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The introduction of radioactivity in a single or more amino acid
residues of the peptide chain, for which a number of techniques are

PREFACE

In the last decade attention has been focussed on a class of
brain oligopeptidesr termed neuropeptides, which are regarded as being derived from the pituitary hormones LPH (lipotropic hormone),
ACTH (adrenocorticotropic hormone), MSH (melanocyte-stimulating hormone) , vasopressin and oxytocin, and which affect adaptive behavior
by acting at central nervous sites. These investigations were initiated and executed mainly at the Rudolf Magnus Institute. It was
found that the N-terminal ACTH fragments ACTH 4-10 and ACTH 4-9,
which peptide fragments correspond to ct-MSH 4-10 respectively «-MSH
4-9 and to ß-LPH 47-53 respectively ß-LPH 47-52, affect acquisition
and extinction of conditioned avoidance behavior in rats (De Wied,
1969, 1974). Substitutions of amino acids in these peptide chains
alter the behavioral activities of these neuropeptides. Recently,
an ACTH 4-9 analog, 4-Met(02),8-D-Lys,9-Phe-ACTH

4-9, was synthesi-

zed, which exhibits a thousandfold increase in behavioral potency
as compared to ACTH 4-9 itself (Greven and De Wied, 1973).
In vivo studies of the fate of ACTH-like neuropeptides are essential to obtain information on the physiological functioning and
the possible clinical applicability of these peptides. A suitable
and interesting candidate to elect for such studies is the listed
threefold structurally modified ACTH 4-9 analog, because of its extremely high behavioral potency and its enhanced metabolic stability as compared to the parent compound (Witter et al., 1975). The
recent availability of this analog, radioactively labeled with tritium, enabled us to perform these studies. This tritiated peptide,
4-Met(02),8-D-Lys,9-Phe-[3H-7-Phe]ACTH

4-9, was prepared by cataly-

tic iodine-tritium exchange of the corresponding p-iodophenylalanine peptide and appeared to be of high specific activity, high (radio) chemical purity, and behaviorally equipotent to the unlabeled
peptide analog (Greven and Witter, submitted for publication).
Chapter I reviews the effects of ACTH-like neuropeptides on

1.4.S. In vivo fate studies of vadioactively labeled brain oligopeptides

conditioned avoidance behavior and their tentative central sites of
action. Furthermore, it reports approaches to the design of peptide
drugs and the requirements for accurate in vivo fate studies of
oligopeptides.
In chapters II and III the in vivo fate of the [ II] -ACTH 4-9
analog after various routes of peripheral administration in mice
and rats will be described. In particular, the uptake of intact peptide in the brain shall be emphasized, since ACTH-like neuropeptides- elicit their behavioral activities by directly affecting the
central nervous system. Subsequently, the metabolic profiles of the

I

ACTH 4-9 analog in plasma and brain tissue will be reported, with
the aim to verify the hypothesis that the remarkably increased behavioral potency of the title ACTH 4-9 analog as compared to its
parent peptide is, at least partially, the consequence of increased
resistance against in vivo metabolic breakdown.
Chapter IV presents the distribution of the [ 3 H ] - A C T H 4-9 analog throughout the rat brain after intraventricular injection to
allow detection in small brain areas and nuclei and to limit (peripheral) proteolysis. This route rather than systemic administration
appeared to be promising in obtaining adequate information on the
selectivity of the uptake of the ACTH 4-9 analog in the brain.
Chapter V reports the effects of increased and decreased circulating levels of both ACTH-like peptides and structurally non-related
but behaviorally active neuropeptides on the central distribution
profile of intraventricularly injected [ H]-ACTH 4-9 analog, with

I.

the aim to investigate the specificity of the observed preferential
uptake in the septal area and in other areas.
The results show enhanced in vivo metabolic stability of the
title ACTH 4-9 analog as compared to non-modified ACTH-peptides,
and also suggest a possible oral applicability. In addition, evidence has been found for selective and specific uptake of this peptide
analog in the septal area after intraventricular administration,
which corroborates recent suggestions on the role of the septum as
being a tentative site of action of ACTH-like neuropeptides.

References see chapter I.
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I.I. ACTH-LIKE PEPTIDES AND CONDITIONED AVOIDANCE BEHAVIOR
The pituitary-adrenal system plays an important role in the physiological adaptation of an organism to noxious systemic as well as
neurogenic and psychic stimuli (Seleye, 1950). Such Stressors cause
the discharge of ACTH from the pituitary and subsequent secretion of
adrenal corticosteroids. A number of studies have attempted to relate the activity of the pituitary-adrenal axis to behavior. For instance, it has been shown that removal of the whole pituitary
(Applezweig and Baudry, 1.955) or the adenohypophysis (De Wied, 1964)
markedly reduces the ability of rats to acquire an active shuttle
box avoidance response. Treatment of hypophysectomized rats with
adrenal maintenance doses of ACTH restores the rate of avoidance ac-

3

quisition toward normal (Applezweig and Moeller, 1959; De Wied,
1968) . This effect of ACTH is not mediated by the adrenal cortex,
because adrenalectomy does not impair the acquisition in the shuttle

11

Moreover, besides really functionally significant uptake, other fac-

3

box. Moreover, the pituitary peptides a-MSH and B-MSH, as well- as
synthetic N-terminal ACTH fragments, like ACTH 1-1C and ACTH 4-10,
are as effective as natural ACTH in restoring deficient acquisition
behavior of hypophysectomized rats, although these peptides have no
appreciable adrenocorticotrophic activities (De Wied, 1969). The
stimulating effect of ACTH and ÃCTH fragmentsoh avoidanceacquisition in hypophysectomized rats is not caused by an improvement of
the physical condition of these rats (De Wied, 1967) , nor by affecting- their motor and sensory capacities (De Wied, 1969; Gispen et al.,
1970).
ACTH-like peptides also affect conditioned avoidance behavior
in normal rats. ACTH, administered during shuttle box training, delays the rate of extinction of an acquired avoidance response (Murphy and Miller, 1955) , and an even ir.ore pronounced effect is found
when ACTH is given during extinction sessions (De Wied, 1967). Also
this appears to be an extra-adrenal effect, because ACTH exerts similar behavioral activity in adrenalectomized rats (Miller and Ogowa, 1962) and peptides structurally related to ACTH, but devoid of
corticotrophic activities, are eguipotent to ACTH in maintaining
conditioned avoidance behavior in both shuttle box and pole-jump situations (De Wied, 1966; De Wied et al., 1968). Current ideas indicate a role of ACTH-like peptides in arousal or attention processes
in the brain, which may be reflected in the motivational influence
of environmental stimuli (De Wied, 1974).
Structure-activity studies, carried out by shortening the sequence ACTH 1-10 step by step from the amino end and subsequently
from the carboxyl end, have revealed that ACTH 4-7 is the shortest
peptide sequence which contains the essential requirements for ACTHlike peptides in eliciting their effects on conditioned avoidance
behavior (Greven and De Wied. 1967, 1973). The most critical amino
acid appears to be phenylalanine in position 7. Replacement of this
amino acid by its D-isomer in ACTH 1-10 (Bohus and De Wied, 1966)
as well as in ACTH 4-9 and ACTH 4-7 (Greven and De Wied, 1973; De
Wied et al., 1975) is accompanied by a reversal of the effect in active avoidance behavior, because this induces facilitation rather
than inhibition of extinction. The analog 7-D-Phe-ACTH 1-10 also facilitates extinction in hypophysectomized rats, indicating that the
behavioral activity of this peptide is not merely a consequence of
a competition with natural occurring ACTH peptides. Reversal in be-

12

[1975)

1138-1143.
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havxoral activity is not obtained when other amino acids in ACTH 4-9
ti'-

are replaced by their respective D-isomers (Greven and De Wied,
1973). In contrast, these peptides invariably delay extinction in a
similar fashion as their L-counterparts. In most cases replacement
by a D-isomer potentiates the behavioral effect of its parent peptide molecule. These findings illustrate the structural specificity
of the behavioral activity of ACTH-like peptides. ACTH also affects
passive avoidance behavior in intact rats (Levine and Levin, 1970),
The behavioral active core appears to be restricted again to the Nterminal part of the ACTH molecule, because ACTH 4-10 markedly increases avoidance latency in a one trial passive avoidance procedure (Greven and De Wied, 1973). However, in this situation 7-D-Phe-ACTH 4-10 does not elicit reversed behavioral activity. These different effects of 7~L- and 7-D-Phe-ACTH 4-10 in active and passive
avoidance behavior support the view that these peptides exert their
behavioral activities by affecting different sites of action.
The observations that hypophysectomy results in serious disturbances in acquisition and maintenance of conditioned avoidance behavior which can be readily restored by treatment with ACTH/MSH/LPH
fragments led to the hypothesis that the pituitary manufactures
such peptide fragments, termed neuropeptides, which enable the organism to respond to the environmental situation (De Wied, 1969).
This hypothesis is strengthened by the isolation of 9-Desglycinamide, 8-Lys-vasopressin from pig pituitary tissue, which vasopressin
fragment possesses the full behavioral activity of vasopressin in
various maintenance behaviors, but lacks the antidiuretic and blood
pressure activities of its parent peptide (Lande et al., 1971; De
Wied et al., 1972). In addition, pituitary ß-LPH might also be a
precursor molecule for endogenous peptides with behavioral activities. With the intention to isolate behaviorally active pituitary
peptides on basis of a conditioned active avoidance assay, Lande et
al. (1973) purified various active fractions from porcine pituitary
tissue. Tryptic digestion of one of these fractions yielded two behaviorally active peptides of which the amino acid composition corresponds to ß-LPH 61-69 respectively 3-LPH 70-79. Recently, various
peptides with morphine-like properties were isolated from brain and
pituitary tissue, which also appeared to be sequences of ß-LPH, e.g.

I

S-LPH 61-65 (Hughes et al., 1975; Simantov and Snyder, 1976), g-LPH
61-76 (Guillemin et al., 1976) and S-LPH 61-91 (Li and Chung, 1976),

13
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and which are also effective in conditioned avoidance behavior (De
Wied, personal conununication) .• These data once more demonstrate
that pituitary peptides might serve as precursors for neuropeptides.
Behavioral activities of ACTH-like neuropeptides are not limited to avoidance tasks. For instance, these peptides also exhibit extinction of appetitive or sexually motivated approach responses, attenuate C0_ or electroconvulsive shock induced amnesia for a passive avoidance response, facilitate reversal learning, improve visual
memory (reviews: Kastin et al., 1975; De Wied and Gispen, 1977). Because up to the present the behavioral activity of the title ACTH
4-9 analog has been examined mainly on conditioned avoidance behavior, only the effects of ACTH peptides on this type of behavior
have been reported.

1.2. ACTH-LIKE NEUROPEPTIQES AND THEIR SITES OF ACTION
There is considerable evidence that ACTH-like neuropsptides express their behavioral activities via a direct effect on the central
nervous system (De Wied, 1969) . Attempts to localize their central
sites of action were performed in rats bearing lesions in various
brain areas as well as by implantation of ACTH fragments in different brain structures. Bilateral lesions of the thalamic parafascicular nuclei block the inhibitory effect of a-MSH on the extinction
of an acquired shuttle box avoidance response (Bohus and De Wied,
1967). Similar results are found for ACTH 4-10, which peptide is unable to delay the extinction of a pole-jump avoidance response in
rats in which the parafascicular nuclei have been previously destroyed (Van Wimersma Greidanus et al., 1974). Intracerebral implantation studies of ACTH 1-10 corroborate the significance of the parafascicular nuclei for the behavioral effects of ACTH peptides (Van
Wimersma Greidanus and De Wied, 1971). Extensive bilateral lesions
in the antero-dorsal hippocampus (Van Wimersma Greidanus and De
Wied, 1976) and in the rostral septal area (Van Wimersma Greidanus,
1977) impair the inhibitory activity of ACTH 4-10 on the extinction
of an avoidance response. Accordingly, the reported lesion and implantation studies suggest a functional significance of midbrain
limbic structures in eliciting behavioral activities of ACTH peptide

14
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fragments.

1.3. DESIGN OF PEPTIDE DRUGS
The primary event in the action of drugs is a selective attachment to target cell components, termed receptors. Receptors are regarded to be (macro)molecules or macromolecular complexes in the
target organ(s) which recognize and specifically interact with distinct drugs. The resulting drug-receptor complexes are subsequently
capable of generating a stimulus for a chain of events leading to
the biological response of the drug. In case of biologically active
peptides, receptors are generally located at the surface membrane
of their target cells (Cuatrecasas, 1974).
During the last decade many peptide analogs have been synthesized with the aim to design analogs for potential clinical applicability. The main goals in developing such peptide analogs are: the
synthesis of compounds with more specific activity profiles, enhancement of the duration of acting of natural peptides, and the availability of peptide antagonists, i.e. compounds which are capable
of inhibiting physiological and/or pharmacological activities of
peptides. This can be pursued by the introduction of D-amino acids,
modified N- and C-terminal residues, amino acid substitutions and
side chain alterations. Structural modifications of peptides affect
the in vivo fate (absorption, distribution and elimination) and the
specificity of receptor interaction. These followings can lead to a
more specific activity profile of an analog as compared to its unmodified parent peptide, as has been reported for some oxytocin and
vasopressin analogs (Vialter et al., 1974; Sawyer et al., 1974).
Increased availability of peptide molecules for receptors results in increased biological activity. Naturally occurring peptides are usually rapidly eliminated by enzymatic breakdown (cf.
Witter, 1975). However, introduction of amino acid modifications
are able to enhance the resistance of peptides against proteolysis
(Marks et al., 1974, 1976; Witter et al., 1975), which increases
the availability for their sites of action.
Structural modifications might also induce better binding characteristics and a more favourable conformation for receptor interaction. These consequences will increase the affinity for receptor

15

Sites, which subsequently leads to increased potency. On the other
hand, structurally modified peptide analogs which possess similar
or enhanced receptor affinities but have lost the intrinsic activities of their parent peptides, might represent effective antagonistic compounds.
Successful achievements in developing peptide drugs, whether
agonistic or antagonistic, have been accomplished in the area of
the hypothalamic releasing hormones, angiotensin and ACTH-like
neuropeptides, which will be briefly reviewed.
I.S.l. Hypothalamie releasing hormones
The hypothalamic tripeptide TRH (thyrotropin-releasing hormone)
exerts profound effects at the level of the pituitary, namely the
secretion cf thyrotropin and prolactin (Blackwell and Guillemin,
1973; Schally et al., 1973). Attempts to synthesize analogs with enhanced TRH activities appeared to be fruitful, when a methylgroup
was introduced in the imidazole ring of the histidine residue (Vale
et al., 1973). The methylated peptide analog is approximately 10
times more potent than the parent peptide, both in thyrotropin secretion activity in vitro (Vale et al., 1973) and in stereotyped
behavior inducing activity in rats (Wei et al., 1976); the increased thyrotropin releasing activity of this analog has been demonstrated to be due to increased affinity for TRH receptor sites in anterior pituitary cells (Vale et al., 1973).
Somatostatin has been isolated from hypothalamic tissue, based
on its effects en the suppression of the release of pituitary
growth hormone (Ling et al., 1973). It has subsequently been shown
that somatostatin also inhibits the release of pituitary thyrotropin
(Vale et al., 1974) as well as the secretion of both glucagon and
insulin from the pancreas (Koerker et al., 1974). Eecause of its potentials in treatment of development disorders and in diabetss mellitus, considerable efforts were undertaken to prepare longer-acting
somatostatin analogs. The most potent analog, presently available,
is 8-D-Trp-somatostatin, in which peptide the tryptophan residue is
replaced by its D-isomer (Rivier et al., 1975).

This analog appears

to be 6-8 times more potent than the parent peptide molecule in inhibiting both the release of growth hormone from rat pituitary cells
and the arginine induced secretion of glucagon and insulin in rats.
Marks et al. (1976) have shown that the enhanced potency of 8-D-Trp-

16

-somatostatin can be attributed to increased resistance against enzymatic degradation in rat serum and in brain tissue.
LH-RH (luteinizing hormone-releasing hormone) stimulates the release of tho gonadotropins LH (luteinizing hormone) and FSH (follicle stimulating hormone) from the pituitary (Blackwell and Guillemin,
1973; Sqhally et al., 1973). Many attempts are being made to produce
LH-RH analogs which might enhance or antagonize the effects of LH-RH
with the objective of developing peptide drugs for the control of
ovulation respectively

for use in contraception

(Saffran, 1974) .

Analogs with increased LH-RH activity have been produced by introduction of D-amino acids in position 6. For instance, 6-D-Ala-LH-RH and
6-D-Leu-LH-Rh are 3 times more potent in vitro than LH-RH (Monahan
et al., 1973; Coy et al., 1974a; Fujino et al., 1974), whereas introduction of D-phenylalanine or, D-tryptophan in the same position
even leads to a hundredfold potentiation (Coy et al., 1975a). However, in vivo, 6-D-Phe-LH-RH and 6-D-Trp-LH-RH are only 10 times
more active than LH-RH itself (Coy et al., 1975b). Presently, the
most potent LH-RH agonists for in vivo applicability are 6-D-Ala,10-Desglycinamide-LH-RH ethylamide and

6-D-Leu,10-Desglycinamide-LH-RH

ethylamide. These analogs are approximately 30 times more effective
than LH-RH in vitro (Cóy et al., 1974a, 1975a) as well as in vivo in
rats (Coy et al., 1974a; Vilchez-Martinez et al., 1974) and in women
(Soria et al., 1975). These LH-RH analogs have also been found to be
more stable in plasma and brain tissue than LH-RH itself (Marks and
Stern, 1974) , which partly explains their increased gonadotropin releasing activity.
Removal of histidine at position 2 in LH-RH or replacement of
this amino acid by D-phenylalanine results in compounds which competitively antagonize LH-RH induced gonadotropin release from dispersed pituitary cells (Monahan et al., 1972; Vale et al., 1972; Labrie
et al., 1976 ) . Combining the structural features for competitive antagonists with

those resulting in potent agonists, reveals LH-RH

analogs with more pronounced antagonistic properties. Compounds,
like 2-desHis,6-D-Ala-LH-RH, 2-desHis,10-Desglycinamide-LH-RH ethylamide and 2-D-Phe,6-D-Leu-LH-RH, are very potent inhibitors of,LH-RH
induced gonadotropin release both in vitro (Monahan et al., 1973;
Spona et al., 1974; Coy et al., 1976) and in vivo in immature male
rats (Coy et al., 1973), in ovariectomized steroid-blocked rats
(Coy et al., 1974b) and in hamsters (De la Cruz et al., 1975). How-
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radiograms reveal abundant and detailed distribution pictures that
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ever, simultaneous introduction of a D-amino acid residue in position 6 and a C-terminal ethylamide modification in 2-desHis-LH-RH have
failed to exhibit any improvement in antagonistic properties of this
analog, likely due to an increase of the inherent gonadotropinreleasing activity which masks the antagonistic activities (Labrie
et al., 1976) .
1.3.2. Angiotensin II
-Angiotensin II increases blood pressure by inducing arteriole
vasoconstriction (Bohr, 1974). Substitution of aspartic acid by sarcosine in position 1 of the natural occurring peptide enhances the
activity on isolated rabbit aorta tenfold. This seems due both to a
decreased rate of inactivation by plasma angiotensinase A and to an
increased affinity for angiotensin binding sites in aorta strips
(Hall et al., 1974).
Competitive angiotensin II antagonists, both in vitro and in
vivo, have been synthesized by replacement of the aromatic ring of
phenylalanine in position 8 by aliphatic side chains containing amino acids like alanine (Khairallah et al., 1970; Regoli and Park,
1972), valine/leacine (Koshla et al., 1972b), or isoleucine (Koshla
et al., 1972a, 1972b; Yamamoto et al., 1972). The potency of these
antagonists is approximately tenfold increased, when simultaneously
aspartic acid in position 1 is replaced by sarcosine. Thus, analogs
like l-Sareosine,8-D-Ala-angiotensin II have been shown to be at
present the most potent and long-lasting inhibitors of the parent
peptide in rats (Koshla et al., 1972b), dogs (Sweet et al., 1973)
and men (Hollenberg et al., 1976).
Besides peripheral effects, angiotensin II induces hypertensive
and dypsogenic activities which are mediated by the central nervous
system. Intracrariial or intraventricular injection of angiotensin
II increases blood pressure, which is not due to diffusion of the
peptide into the peripheral vasculature (Severs and Daniels-Severs,
1973; Hoffman and Phillips, 1976) . Intravenous administration of
angiotensin II causes also drinking in rats in a normal state of
water balance (Fitzsimons and Simons, 1969). Similar drinking responses are evoked by intracranial or intraventricular injection of
angiotensin in doses which are approximately 1000 times lower than
those required for peripheral administration (Epstein et al., 1970;
Hoffman and Phillips, 1976). These central activities can equally
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well be reversibly inhibited by peripheral or intracerebroventricular administration of various sarcosine containing antagonists of
angiotensin II (Cooling and Day., 1974; Hoffman and Phillips,
1976).
I. S.S. ACTH-like neuropeptides
Graven and De Wied (1973) investigated the effects of amino
acid substitutions and modifications in the sequence of ACTH 4-9 on
the maintenance of acquired conditioned avoidance responses. They
found that substitution of tryptophan in position 9 by phenylalanine, oxidation of the -S-CH, group in the N-terminal methionine residue and replacement of arginine in position 8 by D-lysine t/oke
successive increases in behavioral activity of the natural ACTH 4-9
peptide. These modifications appeared to induce also more specific
activity profiles, because observed increases in behavioral activity paralleled decreases in MSH-activity (Witter et al., 1975). Simultaneous introduction of all above listed structural modifications in ACTH 4-9 results in at least a thousandfold potentiation
of the behavioral activity of ACTH 4-9 itself, accompanied with a
decrease in MSH activity of a similar magnitude (Greven and De Wied,
1973). The obtained analog 4-Met(02),8-D-Lys,9-Phe-ACTH

