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INTRODUCTION

In recent years a large number of peptides, many of which were
originally characterized in non-neural tissues, have been reported to be
pregent in the central nervous system (CNS). The detection of these
peptides within +the CNS has raised many questions regarding their source
and mechanism of action.

In view of the accumulating information, it seems that the function of the
clagsical neurctransmitterz in the CNS would be Dbetter clarified by
elucidating the role of the brain neuropeptides.

The classification of the major categories of the main peptides, as listed
below, iz a some what arbitrary one as it iz based on the first
localization of a given peptide, while the opioid peptide family is given
separately. For many of the peptides described in brain, their major
functional zeole is still unknown. However, even before the major
discoveries in the past decade, the opiates were known to pessess selective
and unique pharmacological properties. It was well known that opiates were
effective in the treatment of pain and were ugeful as cough suppressants,
They axe also known to depress respiration and blood pressure and to exert
an effect on behavicur, 1like euphoria, sedation and depression. The
diversity/complexity of their properties suggests that like  the
catecholamines, endogenous opioids may have a basic, multisystem regulation
esgential to the maintenance of homeostasis and to the survival of the
oxganism.

In the last years we have tried to reveal one of these peptidergic secrets
and focussed our attention on the opioid peptides, more specifically in
relation to the excitatory phenomena which they might induce after systemic

or intravenmtricular administration.



Categories of mammalian brain peptides

"Bypothalamic-releasing hormones"
Thyrotropin—releasing hormones
Gonadotropin~releasing hormones
Somatostatin
Corticotropin-releasing hormones
Growth hormone-releasing hormone

Neurcohypophyseal hormones
Vasopressin
Oxytocin
Neurophysin

Pituitary peptides
Adrenocorticotropic hormone
c—Melanocyt—-stimulating hormone
Prolactin
Luteinizing hormone
Growth hormone
Thyrotropin

Invertebrate peptides
Phenylalanyl methionyl argininyl phenylalanylamide (FMRF amide)
Bydra head activator

Gastrointestinal peptides
Vasoactive intestinal polypeptide
Cholecystokinin
Gastrin
Subgtance P
Neurctensin
Insulin
Glucagon
Benbesin
Secretin
Somatostatin
Motilin

Others
Angiotensin IT
Bradykinin
Carnosine
Sleep peptide(s)

Calcitocin
Neuropeptide Yy

Cpioid peptide family
Leu-enkephalin
Met—enkephalin
a—endorphin
Fendorphin
y—endorpnin
Dynorphin
Peptide E
a—necendorphin
B—necendorphin



CHAPTER I.

OPIOID PEPTIDES

1. NOMENCLATURE

The term "opioid peptides™ has usuvally been a2pplied to "naturally occuring

peptides with opiate—like biclogical preperties" (Morley 1%83). The

various members of the family of the opiold peptides (for structural

formalae of some agents, See Table 1) can be divided into five main groups:

1.1,

The enkephalins

They usually include two naturally occurring pentapeptides,
methionine—enkephalin and leucine—enkephalin (Hughes et al., 1975).
In this manuscript the term "enkephalin" refers to these compounds but
will also embrace synthetic enkephalin analogues like:
(D—ala?,D—leu?)enkephalin {DADL), (Dmala?,L—mets)enkephalin {Dala) and
(D“serz,L—Leus)enkephalyl—thr {DSTLE }.

The endorphins

These refer to f-endorphin (Bradbury et al., 1976; Li and Chung,
1978) and the related o, - and S-endorphins (Ling et al., 1976;
Verhoef et al., 1980). It should be noted that the +term “endorphin”
{endogenous worphine—-like substances) and "opioid peptide” have often
been used synonymously. To avoid confusion, & more restricted
definition of endorphin, i.e. those opioid peptides that arise from
B-lipotropin, has lately been recommended (Morley, 1983). In this
manuscript the +terms "endorphin” and "endorphinergic”, unless stated
otherwise, are used as a general reference to all opioid peptides.
Peptides that arise or are presumed to arise, Ffrom
enkephalin-precursors.

This category includes  three peptides arising from  adrenal
proenkephalin {Rosgier et al., 1980), peptide E (Kilpatrick et
al., 1931), &ynorphin (Goldstein et al., 1l98l) and o and
Snecendorphin (Kangawa et al., 1981; Minamino et al., 1981).

Pronase resisiant peptides in body flulds,

fCasomorphin-5 and —7 in bovine wmilk (Henschen et al., 197%) and



- 10 =

anodynin in blood (Pert et al., 1976) are included in this category.
1.5. Miscellaneous peptides whose opiate-lilke properties do not arise from
@ direct interaction wiih opiate or opiate-like receptors.
an example is kyotorphin , which seems *tc act via release of
enkephalins and inhibitiom of enkephalin degradation (Takagi et
al., 1979).
In this manuscript we will deal mainly with the pharmacological/
electrophysicological properties of the first two groups, i.e. the
enkephalins and endorphing.

Table 1. STRUCTURES OF OPIOID PEPTIDES

(Leu)enkephalin Tyr—Gly-—Gly—FPhe—Leu
(Met )enkephalin Tyr—Gly-Gly—Fhe-Met
(¥et )enkephallinyl-Arg-Phe Tyr-Gly—-Gly~Phe-Met—Arg-Fhe
(¥et Yenkephalin—8 Tyr—Gly-Gly-Phe-Met—-aArg—Gly—Leu
Peptide E Tyr—Gly—-Gly—Phe—Met—Arg-Axg-val-Gly-Arg-2ro—
1 5 10
Glu~Trp—Trp-Met—Asp—Tyr—Gln—Lys—-Arg-Tyr—Gly—
15 20
Gly-Phe—-Leu
Dynorphin A (1~17) Tyr—Gly—Gly-Phe—leuw-Arg—Arg—Ile-Arg-Pro—Lys—
1 5 10
Leu-Lys—Trp-Asp-Asn—Gln
15 17
Dynorphin A (1-8) 1-8 sequence
Dynoxphin B (1-13) 1-13 sequence
a—Neoendorphin TYyr—Gly—Gly—Phe—Leu-Arg-Lys~Tyr—-Pro-Lys
B-Necendoxrphin Tyr-Gly-Gly-Phe-Leu-2xg-Lys—Tyr-Fro
PH-8P Tyr-Gly—GLy—Phe~Leu-Arg—Arg—Ile
p-Endorphin Tyr—Gly—-Gly-Phe-Met—~Thr—Ser-Glu—Lys—Ser—Gln~
1 5 10
Thr-Pro-Leu—Val-Thr-leu-Phe-Lys-Asn—Ala—Tle-
15 20
Ile-Lys—Asn—Ala—Tyr-Lys-Lys-Gly-Glu
25 30 3%
c—Endorphin 1-16 segquence
y—Endorphin 1~17 sequence
S5-Endorphin 1-27 sequence
f—Casomorphin-7 Tyr-Pro—FPhe-Pro~Gly-Pro-Ile
fCasonorphin-—>5 Tyr—Pro—FPhe-Pro—Gly

Kyotorphin Tyr—-drg



2. BIOGENESIS AND DEGRADATION OF THE OPIOID PEPTIDES

The different classes of the opicid peptides - +the enkephalins, the
endorphins and the dynorphing — may function as neuwrotransmitters,
neuromodulators or hormones. The receptor-mediated actions of these

opioids show a considerable overlap, not surprisingly in view of their
close structural relationships {Table 1). Thus in order to understand the
roles of these peptides in physiological or pathological events, it is
necessary to elucidate the mechanisms underlying and controlling +their

biocgenesis, inactivation and release.

2.1. Blosynthesis
Peptide hormeones are derived from the enzymatic cleavage of larger,
and generally inactive prohormones which are synthesized under the
direction of mRNA on membrane-bound polyribosomes, The nascent
protein characteristically containg a 18-25 residue hydrophobic amino
acid sequence at its N—terminus, termed the "signal sequence”. The
cleavage of this pre—prchormone in its entry into the Golgi apparatus
vields the prcochormone. Sequential cleavage of +the prohormone then
results in one or moxe biologically active peptides that are available
for secretion (Marx, 1983).
The uze of modern technigues, including DMA cloning, has revealed the
total gequences of the following prohormones:
1. Proopiomelanocortin (POMC) (Smyth, 1983); 2. Proenkephalin (Noda
et al., 1982); 3. Prodynorphin (Kakidani et al., 1982). These
proteing provide the basis for three separate opioid peptide families.
2.1.1. Proopicmelanocortin (POMC)
POMC was the first of the precursors to be identified. The sequence
of amino acids in the complete POMC molecule results after cleavage
in at least seven active peptides including p-lipotropin (p-LPH),
p-endorphin, adrenocorticotrepic hormone (ACTH), and <&, £, and
y—melanocyte stimulating hormomnes (o—, B—, and »-MSH) (Fig. la)
{(Marx, 1933). The individual peptides in the precursor are bound on
both ends by pairs of amino acid residues, usually containing one

lysine and one arginine residue. These palrs are the sites,
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recognized and cut by the protein—splitting enzymes (this chapter),
that release the active opioids.

Although Met—enkephalin is the 61-65 sequence of f—endorphin, it is
very unlikely +that Met—enkephalin i= formed in +the brxain by
degradation of g—endorphin (Watson et al., 1977).

The major places of synthesis of POMC are +the intermediate and
anterior lobes of the pituitary, the hypothalamus as well as some
peripheral tissues including the placenta, gastrointestinal tract
and lungs (Watson et al., 1977).

A: PONC
= y-LPH
Signal NH2 y-MSH ACTH ﬁr g-M ‘_]E END COO0H
7 H t H — H H
>MSH  CLIP 8-LPH
B: Pro-ENKEPHALIN Leu-ENK
Met-ENK Met-ENK
‘ . 7
(Arg -Phe’)
’ ‘ [ArgE—Clyr—LeuaJ 8
Signal NH
> 2 12 3 4 5 6 7 COGH
R { R ——H—H
Peptide E
C: Pro-DYNORPHIN
B-Neo-END  DYN A DYN B
Signal NH, — 1-8 1-13 14-29 COCH
TTA LE) [
o Neo—END 1-17

E met-enk. sequénce
/] leu-enk. sequence

Flg.l. Schematic representation of the precursor siructures oF the
three opicid peptide families (modified after kil et al., 1984).
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2.1.2. Preenkephalin A
Different groups of investigators (Noda et al., 1982; Gubler et
al., 12982) cloned the gene coding for the polypeptide now called
proenkephalin A. The proenkephalin A and not POMC is the precursox
of Met— and Leu—enkephalin and also of Some largex
enkephalin—containing peptides, some of them more active than the
enkephalins themselves (Gubler et al., 1%882).
Proenkephalin A contains six copies of the Met—enkephalin sequence
(Tyr-Gly-Gly-Phe-Mot) and one of Ieu-enkephalin
(Tyr-Gly-Gly-Phe-Leu) {Fig. 1b).

2.1.3. Prodynorphin
Kakidani et al. (1982) have identified a sequence from a DNA clone
of porcine hypothalamic RNA which encodes the complete sequences of
dynorphin and c-pnecendorphin but which contains no Met-enkephalin
sequence (Fig. 1c). Analysis of the DNA structure indicates that
the precursor protein congists of 256 amino acids including a signal

sequence .

2.2. Metabolism

™The final products produced and stored within a given neuron depend
not only on the genetic code for +the precurscor, but alsc on the
program that directs the enzymes o process the precursor in certain
ways. The ackion of cutting specific peptides out of the precursor
protein, and modifying these products Dby acetylation, amidation,
phosphorylation, methylation, glycosylation or further cleavage is
part of the biological program of a given cell. These events are
capable of determining the exact mix of peptides in a given neuron.
They appear to vary from one tissue to the next, in spite of the
existence of a common gene for the precurxsor. Since these chandges
result in peptides of widely dJdiffering potencies, pharmacological
profiles and receptor selectivities, they are critical in determining
function and may constitute a critical step in the regulation and
horeostasis of a given opioid system in a particular region in the
CNsS.

Detailed studies on the biosynthesis of these peptides are lacking,
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although in the last vears some progress has been made in the nature
of *post—tranglational” proteclytic enzymes {Docherty and
Steiner, 1982; Lindberg et al., 1982; Ioh and Gainer, 1982). The
variable processing of +these multivalent prohormones would be a

powerful adaptive mechanism.

2.3. Release of enkephalins and endorphins.

2.3.1. Stress— and pain associated release.
There is a clear association between stressful conditions and the
release of opiocid peptides. Injury stress causes the parallel
release via hypothalamic corticotropin releasing factor (CRF) of
p~endorphin and corticotropin from the anterior pituitary (Guillemin
et al., 1977). Various <forms of conditioning and sStress are
associated with analgesic states, which are either paxrtially or
fully reversed by naloxeone, an opiate antagonist (Madden et
al., 1977; Watkins et al., 1982).
Interestingly, electroconvulsive therapy, which can cause postictal
analgesia and catalepsy (Urca et al., 1981), alsc results in
increased enkephalin levels in hypothalamus and limbic brain areas
{Hong et al., 1979). No such changes were seen in S-endorphin
levels. Selective brain stimulation also leads teo analgesia and
increased opioid peptide release inte the cerebral spinal
fluwid (CSF) (Bkil et al., 1978a,b).
Electroacupuncture and noxious stimuli result in increased oploild
peptide levels, as well (Sjolund et al., 1977; Cesselin et
al., 1980).
The mechanisms underlying the release of opicid peptides dJduring
stressful or painful conditions still remain to be resolved. Opioid
release may be diffuse and involve several different specific
neuronal pathways.

2.3.2. Steroid modulated release.
Steroids are the best known endogenous requlators of peptide hormone
synthesgis and release. The release and synthesis of
adrenocorticotropic hormone/endorphin peptides ig subject to

corticosteroid feedback inhibition in the anterior pituitary but not
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in the intermediate lcobe (Bloom et al., 1977). Corticosterone acts
to suppress both mRNA synthesis and CRF-modulated release.

Factors controlling gonadotropin release might possibly be involved
in opicid peptide release as well. Oestrogen treatment reduces the
p-endorphin levels in the hypothalamus, thalamus and wid-brain,
while an increased fFendorphin level was demonstrated during
pregnancy (Wardlaw et al., 1982).

2.3.3. Opioid peptide releaging agents.

Z.4%.

Some drug effects have been interpreted in terms of an induction of
opioid peptide release. For example, the analgesic properties of
nitrous oxide (Berkowitz et al., 1977) and of intracerebrally
injected substance P (Stewart et al., 1976; MNaranjo et al., 1982)
are blocked or partially reversed by naloxone. It has also been
suggested that the analgesic action of wmorphine may be due to
endogenous oplioid peptide release (Fu and Dewey, 1979; schlen and
Bentley, 1930).

Pinally, certain inhibitors of the enkephalin breakdown will enhance

enkephalin release and content. These effects are discussed below.

Drug modulated concentration of enkephalins and endorphins.

Reports of the effects on opiates have been contradictory. Acute
morphine administration has heen c<claimed +to increase (Gros et
al., 1978)., or net to affect brain Met-enkephalin content (Wesche et
al., 1977). Chronic morphine treatment apparently has no effect on
brain enkephalin levels (Wesche et al., 1977) but. decreases
B-endorphin content and synthesis in the anterior pituitary
(Przewlocki et al., 1979; HO81lt et al., 1981). An opposite effect
is seen with dynorphin. fThe pituitaxy level of this peptide is
increased by chronic moxrphine treatment (Herz et al., 1982). These
effects of morphine may be mediated via stimulation of corticosteroid
release (Hughes, 1983).

[nactivation of the opioid peptides.
Since the activity of the peptides depends on the rate of degradation,
it has been of interest to determine what happens to them after they
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have been released. Most research in this <£ield has concerned
enkephaling, which are extremely rapidly degraded by enzyres in
various tissue homogenates ox in blood ( Eambrook et al., 1976;
pupont et al., 1977). pB-endorphin is considerably more stable (Miller
et al., 1977). This serves to explain, at least partly, the greatly
increased antinociceptive potency of p-endoxphin over Met—enkephalin
following intraventricular (ivt) injection (Belluzzi et al., 1976;
Chang et al., 1976).

A number of proteolytic enzymes are thought +o be inveolved in the
inactivation of enkephalin. This breakdown can occur at several sites

of the peptide melecule as follows:

1. The soluble aminopeptidases dJdegrade enkephalins at the
Tyr'-Gly® peptide bond. The hydrolysis product is tyrosine
(Hambrook et al., 1976; Meek et &l., 1977; Vogel and
Altstein, 1980). The best inhibitor presently available is
bestatin.

2. Dipeptidyl-aminopeptidase ("enkephalinase B") hydrolyses the
Gly>Gly® amide bond of enkephalin. No selective iphibitor
for this enzyme is available as yvet (Gorenstein and Snyder,
1979).

3. Anglotensin-converting enzyme (ACE) hydrolyses the enkephalin
at the level of the Gly -Phe” bond (Erdos et al., 1978).
This enzyme can be inhibited by captopril.

4. Dipeptidyl-carboxypeptidase termed "enkephalinase” (Malfroy
et al., 1978) or "enkephalinase A" (Gorenstein and Snyder,
_1979), which cleaves the enkephalin alsce at the (;:Lys-Phe4
bond, c¢an be inhibited by phosphoramidon or thiorphan.

Recently, kelatorphan has been described as the first complete
inhibitor of enkephalin metabolism. This substance inhibits the
activity of "enkephalinase a", dipeptidylaminopeptidase and
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aminopeptidase (Fournie-zZaluski et al., 198%&).

Peptidages generally display a limited chemical specificity. A given
peptide can be hydrolyzed by different enzymes and a given peptidase
can act on several opioid peptides. This raises the question as to
what extent these peptidases are involved in +the physiological
degradation of the endogencus enkephaling.

In homogenates of the guinea pig ileum {(GPI) or in the brain,
enkephalin appears to be degraded mainly by removal of the N~terminal
tyrosine residue, although other minor modes of degradation might also
exist (Hambrook et al., 1576). It is therefore not surprising that
enkephalir analogues, containing a2 D-aminoe acid in the second position
instead of a glycine are considerably more stable than the naturally
occuring enkephalins (Hambrook et al., 1376).

The specificity or selectivity of the enzyme(s) rvemain(s) to be
determined, particularly since specificity may be due to substrate
specificity or anatomical location. The  anatomical d&istribution,
perhaps associated with limited substrate specificity, may well
constitute a “functional"” specificity.

attempts to find inhibitors of +the different enzvmes, +trying to
understand the degradation of <the enkephalins, resulted in the
synthesis of +the different enkephalinase inhibitors. All
enkephalinase or aminopeptidase inhibitors tested so far enhance the
analgesic potency of opioid peptides (Roques et al., 1980; Chipkin et
al., 1982; Chaillet et =zl., 1983). The enkephalinase inhibitors
thiorphan and phosphoramidon not only enhance the analgesic action of
the opioids but have also analgesic properties when injected alone
(Roques et al., 1980; Rupreht et al., 1983). These data indicate
that enkephalinase inhibitors can potentiate an endogencus ongoing
enkephalinergic activity in the CNS, which results in the analgesic
effect.

Little is known about the endorphin breakdown. pf-endorphin can be
degraded by an enzyme in synaptoscoma) membranes (Austen et al., 1977).
The products formed depend on the pH at which the experiment is
performed and also whether or not bacitracin, a breakdown inhibitor

(Miller et al., 1977) is present. Depending on the conditions
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c—endorphin, vy-endorphin or Met—enkephalin can be formed. However,
the nature of the various enzymes involved in these cleavages still
has to be determined.

Little is known about the metabolism ox inactivation of dJdynorphin
related peptides.

It seems likely that the main wmethod of termination of action of
opicid peptides in vwvivo will prove +to be by degradation, as with
acetylicholine, rather +than by presynaptic reuptake, as with the
bilogenic  amines. at least, peptidase and erkephalinase & are
essential for the bicdegradation of enkephalins, in vivo.

3. CENTRAL DISTRIBUTION OF THE OPIOID PEPTIDES

Sevexral nevrochemical and immunochemical techniques, i.e.
radioimmuncassay (r.i.a.) and immunohistochemistry, have been applied for
the study of the distribution and cellular localization of opicids. Most
studies tend to zgree on the differential distribution of the opioids.

The wajor site of production of the peptides, derived from POMC, is the
pituitary {Bloom et al., 1877; Pelletier et al., 1377). A small
percentage of the anterior lobe cells produce ACTH, F-LPH and p-endorphin.
In most species, the pituitary contains an intermediate lobe. all cells of
this lobe produce f—endorpnin/ACTH related peptides, the main end points
being fendorphin and orSH . The main cell group, producing
fendorphin/ACTE related peptides, is found in the arcuate nucleus of the
medial basal hypothalamus and projects its fibers very widely, including
wmany areas of the limbic system and brain stem (Bloom et al., 1978; Watson
and Akil, 1979,1580).

