To explain this paradox one can postulate that the behavicur is initiated
by an action of DPA on the GABA-ergic nerve terminals -where DPA probably
exerts its main action (Sarhan and Seiler, 1979; Iadarclz and Gale, 1979)-
by increasing the concentration of SABA and thus promoting the release of
greater quantities of GABA. An overflow of GABA to presymaptic areas would
subsequently stimulate the putative GABA-ergic sutoreceptors, which may
suppress the reiease of GABA and would thus terminate the DPA-evoked
behaviour.

In the present study, directed towards the possible dual role of GABA in
DPA-induced behaviour, namely in both initiation and terminaticn of this
behaviour, we have tested whether a second injectiorn of DPA during the
increase or during the decrease in the GABA concentraticn,caused by the first

injection of DPA,would evoke the behaviour to the full extent.
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Furthermgre, the occurrence of tolerance teo the beshavioural effect was
studied after repeated injections of DPA using longer time intervals, namely
daily and weekly intervals. A possible development of tolerance over these
time intervals is probably not related to enhanced GABA-levels, since 4 h
and certainly 48 h after the DPA injection the GABA concentraticn has returned
to normal (Kukinc and Deguchi, 1577; Grimm et al., 1975).

Ancther possible mechanism responsible for the termination of the behaviour
could be the rapid formation of one or more metabolites which do not
evoke this behavieur themselves but may antagonize the behaviour induced by
DPA. Thersfore, thres primary metabolites of DPA (Schifer and Luhrs, 1978)
were used to study this possibility.

The results obtained suggest that GABA indeed fulfils a dual role in the
behaviour induced by DPA. No effect of the metabolites of DPA could be shown

on the behaviour.
MATERIALS AND METHODS

Andmats

Male albino rats {100-200 g) randomly selected from an inbred Wistar
strain (TNO, Zeist, the Netherlands) were used in all experiments. The
animals were housed four or five to a plastic cage with food and water ad
lib. Lights were kept on from §.30 a.m. till B.3C p.m. The experiments wers
performed between 9.00 a.m. and 4.30 p.m. in a room with white noise and at
a constant temperature of 22 + 17c.
Drugs

Sodium di-n-propylacetate (Sodium valproate, Albic BY, Maassluis, the
Netherlands) was dissolved in deignized water (100 mg/ml) and administered
intraperitoneally in a volume of 3 ml/kg (total dose 300 mg/kg), with the
exception of experiment 2, where higher doses of DPA were used.
Controls received an equimolar NaCl sclution (33 mg/ml). The hydroxy-
metabolites of DPA, sodium 3-hydroxy, 2-propylvalerate (S—DHDPA), sodium
S-hydroxy, 2-propylvalerate (5-0HDPA) and 4-hydroxy, Z-propylvalerclactons
(4-CHDPA) were a gift from Dr. H. Schafer (Desitin Werke Carl Klinke GmbH,
Hamburg, FRG). The sodium salts of the metabolites were provided as a
10% selution in distilled water and were diluted to the appropriate volume
with deionized water, whereas the lactone was dissolved in an equimolar

quantity of sodium hydroxide to hydrolyse the lactone.
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Behaviowt

Observation of the behaviour was carried out essentially as described
by De Boer et 21. {1977). Briefly, rats were allowed to adjust to a cage with
sawdust on the bottom for at least 30 min, whereafter the drug or salt
solution was administered intraperitoneally. Subseguently, the behaviour
was observed for 15 min. Scores of 0 {(absent), 2 {mild) cr 4 (marked) were
given to penile erecticn, penis licking, teeth chattering, swallowing, tremor,
hunchback posture and piloerection. Escape digging, body shakes and foreleg
shakes were counted and assigned scores of 2, 4, &, B or 10 if they
occurred 2-5, 6-10, 11-20, 21-48 or more than 40 times, respectively, guring
the observation period of 153 min. Other signs characteristic of the morphine
abstinence syndrome, as indicated by Frederickson and Smits (1973) were not
seen in DPA-treated znimals.
Activdity measurements

Horizontal and vertical activity was measured using a Varimex activity
meter as described by De Boer et al., (1977).
Statistics

The Mann-Whitney U-test, the Wilcoxon paired signed Tank test and Fisher's
exact probability test (Siegel, 1956) were used for evaluating the results
as indicated in the legends to the tables and figures. Differences with a
probability equal to or lower than 5% were considered to be statistically

significant.
PROCEDURES

Experiment 1

Rats were treated with DPA (300 mg/kg i.p.) and their behaviour was
cbserved. After 20 min, 2 h or 4 h the rats received a second injection of
DPA (300 mg/kg i.p.)}, whereafter behaviour was scored again for 15 min.
Controls received as a first or a second treatment an injection of NaCl
(100 mg/kg i.p.).

Experiment 2
Naive rats received graded doses of DPA, i.e. 300, 400, 600 cr 900 mg/kg
i.p., whereafter their behaviour was scored for 15 min. The observation

pericd was divided intc three subperiods of five minutes.
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Experiment 3
Rats received daily or weekly injections of DPA (300 mg/kg i.p.), where-
after their behaviour was scored for 15 min. Controls received NaCl (100

mg/kg 1.p.). The exact injection scheme is presented in Table 1.

Table 1.

Scheme for the treatment of the animals in the study of daily or weekly
tolerance

Day
Group 1 z 3 4 7 14 21
1 (11) b b D D ] 3A
2 (11 b D D o 1
3 (&) b C D 3B
4 {6} D )
5 {6} D

D = DPA 300 mg/kg i.p.
The figure in which the results are presented is indicated on the right.
Numbers between brackets represent the number of animals.

Experiment 4

3-0HDPA (30 mg/kg), 4-OHDPA (15 mg/kg), 5-0HDPA (15 mg/kg) ard saline
(3 ml/kg) were administered intraperitcneally.

Since Cieselski et al. (1975) reported that the maximum fixation of DPA
in rat brain was achieved 30-40 min after intraperitoneal injection, a pre-
treatment-time of 40 min was chosen for the hydroxy metabolites of DPA. Thus,
40 min after injecticn of these compounds the rats received an injection

of DPA (300 mg/kg) or NaCl (100 mg/kg), whereafter their behaviour was
scored for 15 min.

RESULTS

Experdment 1: Acute folerance study

The data in Table 2 indicate that a second injection of DPA administered
20 min after the first injection could not evoke the full abstinence syndrome.
The total abstinence score and the number of body shakes were decreased by
48 and 56%, respectively. The decrease in the total abstinence score was not
only due to z decrease in the number of body shakes, but also to a lower
score of escape digging, a decreased incidence of penis licking and a tendency
towards a decrease in the incidence of ptosis and cther signs, mainly

swzllowing and head shakes.
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Table 2, Acute tolerance to the behavioural effect of DPA

A abstinence score body shakes horizontal activity vertical activity
1st injection (35) 100% 100% 160% 100%
Znd injection
after:
20 min (10) 52.1 + 5,9%x 43,5 + 6,7%¥ 109.7 + 6.5 105.7 + 12,0
2h (9 76.6 + 11,6 * 56.4 + 6.7 65.8 + 6,9%F 63.8 + 7.9%%
4 h o (10) 85.4 + 7.8 80.5 + L1.4% 70.8 + 6.4%x% 6h. b+ 5,9%X%
26h (9) 116.2 + 6.4 89.4 + B.6 101.6 + 9.0 94.9 + 13,5

B hunchbacle posture  piloerection  escape ptosis penis licking other signs

digging

1st injection {(35) 100 76 63 38 54 1.8
2nd injection
after:
20 min (10) 90 70 20%x 20 o 0.6
2h {9) 100 90 44 90* 30 1.0
4 h (10) 100 100 10%* 80 10 1.4
28 h (9 100 100 78 67 78 1.3

Animals were treated twice with DPA (300 mg/kq) at different time intervals., Behaviour was observed for 15 min.

Values are given as means + SEM.

A. The values given for body shakes, abstinence score, horizontal and vertical activity are expressed as the
percentage of the behavioural parameter obtained after the First injection of DPA,
#, p < 0.05; %, p < 0.0, statiskical significance vs the first injection of DPA (Wilcoxon, two tailed).

B. The values given for hunchback posture, piloerection, escape digging, ptosis and penis licking represent
incidence ratios in percentages, The item "other signs" include swallowing, penile erection, head shakes,
The value given represents the contribution of these signs to the total sbstinence score, given in A,
according to Frederickson and Smits {(1973).
%, p < 0.0l; %= , p < 0.002, statistical significance tested vs the first injection of DPA (Fisher, one

tailed).

Numbers between brackets represent the number of observations.

The values given for 24 h are taken from experiment 3,



After this second injection of DPA, no difference was found in motor
activity. DPA administration 2 h after the first injection still yielded an
impaired abstinence score, but to a lesser extent than that obtained with
DPA administration 20 min after the first injection, due to an enhanced
incidence of ptosis and the return of penis licking. Horizontal and
vertical activity was also suppressed by about 35X when the second DPA
injection was given 2 h after the first administration. Injection of CPA
4 h affer the first injection yielded an abstinence score which did not
differ significantly from that cbtained after the first injection, although
the number of body shakes was still suppressed by 20%. The locomotor activity
was decreased by about 30% when compared with the activity after the first
injection of DPA. When the interval between the first and the second
injection of DPA was 24 h (results obtained from experiment 3), no
significant change in any of the behavioural parameters studied could be
found.

The incidence of escape digging was found to be decreased significantly

when DPA was administered 20 min and 4 h after the first administration.

Experdnent 2: Response aftern high doses of DPA

From Fig. 1 it can be seen that the maximal effective dose of DPA was
400 myg/kg, beth for body shakes and locomotor activity. The main aifference
between the behavioural respcnses obtained after administration of the
various doses of DPA is the shift of the maximal activity with time. Using
doses of 300 and 400 mg/kg the highest lccomotor activity was found during
the second 5 min pericd, whereas with 9S00 mg/kg the peak was found during
the first period. No differences could be shown between the scores
obtained after administration of 300 and 500 mg/kg during the total period
of 15 min. For all doses, except 400 mg/kg, a significant difference
between the number of body shakes was found, when comparing the first and
second pericds of 5 min. However, for 300 mg/kg the score feor the second
observation period was higher, whereas for 600 and 900 mg/kg the highest
score was obtalned during the first pericd.

Escape digging, swallowing and teeth chattering were only seen when using
doses of 300 and 400 mg/kg and were absent after the use of higher doses
of DPA, Hunchback posture and piloerection occurred in all rats during the
first 5 min period after DPA administration. However, using doses of &00

and 900 mg/kg of DPA a lower incidence of these latter symptoms was
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FIG. 1. Effect of inmcreasing doses of DPA on body shakes and activity.
Rats were treated with different doses of DPA whereafter behaviour was
chserved for 15 min. Abscissa: different doses of DPA. Oblique abscissa:
subdivision of the 15 min after injection of DPA inteo three 5 min periods.
Numbers between brackets represent number of animals. Bars represent SEM,
#, p<0.05 vs the first pericd of 5 min (Mann Whitrmey-U., two tailed).

observed during the second and third observation periced (data not shown).

Experiment 3: subchronic Tolerance study

As can be seen in Fig. 2A, daily injections of DPA resulted in tolerance to
body shakes, escape digging and motor activity.

After the third and fourth injection the number of body shakes was reduced
to 50~-60%. Escape digging and locomotor activity were decreased to 40% and
80%, respectively, after the third and fourth DPA injection. These differsnces,
however, were statistically significant only after the fourth injecticn.

Development of tolerance could also be observed for body shakes and loco-
motor activity if intervals of a week instead of a day were used {Fig- 2B).
The decrease resulting in the most significant difference was also found after
the seccnd injection of DPA, whereas subseguent administration of DPA did not
cause a further decrease.
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FIG. 2. Tolerance to the behavioural effects of DPA after daily and weekly

injection.

A. Daily injecticns of DPA {300 mg/kg i.p.). Behaviour was observed for 15
min. The effects of each of four daily injections were scored.

B. Weekly injections of DPA (300 mg/kg i.p.)}. Rats were treated with a
maximum of four injections cver a total periocd of three weeks.

#, p£0.037 * %, p < 0.02; % % % p<0.01, statistical significance tested

vs the first DPA injection (Wilcoxon, two tailed).

The numbers at the base of the columns for the vertical activity represent

the number of observations. Bars represent SEM.

Experdiment 4: Effect of hydroxy-metabolites

None of the three hydroxy-metabolites of DPA, given in doses of 30 mg/kg
for 3-0HDPA and 15 mg/kg for 4-CHDPA and 5-0HDPA, affected the behaviour
evoked by DPA (Table 3), nor did they induce azbstinence behaviour themselves.