4-9 causes

a remarkably inhibitory effect on the extinction of a pole-jump
avoidance reponse after subcutaneous injection in doses as low as
1 ng in rats, illustrating its extremely high behavioral potency.
Witter et al. (1975) demonstrated that the increase in behavioral
potency of this analog as compared to the parent ACTH 4-9 peptide
can be explained, at least partly, by increased resistance against
biotransformation in rat plasma and brain tissue. In addition, insertion of a D-amino acid residue in position 8 of 8-Lys,9-Phe-ACTH 4-9 appeared to stabilize the susceptible peptide bonds Phe -Lys

and Lys -Phe 9 (Witter et al., 1975). These findings once

more demonstrate the protective effect of substitutions with Damino acids.
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1.4. IN VIVO FATE OF BRAIN OLIGOPEPTIDES
1.4.1. General pp-ineiples
To produce its characteristic effects in an organism, a drug
must achieve effective concentrations at its sites of action. Thus
in vivo distribution and metabolic studies are fundamental to an
understanding on the way in which an organism reacts upon administered drugs. Drugs are generally distributed via the circulation.
They- can enter the bloodstream by being directly injected there or
following absorption from sites where they have been applicated,
like the gastrointestinal tract, muscle tissue and subcutaneous tissue. Subsequently, the drug will be eliminated from the circulation
by distribution over various body fluid compartments, excretion,
biotransformation and accumulation. The rate and magnitude of each
of these processes are determined by the physicochemical properties
of the drug, especially its lipophility and degree of ionization.
The kidney is the major organ for drug excretion, although other excretory routes may be of importance, like excretion into the intestinal tract via the bile. The main site of drug biotransformation
is the liver, but other tissues and plasma may also participate. Accumulation of the drug may occur at its sites of action, but, more
often, also at other locations which then may serve as storage depots. The outlined course of the in vivo fate of drugs demonstrates
that the effective concentration of a drug at its sites of action
depends in a complex way on the relative rates of all cited processes.
With respect to psychopharmacological compounds, e.g. neuropeptides, their effects induced by non-metabolized drugs and/or metabolites are correlated with effective concentrations of such compounds in the central nervous system, where their sites of action
are located. In contrast to other tissues, immediate access from
the circulation to brain tissue is hampered, because the endothelial cells in brain capillaries are joined by continuous intercellular junctions and because brain capillaries are surrounded by brain
connective tissue (astrocytes). Accordingly, a drug leaving the
circulation in the brain has to traverse the so-called blood-brain
barrier. Drugs might also enter the central nervous system via the
cerebrospinal fluid (CSF) (Rail, 1971). However, to move from blood
to CSF, they have to pass through the blood-CSF barrier. This bar-
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rier results from the existance of continuous tight junctions between the choroidal epithelial cells, similar to those in the brain
capillaries. Drugs in the CSF will be transported by bulk flow of
the CSF and may enter the extracellular fluid of the brain by crossing the ependymal lining of the ventricular system. In these structures tight intercellular junctions do not exist; as a consequence,
the drug can diffuse relatively free in either direction between
CSF and extracellular fluid. Certain areas in the brain, like the
area postrema, median eminence and subfornical organ, lack a bloodbrain barrier. These areas may provide for the entry of drugs which
would not ordinarily reach the brain and CSF. This might explain
that systemically administered dopamine enters only these brain
areas (Bertler et al., 1966). Thus because of the presence of a
blood-brain barrier and a blood-CSF barrier, it is evident that only those drugs will penetrate into the brain which have suitable
properties for passing through cell membranes, namely high lipophilj.ty, low degree of ionlzation at plasma pH and low binding to
plasma proteins. Therefore, very low uptake in the brain can generally be expected for hydrophilic and ionized compounds, including
oligopeptides.

1.4.2. Approaches for investigation
Recently, Witter (1975) has reviewed the in vivo fate of brain
oligopeptides, defined as peptides for which the central nervous
system is the (assumed) target tissue. On account of the usually
high potency of these peptides, it is essential for in vivo fate
studies that oligopeptide^ cap be determined in a variety of tissues at very low concentrations to remain within the normally usual
dosage ranges.
In some cases, peptides can be measured, by bioassay or radioimmunoassay. In either case, determinations are mainly restricted
to intact peptide molecules and no information about the in vivo
fate is given. Moreover, the uncertainty remains that not all of
the biological or radioimmunoassayable activity is due to the nonmetabolized peptide. Nevertheless, valuable information has been obtained by using bioassay (Redding and Schally, 1970; Virkkunen et
al., 1974) as weil as radioimmunoassay (Bassiri and Utiger, 1973;
Virkkunen et al., 1974; Seyler, 1975).
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of magnitude as those in lung and muscle tissue. The uptake in brain
tissue aopears to be mainlv restricted fn t-hP n r ™ mAtt»»- rm=*~*.~„_

The introduction of radioactivity in a single or more amino acid
residues of the peptide chain, for which a number of techniques are
available (Ryan, 1974? Witter, 1975), offers other sensitive approaches . Minimum requirements should be the preservation of biological activity and physicochemical properties as compared to the natural compound. Peptides, labeled with

J

I or

1

I , frequently do

not fulfil these requirements (Arimura et ai., 1973; Mçllhinney and
Schulster, 1974) , However, the preservation of molecular integrity
as judged by retention of biological activity, seems to be more related to the conditions of iodination than to the incorporation of
iodine atoms per se. For instance, Fong et al. (1960) reported that
iodinated vasopressin was only 1/100 as active as natural vasopressin, while Thompson et al. (X972), using more gentle iodination
125
conditions, found 80% of the biological activity in
I-oxytocin.
14
3
Intrinsic labeling of peptides with
C or H yields radioactive
compounds which are identical, except for the radioactive atoms, to
the natural peptide. Therefore, such radioactively labeled peptides
are suitable candidates for in vivo fate studies. However, in case
of brain oligopeptides, a major obstacle for investigating their
distribution in the brain is the generally observed low uptake in
the central nervous system, the target tissue of these peptides
(o.5-0.05% of the administered dose/g brain tissue; Witter, 1975).
This necessitates high specific activities of the labeled peptides
in order to remain within a physiological or even pharmacological
and detectable range. Another problem is the rapid elimination by
proteolysis. Radioactive metabolites might cause misinterpretations
if only total radioactivity is measured, because the in vivo fate of
metabolites might deviate considerably from that of the parent peptide and because metabolites might also exhibit biological activity.
Accordingly, all metabolites should be separated and identified,
and their effects on biological activity ideally be known. When biological activity is mainly restricted to the non-metabolized peptide,
as has been shown for 4-Met(0),8-D-Lys,9-Phe-ACTH

4-9

(Witter et al.,

1975), the identification of all possible metabolites might be reduced to a separation and determination of the native peptide. The
use of peptides, labeled in a single amino acid residue has the advantage of reducing the number of radioactive metabolites, although
it simultaneously reduces the amount of information regarding the
primary sites of proteolysis.
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after s.c. injection of the [-14c ] - and [H]-labeled ACTH 4-9 analogs,

1.4.3.

In vivo fate

studies of radioaatively

labeled brain oligopep-

tides
Despite above cited problems, frequent attempts have been undertaken to reveal insight in tv e in vivo fate of radioactively labeled brain oligopeptides, like oxytocin/vasopressin

(Sjöholm and Ry-

den, 1969; Stibal et ai. , 1974; Baumann and Dingman, 1976), ct-MSH
(Dupont et al., 1975a; Pelletier et al., 1975a; Kastin et al.,
1976), TRH (Redding and Schally, 1972; Dupont et al., 1972, 1974a;
Steiner et al., 1974), LH-RH (Redding et al., 1973a, 1973b; Dupont
et al., 1974b; Miyachi et al., 1973) and Prolyl-Leucyl-Glycinamide
(PLG, also designated as MIF-I; Redding et al., 1973c, 1974; Dupont et al., 1975b; Pelletier et al., 1975b). These studies have
been performed almost exclusively after intravascular injection of
the labeled oligopeptides in mice, rats and men. Unfortunately, the
data are mainly based on measurements ox total radioactivity, represonting intact peptide and its radioactive metabolites. All these
studies show rapid disappearance from plasma, as expressed by short
half-lifes within the range of 1-8 min both in rats and humans. The
appearance within minutes of radioactive metabolites has been proved after i.v. injections of
1972; Dupont et al., 1974a),

14

C - and3 H-TRH (Redding and Schally,
I-vasopressin

(Baumann and Dingman,

1976 ) and H-oxytocin (Sjöholm and Ryden, 1969). The rapid disappearance from plasma of the labeled peptides and/or their radioactive metabolites is reflected by their apparent volumes of distribution. Both for rats and men these values generally vary from 10
to 20% of the body weight, suggesting rapid extravascular distribution, presumably over the greater part of the extracellular compartments. On the other hand, considerable higher values have been reported too for PLG (32%; Redding et al., 1973c) and for TRH (50%;
Duponc et al., 1974a).
Organ and tissue distribution of radioactivity after i.v. injection of labeled brain oligopeptides in mice and rats has been analyzed by direct measurement of radioactivity and/or by whole-body
autoradiography. Data obtained with these two different techniques
as well as with different species are in good agreement (Dupont ot
al., 1972, 1974b, 1975a, 1975b). The very rapid and pronounced uptake of radioactivity in the kidneys and, to a lesser extent, in
the liver demonstrates the significance of these organs'as sites of
excretion and biotransformation of oligopeptides and/or their meta-
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men and walls is observed. These metabolites may then be excreted
Kl nnA

H-inV, unt

bolites. The urinary excretion appears to vary considerably both for
different peptides and for one particular peptide in different species. For instance, the percentages of the injected doses of TRH in
the urine during the first hour after administration have been
found to be 25% for rats (Redding and Schally, 1972) and 38% for
men (Dupont et al., 1974a); however, lower urine levels have been
observed in both species after i.v. injection of PLG as compared to
TRH, namely 6% in rats (Redding et al., 1973c) and 17% in men (Redding et al., 1974).
Significant accumulation of radioactivity after systemic administration

of labeled oligopeptides has also been reported1 for the pi-

tuitary. Redding et al. (1972, 1973a, 1973c) interpreted the preferential hypophyseal uptake of the hypothalamic releasing hormones
as evidence for their sites of action. However, similar accumulation has also been shown for peptides that do not act at hypophyseal
level, like oxytocin (Stibal et al., 1974) and a-MSH (Kastin et al.,
1976). Taking into account the high vascularity of the pituitary as
well as its location outside the blood-brain barrier, high pituitary accumulation of oligopeptides and/or their metabolites might be
rather a general than a specific phenomenon. The reported very high
uptake of radioactivity in the pineal gland after i.v. injection of
labeled a-MSH and PLG (Dupont et al., 1975a, 1975b; Kastin et al.,
1976) might be explained for the same reasons.
As shown both by direct measurements of radioactivity and autoradiographic localization, systemic administration of labeled brain
oligopeptides leads to very low accumulation of radioactivity in
the brain, the target tissue of these peptides. This uptake is generally comparable to that in muscle tissue. No remarkable uptake
differences between various brain areas have been found for TRH,
LH-RH and PLG (Dupont et al., 1974a, 1974b, 1975b). In case of 3 H -a-MSH, Kastin et al. (1976) reported higher levels of radioactivity in the occipital cortex, cerebellum and medulla oblongata/pons
at 15 sec and, to a lesser extent, at 30 min after intracarotid injection. Pelletier et al. (1975a) found preferential uptake of radioactivity in the caudate-putamen and in the thalamic reticular
nuclei at 5 min after intracarotid injection of
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I-ct-MSH. These

results should be interpreted with care. Differences in radioactivity levels between various brain regions might reflect differences
in accumulation of radioactive metabolites.
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1

Moreover, besides really functionally significant uptake, other f a c tors like differences in local vascularity and/or local uptake c a p a cities might also play a

decisive role.

Systemically administered oligopeptides can also gain access to
the central nervous system by passing through the blood-CSF barrier.
This has been shown, at least to a slight extent, for ACTH (Allen
I •.,""'".

et a l . , 1 9 7 4 ) , oxytocin/vasopressin

(Zaidi and H e l l e r , 1 9 7 4 ) , LH-RH

(Ben-Jonathan e t a l . , 1974) and T R H (Oliver et a l . , 1 9 7 5 ) . Intraca12 5
3
rotid injections of

I-ct-MSH and

H-PLG lead to a strong labeling

of the choroid plexuses and ependymal cells bordering the lateral
ventricles, a s localized by microautoradiography

(Pelletier et a l . ,

1975a, 1 9 7 5 b ) . These findings suggest that also a-MSH and PLG a n d /
or their respective metabolites c a n be transported from the circulation to the CSF and subsequently distributed over the brain.
A more direct approach to obtain valuable information about s e lective uptake of brain oligopeptides within the brain is direct injection into t h e CSF. In this w a y the blood-brain and blood-CSF b a r riers are bypassed. Such a study h a s been performed with PLG (Pelletier et a l . , 1 9 7 5 b ) . A t 5 as w e l l as 30 min after intraventricular
administration of

H-PLG preferential uptake of radioactivity w a s

found in the lateral and medial septal nuclei, putamen, globus p a l lidus, indusium griseum, hippocampus and corpus callosum. Some d e gree of diffusion of radioactivity from the ventricles to the s u r rounding tissues over a short distance from the ventricle walls w a s
observed, b u t this did not necessarily lead to preferential uptake
by cells located in the vicinity of the ventricular system. Intraventricular injection involves promising potentials for distribution studies within the brain.
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Chapter II

TISSUE DISTRIBUTION OF RADIOACTIVITY AFTER SUBCUTANEOUS INJECTION OF A LABELED BEHAVIORALLY ACTIVE
ACTH 4-9 ANALOG IN MICE, AS DETERMINED BY WHOLEBODY AUTORADIOGRAPHY

I

INTRODUCTION
Whole-body autoradiography, developed by Ullberg (11), is a va- •
luable technique in obtaining information on overall distribution
profiles of radioactivity after administration of labeled compounds.
In this technique, the animals are rapidly deep-frozen at various
intervals after administration of the radioactively labeled compounds, and sagittal microtome sections are cut at different levels
through the whole frozen body; mice are usually chosen as experimental animals because of easy handling during the sectioning procedure. The sections are dried and pressed against a photographic film.
After exposure, the section and film are separated and the distribution profile of radioactivity is impressed on the developed film
(11,12). The outlined technique is very useful to study the distribution of non-volatile, diffusable substances. It gives a reliable
fixation of the in vivo situation at the time of sacrifice, avoiding postmortal diffusion and exchange processes. Because literaly
the whole body can be scanned and reasonable resolution is obtained,
autoradiography avoids the risk of overlooking significant localizations. On the other hand, the use of whole-body autoradiography has
obvious restrictions. Quantification of the distribution profile is
limited. Moreover, autoradiograms register only total radioactivity,
representing radioactivity in the parent compound as well as in radioactive metabolites, but do not inform about the chemical nature
of the localized

radioactivity . Detection of total radioactivity

is particularly disadvantageous for compounds which are rapidly metabolized, because distribution profiles of metabolites may differ
considerably from these of the intact compound. Nevertheless, auto-
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radiograms reveal abundant and detailed distribution pictures that
are hardly obtainable otherwise.
The present study describes the overall tissue distribution prorl4 i

file, as determined by whole-body autoradiography, of a [
3

pectively [ HJ-labeled ACTH 4-9 analog,

CJ- res-

4-Met(02),8-D-Lys,9-Phe-ACTH

4-9, after subcutaneous (s.c.) injection in mice. The analog is at
least a thousandfold more potent than its parent compound ACTH 4-9
in inhibiting the extinction of conditioned active avoidance behavior (6), which can be partially attributed to increased metabolic
stability (15). The labeled analog was injected s.c., because this
route of administration is usually applied in studying behavioral
activities of ACTH-like neuropeptides (1,6).

MATERIALS AND METHODS
Badioaative materials
The [ 14 C|-labeled ACTH 4-9 analog, 4-Met(02),8-[14C-E-N-dimethyi]-D-Lys,9-Phe-ACTH 4-9, was prepared by reductive methylation with
14
C-formaldehyde and sodiumborohydride, as described by Witter et al.
(15). The radiochemical purity amounted to at least 95%. The specific activity was approximately 19.3 uCi/ymol.
The [3H]-labeled peptide analog,

4-Met(02),8-D-Lys,9-Phe-[7-3H-

-Phe] ACTH 4-9, was prepared by catalytic iodine-tritium exchange of
the corresponding p-iodophenylalanine peptide (Greven and Witter,
submitted for publication). The radiochemical purity was at least
90% and the specific activity 24 mCi/ymol.
Administration of radioactive materials
Adult male Swiss mice, weighing 20-22 g, were used. The [

C] -

and [ H]-labeled analogs were injected s.c. as solutions of 90 yg

If

(2.14 yCi) respectively 35 ug (1.0 mCi) in 200 yl 0.9% NaCl.
Whole-body autoradiography
This technique was carried out according to Ullberg (11,12). At
1 and 4 hr after s.c. injection, the mice were anesthetized with
ether. Before being sacrificed, the animals were stretched in forceps
of special design to enable a reproducible position. Subsequently,
the animals were killed by immersion into isopentane, cooled with
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solid carbondioxyde

to about -80°C. The animals were embedded in a

5% (w/v) carboxymethylcellulose

(Polycell) solution of 0°C. The

mass was frozen in the same freezing mixture (-80 C) to form a firm
block and stored at -20°C until use. The block was mounted on the
stage of a large sledge microtome (Leitz, type 1300) in a freezer
at -10°C. Sagittal sections of 20 ^m thickness were cut at different levels of the body and subsequently supported on double-sided
adhesive tape (Scotch tape No.810). The tapes with sections were
fixed on card-board and dried at -20°C for 2 days. The radioactivi-

í

ty in the various sections was located by autoradiography using
Structurix-D7 X-ray films (Agfa-Gevaert). After appropriate exposure (I and 3 months for

C respectively

H ) , the film and the card-

board fixed sections were separated. The film was successively developed for 2 min in Agfa G150, rinsed in 2.5% acetic acid for 0.5
min, fixed in Agfa G334 for 3 min and washed during 1 hr.
In experiments in which the mice were treated with the [ H ] -ACTH 4-9 analog, the animals were exsanguinated prior to sacrifice.
Five min before sacrifice, the heart was exposed under ether unesthesia. The right atrium was punctured and a hypodermic needle, attached to a perfusion bottle, was inserted into the left ventricle;
the perfusion bottle was previously filled with 0.9% NaCl and placed
1.2 m above the animal to adapt the perfusion pressure to the basal
blood pressure. Then the animals were perfused during 2-3 min with
approximately 3-4 ml 0.9% NaCl.
The experiments were carried out at the Institute for Pharmacology of the University of Nijmegen and I am greatly indebted to Dr.
C.C.B. Wijffels for his skilful performance of the autoradiographic
technique.

RESULTS
Fig.l shows the distribution of radioactivity at 1 hr after s.c.
injection of 90 ug [14c]-ACTH 4-9 analog in non-perfused mice. Large accumulations of radioactivity occur in the pancreas, stomach,
intestinal walls and lumen, and salivary gland. Pronounced uptake
of radioactivity is also observed in the liver and dorsal vertebrae.
Very low concentrations of radioactivity are detectable in the brain
and in the spinal cord; these concentrations are in the same order
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Figure 1. Whole-body autoradiogram of a mouse 1 hr after s.c. injection of 90 yg
[14c|-ACTH 4-9 analog. Darkened areas indicate the presence of radioactivity,
which is proportional to the degree of blackening.
Abbreviations: B=brain, CM=cervical muscle, DV=dorsal vertebrae, GB=gall-bladder,
I=intestines, K=kidney, LG=lacrimal gland, LI=liver, LU=lung, P=pancreas, S=skin,
SC=spinal cord, SG=salivary gland, 3M-skeletal muscle, ST=stomach.

k

Í1Ã
Figure 2. Whole-body autoradiogram of a mouse 1 hr after s.c. ir.jection of 35 ug
[ 3 H]-ACTH 4-9 analog. Five min prior to sacrifice the mouse was perfused with
0.9% NaCl. For further details see Fig.l.
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Figure 3. This represents a section from the same animal as used in Fig.2. This
sagittal section was made more lateral than that of Fig.2 to illustrate uptake of
radioactivity in the kidney and in the lacrimal gland.

Figure 4. Whole-body autoradiogram of a mouse 4 hr after s.c. injection of 35 yg
pHJ-ACTH 4-9 analog. Five min prior to sacrifice the mouse was perfused with
0.9% NaCl. For further details see Fig.l.
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of maqnitude as those in lung and muscle tissue. The uptake in brain
tissue appears to be mainly restricted to the gray matter. Differences in the distribution of radioactivity over various anatomical
brain regions could hardly be observed.
The distribution profiles of radioactivity 1 hr after s.c. administration of 35 ng [ H]-ACTH 4-9 analog, obtained after perfusion
of the animals, are represented in Fig.2 and Fig.3. These profiles
are similar to that for the [

c]-labeled analog. In Fig.2 very high

uptake of radioactivity in the gall-bladder is manifest. The autoradiogram of Fig.3, which was taken from a more lateral section than
that of Fig.2, shows also very high uptake of radioactivity in the
kidney and, to a lesser extent, in the lacrimal gland.
An autoradiogram showing the distribution of total radioactivity
in perfused mice 4 hr after s.c. injection of 35 ug [ H]-ACTH 4-9
analog is given in Fig.4. The distribution profile is qualitatively
similar to the profile at 1 hr after injection. On the other hand,
the tissue radioactivity levels at 4 hr are decreased as compared to
the levels at 1 hr.