The second major opicid neuronal pathway (proenkephalin A) 1is widespread
and includes endocrine and CNS distributions (Elde et al., 1976; HSkfelt
et al., 1977; Sar et al., 1978; wWatson, 1982). The concentration of
Met—erkephalin is invariably found to be several fold greater than that of
Leu—enkephalin (Yang et ai., 1978; Goldstein and GChazarossian, 1980).
Possible explanations can be found in the fact that the precursor molecule
for the enkephalins contains both peptides in a given proportion (see +this
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chapter). In brain, peptides formed from pro—enkephalin are found at every
level of the neuraxis, including cells in the cortex all the way to cells
in the spinal cord.

Finally, the prodynorphin is found in the posterior pituitary and brain
{Khachaturian et al., 1982; Watson, 1982, 1983). It has been found in
several hypothalamic cell groups and brain stem, as well. Some pathways
are known (sSupraoptic nmucleus to posterior pituitary) (Akil et al., 1984)
whereas others are still to be studied.

These three opiold neural pathways, will now be described in more detail.
Since the wajority of studies have dealt with the regional distribution of
enkephalings, they will be considered first.

3.1. Enkephalin-immunoreactive® NEUrons.

Most observations have been made in the CNS of experimental animals.
However, a very similar distribution of enkephalin—immunoreactive
neurons has been demonstrated by Cuello (1978) in human CNS. A
notable observation is that enkephalin-immunoreactive neurons are
located in high concentrations in areas related to pain and analgesia
in the mnammalizn nervous system (HSkfelt et al., 1977; Simantov et
al., 1877). Although minor discrepancies are found between +the
regults of several authors the following pattern of enkephalinergic
digtribution emerges (Fig. 2):

Telencephalon. Numercus cell bodies occur in the n.caudate putamen,
n.accumbens and n.interstitialis of the stria terminalis. oOc¢casional
¢cell bodies can alsco be found in the olfactory- and frontal cortex.
rurthermore, enkephalin-immunoreactivity was found in the limbic
system, with significant amounts of  the enkephalins in  the
hippocampus, more specifically in the pyramidal neurons (Gall et
2al., 1981) and fibers in the C‘Az (Finley et al., 1981). Both groups
found enkephalin-immunoreactivity in the granule cells of the dentate
gyrus. The most important enkephalinergic fiber system of the entire
brain is found in the globus pallidus, which seems to receive an
enormously  heavy  input  of enkephalinergic £ibers, while
erkephalin-immunoreactive cell 1Dbodies are restricted <to the
neighbouring ¢audate putamen (Cuello, 1982). Cell bodies and fibers
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can also Dbe detected in the n.amygdaloides medialis and centralis.
These neurons appear +to be the gite of origin of some of the
enkephalinergic <fibexrs terminating in the n.interstitialis of the
stria terminalis (Uhl et al., 1978).

Diencephalon. The hypothalamus seems to display a large number of
enkephalinergic cell bodies. Intens enkephalin—immunoreactivity was
found in the perifornical region. Cell bodies directly associated
with endocrine functions (n.arcuatus, supraopticus and
paraventricularis) display enkephalin-immunoreactivity (Sax et
al., 1978).

Brain stem and cerebellum. Relatively few enkephalin—immuncreactive

¢cell bodies and enkephalinergic fibers are found in the substantia
grigsea, while high concentrations are found in the parabrachial nuclei
and dorsal tegmental nucleus. Very low concentration of enkephalin
can be detected in the cerebellum.

Spinal coxd. The highest concentration of enkephalin-~immunoreactive
fibers iz present in the most superficial layers of the dorsal horn.
An intenge <fiber network is also observed in the dorsoclateral
funiculus. Scattered fibers are seen all over the substantia grisea
and are particularly distinctive around the motorneurons
{Cuello, 1983).

S-endorphin immunoredctive Neurons.

The first clear evidence for distinctive and separate populations of
p~endorphin— and ernkephalin—containing neurons comes from the work of
Bloom et al. (1978). pendorphin—containing elements (Pig.2) are
highly concentrated in the hypothalamus. According +to Bloom et
al. (1978) the cell bodies of +hese neurons aze clustered 4in the
arcuate nucleus and tuberal region. The fiker system originating from
these newrons is distributed rostrally in the region of the anterxrior
compisure extending into the lateral septum and n.accumbens. The
loose fiber system of the periventricular regions of the hypothalamus
appears to continue dorsally and terminate in a mumber of brain stem
structures prominently in the pexiaqueductal grey matter and the locus
coeruleus, Bloom et al. (1978) also found immunoreactive fibers in
the olfactory cortex and hippocampus.
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Fig.2. Saggitel view of the rat brain representing the distribution of the
major neuronal systems containing enkephalin (& —) and endorphin (B ---)
immunoreactive neurones. OB: olfactory bulb:; CP: caudatus putamen; HP:
nippocampus; POA: preoptlc area; GP: Globus pallidus; nST: nucleus
interstitialis of the stria terminalis; nS0: nucleus supraopticus; nev:
nucleus  paraventricularis; H: hypothalamus; ar anygdala; sge:
substantia grisea centralilis of the mid-bprain; LC: LOCcUs coeruleus; nrs:
nucleus ftractus seiltarius; £g5C: substantia gelatinosa of the spinal
cord;;{modified after Cuello, 1983).

2.3. Dyrnorphin-immunoreactive TEeUrons.
It has been pointed out that dynorphin—immunoreactive neurons belong
to a subset of opicid-containing neurons (Watson et al., 198l). In
fact some of the immunoreactivity attriduted to the ernkephaling could
be due to the presence of dynorphin, as many antibodies against the
erkephalins can potentially cross—react with dynorphin—immunoreactive

material, wmainly at the high concentrations used in
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immunchistechemistry. This seems to be true for the
enkephalin—immunoreactivity present in some mneurosecretory neurons of
the hypothalamus (Watson et al., 1982). A clear distinction between

these opioid immunoreactive neurons has s5till +o be made.

4. OPIOID PEPTIDES AND THE BLOOD EBRAIN BARRIER.

An insignificant permeability through the Dblood-brain barrier  after
gsystemic administration o©f opioids would appear consistent with the view
that the blood=-brain barrier, which is composed of cerebrovascular
endothelial cells that are connected by +tight junctions, is essentially
impexmeable to water—soluble non-electrolytes, electrolytes, peptides and
proteins { Rapoporit, 1976).

Because of their Llimited cerebrovascular permeability, it has been
suggested that cixculating peptides enter the brain via the chorioid plexus
and cerebrospinal fluid (Cornford et al., 1978), or, 1if produced in the
pituitary, through routes such as the pituitary portal system (Klee, 1977).
In contrast, some investigators have reported  that peptides are
significantly permeable at the blood-brain barrier (Kastin et al., 1976;
Voightlander and Lewis, 1978), and that 1lipid solubility may play a rcle in
the peptide transfer through +he Dbloocd-brain barrier (Rapoport et
al., 1980).

These investigators alse demonstrated that some synthetic analogues of
natuxal opicid peptides have a moderate cerebrovasculax permeability, at
least sufficient to produce significant brain uptake. There may be little
uptake after a bolug injection if +the peptide disappears rapidly from
plasma, or if binding to plasma protein is marked. However, the fact that
opiates, administered systemically, exert central effects (Yamashiro and
Tseng, 1977) suggests a significant cerebrovascular permeability (Rapoport
et al., 1980). This permeability indicates, furthermore, that feedback may
operate between circulating peptides that have potential central effects,
and brain sites that regulate their release into circulation (DeWied, 1977;
Klee, 1977).
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CHAPTER II.
OPIATE RECEFTORS

1. DEMONSTRATION AND PROPERTIES OF THE OPIATE RECEPTORS.

The direct demonstration of specific saturable binding of opiates to
nervous tissue was reported simultaneously by Pert and Snydexr (1973), Simon
et al. {1973) and Terenius (1972). The adbility to assay specific opiate
binding sites directly with labelled opiates and opiate antagonists of high
speclfic activity has permitted us to learn a great deal about these sites
and to provide evidence that they are the pharmacologically relevant opiate
receptors.

Receptors are defined as specific sites to which a drug wmust dind in order
to trigger bicchemical or biophysical steps that result in the chserved
Fharmacological response (Simon, 1982).

Opiate binding sites, present in the CNS and in some innexrvations of
peripheral organs, are tightly bound to cell membranes in the vicinity of
synapses. They have been found in all vertebrates sc fax examined and in
some invertebrates as well (Stefano et al., 1980).

The oplate binding is saturzble, reversible and stereospecific. Only the
active enantiomer of an opiate binds with high affinity (Simon, 1982). The
mest convineing evidence for pharmacologically relevant opiate receptors,
comes from the excellent correlation between binding affinities and
pharmacelogical activity of opiates that wvary in potency (Stahl et
al., 1977; Creese and Snyder, 1975). Opiate binding is vexy sensitive to
a varilety of proteolytic enzymes and reagents that react with functional
groups and amino acids of the protein. In particular, sulfhydryl reagents
have been studied in detail and all such reagents have been found to
inhibit specific opiate binding. Evidently, one or more proteins
containing a SH group participate in the binding process. The fact that
opiate receptors are highly semsitive to some phospholipases, as well as to
low concentrations of detergents suggest that phospholipids alsc play a
role, possibly holding the receptor site in the active conformation
(Pasternak and Snyder, 1973).
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A very specific effect on opiate binding is exerted by sodium ions and, +to
a legser extent, by lithium ions. All other cations, including the closely
related alkali metals, tend to inhibit the binding of all ligands +o the
opiate receptor in a dose-related manner {(Pert et al., 1973; Simon et
al., 1975). accumulating evidence suggests that Na+ acts as an allosteric
effector, shifting the equilibrium towards a conformer of the receptor that
binds antagonists with greater affinity than agonists (Simon et al., 1975;
Simon and Groth, 1575).

2. MULTIPLE OPIATE RECEPTORS.

On present evidence it appears that there are in the central nervous system
three independent peptiderqgic systems (Chapter I).

The question arises whether or not these different opioid peptides interact
with one and the same receptor or whether there are several receptors
subserving different physiological functions. The latter is specially
important since the synthesis of highly specific ligands for one receptor
class would then become possible and could provide drugs of clinical
importance, such as analgesics with low addiction potential. The existence
of several endogenous opiate receptor ligands and the finding that mueltiple
recepbors exist for classical neurotransmitters such as acetylcholine and
catecholamines stimulated the examination of the possible existence of two
or more oplate receptors.

Pharmacological differences between morphine and some synthetic analogues
cbserved by Martin et al. (1976) in chronic spinal dJdog preparations
suggested the existence of three types of receptors, which they named p for
wmorphine, K foxr ketocyclazocine and o for SKF 10047 (N-allyl
noxcyclazocine ). after the discovery of the enkephalins Kosterlitz's group
found a paradox in the potency of opiates and enkephaling in two bioassay
systems. They concluded that two different receptor types predominate in
the two tissues: & receptor in the guinea pig ileum that prefers morphine
and its congeners, which they called the p receptor, acceording to Martin
and coworkers, and one that prefers enkephzlins in the mouse vas deferens,
which they called the 5 oplate receptor (Loxd et al., 1977). Similar ox

identical receptor heterogenity has been found in zodent and humean brain
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(Chang and Cuatrecasas, 1979; Bonnet et al., 1981).

The exact physiological significance of these multiple receptors is not yet
fully understood but Wolozin and Pastermak {1981) suggest that the yu— and
s—receptors may correspond +to  high- and low-afifinity  receptors,
respectively, as determined by (aa)naloxone binding. Even more,
differxential tolerance of the mouse vas deferens to g~ and §-specific drugs
strongly supports the pharmacological relevance of the two receptors
(Schulz et al., 1980}.

Bowever, it 1s still not clear if we are dealing with two distinct
receptoxrs or with an obicid receptor complex, in which the enkephalin and
morphine receptor are allosterically coupled (Rothman and Westfall, 1582).
Many oplate drugs interact at multiple receptor sites. Thus  the
constellation of neurcopharmacological actions of a particular opicid ligand
may reflect its various potencies at a combination of p, &, x and o
receptors. However, some peripheral and pharmacological effects have been
ascribed +to the different opiate receptor subtypes. For example,
interactions with the u receptor produce analgesia (Urca et al., 1977)
miosls, bradycardia and hypothermia (Martin et al., 1976), whereas the &
opiate vreceptor <¢an be held responsible for epileptic (Urca et al., 1977),
sedative (Martin et al., 1976) and »ehavioural (Urca et al., 1977; Stein
and Belluzzi, 1979) effects. Ketocyclazocine—like opiates produce ataxic
and sedative effects and pupillary constriction via interaction with
w—receptors (Martin et al., 1976), while SEKF 10047 and related opiates
produce stimulant and psychomimetic effects after activation of o-receptors
(Bolltzman, 1979).

3. INTERACTION WITH ENDOGENCUS LIGANDS.

In Chapter I we described three different opioid systems. It is important
to consider the activity at the Qifferent binding sites of the possible
fragments of these precorsors.
3.1. POMC-derived.
Prendoxphin is equipotent in displacing the binding of tritiated pu~ or
5—-ligands {Kosterlitz et al., 1i%82). Furthermore, it does not

interact with the k—receptor, the only opiate receptors present in the
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rabbit vas deferens (Oka et al., 1981), even after the inhibition of
peptidase activity (McKnight et al., 1e82).

Pro-énkephalin~derived

aAs already mentioned (E»!et5 Yenkephalin and (Leus Jenkephalin are present
in this precursor. BEoth, and particulariy (I.eus)enkephalin. have a
higher affinity for the §— than for the p-binding site and are almost
inactive at the k-binding site.

In binding assays, (Mei:s )erﬂcephalyl—hrge—Phe7 {Stern et al., 1379) and
(Met® Jenkephalyl-Arg®—Phe —Leu®  (Kilpatrick et al., 1981) do mot
distinquish between pu— and S-binding sites, however, the latter one is
five times more potent. Both peptides have low potencies at the
x-binding site (Magnan et al., 1%82).

Prodynorphin-derived.

The heptadecapeptide dynorphin, dynorphin 1=13 and dynorphini_ 13—amide
interact preferentially with the k-binding =ite ( Chavkin et al.,
1982: Corbett et al., 1982).

Analysis of the binding and pharmacological profiles of the C-terminusg
extensions of (Leu )enkephalin, derived from prodynorphin, has shown
that the shorter peptides exhibit different patterns of selectivity
(Corbett et al., 1982). In kinding assays, any extension of
(Leu5 Jenkephalin yesults in a loss of &-selectivity, which is
characteristic £for +the pentapeptide (Patersoen et al., 1983) and a
progregsive increase in agonist potency at the x~binding site (Corbett
et al., 1982).

The fact that the antagonist Mr 2266, which interacts with p— and
x—opiate receptors, is wmore potent than the g antagonist, naloxeone,
against o— and B-neoendorphin, supports the view that +these peptides
interact with the k-receptor as well (Cka et al., 1982).

4. DISTRIBUTION OF OPIOID RECEPTORS IN THE BRAIN.

£.1.

Regilonal distribution of oploid receptor binding.
advances in technology ©f receptor autoradiography allowed detailed
histochemical mapping of opiocid receptors in rodent and primate brain

{atweh and Kuhar, 1977 a,b,C; Pearson et al., 1980; Wamsley et al.,
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1982). Except for minoxr differences, the distribution of receptors is
very similar in the different species, studied.

Although opiate receptors are widely distributed in the Dbrain, they
¢an be cbserved most often in association with three major systems:

L. Sensory system; 2. Limbic system; 3. Neuroendocrine system.

4.1.1. Opiate receptors asscociated with sensory systems.
a2 high density of cpioid receptors is found in the spinal cord and
the brain—stem in association with afferent systems. In the spinal
cord, gemnerally higher receptor demsities are found in the grey
mattery compared +to the white matter. High receptor density can be
obzexrved in the dorsal horn and specifically in the marginal cell
zone and Iin the dorsal layer of the substantia gelatinosa (s.9.).
In the upper cerxvical cord and in the lower medulla, these receptors
seem to be continuous within the s.g. of the descending spinal
nucleus of the trigeminal nerve (Atweh and Kuhar, 1977a).
The s.g. of the spinal cord and the +trigeminal system is an
important structure for the transmission of sensory information,
such as temperature and pain, to the CNS. Opiate receptors in the
5.9, are strategically located +to modulate this transmission of
nociceptive gensory information. The importance of those zreceptors
in explaining +the analgesic properties of opiates, is supported by
wany physiclogical and clinical experiments (McClane and Martin,
1971; Krivoy et al., 1973; Calvillo et al., 1974; Yaksh and Rudy,
1976 ).
The other wmechanism by which opiates exert their analgesic
properties inveolves +the higher centres in the mid-brain angd
thalamus. The periaqueductal grey matter in the mid-brain is
probably an important area for the contrel of pain (Mayer and
Liebeskind, 1974; Richardson and Akil, 1977) ané is found +to be
highly enriched with opiate receptors (Kuhar et al., 1973; AaAtweh
and Kuhar 1977a).
Certain seusory muclei of the thalamus are also found to be enriched
with opioid receptoxrs (Atweh and Kuhar, 1977b), specifically the
periventricular nuclei, that are known +to be important in the
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processing of nociceptive signals (Pert and Yaksh, 1974). Opioid
receptors are found as well in the afferent £fibers of the vagus
nerve and theiry terminals within the n.tractus solitarius and
n.coprissuralis (Atweh and Kuhar, 1977a; Wamsley et al., 1882).
Thoge receptors may underlie the mechanisms by which opiates affect
certain autcnomic functions such as blood pressure control (Fennessy
and Rattray, 1974), respiration (Morin—Surun et al., 1934a,b) and
gastric motlility (Yamaguchi, 1974).

Opicid receptors associated with the limdic system .

In the forebrain the highest concentration of opiate receptors is
asgociated with the amygdala and basal ganglia. The n.amygdaloides
corticalis, medialis and basalis, show the  highest receptor
concentration. This is most pronounced in the cortical layer (Atweh
and Kuhar, 1977¢). The hasal ganglia also show 2 widespread
distribution of opioid receptors, specially in the striatum, where
they are leocated in clusters of high density and in a streak
lecalized to the superior and lateral boundaries of the striatum
below the corpus calleosum {subcollosal streak). There 1is only
moderate and diffuse enrichment of opiate receptors in the globus
pallidus. Patches of receptors are also seen in the n.accumbens,
but thelr density is not as high as those seen in the caudate (Atweh
and Kuhar, 1977c; Wamsley et al., 1982). Since these structures
play an important reole in behaviour and mood contrel, the
interconnections, specially in the gstriatum, between  the
enkepalinergic system and the dopaminergic system, has received a
lot of attention . It is suggested that some of the opieid
receptors are located on the dJdopaminergic terminals,
presynaptically, within the striatum (Pollard et al., 1978; Murrin
et al., 1980). Indeed, pharmacolegical studies demonstrate that
opiates do inhibit dopamine release in the striatum (Loh et
al., 1876).

Electrical stimulation of the caudate (Lineberry and Vierck, 1975}
and direct injection of morphine in the rat striatum (Jurna and
Heinz, 1979) have been shown to have antinociceptive effects. ™he

striatal opiate receptors may contribute to these analgesic effects.
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othexr areas in the forebrain that possess oplate receptors are the
cortex and the hippocampus, specially the presubicular area (Atweh
and Kuhar, 1977¢). In vitro ladbelling of opioid receptors in tissue
sections of rat and wonkey brain, followed by autoradicgraphy,
howevex, revealed variable receptor densities in the hippocampus and
cortex {(Goodman et al., 1930; Duka et al., 1981).
It is generally assumed that the phylogenetically older parts of the
cortex, such as the hippocampus and the cingulate gyrus, show higher
densities of opiate receptors (Meibach and Maayani, 1980; Wamsley
et al., 1982).

4.1.3. Opioid receptors associated with neuroendocrine systems.
It is well known that opiates exert some effect on both posterior
and anterior pituitary function (Chapter I). Their effect on the
posterior pituitary is probably mediated by those receptors present
in the posterior I1obe (Wamsley et al., 1982). Very high receptox
density is seen in the infundibulum of the hypothalamus. These
receptors seem to be particularly interesting, since many of the
hypothalamic releasing factors that control the secretory functions
of +the anterior pituitary are released from neurosecretory nerve
endings into the capillary bed of the infundibulum. There 1is some
evidence that opiates do inhibit the release of hypethalamic
releasing or ivhibitory factors, such as thyrotropin—releasing
hoxrmone, gsomatostatin (which regulates the release of growth
hoxrmone ) and dopamine (which inhibits the release of prelactin)
{Meites, 1980). Hypothalami¢ nuclei are also enriched with opiate
receptors (Kuhar et al., 1973; Aatweh and Xuhar, 1977%). In
addition te the neurcendocrine systems, other vegetative functions
of the hypothalamus, such as temperature zregulation and feeding
behaviour, may also be affected by opiates (Chapter III).
High density of opiate receptors is found in the rat wmid-brain in

association with the visual system (Atweh and Kuhar, 1877b).