Higher doses (300 mg/kg; data not shown) were also without effzct.



Table 3. Behavioural effect of DPA after pretreatment with hydroxy metabolites

Item Saline (&) 3-0HDPA (&) 4-OHDPA (6) 5-OHDPA (5)
Abst. score 19.7 + 1.6 16.7 + 2.0 16.0 + 2.7 22.8+ 1.9
Body shakes 30.7 + 5.0 25.0 + 4.8 25.0 + 3.0 32.8+ 5.7
Head shakes 1.7 + 0.8 0.8 + 0.5 1.0 + 0.3 3.0+ 0.9
Escape digging 9.8 + 1.8 9.5 + 4.5 7.5+ 4.0 11.4 + 2.7
Horizontal

activity 202.3 + 14.6 198.5 + 18.9 214.2 + 10.4 219.6 + 38.5
Vertical

activity 357.7 + 18.6  348.7 + 29,5  321.7 + 31.3  380.0 + 36.5
Ptosis 0/6 2/6 1/6 2/5
Penis licking 3/6 4/6 0/6 2/5
Swallowing 4/6 3/6 1/6 2/5
Hunchback

posture &/6 &/6 &/6 5/5
Piloerection 6/6 6/6 6/6 5/5

Effect of pretreatment with hydroxy metabolites of DPA on the behavioural
response to DPA. Rats were treated with 3-CHDPA (30 mg/kg), 4-OHDPA

(15 mg/kg), S-OHDPA (15 mg/kg) or saline and received an injection with DPA
(300 mg/kg) after 40 min following which their behaviour was observed for
15 min. Values for the abstinence score, the counted signs and the activity
were given as means + SEM. Values for the checked signs represent the

incidence. Numbers between brackets are the number of aznimals.

DISCUSSION

It has been shown previously that the behaviocur evoked by the
administration of DPA (300 mg/kg) resembles morphine abstinence behaviour
(De Boer et al., 1977). In addition, it has been reported that the DPA-
induced behaviour may represent a correlate of increased GABA-ergic activity
(De Boer et al., 1977, 1980). However, the time course of this behaviour is
different from the time course of the increase in GABA concentration in
brain. While rats showed maximal induction of behaviour 5-6 min after DPA
injection, this behaviour disappeared after about 15 min. However, the level
of GABA has been reported to increase until 30-45 min after the administration
of DPA. Thereafier, GABA concentration remains constant for more than cne
hour and then decreases to nmesrly normal GABA levels during the next 2 h
(Kukino and Deguchi, 1977). Since the DPA evoked behaviour could be inhibited
by the administration of bicucullime or picrotoxin (De Boer et al., 1977,

1980} it has been concluded that the behavicur is mediated by an increased
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GABA-ergic stimulation. However, the short duration of the behaviour as
compared to the increase in brain GABA level does not seem to favour a
correlation between those two phenomena. In the present paper the effect of
pretreatment with DPA itself, which will cause an increase in brain GABA con-
centration, has been studied on the DPA induced behaviour evoked by a second
injection of DPA.

When rats, pretreated with DPA, received a second injection of DPA shortly
after the first injection. the latter could not evoke the behavieur to the
same extent as that obtained after the first DPA administration. The
strongest suppression of body shakes and total abstinence score could be
observed if a second injection of DPA was given 20 min or 2 h after the first
DPA administration. However, if DPA was administered 4 h after the first
injection, the behavioural scores obtained were still somewhat impaired,
but only the number of body shakes differed significantly frem that obtsined
after the first DPA injesction. The reason that this lower number of body
shakes is not reflected in a lower abstinence score lies with the method
of czleulation of the abstinence score, i.e. there is a certain range in
the number of body shakes to which the same score will be given for
calculation of the abstinence score (see under Materials and Methaods).

When the time course of the behavioural suppression is compared with
the known time course of the increase in GABA concentration after a single
injection of DPA (Kukino and Deguchi, 1977; vide supia), it rather suggesis
that suppressicn of the DPA evoked behaviour and not the behavigur itself
was induced by an enhanced GABA level. This suppression is already maximal
during the increase in the brain GABA concentration and is still present
2 h after the DPA injection, when the brain GABA level has achieved maximum.
When, however, the level of GABA is decreased at 4 h after administration
of DPA, the abstinence behavicur can be evoked by a second injection of DPA
to nearly the full extent. Therefore, the results strongly suggest a
relationship between inhibition of DPA-eveoked behaviour and GABA concentration
in the brain. In contrast, the decrease in locomotor activity, which was
found to have a different time course when compared with the body shakes
(Table 2), is probably caused by a mechanism secondary te the enhanced
GABA level.

Tnat an increase in the GABA concentration will suppress DPA-induced
behavicur is supported by the finding that pretreatment with low doses of
the GABA-T inhibitor amino-oxyacetic acid (ADAA) prevents fhe induction of
this behaviour (De Boer et al., 19BC).
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The guestion arises as to the mechanism of the DPA-induced erhancement
of GABA, since on the one hand it seems obvicus that enhancement of GABA-
ergic stimulaticn is involved in the DPA-evoked bebavieur, while, on the
other hand GABA may play a role in suppression of this behaviour.

It is well-known that the metabolism of CGABA is compartmentalized
(Balazs et al., 1572}. It may be that these compartments are associated
with certain functionally distinguishable structures in the brain, such as
nerve endings, glial cells and neurcnal cell bodies (for a review ses
Hertz, 1979). To explain the fact that pretreatment of rats with AQAA pre-
vents the induction of abstinence behaviour by DPA, it has been suggested
that accumulation of GABA by ADAA will result in leaking of GABA from
glial cells reaching presynaptic autoreceptors, thus irhibiting the
enhanced release of GABA inducec¢ by DPA {De Boer, 1977; De Boer et al.,
1980}. Recently, a different localization for the GABA-enhancing action of
DPA and ADAA has been reported (ladarcla and Gale, 1979), indicating that
DPA only exerts its action in the neuronal compartment, while ACAA acts in
both the glial and the neurcnal compartment.

The present findings, therefore, support the postulated model in which
the DPA-induced increase in nerve terminal GABA results in an increased
release of GABA into the synaptic cleft and an activatiocn of a post-
synaptically localized receptor. Subsequently, a further increase in the
GABA concentration may activate the GABA-ergic autoreceptors resulting in an
inkibition of the enhanced GABA release. Regulation of GABA release via
stimulation of presynaptic autoreceptors has been reported {Mitchell and
Martim, 1978; Van der Heyden et al., 1980). This mechanism, involving ar
overflow of GABA has been supported recently by Sarhan and Seiler (1979)
who described an initial rise of GABA induced by DPA during the first 10 min
after its administration in synaptosomal fracticns only, whereas after this
period an increase in non-synaptosomal fractions is observed.

It has been reported that the DPA-induced erhancement of the GABA
concentration is dose-dependent (Simler et al., 1978), but that the time
to achieve the maximal increase appears to be the same at all doses. This
indicates that a higher dose of DPA will result in a more rapid increase in
GABA levels. Therefore, different doses of DPA were used to study the effect
of this more rapid enhancement on the time course of the behavioural
syndrome.

The results obtained are in agreement with the dual role of GABA in the

behaviour as discussed above. On the one hand, a more rapid increase in GABA
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will result in a shorter time of gnset of the behaviour and a higher
initial score, while on the cother hand, due to the faster increase in GABA
concentration, the overflow of GABA to GABA-ergic autoreceptors will occur
earlier after the injection of DPA.

Altermatively, the present data might be explained assuming different
functions for GABA-ergic systems, which are localized in different areas of
the brain viz. an inhibitory function e.g. in the nucleus accumbens
{Scheel-Krilger et al., 1978) and a disinhibitory one e.g. in the ventral
tegmental area or in the substantia nigra (Arnt and Scheel-Kriiger, 1979;
Scheel-Kriger, 1978). In this hypothesis DPA would enhance GABA-ergic trans-
mission at first in excitatory areas, while secondary an increase in the
GABA concentration in other areas will result in inhibition. However, the
finding that treatment of rats with a low dose of ADAA did not result in =
similar syndrome as that observed after DPA and even suppressed the latter
(De Boer et al., 1980) would favour an interpretation invelving autorecep-
tors as discussed above.

The results presented in Fig. 2 indicate the induction of tclerance after
both daily and weekly injections of DPA. The degree of tolerance development
is much lower, especially after weekly injections, than has been observed
when a second injection of DPA was given within 2 h after the first DPA
injection (Table 2). This indicates that probably different systems are
responsible for the observed tolerance using this different schedule. In
addition, Grimm et al. (1975) have shown that the concentration of GABA
has been returned to normal levels 48 h after administration of DPA.

Although there are streong indications for a role of GABA in the termination
of the DPA-induced behavicural syndrome, other mechanisms cannot be ruled
out. Another possible mechanism might be the rapid impairment of DPA-
induced behaviour by one or more metabolites of DPA which themselves do not
induce such behaviour but suppress the behaviour induced by DPA. The
tolerance evoked by‘daily or weekly administration of DPA might be explained
then by an enhanced formation of metabolites, e.g. by enzyme induction.

To test whether inhibiticn of the behaviour by metabolites of DPA could
occur, we used the initial metabolites of DPA, namely 3-CHDPA which is mainly
formed in rats (Jakobs and Lgscher, 1978). In view of the studies on the
levels of DPA metabolites found in rat urine after 24 h (Kukino et zl.,
1572; Kochen et al., 1977; Ferrandes and Eymard, 1977), doses of 30 mg/kg
3-0HDPA, 15 mg/kg 4-0HDPA and 5-OHDPA were used to test this possibility

as stated zbove.
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Since no inhibitory effect of these metabolites was observed (Table 3),
it seems unlikely that the metabolites of DPA play a Tole in the termination
of the behaviour or im the occurrence of acute tolerance. However, a rcle
for a metabolite of DPA which was not tested (e.g. 2-propyl-glutaric acid;
Kuhara and Matsumoto, 1%974) cannct be excluded in the present expsriments.

The DPA-induced behaviour can alsc be considered as a model for morphine
abstinence behaviour {Bruinvels et al., 1980} and might be important in view
of the short time course of the behaviour. This short time course is in

agreement with that observed after precipitation of abstinence behaviour

with naloxone in opiate-dependent animals. In this case the maximal behavioural

score was found within 10 min after naloxone injection and the behaviour
returned to normal after 20-30 min (Bldsig et al., 1973). This similarity
in time course between naloxone-precipitated abstinence and DPA-induced
quasi-abstinence behaviour may suggest that similar processes, i.e. a dual
role for GABA both in initiation and termination, may also be involved in
naloxone~-precipitated abstinence. More direct evidence for the invclvement
of opiate sensitive systems in DPA-induced behaviour cam be derived from the
observed cross-tolerance between DPA and RX 335-M, a codeine derivative,
for the induction of body shakes (Cowan and Watson, 1978).

In conclusion, the present results suggest that GABA may play a role
noct only in the initiation of the DPA-induced behaviour but also in its
termination. An explanation for the dual role of this neurotransmitter is
provided by the differential action of DPA on the distinct metabolic compart-
ments of GABA. According to this mechanism, DPA preferentially acts on the
neuronal system, thus initiating abstinence behaviour, whersas the overflow
of GABA to presynaptic areas may activate presynaptic autoreceptors thus via
inhibition of the presynaptic release of GABA terminatimg the GABA-evoked

abstinence behaviour.
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CHAPTER V

DIPROPYLACETATE-INDUCED GUASI-MORPHINE ABSTINENCE BEHAVIDUR IN
THE RAT: INVOLVEMENT OF AMYGDALCID AND THALAMIC STRUCTURES

J.W. van der Laan and J. Bruinvels

Brain Research, accepted for publicaticn

ABSTRACT

Quasi-morphine abstinence behaviour induced by di-n-propylacetate (DPA)
in rats is thought to be caused by an increased GABA-ergic activity in the CNS.

Behavioural responses after intracerebral injections of CPA were studied
to gain insight into the brain sites involved in this quasi-abstinence
syndrome. Injecticn of DPA into the centre median-parafascicularis (Cm-Pf)
resulted in a large number of body shakes and greater locomotor activity when
compared to other brain arsas. Injection of DPA into the central amygdala (Ac)
resulted in an enhanced number of chewing episocdes.

Administration of bicuculline methiodide (BMI) into the Cm-Pf, 5 min after
intraperitoneal administration of DPA, suppressed body shakes but had not only
minor effects on horizontal activity, whereas injection of morphine intc the
same structure suppressed both behavioural symptoms. 1L is concluded that GABA-
ergic and opioid mechanisms in the Cm-Pf are involved in the DPA-induced
behavigur.