DISCUSSION
Whole-body autoradiography is a powerful technique for screening
the overall distribution profile of radioactively labeled compounds.
This technique is usually applied to mice (12). Generally, doses of
approximately 5 yCi/mouse of [

C]-labeled compounds are used. For

tritiated compounds doses about 100 times larger are required, due
to the small penetration power of the low-energy ß-particles emitted
during the decay of tritium (12). Thus high specific activity of the
labeled compounds is essential in reducing the necessary dose and
exposure times. The specific activities of the applied [ c ] - and
[3H]-ACTH 4-9 analogs amounted to 19.3 uCi/umol respectively 24 mCi/
umol. Despite these high specific activities, very high doses of
these potent analogs had to be administered. For autoradiographic
analysis of tissue distribution s.c. administered doses of 90 ug
(2.1 uCi) [ 14 C]-ACTH 4-9 analog respectively 35 pg (1.0 mCi) [3H] ACTH 4-9 analog were required, although behaviorally active doses
are in the range of nanograms (6).
The present autoradiographic results, obtained at 1 hr and 4 hr
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and 4 hr after oral administration. Radioactivity not found in the

after s.a. injection of the [

c ] - and [ 3 H]-labeled ACTH 4-9 analogs,

are in accordance with the reported data on autoradiographically detected organ and tissue localization of radioactivity after i.v. injection of the tritiated hypothalamic releasing peptides TRH (2) and
LH-RH (3), of the tritiated tripeptide PLG
de;5) and of the labeled pituitary peptide

(prolyl-lèucyl-glycinami125
I-a-MSH (4). In view

of the supposed central site of action of ACTH-like neuropeptides
(13,14), the uptake of the title behaviorally highly potent ACTH 4-9

I

analog in the brain is of particular interest. This peptide analog,
administered s.c. in a dose of 1 ng, has an inhibitory effect on the
extinction of conditioned active avoidance behavior for several hr
(6). However, uptake of radioactivity in the central nervous system
is hardly detectable at the two time intervals investigated. It is
unlikely that these very low levels can be attributed to the presence of radioactivity of the brain vascular compartment, because brain
uptake of radioactivity was also observed in mice which were perfused

immediately prior to sacrifice (cf Fig.l and Fig.2). Very low

uptake of radioactivity in the brain after systemic administration
has also been shown for labeled TRH, LH-RH, PLG and a-MSH, as determined both by whole-body autoradiography in mice and by direct measurements of radioactivity in rats (2-5). Thus, it is apparent that
these oligopeptides and/or their radioactive metabolites cross the
blood-brain barrier and/or the blood-CSF barrier to a very small degree, despite their reported centrally mediated behavioral effects
(1,9,10). Nevertheless, the observed very low uptake in the brain
does not exclude the possibility that amounts of systemically administered behaviorally active peptides enter the brain, which are
high enough to build up effective concentrations at their sites of
action.
The observation of high radioactivity levels in the kidneys 1 hr
after s.c. injection (Fig.3) demonstrates the importance of the kidneys as sites of elimination for the ACTH 4-9 analog. The concentration of radioactivity in the liver appears to be much lower than in
the kidneys. However, total liver radioactivity levels are considerable, indicating a possible role of this organ in the biotransformation of the peptide analog. The very high accumulation of radioactivity in the gall-bladder (Fig.2) suggests that radioactive metabolites, formed in the liver, are excreted into the intestinal tract
via the bile. Accordingly, extensive labeling of the intestinal lu-
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men and walls xs observed. These metabolites may then be excreted
in the feces and/or absorbed into the blood. High uptake of radioactivity in both the salivary and lacrimal glands has also been
shown for other peptides (2,4,5) and for amino acids (7,8); the physiological significance of preferential uptake in these glands is
unknown. Very high levels of radioactivity, comparable to those in
the kidneys, are manifest in the pancreas 1 hr after s.c. injections of the 8-[14C-e-N-dimethyl]-D-r.ys-ACTH

4-9 and [7-3H-Phe] -ACTH

4-9 analogs.- Similar results have been obtained after i.v. injection of radioactive lysine (8) and phenylalanine (7). Moreover, the
pancreas has been found to accumulate various amino acids to a
greater extent than any other organ and this has been ascribed to
the sxtremely high rate of protein synthesis in the pancreas (7).
Thus it seems reasonable to assume that the high radioactivity levels in the pancreas at 1 hr after s.c. injection of the labeled
ACTH 4-9 analog reflect accumulation of its metabolites, possibly
radioactively labeled amino acids.
The main conclusion from this whole-body autoradiographic study
is, that s.c. administration of the radioactively labeled ACTH 4-9
analog leads to very low uptake of radioactivity in the brain, the
target tissue of ACTH-like neuropeptides (13,14). The results also
suggest extensive metabolism of the peptide analog, as indicated by
the high uptake of radioactivity in the kidney, liver, gall-bladder,
gastro-intestinal tract and pancreas.
The next chapter (III) will describe the uptake of the title
ACTH 4-9 analog in the brain after various routes of systemic administration in rats, as determined by direct measurements of radioactivity. In addition, the contribution of intact peptide and radioactive metabolites to recovered radioactivity in the brain will be investigated.

REFERENCES
1. DE WIED, D., Pituitary-adrenal system hormones and behavior. In:
F.O. Schmitt and F.G. Worden (Eds.), The Neurosciences Third Study Program, MIT Press, Cambridge, 1974, pp. 653-666.
2. DUPONT, A., LABRIE, F., PELLETIER, G., AND PUVIANI, R., Organ
distribution of thyrotropin-releasing hormone, Gen.Comp.Endocrinol., 19 (1972) 522-526.

37

3. DUPONT, A., LABRIE, F., PELLETIER, G., PUVIANI, R., COY, D.H.,
COY, E.J., AND SCHALLY, A.V., Organ distribution of radioactivity and disappearance of radioactivity from plasma after administration of [3H] luteinizing hormone-releasing hormone to mice and
rats, Neuroendocrinology, 16 (1974) 65-73.
4. DUPONT, A., KASTIN, A.J., LABRIE, P., PELLETIER, G., PUVIANI, R.,
AND SCHALLY, A.V., Distribution of radioactivity in the organs
of the. rat and mouse after injection of [12^i]-a-melanocyte-stimulating hormone, J.Endocr., 64 (1975) 237-241.
5. DUPONT, A., LABRIE, F., PELLETILR, G., PUVIANI, R., COY, D.H.,
SCHALLY, A.V., AND KASTIN, A.J., Distribution of radioactivity
in the organs of the rat and mouse after injection of L-[3H]pro~
lyl-L-leucyl-glycinamide, J.Endocr., 64 (1975) 243-248.
6. GREVEN, H.M., AND DE WIED, D., The influence of peptides derived
from corticotrophin (ACTH) on performance. Structure-activity
studies, Progr.Brain Res., 39 (1973) 429-442.
7. HANSSON, E., Uptake and disappearance of radioactivity in the
pancreas in relation to other organs following intravenous injection of labelled amino acids, Acta Physiol.Scand., 46, Suppl.161
(1959) 32-41.
8. MATSUOKA, D.T., ALCARAZ, A.F., COHEN, M.B., AND SPOLTER, L., Acute distribution of l4c-amino acids in mice as determined by
whole-body autoradiography: adjunct for radiopharmaceutical synthesis, Int.J.appl.Radiat.Isotopes, 24 (1973) 705-707.
9. PRANGE Jr., A., Behavioral effects of hypothalamic polypeptides
in animals and man, Psychopharmacology Bulletin, Vol.10, No.4,
(1974) 11-14.
10. PRANGE Jr., A.J., WILSON, I.C., BREESE, G.R., AND LIPTON, M.A.,
Behavioral effects of hypothalamic releasing hormones in animals
and men, Progr.Brain Res., 42 (1975) 1-9.
11. ULLBERG, S., Studies on the distribution and fate of S -labelled benzylpenicillin in the body, Acta Radiol., Suppl. 118 (1954)
1-110.
12. ULLBERG, S., HAMMARSTROM, L., AND APPELGREN, L.E., Autoradiography in Pharmacology. In: G. Peters and Y. Cohen (Eds.), International Encyclopedia of Pharmacology and Therapeutics., Section 78,
Radionuclides in Pharmacology, Vol.1, Pergamon Press, Oxford,
1971, pp. 221-239.
13. VAN WIMERSMA GREIDANUS, Tj.B., AND DE WIED, D., Effects of systemic and intracerebral administration of two opposite acting ACTHrelated peptides on extinction of conditioned avoidance behavior,
Neuroendocrinology, 7 (1971) 291-301.
14. VAN WIMERSMA GREIDANUS, Tj.B., BOHUS, B., AND DE WIED, D., Differential localization of the influence of lysine vasopressin and
of ACTH 4-10 on avoidance behavior: a study in rats bearing lesions in the parafascicular nuclei, Neuroendocrinology, 14 (1974)
280-288.
15. WITTER, A., GREVEN, H.M., AND DE WIED, D., Correlation between
structure, behavioral activity and rate of biotransformation of
some ACTH 4-9 analogs, J.Pharmacol.exp.Ther., 193 (1975) 853-860.

38

-i

'f Í

\

Chapter III
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IN VIVO FATE OF A BEHAVIORALLY ACTIVE
ACTH 4-9 ANALOG IN RATS AFTER
SYSTEMIC ADMINISTRATION

INTRODUCTION
N-terrninal ACTH fragments, like ACTH 1-10 and ACTH 4-10, affect
acquisition and maintenance of active and passive avoidance behavior
in the rat. The steroidogenic activity of these neuropeptides is markedly reduced (7). The divergence between behavioral and endocrine
activity becomes even more pronounced when various amino acid substitutions are introduced in these neuropeptide molecules. This is particularly evident in 4-Het(0_),8-D-Lys,9-Phe-ACTH

4-9 where the in-

troduction of three structural modifications in ACTH 4-9 resulted in
an increase in behavioral activity by at least a factor of one thousand, and a decrease in MSH and steroidogenic activity of a similar
magnitude (7) . Evidence was put forward that this increase in behavioral activity could be explained by increased resistance against in
vitro proteolytic breakdown (18) . The present report describes the in
vivo fate of this particular ACTH 4-9 analog. The studies with this
peptide analog were undertaken to investigate uptake in the brain,
metabolic fate and possible oral applicability of this substituted
hexapeptide.

MATERIAL AND METHODS

4-Met(02),

8-D-Lys,9-Phe-[?-3H-Phe]ACTH

4-9

The [ H]-ACTH 4-9 analog was prepared by catalytic iodine-tritium
exchange of the corresponding p-iodophenylalanine peptide. The (radio) chemical purity and biological activity of this t r i t i a t e d peptide
were high (Greven and Witter, submitted for publication). The
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specific activity was approximately 24 mCi/yniol.
Administration of the

[äH~\-peptide

Male rats of an inbred Wistar strain, weighing 180-240 g, were
used. Unless stated otherwise, the animals were anesthetized with
112.5 mg urethane in 0.9 ml saline per 100 g body weight, i.p., and
received 2.5 mg heparine in 0.5 ml saline per animal, i.V., prior to
administration of the peptide. I.V. injection was performed through
a cannulated jugular vein with a solution of 44 yg [ H]-peptide (50
nmol), corresponding to 1.2 mCi, in 250 yl saline. This was followed
immediately by 150 ul saline. For s.c. administration a solution of
44 yg [ 3 H]-peptide in 0.5 ml saline was used. Prior to oral administration the animals were "fasted for 18 hr. The [ H]-peptide (36 ug)
was mixed with bovine serum albumin (20 mg) and the mixture was dissolved in 1 ml 0.15 M NaHCO 3 . This solution and the subsequently administered rinsing solution of 2% bovine serum albumin in 0.15 M
NaHCO, (2 ml) were gavaged into the stomach.

Plasma distribution of radioaativity
Blood samples (250 yl) were withdrawn from a cannulated jugular
vein, contralateral to the jugular vein used for i.v. injection. Fifteen sec before each withdrawal 100 ul blood was taken and discarded,
to compensate for the dead space of the cannula and the needle (50-75 yl). A clean propylene syringe was used for each withdrawal. The
blood samples were cooled immediately to 0

and plasma was obtained

by centrifugation. A 5 yl plasma aliquot was dissolved in 10 ml scintillation mixture, toluene-triton X 100 (2:1,v/v) containing 2,5 diphenyloxazole (4 g/liter) and counted in a liquid scintillation counter (Isocap 300, Nuclear Chicago). Quench corrections were carried
out by external standard ratios.

Radioactive metabolites in plasma
To 100 vl of plasma 100 vl of a 2.5% acetic acid carrier solution, containing

10 yg non-radioactive ACTH 4-9 analog and 10 ug of

each of the main metabolites Met(O-)-Glu-His-Phe, Glu-His-Phe, Phe-D-Lys-Phe and Phe, was added. Subsequently 200 yl of a 12% (w/v) aqueous trichloroacetic acid (TCA) solution was added and the mixture centrifuged 30 min later. The precipitate was washed twice with a 6% TCA
solution. From the combined supernatants an aliquot was counted for

40

radioactivity to determine recovery. The rest of the solution was
washed thrice with an equal volume of peroxide free diethylether to
remove TCA. The recovery of this step was determined by counting an
aliquot and the rest of the water-layer was lyõphilized. All operations were carried out at 0-4°. The lyophilizate was dissolved in 100
vil 2.5%acetic acid and an aliquot counted to determine possible losses due to formation of tritiated water. Radioactive metabolites
were investigated with 25 ul samples by paperchromatography in BAPW
= n-butanol-acetic acid-pyridine-water (15:3:10:12,v/v/v/v), Radioactivity was located by contact autoradiography on Kodak RP X-omat Medical X-ray film, after a short dip of the chromatogram in a 2.5%
solution of 2,5-diphenyloxazole in ether. If contact autoradiography
was not feasible because of too low radioactivity concentrations
(less than 25 nCi/nD , the chromatogram was cut in 1 cm strips,
which were placed in counting vials. Radioactive material was extracted by shaking these vials for 1 hr at 40° with 1 ml of 2.5%
acetic acid, after which 10 ml of scintillation mixture was added.
In separate experiments located radioactive spots were eluted from
the chromatogram by elution chromatography with 25% acetic acid for
4 hr at near 100% relative humidity. The eluates were lyophilized
and redissolved in 2.5% acetic acid for further investigation by paperchromatography in BAW = n-butanol-acetic acid-water (4:1:5,v/v/v;
organic phase) or paperelectrophoresis in acetic acid-pyridine-water
(1:50:950,v/v/v) pH 6.5 for Ik hr at 2000 V. Identification of radioactive compounds was carried out by cochromatography and coelectrophoresis with synthetic reference peptides.

Tissue distribution of radioactivity
This was determined in separate experiments. Plasma was sampled
from trunk blood and counted directly for radioactivity. Liver, kidney and brain were dissected immediately after decapitation, weighed
and homogenized ultrasonically for 30 sec at 20 kHz with a cold 6%
TCA solution (7.5 ml/g fresh tissue). The homogenate was centrifuged
at 4

and the precipitate washed twice with a cold 6% TCA solution.

From the combined supernatants an aliquot, usually 1 ml, was counted
for radioactivity.
urinary excretion of radioactivity was measured after i.v. administration. Shortly before injection of the [3H]-peptide the urethra
was ligated and both ureters were provided with losely fitting liga-
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tures. Immediately before decapitation the ureters were ligated. After decapitation the urine bladder was dissected, urine removed by
aspiration, the bladder washed twice with 200 yl saline and the total
volume recorded and counted for radioactivity.
The concentration of radioactivity in the cerebrospinal fluid
(CSF) was measured after s.c. administration. Shortly before injection of the [ H]-pepti'de a polypropylene cannula (id 0.4 m m ) , connected to a dual infusion-withdrawal pump, was inserted into the cisterna
magna. During insertion artificial CSP (4) was pumped through the
cannula at 0.3 yl/min. The feasibility of the connection was verified
by infusion for 10 min and withdrawal for 30 min. Immediately before
decapitation 25-50 yl CSF was withdrawn in 15-30 sec, its volume recorded and the concentration of radioactivity determined. The brain
was dissected and cut in four parts by a sagittal section through the
midline and a transversal section at the level of the bregma. The
four brain segments were washed thrice in icecold saline, 5 ml and
for 20 sec each, and frozen.
Radioactive metabolites in brain
To the TCA extract from whole brain tissue was added 100 pi of
carrier solution and the mixture washed five times with an equal volume of neroxide free ether. An aliquot of the water layer was counted
to establish recovery and the remaining part was lyophilized. The residue was dissolved in 250 yl 0.01 M ammoniumacetate pH 6.5 and an
aliquot counted to estimate the contribution of tritiated water to
total radioactivity in the TCA extract. The remaining solution was
transferred to a Dowex 1 X 2

[H+] column, 0.7 x 6.5 cm, equilibrated

with 0.01 M ammoniumacetate buffer pH 6.5. Elution was performed with
the same buffer at 0.4 ml/min and radioactive fractions were pooled,
the total volume recorded and a sample counted for recovery. The remaining solution was lyophilized and the residue dissolved in 100 yl
2.5% acetic acid. Metabolites were determined as before by paperchromatographic and paperelectrophoretic analysis.

RESULTS
Distribution of radioactivity and intaot peptide in plasma
Intravenous injection of the [3H]-ACTH 4-9 analog led to a rapid
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disappearance of radioactivity and of intact peptide from plasma
(Fig.ljA and B ) . The disappearance rates decreased with time and, accordingly, t5j increased with time. The th, estimated graphically between 1 and 6 min after administration is approximately 4,6 min for
total radioactivity and 4 min for intact peptide. The plasma disappearance curves can probably be represented by the sum of some exponential terms, but the limited number of observations does not allow
a realistic analysis by the peeling-off technique. An estimate of
the initial volume of distribution was obtained by extrapolation of
a third order polynomial approximation of the initial part of the
plasma radioactivity disappearance curve to zero time. The coefficients of this approximation were obtained by least square analysis.
This volume averaged 5.9% of the mean body weight or 14.2 ml.
The plasma distribution curves for total radioactivity and intact peptido after s.c. administration are presented in Fig.2A and B.
Both curves run virtually parallel and indicate the appearance of
maximal plasma levels 8 min after administration. The plasma disappearance rates are slow and the plasma concentration of intact peptide exceeded the corresponding concentration after i.V. injection
about 15 min after administration and continued to do so (cf. Fig.2B
and IB).
The initial plasma levels after oral administration (Fig.3) were
much lower than observed after administration by the i.V. and s.c.
route. However, the plasma concentrations of total radioactivity increased rapidly with time for a considerable period. Accordingly,
these concentrations approximated those after i.v. and s.c. injection
at 3-8 hr after administration (cf. Fig.3A and A 1 and Fig.lA and 2 A ) .
A considerable difference in absorption characteristics was observed
for anesthetized (Fig.3A) and conscious (Fig.SA1) rats. The initial
absorption in conscious animals was about tenfold the value in anesthetized animals. However, plasma concentrations in conscious animals
leveled off after a peak value obtained 4 hr after administration,
compared to 8 hr in anesthetized rats. This resulted in similar plasma radioactivity concentrations 6 hr after oral administration for
both groups of animals. Such discrepancies in plasma radioactivity
levels in anesthetized and

conscious animals were not found after

i.v. and s.c. administration. The intact peptide plasma levels are
considerably lower than after i.v. or s.c. administration.
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Figure 1. Plasma concentrations of radioactivity (A) and intact peptide (B) after
i.v. administration of 44 ug (1.2 mCi) ACTH 4-9 analog in urethane anesthetized
rats. Intact peptide concentrations were determined by paperchromatography of trichloroacetic acid plasma extracts (cf. Fig.4). Each point represents the mean +_ SD
of 5 determinations.
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Figure 2. Plasma concentrations of radioactivity (A) and intact peptide (B) after
s.c. administration of 44 ug ACTH 4-9 analog in urethane anesthetized rats. For
further details see legend Fig.l.

Figure 3. Plasma concentrations of radioactivity in urethane anesthetized (A) and
conscious (A ) rats and of intact peptide in conscious animals (B ) after oral administration of 36 ug ACTH 4-9 analog. For further details see legend Fig.l.
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Table I.

TISSUE DISTRIBUTION OF RADIOACTIVITY AFTER I . V . ADMINISTRATION OF [ H ] ACTH 4-9 ANALOG
15 min

5 min
Liver

0.66

+ 0.08§

0.41

+ 0.07

Kidney

6.33

+0.7

6.91

+_ 0.9

Cerebellum

0.08

+ 0.02

0.06

+_ 0.005

Brain cortex

0.07

+ 0.01

0.06

i 0.003

Brain stem

0.07

+_0.01

0.06

+_ 0.003

Urine

0.001 + 0.0007

0.01

+ 0.007

i

30 min

0.24
6.82
0.055
0.055
0.05
0.02

^0.04
+1.0
+_ 0.006
+_ 0.006
^ 0.008
+ 0.01

* Time after i.v. injection of 44 ug [ H ] - A C T H 4-9 analog in urethane anesthetized
rats.
§ All values represent the mean +_ SD of 4-5 determinations and are expressed as
percent of injected dose/g fresh tissue.

Tissue distribution of radioactivity
The distribution of total radioactivity over various tissues after i.v. injection is presented in Table I. The kidneys show the
highest uptake of radioactivity and high levels were reached rapidly
after administration. The urinary concentrations were low and showed
considerable variations. The contribution of urinary excretion to
the elimination of radioactivity in the first 30 min after administration is very small, despite increasing urinary concentrations
with time. Radioactivity concentrations in the liver were considerably lower than those in the kidneys and they decreased with time. Uptake of radioactivity in the brain was low and evenly distributed
over gross brain areas.
The distribution of radioactivity after s.c. administration is
given in Table II. As before, highest levels were found in the kidneys. At 2 hr after administration the average kidney concentration
had increased strikingly, as had the variability in results. The concentration of radioactivity in ii\/er was of a similar magnitude as
observed after i.v. injection, but almost constant in time. Uptake
of radioactivity in brain increased with time and ran parallel with
the concentration in the CSF.
The distribution after oral administration in conscious animals
is tabulated in Table III. The concentrations in kidney and liver
were low and of similar magnitude. They follow resembling time patterns, reaching peak values 4 hr after administration which coincide
with a peak in plasma concentration (cf. Fig.SA 1 ). Surprisingly, up-
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Table II.
TISSUE DISTRIBUTION OF RADIOACTIVITY AFTER S.C. ADMINISTRATION OF [ H ] - A C T H 4-9 ANALOG

10 min

30 min

60 min

120 min

Liver

0.32 +_ 0.08

0.35 +_ 0.07

0.31

i 0.04

0.34 +_ 0.09

Kidney

2.15 +_ 0.9

1.68 +. 0.5

1.65

+_ 0.1

7.39 +_ 4.3

Brain

0.03 +_ 0.01

0.05 +_ 0.01

0.065 +_ 0.002

0.09 +_ 0.02

CSF

0.03 + 0.01

0.05 + 0.02

0.05

0.10 + 0.02

+ 0.02

Time after s.c. injection of 44 pg [ H ] - A C T H 4-9 analog in urethane anesthetized rats.
All values represent the mean +_ SD of 5-8 determinations and are expressed as percent of injected dose/g fresh
tissue.