%4.2. Differentiation of p and & opiate receptor distribution.
The localization of n and § opiate receptors in the cerebral cortex is

strikingly different. pu receptors are localized to discrete clusters
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‘and a subcollosal streak (Young and Kuhar, 1979; Goodman et al.,
1280) in the caudate putamen, whereas 5 receptors are more diffusely
distributed.

The most striking difference in localization between the two receptor
types occurs in the thalamus and hypothalamus. The dorsomedial and
ventral thalamus, as well as the hypothalamus, contain 2 wery high
concentration of p receptors and extremely few & receptors (Goodman et
al., 1980). The paraventricular nuclei of the hypothalamus are
enriched with § receptors (Duka et al., 1981}).

& receptors are distributed diffusely in the hippocampus, while o
receptors are highly localized in the pyramidal cell layer.

The olfactory tubercle, n.accumbens and amygdala have high densities
of & opiate receptors and relatively few u sites. The septum containg
5 opiate receptors as well (Duka et al., 1981). Areas with the
highest concentration of p receptors include the Dbrain stem,
periagqueductal grey and n.interpeduncular (Goodman et al., 1980; Duka
et al., 1ssl). § opiate receptors are only found in the pontine
naclei. Similar high densities of the two receptor types occur in the
medulla oklongata, spinal cord, a.tractus solitarius, grey matter
areas and the substantia gelatinosa.

A variety of opiates show different rank order of potency for the u
and & opiate receptors (Chang and Cuatrecasas, 1973; Chang et
al., 1979). Larsson and his coworkers (1%579) showed that (Met)- and
{Leu)—enkephalin are contained, at least in part, in geparate neuronal
populations. Snyder and Goodman (1980) suggested that the p and &
opiate receptors are +the physiclogical receptors for (Met)— and
{Leu)—enkephalin neurons, respectively, since for  example  the
amygdala, which poSsesgses more & than p receptors, contains more
(Leu)~ than (Met)-enkephalin neurons, as well.

u—selective enkephalin analogues are more potent analgesics than
§-selective peptides, which agrees with the p receptor localization in
brain regions subserving pain- perception (thalamus, sSpinal cord,
periaqueductal grey). s—specific enkephalins are more effective in
eliciting limbic seizures (Urcz et al., 1977; Dzoljic, 1980) and in
facilitating rewarxd Dbehavior {(Uxca et al., 1977; Stein and
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Belluzzi, 1979). Indeed, some limbic structures, such as the
amygdala, n.accurbens andé some hippocampal areas are enriched with &
opiate receptors (Meibach and Maayani, 1980).
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CHRPTER III.
NEURCBIOLOGICAL PROPERTIES OF THE OPIOID PEPTIDES

1. PRO— AND ANTI-CONVULSIVE ACTION OF THE OPIOID PEPTIDES.

To get a better understanding of these properties, most experiments are
performed wsing morphine, since +this opiate-like substance is well
known for its analgesic action and presumed to be a p—opiate agonist.
Relatively high doses of morphine or related alkaleids, administered
systewmically or intracerebroventricularly (icv), induced electrographic
epileptiform activity and behavioral convulsions in various sSpecies
{Gilbexrt and Martin, 1975; Urca et al., 1977; Aloisi et al., 1580).
However, electrographic epileptiform phenomena, observed after icv
administration of erkephalins or B—endorphin are never associated with
behaviocral convulsions (Urca et al., 1977; Frenk et al., 1978b;
Henriksen et al., 1978; Aloisi et al., 1980) with exception of wet dog
shakes (Frenk et al., 1578b; Chapter VII) and myoclonic contractions
of ithe submandibular muscles (Dzoljic and vd Poel-Heisterkamp, 1982).
Subconvulsive dogses of morphine may enhance +the action of different
convulsant wmanipulations (Le Gal la Salle et al., 1977; Fuller and
Olney, 1979; TDrca and Frenk, 1980). However, anticonvulsive
potentials of mworphine (Adler et al., 1976), enkephalin analogues and
f-endorphin (Tortella et al., 19%81; Berman and adler, 1984) have been
demonstrated as well. Cowan et al.(1979) reported that opiates could
be classified on the basis of the change these compounds produce in the
seizure threshold, and most of the opioids do increase this threshold
{anticonvulsive).

Furthermore, it has been shown that opiates possess both pro— and
anti~convulsant properties, depending on the experimental conditions
(Urca and Frerk, 1980). Similarly, pro— and anti—convulsive effects of
naloxone, the opiate antagonist, have Dbeen obsexved (Snyder et
al., 1981).

Por an explanation, we must first examine the wechanisms, site(s) and
receptox(s), mediating this dual effect.
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1.1, The convulsant systom
The doses of systemic or icv administered morphine, needed to produce
electrographic and/or behavioral seizures are very hich compared to
the doses which produce analgesia (Fremk et al., 1978b) This precludes
activation of specific opiate receptors.
On the contrary, S-endorphin and Leu— and Met-enkephalin produce EEG
epileptic spikes at wvery low doszes, while high doses are needed to
produce analgesia (Fremk et al., 1978b; Henriksen et al., 1978).
These epileptic phenomena are probably mediated by specific opiate
receptors, which are dJifferent from the p—receptors, presumed to
mediate analgesia (Urca et al., 1977). The high doses of naloxone, a
preferential p antagonist, needed to reverse enkephalin—induced
seizures suggests that the § opiate receptors are invelved in the
opioid—induced epileptic phenomena (Frenk et al., 1978a; Dzoljic and
vd Poel-Heisterkamp, 1982).
Sumarizing, it appears that worphine and the opicid peptides,
depending on the conditions of administration, activate two convulsant
gystems: 1. A non—specific system and 2. A 8 receptor-mediated
system.
1.1.1. Non—specific convulsant system.
In literature, 2 role for the GABR—-ergic system in the non—specific
proconvulsant system is suggested (Dingledine et al., 1978; Dzoljic
and vd Poel-Eeisterkamp, 1981; Werz and McDonald, 1982), although
evidence for. glycine involvement also exists {Wexz and
McDonald, 1982).
Enkephalin markedly attenuates a variety of GABRergic inhibitory
pathways 1in the CNS, but does not affect the action of GABA {Nicoll
et al., 1980). Since morphine, but not (lzo—au.aa.z,I:v—wet:5 enkephalin,
has an antagonistic effect on GABA (Nicoll et al., 1980; Werz and
McDonald, 1%82), the convulsant action is apparently not a factor of
the putative § system. It is suggested that the site of action of
this non—specific convulsant system may be located on those sites,
where morphine causes epileptiform activity and the enkephalins do
not {Frenk, 1983). Such sites exist in the cerebral cortex (Sprick
et al., 198l1) and spinal corxd (Frenk, 1983).
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1.1.2. The 5—opiate receptor mediated proconvulsant system.
Since iontophoretic application of opioid peptides typically
inhibits neuronal firing in most brain areas, but excites the
hippocampal pyramidal cells (Nicoll et al., 1977; French and
Siggins, 1980; Chapter IV), the hippocampus is propeosed as the
origin of the oploid—induced seizures (Henriksen et al., 1978).
This hippocampal neurcnal excitation is reversible by naloxone in
most studies (Nicoll et al., 1977; Zieglginsberger et al., 1979;
Chapter IV). However, microlnjections of oplold peptides produce
activatory and epileptiform effects on the local electrical activity
not only in the hippocampus (Prench and Siggins, 1980; Elazar et
al., 1%82) but in other brain regions as well such as the thalamus
(Frenk. et al., 1978a), n.accumdens, parietal cortex, amygdala
{Elazar et al., 1982) and caudate nucleus (Dzoljic and vd Poel
Heistexkanp, 1980). A non-susceptive area seems to be the
periagqueductal grey (Yeung et al., 1978).
In contrast to the suggestion that & cpilate receptors mediate the
opicid-induced excitatory  phencmena (Frenk et al., 1978b;
pzoljic, 1982; Dzoliic and vd Poel-Heisterkamp, 1982), Gahwiler
(1981) demonstrated that x receptors are involved in the
opiate~induced hippocampal firing. However, this might be a result
of using (D-ala’,D-leu” Jerkephalin, which has a low discrimination
ratioco Dbetween & and n opiate receptors (Rosterlitz and
Paterson, 198C), while the experiments were performed on cultured
hippocampal cells and the results in vive might be different by a
recurrent inhibitory mechanism.
1.2. The antilconvulsant system.

The anticomvulsive effects of morphine and the opicid peptides can be

reversed by naloxene and only low doses of these substances are needed

to produce the anticonvuisant action (Cowan et al., 1%79; Urca and

Frenk, 1980; Tortella et al., 1%81). Purthermore, since morphine

decreases spontaneous and enkephalin-induced electrographic

eplleptiform spike activity, it is suggested that activation of u

opiate receptors mway — result in an anticonvulsive effect

{Dzoljic, 1982), which includes the existence of a tonically active



- 43 -

anticonvulsant system modulated by the endogenous oploid peptides.
Interaction betLeaen the pro- and anticonvulsant systems.

The presence of a pro— ané anti—convulsant system, both activated by
the same substances and mediated by possibly pharmacologically
different opiate receptors, raises the question whether it is possible
to activate one, but not the other.

Morphine derivates with diminished oplate receptor potency are
Zdemonstrated to pogsess an enhanced epileptogenic potency (LaBella et
al., 1979).

Urca and Frenk (1982; 1983) hawve ghown that the pPro— and
anticonvulsant effects of morphine, Sendorphin and Leu—enkephalin,
may be elicited probably by employing different routes of
administration and that the opliate anticonvulsant u system was able to
inhikit the proconvulsant & system (Chapter VI).

The existence of the twe systems might explain the dual effects of
morphine, +he opioid peptides and naloxone. Morphine as a p agonist,
in low doses, can be considered as an anticonvulsant agent (Adler et
al., 1876; Orca. and Frenk, 1980). EHowever, in high doses it might
interact with & receptors as well {(Wister et al., 1980} and
facilitate seizure phenomenz induced by other convulsant agents
(Puller et al., 1979). This is partially in contrxast +o  the
hypothesis of Prenk (Frenk et al., 1982; Prenk, 1983), who proposed
along with the non—specific and &-receptor mediated convulsant
systems, a u receptor mediated proconvulsant system. Hig hypothesis
iz mainly based on the Criterion of naloxone reversibility. However,
naloxone, which posgesses a significantly higher blocking affinity for
the p than for the 5§ oplate receptors (Chang et al., 1930) can also
antagonize the effects of GABA in high concentrations (Dingledine et
al., 1978), 1leading to excitatory phencomena, independent of
opioid~mediation. Furthexmore, pharmacologically, pro— and anti-
convulsive effects mediated by the same receptor subtype, 18 not
comprehensible.

similarly, naloxone may facilitate seizure activity (Gilbert and
Martin, 1975; Schreibexr, 197%; Snyder et al., 1980, 1381), or in

high dosezs may block & receptors as well, resulting in  an
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anticonvulsive effect (Dzoljlc, 1982).

The recently descridbed opicid antagonism of electroshock— and
kindling~induced seizures (Berman and Adler, 1984; Puglisi-—aAllegra et
al., 1984), might depend on +the route of administration. The
convulsions induced in these experiments are probably the result of
the increased endogenous levels of endorphins and enkephalins (Hong et
al., 1979; Vvindrola et al., 1981). In this case, it should be
interesting to examine the effects of enkephalinase inhibitors, like
phosphoramidon and  thiorphan, which potentiate the endogencus
enkephalinergic system, on electroshock— and/or kindling—inducead
seizures, since it has Dbeen demonstrated that phesphoramidon can
induce epileptic phenomena, when administered alone (Ukponmwan and
Dzoljic, 1984).

Thus, depending on the experimental conditions (primarxly the dose of
the opiates) and +the functional activity of +the endogencus
endorphinergic system, both pro— and anti- convulsant effects of
morphine and the opiocid peptides may e expected.

2. OTHER NEUROBIOLOGICAL PROPERTIES OF THE CPIOID PEPTIDES.

The wmost common pPharmacological use of opiate substances is for the relief
of pain. Indeed, pF-endorphin and enkephalins, administered icv or
gystemically, induced analgesia (Wei et al., 1977; Feley et al., 1979;
Kastin et al., 1979} while opicid antagonists enhanced nociceptive
reactions (Jaccb and Ramabadran, 1978). Furthermore, several investigators
reported that acupuncture involved an activation of endorphin—mediated
analigesia (Pomeranz and Chiu, 1976; Mayer et al., 1977). The results led
to the conclusion that endogenous opicid peptides may De endogencus
analgesics (Kosterlitz, 1979; Terenius, 1982).

Opiates are known to have mood-altering properties, such as dJdreamlike
euphoria and reality escape, for which <they presumably are
self-administered in many forms and preparations. Many drugs that are
abused by man, are self-administered by animals as well, and this includes
the opiates like morphine and heroin (Werner et al., 1876) as well as
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Leu~enkephalin  (Belluzzi and Stein, 1977), which might serve as an
endogenous euphorigen. Although many experiments have been performed to
elucidate the underlying mechanisms of opiate addictionstolerance
{Wei, 1981l; Zukin and Zukin, 1981; 2Zukin et al., 1982), the diversity in
natural opiocid agonists and in antagonist ligand binding sites prevented
the determination of involvement and/or mechanisms of the endogenous opioid
system(s).

Systemic injection of opioids results in locomotor activity, which is jerky
and undirected, interrupted by grooming and staring (Kock and Bloom, 1983)
and wet—dog shakes (Chapter VI). In high doses, it might result in extreme
generalized muscular rigidity (Wand et al., 1972). An opicid-dopamine (DA)
interaction is proposed (Stinus et al., 1980), which might be of importance
for the putative role of the mesolimbic DA system in the pathophysiology of
schizophrenia (Bloom et al., 1976; Jaguet amnd Marks, 1576) and affective
digorders (Juéd et 2l., 1981).

Cpioid peptides block the release of catecholamines (Loh et al., 1976;
Taube et al., 1976) and some other neurotransmitters (Beaumont and
Hughes, 1979). This is attributed +to a presynaptic inhibitory action
{Snyder and Childers, 1879%). In addition, they inhibit hoth spontaneous,
and acetylcholine— or glutamate—induced firing of most mneurons, with the
exception of hippocampal pPyramidal cells and spinal cord Renghaw cells
{Zieglgangbergex and Bayerl, 1976; Snyder and Childers, 1579). This
inhibition of <£iring guggests an influence on post—synaptic receptors.
Whether pre— or post-synaptic, the physiclogical significance may be in the
fact that enkephalin- and endorphin—containing fibers usually run in the
vicinity of catecholaminergic fibers (Terenius, 1982).

Intravenous ox icv administration of opicid peptides stimulates pituitary
release of prolactin and growth hormone {(Grandison and Guidotti, 1977;
Rivier et al., 1977). It is not known whether this effect is caused by a
direct action upon +he hypophysis, or by way of inhibition of the
catecholaminexgic fibers, which normally comtrol pituitary secretion. The
latter explanation appears to be more likely (Beaumont and Hughes, 1879).
Morphine, heroin and opioid peptides stimulate feeding and drinking (McKay
et al., 198%; Morley et al., 1983), while opiate antagonists possess

anorexic properties {( Heolltzman, 1979). Siress—induced eating is shown to
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be wmediated by endogenous opiates, as well (Morley and Levine, 1980).
although an overwhelming body of evidence favors a role for the endogenous
opioid peptides in the regulation of ingestive behavicr, the exact
wechanism of action is not clear (Morley et al., 1983).

an involvement of the different opiate receptor subtypes, and as such of
the Jifferent opiate agonists and antagonists on respiration, is repoxted
by several authors (Florez et al., 1980; Meldrum and Isom, 1981; Hassen
et al., 1982). wWhere +the u agonist does not change the respiratoxy
frequency, the & opiate agonist results in a respiratory dJdepression
(Morin—Surun, 1984).

Although the heart is devoid of opiate receptors (Simantov et al., 1978),
opiocid peptides do altexr cardicovascular functions as well (Bolme et
al., 1978; Chapter VIII), generally resulting in hypotension  and
bradycardia. These effects are believed to be, in part, a consequence of
opiate action upon the brain stem autonomic centers involved in the
regulation of cardiovascular homeostasis. Pituitary endorphins released
during stress or shock, probably act on opiate receptors in the Dbrain to
depress cardicovascular function (Heladay and Loh, 1981).

Despite the long history of opiate thermoregulatory investigations, the
effects of opiates on body temperature are still the subject of scientific
controversy. In general, opiates may produce either hyperthermia (Martin
and Morrison, 1978; TFrench, 1979) or hypothermia (Lin and Su, 1979; Tseng
et al., 1979), depending on species, doses, ambient temperature, route of
injection, degree of +olerance and endocrine status. Generally, it is
concluded that endorphins may Dbe activated by any extreme temperature
(Thornhill et al., 1980) and that the pituitary endorphins are wore
functionally involved in heat adaptation in an associated hypothermic reole
{Holaday and Loh, 1981).

Last, but not least, opioid peptides play a zole in memory and learning
processes, where they are probably the mediators of an endogenous amnesic
mechanism { Izquierdo et al., 1980).

In genexal, it seems that the endorphinergic system does not play an
explicite role during homeostatic conditions within an oxganism. However,
environmental or physiclogical alterations, which may »e considered as
stregsful, appear te activate this system.
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CHAPTER IV.
OPTATES AND HIPPOCAMPUS

1. STRUCTURE AND NOMENCLATURE OF THE EIPPOCAMPUS

The hippocampal region is the part of the cerebral cortex that forms a
relatively long, horn—shaped boedy along the curvature of the lateral
ventricles. This region can be subdivided in the hippocampus or
ammon's horxrn; the fascia dentata (gyrus dentatus); and the subicular
region (prosubiculum, subiculum, preéesubiculum and parasubiculum), which
is contiguous to the entorhinal cortex (Fig.l.).
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Fig.1. Dicgram of a horizontal section of the hippocampal region. The
following nippocampal Llgyers are shown: alveus; stratum oriens (5.0.);
stratum pyramidale (pyramidal cell bodies, s.p.); stratum radiatum (S.r.);
In the dentate area: stratum granulosum (granuiar cell bodies, s.g.) and
the hilus of the fascla demntata (hil.Ff.d.}. The following related
structures are indicated: subilculum; presublculum (pre-); parasubiculum
{para-): A: anterior; P: posterior.
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The Ammon's horn (Cornus Ammonis or CA) has been divided into 4 fields:
CAl, CA2, CA3 and CA4 (Lorente de Nb, 1934). The CA2 and CA3 areas
are the regions with giant pyramidal cells. The pyramidal c¢ell layer
of the A2 area enters the hilus of the fascia dentata (Ca4).
Accorxding to Blackstad (1956) these pyramidal cells form a deeper
cortical layer which he called the "dentate area™.

Since iontophoretically applied opiates and opioid peptides are known
to excite hippocampal pyramidal cells (Nicoll et al., 1977), a
simplified diagram of the neurcnal circuitry in the CAl region is given
in Fig.2., illustrating excitatory and irhibitory synaptic connections.
The pyramidal cell body layer (stratum pyramidale) and the basal
dendritic layer also contain non-pyramidal cells, being used to
describe basketcells and other inhibitory interneurons. Specific
interneurons forming synapses excluszively with the axon initial
segments of pyramidal cells, have heen identified by Somogyi et al.
(1983},

{4

pyramidal cell soma

Schaffer
collateral

Fig.2. Schematic representation of the neurconal circuitry in the (Al
pyrami-dal cell region of the hippocanpus. P:pyramidal cell;
NP :non-pyramidal cells; +:exclitatory synapse; -:inhibitory gynapse;
i.:feedforward inhibition; 2.:feedback inhibition.
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2. OPIOID MEDIATED HIPPOCAMPAL EXCITATIONS

Clinical and preclinical investigetions of the endorphing Thave
suggested a correlation between certain neureopsychiatric conditions,
Limbic system and the central function of these peptides (Bloom and
McGinty, 1%81; Vereby, 1982). Despite the uniform naloxXone-reversible
depressant action of opiates and opioid peptides in most brain reglionsg
studied, iontophoretic applications of these substances excite wost
hippocampal pyramidal neurons (Nicoll et al., 1977) while the
neighbouring granule cells arxe depressed (Tielen et al., 1981). The
excitatory cholimergic (ACh) septal hippocampal pathway, can not be
involved in this excitation, since scopolamine and atropine, ACh
blocking agents, as well as lesions of the septal nuclel, do not reduce
the opioid-induced excitations (French and Siggins, 1980). These
findings point to an autonomous role for the hippocampus in the
epileptiform response and Day underlie epileptic episodes induced by
enkephalins (French and Siggins, 1980; Henderson, 1983).