Injection of BMI intc the central amygdala shortly after i.p. injection of
DPA resulted in an increase in the number of bHody shakes, whereas no effect was
observed on activity. Morphine applied to this structure potentiated slightly
the locomotor activity, but had nc effect on the body shakes induced by DPA.

The present results suggest a facilitatory role for z GABA-ergic system in
the Cm-Pf on body shakes, while in the central amygdala a GABA-ergic system

exerts an inhibitory influence on this symptom of abstinence.
INTRODUCTION
Di-n-propylacetate {DPA, Depakineﬂ) induces a specific syndrome resembling
morphine abstinence behavicur in rats whe have never been exposed to opiates

{De Boer et al., 1977). The syndrome mainly involves body shakes, escape digging,

hunchback posture, piloerection and enhanced locomoter activity. Non-sedative
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doses of morphine suppress this behaviour, indicating a guasi-abstinence type
of behaviour (De Boer et al., 1980). Since the DPA-induced sbstinence

behaviour can be antagonized by bicuculline or picrotoxin, but noi by
strychnine, increased GABA-ergic activity is the mechanism held responsible

for the syndrome (De Boer et al., 1977, 1980). DPA increases GABA-ergic activity
via inhibition of the second enzyme invelved in GABA degradation, i.e. succinic
semialdehyde dehydrogenase (SSA-DH} (Van der Laan et al., 1979]) and not via

a direct effect on the first enzyme, GABA-transaminase (GABA-7), as suggested
by others (Godin et al., 1969; Simler et al., 1973). Inhibition of SSA-DH
results in accumulation of SSA, which inhibits GABA-T, thus increasing the
concentration of GABA (Van der Laan et al., 1979). Recent studies with
branched-chain fatty acid analogues of DPA support this hypothesis, revealing

a correlation between inhibitory effects on SSA-DH and the behavioural

effects of these compounds (Van der Laan et al., 1980).

The present experiments were designed to investigate the role of brain
structures involved in the expression of these guasi-morphine abstinence
signs evcked by DPA and also to gain a better insight inte the neuro-
anatomical pathways involved in the morphine withdrawal syndrome. The latter
pathways have been analyzed thus far by intracerebral application of naloxore
in opiate-dependent animals (Calvino et al., 1979; Lagowska et al., 1978;
Laschka and Herz, 1977; Wei et al., 1972, 1973, 1975), or by lesioning,
electrolytically or chemically, of brain pathways, whereafter abstinence
behaviour was precipitated by systemic administration of naloxone (Calvino et
et al., 1979; Elchisak and Rosecrans, 1979; Kerr and Pozuelo, 1971).
Intracerebral injection of DPA might revesl a relationship between speeific
GABA-ergic systems and abstinence behaviour.

In the present experiments DPA was injected into several structures
which are known to contain GABA-ergic receptors, e.g. the caudate nucleus,
the substantia nigra, hippocampus and amygdala and gquasi-morphine abstinence
behaviour was observed. Only behavicural responses elicited in the central
amygdala (Ac) and the centre median-parafascicularis area (Cm-Pf) correspond
to the quasi-gbstinence syndrome and were further characterized. Both the
Ac and the Cm-Pf are krnown to contain z moderate to high density of opiate
receptors (Atweh and Kuhar, 1977 a,b).
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MATERIALS AND METHODS

Ninety-four male albino rats (180-220 g, at the time of surgery), randomly
selected fram an inbred Wistar strain (TNG, Zeist, The Netherlands) were used.
The animals were housed in groups of four or five in Macrolen cages (47x27x
15 cm) and received food and water ad lib. Lights were kept on from 8.30 to
20.30 h.

Animals (n=%6) were anzesthetized with chloralhydrate (400 mg/kg i.p.) for
stereotaxic surgery and double barrelled stainless steel cannulae were
implanted bilaterally. The coordinates, according to the Atlas of Kénig and
Klippel (1963), are presented in Table 1. For the centre median, the cannulae
were placed at an angle of 9. The cannulae were inserted 6.0 mm below the
skull surface for the amygdala and 4.0 mm for the centre median. After placement
the canhnulae were Fixed to the skull with acrylic dental cement (PaladurR).
After a recovery period of one week, during which the animals were housed
individually, the animals received a bilatersl injection of 10 ug DPA in 0.5
ul artificial CSF (Palaic et al., 1967), using a 10 Wl Hamilton syringe
(31 gauge nesdle}.

Rats were allowed to habituate tc a cage with sawdust bedding for at least
30 min. Directly after the intracerebral injection, behavicur was observed
for 15 min. The following signs were scored: hunchback posture, pileerection,
ptosis and penile erection. Other signs were recorded as quantal events:
rearing, foreleg shakes, head shakes, body shakes, escape digging and
episodes of chewing, swallowing and teeth chattering. Locomotor activity was
monitored over the 15 min. observation period using a Varimex activity meter.
Behaviour was observed hetween 10.00 and 16.3C h in a room with white noise
and a constant temperature of 27 + 1%¢.

Four "to seven days after the . intracerebral injection of DPA, the animals
received an intraperitoneal injection of DPA (300 mg/kg) after which their
behaviour was observed, as described above. After five minutes biecuculline-
methicdide (BMI), strychnine or vehicle was injected intracerebrally.

Seven days later, these animals were similarly treated with DPA in a final
experiment in which, instead of BMI, morphine was used.

In 2 second group, rats (n=2B) were lesioned {1 mA, 45 sec.) in the Ac and
the Cm-Pf on the same coordinates as those given above, with a platinum
electrode {amcde), varnished except for the tip of 0.25 mm. The stereotaxic
frame served as the cathode. In control animals, the electrode was driven to

1 mm above the coordinates used without applying current. The animals were
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Table 1.

Behavioural effecis of DPA-injections into different brain areas

Brain area Coordinates Behavioural effects
AP L H Body Enhanced Chewing
shakes Activity

Nucleus Accumbens (2) +9.8 1.2 -0.6 - - -
Nucleus Caudatus

Anterior (2) 49.2 2.7 +0.4 - - -
Nucleus Caudatus

Posterior {(2) «7.5 3.5 +0.4 - - -
Centre Median (12) +4.0 0.8 -1.0 + + -
Substantia Nigra (2) +2.9 1.5 -2.2 - - -
Amygdala Centralis(11l) +4.4 3.5 -Z.4 - - -
Hippotampus (4) +2.8 3.0 +1.8 - - -
Locus Coeruleus (4) -0.8 1.0 -0.5 - - -

Numbers between brackets represent the number of animals.
Cocrdinates were derived from Kdnig and Klippel (1563).

treated with DPA (300 mg/kg i.p.) two weeks after lesicning and their behaviour
was chserved as described azbove.

At the end of each experiment rats were perfused with 10% formalin and
either the position of the cannulae or the extent of the lesicns was histolo-
gically verified (60 um slices, cresylviolet stain).

Statistical comparison of the effects of the different treatments was
carried out using the Mann-Whitney U-test. For the experiments involving
intracerebral administration of BMI or morphine, the scores for bedy shakes,
as well as those for horizontal activity, were combined for the period from
the 7th to the 15th minute (or for fractions of this period), and then
compared with contrel treatment over the same peried.

Di-n-propylacetate (sodium valproate, Albic) was dissolved in artificial
cerebrospinal fluid {CSF), accordinmg to Palaic et al. (1967). when intended
for intracerebral injectien. Intraperitoneal DPA was given as a 100 mg/ml
solution in deionized water at a dose of 300 mg/kg. Bicuculline-methicdide
(BMI, Pierce) and strychnine-nitrate were dissolved in deionized water and
administered at the doses described under Results. Morphine.HCl (OPG) was

dissolved in saline.
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FIG. 1. Localization of the injection
sites of DPA in the area of the centre
median-nucleus parafascicularis (Cm-Pf).
The symbols represent the efficiency of
that particular site to induce body shakes:
O, no body shakes;d, 1-4 body shakes;
e.> 4 bedy shakes. The figures are drawn
from the Atlas of Konig and Klippel
{1963) and the anterior level of each
section is indicated. Abbrevisztions:

cm, centre median; pf. nucleus para-
fascicularis; tvm, ventromedial nucleus;
FR, faseciculus retroflexus.

FIG. 2. Localization of the injection
sites of DPA in the area of the central
amygdala. The symbols represent the
efficiency of that particular site to
induce episodes of chewing: OO, no chewing;
ALl-4 episcdes of chewing: e, > 4 episodes
of chewing. The figures are drawn from
the Atlas of Kdnig and Klippel (1963).
The znterior level of each section is
indicated. Abbreviations: ac, central
amygdala nucleus: am, medial amygdala
nucleus; S5T,stris terminalis; cop,

caudata putamen; TO, optical tract; CAIR,
capsula interna reticulata.
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RESULTS

Intracerebral infection of di-n-propylacetate

Intracersbral injection of DPA into eight different areas revealed that
in only two areas, the Cm-Pf and the Ac, sbstinence symptoms could be evoked,
namely body shakes, enhanced locomotor activity and chewing (Table 1). The
behavioural responses elicited from the Ac and Cm-Pf differed significantly
{Table 2). The scores for swallowing, teeth chattering and head shakes did not
differ significantly (data not shown). -

The injection sites in the Cm-Pf are presented in Fig. 1 and the efficacy
of each site for eliciting body shakes was plotted on frontal planes. Injection
sites evoking a high number of body shakes were located in the centre median
and in the lower part of the nucleus parafascicularis, somewhai posterior to
the centre median.

Injecticn of DPA into Ac resulted in significantly more episcdes of chewing

when compared to the Cm-Pf area. These injection sites are shown in Fig, Z.

Table Z.

Effect on behaviour of intracerebral administration of DPA in the Ac and Cm=Pf

Ac (11) Cm-Pf (12)
Horizontal activity 9% + 10 14+ 11 p< 0.005
Rearing 17,5 + 3,1 (100) 41,7 = 4,0 (100) p<0.005
Body shakes 0,8 + 0,4 ( 38) 3,3+ 0,9 (83) p<0.05
Chewing episodes 5,3+ 1,3 ( 91) 0,9 + 0,6 ( 42) p<0.01

Numbers between brackets at the head of the columns represent the number of
animals. Numbers between brackets beside the sccres represent the incidence
in percentages. Mean values + SEM are given.

Intracenchral administration of BMI after intraperditoneatl DPA

DPA was administered intraperitorezlly teo rats and after 5 min BMI was given
intracerebrally. BMI {0.5 ug), injected bilaterally intc the Cm-Pf, suppressed
body shakes by 92% (p<0.002), whereas 0.2 g gave about 65% suppression
{p<0.05) (Fig. 3). Injecticn of 0.5 ug BMI, bilaterally, immediately suppressed
horizontal activity by 55% (p < 0.02), an effect which was sustained for the
first three minutes, while during the last three minutes of the observation
period an increase in horizontal activity was abserved using 0.2 pg (150%;
p <C.Cl). Injection of strychnine, 1.0 ug bilaterally, into the Cm-Pf peithér
affected body shakes nor horizontal activity evoked by intraperitoneal

administration of DPA.
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FIG. 3. Effects in rats of injection of
BMI and strychnine into the Cm-Pf on body
shakes and horizontal activity induced by
DPA. At t = 0 DPA (300 mg/kg i.p.) was
given and after 6 min BMI, strychnine or
vehicle was administered intracerebrally.
e—e, control (n=9); 0—C,BMI, 2 x 0.2 g
(n=4); A— A, BMI, 2 x 0.5 ug (n=5);
o—o, strychnine, Z x 1.0 ug (n=5).

+ p<0.05; ++ p<0.002; % p< Q.02 for the
7th to the 9th min; %% p<0.01 for the
13th to the 15th min; z2ll differences
tested vs control. Bars represent SEM.

Intracerebral administration of BMI (0.5 ug bilaterally) into the Ac of
DPA-pretreated rats resulted in a profound increase in body shakes (210%;
p<0.C05). A lower dose (0.2 ug) was not effective. No significant changes

in horizontal activity were observed {Fig. 4).