Table III.
TISSUE DISTRIBUTION .OF RADIOACTIVITY AFTER ORAL ADMINISTRATION OF [ H ] - A C T H 4-9 ANALOG

30 min

§

1 hr

2 hr

4 hr

6 hr

0.11 + 0.03

0.07 +_ 0.01

0.17 +_ 0.05

0.09 + 0.01

Liver

0.08 +_ 0.01

Kidney

0.06 +_ 0.02

0.08 +_ 0.01

0.09 +_ 0.02

0.20 +_ 0.03

0.18 +_ 0.02

Brain

0.03 + 0.01

0.04 + 0.01

0.03 + 0.004

0.07 + 0.02

0.03 + 0.01

ç
after oral administration of 36 pg [_ H J - A C T H 4-9 analog in conscious rats.
All values represent the mean +^ SD of 4 determinations and are expressed as percent of administered dose/g fresh
tissue.
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Figure 4. Separation of radioactive metabolites from TCA extracts from plasma or
brain by (a) paperchromatography in n-butanol-acetic acid-pyridine-water (15:3:
:10:12,v/v/v/v) . The area with Rf 0.56 was eluted and investigated further by (b)
paperelectrophoresis in acetic acid-pyridine-water (1:50:950,v/v/v) pH 6.5 for
1*5 hr at 2000 V. Radioactivity was determined in 1 cm s t r i p s of the chromatograms, as described in Material and Methods. The positions of reference peptides
are indicated by rectangular, numbered bars: 1 = Met^J-Glu-His-j/HJPhe-D-Lys,
Glu—His-PEi]Phe-D-t.ys; 2 = Met(O2)-Glu-His- [3H]Phe-D-Lys-Phe; 3 = Met(Q2)-Glu-His-[3H]Phe,Glu-His-[3H]Phe; 4 = [3H]Phe-D-Lys-Phe; 5 = [ 3 á]Phe.

take in brain was of the same order of magnitude as observed after
i.v. and s.c.

administration.

Radioactive metabolites

in plasma and brain

The recoveries of the various steps applied in i s o l a t i n g the r a dioactive metabolites were 91 + 13% for the e x t r a c t i o n with TCA from
plasma, 94 + 8% a f t e r washing of the TCA extract with ether, 96 + 8%
after lyophilization of the ether treated e x t r a c t s , 92 +_ 11% for the
elution from t h e Dowex 1 X 2 columns (brain e x t r a c t s only) and 88 +
15% for the e l u t i o n from the chromatograms. These values are given
as means + SD and the number of observations was 25 - 50.
Lower recoveries for the TCA extractions from plasma were found for
periods exceeding 1 hr after administration: 76 +_ 8%, 80 min after
s . c . injection; 47 +
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8%, 31 + 2% and 29 + 2.5% respectively 1, 2

and 4 hr after oral administration. Radioactivity not found in the
extract was completely recovered from the TCA precipitate. Therefore,
these lower recoveries probably represent losses due to incorporation of liberated [ 3 H]-phenylalanine into TCA insoluble proteins.
This was verified by incubating the TCA precipitate, after washing
with ether, with a mixture of proteolytic enzymes for 30 h at 38° in
0.1 M phosphate buffer. After incubation the mixture was treated
with an equal volume of 12% TCA and less than 0.2% of the radioactivity was found in the precipitate. The supernatant was subjected to
paperchromatography and 78% of the recovered radioactivity was identified as [3H]-phenylalanine.
Lyoohilization recoveries below 90% were considered to indicate
losses due to removal of tritiated water. In some control experiments the amount of tritiated water in the ether treated TCA extracts was determined by a different approach, using successive ionexchange chromatography (14). The values obtained by this procedure
were identical to those obtained by lyophilization.
A typical separation profile of radioactive metabolites in plasma or brain extracts is presented in Fig.4.
The distribution of recovered radioactivity over various radioactive metabolites in plasma and brain after i.v. administration is tabulated in Table IV. The metabolic and distributional events which
lead to the metabolite patterns in plasma seem to take place predominantly during the first min after injection. The contribution of intact peptide was high and decreased only slowly with time (cf. Pig.
IB). The main radioactive metabolites were [ H] Phe-D-Lys-Phe and
L HJPhe. Initially, the contribution of both metabolites increased
with time but at 30 min after administration the concentration of
[ H]Phe-D-Lys-Phe tended to decrease, whereas the concentration of
[ H]Phe continued to increase. The contribution of intact peptide to
recovered radioactivity in brain tissue was considerably lower than
in plasma and its rate of disappearance much higher. Tritiated water,
which could not be detected in plasma, was the main radioactive metabolite. Also [_ HJPhe was a major metabolite in brain, but the contribution of [ H] Phe-D-Lys-Phe was small.
The metabolic profiles after s.c. administration of the [3H]-peptide are given in Table V. Again, the pattern of radioactive metabolites in plasma is established rapidly after administration. It remains remarkably constant during the 80 min period of investigation.
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Table IV.
DISTRIBUTION OF RADIOACTIVITY IN TCA EXTRACTS FROM PLASMA (A) AND BRAIN (B) OVER RADIOACTIVE METABOLITES AFTER
I.V. ADMINISTRATION OF £ 3 H]-ACTH 4-9 ANALOG

Time and Values
A. Plasma (n=5)

1 rain

Met(02)—Glu-His-[3HjPhe-D-Lys-Phe

2 min

4 min

8 min

30 min

54.9 +_ 5.0

51.1 +_ 2.8

48.5 +_ 4.2

44.1 +_ 3.1

42.0 +_ 3.3

5.9 +_ 0.7

6.1 +_ 1.9

6.9 +_ 1.9

7.3 + 2.9

3,1+ 0.8

[ H]Phe-D-Lys-Phe

24.6 +_ 2.1

27.8 +_ 5.5

28.9 +_ 5.6

30.6 +_ 0.6

26.5 +_ 3.4

[3H]Phe

15.0 +_ 4.3

15.1 + 4.5

17.1 +_ 4.5

21.1 + 1.6

25.5 +_ 1.6

(Met(0))-Glu-His-[3H]Phe
3

B. Brain (n=2)
Met (02) —Glu-His- [ 3 H] Phe-D-Lys-Phe
3

(Met (0 )) -Glu-His- [ H] Phe
[ 3 H] Phe-D-Lys-Phe
3

5 min

15 min

30 min

15.7

11.3

6.2

11.0

7.0

6.3

5.1

2.3

0.5

[ H]Phe

26.5

33.9

33.1

[3H]H O

41.6

45.2

54.2

.Time after i.v. injection of 44 yg £ H ] - A C T H 4-9 analog in urethane anesthetized rats.
Values represent the mean + SD and are expressed as percent of recovered radioactivity.

Table V.
DISTRIBUTION OF RADIOACTIVITY IN TCA EXTRACTS FROM PLASMA (A) AND BRAIN (B) OVER RADIOACTIVE METABOLITES AFTER S.C.
ADMINISTRATION OF [ 3 H] -ACTH 4-9 ANALOG

Time and Values
A. Plasma (n=6)

2h min
3

Met (0_) —Glu-His- [ H] Phe-D-Lys-Phe
(Met(0 ))-Glu-His-[3H]Phe
r 3 -.
j_ Hj Phe-D-Lys-Phe
[3H]phe

B. Brain (n=5)

5 min
5

20 min

40 min

80 min
59.3 +_ 9.0

54.4 +_ 1.7

60.2 +_ 8.7

57.9 +_ 8.0

58.1 +_ 6.9

59.7 +_ 5.7

11.4 + 1.6

10.6 + 2.1

12.8 +_ 2.7

10.4+1.8

10.7 +_ 0.9

10.2 +_ 1.1

13.4 +_ 5.0

12.7 + 5.7

13.1 +_ 3.7

12.4 +_ 4.7

12.4 + 4.1

11.0 + 3.3

20.8 + 5.8

16.7 + 6.3

16.3 + 5.9

19.1 + 4.5

18.2 + 4.4

19.5 + 7.2

10 min

Met (02) —Glu-His- [ H] Phe-D-Lys-Phe

10 min

5.9 +_ 2.8§

30 min
2.5 +_ 1.2

60 min
0.8 + 0.4

(Met (0 )) -Glu-His- [ 3 H] Phe-D-Lys

2.9 +_ 1.0

1.8 +_ 0.5

1.7 +_ 0.2

(Met (0 )) -Glu-His- [ H ] Phe

9.2 +_ 3.4

6.3 +_ 1.1

4.3 + 0.6

5.6 +_ 2.4

1.5 +_ 1.4

n.d.t

31.9 +_ 8.1

32.0 +_ 3.7

25.7 +_ 4.7

44.6 +11.1

55.9 + 4.8

67.5 + 5.6

[ H] Phe-D-Lys-Phe
3

[ H]phe
3

L H]H ? O

.Time after s.c. injection of 44 ug \_ HJ-ACTH 4-9 analog in urethane anesthetized rats.
Values represent the mean +_ SD and are expressed as percent of recovered radioactivity.
+not detectable.

to

Table VI.
DISTRIBUTION OF RADIOACTIVITY IN TCA EXTRACTS FROM PLASMA (A) AND BRAIN (B) OVER RADIOACTIVE METABOLITES AFTER
ORAL ADMINISTRATION OF [ 3 H] -ACTH 4-9 ANALOG
Time and Values

A. Plasma (n=3-4)
Met(O )—Glu-His- [ 3 H] Phe-D-Lys-Phe
(Met(0 2 ))-Glu-His- [ H]Phe-D-Lys

30 min
6.0 ± 0 . 6 §
1 4
3.9

1 hr
6 . 7 i 0.7

2 hr
4 . 6 +_ 0.4

4 hr
2 . 8 +_ 0.4

4 . 0 +_ 1.2

1.1 +_ 0.3

0 . 5 + 0.2

15.7 + 3.2

2 . 4 •f 0 . 5

± -

(Met(0 )) -Glu-His-[ 3 H]Phe
[ 3 H] Phe-D-Lys-Phe

2.3 i

7 . 7 +_ 0.6

5 . 0 ± 0.4

0.3

2 . 1 +_ 0.1

0 . 2 +_ 0.2

n .d.

+ 3.7
85.3 + 5.0

3

28.5

± 4-1

33.1 +_ 2.4

19.8 + 6.0

3

38.7 + 7.1

44.8 + 4.1

68.2 + 5.1

1 hr

2 hr

[ H>he
[ H]H,O

B, Brain (n=4)

30 min
3

Met (0 ) —Glu-His- [ H] Phe-D-Lys-Phe

0.9

0.8

4.2

4.7

+_ 0.3
+ 0.6
6 . 9 + 1.7
+
n .d.
16.9 i 3.7
69.3 + 5.2

(Met(Og))-Glu-His-[ H]Phe-D-Lys
(Met (0 2 )) -Glu-His- [ 3 H] Phe
3

[ H] Phe-D-Lys-Phe
[3H]Phe

±°

.1

± 1 .4

4 . 8 + 0. 8

n .d.*
19.7 + 2 . 5
68.9 + 4 . 6

+ 0.2
+_ 0.4
3 . 0 + 0.4
f
n .ä.
4
15.4 t - 7
77.5 + 4.5
0.8

2.4

„Time after oral administration of 36 vig [ H]-ACTH 4-9 analog in conscious r a t s .
Values represent the mean +_ SD and are expressed as percent of recovered radioactivity.
'not detectable.
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The contribution of intact peptide to recovered radioactivity is
well over 50% and the main metabolites in plasma are [ H]Phe, [ H ] -Phe-D-Lys-Phe and (Met(0,))-Glu-His-[ H]Phe. The contribution of
intact peptide in brain was small and rapidly diminishing. Tritiated
water was the main metabolite in brain tissue and its relative concentration increased at a similar rate as obtained after the i.V.
route. Again [_ H] Phe was another major metabolite.
The relative concentrations of radioactive metabolites in plasma and brain after oral administration are tabulated in Table VI.
The values were obtained from conscious animals. The contributions
of intact peptide to total recovered radioactivity were low in plasma and even lower, but still distinctly detectable, in brain. In
both brain and plasma tritiated water and to a lesser extent [_ H] Phe
were the most abundant radioactive metabolites. The depot character
of this route of administration (cf. Fig.3) is possibly responsible
for the presence of (Met(02))-Glu-His-[3H] Phe and (Met(02>)-Glu-His-[ H]Phe-D-Lys as radioactive metabolites in both plasma and brain.
An estimate of the,average concentration of intact peptide/g
fresh brain tissue after i.v. administration can be obtained by combining the results from Tables I and IV. These estimates correspond
to 1.1 X 10~ 4 , 0.7 X 10~ 4 and 0.3 X 10~ 4 of the administered dose at
5, 15 and 30 min after administration respectively. Similar figures
can be calculated for the s.c. route from Tables II and V, resulting
—4
in average brain concentrations of intact peptide of 0.2 X 10 ,
0.1 X 10~ 4 and 0.05 X 10~ 4 of the administered dose at 10, 30 and 60
min after administration respectively. After oral administration
—4
these figures are approximately 0.03 X 10
at 30 and 60 min after
administration.

DISCUSSION
The present results are generally in accordance with literature
data on the in vivo fate of brain oligopeptides (19) . The characteristic feature of the title peptide is its high behavioral activity,
introduced by structural modifications. The ACTH 4-9 analog, uJministered s.c. in a dose of 1 ng delays extinction of a pole-jump avoidance response for several hr after administration (18). In view of
this high potency and the supposed central site of action (17), up-
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take in the brain is of particular interest. The estimated concentration of intact peptide in the brain is in the order of 10
the s.c. administered dose. The dosage actually used

times

(approximately

40 pg) is much higher than employed in behavioral studies (approximately 1 n g ) , in order to enable adequate analysis of metabolic patterns in plasma and brain tissue. However, uptake in the brain after
s.c. administration was found to be dose-independent in the range of
100 pg - 1 pg; lower dosages were undetectable. If dose-independency
is extrapolated to the biological active dose of 1 ng, a brain con-

I

centration of approximately 10

ng of intact peptide/g brain tissue

results. This value illustrates the high potency, even though local
concentrations might be considerably higher. Compared to regional
brain concentrations of thyrotropin-releasing hormone (5,8) and luteinizing

hormone-releasing hormone (13) which vary from 1-10

ng/g

tissue wet weight, the mean brain concentration of the neuropeptide
is strikingly low.. The low effective brain concentration of the ACTH
4-9 analog implicates high efficacy and high receptor affinity. The
concentration of receptor binding sites is probably high relative to
intact peptide concentration in order to obtain sufficient receptorpeptide interaction, but, for the same reason, probably low in absolute terms. This might be translated as high selectivity, indicating
receptor locations in small restricted brain areas. The recent interest in a possible function of CSF in the distribution of brain oligopeptides (1,3,10) prompted us to investigate the uptake of radioactivity in CSF. After s.c. administration uptake in CSF parallels uptake in brain. Apparently, equilibrium between the two compartments
exists, but conclusions regarding a possible functional role of CSF
in distributing the ACTH 4-9 analog through the brain cannot be
drawn.
The increased behavioral activity of the ACTH 4-9 analog can be
possibly explained by stabilization against proteolytic breakdown.
Substantial evidence for this was obtained from the observation that
a positive correlation between behavioral activity and in vitro th
values of 3 different ACTH 4-9 analogs was found (18) . The effect of
amino acid substitutions on in vivo stability against proteolysis is
not directly evident from the initial t% value of the peptide analog.
The value of 4 min is comparable to the approximated values of 3 min
reported for bio- and radioimmunoassayable luteinizing hormonereleasing hormone (2,16) and 5 min for thyrotropin-releasing hormone
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(11). It is higher than the estimated t V s of approximately 1 min
for ACTH (9), lysine-vasopressin and oxytocin (15) and thyrotropinreleasing hormone (6). The rapid uptake of radioactivity in kidney
and liver after i.V. administration demonstrates that distribution
contributes considerably to the plasma disappearance of peptide and
hence to its relative low initial t^ results. The relatively stable
plasma levels of intact peptide then obtained, reflect the high metabolic stability. A similar increase of t^ with time was also observed for other brain oligopeptides. However, the reported plasma con-

I

centrations of bio- and radioimmuno-assayable peptide were much
lower (11,16) than obtained for the ACTH 4-9 analog in comparable
periods after administration. The rather low urinary excretion might
further contribute to increased plasma levels of intact peptide.
Another aspect related to the use of a modified peptide analog
is its metabolic profile. The position of the label allows detection
by radioactivity of 11 out of 20 possible metabolites. Because the
applied separation procedures do neither differentiate between Met(0 2 )—Glu-His-Phe-D-Lys and Glu-His-Phe-D-Lys nor between MetCO,)-Glu-His-Phe and Glu-His-Phe, information regarding N-terminal proteolysis is limited. The main degradation sites seem to be the peptide bonds between His-Phe and Phe-D-Lys. Metabolites originating
from cleavage of the D-Lys-Phe bond were restricted to brain tissue
and were present in low concentrations only. This demonstrates the
protective effect of the substituting amino acids, particularly of
D-Lys, because the corresponding Arg-Trp bond in natural ACTH is the
main site of proteolytic attack (12). These in vivo data are in accordance with those obtained in vitro (18), both with regard to the
metabolic pattern and the finding that proteolysis in brain exceeds
proteolysis in plasma. The high transfer of label to tritiated water
in brain tissue after peripheral administration is in accordance
with observations by others, using [3H]-labeled amino acids (14).
The absolute amount of tritiated water in the brain is too small to
yield a detectable contribution to plasma metabolites. Apparently,
tritiated water is also formed in the gastro-intestinal tract, because high plasma levels of tritiated water occurred after oral administration. The relatively high plasma concentrations of intact
peptide after oral administration again demonstrate the stabilizing
effect of the amino acid substitutions in the ACTH 4-9 analog against proteolysis and illustrate the possible clinical potential of
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modified neuropeptides.

SUMMARY

I

In vivo fate of a threefold substituted ACTH 4-9 analog with a
markedly potentiated behavioral activity, 4-Met(02),8-D-Lys,9-Phe-ACTH 4-9f was investigated. The radioactive labeled £7-3H-Phe]-ACTH
4-9 analog was administered i.V., s.c. and orally in a dose of approximately 40 ug. Plasma concentrations of total radioactivity and
intact peptide were determined at various periods after administration in urethane anesthetized rats. Oral administration was also performed with conscious animals. Maximal plasma concentrations were
found 8 min after s.c. injection. After oral administration in anesthetized rats maximal plasma levels were reached 8 hr after administration; in conscious animals this took 4 hr. The initial volume of
distribution was 5.9% of body weight and the initial half-life (t%)
for intact peptide 4 min. Shortly after i.v. and s.c. administration
relatively high and stable plasma levels of intact peptide were obtained, reflecting metabolic stability. This stability was also apparent from the metabolite patterns, which were determined in trichloroacetic acid extracts of plasma and brain by paperchromatography and paperelectrophoresis. The plasma profiles indicated increased stability of the labile 8LyS-9ph.e bond by the introduction of a
^D-Lys residue in the peptide analog, enzymatic attack of the analog
took place predominantly at Gjjis-^Phe an( j 7pne_8E>_LyS. Formation of
tritiated water occurred in brain and the gastro-intestinal tract
and was considerable; proteolysis in these compartments was higher
than in plasma. High uptake of radioactivity was found in the kidney,
but urinary excretion was low during the first 30 min. Uptake in
brain was low and paralleled uptake in cerebrospinal fluid. Intact
peptide concentrations/g fresh tissue were in the order of 10" 5 1Q-4 times the administered dose for all three routes.
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APPENDIX CHAPTER I I I

This appendix reports some experiments which are extensions of
the results described in Chapter III,
The observed very low uptake of the title [ H] -ACTH 4-9 analog
in the brain after

peripheral

administration

(Chapter III) necessi-

tates the availability of additional data to determine the contribution of the brain vascular compartment to the measured brain radio-

I

activity levels. Furthermore, it would be desirable to obtain data
on the in vivo fate of the [ H] -ACTH 4-9 analog after administration of dosages that are normally used in behavioral activity studies. This would imply the s.c. injection of approximately 1 ng of
the peptide. Since this would result in undetectable radioactivity
levels in the brain, considerably higher doses (40 pg) were used in
the in vivo fate studies described in Chapter III. These doses enable adequate uptake and metabolic studies in brain tissue. In order
to obtain an impression of intact peptide levels in the brain after
s.c. injection of 1 ng of the ACTH 4-9 analog, the uptake in brain
tissue was studied in relation to the administered dose. The lowest
dosage, fit for use in such studies, is limited by the detectability of accumulated radioactivity in brain tissue.