Three major hypotheses have been proposed to explain these excitatory
phenomena in the HPC:

2.1, Excitation by disinhibition.

There are two, probably GABA—ergic pathways in the HPC, which hoth
utilize non—pyramidal interneurons, and illustrated in FPig.2. as the
feedforward and feedbackward inhibitory pathways. Zieglginsberger
and coworkexs (1979) postulated that excitation of pyramidal cells may
activate inhibitory interneurons via recurrent collaterals of their
AAONS . This inhibitory circuit may be intexrupted by the application
of opiates, which exert their effect at the level of the cell body of
the inhibitory interneurone, suppressing cell discharge (Nicoll et
al., 1980). The resulting disinhibition of pyramidal cells becomes
evident as a strong excitation. This hypothesis was supported by
several other investigators (Dunwiddie et al., 1980; Lee ot al.,
1980; Robinson and Deadwyler, 1981).

If disirhibition is the important mechanism ia opioid action on
pyramidal cells, then intracellular zrecords should show diminished
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inhibitory postisynaptic potentials (i.p.s.p.). However, opioids 4&id
not reduce +the i.p.s.p. in pyramidal cells (Haas and Ryall, 1880;
Dingledine, 1281).

2.2. Facilitation
Haas and Ryall (1980) proposed that opioid peptides enhance
transwitter release from excitatory nexve terminals. Indeed, several
groups of investigators did find increased excitatory postsynaptic
potentials (e.p.s.p.) after opioid application (Eaas and Ryal1l, 1S80;
Nicell et al., 1980). However, others failed to c¢bserve thig increase
(Corrigal and Linseman, 1980; Dunwiddie et al., 1980; Dingledine,
19381; Lynch et al., 1981).

2.3. Increased efficiency of coupling
Opioids might act by facilitating the passage of the e.p.s.p. from
the dendrites to the cell soma and thus potentiate the soma population
spike activity (Dingledine, 1981; Lynch et al., 1981; Robinson and
Deadwyler, 1981). Bowever, +the excitation evoked by application of
excitatory amine acids is not potentiated by opioids, as would be
expected (Haas and Ryall, 1980; DPingledine, 1981).

Althouch no final conclusgion can be drawn from these results, the bulk of

evidence favours disinhibition as responsible for +the excitation of

hippocampal pyramidal cells by opioid peptides. The question of the

functional wmeaning of the opiate—evoked excitations in the HPC remains to

be resolved.

3. OPIOID SYSTEMS IN THE HIPPOCAMPUS

By evaluating immunohistochemical studies (BESkfelt et al., 13877;
Goldstein and Ghazarossian, 1980; Wamsley et al., 1980; Gall et al.,
1981; Hong and Schmid, 1981), at least two possible opioid systems,
identified in the HPC have bheen suggested. Potentially, the most
gignificant pathway is described by the dentazte—granule cells—mossy fiber
system (Corrigal, 1983), where dynorphin has been identified (Henriksen et
al., 1982), while dynorphin—containing cells are alsc found scattered
throughout CAlL and CA3—+4 cellular fields, possibly representing 2 subclass
of interneurons (Eenriksen et al., 1%982). The second peptide system
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derives from +the Ilateral entorhinal/perirhinal cortex and appears to
synapse on dentate granule cells. This latter pathway contains
enkephalin—immunoreactivity, but is devoid of dynorphin (Henriksen et
al., 1982). Enkephalin-like immunoreactivity was found within the somata
of +hree types of hippocampal neurons: 1. gramule cells of the dentate
gyrug, 2. occasional pyramidal shaped cells of field <Al stratum
pyramidale, and 3. varied scattered interneurons. Of this last group, two
types of interneurons were consistently seen. The first occupy the Dborder
between stratum vadiatum and stratum pyramidale, whereas the second lie
within the stratum radiatum of field CAlL. Cells containing enkephalin—like
immunoreactivity were also cbserved in the subiculum (Gall et al., 1981).
Thus, opioid peptide immunoreactivity in itwo major opicid peptidergic
pathways of +the hippocampal formation may represent the presence cf two
entirely different prohormonal systems. Purthermore, dyniorphin, in
comparison to I.eus-enkephalin, induced a longer lasting excitatory spike
activity in the EEG (Henriksen et al., 1982). Although questions of the
pharmacological action of exogencusly applied dynorphin and its release by
stimulation of the mossy fibers remain to be answered, it might be that the
dynorphin family plays an important role in the opioid-induced excitatory
phenomena as well.
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CHAPTER V.
CORRELATION BETWEEN THE DISTRIBUTION OF BH"IABELLED ENKEPHALIN I[N RAT BRAIN

AND THE ANATOMICAL REGIONS INVOLVED IN ENKEPHALIN-INDUCED SEIZURES

SUMMARY

ghe corre%atton getmeen the distrigutton'of ivt administered & agonist
[THI(D-ala ,D-leuw )-enkephalin ({T8IDapL) and the anatomical regions
involved in the enkephalin-induced selzures has been studied iIn rat by
using an autoradiographic method and recording of the electromyogram (EMG)
and the electroencephalogram (EEG).

The results indicate that within 10 min, the radicactivity of the 1ilvt
administered drug reached c<ll paris of the veniricular system, Including
tge central canal oF the spinal cord. However, within 2.5 min after ive
[THIDADL, which corresponds to the onset of DADL-induced seilzures, the
substance appeared mainly in the left lateral ventricle and occasionally in
the third ventricle. During the first 2.5 min the substance penetrated
regularly into the surrounding periventricular tissue of the striatum,
septum and hippocampus t© a depth of about 100 um. The most intensive and
long lasting epileptic discharges, exceeding 30 min were observed in the
nippecampus, in conirast to the miid and short-lasting electrophyslological
responses of the septum and corpus striqtum. The ersperiments suggest that
the short onset of enkephalin-induced excitatory phenomena 1s due to the
rapid distribution and penetration of the substance in the swurrounding
periventricular tissue. According to these data, 1t i1s proposed that
activation of opliate receptors locallzed within the first 100 um of the
periventricular , tissue, mainly in the hippocampus, is essential Ffor the
triggering of endorphin-induced seizure activity.

1. INTRODUCTION

Theze are indications that some synthetic analogues of natural opioids and
p—endorphin have a moderate cerebrovascular permeability and can exert
central effects in conscious animals when administered systemically (Tseng
et al., 1976; Rapoport et al., 19380). However, +the wvariation in the
amount of the opicid peptides penetrating the blood-brain barrier and the
high costs of the compounds are the main reasons that mest studies with
endogenous opicid peptides have followed the intraventricular (ivt) route
of administration.
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nfortunately, many aspects of the ivt administration which might he of
relevance for +the interpretation of the results with endorphing, such as
distribution of peptidez in the wventricular system or +the volume of
injection in relation +to its clearance from brain +tissue, are not
sufficiently well Xknown. Although +*the dJdistribution of morphine and
morphine-~like substances have been studied by Hexz and Teschemacher (1971),
no data are available about the spread of various endopioids (~endorphins;
Adler 1980) after ivt administration.
There is evidence from previous studies (Urca et al., 1977; Frenk et
al., 1978; Dzoliic et al.., 1979) that endorphins may play a role in
epileptogenesis. One of the most potent seizure-inducing opiocid peptides
is (D—alaz,leeus)enkephalin ({DADL) (Dzoliic and vé Poel-Heisterkamp,
1982). This peptide, which is also one of the most potent agonists at &
opiate receptors known at the time these experiments were performed (Chang
et al., 1920), induced epileptic phenomena within a few minutes after ivt
administration and the effect lasted for 30-60 min (Dzoljic and
vd Poel-Heisterkamp, 1981).
The short onset of excitability indicates an invelvement of  brain
structures in the c¢lose vicinity of the lakeral ventricles. ILack of
knowledge about the spread of the exogenously (ivt) applied opiocid peptides
has prevented the identification of those brain regions involved in the
initiation of endorphin-induced seizure phenomena.
The aim of this study is to identify the anatomical regions associated with
the enkephalion—induced excitatory phenomena and to correlate the extent of
drug diffusion into these regions with the manifestation of pharmacological
activity. An aubtoradiographic method and electrophysiological recording is
used to detect the onset and characteristics of enkephalin—induced sSeizure
activity in the periventricular regicns and cortex. The distribution of
(BE)DADL {(ivt) within the liquor system and its speed of diffusion into the

periventricular tissue, is compared.
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2. PATERIALS AND METHODS

2.1. Animal experimemnts

2.1.1.

2.1.2.

Aautoradiography.

Male rats (Wistar strain, 175-250 g) were anaesthetized with
urethane (1.2 g/Xg, 1.p.). A steel cannula for ivt injections was
implanted Dby means of a stereotaxic instrument {coordinates:
AP +6.1 mm, L —1.3 mm, H —4.0 mm from dura with lambda 0).

12.5 uCi/ipl (BE)DADL (29 Ci/umol) was administered by use of a 5 pul
Hamilton syringe. In each period of 1, 2.5, 5, 10, 30 and €0 min
after the injection, 4 rakts (i.e. in total 24 animals) were Xkilled
by immersion in a mixture of acetone and carbon dioxide (-—70/——8006).
After a minimum of 10 min the corpse was taken out and immediately
transferred to a cold room (—ZOQC).

The method used was accorxding to Ullberg (1954). Frontal brain
sections 30 g in thickness, were prepared in a cryostat (uzooc) with
a Jung model tetrander microtome using scotch tape (Minnesota Mining
810) as a support. The sections were freeze-dried and then placed
in contact with ILKB Ultrofilm 3H. For illustration purposes, prints
were made of the autoradiograms (enlargement x 8.3) showing light
and dark areas which are regions of madmum and minimm
radicactivity, respectively.

A hematoxyline—eosine colouring method was used f£for staining the
secticons to achieve a better contrast between the different areas.
Anatomical interpretation of the distribution of +the radicactivity
is Dbased on the atlas of Konig and Klippel (1963). To determine
the extent of diffusion into the brain tissue, the penetration
distance was measured from the wall of the lateral ventricle into
the hippocampal, striatal and septal areas.

Statistical evaluation of the data was performed by <the Student's
t—test.

Electrophysiolegical recording.

Six male rats (Wistar strain, 175-200 ¢g) were anaesthetized with
urethane (1.2 g/kg,i.p.). A tracheal cannula was inserted and
electrodes were implanted in the submandiblar muscles for +the
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registration of the electromyogram (EMG) and myoclonic contractions
(MC) (Dzoljic and vd Poel-Heisterkamp, 1982), Spontaneous and
drug—induced myoclonic contractions of the submandibular muscles
were recorded by the method of Bieger et al.(1972). A steel cannula
for 1iwvt injections (left side) and electrodes in the left side of
the striatum (AP +1.2 mm, L +2.5 mn, H -5.1 mm), hippocampus
(AP —4£.9 mm, L +4.0 mm, K -3.0 mm) and sepium (AP +2.4 mm,
L +0.5 mm, E —4.3 mm, with H measured f£rom dura and bregma 0) (de
Groot, 1972) were implanted stereotaxically. In addition, the
electrocorticogram (ECoG) between  the frontal and parietal
electrodes was recorded by means of a polygraph Grass model 7.
Rectal temperature was maintained between 36.5 and 37.5 C.

2.2. Drugs

p-ala’~[tyrosyl-i-3,5- Hlenkephalin (5-D-leucine)  (New  England
Nuclear)}, 1s supplied in 0.02M sodium dihydrogen phosphate buffexr, pH
2.1. Before use the labelled compound was dried under nitrogen and
diluted with an appropriate solution of artifical cercbrospinal fluid
(CSP) (1 mCi/80ul) and adjusted to PpE 7. Specific activity of
(>5)pa0L was 29 ci/mmol.

(D-ala®,p-leu” )-erkephalin (DADL) (Peninsula Lab.) was diluted in CSF
(5 pgr2pl).

3. RESULTS

The conclusions are based on a large number of autoradiograms of which,

only a small selection is shown here.

3.1. Distribution of [ 3.E.?D.iP.DJ:. in the ventricular system
At 1 min after administration of labelled DADL (12.5 uCi/lul),
radiocactivity was observed in all ¢ rats only in the left lateral
ventricle, where it was injected (Pig.l). After 2.5 min, the
radiocactivity penetrated to the frontal parts of the third ventricle,
the recessus pineatis (in 3 of 4 animals) (Fig.2). However, within 5
min the labelled substance reached both lateral ventricles and all
parts of the third ventricle in all experimental animals (Fig.3).



Flg.1. Brain section (A 5780 u) and corresponding au&oradio ram, 1 min
afger intraventricularly odninistered labelled (D-ala '3- leu” )- enkephalin
(L 8IpADL, 12.5 uCi/ul) in the rat brain. Note that [ HIDADL was only
detected in the ventricle where it was injected.



Fig.2. Brain section (4 3750 p) and corresponding autoradicgram, 2.5 min
aftor niraventricular administration of labellaed
(D-alta ,D-leu }-enkephalin (12.5 uCl/ul) in the rat braln. Note that the
radicactive substance penetrated into the third wventricle.



Fig.3. Brain section and corresponding auicradlicgram, 5. min after
intraventricular administration of Llabelled (D-ata ,P-leu )-enkephalin
(12.5 uCi/ul) in the rat brain. Note the penetration ofF the radicactive
substance into the corresponding lateral ventricle and third ventricle.



Fig.5. Brain section (A 160 p) and corresponding au radtoggmn. 10 min
after imtraventricularly administered labelled (D-ala ,D-leu ) -enkephalin
¢12.5 pCisul) in rat brain. Note thot the labelled substance alse reached
the extracerebral space ¢f the ventricular system.
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Within 10 wmin, the whole ventricular system showed radicactivity,
including the central canal of the szpinal cord (Fig.4). During this
period of time a significant amount of labelled substance could be

detected in the whole extracerebral vemtricular system (Pig.5).

Fig.4. Sagittal section of the body and corresponding autoradiogram, 10
min after intraventricular administration of itabelled
D-ala ,D-leu )enkephalin (12.5 uCl/ul). Note that the Labelled substance
penetrated into the central canal ¢f the spinal cord.

3.2. Distridution in the periventricular anatomical regions.
After 1 min, radioactivity was observed in the wall of +the left
lateral ventricle, consisting of the septum, striatum and hippocampus
(Fig.1l). BAfter 2.5 min the radiocactive substance penetrated intc +the
hippocampus and sStriatum as well as into the wall of the thixg
ventxicle (Fig.z). Within 10 wmin, EBH]DaDL penetrated from the
ventricles into the whole septum, parts of the corpus striatum and
hippocampus and small parts of the corpus callosum and thalamus.
Radicactivity was pronounced in the chorioidal plexus.
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Fig.6. Electromyogram (EMG) , electrocorticogran (ECoG) and
electrophysioclogical responses of the hippocampus (hip). striatum (str) and
septumz( sept) _before and after intraventricular (ivt) administration ofF
(D-ala ,D-lew’ ) enkephalin (DADL, 5pg/z pl). Note +the short onset of
epileptic spike activity and the long-lasting and intensive ¢ffect of DaDL
in the hippocampus.

3.3. Electrophysiciogical recording

The electrophysiological responses of the hippocampus, striatum and
septum  as well as the ECoG and EMG show epileptic discharges and
myoclonic contractions, within the time range of 0.5-2 min after ivt
administration of DADL. The latency +times of the epileptiform
mscular and EEG phencmena for each animal are equal. EEG or ECoG
epileptic spikes are immediately followed by a MC.

The epileptic spike activity in the septum and striatum are less
intensive and short—lasting. The most intensive and long—lasting

spiking, exceeding 30 min, is observed in the cortex and particularly
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in the hippocampus (Fig.6). WNo differences are cbserved between the
electrophysiological responses induced by ivt administration of
equinclar doses of labelled and unlabelled DADL.

3.4. Diffusicn of radioactivity into the brain rilssue.
Since the EMC and EEG recordings indicate that the epileptic phenomena
induced by DADL (S5 pg,ivt) appeared within 1-2 min, the depth of
penetration of the radicactive substance into the brain tissue was
measured over this periced of time.
The results indicate that the meam depth of penetration into +the
hippocampus, striatum and septum was about 100 um (Fig.7). After 30
and 60 min the distribution of EBH]DADL was found to be diffuse and
difficult to evaluate.
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th.?. Speed of diffusion of radiocactive (D—aLaZ,D~Leu5)-enkephaLin
({"HIDADL, 12.5 uCi/pl) in the swrrounding periventricular tissue after
intraventricular (ivt) administraticn, Note that within 2.5 min (the onsget
period for DADL induced seizures) [ HIDADL peneirated to a depth of about
100 wm. The vertical bars indicate SEM (rn=4).
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4. DISCUSSION

Presumably, the radicactivity involves intact [3311325.0:,, gince the
long—lasting effect clearly suggests that the drug was neither metabolized
nor rapidly cleared (Yaksh et al., 1982).

Tritium labelled DADL reached all parts of the ventricular system,
including the extracerebral liguor space, within 10 min after ivt
administration. The cerebrogpinal fluid leaves the ventricular system in
the vicinity of the fourth ventricle through apertures in the posterior
medullary velum (Zeman and Innes, 1963), which might explain why the
extracerebral radicactivity is more pronounced in the posterior sections.
The time courxse of distribution of [BH]DADL within the ventricular gystem
is congSigstent with +the sStream pattern of cerebrospinal fiuid within the
ventricles, The 3H~—la1:»e~11ed paDL also penetrated rapidly into the
periventricular tissue. The brain regions bordering the lateral wvenktricles
are the striatum, septum and hippocampus. Penetration of the radiocactive
substance into these anatomical regions occured to a depth of abouk 50100
pm during the first 2.5 min after ivt administration. Thig pericd of +ime
coincides with the appearance of epileptic discharges in the EEG and the
EMG. The shortegt onset period and the most pronounced and long-lasting
epileptic discharges in the EEG were observed in the hippocampus and
cortex. Therefore, it can ke suggested that the hippocampus is the
anatomical regions associated with the initiation of the seizure phenomena,
after ivt injection of enkephalins.

In litexature it is suggested that endorphins and particularly DADL, exert
their convulsant actions through activation of § opiate receptors (Dzoljic
and vd Poel-Heisterkamp, 1582). The striatum, septum and some parts of the
hippocampus contain high densities of & receptors (Goodman et al., 1980;
Duka et al., 1981). PFurthermcre, the hippocampus and the striatum do hawve
the lowest threshold for excitation (Cowan et al., 1979).

It is suggested that the short onset of epileptic phencmena, after ivt
administration of emkephalins or erkephalin analogs, is likely to be due to
the activation of & opiate receptors, localized within the first 100 pm of
the periventricular tissue of the hippocampus.



..70....

REFERENCES

adler MW, Opioid peptides, Life Sci. 26: 497-510, 1%80.

Bieger D, Larochelle L, Hornykiewicz O, & model for the quantitative study
of central dopaminergic an@ serotoninergic activity, Burx.J.Pharmaceol.
ig: 128-136, 1972.

Chang X—J, Hazum E, Cuatrecasas P, Multiple opiate receptors, Tr.Neurosci.
3: 180—-172, 1980.

Cowan A, Geller EB, adler Mw, Classification of opioids on the basis of
change in Seizure threshold in rats, Science 206: 465467, 1979.

Duka T, Schubert P, Wister M, Stoiber R, Herz A, & selective distribution
pattern of different opiate receptors in certain axeas of rat brain as
revealed by in vitro aurcradiography, Neurosci.Lett. 21: 119-124,
1981,

Dzoljic MR, Van de Lely AJ, van Mourik JBA, Enkephalin-induced myoclonic
twitches blocked by ergometrine and potentiated by haloperidel,
Paychopharmacelogy 66: 111-116, 1979,

Dzoljic MR, van de Poel-Eeisterkamp AL, The effects of GABA—ergic 4drugs on
enkephalin-induced motor Seizure phenomena in the rat,
Clin.Exp.Pharmac.Physicl. 8: 141-15C, 198l.

Dzoljic MR, van de Poel-Helsterkamp AL, Delta opiate receptors are involved
in the endopiocid—induced myoclonic contractions, Brain Res.Bull. 8;
1-6, 1982.