FIG. 4. Effects in rats of injection of
of BMI inte the Ac on body shakes and
horizontal activity induced by DPA. At

t = 0 DPA (300 mg/kg i.p.} was injected
and after é min BMI or vehicle was ad-
ministered intracerebrally. e—w, control
(n=6);0—0, BMI, 2 x 0.2 ug {n=5);
A—A, BMI, 2 x 0.5 ug (n=6); + p < 0.005
vs control treatment. Bars represent SEM.
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Intracenehral infection of morphine after intraperitoneal TPA

Rats received morphine intracerebrally 5 min after pretreatment with DPA
{300 mg/kg i.p.). After bilateral injection of 0.5 pg morphine into the Cm-PF,
body shakes were suppressed by 72% (p< 0.01) and horizontal activity by 37%
(p<0.002) (Fig. 5). Neo suppression of body shakes or locomotor activity was
observed after injection of morphine into the Ac, using doses of 0.5, 1.0 or
5.0 ug, bilaterally (Fig. &). However, over the pericd from the 7th to the
11th min an increase in horizontal activity was observed using 0.5 ug (230%;
p<0.01) as well as 5.0 ug morphine (180%; p<0.05).

Intection Body Shakes
body shakest

Inesction SE i
body shakesy \l, 5
a4

S BRI

o - oR] 14 4 T TR
Tees & 970 11213 1435 min 2 345 78 9510 112 13 14 15 min

Injection Horlzontat activity
acthvty counts/, o l

so!—

Injection Horizontal activity
actiity counts/ i

PRIV SRS S NN R TR TR SUUS N S Y N PRI T L
1 23 45 7B 910112 13 14 15 min 123 49 7B SN 1213 WS min

FIG. 5. Effects in rats of FIG. 6. Effects in rats of injection
injection of morphine into the of morphine into the Ac on body
Cm-Pf on body shakes and horizon- shakes and horizontal activity in-
tal activity induced by DPA. At t=0 duced by DPA. At t=0C DPA (300 mg/kg
DPA {300 mg/kg i.p.) was injected i.p.) was injected, and after 6 min
and after 6 min morphine or morphine or vehicle was administered
vehicle was administered intra- intracerebrally. o—s, contrcl (n=8);
cerebrally. e—a, control {n=7); o—a, morphine. 2 x 0.5 1g (n=3);
o—o morphine, 2 x 0.5 pg {n=8). O—01, morphine, 2 x 1.0 ug (n=3);

+ p<0.0l; % p<0.002 vs control. A— A, morphime, 2 x 5.0 ug (n=5).
Bars represent SEM. % p< 0.01; »x p< 0.05 vs control for

the 7th to the 11th min. Bars
represent SEM.
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Bilatenal Lesions in the amygdala and thalamis
Destruction of the Ac significantly reducesd (p<0.05) the number of body
shakes, when compared to sham-operated animals, i.e. 21.6 + 1.8 (n=53) vs
34.2 + 3.7 (n=9), respectively, after injection of DPA (300 mg/kg i.p.).
Other symptoms were not affected. Lesions in the Cm-Pf did not have any effect

on DPA-evoked behaviour. The extent of the lesions is shown in figures 7 and 8.

FIG. 7. Extent of damage induced by
electrolytic lesions in the central
amygdala. See the legend to Fig. 2 for
abbreviations. The damage in each rat
is shown bilaterally.

FIG. 8. Extent of damage induced by
electrolytic lesions in the Cm-Pf. See
the legend to Fig. 1 for abbreviations.
The damage in each rat is shown

“" bilaterally.
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DISCUSSION

As has been shown previously, an intraperitoneal injection of DPA in rats
results in guasi-morphine abstinence behaviour consisting mainly of centrally
regulated symptoms (De Boer et al., 1977). These symptoms are probably evoked
by increased GABA-ergic activity since they are prevented by GABA-antagonists
(De Boer et al., 1977, 1980). A low dose of morphine was also found to
suppress DPA-evoked behaviour.

The present data (Table 1). indicate that, of the eight brain structures
studied, only the centre median-parafascicularis area (Cm-Pf} and the central
amygdaloid nucleus (Ac) are involved in DPA-evoked abstinence behaviour. The
possibility that GABA-ergic and opiate systems, present in the Cm-Pf and the
Ac, form part of a regulating mechanism with regard to abstinence behaviour,

seems, therefore, feasible.

GABA-ergic and opiate mechanisms in the Cm-P§

A GABA-ergic system present in the Cm-Pf seems to be responsible, at
least in part, for the induction of body shakes by intraperitoneal injecticon
of DPA, since injection of DPA into this structure also evoked body shakes.
Moreover, injection of the GABA-antagonist 8MI, but nmot of the glycine anta-
gonist strychnine into this area, suppressed the number of body shakes
evoked after intraperitoneal injection of DPA.

The GABA-ergic system in the Cm-Pf, involved in the increase of horizontal
activity evoked by DPA, differs frem that invelved in the body shakes, since,
after injection of 0.2 ug BMI into the Cm-Pf, the duration of horizontal
activity was extended, while the same dose suppressed the number of body
shakes.

Stimulation of opiate receptors by injection of morphine into the Cm-Pf,
suppressed the number of body shakes as well as the increase in horizontal
activity evoked by intraperitoreally injected DPA. Although it has been
suggested that morphine, in high doses, may act as a GABA-antagonist
(Dingledine et al., 1977), it has bzen shown more recently that morphine may
inhibit GABA-release, either by a presynaptic mechanism or by inhibition of
the firing rate of GABA-ergic cells { Nicoll et al., 1980; Van der Heyden et
al.,1980). This may explain the similar effects of BMI and morphine on DPA-
evoked body shakes after their injection into the Cm-Pf. However, a primary
involvement of GABA-ergic systems in the Cm-Pf in DPA-evoked behaviour can be
excluded , as destruction of the Cm-Pf did not affect any of the symptoms.

110



Thus, GABA-ergic neurons present in the Cm-Pf seem to be facilitatory in
the expression of DPA-induced body shakes, while their action can be

counteracted by opiate mechanisms in the same area.

GABA-ergic and opliate mechanisms {n the Ac

Although injection of DPA into the Ac resulted in enhanced chewing., no
further evidence could be obtained for the mediation of this effect by GABA-
ergic neurons, since BMI injected into the Ac had no effect on chewing evoked
by inmtraperitoneal DPA-administraticn {data not shown).

Injection of BMI into the Ac increased the number of body shakes after
intraperitoneal administration of DPA, suggesting the presence of an in-
hibitery GABA-ergic system in the Ac, which affects body shaking.

It has been reported that the Ac contains a high density of opiate
receptors {Atweh and Kuhar, 1977b),prebably connected to receiver cells of
an enkephalinergic system { Gros et al., 1978: Simantov et al., 1977).
Nevertheless, morphine injected intoc this brain area was without effect on
DPA-evcked body shakes. Thus, the Ac contains GABA-ergic mechanisms which
irhibit the expression of body shakes and which are unaffected by morphine.

The present results, therefore, suggest that, as far as body shakes are
concerned, a GABA-ergic system in the Cm-Pf plays a facilitatory role, while
a GABA-ergic system in the Ac exerts an inhibitory effect. Systemic injection
of DPA may, thus, evoke abstinence behaviour by activating the GABA-ergic
system in the Cm-Pf which may stimulate an unknown neuronal pathway
responsible for the expression of body shakes, probably via disinhibition
of this pathway. The GABA-ergic ecells in the Cm-Pf might be under control
of an opioid system.

The inhibitory action of the GABA-ergic system in the Ac on DPA-evoked
behaviour and the fact that destruction of this structure decreases the
number of body shakes, suggests thalt the Ac contains excitatery neurons
which might be primarily involved in evoking body shakes. The GABA-ergic
neurons present in this structure may inhibit these neurons directly.

The present data, obtained with rats in which quasi-morphine abstinence
behaviour was induced by DPA, might have implications for the lececalization
of the brain area responsible for the true morphine withdrawal syndrome.
Severzl structures have been reported fo be involved in the expression of
morphine abstinence behaviour, e.g. areas located on the floor of the 4th
ventricle (laschka and Herz, 1977}, the periagueductal grey (Laschka and
Herz, 1977: Wel et al., 1975) and the hypothalamus (Kerr and Pozuele, 1971;
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Wei et 2l., 1975}. In none of these studies were the data related to a
specific transmitter system. Amygdaloid structures have also been implicated
in the morphine withdrawzsl syndrome (Calvino et al., 1979; Lagowska et al.,
1978).

Furthermore, it has been reported that morphine alters the synthesis
and distribution of GABA in the thalamus, although, after chronic administra-
tion of morphine, no differences were observed (Kuriyama and Yoneda, 1978;
Yoneda et al., 1977). Further experiments are necessary to elucidate the
role of GABA-ergic mechanisms in the Ac and the Em-Pf in the morphine
withdrawal syndrome.

In conclusion, the present study suggests that GCABA-ergic systems,
especially those in the Cm-Pf and the Ac, are involved in the expression
of body shakes and horizontal activity evoked by DPA. An opioid imput
present in the Cm-Pf may regulate this system. It is possible that the
projection of the Pf into the central amygdala, which has been described

recently (Ottersen and Ben-Ari, 1979), is implicated in this system.
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CHAPTER VI

DIPROPYLACETATE-INDUCED QUASI-MORPHINE ABSTINENCE BEHAVICUR
IN THE RAT: PARTICIPATION OF THE LOCUS COERULEUS SYSTEM

J.W. van der lLaan, J. Bruinvels and A.R. Cools

Brain Research, submitted for publicaticn
ABSTRACT

The role of the noradrenergic system in guasi-morphine abstinence
behaviour induced by di-p-propylacetate (DPA) in rats has been studied.
Depletion of noradrenaline (NA}., by treatment with FLA-£3, decreased the
number of body shakes and the extent of horizontal activiiy evoked by DPA.
Almest total suppression of these symptoms was obtained by injection of 20
ng morphine bilaterally into the locus coeruleus {LC). Destruction of the
LC system by electrolytic lesion of the LC or by injection of &6-OHdopamine
into the dorsal bundle revealed that degeneration of the NA system by at
least 80% appears tc be necessary to decrease the number of body shakes.
It is concluded that the noradrenergic LC system fulfils a modulatory

role in quasi-morphine abstinence behaviour induced by DPA.
INTRODUCTION

Systemic administration of di-n-propylacetate (DPA} induces a behavioural
syndrome in rats consisting of body shakes, escape digging, hunchback
posture, enhanced locomotor activity amd various other symptoms (Bruinvels
st al.., 1980; De Boer et al., 1977, 1980).

Increased GABA-ergic activity is held responsible for the induction of
this behaviour since it can be suppressed by the GABA-antagonists bicuculline
and picrotoxin, but not by the glycine antagonist strychnine {(De Boer et al.,
1377, 1980). DPA is thought to enhance GABA-ergic activity by inhibition of
succinic-semialdehyde dehydrogenase, the second enzyme in the degradation
of GABA (Van der Laan et al., 1979).

Since the DPA-evoked behaviour resembles that seen during morphine
abstinence (De Boer et al., 1977) it is referred to as quasi-morphine

abstinence behaviour as defined by Collier (1974}.
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We have now used the DPA-induced behavioural syndrome as a model to
study the rcle of the noradrenergic locus coeruleus (LC) system in morphine
withdrawal behaviour. Participation of brain noradrenaline (NA) in morphine
abstinence behavicur is suggested by several lines of evidence zs reviewed
recently (Iwamoto and Way, 1979). Contradictery results, however, have been
an obstacle to the elucidaticn of the exact role of this transmitter (see
Iwamoto and Way, 1979). These contradictions may, in part, be accounted
for by differences in the species studied, in opiate treatment schedules,
in scoring systems for the degree of abstinence behaviour and in the
indicator of NA functionality. For instance, some investigators have
studied steady state concentration of NA in parts of or in the whole brain,
while others have studied turnover of NA by determination of its rate of
synthesis or of degradation.

The role of the noradrenergic system in morphine abstinence behaviour
seems to be important in view of recent reports on the use of clonidine
in the detoxification of opiate addicts (Gold et al., 1978, 1979, 1980;
Washton et al., 1980). Evidence has been presented that clonidire counteracts
morphine abstinence behaviour by stimulation of o-adrencceptors located in
the LC (Aghajanian, 1978). Therefors, we decided to restrict ourselves, in
the present study, mainly to the noradrenergic system originating in the
LC, which projects via the dorsal bundle into the forebrain. To allow
comparison with treatments that affect the whole braim NA content, a study
on the effects of systemically administered FLA-63, a dopamine-f-hydroxylase
inhibitor, was included.