I. EFFECT OF PERFUSION ON TISSUE DISTRIBUTION OF RADIOACTIVITY AF-3.H]-ACTH 4-9 ANALOG
TER S.C. INJECTION OF THE [
Conscious rats were injected s.c. with a solution of 7 ug (190
yCi) of the peptide in 0.5 ml 0.9% NaCl. Thirty min prior to sacrifice the animals were anesthetized with 4.5 mg sodiumpentobarbital
in 0.2 ml 0.9% NaCl/100 g body weight (i.p.). One of the jugular
veins was cannulated by inserting a polypropylene tube (id 0.6 mm)
in caudorostral direction. The animal was heparinized by intrajugular injection of 2.5 mg heparin in 0.5 ml 0.9% NaCl, after which
the jugular cannula was connected to a perfusion bottle, filled
with a solution of 6% (w/v) Dextran T70 in physiological saline and
placed 1.4 m above the level of the animal to adapt the perfusion
pressure to the basal blood pressure. Then the carotid artery was
occluded and cannulated (id cannula 0.9 m m ) . Afterwards the perfu-
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sion was started and perfused liquid was collected from the carotid
cannula. The animals were exsanguinated with 20-25 ml of the perfusion mixture during a period of 10 min. Then the animals were killed by decapitation. The brain, liver and kidneys were dissected,
extracted with 6% TCA and the radioactivity in the extracts was determined as described in Chapter III. In case of non-perfused animals (controls), plasma aliquots obtained from trunk blood were also counted for radioactivity.
The effect of perfusion on the tissue distribution of total ra-

I

dioactivity 1, 4 and 24 hr after s.c. administration of 7 ug of the
[ HJ-ACTH 4-9 analog is presented in Table I. The perfused animals,
compared to the non-perfused controls, showed decreased concentrations of radioactivity in the cerebellum, brain stem and brain cortex by 20-30%. A similar decrease was found for the radioactivity
levels in the liver at 4 and 24 hr after injection, but perfusion
hardly affected the radioactivity levels in the kidneys. The observed differences between perfused and non-perfused animals were not
significant.
The plasma volume of the brain is approximately 8.7 ul/g wet
weight (Sokoloff, 1961; Lindenbaum et al., 1973). Accordingly, the
contribution of the brain vascular system to the total brain radioactivity levels can be calculated from the plasma radioactivity concentrations of the non-perfused rats (cf. Table I ) . These contributions amount to respectively 7.4, 10.4 and 5.9%, using as average
concentrations of radioactivity in whole brain values of 0.07, 0.05
and 0.06 % of the injected dose at respectively 1, 4 and 24 hr after injection (Table I ) . These calculated contributions are considerably lower than the observed differences in uptake in brain tissue
between perfused and non-perfused animals (20-30%) . This seems to
indicate that the applied perfusion technique not only exsanguinates the brain, but also tends to remove radioactivity from brain
tissue as well. Nevertheless, it is evident from the calculated con• tributions of the brain vascular compartment to overall brain radioactivity concentrations, that the major amount (^ 90%) of radioactivity in the brain after s.c. administration of the [3H]-ACTH 4-9
analog is the consequence of uptake of intact peptide and radioactive metabolites in brain tissue (extracellular and possibly intracellular spaces).
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Table I.
TISSUE DISTRIBUTION OF RADIOACTIVITY IN PERFUSED AND NON-PERFUSED
RATS AFTER S . C . INJECTION OF 7 p g ( 1 9 0 l i C i ) OF THE [ H ] -ACTH 4 - 9
ANALOG

Time after
injection
1 hr

4 hr

2 4 hr

Tissue

Non-perfused
rats

Perfused
rats

Cerebellum

0 .07 +_ 0.02*
5

0 .05

5
±

0. 0 1 *

Brain stem

0 .07

+ o.oi

Brain cortex

0 .06 5

±

0.01

0 .05

+ 0. oo

Liver

0 .19 +_ 0.01

0 . 17

+ 0. 02

Kidney

1 .43 +_ 0.63

1 .30 + 0. 22

Plasma

6 .0

i

Cerebellum

0 .05

i 0.01

0.5

0 .05 +_ 0. 01
4

n.d.**
0 .04
0 .03

+ 0. 01
5

Brain stem

0 .05 +_ 0.01

Brain cortex

0 .05

Liver

0 .07 +_ 0.01

+ 0. oo5
0 .05 +_ 0. 01

Kidney

0 .47 +_ 0.05

0 .51 +_ 0. 08

Plasma

6 .0

Cerebellum

0 .06

+ 0.01

Brain stem

0 -06 5

±

Brain cortex
Liver

0 . 07 +_

0 .06 +_ 0.01

0 .04 +_ 0.,oo

Kidney

0 .23 +_ 0.02

0 .24

Plasma

4 .4

+ 0.01

+_ 1. 1

±

0. 01

0 .04

n.d.
0 .05

1

+ 0..oo

0.01

0 .05 +_ 0.,01

o.oo5

0 .05 +_ 0.,01

+ 0.6

5

+ 0..03

n.d.

All values represent the mean +_ SD of 3 determinations and are expressed as
percent of injected dose/g fresh tissue respectively as percent of injected
dose/10 ml plasma.
Not determined.
Uptake values of both groups are not significantly different (Student's t - t e s t ) .

-1.VÍ
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II. UPTAKE OF RADIOACTIVITY IN PLASMA AND BRAIN AFTER S.C. INJECTION
OF DIFFERENT DOSES OF THE [ H]-ACTH 4-9 ANALOG
Conscious rats were injected s.c. with solutions of 134 ug (3600
uCi), 13.4 yg (360 uCi) and 1.3 yg (36 yCi) of the [ H]-ACTH 4-9 analog in 0.9% NaCl. Ten min after injection, when maximal plasma levels of total radioactivity and intact peptide are found (Chapter
III), the animals were sacrificed by decapitation. Plasma was sampled
from trunk blood and counted directly for radioactivity. The brain
was removed from the cranium, extracted and counted for radioactivity as described earlier (Chapter III).
The results are summarized in Table II. The concentrations of
total radioactivity in plasma and brain tissue were in the same order of magnitude as reported after s.c. injection of 44 ug (1200
uCi) of the [ 3 H J - A C T H 4-9 analog (Chapter III). No statiscally significant differences were observed with respect to the concentrations of radioactivity in plasma and brain after s.c. administration
of 134, 13.4 and 1.3 ug peptide. Also, the tissue/plasma ratios of
the three groups were almost identical.

Table

II.

UPTAKE OF RADIOACTIVITY IN PLASMA AND BRAIN, 10 MIN AFTER S.C. ADMINISTRATION OF DIFFERENT DOSES OF [ 3 tf] -ACTH 4-9 ANALOG IN RATS

Dose

(yg)

134
13 ,4
1 ,3

Plasma

Brain

(n)

0. 021 + 0. 005

(3)

0. 013 + 0 .005

0. 024 + 0. 007

(4)

± °.001

0. 018 + 0. 001

(3)

7 •2 j: 1.0*
5 .6 H- 1. l

0. 015

5 .5 H

0. 010

: °-6

TÍSS ue ratio (g/ml)
Pias ma

± °.003*

!5

All values represent the mean +_ SD for the number of animals given as (n) and
are expressed as percent of injected dose/10 ml plasma respectively as percent
of injected dose/g fresh t i s s u e .
The results of the various groups are not significantly different (Student's t test).

These findings justify the conclusion that the proportional uptake of radioactivity in brain tissue after s.c. administration of
the tritiated ACTH 4-9 analog is dose-independent within the range
of 1-130 ug. uptake in the brain is practically undetectable for doses lower than 1 pg. However, because of this observed dose-indepen-
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dency, it seems reasonable to allow extrapolation to the behaviorally active dose of 1 ng ACTH 4-9 analog in obtaining an estimate of
the behaviorally effective brain concentration of intact peptide after s.c. injection of 1 ng of the peptide analog (Chapter III).
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Chapter IV

DISTRIBUTION OF A BEHAVIORALLY HIGHLY POTENT ACTH
4-9 ANALOG IN RAT BRAIN AFTER INTRAVENTRICÜLAR
ADMINISTRATION

I

INTRODUCTION
Peptides sharing sequences with the pituitary hormones LPH (lipotropij hormone), ACTH (adrenocorticotropic hormone) and MSH (melanocyte-stimulating hormone) affect acquisition and extinction of conditioned active and passive avoidance behavior in the rat (8,9). The
common sequence effective in eliciting behavioral activity is located
in the N-terminal part of these peptide hormones. Thus, with respect
to ACTH, the fragments ACTH 1-10 and ACTH 4-9 possess full behavioral
activity. However, the endocrine activities of these fragments are
markedly reduced (9,10). This divergence between behavioral and endocrine activities can be further enhanced by introducing amino acid
substitutions. Especially, the analog

4-Met(0-),8-D-Lys,9-Phe-ACTH

4-9, where three structural modifications were introduced as compared
to ACTH 4-9 itself, represents a peptide with a thousandfold increased behavioral activity and with a decrease in endocrine activity
of similar magnitude (13). Evidence was put forward that this increase resulted from increased resistance against proteolytic breakdown (28). In view of the enhanced metabolic stability and the usually low in vivo stability of natural peptides (29), this analog seemed
a suitable candidate to investigate the in vivo fate. In order to
perform such studies a [3H]-7-Phe labeled ACTH 4-9 peptide analog was
synthesized. The in vivo fate of this tritiàted peptide in the rat
after various routes of systemic administration was reported recently
(27). Of specific interest was the uptake of the ACTH 4-9 analog in
the brain, the target organ for ACTH-like neuropeptides (8,9). Peripheral administration of the [ H ] - A C T H 4-9 analog resulted in very
low uptake of radioactivity in brain tissue; moreover, despite of the
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increased metabolic stability, the contribution of radioactive metabolites to total radioactivity in the brain appeared to be considerable (27). Therefore, in the studies described in this paper intraventricular injection was used to investigate the distribution profiles
of the [3tf|-ACTH 4-9 peptide analog over various brain areas. Also,
this route of administration was shown to be very effective in eliciting behavioral activity of ACTH neuropeptides (24) . Recent developments in microdissection techniques (17) made it possible to extend- distribution studies to comparatively small brain areas, thereby
increasing obtainable information.

MATERIALS AND METHODS
Radioactive materials
The preparation and properties of the tritium labeled analog 4-Met(O_) ,8-D-Lys,9-Phe-[7- H-PhelACTH 4-9 have been described (Greven
& Witter, submitted for publication). .L-Phenyl-\2,3- H]alanine (TRK.
266) at a specific activity of 15.6 mCi/umol and a radiochemical
purity of at least 95% was purchased from the Radiochemical Centre,
Amersham (Great Britain). Injection solutions contained approximately
200 yCi of [3H]-ACTH 4-9 analog (6.9pg) or 120 yCi of [3H] -Phe (1. 3ug)
in 100 pi artificial CSF (3).

Injection techniques
Male albino rats of an inbred Wistar strain, weighing 180-210 g,
were used. The animals were anesthetized with urethane (112.5 mg/100
g body weight, intraperitoneally). Intraventricular

(i.vt.) injec-

tions were performed via an indwelling polypropylene cannula (id 0.4
mm) in a lateral ventricle using

coordinates as described by Ben-

Jonathan et al (2). Before implantation, the ventricle cannula was
connected with a propylene syringe (1 ml) and filled with artificial
CSF (3). A minuscule air bubble was sucked up in the open end of the
cannula, immediately followed by 5 pi CSF, a second air bubble and
2.5 ul of the radioactive solution. Then the cannula was inserted into the lateral ventricle and fixed to the skull with dental cement.
{_ H ] - A C T H 4-9 analog or [] H]-Phe

were injected i.vt. in doses of

5 yCi (170 ng peptide) respectively 3 yCi (32 ng Phe) in a period of
30 s e c , followed by 2-3 pi artificial CSF. The cannula remained con-

64

nected with the propylene syringe after administration to prevent
backward flow. Intracisternal (i.e.) administration was performed
through a polypropylene cannula (id 0.4 m m ) , which was implanted into
the cisterna magna of urethane anesthetized rats. A hole was drilled
at a distance of 0.5 mm from the caudal end point of the dorsal cranial border and the cannula, which was cut slantingly (frontal side
6 mm, caudal side 5 mm from the top of the skull), was inserted into
the cisterna magna. Filling of the cisternal cannula, fastening to
the skull and injection paralleled the i.vt. administration.
Tissue distribution of radioactivity
The rats were sacrificed by decapitation. Trunk blood was collected and plasma was obtained by centrifugation. A 25 pi plasma aliquot
was dissolved in 10 ml scintillation mixture II, toluene-triton X 100
(":1, v/v) containing 2,5-diphenyloxazole

(PPO; 4 g / 1 ) , and counted

for radioactivity in a liquid scintillation counter (Isocap 300, Nuclear Chicago). Quench corrections were carried out by external standard ratios. The kidneys and a piece of liver (500 mg) were digested
overnight with 1 ml Soluene-350 (Packard Instrument Company). Thereafter 10 ml scintillation mixture I, toluene containing PPO (4 g/1),
was added. The concentration of radioactivity in the cerebrospinal
fluid (CSF) was measured in samples, drawn from the cisterna magna.
Shortly before i.vt. injection a polypropylene cannula (id 0.4 m m ) ,
connected to a two way infusion-withdrawal pump, was inserted into
the cisterna magna (cf. i.e. administration). Immediately before
sacrifice 25-50 \il CSF was withdrawn in 15-30 sec, its volume recorded and the concentration of radioactivity determined as described for
plasma.

Radioactive metabolites in brain
The concentrations of intact peptide and radioactive metabolites
in whole brain tissue were analyzed as described elsewhere (27).
Briefly, a trichloroacetic acid extract of brain tissue was purified
by ion exchange chromatography on Dowex 1X2 and intact peptide and
radioactive metabolites were separated by paper chromatography and
paper electrophoresis. The concentration of tritiated water was determined by lyophilization.
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Distribution of radioactivity within the brain
The distribution of radioactivity after i.vt. administration of
the [3H]-ACTH 4-9 analog was investigated in brain slices of about
2500 urn and in slices of 300 um, which were cut in the frontal plane.
After decapitation the brain was rapidly removed from the cranium and
the cerebellum was cut off. Slices of 2500 um thickness were obtained
with a slicer equipped with razor blades. These slices and the cerebellum were weighed and washed during 1 min in 2 ml ice-cold 0.9%
NaCl to minimize the contamination by radioactivity from CSF. Thereafter the slices were blotted on filter paper, solubilized in 1 ml
Soluene and counted in 10 ml scintillation mixture I. Since the entire brain was preserved in the above dissection, the total amount of
radioactivity in brain tissue could be determined. For analysis of
the distribution of radioactivity in 300 urn slices, the brains were
frozen in dry ice. Beginning at the level of the obex, serial 300 ym
frozen sections were cut in caudorostral direction in a microtome at
-10°C. Just before cutting, the slices were outlined on glass slides
to measure the slice areas. The slices were digested with Soluene and
the concGntrations of radioactivity determined as dpm/cm . Protein
contents of the various sections were analyzed in separate experiments by the method of Lowry et al. (16) (ug protein/cm ) , whereafter
the uptake of radioactivity was computed as dpm/yg protein.
Distribution studies in anatomically defined gross brain structures were examined by dissection of the brain according to De Kloet
(12); these brain regions were treated as the 2500 urn brain slices.
In order to obtain a more detailed view of the uptake of the [ H] -ACTH 4-9 peptide analog a micro-dissection technique, developed by
Palkovits (17), was used. Samples of brain nuclei and areas were removed from frozen 300 ym serial brain sections under stereomicroscopic control with stainless steel cannulas having an inner diameter
of 0.5 or 1.0 mm. Dissections of nuclei of the hypothalamus (18),
limbic system (4,19), brain stem (20) and diencephalic regions (7)
have been described in detail elsewhere. Tissue samples of fixed
punch amounts were blown out into counting vials containing 2 ml of
25% (v/v) Soiuene in toluene for solubilization. Protein concentration in the various fixed punches was determined in separata experiments by the micromethod of Lowry et al. (16).
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RESULTS

Tissue distribution of radioactivity
The time course of the distribution of total radioactivity over
various tissues after i.vt. injection of the tritiated ACTH 4-9 analog is shown in Fig.l. A total volume of 175 ul CSF in rats of 200 g

percent of injected dose

1

100

(meon±SEM.n=7-11)

50
25

10

*

.\. --•§
x

^-~*-$ brain
4 liver

'*

- - - * plasma

2.5

0.5

2

U

time after injection{ h)
Figure 1. Tissue distribution of radioactivity after i.vt. administration of 170
ng (5 yCi) 4-Met(02>, 8-D-Lys, 9-Phe-[pH-7-Phe]-ÄCTH 4-9 in urethane anesthetized
rats (180-210 g ) . Uptake of radioactivity, in percent of injected dose, is semilogarithmically plotted as a function of time. CSF volume was estimated as 175 ul
and plasma volume as 10 ml.fillvalues represent the mean +^'SEM. No.of determinations is 7-11. CSF (a), brain tissue (o), plasma (•), kidneys (4), liver (•). Recoveries of radioactivity in CSF, brain tissue, plasma, kidneys and liver jointly
are 102%, 44% and 33% of the injected dose respectively 0.5, 2 and 4 hr after administration .
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body weight was used. This value was estimated by i.vt. injection of
£ 14 C]-inulin and C

i]-polyvinylpyrrolidon; immediately before sa-

crifice (5-30 min after administration) a sample (50-100 Pi) of CSF
was drawn from the cisterna magna and the concentration of radioactivity in CSF was used to calculate CSF volume in those experiments
where total recovery (CSF, brain, plasma, kidneys, liver) exceeded
90% (Batenburg & Witter, unpublished results).
Total radioactivity in CSF was rapidly cleared and decreased in
the period 0.5-2 hr after injection from 51.3 to 4.5% of the administered dose. The clearance of CSF in the period 2-4 hr after administration proceeded much slower. Uptake of radioactivity in whole brain
tissue decreased during the investigated time period from 30.9 to
11.6% of the injected dose and exceeded total radioactivity in CSF at
periods longer than 1 hr after i.vt. injection. The concentration of
recovered radioactivity in blood plasma increased from 5.1 to 7.6% of
the administered dose/10 ml plasma in the period 0.5-2 hr, and remained nearly constant until 4 hr after injection. The concentration
in the kidneys decreased slowly with time from 3.8 to 2.7%. Total uptake of radioactivity in the liver did not change during the investigated time interval and was considerably higher than in the kidneys.

Table I
DISTRIBUTION OF RADIOACTIVITY IN TCA EXTRACTS FROM RAT BRAIN OVER RADIOACTIVE METABOLITES AFTER I.VT. ADMINISTRATION OF [ 3 H ] -ACTH 4-9 ANALOG

Met(02)-Glu-His-

[ H ] Phe-D-Lys-Phe

(Met(02))-Glu-His- [ 3 H ] Phe-D-Lys
3

(Met(02))-Glu-His- [ H ] Phe

2 hours (n = 6)

4 hours (n = 4)

26.5 + 1.5

27.3 + 2 . 2

5.5 t 1.1

6.1 +_ 0.2

13.2+1.2

7.9 +_ 0.6

[3H] Phe-D-Lys-Phe

4.2 +_ 0.4

5.2 +_ 0.2

[3H]

Phe

5.6 +_ 0.3

7.G +_ 0.6

[ H] H 2 O

34.2 +_ 2.0

33.8 +_ 2.1

3

Contribution of radioactive metabolites, in percent of recovered radioactivity,
was determined at indicated time intervals after i.vt. injections of 170 ng (5 u
4-Met(02), 8-D-Lys, 9-Phe-pH-7-PheI-ACTH 4-9 in urethane anesthetized rats. Results represented the mean +_ SEM, n = no of experiments. The applied separation
procedures do neither differentiate between Met(02>-Glu-His-Phe-D-Lys and Glu-His
-Phe-D-Lys nor between Met(02)-Glu-His-Phe and Glu-His-Phe (27).
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Radioactive metabolites in brain
The distribution of recovered radioactivity over various radioactive metabolites in brain 2 and 4 hr after i.vt. injection of the
[ 3 H ] - A C T H 4-9 analog in urethane anesthetized rats is tabulated in
Table I. The pattern of radioactive metabolites remained remarkably
constant during the period of investigation and the contribution of
intact peptide exceeded 25% of total recovered radioactivity. Tritiated water appeared to be the major radioactive metabolite.

1

Distribution of radioactivity within the brain
1. Frontal brain sections of 2500 um: the distribution of radioactivity over frontal brain sections of 2500 um was measured at various time intervals after i.vt. administration of [ H]-ACTH 4-9 peptide analog and computed as percentage of recovered radioactivity/g
fresh tissue (Fig.2). At 0.5 hr the uptake of radioactivity was remarkably high in the olfactory bulbs (slice 0 ) . High concentrations
were also found in the caudal part of the brain (slices 8,9), possibly due to tissue damage and leakage of radioactivity during CSF
withdrawal from the cisterna magna just before sacrifice of the rat
(CSF appeared to contain very high levels of radioactivity at 0.5 hr;
see Fig.l). Compared to the average uptake in whole brain tissue, accumulation was significantly increased in slice 4 (e.g. diencephalic
regions) and decreased in slice 1 (neocortex). Distribution of radioactivity over the various brain slices 2 hr after i.vt. injection
was rather homogenous and only a significant decrease was observed
for the uptake in the rostral cortex (slice 1 ) . This was also true
for a survival of 4 hr after injection of the ACTH 4-9 analog, with
the only difference that the uptake in slice 8 was significantly increased as compared to the average uptake in the entire brain. The
concentrations of radioactivity in the cerebellum appeared to be low.
Very low levels were found in the pituitary and in the* pineal gland,
which were of similar magnitude at all investigated time intervals.
2. Frontal brain sections of 300 um: The concentrations of radioactivity in frontal 300 um brain sections were only measured 2 hr after i.vt. administration of the [3HJ-ACTH 4-9 analog, because intact
peptide levels are high 2 hr after administration

(Table I) and be-

cause CSF levels are low at this time interval (Fig.l), thus minimizing possible radioactive contamination of brain slices by CSF.