Prervk H, Urca G, Liebeskind JC, Epileptic properties of leucine— and
methionine—enkephalin: Comparison with morphine and reversibility by
naloxone, Brain Res. 147: 327-337, 1978.

Goodman RR, Snydexr SH, Xuhax MJ, Young WS IIX, Differentiation of § and p
opiate receptor localizations by light wmicroscopic autoradiography,
Proc.Natl.Bcad.Sci.USA 77: 62395243, 1980.

De Groot J, The rat forebrain in sterectaxic coordinates, 4th edn.
Verh.X.Akad.Wet. 52: 11-40, 1972.

Herz A, Teschemachex HJ, Activities and sites of antinociceptive action of
morphine—like analgesics, Adv.Drug Res. &: 79-119, 1971,

Konig J, Klippel R, The rat brain, a stereotaxic atlas, wWilliam and
wWilking, Baltimore, 1963.

Rapoport SI, Klee WA, Pettigrew KD, Ohno K, Entry of opioid peptides into
the central nervous system, Science 207: 84-8§, 1980.

Tseng L, Loh HH, Li CH, f-endorphin as a potent analgesic by intravenous
injection, Nature 263: 239240, 1976.

Uliberg S, Studies on the distribution and fate of - S-labelled
benzylipeniciilin in the body, Acta Radieol. suppl. 118: 1, 1954.

Urca G, Frenk H, Liebeskind JC, Taylor AN, Morphine and enkephalin:
Analgesic and epileptic properties, Science 197: 83-86, 1977.

Yaksh TL, Gross KE, Li (B, studies on the intrathecal effect of S-endoxphin
in primate, Brain Res. 241: 261-269, 1982,

Zeman W, Innes JR, Craigie's Neurcanatomy of the rat, Academic Press, New
York, pp.25-30, 1963.



CHRPTER VI.
THEE EFFECTS OF SELECTIVE 4 and & OQPIATE AGONISTS AND ANTAGONISTS ON
EPILEPTOGENIC POTENTIALS IN ANAESTHETIZED AND FREE-MOVING RATS

SUMMARY

By using electroencephalographic (EEG) and electromyographic (EMG)
recordings in anaesthetized and fres-moving rats, the epileptogenic
properties of two opiold peptides, which selectively stimulate p and §
oplate receptors, respectively morphiceptin and  DSTLE, were
investigated. In addition, we also examined the effects of two
recently synthesized selective antagonilsts of the &-oploid receptor
(ICI 154,129 and ICI 174,864).

The & receptor peptlide (DSTLE, 4£.6-18.6 nrmeol, 1iuvt) produced a
dose-related 1increase of mycclonic contractilions (MC) with epileptic
discharges In anaesthetized rats and severe wet dog shakes, with
occastonally falling doun, 1in free-moving animals. Morphiceptin, a
specific u opilate agonist, used in equimolar dosés and under the same
experimental conditions, had a significanily Less pronounced effect on
the number of MC and epileptiform EEG phenomena but inhibited the
DSTLE-induced MC in a dose-related manmer. DSTLE (18.6 mmol) injected
in the CAZ area of the hippocampus, a region with a nearly egqual
distribution of u and 8 oplate receptors, induced epileptic discharges
in anaesthetized and free-moving rats, while an equimolar dogse of
morphiceptin had no significant effect. Experiments with ICI 154,129
and ICI 174,864 revealed that they antagonized the eplleptogenic
effects of DSTLE. For this purpose ICI 154,129 was needed in a high
concentration, which indicated the low potency of this substance.

It iz suggested that the epileptiform activity of opiold peptides is
mainly due to an activation of § oplate receptors in the central

nervous system.
1. INTRODUCTION

The concept of multiple opiate receptors (Lord et al., 1977;
Martin, 1931) might explain the various pharmacological effects of
opiate alkaloids and opiate peptides. In literature, it s suggested
that the analgesic action of opiates way be mediated by u receptors
(Urca et al., 1977), while the epileptic effects of opiates are
proposed +to emerge from the & opiate receptor stimulation (Prenk et
al., 1978). However, other authors suggest that opioid-induced
excitatory regponses are predominantly mediated by p receptors
(GIhwiler and Maurer, legl).
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In previous studies Dzoljic (1922) demonstrated that myoclonic seizure
phenomena and epileptic spikes in the electroencephalogram (EEG),
induced by (D—alaz,D—leus)enkephalin and other endeopiocids aftex
intraventricular (ivt) adwinistration are probably mediated by & opiate
receptors in the rat brain. The target area of this action seems to be
the 1limbic sSystem (Eenriksen et al., 1578), specifically the
hippocampus (FPrench and Siggins, 1980; Chapter V). The increase of
neuronal excitability caused by opiates in the hippocampus is of
particular interest, since opiates are found +o depress neurons in
other brain regions (Illes, 1982).

Therefore, the aim of this study is to elucidate further the role of
the p and 5 oplate receptors in the endorphin—induced neuronal
activity, particularly in the hippocampus. For the experiments we used
specific ligands, such as morphiceptin, which shows high gpecificity
for the p opiate receptor (Chang et al., 1981; Zhang et al., 1981;
Chang et al., 1%82) and & receptor peptide (DSTLE), one of the most
specific & agonists presently known (Gacel et al., 1980). The last
substance shows no Ccrogs—reactivity with the u receptor sites (David et
al., 1%82). Both substances were injected into the hippocampus and,
for comparison, Iinto the lateral ventricle. Studies with opiate
antagonists, such as naloxone and naltrexone, have revealed that these
drugs exhibit sgelectivity for the u-receptor over both the 5~ and
k-subtypes (Magnan et al., 1982). However, the recently- described
enkephalin analogues ICI 154,129 (Shaw et al., 1982; Gormiey et
al., 1982) amd ICI 174,864 (Cotton et al., 1984), which are supposed to
be selective & opiate antagonists, were also used in these experiments.
Since there is evidence for opiate—anaesthesia interactions (Urca and
Liebeskind, 1979; Linseman, 1980), the experiments were performed in

anaesthetized and f{ree-moving animals.
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MATERIALS AND METHODS

2.1. anaesthetilzed rats

2.1.1. Intraventricular administration (ivt)

2.1.2.

The method used in these experiments has been described previously
{(Dzoljic et al., 1972). In brief, male Wistar rats (200-275 g) were
anzesthetized by urethane (1.2 g/kg, i1.p.). A steel cammula for ivt
injections (coordinates: 2P -0.1 mm, L +l.5mwm, E -2.0m from
dura, with bregma 0) was implanted by means of a sSterecotaxic
instrurent. Intraventricular injections were made by a 5 ul
Hamilton gyringe. The electrocorticogram (ECoG) between the frontal
and parietal electrodes was recorded by means of a polygraph (Grass
model 7). The electromyogram (EMG) of spontaneous and drug—induced
myoclonic contractions (MC) of the submandibular muscles was
recorded by the method of Bieger et al.(1963).

The term "sportaneocus myoclonic contractions® corresponds to the
irregqular mmscle twitches with low frequency (1-3 twitcheg/min} and
low amplitude {mostly lower then 50 uv), which are duwe to
mastication or othex oral activities persisting even during complete
anaesthesia. The nmumber of MC, correlating with ECoG epileptic
spikes (Dzoljic et al., 13880), were counted within the £first 15 min
after ivt administration of the dwug. The mest intensive spiking
was cbserved during this period of time.

Intrahippocampal adminigtration (ihp)

2 steel cannula for ihp injections and an electrode for EEG
recording, were implanted stereotaxically in the CaA2 area of the
hippocampus (coordinates: AP +2.6mm, L -2.6mm, H -2.9 mm from
dura, with bregma 0) (de Groot, 1972). The ECoG, the
electreoencephalographic responses (EEG) of the hippocampal area and
the MC were recorded. The number of EEG spikes in the hippocampus,
the ECoG spikes and the MC were counted within the first 15 min
after drug administration.

Only those animals, which after injections of marker dye at the end of

the experiment revealed dye in the ventricle/hippocampus, were taken
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into consideration for statistical analysis.

o
Rectal temperature was maintained between 36.5 and 37.5 C.

2.2. Free-moving rats
2.2.1. Intraventricular administrationm
Male Wistar rats (200-275 g) were prepared for EEG, ECoG and EMG
recording under Hypnorm (Duphar) anaesthesia (0.4 ml/100g, s.C.).
Silver screw electrodes were fixed inte the bone overlying the
frontal and parietal cortices. The EMG was recorded from the neck-
and submandibular muscles. A steel cannula for ivt injections (same
coordinates as in anaesthetized rats) was implanted stereotaxically.
2.2.2. Intrapippoceampal administration
For recording of the EEG responses of the hippocampus, an electrode
waz dmplanted in the CA2 area. A steel cannula for ihp injections
{same cooxrdinates as in anaesthetized rats) was implanted by means
of a stereotaxic instrument. ECoG, EEG and MC of the submendibular—
and neck muscles were recorded.
A1l rats were allowed at least a 7-day xecovery period before the
experiments started. A new hydraulic system provides the possibility
of administration of drugs in unrestrained rats, with £full external
control upon the rate of flow, frequency and volume of drug injection.
This system consists of a microsyringe (max veoiume 8 pl) and a
connector ase. The cap of the microsyringe is divided by a rubbexr
diaphragm into two parts. The wupper part is atkached o a
polyethylene tube filled with hydraulic oil. This tubing is used to
connect the injection assembly with the injection machine microdriver.
The microinjection system ¢an be placed in the cavity of the connector
base, which is cemented to the skull. In addition, the connector base
is also used as a plug for maximal 7 electrode leads. Via the
connector base, the rat was attached to the cable connector, for
recording electrographic responses. Micreoinjections of the drug
selution into the lateral ventricle or hippocampus was achieved by

turning the microdrive.
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2.3. Statistics
Statistical evaluation of drug-induced MC, exceeding 100 uv and EEG
spikes, exceeding 400uV, was performed by the Mann-Whitney U test.

2.%. Drugs
The synthetic peptide, morphiceptin (tyz—pro—phe~pro~NH2, Peninsula
Lab.), which is an amide derivate of pg-cascomorphine—4 and the
hexapeptide, § receptor activating peptide (D-tyr—-ser—gly-phe-leu—thr,
DSTLE, Peninsula Lab.), were dissolved in artifical cerebrospinal
fluid {CSFP). The substances and the control injections were in a
volume of 12 pl {(dose-range 4.65-74.2 nmol), administered ivi over
5-10 sec. For ihp administration a dose of 18.6 nmol/0.5 pl of the
drugs wag given.
ICT 154,129, N.N“Bisallyl*tyzhgly—gly*ﬂh(Cst)rphe—leuwoﬂ, was
dissolved in CSF and injected ivt in a dose range of 18.6-74.4 nmol.
ICI 174,862, N,N-diallyl-tyr-aib-aib-phe—leu-OH (aib:
a-aminciscbhutyric acid) was dissclved in CSF and injected ivt in a
dose range of 2.2-37.2 nmol.

CONTROL DSTLE (18.6 nmol, ivt}

\

L EMG e Lot

REMG

L ECOG

R ECOG

Fig.l. Left (L) and right (R) electromyogram (EMG of the submandibular
muscles) and electrocorticogram (ECeG) of an anaesthetized rat, before and
after itntraventricular (ivt} adaminisgtration oFf 8§ recepior peptide (DSTLE,
18.6 mmol/l ul). Note the short onset of epileptic phenomena after DSTLE
injection.
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= = receptor peptide
L300 . .
A =morphiceptin i

® = cerebrospinal fluid

I
[
I
I
i
!

-200

- 100

NUMBER OF MC / 15 MIN

CSF 46 93 186 372 744 NMOL

Fig.2. Myocionic conitractions (MC) recorded eloctromyographlcally in
anaesthetized (___ ) and free-moving {(---}) rats, after intraveniricular
(itvt} administration of cerebrospinal fluild (CS5F, 2 ul, )} JFellewed by &
receptor peptide () or morphiceptin (A). Vertical line indicates the
number of MC, obtcined during the First 15 min after ivt darug
administration. The heorizontal Line represents the different doses of &
receptor peptide or morphiceptin in rmol. Each point Indicates the mean
value of 8 experiments. Vertical bars denote SEM. Note the silgnificant

increase of & receptor peptide-induced MC, compared to the effects iInduced
by morphiceptin.
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3. RESULTS

3.1. Intraventricular administration
In anaesthetized rats, DSTLE (£.65-18.6 nmol) induced within 0.5-1
min, an intensive and doge-related increase of MC of the submandibulax
muscles, associated with epileptic discharges 1in the ECoS (Fig.l).
Further increase of the dose (37.2 and 74.4 nmol) was not followed by
an jacrease of response (Fig.2). The most potent dese of DSTIE (18.6
mmol} in inducing the MC, was chosen for further experiments. Similar
administration of DSTLE (4.65-37.2 mmol, ivt) in free-moving animais
induced a dose-related increase of ECOG epileptic sgpikes and MC
(FPig.2). A high dose of DSTLE (37.2 nmol) induced additional severe
wet dog shakes (WDS), assoclated with epileptic burxsts in the ECoG and
"falling down” of the rat (Fig.3). -The epileptic burst was followed
by postictal ECoG depression for about 0.5~1 min. FPurthexy increase of
the dose (74.4 nmol) appeared tc be lethal in 3 out of 5 animals and

was therefore not included in Fig.2.

Tﬂﬂr

—. o0 pv

Fig.3. EMG, ECoG and hippocampal EEG (hip) 3 min after administration of &
receptor peptide (DSTLE, 20 ug, ivi}. The eplleptic burst was correlated
with wet dog shakes (WDS). Note the subsequent postictal depression of the
excitatory activity.
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Lower doses of morphiceptin (4.65-18.56 nmol) injected in anaesthetized
or freemoving rats, induced neither MC nor ECoG epileptic spikes,
while higher doses (37.2-74.4 nmol) resulted in a slight increase of
MC and ECoG  discharges (Fig.2). Orethane facilitated the
DSTIE-induced MC, within a certain dose—range (Fig.2). However, no
significant dJdifferences could be observed after administration of
different dogses of morphiceptin in anaesthetized and <£ree-moving
animals

%

i [ anaesthetized rats

free moving rats
C =control
MO=morphiceptin 18.6 nmol
DSTLE= & receptor peptide

18.6 nmol
100

“

NUMBER OF EEG SPIKES IN CAy / 16 MIN

C DSTLE MO C DSTLE MO

Fig.4. Effects of intrahippocampal (CAZ) injection of & receptor peptide
(DSTLE) and morphiceptin (MQ) in anaesthetized and free-moving

rats. The veritleal iine indicates the number ¢f epileptiic discharges 1in
the CAZ2 hippocampal area during the flrst 15 min after administration of
cerebrospinal fluid (C, 2 ul), & receptor peptide (DSTLE, 138.6 mmol) and
morphiceptin (18.6 nmol). Vertical bars denote SEM (n=6). * means
significant difference with respect to conitrol (p<0.01). Note the higher
number of spontaneous eplleptic spikes in the CAZ area of the hippocampus
in urethane-anaesthetized rats, compared to the Free-moving animals and the
significant differences in inducing EEG epileptiform phenomena between the

equimolar doses of the u and § opiate raceptor agonists, compared to the
control.
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Intranippocampal aaminlstration

DSTLE (18.6 nmol) administered in anaesthetized and free-moving rats,
showed a proncunced increase of epileptic discharges in the
hippocampal EEG (CAZ area), ECoG and submandibular MC, while an
equimolar dose of morphiceptin had no gignificant effect on these
parameters. The difference between DSTLE and morxphiceptin on
‘hippocampal spiking iz demonstrated in Fig.<4. The nuwber of
DSTLE~induced neuronal discharges (hippocampal or cortical spikes)
were immediately <followed by a same nmumber of MC. All these three
excitatory phenomena gradually declined and disappeared within 30-60
min. In free-moving animals, DSTLE induced significantly less wet dog
shake phenomena in comparison +to ivt administered DSTLE. The
hippocampal epileptic discharges induced by DSTLE were alsc
facilitated by urethane anaesthesia (Fig.2).

Pretroatment with morphiceptin

Morphiceptin (2.3 and 18.6 nmel), administered ivt 1in anaesthetized
rats or ihp in anaesthetized and free—moving animals, 15 min prior,
significantly inhibited the mumber of MC and epileptiform dJdischarges
induced by DSTLE {18.6 nmol). The inhibitory effect of morphiceptin
on DSTLE~induced MC is demonstrated in Pig.5. Pretreatment with
morphiceptin (37.2 mmel) injected 1ivt in free—moving rats, 15 min
pricr, blocked the MC and wet dog shakes, induced by an equimolay dose
of DSTLE.

Pretreatment with 5§ opilate antagonlsts

ICT 154,129 injected 10 min pricr, was effective in inhibiting the
DSTLE (18.6¢ mnmol)-induced epileptic phenomena only in high doses
(45.5—74.4 nwol) (Table 1). The antagenist cauvsed initial spike
activity in the ECoG, but no MC, in the £irst 30 sec after
application.

Low doges (2.2-4.5 tmol) of ICI 174,864, injected 10 min prior,
inhibited the intensity and dJduration of the MC and the correlated
epileptic discharges in +the ECeG, induced by DSTLE (Table 1.).
administration of ICI 174,864 {$.3-18.6 nmol) resulted in a depression
of amplitude of the ECoG activity for over 2 hours. In this period of
time DSTLE (12.56 nmol) &id not induced any MC or epileptic discharges
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C = Control
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T 0= s receptor peptide
{(DSTLE.!8.6nmol)

MO = morphiceptin{(nmol)
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Fig.5. Interactions betuween morphiceptin and § receptor peptide in
urgthane-anaesthetized rats. The vertical Line indlcates the number of
oloctromyographically recorded mycoclonic contractions (MC) obialned during
the Ffirst i5 min after intraventricular (ivi) administration of
coerebrospinal fluld (2 pl, €} and DSTLE (18.6 nmmol). Morpniceptin (9.3 or
18.6 mmol) was administered ivt 15 min before DSTLE. Vertical bars denocte
SBM (n=8). ¥* means significanmt difference from DSTLE (p<«0.0l). Note +the
dose-related Lnhibition of DSTLE-Lnduced MC by morphilcepiin.
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(Fig. 6). A high dose of this antagonist (37.2 nmol) inhibited ECoG
activity <for at least 15 min and ECoG was practically without wave of
spike activity ( “ECoG silence”) and very weak for the next hour, while
breathing was normal.

DSTLE
control

Eme — A

ECoG

ICl 1;4,864 D%LE
30

"

EMG , .

e e

Ssec I100pv

control

ECoG

Fig.6. EMG of the submandibular muscles and the ECoG before and after
intraventricular administration of DSTLE (18.6 nmol) cand ICI 174,864
(9.3 nmol). Note the depression of amplitude of the ECoG induced DY
ICT 174,864,
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Table 1. Myoclonic contractions correlated with ECoG epileptic spikes
(mean * SEM) induced by intraventricular (iv:t) administration of the §
opilate agonist, DSTLE (18.6 mmol) and after pretreatment with different
doses of the § opilate antagonists, ICI 154,129 and ICI 174,864. The
antagonists were injected ivt 10 min prior to DSTLE.

X = SEM
DSTLE (18.6 nmol, ivi) 193 = 13
Pretreatment
ICYT 154,129 (ivt)
18.6 nmol 183 = 25
37.2 nmel 181 £ 9
46.5 nmol 117 = 8%
74.4 nmol 49 = 7%
ICI 174,864 (ivt)
2.2 nmol 1S =z g%
4.5 Tunol 23 = 9%
9.3 nmol no DSTLE-Lnduced MC
18.6 mmol ne DSTLE-induced MC
37.2 nmol ECoG silence

*: significant difference compared to DSTLE-induced MC (P<0.001, n=6)

4. DISCUSSION

The specific & opizte receptor agonist, DSTLE, administered ivi, induced a
dose—-related increase of MC and EEG epileptiform discharges in
anaesthetized and free—moving rats.