In the present paper, the effect of changes in LC activity on DPA-induced
behaviour has been examined using three different approaches: a) local
injection of morphine into the LC; b) electrolytic lesion of the LC; c)

chemical lesion of the LC forebrain projection.
MATERIALS AND METHODS

Sixty-eight male Wistar rats (150-225 g; TNO, Zeist, the Netherlands)
were used for all experiments. In the first experiment rats (n=15) were
treated with FLA-83 (20 mg/kg i.p.) three times at twe hourly intervals.
Two hours after the last injection they received DPA (300 mg/kg i.p.) and
their behaviour was observed as follows. Rats were placed in a macrolon
cage (47 x 27 % 15 cm) with sawdust bedding and were zllowed toc habituate

for at least 30 min, whereafter DPA was administered intraperitoneally.
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Behavicural observation was started directly after the injecticn and lasted
for 15 min. The following signs were scored as absent, mild or marked:
hunchback posture, pileoerection, ptosis, penis licking and erection. Other
signs were counted as quantal events: body shakes, head shakes, escape
digging and foreleg shakes. Horizontal sctivity was measured simultanesously
using an Animex activity meter.

A second group of animals {n=28) was znaesthetized with pentobarbital
(60 mg/kg i.p-}, placed in a stereotaxic frame and stainless steel
cannulae were implanted bilaterally, as previously described by Pijnenburg
et al. {1976). The following coordinates were chosen: AP -0.8, L 1.2, H 3.1,
according to the coordinate system of Kbnig and Klippel (1963). The
cannulae were inclined at an angle of 15° from the posterior side and 5°
from the lateral side to avoid bleeding. After @ recovery period of one
week, during which the animals were housed individually, behavioural
observations were carried out after placing the rats in a wooden cage
(50 x 30 x 30 em) with z single transparent perspex wall, on sawdust bedding.
Behavicural scoring after injection of DPA {300 mg/kg i.p.) was carried out
as described above, except for the horizontal activity, which was scored as
the number of full cage lenghts {50 cm) the rats had covered. After five
minutes morphine or saline was injected intracerebrally in a volume of 0.5
ul, the latter serving as 2 control. To check the correct placement of the
cannulae, histological examination was carried out as described previously
(Van der Laan and Bruinvels, in press).

In a third experiment, rats {(n=12) were anaesthetized with chloral
hydrate (400 mg/kg i.p.), placed in a stereotaxic frame and brain lesions
were performed centered on the LC, AP -0.5, L 0.9, H 2.6, according to the
coordinate system of Kénig and Klippel (1963), with a platinum slectrode
(anode) varnished except for the tip of 0.25 mm. The stereotaxic frame
served as the cathcde. The electrode was inclired at an angle of 16° from
the posterior side. The intensity of the current was 1 mA and the duration
45 sec. In control animals the electrode was driven to 2 mm above the LC
without applying current. Two weeks after lesioning, the animals were
treated with DPA (300 mg/kg) and their behaviour was observed for 15 min,
as described above. In this experiment, hcrizontal activity was measured
using a Varimex activity meter.

In a fourth group of rats (n=13), under chloral hydrate anaesthesia,
6-0Hdopamire was injected bilaterally into the dorsal bundle, AP 1.8,

L 1.0, H 0.5 (Xtnig and Klippel, 1963). 6-OHdopamine was administered in a
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dose of B ug in 2 pl, bilaterally, and was dissclved in deionized water
containing 0.2 mg/ml ascorbic acid. Controls received only the ascorbic

acid solution. The animals were housed five per cage and were allowed to
recover for 21 days. Subseguently, the rats were treated with DPA, whereafter
their behaviour was observed For 15 min, as described above.

The lesioned rats and the &-OMdopamine treated rats were decapitated on the
fourth day after the injection of DPA. Brains were rapidly removed and
dissected as follows. A transverse section was made just anterior to the
optic chiasm keeping the upper surface of the brain horizontal. The total
anterior part was used for analysis in the lesioned rats. In the rats
treated with 6-0OHdopamine, the cortex was dissected free from this forebrain
according to Gispen et al. {1972). The cortex tissue was frozen on dry ice
and noradrenaline was determined according to Westerirk and Korf (1977).

Statistical compariscn between different treatments was carried out
using the Mann-Whitney U-test {Siegel, 1956). For the experiments with
intracerebral administration of morphine, the sum of the scores for body
shakes cr horizental activity over the teotal period from the 7th to the
15th min were compared with control values obtained over the same period.

DPA (sodium valproate, DepakineR) was purchased from Albic BV, Maassluis,
the Netherlands, and dissolved in deionized water to a concentration of
106 mg/ml. 6-OHdopamine and FLA-53 were obtained from Labkemi AB, Sweden.
FLA-63 {(bis~(l-methyl-f-homopiperazinyl-thiocarbonyl)disulfide) was dissolved
in 2N HC1, diluted with saline, the pH then adjusted to & with 2N NaQH,

and injected at a concentration of 2.5% w/v.

RESULTS

Intraperitoneal injecticn of CPA mainly resulted in the appearance of
body shakes and enhanced locomotor activity, while hunchback posture and
piloerecticn were also observed in rearly all animals. Other symptoms
occurred at a much lower incidence and were, in most cases, not considered
any further.

Pretreatment of the animals with FLA-63 prevented the full expression
of DPA-induced bzhaviour {Table 1). Both the number of body shakes and the
horizontal activity were decreased significantly by about 38 and 38%,
respectively. Escape digging was totally suppressed. Other symptoms were not

altered significantly.
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Table 1.
Effects of pretreatment with FLA-63 on the behaviour evcked by DPA

Control (8) FLA-63 (7) % iphibition
Body shakes l6.6 + 2.7 7.0 + Z.0% 58
Escape digging 6.9 + 1.6 0.3 + 0.1% S6
Horizontal activity 697 &+ 75 434  + &7* 38

Mean values + SEM are given. Numbers between brackets represent the number
of animals tested. Statistical significance (* p<0.02) was calculated
using the Mann-Whitney U-test (twc tailed) (Siegel, 1958).

Injection of 20 ng morphine (bilaterally) into the LT, 5 min after
injection of DPA, resulted in & profound decrease in body shakes and
horizontal activity {90%; p<0.001), while after injectiecn of 10 ng
morphine only body shakes were suppressed by 30% (p<0.05) (Fig. 1).
Histological confirmation of the placement of the cannulze is given in Fig.
2. At least at one side and in most cases st both sides a good placement of
the cannulae was achieved in all animals. No differences in location of
the ecannulae were observed between the groups receiving morphine or saline.

Eilectrclytic lesioning of the LC or injection of 6-OHdopamine into the
dorsal bundle both caused a degeneration of the noradrenergic projecticn
to the ferebrain regions of the rats (Table 2). The treated animals were
divided inmto several groups according to the remzining level of NA. Only
in those rats with a forebrain NA concentration 20% of that of controls

could a decrease of about 50% in the number of body shakes be observed.

oy vy IS FIG. 1. Effects of injection of morphine

4 min l into the locus coeruleus of the rat on
body shakes and horizontal activity

a induced by DPA (300 mg/kg i.p-).
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FIG. 2. Localization of the injection sites of morphine or saline in the
area of the locus coeruleus. The two sites for each rat are given. The
figures are drawn from the atlas of Pellegrino and Cushman (1971). The
posterior level is 2.0 mm posterior to the plane thrcough the intersural
line.

Abbreviations: LC = locus coeruleus; PCS = pedunculus cerebellar superior;
NMT = nucleus tractus mesencephalic nervi trigemini; FLM = fasciculus
longitudinalis medizlis.

A much smaller, not significant, decline in horizontal activity was present
(20%). In those rats with a higher residual brain NA concentration neither

a decrease in body shakes nor in horizental activity could be detected.
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Table 2.

Relation between noradrenaline (NA) concentration in the LC projection
to the forebrain and DPA-induced body shakes and horizontal activity

A Electrolytic lesicn of the LC

NA concentration Body shakes in %  Horizontal
in forebrain in % Activity in %
Sham {5) 100 + 8 100 + 8 100 + 8
50<NA <90% (5) 64 + 5 82 + 1D 102 + 6
NA <25% (2) 18 (14, 21) 53 (39, 67) 81 (59, 103)

B Chemical lesion 6-0HDA of the dorsal bundle

NA concentration Boedy shakes in ¥ Horizontal
in cortex in % Activity in %
Sham (5) 100 + & 100 + 13 108 + 15
NA = 100% (3) 95 + 3 118 + 19 95 + 13
25<NA < 50% (3) 42 + 5 82 + 11 84 + 20
NA < 25% (2) 19 (18, 20) 47 (45, 49) 76 (80, 71}

Values given represent the percentages of the appropriate control values

and are given as means + SEM.

A: results obtained with rats which received an electrolytic lesion in the LC.

B: results obtained with rats which received an injection of 6-0H dopamine
into the dorsal bundle.

Absolute values fcr the controls: NA conmcentration A (forebrain)

121 + 9.9 ng/g; B {cortex) 158.0 + 5.8 ng/g; Body shakes: A 35.8 + 2.7;

B 26.8 + 3.6; Horizontal activity: A 260.0 + 19.86; B 119.5 + 17.4.

Numbers between brackets represent the number of animals.

DISCUSSION

The present results suggest that the LC is intimately invelved in the
expressicn of gquasi-morphine abstirnence behaviour induced by DPA.

According toc the data described by Herz et sl. (1574) the treatment
schedule used in the experiment with FLA-63 would be expected to deplete the
NA level in brain to about 25%. The results obtained in this experiment,
therefore, indicate that an intact noradrensrgic system is required for the
expression of DPA-induced abstinence behaviour as has been shown for true
morphine abstinence behaviour (Herz et al., 1974).

Since the noradrenergic pathway criginating from the LC is one of the
main noradrenergic systems in the brain, we have tried to modulate noradren-

ergic activity by injecting morphine directly into this nuelsus. Systemic

126



administratiorn of morphine has been previocusly shown to suppress DPA-svoked
behaviour (De Boer et al., 1977, 1980).

In additicn, morphine administered either intravenously eor micro-
iontophoretically into the LC, has been shown to inhibit LC neuronzal
activity (Aghajanian, 1978; Bird and Kuhar, 1977; Korf et al., 1974).
Therefore, injecting morphine into this area might be expected to affect
DPA-evoked behaviour. The results obtained indeed showed that an active
noradrenergic LC system, projecting into the forebrain, is a prerequisite
for the full expression of DPA-eveked body shakes, since inhibition of the
LC activity by morphine as well as an 80% degeneration of the LL forebrain
projection resulted in a profound decrease in the incidence of this symptom
(Fig- 1, Table 2). These results, therefore, suggest that impairment of the
activity of dorsal noradrenergic bundle can be held responsible for the
suppression of body shakes by FLA-63.

The high sensitivity of the LC fo the body shakes-suppressing effect
of morphine becomes apparent when compared to the doses required to give
the same effects following injection into the centre median-parafascicularis
area {Cm-Pf) and the central nucleus of the amygdala (Ae) (Van der Laan
and Bruinvels, in press). When morphine was injected into the Tm-Pf a
70% suppression of body shakes was obtained using a dose of 8.5 ug
(bilaterally), whereas no suppressive effect of morphine {at doses up to
5.0 ng, bilaterally) could be found following injection into the Ac. The
relative sensitivity of these structures for the suppression of body
shakes by morphine agrees very well with that reported by Wel et al. (1975),
who studied  the effect of morphine on wet shake behaviour of anaesthetized
rats immersed intoc cold water.

The observation that a decrease of at least BO¥ in ths NA level in the
forebrain or cortex appears to be necessary to affect the quasi-morphine
abstinence behaviour induced by DPA, is in agreement with results obtained
by Herz et zl. (1%974), who studied levallorphan precipitated morphine
withdrawal in rats. These authors, using @-methyl, p-tyrosine methyl ester
and FLA-63 to deplete NA levels, reported a strong suppression of body
shakes only when brain NA levels were decreased more than 70%.

Since injection of DPA itself (20 pg, bilaterally) into the LC does not
evoke any of the behavioural symptoms as can be cbserved after intra-
peritoneal injection {Van der Laan and Bruinvels, in press), it seems
unlikely that a GABA-ergic mechanism in this region is direectly involved

in the induction of this gyndrome. Recent studies, however,
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that GABA-ergic systems located in the central amygdala and the Cm-Pf

may be primary invelved in DPA-evoked behaviour (Van der Laan and

Bruinvels, in press). Nevertheless, the present data indicate the
requirement of an active LC sysiem in this behaviour. Such a condition is
compatible with the findings of Aghajanian (1978) demonstrating an increased
LC firing rate during morphine withdrawal in rats, which could be suppressed
by clonidine. Treatment with clonidine, which has been reported to suppress
abstinence behaviour ir rats and men ( Fielding et al., 1978: Gold et al.,
1980; Vetulani and Bednarczyk, 1977; Washton et al., 1980) alsoc reduced NA
turnover in the cerebral cortex of morphine dependent rats treated with
naloxocne (Crawley et al., 1979; Laverty and Roth, 1980).. Therefore, the
evidence presented suggests that DPA-evoked behaviour not only resembles
morphine abstirence behaviour in rats, but also seems to be medizted by an
identiczl mechanism, in sofar as the noradrenergic dorsal bundle from the
LC is involved.