69

uptake of radioactivity
percent of injected dose/g fresh tissue

SO
(mwn±SEM.n=B-1l)
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Figure 2. Uptake of radioactivity in frontal brain slices (2500 u m ) , cerebellum,
epiphysis and pituitary after i.vt. injections of 170 ng (5 uCi)4-Met(02>,8-D-Lys,
9-Phe-pH-7-Phe]-ACTH 4-9 in urethane anesthetized rats. Time interval after injection: 0.5 hr (
) , 2 hr (-) and 4 hr (
) . Each horizontal bar represents
the mean of 8-11 experiments and the vertical line above each bar gives SEM. Beginning at the rostral end of the cerebral cortex, frontal sections have been cut
in a rostrocaudal direction. The frontal sections are projected through an outline of a parasagittal section (12). Abbreviations used: bo=bulbus olfactorius,
c-cortex cerebri, h=hypothalamus, hi=hippocampus, m=mesencephalon, mo=medulla oblongata, ms=medulla spinalis, pa=preotic area, pi=pituitary, po=pons, s=septum,
t=thalamus. The average uptake of radioactivity in whole brain tissue is 18.4 +_
0.8%, 9.9 +_ 0.6% and 6.7 + 0.8% of the injected dose per g fresh tissue respectively 0.5, 2 and 4 hr after injection. Uptake values which are significantly
different from the average uptake in whole brain (two-tailed Student's t-test)
are indicated by *p < 0.05, **p < 0.001.

70

The results are given in Fig.3 and indicate that total radioactivity
is almost evenly distributed over the various slices and that the
rostral part of the brain tends to a decrease in uptake of radioactivity, similar to the distribution of radioactivity over 2500 um
brain slices 2 hr after injection.
3. Topographical brain regions: the distribution of radioactivity in morphologically different brain regions is summarized in Table
II. Two hours after i.vt. injection of the [3H]-ACTH 4-9 analog the
highest concentration of radioactivity was present in the septal
area, which significantly exceeded the concentrations of all the other

brain structures with exception of the hypothalamus. High uptake

of radioactivity was found in the hypothalamus, thalamus and upper
spinal cord. Very low uptake occurred in the cerebral cortex, pineal
and pituitary gland. The remaining regions showed uptakes which were
similar to the average uptake in whole brain tissue. The selectivity
of the observed distribution pattern was investigated by comparing
this pattern with that obtained after i.vt. injection of an equimolar dose of a reference substance, for which [ H]-Phe was chosen.
The distribution profile of [3H]-Phe appeared to be different from
that of the ACTH peptide analog (Table II). Highest uptake of tritiated Phe occurred in the hypothalamus, in decreasing order followed

uptake of radioactivity
dptn/jug protein
30

(mean±SEM, n=5)

20

:vr^U .y^Àk^

average

10
rostral direction
t
obex level
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20

30

50
60
slice number(300jjm)

Figure 3. Uptake of r a d i o a c t i v i t y i n f r o n t a l b r a i n s l i c e s (300 u m ) 2 h r a f t e r
i . v t . i n j e c t i o n of 170 ng (5 yCi)4-Met(O2),8-D-Lys,9-Phe-[ 3 H-7-Phe]-ACTH 4-9 i n
urethane a n e s t h e t i z e d r a t s . The drawn l i n e r e p r e s e n t s t h e mean and t h e shaded
a r e a t h e SEM; t h e average uptake of r a d i o a c t i v i t y i s 12.5 +_ 0 . 3 dpm/yg p r o t e i n .
Beginning a t t h e l e v e l of t h e obex, s e r i a l f r o n t a l s e c t i o n s have been c u t i n a
caudorostral direction.
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TABLE II.
DISTRIBUTION OF RADIOACTIVITY IN TOPOGRAPHICAL BRAIN REGIONS AFTER CENTRAL INJECTION OF [-H]-ACTH 4-9 ANALOG AND
[3H] -PHE

Tissue weight
(mg) (n=24-26)
Cerebellum
M.spinalis
M. oblongata/Pons
B.olfactorius

[ 3 H1 -peptide,

[ H] -peptide,

[ 3 H] -Phe,

i.e. (n=6)

i.vt . (n=8)

i.vt. (n=8)

9.7 +_ 0.7

216.6 +

3.0

8.6 +_ 4.2

51.9 +

2.7

22.1 +_ 9.0

15.8 +_ 1.3

3.0

6.3 +_ 3.0

11.0 +_ 0.3
2 1

139.3 +

7.0 + 0.7*«
18.1 +2.1**

ratio [ 3 H] -peptide/
[3H]-Phe (i.vt.)
1.4*
0.9

9.2 +_ 1.2

1.2

4.0 +_ 0.6***

3.75***

9.2 + 1.1

1.1

62.3 +_

2.9

8.7 +_ 4.7

15.0

9.0 +_

0.4

3.1 + 1.4

10.3 + 1.1

Septum

15.5 +_

2.0 +_ 1.0

25.9 + 2.5***

34.9 + 6.9**
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Hypothalamus

38.3

0.7
1 1

K3

22.3 + 1.9***

59.8 + 4.8***

0.4***

Thalamus

44.9 +_ 1.0

0.5 + 0.1

19.5 +1.1***

38.7 + 3.0***

0.5***

0.7 + 0.3

10.0 + 1.8

10.9

Area preoptica

± '

3.0

±

± -

± 1-4

0.9

Basal ganglia

129.4 +_

Mesencephalon

152.9 +_

4.6

1.2 +_ 0.5

11.8 + 1.1

16.8 + 3.1

0.7

79.1 +_

2.2

0.8 + 0.3

11.6 + 2.6

17.4 + 2.2**

Ü.7

Amygdala

117.1 +_

2.9

1.0 + 0.4

8.3 + 1.4

Cortex cerebri

512.5 +_

6.8 + 1.1*

Hippocampus

4.1

8.1

0.5 +_ 0.2

Epiphysis

1.1 +_

0.06

4.9

Pituitary

7.5 +

0.2

2.1 +_ 0.5

Whole brain tissue

1563.0 +_ 13.8

3.5

1 1

±-

x 2

± -

3.1 + 0.3***
3.3 +0.3***
10.9 +_ 0.3

4.3 + 0.5***
5.7 + 0.7***

1 9*

1.2

21.1 + 3.8*

O.I 5 ***

14.7 +

0.2***

1.0**

10.7 +_ 0.3

1.0

Uptake of radioactivity is determined 2 h after i.e. or i.vt. injection of 0.2 nmol (5 uCi) [ H ] - A C T H 4-9 analog
and after i.vt. injection of 0.2 nmol (3 yCi) [3H]-Phe. Uptake values, in percent of injected dose/g fresh tissue,
represent the mean +_SEM; n=no of determinations. Superscripts indicate paired statistical comparisons with the
average uptake in whole brain tissue (column 4 and 5) and statistical differences between the [3H]-peptide group
and [3H]-Phe group (column 6) after i.vt. injection: *p < 0.02, **p < 0.005. ***p < 0.001 (Student's t-test).

by the thalamus, septum, epiphysis, spinal cord, hippocampus and pituitary. The cerebellum, olfactory bulbs, amygdala and cerebral cortex represented brain regions with low uptake when compared to the
average uptake of [ H] -Phe in whole brain tissue. Compared to the
distribution pattern of Phe, uptake of the ACTH 4-9 analog in hypothalamus, thalamus, epiphysis and pituitary was significantly decreased, whereas uptake in cerebellum, olfactory bulbs and amygdala
was significantly increased. Of the recovered radioactivity in whole
brain tissue 2 hr after i.vt. injection of [ H]-Phe, 82% appeared to
be incorporated into protein and only 1.6% contributed to [_ H] - H J O
(data not shown). This is in contrast to the [ H]-ACTH 4-9 analog:
2 hr after injection of this peptide, no incorporation of radioactivity in protein could be detected and 34% of recovered radioactivity
represented [_ H ] -HgO (Table I ) . Despite the differences in metabolic
fate, the different distribution profiles indicate that the different uptake of radioactivity in the various brain regions is not only a phenomenon of the cerebroventricular transport system. Probably
different uptake mechanisms and/or capacities exist within the brain
for the ACTH 4-9 peptide analog and for Phe, leading to different
distribution profiles. I.e. injection of £ H] -ACTH 4-9 analog (cf.
Table II) did not appear to be useful for distribution studies: only
the olfactory bulbs and the hind brain had been labeled comparable
to the i.vt. injection, probably because of the direction of CSF
flow. The concentrations of radioactivity in epiphysis and pituitary
were nearly the same after i.vt. and i.e. administration of the peptide.
4. Brain nuclei: To obtain a more detailed view of the uptake of
the ACTH 4-9 analog in the brain, the distribution was studied in
various brain nuclei 2 hr after i.vt. administration of the [_ H] -ACTH neuropeptide. The results are presented in Table III and expressed as dpm/yg protein. Medium uptake was found in the hippocampal, preoptic area and amygdaloid nuclei and in the habenula. The
concentrations of radioactivity in cerebral and cerebellar cortex as
well as in the basal ganglia and geniculate bodies were very low.
Mesencephalic and lower brain stem regions showed high uptake only
in the vicinity of the ventricular system (substantia grisea centralis, tegmentum pontis, locus coeruleus), but very low uptake in the
other regions (e.g. substantia nigra, reticular formation). Distribution of radioactivity among the hypothalamic nuclei proved to be
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Table III.
DISTRIBUTION OF RADIOACTIVITY IN BRAIN NUCLEI AFTER I.VT. INJECTION OF [ 3 H]-ACTH
4-9 ANALOG
Uptake of radioactivity is determined 2 hr after i.vt. application of 170 ng
(5uCi)4-Met(U2) ,8-D-Lys,9-Phe-[3H-7-Phe]-ACTH 4-9 in urethane anesthetized rats.
All values represent the mean +_ SEM. Number of small (s; id needle 0.5 mm) or
big (b; id needle 1.0 mm) punches, taken from one rat brain, is given as (p) and
number of experiments as (n). Degree of uptake is divided in 5 classes: very low
C++), <16 dpm/tig; low (+), 16-25 dpm/yg; medium (-), 25-40 dpm/yg; high (+),
40-75 dpm/ug; very high (+t), >75 dpm/ug.

(P)

dpm/yg protein

(n)

class

CORTEX
cingulate cortex

(6b)

12.8 +_

1.4

(8)

H

parietal cortex

(8b)

14.4 +

3.7

(3)

14-

+
_
_

HIPPOCAMPUS
gyrus dentatus

(4b)

19.9 +_

4.2

(7)

ventral

(4b)

30.2 +_ 10.7

(6)

dorsal

(4b)

37.3 +

6.6

(6)

caudate-putamen

(6b)

10.5 +_

1.5

(8)

n. subthalamicus

(4s)

15.2 +

0.7

(7)

zona incerta

(6s)

16.8 +

1.2

(B)

BASAL GANGLIA

++
++
+

ROSTRAL LIMBIC REGIONS
bulbus olfactorius

(6b)

9.8 +

1.4

(7)

tuberculum olfactorium

(6s)

15.2 +

1.7

(8)

++
H

n. preopticus lateralis

(4s)

19.7 +

1.8

(8)

+

n. tractus diagonalis

(4s)

24.9 +_

2.1

(8)

4-

n. accumbens

(6s)

25.8 +_

2.1

(8)

_

n. preopticus medialis

(4s)

36.2 +_

4.5

(8)

_

n. interstitialis striae
terminalis

(6s)

48.0 +_

4.4

(8)

+

n. septalis medialis

(4s)

68.5 +_

9.9

(8)

n. septalis lateral.is

(6s)

73.6 +

6.9

(8)

n. septalis firabrialis

(4s)

101.2 +_

9.8

(8)

n. septalis dorsails

(6s)

123.5 + 13.4

(8)

SEPTUM

+
ft

AMYGDALA
n. tractus olfactorii lateralis

(4s)

n- amygdáloideus centralis

(4s)

17.9 +

2.0

(7)

n. amygdáloideus corticalis

(6s)

20.8 +

5.2

(7)
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13.6 +_

1.4

(8)

+
+

(P)

dpm/yg protein

(n)

class

n. amygdaloideus lateralis

(4s)

25.5 ±_ 6.3

(8)

-

n. amygdaloideus basalis

(4s)

25.6 jh

6.5

(8)

-

n. amygdaloideus medialis

(6s)

28.0 ±_

4.8

(8)

-

(8s)

29.9 +_

4.8

(7)

-

(6s)

19.8 +_

1.8

(7)

3.4

(7)

HABENULA
HYPOTHALAMUS
medial fbrebrain bundle

I

n. premammillaris dorsalis

(2s)

19.9 +_

n. hypothalamicus anterior

(4s)

23.2 +

1.6

(7)

n. supraopticus

(4s)

24.0 +

3.4

(8)

n. ventromedialis

(6s)

33.7 +_

2.7

(7)

n. suprachiasmatis

(4s)

34.7 +_

7.4

(8)

(total)

+
+
-

35.5 +_

6.0

(7)

n. premammillaris ventralis

(2s)

37.8 +

8.6

(7)

n. dorsomedialis

(6s)

49.2 +_

3.2

(7)

n. arcuatus I-HI

(6s)

49.6 +_

4.4

(7)

+

n. hypothalamicus posterior

(4s)

51.2 +_

4.7

(8)

t

n. arcuatus IV-V

(2s)

55.1 +_

8.8

(6)

+

n. periventricularis

(4s)

61.8 +_

7.3

(8)

n. paraventricularis

(3s)

62.1 +_

4.2

(6)

area retrochiasmatica

(2s)

64.2 +_ 10.9

(7)

(6s)

15.4 +

2.2

(7)

median eminence

MAMMILLARY BODY

+
+
++

THALAMUS
n. posterior thalami

(6s)

16.7 +_

1.1

(8)

n. medialis thalami

(4s)

17.8 +

1.2

(8)

n. ventralis thalami

(4b)

18.7 +_

5.3

(7)

n. parafascicularis

(4s)

18.8 +_

1.3

(8)

n. reticularis thalami

(8s)

19.0 +

1.8

(8)

n. reuniens

(4s)

32.2 +

3.6

(8)

n. parataenialis thalami

(4s)

34.2 +

3.9

(7)

n. anterior ventralis thalami

(6s)

36.1 +

2.4

(8)

corpus geniculatum mediale

(4b)

15.1 +_

2.9

(5)

corpus geniculatum laterale

(8s)

15.4 +

3.2

(6)

+
+
+
+
-

GENICULATE BODIES

.14

HESENCEPHALON
substantia nigra

(6b)

9.3 +_

1.1

(8)

n. interpeduncularis

(2s)

14.2 +_

1.9

(6)

area tegraentalis ventralis

(6s)

20.3 +

1.4

(6)
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(P)
substantia grisea centralis

dpra/yg protein

(n)

class

(2b)

56.6 +_

7.5

(6)

t

formatio reticularis (pons)

(6s)

15.1 +_

1.2

(6)

14.

n. raphe dorsalis

(4s)

29.5 +

3.1

(5)

-

locus coeruleus

(4s)

50.1 +_

6.8

(6)

t

tegmentum pontis

(6s)

61.9 +_

7.5

(6)

+

(6b)

9.2 +

1.5

(6)

LOWER BRAIN STEM

CEREBELLAR CORTEX

I

markedly heterogenous. High uptake was found in the paraventricular,
periventricular,

arcuate, dorsomedial and posterior nuclei and in the

retrochiasmatic area;

the uptake in other hypothalamic areas was me-

dpm/jjg protein
125

100

y=66.82-354x+0.06x2
r=0.668
p<0.001
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distance to ventriculocisternal system (König &Klippel)
Figure 4. Relation between uptake of radioactivity in various brain nuclei and distance from the centre of these nuclei to the ventriculocisternal system, 2 hr after
i.vt. injection of 170 ng(5yCi)4-Met(O2) ,8-D-Lys,9-Phe- [3H-7-Phe]-ACTH 4-9 in urethane anesthetized rats. Uptake data are from Table III. Distances were determined
from an atlas for the rat brain (16). The relation is represented by the function
y=66.82-3.54x+0.06x2, and the 2 parameters are significantly correlated (r=0.668,
p < 0.001) .
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dium or low. The uptake in the

most thalamic nuclei was also low.

The uptake in the septal area was much more intensive than in any
other brain region, especially in the dorsal and fimbrial septal nuclei which were the only investigated regions that showed very high
uptake of radioactivity.
The best fitting relation between the uptake of radioactivity
in various brain nuclei and the distance from the centre of these
nuclei to the cerebroventricular transport system was represented
by a two order polynomial function (Fig.4) and the individual values
for uptake of radioactivity and distance from the transport system
were significantly correlated (r=0.668, p < 0.001). Strikingly, the
uptake in the two septal areas which belong to the very high class,
rose far above the computed relation line.

DISCUSSION
The tritiated ACTH 4-9 analog used in this study possesses an
approximately thousandfold enhancement in behavioral activity as
compared to ACTH 4-9 itself (9,10), which can be ascribed to increased metabolic stability (28) . These ACTH-like peptides affect
conditioned avoidance behavior in rats by exerting a direct effect
on the central nervous system (8,9). It has been suggested that particularly the posterior thalamus, the dorsal hippocampus and the
rostral septal area are involved in eliciting behavioral activity
of these neuropeptides (24-26). In order to substantiate these tentative sites of action, the central distribution profile of the
ACTH 4-9 analog was investigated. Peripheral administration led to
low uptake in the brain and to considerable metabolic degradation
(27), indicating that a central distribution profile could be more
adequately obtained by central administration. Indeed i.vt. injection of the [3H]-ACTH 4-9 analog results in rather high intact peptide levels in the brain (Table I ) , which also prove to be much
higher than after peripheral administration (27).
In analyzing the distribution over various brain regions and nuclei after i.vt. injection, total radioactivity was measured. This
presents mainly intact peptide, because the dissected 2500 urn brain
slices and gross brain structures were washed with ice-cold 0.9%
NaCl prior to further processing, thereby minimizing the contribu-

77

tion of tritiaced water, the major radioactive metabolite. In separate experiments in which the various gross brain regions were lyophilized before counting radioactivity, the distribution profile was
qualitatively and quantitatively comparable with the distribution of
radioactivity over non-lyophilized gross brain regions, indicating
that the washing procedure was effective in removing tritiated water
from these tissue pieces. With regard to the brain nuclei, there is
no certainty that the distribution over these nuclei represents nonmetabolized ACTH 4-9 analog. However, in view of the similarity with
the distribution over gross brain structures, it is likely that the
uptake of total radioactivity in brain nuclei also correlates with
the uptake of intact peptide. In the initial experiments the distribution of the [3H]-ACTH 4-9 analog was investigated in frontal brain
sections of 2500 ura as a function of time after i.vt. administration.
At o.5 hr the concentration of radioactivity, drawn from the cisterna magna, accounted for 50% of the injected dose. To calculate this
percentage, total CSF volume was estimated at 175 vl, which volume
is lower than the 250 pi reported by Bass and Lundborg for 30-day-old
rats. However, their value is probably too high because they have
rl4 i
determined CSF volume by rapid injection of L Cj-inulin into the
spinal subarachnoid space immediately after the animals were killed
by exsanguination: it seems unlikely that the injected solution
could be adequately distributed under these conditions. The high CSF
radioactivity level at 0.5 hr after injection might induce considerable contamination of caudal brain tissue during sampling of CSF
from the cisterna magna and during dissection. Therefore, further uptake studies were undertaken 2 hr after i.vt. application, when total radioactivity in brain tissue exceeds radioactivity in CSF fivefold. At this time interval the distribution profile over 2500 urn
frontal cut sections seems rather homogenous. This is also true for
the distribution over 300 urn frontal brain slices, indicating a lack
of resolution.
Consequently the distribution over topographically defined gross
brain structures was determined. The septal area, which is a tentative site of action (26), appears to accumulate most of the injected
radioactivity per gram wet weight. The thalamus, which is another
tentative site of action (24,25), and the hypothalamus also contain
high levels of radioactivity. The uptake in nearly all the other
brain regions, including the hippocampus which also seems to play an
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essential role in eliciting behavioral effects of ACTH peptides (26),
is almost equal and does not differ from the uptake in whole brain
tissue. The selectivity of this distribution profile for the ACTH
4-9 analog was investigated by comparing this profile with that for
[3H]-Phe. In contrast to the peptide analog, 2 hr after i.vt. injection of [ 3 H] -Phe a very high incorporation of radioactivity into
protein was observed (ca 80%). This probably reflects the phase following the initial uptake of the Phe from CSF into brain structures.
These differences in fate interfere with the interpretation of the
distribution profiles. Nevertheless, the totally different distribution profiles of Phe and ACTH 4-9 analog indicate for differential
uptake of radioactivity from CSF into brain tissue for these two compounds. Recent developments in microdissection techniques of the
brain (17) prompted us to investigate the distribution of the [ n] -ACTH 4-9 analog over various brain nuclei. These nuclei include the
hypothalamus and especially brain areas which are important for the
behavioral activity of ACTH-like neuropeptides (septum, thalamus and
hippocampus (24-26)).
Within the hypothalamus an uneven distribution occurred, the
highest concentrations of radioactivity being present in the vicinity of the third ventricle, with the exception of the median eminence.
A similar scattered hypothalamic distribution has also been reported
for endogenous TRH (5) and somatostatin (6), their concentrations also being highest in areas adjacent to the third ventricle. Endogenous LH-RH, like TRH and somatostatin a hypothalamic releasing hormone, appeared to be only present in the median eminence and arcuate
nucleus while other hypothalamic nuclei contained very little or no
LH-RH (21).
With regard to the septal area, very high accumulation of radioactivity after i.vt. administration of [ HJ-ACTH 4-9 analog occurred
only in the dorsal and fimbrial septal nuclei, which is in good
agreement with the very high uptake in the whole septum. Although
the concentration of radioactivity in various brain nuclei and the
distance from the centre of these nuclei to the ventriculocisternal
system is positively correlated, the uptake in the septal nuclei
does not seem to depend solely on the injection technique perse, i.e.
on the vicinity of the lateral ventricle. This is indicated by the
observed low uptake at the contralateral side of this ventricle (caudate-putamen), and by the observation that the septal nuclei lie well
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outside the computed uptake-distance to ventricular system relation
line (Fig.4). Data on selective septal uptake of ACTH-like peptides
after peripheral or central administration have not been reported.
No preferential uptake of the [ H ] -ACTH 4-9 analog after i.vt.
injection is found in thalamic nuclei which have been shown as effective sites of action for ACTH neuropeptides in delaying extinction of conditioned avoidance behavior (24,25), e.g. the posterior
thalamic and parafascicular nuclei. This is not necessarily contradictory with the rather high uptake in the whole thalamic area, because the concentration of radioactivity was only determined in a
few thalamic nuclei. This implicates that other thalamic areas can
be expected to show high uptake. Pelletier et al. (22) reported selective uptake in the reticular thalamic nucleus after intracarotid
injection of [_

l]-a-MSH, but we could not confirm a similar pre-

ferential uptake for the [ K]-ACTH 4-9 analog after i.vt. application.
The hippocampus, like the septal and thalamic regions, is also
involved in the behavioral activity of ACTH-like peptides

(26). How-

ever, low and medial uptake of radioactivity is recorded in Lhe hippocampal nuclei after i.vt. administration of the ACTH 4-9 analog.
Preferential uptake has neither been detected in the hippocampus
(11,14) nor in the entire thalamus (14) after systemic administration of radioactive labeled a-MSH.
Pelletier et al. (23) found selective uptake of [ 3 H]-MIF in the
Jateral and medial septal nuclei as well as in the hippocampus and
putamen after i.vt. injection in rats. It is therefore evident that
this route of administration can lead to different selective distribution profiles within the brain for different peptides. Our distribution studies with the ACTH 4-9 analog also show high uptake in
the lateral and medial septal nuclei, but in contrast to MIF (23),
medium uptake in the hippocampus and very low uptake in the caudateputamen.
In conclusion, our results give evidence for preferential uptake
of a threefold structurally modified ACTH 4-9 peptide in the septal
area after i.vt. injection of this analog. This may be important in
terms of a tentative role of the septum in eliciting behavioral activity of ACTH-like neuropeptides. However, it must be kept in mind
that preferential uptake does not necessarily represent sites of action; e.g., differences in accessability and uptake capacity within
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the brain might also induce differences in uptake profiles. The significance of the selective septal uptake for the ACTH 4-9 analog is
presently investigated in studies which explore the distribution of
the peptide analog in the presence and absence of naturally occurring
ACTH fragments.