This is in contrast to the specific u agonist, morphiceptin, which was
gignificantly less potent in inducing MC, unless high doses, compared to
the effective doses of DSTLE, were administered. This indicates that u
receptors axe probably not invelved in the seizure phenomena. Furthermore,
low doses, in comparison with the effective dose of DSTIE, of the specific
& opiate receptor antagonist ICI 174,864 inhibited the epileptic phenomena
induced by DSTLE. This is consistent with the suggestion that & copiate
receptors are involved in the endorphin-induced seizures (Frenk et
al., 1978; Dzoljic, 1982; Dzoljic and vd Poel-Heisterkamp, 1982). From
autecradiographic studies and EEG recordings, we suggested <+that the

hippocampus can be held responsible for the triggering of endorphin—induced
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seizure phenomena (Chapter V). This 1s favoured by the demonstration of a
relatively high dJdensity of opiate receptors in  the  hippocampus,
specifically in +the pyramidal cell layer (Meibach and Maayani, 1980) and
enkephalin—containing fiber-systems in +his Dbrain region (HUkfelt et
al., 1977; Rossier and Bloom, 1380). FPurthermore, it iz known that
oploids excite the hippocampal pyramidal neurons (Zieglgidnsbherger et
al., 1981), which is in contrast to the opicid-induced depression of
neurons in other dbrain regions (Illes, 1982). Therefore, we decided +to
administer +the gelective opiate receptor agonists in the hippocampus as
well. The CAZ area of the hippocampus was selected because of the highest
density of opiate binding sites (Meibach and Maayani, 1980) and the
relatively equal distribution of p and & opiate receptors, in compariscn to
other hippocampal regions (Duka et al., 1881).

Local administration of DSTLE induced a significant increase of epileptic
dizcharges 1in the CA2 area, while an equimolar dose of morphiceptin had no
proncunced effect. This fact supports the idea of the involvement of &
cpiate receptors in the generation of epileptiform phenomena. Pretreatment
with morphiceptin, inhibited the stimulatory 5 receptor mediated effect of
DSTLE in anaesthetized and free-moving rats. This might be due to the fackt
that morphiceptin acts as a partial agonist for the & receptor system (Day
et al., 1981; Chang et al., 1982). Increase of MC, in this study,
following administration of high doses of morphiceptin, is probably also a
result of the § opiate receptor stimulation. However, stimulation of the u
opiate receptors by morphiceptin, had a promounced anticonvulsive effect,
which suppeorts the hypothesis about +the proconvulsant & receptors and
anticonvulsant p opiate receptors (Dzoljic, 1982).

Pretreatment with high doses of ICI 154,129 resulted in an inhibkition of
the MC and spike activity induced by the § agonist. These findings are
consigstent with those of Tortella and coworkers (1984), who demonstrated
that ICI 154,129 raises the seizure threshold in rats but at high doses
exhibit p agonist properties. The low potency of this substance at the &
recepter {Cotton et al., 1984) has limited its value as a pharmacological
tool and the high doses needed +to inhibit the DSTLE-induced epileptic
phenomena might as well be a result of an activation of the anticonvulsive

p opiate receptors, instead of a specific antagonism at the § receptox
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gite. In comtrary, low doses of ICI 174,864 were effective in blocking the
epileptic phenomena, while high doses resulted in a complete depression of
ECoG  activity. These  results indicate that this substance is
pharmacologically a more potent § antagonist compared to ICI 154,123.
Intraventricular administration of DSTLE in free-moving animals, resulted
in severe wet dog shakes, falling down and an excited behaviour. In
contrary, a local injection of the & agonist in the CAz area of the
hippocampus, induced less or ne wet dog shakes. This difference in
activity might be due to the fact that after ivt administration of DSTLE, a
higher number of & opiate receptors are activated.

Related to the interactions with anaesthesia, it was observed that urethane
faciliteted +he DLSTLE-induced MC. The reason for this stimulatory effect
of urethane on enkephalin effects is not c¢lear, but a possible additional
release of endorphins during anaesthesia (Berkowitz et al., 1978) micht be
one of the explanations. Other data indicate that the effects of wmorphine
can either be inhibited or stimulated in anaesthetized rats in comparison
to free-moving animals (Urca and Liebeskind, 1979; Linseman, 1980). This
study demonstrates that the effects of opicid peptides can also be
significantly modulated Dby urethane anaesthesia, which indicates +the
necessity of parallel study in free—moving animais and which has to be
taken into account in clinical circumstances, when  administering
opiate-like substances to post—operative patients.

In conclusion, this study with rxelatively specific opiate agonists and
antagonists suggests that the epileptiform activity of opioid peptides is
mainly due to an activation of § opiate receptors.
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CHAPTER VII.
METABOLIC RATE IN DIFFERENT RAT BRAIN AREAS DURING SEIZURES INDUCED BY
A SPECIFIC DELTA OPIATE RECEPTOR AGONIST

SUMMARY
The glucose utilization dJduring specificlés coplate agonigt-induced
epileptilform phenomena, determined by the [ CJlZ2-deoxyglucose technique

(2-DG) was examined in vartous rat bdrain areas at dJdifferent time

intervals. The peak in EEG spiking response and the most {ntensive
2-DG uptake occured 5 min after fvt administration of the & opiate
receptor agonist. The most pronounced 2-DG uptake at this time

interval could be observed in the subiculum, Iinciuding the Cazl
hippocampal area, frontal corter and central amygdala. A general
decrease of glucose consumption, compared #o control values, was
observed after 10 min, in all regions with exception of the sublculum.

Stnce functional activity and 2-DG uptake were correlated, we suggest
that the sublculum and/or CAl area, are probably the brain regions most

involved in the enkephalin-induced epileptiform phenomena.
1. INTRODUCTION

There is evidenCe that endorphins may play a role in epileptogenesis
(Orca et al.1977; Dzeolijic and vd Poel-Helisterkamp, 1982). The target
area of this action seems to be the limbic system (Henriksen et
al., 1982; Illesg, 1982), and specifically the hippocampus {Prench and
Siggins, 1980, Chapters V and VI). The increase of neuronal excitation
caused by opiates in the hippocampal area is of particular interest
since opiates have been found to depress neurons in other brain regions
{Illes, 1982}.

Because functional activity and energy metabolism appear o be <closely
related in +the nervous system {Sckoloff, 1977), local alteraticns in
glucose utilization accompany and reflect local changes in neuronal
activity in +the rat brain (XKenmnedy et al., 1275). Studies using the
[lqb]z-deoxyglucose histochemistry with intracexebroventricular (ivt)
pf-endorphin injection, show the most dramatically enhanced metabolic
activity in the ventral hippocampus and the entorhinal cortex, thus
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favouring these structures as the possible sites of origin for the
drug-induced epileptiform activity (Eenxriksen et al., 1982).

Uging a modification of Sokoloff's technique (¥eibach et al., 1580) and
a method <for isolated removal of brain tissue {Palkovits, 1973), we
selected some rat brain areas, which from literature and our previous
studies appeared to be involved im the neuronal excitability after ivt
adminigstration of enkephaline (Frenk et al., 1978; French and Sigginsg,
1980; Chapters V and VI). In the present study we utilized these
methods to amcertain what changes occur in the metabolic rates of
different regions in the NS, Jduring opiocid-induced sSeizures.
Therefore, we compared the glucose uptake in some rat brain areas, in
function of +time, during a state of normal neuronal excitability and
during & receptor peptide (Gacel et al., 1980) (DSTLE )-induced
epilepsy. DSTLE, as an § opiate recepter agonist is selected since the
epileptiform phenomena are proposed to emerge from § opiate receptor
stimulation (Chapter VI) and probably not from the activation of u
receptors (Frenk et al., 1978; Snead and Beaxden, 1980).

2. MATERIALS AND METHODS

2.1. 2-Deoxyglucose uptake.

24 Male Wistar rats (175-200 g) were anaesthetized by Hypnorm
(fluanison/fentanyl base, Duphar, 0.4 ml/l00 g, s.¢.). A steel
cannula for ivt dinjections {coordinates: AP —0.) mm, L ~1.5 u&n,
BH—2.0mm from dura, with bregma ©) (KSnig and Xlippel, 1963) was
implanted sterectaxically. Each canulla implantation was checked with
2 positive passage of artifical cerebrospinal fluid (CSP) into the
ventricle. All rats were allowed a recovery pexiod of at least 7
days. Intraventricular injections were made by a 5 pl Hamilton
gyringe.

The 2-deoxyglucose (2-DG) experiments were performed according te the
methed of Meibach et al. (1980).

The experimental paradigm consisted of ivt injections of DSTLE (10
Hg/2ul), O, 2.5, 5 and 10 min preceding the intravenous administration
of 2-D (10 uCi/i004g)}. Control animzls received CSF (2 pil, iwvt)
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instead of DSTLE.

20 min aftexr the 2-DG injection, the canmula was withdrawn and the
animal dJdeczpitated. The skull was opened, the brain carefully
removed, frozen in dry ice and stored at —70°C before sectioning.

The brain was cut in 300 um serial sections in a cryostat, maintained
at —ZOOC. Brain nuclei wexe punched with hollow needles, according to
Palkovits (1973). Nine individual brain regions were taken from each
rat: frontal cortex (FC), parietal cortex (BC), subiculum, including
CAl (S), dentate gyrus (GD), CA3 hippocampal area, central amygdaleid
nucleus (ac), cortical amygdaloid nucleus (ace), lateral septal
nucleus {SL) and the nucleus parafascicularis thalami (pPf).

Tissue pellets were homogenized in 100 pl of distilled water. an
aliquot of 10 pl was taken in duplicate for the measurements of
proteins {(Lowry et al., 1951).

Radioactivity was determined of two aliquots of 40 pl from the
homogenate by liquid scintillation counting. Results are given in
peol/100 pg protein.

Statistical evaluation was performed by the Mann~-Whitney U—-test.
Electroencephalographic recording

Six male rats (Wistar strain, 175-200 g) were anaesthetized by
urethane (1.2 g/kg, i.p.). A tracheal canulla was inserted. A steel
l0cannula for ivt injections and electrodes into the subiculum
(AP +3.6 mm, L +0.4 wmm, B -3.1 mm from dura), lateral septum
(AP +1.1 mm, L +1.2 mm, B —4.6 mn from dura) and central amygdala
(AP +0.2 pm, L +2.1 mm, H ~7.1 mm £rom dura with bregma 0) (K&nig and
Klippel, 1963) were implanted stereotaxically. In addition the
electrocorticogram of the frontal and parietal cortices was recorded
by means of a polygraph Grass model 7. The regions were selected on
basis of +the maximal and wminimal metabolic rate changes during
DSTLE~induced epilepsy. Rectal temperature was maintained between
36.5 and 37.5 C with a warm light. After the experiment, the
placement of the electrodes was checked histologically.

Drugs

2-[1-1@C]Deoxy~—0—qlucose {2-DG; New England Nuclear).

2-DG, 51.1 mCi/mmol, suspended in ethanol-water (9:1) was placed in a
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vial and the ethancol medivm slowly evaporated with a gentle stream of
gaseous nitrogen. The isotope was diluted in sterile 0.%% saline (250
uCis2z.5 ml). The solution was injected intravenously.

& receptor peptide.

{ D—tyr—ser—gly-phe—leu—thr, DSTLE, Peninsula Lzb.) was dissolved in
CSP (10 ug/2 ul) and administered intraventricularly.

3. RESULIS

3.1. 2-DG uptake.

Simultaneocus injection of DSTLE (10 ul/2 ug, ivt) and 2-DG (10 pCi/LO0
g, i.v.) resulted in an increase of 2-DG uptake in the fromtal cortex,
subiculum/CAl area and the cortical amygdala, compared <o  the
controls, which received CSF, 2 ul (Table 1, "0 min"). In the other
selected brain regions, such as the central amygdala, parietal cortex,
lateral septal nucleus, gyrus dentatus, CA3 area and the
n. parafascicularis thalami, no differences in the glucose uptake
could Dbe observed. DSTLE adminigtration, 2.5 min prior to the 2-DG
pulse resulted in a general increase of the uptake in all regions,
most pronounced in the frontal cortex, subliculum/CAL and the cortical
amygdala. Less pronounced uptake of 2-DG occured 1in the parietal
cortex, dentate gyrus and CA3. Ne significant increase could be
detected in the lateral septum, central amygdala and the
parafascicular nucleus. DSTLE injection, preceding by 5 min, the 2-DG
administration, induced a further significant increase of glucose
utilization in the fromtal cortex, subiculum and central amygdala.
However, a tendency for a decrease in 2-DG uptake could already be
obgerved in all other areas with exception of CA3 (Table 1).

10 win after the DSTLE injection, glucose utilization decreased to
control values in all brain regions with exception of the subiculum.
In the n.parafascicularis and the lateral septal nucleus, the 2-DG
uptake was not sgignificantly affected by DSTLE. Because of this
genexal decrease after 10 min, ne further experiments, with longer
time intervals between the DSTLE and the 2-DG injection, were carxied

out.
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of 2-DG uptake.

[ 'Cy2—deoxyglucose (2-DG, 10 uCi/loC g, i.v.) uptake in various rat brain
areas of control animals (cerebrospinal fluid, CSP, 2 ul, ivt) and at
different time intervals after & receptor peptide (DSTLE, 10 ug/2 ul, ivt)

administration.

Note the significant increase of the 2-DG uptake after

OSTLE administration in the frontal cortex (PC), subiculum, including CAL
{3) and central and cortical amygdala (ac, aco).
increase of the 2-DG uptake can be cbserved in the dentate gyrus (GD), CA3

hippocampal region and parietal cortex (PC).

A less pronounced

The 2-DBG uptake in the

lateral septal nucleus (SL) and n.parafascicuvlaris thalami (pf) was not

significantly changed by DSTLE injection.
general decrease of the 2-DG uptake occurs.

coppared to controls:

10 min after DSTLE application a
Significant difference
*x p<0,001 and * pP<0.05.

Time intervals between DSTLE and 2-DG injection

Brain area| CSF
Controls 0 min 2.5 min S min 10 min
FC [227+25| 300+ 1.2 |34.0x4.6%* | 37.4£2.9**|259£23
PC |[253+406 | 24.1x£3.6 322+38% | 245+28 1249+£29
N 170+ 1. 7254+ 1.5% 12906+2.1%* 146.8 £2.27|26.1 + 1.6
GD | 17309 | 16713 245+272% [203+£28 [19.9+03
CA3 (1844391 20420 255+ 3.0¢ 26967 1207207
ac 16626 16215 203x1.4 30.8 £ 2.6% 1421 1.6
aco |23.7+46 | 31.4+1.1% (317243 (292232 20118
SL 18.6£2.7 1 166X 1.7 22129 149 +9.6 15.9+£ 3.5
pf 0518 21.8x08 26.1 £ 3.9 200£79 |21.2x29

During the EEG recordings in the frontal and parietal cortices,

subiculum,

Etectroencephalographic (EEG) recording.

the

the central amygdala and the lateral septum, an onset

period for the DSTLE-induced epileptic discharges of about 30 s was

chserved

appeared a few geconds later

in the subiculum (Pig.l).

frontal/parietal cortex.

In all these regions,

in the

central

with exception of +the lateral septum,

These excitatory phenomena

amygdala and

the

intensity of the spiking exceeded 400 uv within 1 min after DSTLE

adwminigtration.

was observed in the subiculum and central amygdala.

However, the most intensive and long-lasting spiking
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Fig.1. ElLectroencephalographic responses of the lateral

septum (LS}, central amygdala (CEA), subiculum (S), parietal cortex (PC}
and  frontal corter (FC). before and after intraventricular (ive)
administration of 5 receptor pepiide (DSTLE). Note the unequal Spiking
activity in the various brain regions at the different time intervals.

4. DISCUSSION.

The EEG responses and the wyesults of the 2-DG uptake in this study,
indicate that the frontal cortex, central amygdala and the subiculum/CAL
xegion, are the main areas involved in the DSTLE-induced epileptic
pPhenomena. These results are generally in accordance with the [IQC]Z—DG
autoradiographic study of EHenriksen et al. (1%8z), whe demonstrated a
marked increase of 2-DG uptake in the amygdalo-hippocampal area after ivt
administration of g-endorphin. Of particular interest is the subiculum,
which in this study, included the pyramidal cell layer of the CAl. In this
area the intensity and duration of the increased 2-DG uptake was most
Pronounced. The electrophysiological responses of this hippocampal region
gshowed the shortest onset of DSTLE-induced epileptiform discharges as well
as long-lasting EEG spike activity.

Based on electrophysiological studies, it is suggested that opiate evoked
epileptiform activity in the limbic system arises from pyramidal cell



....93_

activity in the hippocampal formation (FPrench and Siggins, 1980;
zieglginsberger et al., 1979). Thus, the hippocampus and particularly the
subiculum and/or CAl area axe +the probable <trigger—-zones for seizures
induced by an ivt administration of enkephalins. It is possible that these
regions play an important role in the opiatemodulated neuronal
exoitability alsoe in physiological and/or pathological conditions in
humang. Other hippocampal areas, like CA3 and the dentate gyrus, showed
only a wmoderate and gradually increase of the 2-DG uptake after DSTLE
injection., Although the uptake was significant, it was less intensive
compared to the glucose utilization in the subicular region during the
epileptic phenomena.

In the lateral septum, we &id not f£find an increase of 2-DG uptake after
DSTLE application, which i3 in contrast to the dJdata of Henriksen et
al. (1982). This controversy might be due to the different activities of
pendoxphin and +the enkephalin—analogue, the 5 opiate receptor agonist,
DSTLE. However, of particular importance is the fact that in this study
the lower level of energy metabolism correlated with the short-lasting and
legs intensive epileptic discharges in the EEG, compared to the responses
of other bhrain areas.

Increase of glucose utilization in the cortical and central nucleus of the
amygdala might be due +to an activation of the cerntral nucleus following
stimulation of different parts of the subiculum. Pathways connecting these
structures have been demonstrated by Watson et al. (1982). Furthermore,
the central nucleus of the amvgdala is rich in enkephalin-centaining f£iber
systems and opiate receptors (Meibach and Maayani, 1980). The peak of the
2-DG uptake in the coxtical amygdaloid nucleus occured at about 2.5 min
after DSTLE administration. Bowever, for +the central nucleus the peak
appeared 2.5 min later. Possibly, the activation pathway runs £rom the
cortical to the central nucleus of the amygdala.

The increase of glucose uptake in +he fromtal cortex after DSTLE
application is probably a reflexion of the excitation of the hippocampal
area. Namely, using the 2-DG technigque, proncunced labelling of the
frontal cortex following elicitation of geizures in the hippocampus has
been demongtrated (Watson et al., 1983).

Based on these results, we suggest that the hippocampal formation but
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particularly +the subiculum and/or CAL are the probable trigger zones for
seizures induced by ivt administration of endorphins. Purthermore, the
results indicate a strong relationship between the electrophysiclogical
recordings, +the functional activities and glucose utilization/enexgy
metabolism in different rat brain areas, which also supports our earlier
observations concerning the brain regions involved in the endopiocid—induced

epilepsy {Chaptezrs V, VI).
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CHAPTER VIII.
REGIONAL CEREBRAL BLOUD FLOW DURING ENKEPHALIN-INDUCED SEIZURES IN THE
AT

Summary

Blood fFlow determined by the radiocactive microsphere technique during
eplleptiform selzures induced by D-tyr-ser-gly-phe-leu-thr (DSTLE), a
speciflic & oplate agonlist, was eramined in different rat brain areas at
various time intervals.

an increase in bleoeod Fflow to the hippocampus and the brain stéem was
observed 2.5 min after the administration oFf DSTLE into the Left
lateral ventricle. Aan cdditional flow increase occured in the striatum
and ceredbelium 2.5 min lLater (5 min after the injection), at which time
both the neural and wvascular effects of the drug were most marked. Ten
min after the drug administration, cerebral blood fiow in all regilons,
excopt the hippocampus, returned to the respective baseline values.
Since the time course and the magnitude of Functional activity and
blocd Fflow in the hippocampus show a good correlation, i1t 1s suggested
that this Dbrain reglon may piay an essential role in triggering and
maintaining the enkephalin-induced epilleptic phencmend.

1. INTRODUCTION.

accumulating evidence suggests that the epileptiform activity of the
opioid peptides is wmainly due to an activation of the & opiate
receptors (Chapter VI). Several studies have demonstrated that while
the opioid peptides inhibit neuronal firing in most bxain areas (Illes,
1982) they excite the hippocampal pyramidal cells (Zieglginsherger et
al., 1979). Indeed, using the 2-deoxyglucose method (Sokoloff, 1977),
we ghowed that intraventricular {ivt) injections of
D~tyr-ser~-gly-phe—-thr (DSTLE, Chapter VIL), a peptide with specific &
opiate receptor agonist activity (Gacel et al., 1980). and of
p-endorpnin (Henxiksen et al., 1%82), significantly increase the
metabolic activity of the hippocampal area, thus favouring this
structure as the possible site of origin of the epileptiform activity
(Henriksen et al., 1982; Chapter VII).