The requirement of NA for DPA-evoked behaviour can be understood in the
light of recent reports on noradrenergic potentiation of CGABA-ergic
inhibiticn, both in the somatosensory cortex and the cerebellum of rats,
without effect on spontanecus discharge (Moises and Woodward, 1980;
Waterhouse et al., 1978; Woodward et al., 1979). The authors suggested
that NA may act as a neuromedulator, ermhancing the efficiency of 2 cell to
recognize important signals amidst background noise, rather than as a
classical neurotransmitter. Such a role for NA in the hippocampus has also
been described (Segal and Bloom, 1976). It is possible, therszfore, that
total suppression of LC activity by injection of morphine into this area
prevents essential noradrenergic potentiation of DPA-enhanced GABA-ergic

activity.
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CHAPTER VII

DIPROPYLACETATE-INDUCED QUASI-MORPHINE ABSTINENCE BEHAVIOUR:
MECHANISMS AND SITE OF INDUECTION

GENERAL DISCUSSIGON

Mechanism of action of DPA

Whole brain GABA is increased in rats after DPA administration and the time
course of this change matches that of the anticonvulsant effect of DPA (see
section 1.2.6). Mandel and co-workers have reported that DPA irhibits GABA-T
{Godin et al., 1569; Simler et al., 1973} and they have assumed that DPA
exerts its GABA-enhancing effect through inhibition of this enzyme. However,
the Ki of. DPA for this enzyme was found to be rather high, 18 mM, a value
of the same order as that found in our experiments (23.2 mM; chapter II).

The present results indicate that DPA more pctently inhibits SSA-OH (Kiz

0.5 mM), in agreement with the data reported by other authers (Harvey et al.,
1975; Sawaya et al., 1975; Anlezark et al., 1976). Calculation of the kinetic
constants for GABA-T led to the conclusion that the equilibrium of the
reactions catalyzed by this enzyme is strongly biased towards GABA, confirming
the data of Duffy et al. (1972), and that product inhibition by SSA is to

be expected.

Therefore, the following mechanisms of acticn ean be put forward.
Administration of DPA will result in inhibition of SSA-DH, causing an
accumulation of its substrate S5A. The accumulated 5SA will prevent further
degradation of GABA by inhibiticn of the GABA-T forward reaction or initiation
of the GABA-T reversed reaction, thereby enhancing the GABA concentration
in brain.

Previous reports had shown that the brain and plasma levels eof DPA, which
lead to a rise in GABA levels in the rat brain, are of the order of 0.1 -~
1.0 mM (Sawaya et al., 1975). Since DPA has a much weaker iInhibitory effect
on GABA-T, it can now be clearly understood in which way DPA exerts its GABA-
increasing action. The action of DPA on 5SA-DH (Ki:D.S mM) and the effects of
the resulting accumulation of SSA explain the increase in GABA levels in a mecre
satisfactory way. The question now arises as to whether this mechanism of

action is alsc involved in DPA-evoked quasi-morphine abstinence behaviour.
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Mechanisms {nvelved in quasi-moaphine absiinence behaviour

There is considerable evidence that DPA imduces quasi-morphine
abstinmence behaviour via stimulation of GABA-ergic activity, since the
behaviour can be suppressed by the GABA antagonists bicuetlline and picrotoxin
(see section 1.4.2). Therefore, we have studied the possibility that the
mechanism of action of DPA, stated in the preceding section, is responsible
for the induction of this behaviour. We have compared the biochemical and
behavioural effects of analogues of DPA, namely 2,2-dimethylvaleric acid
(DMV), 2-methyl,2-ethylcaproic acid (MEC) and caproic acid. It appeared that
the two branched-chain fatty acids, but not caproic acid, are capable of
inducing a similar behaviour pattern to that found with DPA. A correlation
was found between the Ki's of these compounds for SSA-DH and the doses
exerting a maximum effect on behaviour. However, MEC and DMV could not evoke
the behaviour to the same extent as DPA. probably due to their concurrent
inhibitign of GABA~T. The maximum scores for body shakes and horizontal
activity were found tc be related to the ratio of the K,'s of these compounds
for GABA-T over SSA-DH. Thus, concomitant inhibition of GABA-T by these
compounds suppressed the behaviour, which was induced by irhibition of SSA-DH.

These results fit the hypothetical medel, proposed by De Boer (1977),
concerning the compartmentalized action of DPA, in inducing quasi-abstinence
behavieur (see section 1.4.2; Fig. 1.4.2). According to this model, CPA
increases GABA only in nerve endings, while the GABA-T inhibiter, amino-
oxyacetic acid (ADAA), is mainly active in glial cells. Supporting evidence
for this hypothesis has been obtained recently by Sarhar and Seiler (1979},
who measured the GABA concentration in different subcellular organelles of
mouse brain after administration of DPA. The data suggest that the DPA-induced
increase in GABA is exclusively localized in the synaptosomal fraction,
leaving non-synaptosomal GABA unchanged. In addition, Iadarola and Gale
{1979) compared the effects of ADAA and DPA on GABA content in the substantia
nigra of rats in which the striatonigral GABA-ergic projections had been
unilaterally destroyed and provided evidence that the GABA increase produced
by DPA is associated mainly with GABA-ergic nerve terminals.

The present data can be explained in a similar way, supposing a
different action of the fatty acids in two distinct metabolic compartments

of the brain. The 55A-DH lccated in nerve endings (see Fig. 1) may be more

susceptible tc inhibition by the Fatty acids in comparison to its counterpart
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in the glial cell and neuronal cell body compartment. The reverse seems to
be true for the GABA-T in both compartments, the enzyme located in glial

cells being more sensitive to the branched-chain fatty acids.

Giial GABA-ergic
cell nerve terminal

SA E SA
E DPA i

MEC —»

DMV

SSa

st

ASM :BABA i a8
N *@

- GABA

Postsynaptic GABA = SSA—=SA
neuron

i
1 MEC, DMV, ADAA

FIG.1. Hypothetical model sbout a GABA-ergic nerve terminal together with
its surrounding cells. 1 = the release of GABA from the nerve terminalj
2 = release of GABA from a glial cell; 3 = diffusion of GABA to presynaptic
areas: 4 = inhibitory effect of stimulatior of a presynaptic autcreceptor
(R2) on the release of GABA by depolarization of the membrane; Ry = post-
synaptic GABA-receptor.
These different kinetic properties of the two forms of GABA-T in these two
compartments of the brain may be explained by the existence of isozymes
(Salganiceff and De Roberiis, 1965; Ngo and Tunnicliff, 1978). The GABA
accumulated in this way in the glial cell may be released from or leak out
of these cells (Minchin and Iversen, 1974), subseguently stimulating
presynaptic autoreceptors. Activation of these GABA-ergic autoreceptors
will inmhibit the further release of GABA {Mitchell and Martin, 1578; Van
der Heyden et al., 1979; Brennan et al., 1981; see section 1.2.3).

This hypothesis also enabled us to explain the discrepancy between
the time courses of the DPA-induced excitatory behaviour and the DPA-~induced
increase in GABA in brain (chapter IV). A second injection of DPA given
shortly after the first was unable teo evoke the abstinence to its full
extent. Since the time course of this acute tolerance parallelled the
increase in the GABA congentration in the brain, resulting from the first
injection of DPA (see Fig. 1.Z.6), a dual role for GARA was suggested in both
initiation and termination of the behaviour. According te the model
described above, DPA should act preferentially in the nerve terminal

compartment, thus initisting abstinence behavicur by enhancement of GABA-
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ergic transmission. On the cther hand, the overflow of GABA to presynaptic
areas { arrow 3 in Fig. 1) may activate presynaptic autoreceptors, thus
terminating the abstinence behaviour through inhibition of the enhanced
release of GABA. Recently, Sarhan and Seiler (1979) presented evidence for
an overflow of GABA, indicating an increase in synaptosomal GABA during the
first 10 min and thereafter, an increase in non-synmaptosomal material.

This time course for the increase in synaptosomal GABA after DPA is in
agreement with the time course of the quasi-abstinence behavicur induced

by DPA.

The finding that pretreatment with the dopamine-3-hydroxylase inhibitor
FLA-63 prevented the full expression of the DPA-induced behavicur suggests
that the presence of a normal level of noradremaline {NA) is required for
the inducticn of this bebaviour (chapter VI}. Since pretreatment of merphine-
dependent rats with FLA-63 prevents also induction of body shakes by
levallorphan, these data support the specificity of the DPA-induced behaviour
a5 a model for the true abstinence behavicur and indicate that identical
mechanisms may be involved. In recent years it has been established that NA
may act as a neuromodulator enhancing the signal efficiency of GABA and
probably also that of other neurotransmitters (Woodward =t al., 1979;

Moises and Woodward, 1980). As discussed in the rext section, the nor-
adrenergic bundle originating in the locus coeruleus appears to be
particularly involved im the DPA-induced behaviour.

The data discussed so far, which indicate an important role of GABA-
ergic activity in DPA-evoked abstinence behaviour, give rise to the gquestion
as to which mechanisms are involved in true morphine withdrawal. With respect
to the involvement of the nerve terminal GABA compartment, two findings are
important, namely the presynaptic inhibition of GABA-release by moTrphine
(Van der Heyden et al,, 1980; Corrigall and Linsemann, 1980) and the
decreased activity of GAD after development of physical dependence (Tzeng and
Ho, 1978; see section 1.3.4). Long-term inhibition of GABA-relesase by morphine
may result in the development of supersensitivity of postsyraptic GABA-
receptors (see section 1.2.3}, as has been described recently (Ticku and
Huffman, 1980}. It may be sucgested that after withdrawal of morghine an
enhanced stimulation of these receptors will occur.

As far as GAD is concerned, the decreased activity fournd during the
development of physical dependence is restored after withdrawal of morphine
or precipitation of abstinence by naloxcne, thus resulting in a relatively

enhanced GAD activity when compared with the preceding phase {Tzeng and Ho,
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1978). This relatively enhanced activity of GAD implies an enhanced GABA-
ergic activity, which, combined with the supersensitivity of GABA-
receptors, offers a GABA-ergic mechanism which may initiate abstinence
behaviour.

No indications were found that a decrease in SSA-DH activity, the
mechanism involved in the induction of quasi-abstinence by DPA, is also
implicated in the expression in true morphine withdrawal behaviour. Repeated
administration of increasingly high doses of morphinme {(50-200 mg/kg daily,
during 14 days) did not result in a decreased SSA-DH activity or affinity
for SSA, measured 48 h after the last injection of morphine {Van der Laan,
Jacobs and Bruinvels, unpublished). However, it is not unlikely that a
possible decreased activity of 5S5A-DH occurring only in the neuronal
compartment, will be masked by the bulk of unchanged SSA-DH in the remaining
cells.

We have tried fo show that the present results concerning DPA-induced
behavicur provided further insight into the mechanism which may be involved
in true morphine abstinence behaviour.

Considering the present data in relation to those obtained using other
quasi-abstinence models, e.g. phosphodiesterase inhibitors, TRH or EGTA (see
section 1.3.2), it can be concluded that they are complementary, yielding
insight into the complex mechanisms in morphine abstinence behaviour.

Tne study on DPA and TRH may provide data concerning the involvement of
intercellular mechanisms, on the level of neurotransmissicn or neuro-
modulation, whereas the behaviour induced by phosphodiesterase inhibitors
and EGTA may throw some light on the involvement of intracellular

mechanisms in morphine abstinence behaviour.

Brain areas {nvofved in quasi-morphine abstinence behaviout

Within the scope of this thesis, the involvement of several brain
structures in the expression of DPA-induced quasi-morphine abstinence
behaviour was investigated. Only three of them, namely the central amygdala
(Ac), the centre median-parafascicularis area (Cm-Pf) and the locus
cceruleus {(LC) appeared to participate, each in a different way. The other
areas, where DPA was without effect, were nucleus caudatus, nucleus
accumbens, hippocampus and substantia nigra (chapters V and VI}.