SUMMARY

I

Distribution within the brain of a threefold modified ACTH 4-9
analog with a remarkably potentiated behavioral activity, 4-Met(02),
8-D-Lys,9-Phe-ACTH 4-9/was investigated. The radioactive labeled
^7-^H-Phej-ACTH 4-9 analog was administered intraventricularly in
urethane anesthetized rats in a dose of approximately 170 ng. Total
radioactivity in CSF, measured in samples drawn from the cisterna
magna, decreased over the period 0.5 - 4 hr after injection from 51
to 2% of the injected dose. Intraventricular injection of the ACTH
4-9 analog resulted in high intact peptide levels in the brain.
At 2 hr after injection the distribution of radioactivity over
2500 pm and 300 um frontal cut brain slices was rather homogenous.
Data from distribution studies over topographically defined gross
biain structures indicated that the septal area, which area is involved in eliciting behavioral activities of ACTH-like neuropeptides,
accumulated most of the injected radioactivity per gram wet weight.
The distribution profiles within the brain of the [3H] -ACTH 4-9 analog and [3HJ-Phe showed considerable differences. Uptake studies in
various brain nuclei after intraventricular administration of the
[3H]-ACTH 4-9 analog demonstrated that the greatest part of the investigated nuclei exhibited relatively low or medium uptake of radioactivity. This was also true for the hippocampal and thalamic nuclei,
which areas have been suggested as effective sites of action for
ACTH peptides. Very high accumulation of radioactivity occurred only
in septal nuclei, particularly the dorsal and fimbrial septal nuclei.
The results indicate selective uptake of the ACTH 4-9 analog in the
septal area, suggesting a possible significance of this area as a
site of action of ACTH neuropeptides.
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Chapter V

SPECIFIC UPTAKE OF A BEHAVIORALLY POTENT [ H] ACTH 4-9 ANALOG IN THE SEPTAL AREA AFTER INTRAVENTRICULAR INJECTION IN RATS

INTRODUCTION
It is well established that peptide fragments derived from the
pituitary hormones ACTH (adrenocorticotropic hormone), MSH (melanocyte-stimulating hormone) and LPH (lipotropic hormone) exert profound effects on conditioned avoidance behaviors (10,12,13). For example, ACTH 4-10 and ACTH 4-9, which peptide fragments correspond to
a-MSH 4-10 respectively a-MSH 4-9 and to ß-LPH 47-53 respectively BLPH 47-52 (20), delay the rate of extinction of conditioned avoidance behavior in intact rats. Their site of action is located in the
central nervous sytem. Implantation and lesion studies have shown
that structures of the midbrain limbic system (posterior thalamus,
dorsal hippocampus and rostral septum) are essential in eliciting
behavioral activities of these peptides (3,24-27). Introduction of
amino acid substitutions can modify the behavioral activity of these
neuropeptides. An ACTH 4-9 analog, 4-Met(0-),8-D-Lys,9-Phe-ACTH

4-9

exhibits a thousandfold increase in behavioral potency as compared
to ACTH 4-9 itself (13,16). This enhancement in behavioral activity
might be attributed to increased availability of intact peptide molecules for receptor interaction, to increased affinity for the receptor, and/or to increased efficacy of the peptide-receptor complex.
An increased availability of the ACTH 4-9 analog for receptor interaction, as compared to ACTH 4-9 itself, is likely. A positive correlation between behavioral activities of some ACTH 4-9 analogs and
their in vitro half-lifes in brain tissue and plasma was recently
demonstrated (30). Metabolic studies of the ACTH 4-9 analog revealed
increased metabolic stability of this analog as compared to naturally occurring ACTH peptides in vivo as well (28). From the results it
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is plausible that increased potency because of structural modifications can, at least partially, be ascribed to increased resistance against enzymatic breakdown. The presence of specific, saturable,
high-affinity binding sites for ACTH-like neuropeptides in brain tissue , comparable to those described for thyrotropin-releasing hormone (8), have not been demonstrated until now. However, subcutaneous administration of the [ H]-ACTH 4-9 analog in rats suggests receptor locations in small restricted brain areas (28) . Recently, it
has been reported that intraventricular (i.vt.) injection of the tri-

I

tiated ACTH 4-9 analog leads to preferential uptake in the septal
area, particularly in the dorsal and fimbrial septal nuclei (29).
This brain structure is also a tentative site of action for ACTHlike neuropeptides as based on lesion experiments (27).
The purpose of the present study was.to explore the significance
of the preferential septal uptake of the ACTH 4-9 analog after i.vt.
administration. The distribution profile of the £ iQ -ACTH 4-9 analog
within the brain was therefore investigated after decreased and inceased endogenous circulating ACTH levels induced by surgery as
well as after pretreatment with various peptides. These include behaviorally active peptides derived from ACTH/MSH(ACTH 1-24,ACTH 4-10,
7-D-Phe-ACTH 4-10), from ß-LPH (ß-LPH 61-76 = a-endorphin), from 8-Lysvasopressin (9-Desglycinamide,8-Lys-vasopressin), and a behaviorally
inactive peptide (ACTH 11-24).

MATERIALS AND METHODS
Animals and surgery
Male albino rats of an inbred Wistar strain, weighing 180-220- g,
were used. Transauricular hypophysectomy was performed under light
ether anesthesia, 17-23 days prior to the distribution studies. The
effectiveness of the surgery was checked at the end of the experiments by determination of adrenal weights and macroscopic inspection
of the sella turcica. Bilateral adrenalectomy was carried out under
light ether anesthesia 14-16 days prior to the experimental sessions
and the animals were given a solution of 0.9% NaCl instead of water
to drink.
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Materials
The preparation and properties of the tritiated analog

^

3

8-D-Lys,9-Phe-[7- H-Phe"]ACTH 4-9 at a specific activity of 24mCi/
pinole have been described (Greven and Witter, submitted for publication) . L-PhenylQ2,3-3H]alanine

(TRK.266) at a specific activity of

15.6mCi/pmole was purchased from the Radiochemical Centre, Amersham
(Great Britain). Injection solutions contained approximately 200 pCi
(6.9 pg) of [3H]-ACTH 4-9 analog or 120 yCi (1.3 pg) of [3H]-Phe in
100.ul artificial CSF (5).
In experiments involving substitution therapy, the following synthetic peptides* were use.i: ACTH 1-24, ACTH 4-10, 7-D-Phe-ACTH 4-10,
ACTH 11-24, 8-LPH 61-76 (ct-endorphin) and DG-LVP (9-Desglycinamide,
8-Lys-vasopressin). These peptides were administered as long-acting
Zn-phosphate preparations (9) in concentrations of 40 pg of peptide/
ml suspension. The complexes were used within 1 week after preparation to avoid loss of potency. Control rats received Zn-phosphate
preparations without peptide (placebo).
Intraventvioular

(i.vt.) injection of radioactive compounds

Rats were anesthetized by intraperitoneal administration of urethane (12.5% w/v in physiological saline; 1 ml/100 g body weight).
Polypropylene cannulas (id 0.4 mm) were implantated at a depth of
4.5 mm into a lateral ventricle using coordinates according to BenJonathan et ai. (2). I.vt. injections of [ tfJ-ACTH 4-9 analog or
[ H]-Phe, in doses of 5 yCi (170 ng peptide) respectively 3 pCi (32
ng Phe), were performed as described elsewhere (29). Total injection
volumes amounted to 4-5 pi.
Distribution of radioactivity within the brain
Distribution of radioactivity was investigated 2 hr after i.vt.
injection of the tritiated substances. Immediately after decapitation, the brain was rapidly removed from the cranium, placed on an
ice-cold PVC plate and dissected in topographically defined brain
structures (15) . The dissected brain pieces were weighed, washed with
ice-cold 0.9% NaCl and solubilized in 1-2 ml Soluene-350 (Packard In-

T>eptides were kindly supplied by Organon BV (Oss, The Netherlands). ß-LPH 61-76
was a generous gift of Dr. Ling and Dr. Guillemin (La Jolla, U.S.A.).
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strument Company) (29) . In about half of the experiments the various
brain regions were lyophilized prior to digestion with Soluene. After solubilization 10 ml of scintillation mixture, toluene containing 2,5 diphenyloxazole (4 g/1), was added. Radioactivity was counted in a liquid scintillation counter

(Isocap 300, Nuclear Chicago)

and quench corrections were carried out by external standard ratios.

Substitution therapy with peptides
The influence of various peptides on the central distribution
profile of the [ H]-ACTH 4-9 analog in hypophysectomized rats was
assessed after pretreatment of these animals with the various peptides for 16 to 22 days after surgery. The peptides were administered subcutaneously

(s.c.) as long-acting Zn-phosphate preparations

every other day in a dose of 20 yg/0.5ml/animal; DG-LVP was also
given in a dose of 2 yg/0.5ml/animal per 2 days. The final treatment
was given 1 day before the i.vt. injection of the [ H Q - A C T H 4-9 analog.

The adrenocorticotrophic activities of the various peptides

were verified by measurement of adrenal weights and of plasma corticosterone levels (2 3 ) .

Statistical analysis
Data were evaluated statistically by means of the two-tailed
Student's t-test. Differences between groups were assigned to be
statistically significant for values of p < 0.05.

RESULTS
Effects of hypophyseotomy and adrenalectomy on distribution of radioactivity within the brain after i.vt. injection of the \fH]-ACTH

4-9

analog or [^iQ-Phe (of. Fig.l)
The distribution of recovered radioactivity over various brain
regions 2 hr after i.vt. injection of the [ 3 H ] - A C T H 4-9 peptide analog in urethane anesthetized intact rats is tabulated in Fig.l and
corroborates our earlier findings (29). Removal of the endogenous
source for ACTH, and possibly ACTH-like peptides, by hypophysectomy
2.5-3 w.-.iks prior to the i.vt. administration of the Q3H]-ACTH 4-9
analog, caused an increased uptake of radioactivity in nearly all
the investigated brain regions as compared to the uptake in intact
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increases could only be detected in the
(30.0.+4.9% respectively 25.8+6.9%, mean +

Adrenalectomized r a t s were investigated 2 weeks after

surgery, when high endogenous c i r c u l a t i n g ACTH levels can be expected

(7) . As compared to the uptake in i n t a c t animals, adrenalectomy

r e s u l t e d in a s i g n i f i c a n t

increase in uptake of r a d i o a c t i v i t y in the

preoptic area (54.7+15.5%), thalamus

(37.9+14.5%), m.oblongata/pons

(37.1+11.0%) and hypothalamus (34.4+8.7%). Comparing the two groups
of endocrine a b l a t i o n , no s t a t i s t i c a l differences

in uptake of radio-

a c t i v i t y were found between hypophysectomized and adrenalectomized
rats,

except for the septum (23.7+_8.6%; p < 0.05).

As reported e a r l i e r
v i t y 2 hr after

i.vt.

(29), the d i s t r i b u t i o n p r o f i l e of

administration of

radioacti-

[ H]-Phe in i n t a c t r a t s

fered from the d i s t r i b u t i o n p r o f i l e for the ACTH 4-9 analog

dif-

(Fig.l).

Notably, a considerable higher uptake of r a d i o a c t i v i t y in the hypothalamus and thalamus and a considerable lower uptake in the olfactory bulbs for

[H]-Phe as compared to the

Q u]-ACTH 4-9 peptide are

s t r i k i n g . Hypophysectomy did not r e s u l t in a s i g n i f i c a n t

increased

uptake of r a d i o a c t i v i t y in any of the investigated brain regions
ter i . v t .

injection of

[ H]-Phe, but caused a s i g n i f i c a n t l y de-

creased uptake in the upper spinal cord
(45.5+5.4%) and preoptic area

(63.3+6.1%), m.oblongata/pons

(38.0+8.6%). These r e s u l t s are in

s t r i k i n g contrast to those obtained for the d i s t r i b u t i o n of i . v t .
ministered

af-

ad-

[ H]-ACTH 4-9 analog in hypophysectomized r a t s .

Figure 1. Diagrammatic representation of the uptake of radioactivity in various
brain regions, 2 hr after i . v t . injection of 170 ng(5pCi) 4-Met(02),8-D-Lys,9-Phe[3H-7-Phe]ACTH 4-9 or 32 ng (3uCi) [3H]-Phe in urethane anesthetized r a t s . The
height of each bar represents the average uptake of radioactivity (percent of i n jected dose/g fresh tissue) and the lines above the bars indicate the SEM for the
number of animals in each group given in brackets.
Abbreviations: ADRENEX=Adrenalectomized r a t s , HYPOX=Hypophysectomized r a t s , HYPOX
+ ACTH l-24=Hypophysectomized r a t s which received ACTH 1-24 as a long-acting Znphosphate preparation every other day during 20-22 days in a dose of 20 vig/0.5ml/
r a t , s . c . For further information see t e x t .
Significant differences HYPOX versus INTACT and ADRENEX versus INTACT: *p < 0.05,
**p < 0.01, ***p < 0.001. Significant differences HYPOX + ACTH 1-24 versus HYPOX:
Sp ••: 0.05, âSp < 0.001.
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In order to explore the s p e c i f i c i t y of the uptake of the ACTH
4-9 analog within various brain a r e a s , the central d i s t r i b u t i o n prof i l e s of t h i s peptide were investigated in hypophysectomized r a t s
which were pretreated with non-radioactively labeled peptides. Hypophysectomized r a t s present an adequate model to study the effect of
peptide s u b s t i t u t i o n , because hypophysectomy enhanced the uptake of
the £ H]-ACTH 4-9 analog in almost a l l brain s t r u c t u r e s

investigated

(Fig.l).
I t i s obvious from F i g . l that s u b s t i t u t i o n with ACTH 1-24 s i g n i ficantly decreased the uptake of the [ U]-ACTH 4-9 analog in the cerebellum (38.0+5.9%), m.oblongata/pons

(22.0+7.5%) and sept •

4.4%) as compared to the untreated \\ ijophysectomized

n•

animal-,

changes were observed in the remaining brain regions.
Substitution experiments with peptides other than ACTH i-24 are
summarized in F i g . 2 . In t h i s set of experiments the control r a t s
were treated with placebo and the dissected brain regions were lyophilized prior to digestion with Soluene. Pretreatment with ACTH 4-10
had a similar effect

on the d i s t r i b u t i o n profile of the [ E]-ACTH

4-9 analog as pretreatment with ACTH 1-24: i t s i g n i f i c a n t l y
the concentrations of r a d i o a c t i v i t y in the septal area
m.oblongata/pons

decreased'

(29.3+_5.9%) ,

(28.9+8.2%) and cerebellum (22. 7+_5 . 9%) . Data ob-

tained from r a t s pretreated with 7-D-Phe-ACTH 4-10, in which ACTH
fragment the s u b s t i t u t i o n of L-phenylalanine in position 7 by i t s Disomer i s accompanied by a reversal in conditioned a c t i v e avoidance
behavior

(10), demonstrated a s i g n i f i c a n t l y decreased uptake of

Figure 2. Effect of pretreatment with various non-radioactive labeled peptides on
the uptake of radioactivity within the brain, 2 hr after i.vt. injection of 170 ng
(5pCi)4-Met(02) ,8-D-Lys,9-Phe-[3H-7-Phe]ACTH 4-9 in hypophysectomized rats. The
unlabeled peptides were administered s.o. as 2n-phosphs.te preparations in a dose
of 20 ug/2 days during a period of 2.5-3 weeks, starting the day after hypophysectomy; DG-LVP was also given in a dose of 2 ug/2 days. I.vt. injection of the L3H]ACTH 4-9 analog was performed under urethane anesthesia. The height of the bars
represents the average uptake of radioactivity (percent of injected dose/g fresh
tissue) and the lines above the bars indicate the SEM for the number of animals in
each group given in brackets. The dissected brain regions were lyophilized prior
to digestion with Soluene. For further information see text.
Significant differences peptide-treated group versus placebo-treated group: p <
0.05, §§p < 0.02, § § § p = 0.005.
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radioactivity in the upper spinal cord (35.4+10.9%) and in t h e m ,
oblongata/pons (31. 2+_7. 3%) . However, in contrast to ACTH 1-24 and
ACTH 4-10, pretreatment with 7-D-Phe-ACTH 4-10 did not change the uptake of radioactivity in the septal area and only tended to decrease
the uptake in the cerebellum. Statistically significant differences
were found neither between the placebo and ACTH 11-24 - treated, nor
between the placebo and ß-LPH 61-76 (a-endorphin)-treated hypophysectomized rats. Finally, the effect of 2 doses of the vasopressin fragment. DG-LVP on the uptake of the [ 3 H ] - A C T H 4-9 peptide was tested.
Compared to placebo-treated rats, previous administration of DG-LVP
in a low, behaviorally active (11), dose of 2 ng/2 days did not influence the distribution profile of the [ H ] - A C T H 4-9 analog. Pretreatment with doses of DG-LVP equivalent, i-ci t IT "Hif.r pnpl.icJu« i1'..
substitution purposes (20 )iy/2 days) similarly aid not affect the
distribution profile, except for a signifir.int increase in the uptake of radioactivity in Lhe hypothal-imic area

(22.5+6.0%).

With respect to adrenocorticotrophic activities of the various
peptides used for substitution, only treatment with ACTH 1-24 caused
adrenal hypertrophy and increased plasma corticosterone levels in
hypophysectomized rats (Table I ) .

TABLE I.