Changes in neuronal activity are also reflected by alterations in local
cerebral blood flow (ICEF).
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In patients with focal cortical epilepsy a marked increase in Dblood

flow occurs during 3seizures in areas presumwed to participate in the
gseizyre activity (Meyer et al., 1966; Hougaard et al., 1976).
Increagses in cerebral metabolism concomitant with blood flow changes,
have also been frequently demonstrated in experimental animals, during
epileptic selzures induced by agents, such as pentylenetetrazol and by
electroconvulsive stimulation (Plum et al., 1968; Siesjo et
al., 1980).
Therefore, in this study, we measured the blood flow in different areas
of the rat brain before and during epileptic seizures induced by &
receptor peptide (DSTLE). The measurements have been made at such time
intervals at which enhanced neuronal excitability and metabolism was
demonstrated (Chapter VIIL).

2. MATERIALS BAND METHODS.

2.1. General.

Male albino rats of Wistar strain, weighing 300-350 g, were obtained
from TNO Central Breeding Institute, Zeist, The Netherlands.

The animals were anaesthetized with urethane (1.2 g/kg, i.p.). The
trachea was cannulated but the animals were allowed to breath
spontaneocusly. A steel cannula was implanted stereotaxically into the
left lateral ventricle (coordinates: AP —0.1 wm, L +1.5 mm, HE -1.7 mm
from dura with Dbregma 0) (Kénig and Klippel, l963) for
intraventricular (ivt) injections. The position of the cannula was
checked with an unrestricted passage of artifical cerebrospinal f£luid
(CSP)Y into the wventricle. A 5 pl Hamilton syringe was used for the
ivt injections.

Subsequently, the left femoral artery was cannulated with an
appropriate polyvinyl catheter to recoxd arterial blood pressure with
a Statham P 23AC transducer on a model 7 Grass polygraph. The same
catheter was used for withdrawing arterial blood samples. Blood gases
were measured with an ABL—2 (Radiometer, Copenhagen).
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Regional. cerebral blood FLOWw mMeasSuUrements.

The radicactive microsphere technicgue was used for the measurements of
regional cerebral blood flows in rats (McDevitt and Nies, 1976). The
left ventricle of the heart was cannulated via the right common
carotid artery with a thin polyvinyl catheter. A suspension of about
200,000 spheres (15 =2[SD] mm; NEN, Dreieich: West—Germany ),
labelled with either ch:e, 1°3Ru, 1135n or ssﬂb, in 0.2 ml of 0.9%
saline containing a drop of Tween 80, was slowly injected wia the
canpula into the heart.

Starting 5 sec before the injection of +the microspheres, artexial
blood was withdrawn {(rate: 0©.5 ml/min) from the left femoral artery
over a period of 90 sec for determining the radiocactivity.

At the end of each experiment, the animal was killed by decapitation.
The skull was opened and the brain carefully removed and dissected
into the following areas: +the cerebral cortex, striatum, hippocampus
and thalamus of both the left and right sides, the septo-hypothalamic
area, cerebellum and dbrain stem. The wvariocus tissue sSamples were
weighed and subsegquently placed in plastic wvials. The radioactivity
in the tissues and arterial blood samples was counted for 10 min in a
y-scintillation counter {Packard, wmodel 5986) equipped with a
multichannel analyzer using suitable windows for discriminating the
different isotopes used (Saxena et al., 1980).

Catculations

The microsphere and other data were processed by & PDP-11/70 computer
using a set of specially developed programmes (Saxena et al., 1980)
Tissue blood flow (étis} was calculated by:

. 1 .
Quigml-min =) = (T3 o/ Tore) * Lpy

where I_ . and represent arterial blood radiocactivity (c.min )
and withdrawal rate ( ml.minwl), respectively, and Itis is +the
radicactivity {(c.p.m.) in a particular tissue sample (Jochnston and
Saxena, 1978). All blood flow values were normalized for 100 g tissue

weight.
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Erperimental protocol

The first batch of microspheres was injected about 15 min after the
completion of the surgery +to measure the tissue blood flow at the
baseline. PFive minutes later each rat was injected with either 10 ug
of DSTLE (dissolved in 2 ul artifical CSF) or the same volume of the
wehicle into the left lateral ventricle. The rats were then divided
into 6 groups (n=6 each) and a2 second batch of microspheres was given
after either 2.5, 5 or 10 minutes following administration of DSTLE or
CSF.

Just before the injection of microspheres, values of heart xrate and
arterial Dblood pressure were collected and arterial blood was
withdrawn for the determination of blood gases.

Neuronal activity

In order tc confirm the seizure activity of DSTLE, five rats belonging
to the "10 min" series (see above) had been implanted at least 7 days
before the actual experiment with sujitable electrodes to record ECOG,
hippocampal EEG and the electrical activity of the submandibular
muscles (Chapter VI).

Data presentation and statistical evaluaeticon.

All data have been expressed as mean * S.E. of the mean. The values
obtained at different +time intervals after CSF adminigtration have
been placed together in the Tables. However, sStatistical comparison
was always made between the values cobtained at 2.5, 5 or 10 min after
DSTLE administration and those obtained at the corresponding time
intervals after injection of CSF, thus eliminating the influence of
the wicrosphere injection. The changes in the haemodymamic wariables
from +the baseline wvalues were calculated in each experiment and the
significance of these changes was determined by using the Wwilcoxon
matched—paired signed-rank test (Siegel, 1956). Furthermore, since
coxresponding experiments with CSP were conducted, +the  changes
obtained at different time intervals after DSTLE administration were
compared to those afterxr CSF administraion using the
Mann-Whitney U test (Siegel, 1856). .= Statistical significance was
accepted at p-values of 0.05 or less (two—tailed).
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Table 1. Blood gases and haemodynamic variables.

Meoan values * SEM of the heart rate (HR), mean arierial blood pressure
(MBP) and arterial blood gases in rats before (baseline) and 2.5, & or
10 min after intracerebroventricular (ivt) injection of & receptor
peptide (DSTLE, 10 pg)} or aritifical cerebrosplinal Fluld (CSF, 2 ul).

min aficy DSTLE 10 uqg, ivi
paseling csSP 2.5 s 10
=1 7.27 7.29 7.27 7.29 7.26
P02 (Eg mm) 432 53x2 41x1 413 41x3
P02 (Hg mm) 1312x3 117243 1152 10943 11745
SO (%) S610.6 97+0.6 9710.2 96L0. 4 970 .42
2

ER (beats/min) 34727 340%20 317%24 33019 333121
MBP {Hg wmm) 102+3 LO7L3 g7Lgw T5L7* 8349*%

S0 Shaemoglobin saturation
2
* , change was significantly different when compared with the
corresponding change in control {CSF) animals as well as
from baseline values.

3. RESULTS

3.1. Blood gases

No changes were noticed in the arterial blood gases at different +Lime

intervals after CSF or DSTLE (Table 1).
3.2. Blood pressure and heart rate.

Baseline values of the arterizl blood pressure and heart rate and the

changes produced by DSTLE or CSF are given in Table 1. When compared

with CSF, the DSTLE injection caused a significant decreage in mean

arterial blood pregsure, while there was only a slight initial

decrease in the heart rate (statistically not significant). Compared

to the baseline values, nc differences of these haewmodynamic variables

occured after CSP administration.
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Effect of intraventricular injection ¢of CSF or DSTLE

As shown in Table 2, the distribution of the blood flow +to the
different brain structures was little affected by ivt admipistration
of CSF (2 pl). Fowever, the adminigtration of DSTLE was associated
with a significant increase of the blood flow to both left and right
hippocampus within 2.5 min after the drug injection. This effect,
which was more marked at the side (left) of drug administration,
reached its peak at 5 min and was still noticeable 10 min after DSTLE
injection. At the time of peak effect in the hippocampus, blood flow
alsc increased in the striatum, cerebellum and brain stem.

Cerebral cortical blood flow was not significantly modified but, 5 min
after injection, it was more in the drug—-treated animals than in the
animals given CSF. No changes were noticed in the lateral septum,

hypothalamus and thalamus.

Table Z. Reglonal biood Flow. -1 -1

Meoan walues = SEM of the blood flow (ml.min ~.I100 g "} tO various
prain regions in the rat, before (baseline) and 2.5, 5 or 10 min after
intracerebroventricutar (ivt) administration of & receptor peptide
(DSTLE, 10 pg) or artifical cerebrospinal fluld (CSF, 2 ul).

Note the significant increase of the flow to the striatum, hippocampus
cerebellum and brain stem (p<0.05, n=6 for each time period).

min _after DSTLE, 10 ivk
Regiong baseline CSF 2.5 5 10

left cerebral cortex  50+2 48+3 47+3 5512%%  49%E
right cerebral cortex 46%4 agL7 4116 2946 494

left striatum 49+3 4523 234 61E2% 47+
right striatum 244 20+4 3846 53:3*  46%a
lateral septum 25+3 28x2 245 29+3 26%2
+ hypothalames
left hippocampus 404 46%2 T7E9%  131428% GlEg*
right hippocampus 3324 31+l 49t6x 75%x14%  4GLGX
left thalamus 608 65%7 5919 63+2 5545
right thalamus 5136 60+g S54%4 61%9 5619
cerebellum 65%4 53%7 6515 93113*% £3%2
brain stem 59%1 5414 715%  I8%9* 5827
total brain 514 2724 515 67+4* 555

* ,change was significantly different when compared with the
corresponding change in control (CSF) animals as well as from
baseline values.

**x, significantly different only from control (CSF) values.
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Fig.1. Electromyogran (EMG of the submandibular nuscies),

elactrocorticogram (ECoG) and hippocampal EEG (Hip). before and after
intraventricular (ivt) administration of § receptor peptide (DSTLE 10 ug)
in rat.

3.3. Regicnal cerebral blood flow.

Baseline values

Baseline wvalues of the distribution of the carotid artery bkblood £low
to the wvaricus brain structures are given in Table 2. Amongst the
different regions of the brain, the blood flow to the cerebellum was
the highest and that to the lateral septum and hypothalamus, the
lowest. Purthermore, the left side of the brain areas received
slightly, but consistently, higher blocd flows than the corresonding
areas of the right side. This variation may be due to mechanical
irritation caused by the introduction ¢©f the cannula into the left
lateral ventricle.

2




- 103 -

2.4. Effect of DSTLE on nourconal activity

Figure 1 shows the records from one of the five animals (10 min
series} where neuronal activity was recorded. BAs has been reported
earlier (Chapter WVI), ivt administration of DSTLE increased the
submandibular muscle activity (EMG) and caused epileptic discharges in
the ECoG and hippocampal EEG. The effect was noticezble within 2.5
min and reached its peak spike activity at about 5 min. Though still
noticeable, the above effects were reduced after 10 min. The
hippocampal blood £low in this animal was 42 and 55 ml.min -.100 g+,
respectively at the baseline and 10 min after the administration of
DSTLE.

&. DISCUSSION.

The administration of DSTLE significantly decreased the mean arterial blood
pressure. Thi=s is in accorxdance with previous findings (Bolme et
al., 1978) demonstrating a2 similar reduction of the arterial pressure after
the administration of ancther putative § opiate agonist, (D»alaz, D~1eu5)
enkephalin. Though the physiological role of the & opiate receptors in the
contrel of blood pressure is not well understood, it may be noted that ICI
154 123, a selective § opilate antagonist {(Shaw et al., 1982), can cause 2
transient increase in arterial blood pressure (Clark and Reid, 1984) .

Regional cexebral blood flow was not substantially altered by the
administration of CSF but the increase of the flow to the different brain
areas after DSTLE injection was clearly demonstrated and was more
pronounced at the side where the drug was injected. The enhancement of
cerebral blocd flow after the administration of the 5§ opiate agonist
occured within 2.5 min and reached its peak at about 5 min after the
injection. This time course corresponds with that of the EEG epileptic
spiking (Figure 1) and the increased deoxyglucose uptake (Chapter VII)
after ivt administration of DSTLE. Amongst the brain regions, the blood
flow %o the hippocampus increased most intensively and for the longest
period. This is in accordance with our earlier cobservations that ivt
administered enkephalin reaches the hippocampus within 2.5 min (Chapter V),
has the shortest onset of epileptiform discharges and a long lasting EEG
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spike activity (Chapter V). Furthermore, the Z-deoxXygluCose uptake, as a
parameter for energy metabolism (Sckoloff, 1977), was significantly
increaged in the hippocampus after endorphin administration {(Henriksen et
al., 1982), specifically in the subicular/CAl region {(Chapter VII). The
most intensive and long-lasting increase of the hippocampal blood flow
after enkephalin application, as observed in this study, which apparently
reflects an increase of +the neuronal activity, suggests that this brain
region plays an essential role 1in the opicid peptide—induced seizure
phencmena.

The increase of the blood flow to the striatum 5 min after +the enkephalin
injection might be due to its periventricular position and the presence of
& opiate receptors (Duka et al., 1981). Furthermore, it is known that
parts of the striatum are activated following electrical stimulation of the
hippocampal formation (Watson et al., 1983). The brain stem also shows and
increased Dblood flow after DSTLE administration. This brain area is rich
of opiate receptors (Atweh and Kuhar, 1977) and the enkephaling are quickly
distributed in +the liquor space after an ivt injection (Chapter V),
although an excitatory input to this area can not be excluded.

An increase of the blood flow to +the rat cerebellum after enkephalin
administration is an unexpected phenomenon, Since this region has a very
low density of opiate receptors (Atweh and Kuhar, 1977) and only the
perixarya of the Golgi c¢ells stain positively <for enkephalin (Sar et
al., 1978). A possible excitatory input via the wmwossy- and climbing
fibers, originating from the perikarva located in the brain stem and spinal
cozrd, to the cerebellum, might be a zreagson for the increased neuronal
cerebellar activity associated with 2 rise in bleood flow to this region.
Unfortunately, the cerebellum was not included in our previous experiments
where we studied the 2-decxyglucose uptake during enkephalin-induced
epilepsy (Chapter VII). This precludes a compirison between the obsexved
flow increase after DSTLE administration and the pessible rise of the
wetabolic rate in the cerebellum. Evidently, additional experiments are
needed to elucidate the xole of the enkephalins in the cerebellum,
particularly in the light of various clinical evidences suggesting a strong
relationship between the cexebellum and some types of epilepsy (Cooper,
1973; wood et al., 1977).
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Lastly, though we dJdemwonstrated a strong relationship between  the
electrophysiological recordings and energy metadbolism in the cortical
region (Chapter VII), in this study we did not observe a marked increase in
blood <£low to this region after administration of DSILE. This discrepancy
may be due to the nature of cortical tissues examined in the +two studies.
while we isclated the cortical areas for the measurements of deoxyglucose
uptake (Chapter VIL), the relatively poorer resolution of the radiocactive
microsphere technique for blocd flow determination (Saxena et al., 1980),
required us to examine large cortical areas which iIncluded a substantial
amount of white matter. It is therefore quite likely that an increase in
blood flow to the cortical nuclel may have been masked by the “over—all™
cortical blood flow measured by us.
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SUMMARY AND CONCLUDING REMARKS

Part 1.

Before the major discoveries in the past decade, opiateg were known *o
possegs selective and unigue pharmacological properties. To elucidate
their rele in relation to excitatory phenomena which they might induce, it
is important +to have a better understanding of the pharmacological and
pharmacokinetic properties and the distribution of the opioids. Chapter 1
reviews the chemical relationships, biocgenesis and degradation of the
opioid peptides (enkephalins, endorphins and dynorphing). Of particular
interest zre the enzymes which are involved in their inactivatiom, since
inhibitors of these enzymes can be congidered as usgseful +tools in
pharmacological research. Enkephalin—like peptides are found at every
level of the neuraxis, including cells in the cortex all the way +to cells
in the spinal cCord. fFendorphin/ACTH related peptides are found in the
maedial basal hypothalamus and projects its fibers very widely, including
many areags of the limbic system and brain stem. Dynorphins are found in
the posteriox pituitary and several other brain regions. These +three
opivid neural pathways are described in more detail in Chapter 1.

Opioid peptides exert +their effects through binding with opiate
receptors (Chapter IT). This Dbinding i3 sterecspecific, saturable and
reversible, fThe question arises whether or not the different opicid
peptides interact with one and the sgame receptor or whether there are
geveral receptors subserving different physiological functions. This is of
particular importance since +the synthesis of highly specific ligands for
one receptor class would then become possible and could provide drugs of
clinical importance such as analgesics with low addiction potential.
Indeed, different opiate receptor subtypes have been found of which the
most  important onesg: A receptor that prefers morphine, which was called
the p receptor; A receptor that prefers enkephalins, called the § opiate
receptor and a dynorphin binding site, which was called the k receptor.

Many opiate drugs interact at multiple receptor sites, However, some
peripheral and pharmacological effects have been ascribed to the different
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oplate receptor subtypes. For example, interacticns with 4 receptors
produce analgesia, bradycardia and hypothermia, whereas § receptors can be
held responsible for convulsive, sedative and behavioural effects (Chapter
IIT).

Recent studies have demonstrated an important role for endogenous
opiocid peptides in the limbic system particularly in the hippocampus
{Chapter IV). Although the predominant action of opioids in the nervous
system s a naloxone—reversible dJdepression, they excite hippocampal
pyramidal cells, which may wunderlie epileptic episodes induced Dby
enkephalins. Three major hypotheses have been proposed to explain these
excitatory phenomena in the hippocampus: 1. Excitation by disinhibition;
2. Facilitation; 3. Increased efficiency of coupling. A bulk of
evidence favours disinhibition as responsible for excitation of hippocampal
pyramidal cells by opieid peptides.

Part z.

Most neuropeptides are known to occur both in the central nervous system
and in blood, and although centrxal effects occur after peripneral
administration of the peptides, the relationship Detween these +two
compartments has hardly Ddeen studied. For wmany peptides, such as the
enkephalins, poor penetxation into the brain via the bloed brain barrier
has been demonstrated by Melsenberqg and Simmons (1983). The diffusion of
the most peptides across the brain vascular endothelium seems to be
severely restricted and forms the main cobstacle for the development of
peptides, as useful therapeutic agents.

& second problem which faces opicid peptide reseaxch is the
biotransformation of these substances in the cerebrospinal ligquor space.
In this respect, the presence of enkephalin degrading enzymes in the
cerebrospinal fluid (C5F) is of particular importance. These factors,
together with the high costs of the compounds, urged investigators in
opicid  research to use the intracerebrovemtricular (icv) route of
administration. BHowever, many aspects which affect ivt administration of
enkephaling such as the distribution, elimination and biotransformation of

these substances, were not clear and made interpretation of the results
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rather difficult.

By using a physiologically stable enkephalin analogue, like (D—alaz,
D—leus) ernkephalin (DADL), at least one of the problems was circumvented
(Chapter V). Tritium labelled DADL reached all parts of the ventricular
system, including the central canal of the spinal cord and the
extracerebral ventricular space, within 10 min after icv administration.
However, electrographic epileptic phenomena occured within 1-2 min after
the application which suggests the presence of an oploid proconvulsant
system in the vicinity of the lateral wventricles. The brain regions
bordering the lateral ventricles are the striatum, septum and hippocampus,
in which penetration of +the labelled enkephalin occured upto a depth of
about 100 pn during the first 2 min. Comparisen of the
electrophysiological responses of these three regions after icv enkephalin,
made us suggest that +the hippocampus plays an essential role in the
opioid-induced seizures. In this region spike activity was very intense
and long-lasting and it is known that the hippocampus has a low seizure
thresheold {(Cowan et al., 1979).

Since we used DADL, which has a low digcrimination ratic between & and
p  opilate receptors (Kosterlitz and Paterson, 1981), the characteristics of
the convulsant system involved remained unregolved. It is suggested that
the analgesic action of cpiates is mediated by p opiate receptors (Urca et
al., 1977; c¢haillet et al., 1984) while the excitatory phenomena induced
by opicid peptides ewerge from & opiate receptor stimulation (Dzoljic and
vd Poel—-Heigterkamp, 1982), although Gthwiler demonsirated p receptor
involvement in these phenomena (1981). To elucidate the role of these two
opicid systems in the oplate—induced epileptiform seizures, the highly
specific 5 opiate agonist, D-tyr—ser—gly-phe—leu—thr (DSTLE} (Gacel et al.,
1980} and morphiceptin, which shows a high specificity for the u opiate
receptors (Chang et al., 1981; Zhang et al., 1981; cChang et al., 1982)
were uged (Chapter VI). Indeed, icv DSTLE caused a dose-related increase
of the myoclonic contractions (MC) of the submandibular muscles. The use
of the number of MC, as a parameter for epileptiform activity, is justified
by the <fact that +they are correlated with the ECoG and EEG epileptic
spikes. Morphiceptin had no significant effect on the EMG or ECoG but,
interestingly, inhibited +the DSTLE-induced seizures in a dose-related
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manner. ‘These results support the terms "proconvulsant § opiate receptors”™
and “anticonvulsant } opiate receptors" as proposed by Dzoljic (i%82) and
Frenk (1983). Furthermore, the DSTLE-induced MC wezre inhidbited by low
doses of the specific & opiate antagonist, ICI 174,864,

The convulisions induced by electroshock or kindling are probably mediated
by increased endogenous levels of endorphins and enkephalins (Hong et
al., 1979; WVindrola et al., 1981). The recently described antagonism of
exogenously applied opioids, on these seizures (Berman and Adlexr, 1984;:
Puglizi-Allegra et al., 1%84) may depend on +the woute of administration
(Frenk, 1983) or, as stated above, upon stimulation of the different opiate
receptor subtypes. In this case it should be interesting to examine the
effects of enkephalinase inhibitoxs, which potentiate the endogencus
enkephalinergic system, on these convulsant mwmanipulations, while they
induce epileptic phenomena when injected alone (Ukponmwan and Dzoliic,
13%84). whether endogenous {leu)enkephalin, the putative & agonist, I1s
involved remains to be established.