A GABA-ergic system in the Cm-Pf appears to have a facilitatory influence
on body shakes and locomctor activily, since injection of DPA into this

brain structure resulted in a large number of body shakes and greater
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locomotor activity when compared with other areas. Administration of bicu-
culline methiodide (BMI) into the Cm-Pf suppressed body shakes evoked by
intraperitoneal DPA, but had only minor effects on horizontal activity,
whereas injection of morphine into the same structure suppressed both
behavioural symptoms. A high amount of GAD appears to be present in the
nucleus parafascicularis (Massari et al., 1976), which is activated after
acute administration of morphine {Kuriyama and Yonenda, 1978). After chronic
administration of morphine,tolerance to this effect occurs. Whether an
enhanced or a decreased synthesis of GABA becomes apparent, remains to be
investigated.

Furthermore, it may be suggested that an inhibitory influernce on body
shakes is provided in a GABA-ergic system in the Ac, since injection of
BMI into the Ac shortly after intraperitoneal injection of DPA resulted inm
an increase in the number of body shakes. Morphine injected into this
structure potentiated loceomolor activity slightly, but had no effect on the
body shakes evoked by DPA.

The Ac contains cell bodies of a GABA-ergic pathway prejecting to the
bed nucleus of the stria terminalis (BST). In addition, a recurrent GABA-
ergic pathway exists with cell bodies in the BST and terminals in the Ac
(Le Gal La Salle et zl., 1978). Body shakes can also be induced by injsction
of kainic acid, a rigid analogue of glutamate, into this area (Ben-Ari
et al.,1978; see Table 1.3.2).It can, therefore, be suggested that the
neurons in the Ac, responsible for the induction of body shakes, can be
excited physiclogically by glutamate, and are under the inhibitory control
of GABA (possibly originating in the BST). It is remarkable that DPA, while
also increasing the level of GABA in the amygdala, can induce body shakes.
It is not incenceivable that the GABA-projection from the BST to the Ac
is, in turn, under GABA-srgic control in the BST (Ben-Ari et al., 1976).
Administration of DPA to = rat, then, will cause an enhanced irhibition of
the activity of the GABA-srgic pathway te the Ac, resulting in disinhibition
of the neurcns in the Ac. Subsequent injection of BMI into the Ac will cause
a further disinhibition leading to a higher number cof body shakes.

Thus, GABA-ergic sysftems in the Cm-Pf and in the Ac may have opposite
roles in the initiation of DPA-induced gquasi-morphine abstinence symptoms.

Since injection of DPA into the LC did not evoke quasi-morphine
abstinence symptoms, the GABA-ergic system present inm the LT {(Guyenet and
Aghajanian, 1978} does not appear to be directly invelved in the induction

of this syndrome. Nevertheless, the present data indicate that an active
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LC system is a prerequisite for this behaviour. In the preceding section

it wasg stated that depletion of NA with FLA-63 decreased the full expression
of DPA-evoked behaviour. Therefore, impairment of the activity of the dorsal
noradrenergic bundle may be held responsible for the suppression of body
shakes by FLA-&3. Injection of morphine into the LC, thus decreasing the

LC firing rate (Bird and Kuhar, 1977) also suppressed DPA-induced behaviour
almost totally. These data are in agreement with the findirgs of Aghajanian
(1978), demorstrating an increased LC firing rate during morphine withdrawal
in rats, which could be suppressed by clonidire. Clonidine has been reported
to suppress abstinence behaviour in rats too (Fielding e%f al., 1978).

I£ has been demonstrated that the majority of the noradrenergic vari-
cosities do not form synaptic contacts, but are located in gaps between
glial and nerve cells, and the released NA probably affects a large number
of neurons in the vicinity (Descarries et zl., 1977). Furthermore, NA seems
to act more as s neuromodulator than as a transmitter in the eclassical
sense, i.e. both NA and amino acids can hyperpolarize their target neurenal
membrane, but the action of NA is not accompanied by an increase in ionic
membrane conductance, as is the case for the aminc acids GABA and glycine.
The NA-induced imhibition of nerve cell activity in some brain areas mainly
concerns neurconal maintained activity, while responses to electrical or
sensory stimulation are either enhanced or left unaffected, zt least in
comparison to the maintained activity {Wocdward et al., 1979; Moises and
Woodward, 1980). It is attractive to suppose that such an action of NA on
GABA-ergic transmission is also involved in controlling DPA-induced behaviour.
Such an hypothesis explains why an active LC system is required for full
expression of the DPA-evoked behaviour. The two areas in which GABA-ergic
systems appear to be primarily invelved in the induction of quasi-morphine
abstinence behaviour, namely the Ac and the Cm-Pf, have been shown to
receive projections from the LC {(Ungerstedt, 1971; Emsen et al., 1979;
McGuiness and Krauthamer, 1980).

In the present experiments four structures were studied which are also
involved in true morphine abstinence behaviour, as revealed with the
technique of microinjection of antagonists (see section 1.3.3) namely, the
Ac as a part of the amygdala, the Cm-Pf as a part of the medial thalamus,
the nucleus caudatus as a part of the striatum and the LC as a part of the
floor of the 4th ventricle. The data suggest that only in the Cm-Pf a
GABA-ergic system may play a direct role in the expression of morphine

withdrawal symptoms. In the amygdala and LC other neurotransmitter systems
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are procbably involved.

Conclusion

Administration of DPA to a2 rat results in guasi-morphine abstinence
behavicur. In this thesis the mechanisms underlying this behaviour have
been investigated further and attempis have been made to locate the site of
action of DPA in initiating this behaviour. DPA acts via specific inhibition
of the second enzyme of the GABA degradation pathway, S5A-DH, leading to
an accumulation of SSA. This 5SA probably enhances the level of GABA by
prevention of further GABA-T catalysed conversion of GABA, or through
backward formation of GABA. This enhanced GABA concentration, located in
the nerve endings, raises GABA-ergic tramsmission, thus initiating gquasi-
abstinence behaviocur.

Concomitantly increased GABA concentration in glial cells will suppress
the behavicur through stimulation of presynaptic autoreceptors. Stimulation
of autoreceptors following overflow of GABA to presynapiic areas may be
responsible for the termination of guasi-morphine abstinence behaviour.

The increased GABA~ergic nerve cell activity probsbly initiates body
shakes directly im the Cm-Pf or via disinhibition in the Ac. Stimulation
of locomotor activity by DPA probably also involves a GABA-ergic system in
the Cm~Pf. All events mentioned thus far will occur in the presence of a
normally active LC. Taking into account the neuromodulatery action of NA,
it may be suggested that, in this case, the neurons in the Ac and in the
Cm-Pf are capable of differentiating between signal and noise, considering
the enhanced GABA-ergic stimulation as such a signal. However, when the
activity of the LC is decreased either through suppression by merphine or
through degeneration of the projections te the Ac and the Cm-Pf, the cells
in both nuclei might be less capable of differentiating signal from noise.
As a result their capacity to evoke the signals recuired to initiate body

shakes and enhanced locomotor activity would be decreased.
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SUMMARY

Di-n-propylacetate (DPA), generally known to be an anti-epileptic drug,
induces a behavioural syndrome in rats resembling morphine abstinence behaviour,
which is called, therefore, guasi-morphine abstinence behaviour. An increase
in GABA-ergic activity is probably respeonsible for this behavicural effect of
DPA, since it has been shown to be suppressed by GABA-antagonists like
bicuculline and picrotoxin.

The experiments presented in this thesis were designed to investigate the
central mechanisms invelved in this guasi-morphine abstinence behaviour.

In chapter I a survey is given of the biochemistry and physiology of GABA,
and possible levels for regulation are indicated. In addition, the morphine
withdrawal syndrome is described briefly. A lot of compounds have been
reported to induce quasi-abstinence behaviour, similar to a grester or lesser
extent to that induced by DPA. The implication of these data, with respect fo
the mechanisms involved in morphine abstinence behaviour, are discussed.
Finally, the interactions between GABA and oploids are reviewed. The data
suggest that such interacticns exist at the cellular level.

In chapter 11 studies on the mechanism of action of CPA are described,
particularly the effect of DPA on the enzymes invelved in the degradation of
GABA. It appears that DPA increases GABA-ergic activity in the brain via
inhibition of the second enzyme involved in GABA-degradation, viz. succinic
semialdehyde dehydrogenase (5SA-DH). DPA does not exert a direct effect on the
first enzyme GABA-transaminase (GABA-T), as suggested by other authors.
Inhibition of SSA-DH will result in accumulation of SSA, which probably inhibits
GABA-T, thus increasing the concentration of GABA.

In the experiments described in chapter III, two branched-chain fatty
acid analogues of DPA and a short-chain fatty acid were used to study the
relationship between their biochemical and behavioural effects. A correlation
sppeared to exist between the Ki of thpse compounds for S5A-DH and the doses
exerting a maximum effect on behaviour. On the other hand, concurrent
inhibition of GABA-T seemed to suppress the behavioural effects of the fatty
acids. This apparent paradox can possibly be explained by suppcsing a
different action of the fatty acids in distinct compartments of the brain,
suggesting that the increased GABA-ergic activity in the neuronal compartment
is evoked by SSA-DH inhibition and initiates gquasi-morphine abstinence
behaviour. A concomitant increase in the GABA concentration in glial cells,

caused by inhibition of GABA-T, is held responsible for the reduced
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capability of the fatiy acids to induce the behavioural syndrome when
compared with DPA.

The time course of the DPA-induced behaviour is much shorter than that
of the DPA-induced enhancement of the GABA-concentration in brain.

Therefore, as described in chapter IV, we have studied the influence of
enhanced GABA-levels, caused by a first injection of DPA, on the behaviour
evoked by a second injection of DPA at different time intervals after the first
injection. The results indicate that GABA fulfils a role both in the initiation
and termination of DPA-induced behaviour. The mechanism responsible for this
dual action of GABA is ascribed to a different sensitivity to DPA of the nerve
terminal and glial metabolic compartments of GABA in the brain, as suggested
above. The increase in GABA in the nerve terminal caused by DPA is probably
responsible for the initiation of the guasi-abstinence behaviour, whereas the
overflow of GABA from the synaptic cleft to presynaptic areas may be responsible
for the suppression of this behaviour via stimulation of autoreceptors.

Behavioural responses after intracerebral injections of DPA were studied
to obtain information en the brain areas involved in the quasi-abstinence
syndrome {Chapters V and VI). The results suggest a facilitatory role for a
GABA-ergic system in the centre median-parafascicularis area on body shakes,
while in the central amygdala a GABA-ergic system appears tc exert an inhibitory
influence on this symptom of abstinence. The GABA-ergic terminals present in
the locus coeruleus do not seem to plzy a role in this behaviour. On the other
hand, stimulation of opiate receptors in the latter nucleus by low doses of
morphine, thus decreasing the activity of the noradrenergic cells, was found
to suppress this behaviocur almost totally. The centre median-parafascicularis
area is much less sensitive to this suppressive effect of morphine, while
no suppression by morphine could be found when injected into the central
amygdala. A decrease in locus coeruleus activity by destruction of the cells
or by degeneration of the projections to the forebrain by about 80% prevented
the full expressicn of the quasi-abstinence kehaviour.

Thus, an active locus coeruleus is required for the induction of DPA-induced
abstinence behaviour. The role of the locus coeruyleus can possibly be understocd
in the light of a neuromodulatory function of noradrenaline on CGABA-ergic
inhibition.

It is concluded that guasi-morphine abstinence behaviour is evcked by DPA
through enhancement of GABA-ergic transmission in certain areas of the brain,
such as the centre median-parafascicularis area, or via disinhibition of neurons
lying in the central amygdala. An active noradrenergic system is a prerequisite

for an efficient transmission of the GABA-ergic signals in these nuclei.
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SAMENVATTING

KWASI-MORFINE ONTHCOUDINGSGEDRAG OPGEWEKT DOOR DIPROPYLACETAAT
IN DE RAT: MECHANISMEN E£N AANGRIJPINGSPUNTEN

De opmerkelijke waarneming dat dipropylacetaat (DepakineR) bij ratten een
gedrag opwekt dat veel overeenkomsten vertcont met het patroon van gedrags-
symptomen dat optrsedt na het onthouden van morfine aman verslaafde ratten, is
aanleiding geweest voor ons onderzoek. We duiden dit gedrag ook wel aan als
kwasi-morfine onthoudingsgedrag. Nader onderzoek van dit gedrag zou infor-
matie kunnen leveren over de processen die optreden bij het echte morfine
onthoudingsgedrag. De belangrijkste symptomen van het door dipropylacetaat
{DPA) geinduceerde gedrag bij de rat zijn: het schudden van het hele lichaam
zoals door een natte hond, het graven in het zaagsel van de observatie-
kooi, een hoge rug en rechtopstaande haren en een sterk verhoogde bewegings-
gktiviteit.

Het was bekend uit de literatuur dat DPA de hceveelheid gamma-amino-
boterzuur (GABA) in de hersenen verhoogt. GABA verzorgt in de hersenen gen
functie als overdrachtsstof (transmitter) tussen zenuwcellen (neurcnen) en
komt voor in nagenoeg alle delen van de hersenen en het ruggemerg. Uit nhet
onderzoek van De Boer en Bruinvels, dat aan het in dit proefschrift beschreven
onderzoek voorafging, is dan ook gebleken dat de werking van de neuronen
die GABA bevatten, gestimuleerd wordt tijdens het door DPA opgewekte gedrag.
In dit proefschrift is beschreven hoe DPA deze verhoogde stimulatie door
GABA veroorzaakt en ook waar DPA in de hersenen aangrijpt.

In de inleiding (hoofdstuk I) is aangegeven dat de aktiviteit van het
GABA-erge systeem op verschillende niveaus beinvloed kan worden, nl. op het
niveau van de aanmaak en afbraak van GABA, van de mate van GABA-afgifte door
de GABA-erge zenuwuiteinden en van de gevoeligheid voor GABA van de ontvanger-
cellen. Omdat DPA veel wordt gebruikt als geneesmiddel bij epilepsie, is ook
kort ingegaan op de mechanismen die aan deze anti-epileptische werking van
DPA ter grondslag kunnen liggen. Met betrekking tot het morfine onthoudings-
gedrag is een overzicht gegeven van wat er tot dusver is bestudeerd aan kwasi-
onthoudingsgedrag. Behalve door DPA kan dit gedrag namelijk nog door veel
andere stoffen worden opgewekt. Hoewel er duidelijke verschillen zijn aan te
geven tussen de syndromen die door verschillende klassen van stoffen opgewekt
worden, is gebleken dat de informatie, verkregen uit zulk onderzoek, een

werkelijke bijdrage levert tot de ontrafeling van de mechanismen die een rol
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spelen bij morfine-onthoudingsgedrag. In het laatste gedeelte van de in-
leiding is nagegaan of de literatuur-gegevens over de interacties tussen
morfine en GABA in cveresnstemming zijn met de rol van GABA die wordt
gesuggereerd door de gegevens omtrent het door DPA opgewekte onthoudings-
gedrag.

Ons eerste onderzoek (hoofdstuk II} betrof het mechanisme waardoor DPA
de hoeveelheid GABA in de hersenen verhoogt. Deze verhoging komt tot stand
door remming van de afbraak van GABA. Twee specifieke enzymen zijn bij deze
afbraak betrokken, achtereenvolgens GABA-transaminase (GABA-T) en succinaat
semi~aldehyde dehydrogenase (SSA-DH) (zie Fig. 1).

FIG. 1.Effect van DPA op de af-

braak van GABA. SSA = succinaat
,[)Fﬁk semi-zldehyde; SA = succinaat.
~
K:=232mM 7 K. =0.5mM De K; is een maat voor het
! ! \ : remmend effect van een stof.
! 1 Een lagere K; wil zeggen esen
l [ sterkere remming.
¥ \
SSA SA
GABA-T SSA-DH

GABA

In hoofdstuk II is beschreven dat DPA het tweede enzym 30-40 msal sterker
remt dan het eerste, waardoor ophoping plaatsvindt van S5A. Omdat GABA-T
geremd wordt door het tussenprodukt $SA, is het uiteindelijk resultaat van
de werking van DPA cphoping van GABA.

Ligt dit mechanisme nu ten grondslag aan het kwasi-morfine onthoudings-
gedrag? Voor de beantwoording van deze vraag hebben we gebruik gemaakt van
op DPA gelijkende stoffen. Door van al deze stoffen te vergelijken wat hun
effect was op het gedrag en op de afbrask van GABA, konden we dit inderdaad
aannemelijk maken. Het bleek dat de dosis van deze stoffen waarmee het
maximale effect op het gedrag bereilkt kan worden, lager is naarmate SSA-DH
sterker geremd wordt. De mate waarin het gedrag wordt opgewekt is echter
gering voor die stoffen die tegelijk een sterk remmend effect hebben op
GABA-T. We hebben dit verklsard door asn te nemen dat de verschillende
cellen waarin de afbraak van GABA plaatsvindt, nl. de zenuwceluiteinden en
de gliacellen (die een opbouw- en onderhoudsfunctie in de hersenen vervullen),
enzymen bevatten die een verschillende geveoeligheid hebben voor deze stoffen.

Gegevens uit de literatuur ondersteunen deze azanname. Remming van GABA-T
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vindt plaats in de gliacellen en in de ontvangercellen, terwijl remming van
S5A-DH plaatsvindt in de zenuwgeluiteinden van waaruit GABA cok wordt
afgegeven. Deze afgifte is proces 1 in Fig. 2. Ophoping van GABA in de glia-
cellen resulteert echter ock in afgifte van GABA (proces 2), met als gevolg
dat GABA aangrijpingspunten {receptcrsn) op het zenuwuiteinde bereikt (Rz),
die zorgen voor een terugkoppeling cp de afgifte van GABA {(proces 4).
Aangezien verhoging van deze afgifte van GABA verantwoordelijk is voor het

kwasi-onthoudingsgedrag, zal remming van deze afgifte dit gedrag doen afnemen.

Gha GABA-crg |
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FIG. 2. Effect van DPA en soortgelijke stoffen, methylethylcaprosat (MEC)

en dimethylvaleraat (DMVY) op de afbraak van GABA in de onderscheiden soorten
cellen in de hersenen. MEC en DMV remmen GABA-T in gliacel en ontvangercel,
terwijl beide stoffen, evenals DPA, SSA-DH remmen in het GABA-erge zenuw-
uiteinde. Voor verklaring van de cijfers zie de tekst. B-opnamemechanisme
voor GABA, waarmee de werking van GABA wordt beeindigd. Rl - aangrijpings-
punt vocr GABA op ontvangercel. R2 - azangrijpingsplaats voor GABA cop het
GABA-erge zenuwuiteinde van waaruit een terugkoppeling op de afgifte van
GABA wordt gegeven.

In een volgende studie (hoofdstuk IV) is beschreven dat een dergelijk
tweeledig mechanisme ook een rol kan spelen bij de begindiging van het door
DPA opgewekte gedrag, die bij de meest gebruikte dosering (300 mg/kg,
ingespoten in de buikholte) optreedt na 10-15 minuten. Wanneer DPA voor een
tweede keer werd geinjecteerd, korte tijd (20 min - & uvur) na de eerste
injectie, kwam het kwasi-abstinentie gedrag slechis gedeeltelijk tot uiting.
Er kon een verband worden gelegd tussen de verhoging van de GABA-concentratie
in de hersenen door de eerste DPA-injectie (zie Fig. 3) en de remming van
het onthoudingsgedrag. Wanneer deze verhoging maximaal was, werd ook het
onthoudingsgedrag het sterkst geremd. Experimenten met hcgere doseringesn
van DPA ondersteunden de suggestie dat GABA een tweeledige rol wvervult in

het kwasi-onthoudingsgedrag.
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FIG. 3. Verloop van de hoeveelheid GABA in de hersenen van ratten na een
orale toediering DPA (400 mg/kg). Naar Kukimo en Deguchi {1977).
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FIG. 4. Effect van stimulering van een enkefalire/endorfine receptor (RE)
(bijv. door morfine) op de afgifte van GABA. 1 = Afgifte van GABA; 2 =

remming van de afgifte; 3 = synthese van GABA. Rg is aangrijpingsplaats
voor GABA.
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Het mechanisme, waarmee DPA het kwasi-zbstinentie gedrag opwekt en even
later onderdrukt, stellen we ons dan als volgt voor: DPA remt SSA-DH in het
zenuwuiteinde en vercorzaskt zo ophoping van GABA. Deze verhoogde concentratie
leidt ook tot verhoogde afgifte van GABA en induceert via verder nog onbekende
mechanismen het kwasi-onthoudingsgedrag. De systemen voor opname van GABA in
de omringende cellen, die een eind mosten maken aan de werking van GABA, zijn
door deze verhoogde concentratie van GABA echter niet meer in staat om de
GABA zo snel op te nemen. GABA bereikt daardoor (proces 3 in Fig. 2) de
plaatsen op het zenuwceluiteinde, van wazsruit het een terugkoppeling geeft op
de afgifte van GABA uit ditzelfde uiteinde. Dit laatste proces leidt er dan
toe dat het kwasi-onthoudingsgedrag beZindigd wordt.

Het is zantrekkelijk om nu te veronderstellen dat een dergelijke verhoocgde
aktiviteit van GABA-erge neuronen ook een rol speelt tijdens echte morfine
onthouding. In de literatuur wordt de wisselwerking tussen morfine en GABA
vooral gezien als een onderdrukking van de GABA-afgifte uit zenuwuiteinden
door morfine via interactie met de aangrijpingsplaats van enkefaline of
endorfire {(als morfine werkzame, lichaamseigen stoffen) (proces 2, Fig. 4).
Ook de synthese {proces 3) van GABA wordt waarschijnlijk geremd door
morfine. De veronderstelling dat dit kan leiden tot een verhoogde GABA-erge
aktiviteit tijdens morfire onthouding moet nog experimenteel bevestigd worden.

Nzast de vraag naar hoe vonden we het cok belangrijk om te weten waar
DPA in de hersenen het kwasi-onthoudingsgedrag opwekt. In hoofdstuk V is
beschreven dat twee gebieden, nl. de "centre median-parafascicularis" en de

centrale amygdala (zie Fig. 5) allereerst betrokken lijken te zijn.

Stria terminalis Centre median
Parafascicularis

Armygdala-*" .
Dorsale bundel

Locus

coeruleus ruggemerg

FIG. 5. Overlangse doorsnede van de hersenen van een rat. Met de zwarte 1lijnen
zijn de zenuwbanen die ontspringen in de locus coeruleus, aangegeven.
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Het GABA-erge systeem in de centre median-parafascicularis lijkt een aan-
grijpingspunt veoor DPA te zijn, omdat injectie van DPA ter plaatse resulteerde
in het natte hond syndrocm. GABA-tegenwerkende stoffen alsock morfine
onderdrukken dit gedrag wanneer ze in de centre median-parafascicularis worden
geinjecteerd 5 minuten nadat DPA door injectie in de buik is toegediend.
Aan de andere kant bleek het GABA-erge systeem in de centrale amygdala juist
een remmende invlced uit te oefenen op het door DPA geinduceerde gedrag.
Desondanks resulteerde beschadiging van dit laatste gebied in vermindering van
het natte hond syndroom. De centrale amygdala lijkt dus niet een direkt
gangrijpingspunt voor DPA te zijn, maar vervult wel een belangrijke rol in het
kwasi-cnthoudingsgedrag.

De studie beschreven in hoofdstuk VI bracht aan het licht dat nog een
derde hersenstruktuur, nl. de locus coeruleus, onmisbaar is voor de gedrags-
effecter van DPA. Van de locus coeruleus is bekend dat het wijd vertakie
uitlopers heeft naar bijna alle delen van de hersenen (zie Fig. 5). Het gebied
bleek met name heel gevoelig te zijn voor morfine, dat de aktiviteit van de
zenuwcellen in de locus coeruleus onderdrukt. Een 25 keer lagere dosering van
morfine dan gebruikt was voor de centre median-parafascicularis was in staat,
na injectie in de locus coeruleus, het kwasi-onthoudingsgedrag nagenoeg
volledig te onderdrukken. Uok uitschakeling van deze zenuwcellen op andere
manieren verminderde het door DPA geinduceerde gedrag zanzienlijk. Een
mogeli jke verklaring voor de noodzzkelijke aanwezigheid van de locus coeruleus
is dat de overdrachtsstof, waarvan zich de cellen van deze kern bedienen,
de werking van GABA potentieert, waardoor de informatieoverdracht van GABA-
erge cellen cp ontvangercellen efficienter verloopt. Blijkbaar is deze
potentiering zo zeer noodzakelijk dat zonder de aktiviteit van de locus
coeruleus de stimulering van GABA door DPA in bijvoorkeeld de centre median-

parafascicularis niet kan resulteren in kwasi-morfine onthoudingsgedrag.

Samengevat luiden de conclusies van de in dit proefschrift beschreven

studies als volgt:

1. Hoe wekt DPA kwasi-onthoudingsgedrag op? DPA remt de afbraak van GABA
door vemming varn het tweede enzym in de afbraak, S5SA-DH.

2. Wagr ligt het aangrijpingspunt van DPA? Voor het natte hond syndroom
waarschijnlijk in de centre median-parafascicularis, terwijl een intakte

centrale amygdala en locus coeruleus onmisbaar lijken te zijn.
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