Increased levels of endorphing are observed during anaesthesia (Berkowitz
et al., 1976}. This might explain the increased electrographic excitation
during anaesthesgia, as well as the facilitatory effect of urethane on the
DSTLE-induced epileptiform phenomena. Apparently, the effects of opioid
peptides can be significantly modulated by the level of anaesthesia. Othex
data indicate that the effects of morphine, which acts on the same opioid
peptidergic system, can either be inhibited or facilitated by wurethane
anaesthesia (Urca and Liebeskind, 1979:; Linseman, 1980). This indicates
the necessity of parallel studies with opioids in <free-moving animals.
Purthermore, +these findings might be of ¢linical importance, specifically
in the treatment of post—operative pain.

DSTLE imjected icv in free—moving animals resulted in severe wet dog shakes
and "falling down". These wet dJdog shakes were associated with a very
intense electrographic epileptic spike activity. Wwet dog shakes can also
be cbgerved during naloxone—precipitated withdrawal in morgphine
tolerant/dependent rats and mice, and are associated with .a considerable
increase in the plasma endorphin ilmmunoreactivity. These findings may
reflect the stress associated effects in these experiments, since stressors
are potent stimuli to endorphin release (Guillemin et al., 1977). Much
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like the shivering and "chills" which accompany withdrawal symptoms in
humans, it seems possible that the thermogenic effects of wet dog shakes
with an asscciated heat conserving behaviour, could represent an anlogous
situation 1in rats. These behavioral eplleptic phenomena (MC and wet dog
ghakes) are probably the result of activation of the limbic system, which
ig known to control motor behavior.

Increased neurcnal activity, as observed during DSTLE~induced epileptic
phenomena, should be correlated with an increased energy metabolism and as
such with a rise of the blood flow to the regions involved in <these
phenomena . By using the "punching” technique we were able to isolate the
different brain nucleil, while Sokoloff's (1977) 2—deoxyglucose +technique
was used +to determine the energy metabolism in these regions during
enkephalin—induced neuronal activity (Chapter VII). Genezrally, the limbic
system showed 2a higher glucose uptake compared to the other brain areas,
which corresponded with the more intensive and longer—lasting spike
activity, as recorded after icv DSTLE. Since our attention was focused on
the hippocampal area, we isolated the different structures/nuclei of this
reqion. Comparxed to the CAZ, CA3 and dentate gyrus, the CAl and subiculum
showed a significant increase of the energy metabolism during epileptic
phenomena. The onget period of the CAL spike activity after DSTLE
administration was very short (within 1 win), which suggests an opiocid
mediated excitatory mechanism/pathway in the close vicinity of the lateral
ventricle, where indeed the pyramidal cells of the CAlL are located. In
this short period of time, the enkephalin penetrated to a depth of about
50~100 pm. Activation by opiates of +the pyramidal cells might, wvia
interneurcons, result in a decreased release of GABA, which may lead to
excitation (Zieglginsberger et al., 1979). Indeed, GABAR  antagonists
potentiate the opiate—induced epileptic activity (Dzoljic et al., 1978)
while GABA inhibits these phenomena (Illes, 1982).

Similarx conclusions can be drawn from the measurements of the Dblood
flow +to the different regions after adminigtration of the erkephalin
analogue (Chapter VIII). The increase of the blood flow *to the striatum
and brain stem after the application of DSTLE, might be a result of the
high densities of opiate receptors in those regions (Duka et al., 1981},
However, an exgitatory input, probably originating in the limbic system,
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can not be excluded.

an unexpected finding was that the opicid peptide also ernhanced cerebellax
blood flow. It iz known that this region has a very low density of opiate
receptors {Atweh and XKuhar, 1977); only the perikarya of the Golgi cells
stain positively for enkephalin (Sar et al., 1978) and its location is fax
from the lateral ventricles. Thus, it is not likely that the compound can
easily reach these structures during the first minutes, when the bhlood flow
increase occurs. Although, 1f o, a similay mechanism as is proposed for
the opiate—induced hippocampal excitations by disinhibition
(Zieglgtnsberger et al., 1979), might occur in +the cerebellum as well,
since this brain region has a relatively high concentration of GABA—ergic
neurcones/pathways (Curtis et al., 1970). However, an excitatory input via
the mossy— and climbing fibers, originating from the perikarya in the brain
stem and spinal c¢oxd, to the cerebellum, might be an additional reason for
the increased neuronal cerebellar activity associated with the rise of the
blood flow to this region. The results suggest the necessity of furtherx
experiments concerning the relationship between the enkephalins and the
cerebellum, particularly because clinical evidence suggests a strong
relationship between +the cerebellium and some types of epilepgy, which are
agsociated with a decrease of the CSF GABA levels (Cooper, 1973; wWood et
al., 1977).

Noteworthy is the strong correlation between the EEG recordings, which
reflect the neuronal activities, the energy metabolism and the blood flow
of the different areas.

In summary, the results presented in this dissertation, permit the

following general conclusions:

1. Enkephalins, administered icv, reach all parts of the ventricular system
including the central canal of the spinal cord and the exrtracerebral
spaces within 10 min.

2. The substance penetrates into the periventricular tissue to a depth of
about 100 um within 2.5 min.

3. Activation of § oplate receptors is esgssential fFfor the triggering of
oploid-induced eplleptiform phenomena, uwhile activation of u opiate

receptors has a more antiliconvulsive effect.
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4, The short onset of electrographic splke activity after cv
aaministration of enkephaliins, suggests an oplotd peptidergic
convulsant system in the vicinity of the lateral ventricles.

5. Thils convulsan? system is probably located in the hippocampus, in which
the Cal or subicular area can be held responsible for the triggering
and matntaining of the oplate-evoked selzures. From tnis areaq,
excitatory pathways may run o other brain regions, like the brain stem
and cerebellum.

&. In the cerebellum, the éenkephalins may play an important role 1In some
types of epilepsy.

7. Noteworthy is the strong correlation between the neuronal activity,

enargy metabolism and blood flow in the different brain reglons.

It sghould e emphasized +that +the pharmacological effects (epileptic
discharges and excitatory behaviour) of the opioid peptides, as described
above, have been demonstrated with exogenous administration of opiocids.
However, the spike activity and excitatory bhehaviour can also be observed
after administration of enkephalinase inhibitors (Ukponmwan and Dzoljic,
1984), which indicates that endogenous opioid peptides may have similar
actions. Congeguently, the endorphins/enkephalins seem to be important
physioclogical modulators of neuronal excitability in the CNS.
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SAMENVATTING
Deel 1.

Hoewel opiaten reeds eeuwen toegepast worden op grond van hun unieke
eigenschappen, 1is pas in de laatgte jaren een basis gelegd voor enig
begrip omtrent hun wexking. Om een inzicht te wverkrijgen in de xol van
de opioid peptiden met betrekking tot de excitatie verschijnselen,
welke zij kunnen induceren na een systemische of intraventriculaire
toediening, is het belangrijk eerst meer te weten over de eigenschappen
en de verspreiding van deze sgtoffen en de mechanismen, waarin ze
betrokken zijn.

Hoodfstuk I geeft een overzicht van de chemische structuren, de
biosynthese en de afbraak wvan de opiocid peptiden (enkefalinen,
endoxfinen en dynorfinen). Belangrijk hierbij =zijn de enzymen, die
betrokken zijn bij de inactivatie van de opioid peptiden, omdat rermers
van deze enzymen als belangriik hulpmateriaal kunnen beschouwd worden
bij farmacologisch onderzoek. Enkefalinen worden overal in het
centrale zenuwstelsel gevonden, van hersenschors tot nggenery.
Endorfinen worden aangetroffen in de mediale basale hypothalamus, waar
vanuit zenuwbanen naar het limbische systeem em de hersenstam Iopen.
Dymoxrfinen worden gevonden in de neurohypofyse en in verschillende
andere hersengebieden. Deze drie door cpioiden gemedieerde neurcnale
systemen worden meer gedetailleerd beschreven in EHoofdstuk I.

De werking van opioid peptiden komt tot stand door binding aan
specifieke opiaat receptoren (Hoofdstuk II). Opiaat receptorkiﬁetiek
woxdt gekarakteriseerd door stereospecificiteit, verzadigbazarheid en
omkeerbaarheid. Aangezien er verschillende opicid peptiden bestaan,
rijst de vraay of deze aan dezelfde receptor binden of dat exr voor de
verschillende fysiclogische eigenschappen ook verschillende receptoren
bestaan. Indien dit laatste het geval is, zou het van klinisch belang
kunnen zijn omdat dan de mogelijkheid ontstaat om receptor-specificke
geneesmiddelen te ontwilkkelen =zoals analgetica zonder verslavende
eigenschappen.

Tot op heden 2zijn er inderdaad wverschillende opiaat receptoren
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gevonden, met name, de p opiaat receptoren, welke bil voorkeur morfine
binden, de & receptoren met een voorkeur voor enkefalinen, de k- of
gynorfine—receptoren en de ¢ en & receptoren, hetgeen echter niet
uitsluit dat de verschillende opiaatachtige stoffen aan meerdere
receptoren xunnen binden. .

Wel worden verschillende effecten van opiaten toegeschreven aan een
activatie van specifieke receptoren. Analgesie, bradycardie, en
hypothermie komen bijvoorbeeld tot stand wvia activatie van de p
receptoren +terwijl § receptoren verantwoordelijk =zouden ziin voor
convulsies, sedatie en veranderingen in gedrag (Hoodfstuk IIIL).

Recente studies hebben aangetoond dat endogene opioiden een
belangrijke rol spelen in het limbische gysteem, voornamelijk in de
hippocampus (Hoodfstuk IV). In tegenstelling tot de werking van
opioiden in de zrest wvan het centrale zenuwstelsel, wa2ar zij de
activitelt van neuronen remmen, leidt toediening van enkefalinen in de
hippocampus tot een verhoogde activiteit van de hippocampale pyramidale
cellen. Dit zou een onderliggend mechanisme Xunnen zijn wvan de
epileptogene werking van enkefalinen. Voor deze exciterende werking
begstaan drie mogelijke verklaringen: 1. Excitatie als gevolg wvan
disinhibitie; 2. FPacilitatie; 3. Verhoogde efficientie wvan de
impulsoverdracht.

Cp grond van resultaten vwvan weerdere ondexrzoeken, 1is de eerste

hypcthese de meest waarschijnlijke te noemen.
Deel 2.

Terwijl de meeste neurcopeptiden zowel in het centrale zenuwstelsel als
in het bloed voorkomen en hoewel effecten op het centrale zenuwstelsel
onstaan na intraveneuse toediening van opiocid peptiden, is een relatie
tussen deze twee compartimenten nauwelijks bestudeerd. Meisenberg en
Simmons (1983) hebben aangetoond dat veel peptiden, bh.v. enkefalinen,
de bloed-hersen bharriere slecht kunnen passeren. pDiffusie van de
neegste peptiden door het endotheel van bloedvaten in de hersenen lijkt
nauwelijks plaatg +te vinden, hetgeen een groot cobgtakel is voor de

ontwikkeling van therapeutisch toepashare peptiden. Biotransformatie
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van opiociden in de liguor cereprospinalis door daar voorkomende
enzymen, is een tweede probleean waarmee onderzoekers op het gebied wan
peptiden, worden geconfronteerd. Mede gedwongen door de hoge Xosten
verbonden aan het gebruik wvan opiciden, noopten deze factoren
oncderzoekers +tot het gebruiken van de intraventriculaire manier van
toedienen, Echter, wveel aspecten die van inviced zijn op de
intraventxiculaire toediening (ivt) van enkefalinen, zoals
verspreiding, eliminatie en biotransformatie, waren onbekend en maakten
de interpretatie van resultaten moeilijk.

Door gebruik te maken wvan een stabiel enkefaline, zoals
(D—alaz,D—leuS) enkefaline {DADL), kon termminste een van deze problemen
omzelld worden (Bocfdstuk V). In een studie, waarbij gebruik werd
gemazkt van tritium-gelabeld DADL, bleek deze stof binnen 10 min na ivt
toediening, alle delen van het ventriculair systeem waaronder het
centraal kanaal en de extracerebraleruimte bereikt te hebben. Echter
tijdens de eertse 2.5 minuten, na toediening, verschijmen epileptische
pieken in het EEG. Deze tijdsperiode komt overeen met penetratie van
het enkefaline in de periventriculaire weefsels (hippocampus, striatum,
septum) tot op een diepte van 100 um. Dik wil zeggen dat er een opiaat
receptor-gemedieexd epileptogeen systeem in de onmidddeliike mnabijheid
van het laterale vontrikel moet liggen. EEG'sS van de verschillende
hersengebieden tonen aan dat na een ivt toediening van enkefaline, de
eerste epileptische ontladingen ontstaan in de hippocampus.

omdat we in ons onderzoek gebruik maakiten van het niet—specifieke
DADL  bleven verdere karakteristieken wvan het convulsief systeem
onopgelost. Echter, ivt toediening van de specifieke u en & opiaat
agonisten, respectivelijk worphiceptin en § receptor peptide (DSTLE),
toonden aan dat deze excitatie— en epileptische verschijnselen het
gevolg =zijn wvan een activatie van de § opiaat receptoren, texwijl
activatie van u receptoren resulteerde 1in een anticonvusief effect
(Hoofdstuk VI). Voorafgaande toediening wvan zeer lage doses van de
specifieke & antagonist, ICI 174,864, blokkeerde de DSTILE-geinduceerde
epileptische ontladingen. Deze resultaten ondersteunen de termen
"proconvulsieve & receptoren” en "anticonvulsieve u opiaat receptoren®.

Uit deze experimenten bleek ook dat narcose een stimulerende inviced
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uitoefende op de DSTLE~geinduceerde excitaties. Een verklaring
hiervoor moet waarschiinlijk gezocht worden in een verheging van de
endegene copioid concentratie, +tijdens narcose. Hieruit Dblijkt de
noodzaak voor gelijklopende onderzoeken in wakkere dieren. Bovendien,
zouden deze bevindingen wvan Kklinisch belang Xkunnen zijin vooral in
verband met het behandelen van post—operatieve piin.

DSTLE, ivt toegediend in vrij—lopende ratiten, resulteerde in ernstige
"wet dog shakes". Deze "wet dog shakes" ziqn geassocieerd met intense
piek activiteit in het EEG. Gelijkaardige "wet dog shakes™ kunnen ook
ontstaan tijdens dJde onthoudingverschijnselen in wmworfine verslaafde
dieren en zijn hier geassocieerd met een aanzienlijke +toename wvan de
plasma  enkefaline concentratie. Deze resultaten zouden een
weerspiegeling kunnen zijn van Stress factoren tijdens de experimenten,
omdat stressors sterke stimuli zijn van endorfine afgifte. Net zoals
het rillen bij menszen tijdens het onthoudingssyndroom, zouden "wet dog
shakes™ een analoge situatie kunnen zijn bij ratten. Deze epileptische
verschiinselen in het gedrag zijn waarschijnlijk het resultaat van een
activakie wvan het limbische systeem, dJdat een controlerende inviced
uitcefent op de motoriek.

Verhoogde neuronale activiteit, geinduceerd door DSTLE, Zou
logischerwiis gepaard moeten gaan met een wverhoging vwvan het
energieverbruik in de betrokken hersen gebieden en als zodanig met een
toename van de bloeddoorstroming. Bet +toepassen van de "punching™
techniek stelde ons in staat verschillende hersen nuclei +te isoleren,
terwiil Sokoloff's 2—deoxyglucose techniek wexd gebruikt om het
energieverbruik in deze geldieden, tijdens DSTLE-geinduceerde epilepsie,
te meten (Boofdstuk VII). Over het algemeen, vertoonde het Limbisch
systeem een hogere glucose opname in vergelijking met andere hersen
gebieden, wat overeen komt met de sterkere en langer durende piek
activiteit in het EEG. Vooral het CAl gebied van dJde hipppocampus en
het subiculum vertoonden een sterke toename van de glucose opname. De
latentietiid van DSTLE—geinduceerde pieken was €rg Korkt (<« 1 min) in
het EEG van het CAl/subiculum. Dit suggereert een cpiocid gemedieerd
convulsief gysteem in de ommiddelijke nabijheid wvan het laterale
ventrikel, waar inderdaad de pyramidale c¢ellen van het CAl gelegen
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zijn. BActivatie door opiocid peptiden van de pyramidale cellen kKan, via
interneuronen, resulteren in een verminderde GaABA afgifte, wat op zijn
beurt kan leiden tot een excitatie. GABA antagonisten poteuntieren deze
enkefaline—geinduceerde excitatieverschijnselen, terwijl GABA zelf deze
actvatie remt.

Gelijkaardige conclusies kunnen worden getrokken uit de
experimenten waarbij de doorbloeding van de verschillende
hersengebieden, tijdens DSTLE—geinduceerde eplileptische fenomenen, werd
gemeten (Hoofdstuk VIII). De toename van de bloeddocrstroming in het
striatum en de hersenstam kan het gevolg zi’n van de talrxijke opiaat
receptoren, die in deze gebieden woorkomen. Echter, een excitatoire
input, waarschijnlijk vamuit het limbisch systeem, mag niet worden
uitgesioten. Bet iz mogelijk dat activatie wvan het subiculum via de
enkefalinerge banen, secundaire epileptische foci kxan induceren. Een
cnverwacht effect was de toename in de dooxbloeding van het cerebellum.
Dit gebied bezit weinig opiaat xeceptoren en alleen de perikarva van de
Golgl ceilen kunnen "enkefalin-positief” worden gencemd., Bovendien
ligt het cerebellum ver van de laterale ventrikels en is het dus niet
waarechijnlijk d&at het enkefaline, enkele minuten na toediening het
cerebellum al heeft bereikt. Echter, indien dit het geval zou zijn,
dan Xkan een gelijkaardig mechanisme =zoals is geopperd voor de
hippocampus, nl. deoor disinhibitie, ook hier wvan toepassing =zijn
aangezien het cerebellum een relatief hoge concentratie van GABR~erge
neuronen en zenuwbanen heeft. Daarentegen kan ook een excitatoire
input vanuit de hersenstam en het ruggemeryg de reden zijn van een
verhoogde activiteit in het cerebellum. De resultaten wijzen echter op
de noodzask van verder onderzock naar de relaties tussen enkefalinen en
het cerebellum, vooral ock omdat uit klinisch onderzoek is gebleken dat
er een sterke relatie bestaat tussen het cerebellum en bepaalde vormen
van epilepsie, welke geassocieerd zijn wmet afname van de GABEA

concentratie in de cerebrospinale licuor.
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Samenvattend leiden de Dbeschreven resultaten tot de  volgende

conclusies:

L.

Enkefalinen, ivt toegedlend, bereiken alle delen wpan het
ventriculalr systeem, met Indbegrip van het centraal kanaal van

het ruggemerg en de extracerebrale ruimfe, binmen 10 minuten.

Activatie van & opiaat receptoren Is essentieel voor het
ontstaan van oploid-geinduceerde eplleptische verschijnselen,
terwijl activatie wan y opiliaat receptoren een anticonvulsief

effoct heeft.

De korte latentietijd van electrografische plekactiviteilit, na
vt teoediening van enkefalinen, suggereert het bestaan van een
opioid convulsief systeem in de directe mnaebijheld van de

Laterale ventrikels.

Dit convulsief systeem ligt waarschijnlijk in de hippocampus,
meer specifiek 1in het sublculum of in de pyramidale cellaag
van het CAl gebiled. Vanuit Jit gebied Kkunnen excitatoire
banen open naar andere hersengebleden zocls de hersenstam en

het cerebellum.

Er bestaat een siterke correlatie tussen neuronale activitelt,
energleoverbrutk en doorbloeding van de verschillernde

hersengebieden.

Bepaalde mnarcotiserende stoffen Kunnen aemn stimulerende

Inviced uitoefenen op oplaat-geinduceerde

exciltatieverschijnselen.
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