EFFECT OF PEPTIDE TREATMENT ON ADRENAL WEIGHT AND PLASMA CORTICOSTERONE OF HYPOPHYSECTOMIZED RATS

Adrenal weight
(mg)

Plasma corticosterone
(yg/100 ml)

Placebo

10.3 i 0.8 (9)

ACTH 1-24

92.0 i 9.4 (7)SSS

5.9 + 1.4 (7)
92.8 +_ 15.8 (7)***

ACTH 4-10

12.6 i 2.4 (8)

6.1 +

1.8 (8)

9.0 +_ 0.8 (6)

5.8 +

1.5 (6)

ACTH 11-24

9.2 +_ 1.1 (8)

9.5 +

1.1 (7)

ß-LPH 61-76

8.6 +_ 0.7 (8)

6.6 +

1.1 (8)

8.5 + 0.5 (9)

9.6 +

1.2 (8)

Treatment

ACTH 4-10(7-D-Phe)

DG-LVP

Results are expressed as mean +_ 3EH for the number of animals in each group given
in parentheses. Peptides were admin in tared s.c. as Zn-phosphate preparations every
other day in a dose of 20 jig/O.Sml/ral , ilurim ;:.ii-J weeks. Significant differences
treated versus placebo: *** p < 0.00t.
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DISCUSSION
- - It has been found that lesions in the rostral septal area comple-.
tely block the inhibitory effect of ACTH 4-10 on the extinction of
conditioned avoidance behavior (27), suggesting the importance of
the septal area in eliciting behavioral activities of ACTH-like neuropeptides. Recent observations have shown preferential uptake of
the title [ 3 H ] - A C T H 4-9 analog in various septal nuclei (particularly the dorsal and fimbrial nuclei) after i.vt. administration (29).
These data are in accordance with previous suggestions on the role
of the septum as a tentative site of action. The present study is an
extension of these observations, aimed to investigate the specificity of the distribution profile of the [ 3 H]-ACTH 4-9 peptide in rat
brain after i.vt. injection. In particular, it seemed essential to
obtain confirmatory evidence for the assumed specificity of the preferential uptake of this peptide in the septal area. Consequently,
the impact of increased or decreased levels of circulating neuropeptides on the distribution profile of 4-Met (02),8-D-Lys,9-Phe-ACTH
4-9 was studied.
Previous experiments (29) demonstrated that 26.5% of the recovered radioactivity 2 hr after i.vt. injection accounted for intact peptide. Tritiated water represented the major radioactive metabolite
(34.2%). After removal of [3H]-H2O by lyophilization, about 40% of
recovered radioactivity represents intact peptide. In experiments
not involving lyophilization (cf. Fig. 1) the applied washing procedure seemed adequate to remove [ H]-H_0, because qualitatively and
quantitatively similar distribution profiles were obtained after
washing and lyophilization (cf. Fig.l and Fig.2 for HYPOX animals).
The remaining 60% of recovered radioactivity is distributed over at
least 4 different metabolites (29). Because intact peptide quantitatively represents the major of radioactively labeled substances, it
seems reasonable to assume that measurement of total radioactivity
reflects the profile of intact peptide. Measurement of metabolic profiles is hardly feasible at these low concentrations.
Hypophysectomy significantly enhanced the uptake of the [ H] -ACTH
4-9 analog in the septum, as compared to normal rats. A similar enhancement in the septal uptake of radioactivity was not found after
i.vt. injection of [3HJ-Phe, indicating selective uptake of the [ 3 H ] ACTH 4-9 peptide in this brain region. Increased uptake of [ 3 H]-ACTH
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was

also shown for the preoptic area. However, this seems of less

functional significance because preferential accumulation was observed neither.in the whole preoptic.area nor in various preoptic nuclei
of normal rats (29).. -Hypophysectomized animals are deprived of endogenous ACTH.: Selective,'/ increased uptake' of - [
^ H] -ACTH 4-9 in brain;'
structures after hypophysectomy presumably impli.es increased uptake
capacities of such brain structures because of depletion as a result
of removal of the endogenous source of neuropeptides.
•Increased levels of circulating ACTH might be expected to decrease the uptake of the [ H]-ACTH 4-9 peptide, in case these levels
are high enough to saturate the uptake capacities of the various
brain structures. However, adrenalectomized rats showed significantly
enhanced uptake of the ACTH 4-9 analog in diencephalic regions and in
the caudal brain stem, whereas no significant decreases were observed
in the remaining brain regions as compared to normal rats. Possibly,
the elevated circulating ACTH levels 2 weeks after adrenalectomy (7)
are not high enough to saturate the uptake capacity of the various
brain regions for the [3H]-ACTH 4-9 peptide.
A more direct approach to increase circulating levels of neuropeptides is via administration of these peptides. Hypophysectomized
animals were chosen to deplete the animals of endogenous neuropeptides and substitution experiments were performed with sustained release Zn-phosphate preparations. Substitutions with the behaviorally
equipotent peptides ACTH 1-24 and ACTH 4-10 significantly decrease
the septal uptake of the [ H]-ACTH 4-9 analog, but treatment with the
behaviorally inactive fragment ACTH 11-24 is ineffective (10,12). Apparently ACTH 1-24 and ACTH 4-10, but not ACTH 11-24 compete with the
septal uptake of the [ H]-ACTH 4-9 peptide. Treatment of hypophysectomized animals with ACTH 1-24 and ACTH 4-10, but not with ACTH 11-2 4, also significantly decreases the uptake in the cerebellum and m.
oblongata/pons. However, hypophysectomy per se does not increase the
uptake in these regions, in contrast to the septal area.
The data obtained from hypophysectomy per se and from substitution experiments give evidence that i.vt. injection of the title ACTH
4-9 analog leads to specific, saturable uptake in the septal area,
supporting the previously observed preferential accumulation in this
brain region (29). Various explanations for this observation might be
considered. It is unlikely that specific septal uptake is a consequence of favoured accessability of peptide molecules via the CSF be-

94

cause of the immediate vicinity of the septal area to the lateral
ventricles; no correlation was found earlier between the uptake of
the [3H]-ACTH 4-9 peptide in the dorsal and fimbrial septa! nuclei
and-the distance of these_nuclei, to the ventricuiocisternal system
(29).

The uptake capacity of the septal area for AOTH-like neuropep-

tides might be higher than that of other brain regions. Brain levels
of extrapituitary ACTH/MSH peptides are unknown until now, so the
effect of assumedly decreased or increased brain levels following
hypophysectomy respectively following administration of ACTH/MSH
peptide fragments on the septal uptake of the [ Hj-ACTH 4-9 analog
are difficult to interpret quantitatively. However, the reported
preferential septal uptake of the [ H]-ACTH 4-9 analog after i.vt.
injection in intact rats does not exclude a higher uptake capacity
of the septal region (29). The observed structure-activity relation
with respect to the septal uptake of the [ H]-ACTH 4-9 peptide in
hypophysectoraized rats following pretreatment with ACTH 1-24, ACTH
4-10 and ACTH 11-24 agrees well with the reported behavioral structure-activity relationships of ACTH neuropeptides (13) . This implies
the existance of specific binding sites for ACTH-like neuropeptides,
suggestive for receptor sites.
The specificity of the uptake of the [ HJ-ACTH 4-9 analog is
further substantiated by pretreatment of hypophysectomized rats with
neuropeptides, differing structurally from natural ACTH peptides
(7-D-Phe-ACTH 4-10,0-LPH 51-76 and DG-LVP). Substitutions of phenylalanine in the 7th position by its D-isomer reverses the behavioral
effects of ACTH 4-10 with respect to conditioned active avoidance
and to food rewarded behavior (10,12,14), but does not lead to opposite effects in passive avoidance and conditioned taste aversion situations (12,21). Contrary to ACTH 4-10, s.c. pretreatment of hypophysectomized rats with 7-D-Phe-ACTH 4-10 does not change the uptake
of the [ HJ-ACTH 4-9 analog in the septal region of these animals as
compared to placebo-treated controls. This observation strengthens
previously reported evidence that 7-D-Phe-ACTH 4-10 does not influence conditioned active avoidance behavior by competing with the
naturally occurring ACTH peptides, but that the L- and D-peptides exert opposite behavioral effects by affecting different brain structures (10,12). Recent interest in the occurrence of endogenous substrates for opiate receptors in the brain resulted in the isolation
of various morphinomimetic peptides from brain tissue. These peptides
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appear to be fragments of Í3-LPH (17,18,22), which might be considered as a precursor molecule for these morphinomimetic peptides (6).
They also affect conditioned avoidance behavior (De Wied, personal
communication), once again illustrating that pituitary polypeptides
serve as precursors for neuropeptides. Although ß-LPH_61-76 is.approximately 10 times more potent than ACTH 4-10 in delaying the extinction of a pole-jump avoidance response, it is evident from our
data that treatment of hypophysectomized rats with ß-LPH 61-76 does
not-influence the uptake of the [ 3 H Q - A C T K 4-9 peptide in any of the
investigated brain structures, indicating different sites of action
in the brain. Vasopressin-like neuropeptides exhibit long-term effects on the maintenance of conditioned avoidance behavior (1,4),
as opposed to the short-term effects seen with ACTH/MSH peptides.
The vasopressin fragment DG-LVP, isolated from hog pituitary tissue,
possesses the full behavioral activities but it is virtually devoid
of the classical endocrine activities of vasopressin (11,19). Neither the behaviorally active dose of 2 ug DG-LVP, nor the higher dose
of 20 ug DG-LVP alter the uptake of the [ 3 H]-ACTH 4-9 analog within
the brain as compared to placebo-treated controls, except for a significantly increased uptake in the hypothalamic area using the higher dose which at present is not well understood. The data substantiate earlier findings obtained from lesion studies (25) that ACTHand vasopressin-like neuropeptides probably interact with different
sites in the brain.
In conclusion, the present study shows that i.vt. administration of the title ACTH 4-9 analog results in selective uptake of
this peptide in the septal area. Moreover, this uptake appears to
be specific because competitive displacement occurs only with behaviorally and structurally analogous peptides. This specific septal
uptake of the ACTH 4-9 peptides supports previously reported evidence that the septal area is a site of action of ACTH-like neuropeptides (27) .

SUMMARY
Distribution within the brain of a behaviorally potent [ H ] - A C T H
4-9 analog 2 hr after intraventricular injection in rats was studied in the presence and absence of behaviorally and structurally
similar peptides, with the aim to explore the significance of earlier
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found preferential uptake of the [ 3 H ] - A C T H 4-9 analog in the septal
area. Hypophysectomy resulted in significantly enhanced uptake of
radioactivity in the, septunuas. compared to_normal_rats.._No increase
in this brain area of hypophysectomized rats was observed after iri"traventricular injection of pH]-Phe. Elevated circulating ACTH le- ..
vels after adrenalectömy i-seemed too low to compete with the septaluptake of the ACTH 4-9 analog. Subcutaneous-substitution" of hypophysectomized rats with sustained release Zn-phosphate preparations
of the behaviorally equipotent peptides ACTH 1-24 and ACTH 4-10 decreased the accumulation of the pH^-ACTH 4-9 analog in the septum,
whereas treatment with the behaviorally inactive fragment ACTH 11-24 is not effective. Pretreatment of hypophysectomized rats with
neuropeptides, differing structurally from natural ACTH peptides
(7-D-Phe-ACTH 4-10,ß-LPH 61-76 and 9-Desglycinamide,8-Lys-vasopressin), did not change the uptake of the ACTH 4-9 analog in any of
the investigated brain areas. These results give evidence for specific uptake of the ACTH 4-9 analog in the septal region, because
competitive displacement occurs only with peptides which both behaviorally and structurally are closely related to the ACTH 4-9
analog.
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SUMMARY AND CONCLUSIONS

The pituitary polypeptide ACTH as well as its N-terminal fragments ACTH 1-10 and A C T H 4 - 9 , which latter two peptides are virtually devoid of the adrenocorticotrophic activities of ACTH, restore
deficient avoidance learning of hypophysectomized rats. These peptides also delay extinction of acquired active avoidance behavior and
facilitate passive avoidance behavior in intact rats. Introduction
of amino acid substitutions can modify the behavioral activity of
these neuropeptides. This is particularly evident in 4-Met(Og),8-D-Lys,9-Phe-ACTH 4-9, where the introduction of three structural modifications in the sequence of ACTH 4-9 results in a thousandfold
increase in behavioral activity. This potentiation is, at least
partly, the consequence of increased stability against proteolytic
breakdown, as has been demonstrated in vitro. This rendered the analog a suitable candidate for in vivo fate studies. These studies are
essential in obtaining information concerning the physiological
functioning and possible clinical applicability of ACTH-like neuropeptides.
This thesis describes the in vivo fate of 4-Met (0.,) , 8-D-Lys, 9-Phe-ACTH 4-9. The recent availability of this analog, radioactively
labeled with tritium, enabled the investigations presented in this
thesis.
Chapter I reviews literature data on the effects of ACTH-like
peptides on conditioned avoidance behavior and their central sites
of action. It also deals with the design of peptide analogs with potential clinical applicability and reviews the in vivo fate of oligopeptides for which the central nervous system is the target tissue.
Chapter II presents an introductory investigation on the overall
organ and tissue distribution of radioactivity, as determined by
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whole-body autoradiography, after s.c. injection of 35 yg [ HJ- respectively 90 ug [

c]-ACTH 4-9 analog in mice. This route of admi-

nistration is generally used for investigating the behavioral activities of ACTH peptides. Pronounced uptake of radioactivity at 1 hr
and, to a lesser, extent, at 4 hr after injection occurred in the1
kidneys, gastrointestinal tract, liver, gall-bladder, pancreas and
in the salivary and lacrimal glands. The distribution profile suggests that considerable metabolism of the peptide analog might occur* The uptake of radioactivity in the brain, where the sites of
action of ACTH-like neuropeptides are located, was very low.
The information obtainable from autoradiography is limited, because autoradiograms register only total radioactivity which represents both the intact peptide and its radioactive metabolites.
Therefore, in vivo fate studies of the [7-3H-Phe]-ACTH 4-9 analog
were carried out by measurement of radioactivity and subsequent analysis of the metabolic profiles in plasma and brain tissue (Chapter
III). Doses of approximately 40 ug of the [ H]-ACTH 4-9 analog were
administered in rats via different systemic routes (i.V., s.c. and
oral). The various tissues were extracted with 6% trichloroacetic
acid. Intact peptide and radioactive metabolites thus extracted,
were separated by paper chromatography and paper electrophoresis and
identified by cochromatography and coelectrophoresis with synthetic
reference peptides.
Plasma concentrations of total radioactivity and intact [ H] peptide were measured at various intervals after administration in
urethane-anesthetized rats. Following oral administration, plasma
levels were also determined in conscious rats. The initial volume of
distribution, determined after i.v. administration, is 5.9% of the
body weight and thus slightly exceeds the volume of blood plasma.
The initial half-life of the intact peptide is about 4 min. After
s.c. injection maximal plasma concentrations were found 8 min following administration and plasma levels of intact [ H] -peptide were
approximately equal 15 min following i.v. respectively s.c. injection. After oral administration the initial absorption of total radioactivity in conscious animals is approximately 10 times higher
than in anesthetized animals. However, similar maximal plasma levels were reached for both groups, but this took 4 hr for conscious
rats and 3 hr for anesthetized rats.
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The very rapid and pronounced uptake of radioactivity in the
kidneys and, to a lesser extent, in--the-livèrías~bbs"èfvéa""ã"fter.-.-i-.v.
and s.c. injection, demonstrates the significance öf~these organs
for elimination of the ACTH 4-9 analog. After oral"administration
the concentrations of radioactivity in the kidneys and in the liver,
are lower than these after i.Lv. and .s.c. injection.

.;;

The uptake of radioactivity in the brain is very low after i.V.,
s.c. and oral administration of the [ H] -ACTH 4-9 analog and is in
the same order of magnitude for these different routes-of systemic
administration (0.09-0.03% of the administered dose/g brain tissue).
The concentrations of intact peptide in the brain per gram fresh
—4
—5
tissue amounted to 10

- 10

times the administered dose. Extrapo-

lation of these values, obtaxned after systemic administration of
40 ug [ H]-ACTH 4-9 analog, to the behaviorally active dose of 1 ng
ACTH 4-9 analog after s.c. injection, indicates that a brain concentration of approximately 10~

ng/g brain tissue is effective in eli-

citing a behavioral response. This extremely low value suggests that:
1. much higher local intact peptide concentrations might occur (e.g.,
at the sites of action),
2. the concentration of high-affinity binding sites

(receptors)

which recognize and specifically interact with ACTH-like neuropeptides is probably high relative to the intact peptide concentration in order to obtain sufficient peptide-receptor interaction,
3. the affinity of ACTH-like peptides for receptor sites in the
brain is probably higher1 than usually found for drug-receptor interaction (K
> 10+V ).
The title ACTH 4-9 analog is characterized by its thousandfold increased behavioral potency as compared to non-modified ACTH 4-9. The
results of these in vivo fate studies give evidence that this increase can be partly assigned to a stabilizing effect of the amino
acid substitutions in the ACTH 4-9 analog, which subsequently leads
to an increased availability of intact peptide molecules for receptor interaction:
1. The rate of elimination of the intact peptide is low and decreases with time. Consequently, relatively high and stable plasma levels of intact peptide are obtained after i.v. and s.c. administration.
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8
2. The peptide b'ond between Arg

9
and Trp

is the main site of prote-

olysis in non-modified ACTH peptides. However, metabolic profiles
in plasma and brain tissue reveal that radioactive metabolites 8
originating from cleavage of the comparable bond between D-Lys
and Phe

in the ACTH 4-9 analog are restricted to brain tissue

and occurs in low concentrations only. This demonstrates the protective effect of the substituting amino acids, particularly of.
D-Lys, towards enzymatic breakdown.
3. Qral administration results in intact peptide levels in the brain
which are of similar magnitude as seen after s.c. injection, illustrating

again the metabolic stability of the ACTH 4-9 analog and

its possible oral applicability.
Due to very low uptake in brain and to considerable proteolysis,
systemic administration

was not suitable to obtain information on

the selectivity and specificity of the uptake of the [ H] -ACTH 4-9
analog in the brain. Consequently, another route of administration
was chosen which bypasses the blood-brain and blood-CSF barriers:
intraventricular

(i.vt.) injection. I.vt. injection of the [ H]-ACTH

4-9 analog results in rather high intact peptide levels in the brain
(at least 25% of recovered radioactivity at 2 and 4 hr after injection) , which proved to be much higher than after systemic administration. Moreover, the contribution of tritiated water, the major
radioactive metabolite in brain tissue, is much lower than after peripheral administration

(Chapter I V ) .

The results of the distribution of radioactivity in the brain
after i.vt. injection of 170 ng [3ü]-ACTH 4~9 analog in urethane
anesthetized rats are given in Chapter IV. Because tritiated water
is effectively removed by the procedures applied in preparing the
samples of the dissected brain regions for radioactivity measurements, at least 40% of the remaining radioactivity originates from
intact peptide. The contributions of individual metabolites are well
below 20%'and hence

intact peptide is the main constituent of the

total radioactivity measured. Radioactivity in the CSF, measured in
samples drawn from the cisterna magna, decreases from 51 to 2% of
the injected dose over the period 0.5-4 hr after injection. During
this interval brain concentrations decrease from 31 to 11%. Further
distribution studies were undertaken at 2 hr after i.vt. injection
when radioactivity in brain tissue exceeds radioactivity in CSF
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fivefold, thereby minimizing the risk of contamination of brain radioactivity by radioactivity from CSF. An almost even distribution
is found when frontal sections of 2500 pm and 300 urn thickness are ,--:
examined. In order to improve resolution, distribution over morphologically gross defined brain structures was studied and this
yielded that the septum accumulates most of the injected dose per
gram wet weight, in decreasing order followed by the hypothalamus
and thalamus. Low uptake occurs in the cerebral cortex, pituitary
and epiphysis, whereas the remaining brain regions show uptakes
which are comparable to the average uptake in whole brain tissue.
An analogous study after i.vt. injection of [ H]-phenylälanine revealed a distribution profile which differs considerably from that
of the ACTH 4-9 analog, demonstrating different uptake patterns
from CSF into brain tissue for different compounds.
A microdissection technique, developed by Dr. M. Palkovits,
made it possible to measure the distribution over even smaller
brain areas and nuclei. Using this technique, the highest uptake of
radioactivity after i.vt. injection of the [ H]-ACTH 4-9 analog is
found in the dorsal and fimbrial septal nuclei as compared to any
other brain area or nucleus investigated. The preferential uptake
in these septal nuclei could not solely be the consequence of the
route of administration per se, i.e. of the immediate vicinity of
the lateral ventricles. The uptake of radioactivity in the investigated brain nuclei and the distance from these nuclei to the ventriculocisternal system appeared to be positively correlated, except for the dorsal and fimbrial nuclei, in which regions the uptake is significantly higher than might be expected on basis of the
observed correlation. The preferential uptake of the ACTH 4-9 analog in the septum is in accordance with recent data, obtained from
lesion studies, which indicate that this brain structure might be
involved in eliciting behavioral activities of ACTH-like neuropeptides. Implantation and/or lesion studies also suggest that the
dorsal hippocampus and the posterior thalamus, particularly the parafascicular and posterior thalamic nuclei, might be tentative sites of action of ACTH-like peptides as well. However, no preferential uptake of the [ 3 H ] -ACTH 4-9 analog could be demonstrated in
these brain areas and nuclei.
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Chapter V presents studies which explore the significance of the
observed preferential septal uptake of the [ H]-ACTH 4-9 analog after i.vt. injections in rats. The central distribution profile of
ivvtT-administered

[ H]-ACTH 4-9 analog was investigated after pre- -"-

treatment with peptides, related or unrelated to the ACTH 4-9 analog,
as well as after decreased and increased circulating ACTH levels induced by surgery.
Removal of the endogenous source of LPH/ACTH/MSH peptides (the
pituitary gland) leads to enhanced uptake of the [ H]-ACTH 4-9 analog in the septum as compared to the uptake in normal rats. This increase is presumably due to a depletion of ACTH neuropeptides as a
consequence of hypophysectomy. It is assumed that the pituitary hormones LPH/ACTH/MSH act as precursor molecules for ACTH-like neuropeptides and that depletion of these precursors also cause depletion
of neuropeptides. I.vt. injection of [ H]-phenylalanine into hypophysectomized rats does not result in enhanced septal uptake.of radioactivity as compared to the uptake in intact rats. This illustrates the specific character of the uptake of the ACTH 4-9 analog in
this brain area. In adrenalectomized rats the septal uptake of the
peptide analog is of similar magnitude as in intact rats. Apparently, elevated circulating ACTH levels in adrenalectomized rats are
not high enough to saturate the uptake capacity of the septum for
the ACTH 4-9 analog.
Subsequently, the effect of s.c. administered neuropeptides on
the uptake of i.vt. injected [ H]-ACTH 4-9 analog in the brain was
investigated. Hypophysectomized rats present an adequate model to
perform these studies, because these animals are presumably deprived
of peptides from pituitary origin and show increased septal uptake
of the [3H]-ACTH 4-9 analog. Thus, the specificity of the uptake of
the [ H]-ACTH 4-9 peptide was studied by measuring the competitive
effect of neuropeptides with the uptake of the [ H]-ACTH 4-9 peptide
in various brain areas. The animals were treated with sustained release Zn-phosphats preparations of the various neuropeptides. The
most consistent effects of peptide pretreatment are found in the
septal area:
1. The behaviorally active ACTH fragments ACTH 1-24 and ACTH 4-10
compete with the septal uptake of the [ H]-ACTH 4-9 analog,
whereas the behaviorally inactive fragment ACTH 11-24 is ineffective.
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2. The peptide 7-D-Phe-ACTH 4-10, structurally related to but behaviorally different from ACTH 4-10 and the ACTH 4-9 analog, does
not affect the septal uptake of the [ 3 H ] - A C T H 4-9 analog. This
indicates that substitution of phenylalanine in position .7 by
its D-isomer in ACTH 4-10 is accompanied with the loss of the
competitive effect of ACTH 4-10 on the septal uptake of the [ H]-ACTH 4-9 analog, as has also been suggested from behavioral
studies.
3. The peptides ß-LPH 61-76 (a-endorphin) and 9-Desglycinamide,8-Lys-vasopressin, which also affect conditioned avoidance behavior but are structurally different from ACTH, do not change the
septal uptake of the ACTH 4-9 analog as compared to the uptake
in placebo-treated controls.
From these results it can be concluded that the septal uptake of
the [3H]-ACTH 4-9 analog following i.vt. administracion is both selective and specific, because only peptides related structurally as
well as behaviorally to ACTH 4-9 compete with this uptake. This
suggests the existance of specific, high-affinity binding sites for
ACTH-like neuropeptides in the septum.
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Amino-eindstandige deelpeptiden van het hypofysaire peptide hormoon ACTH 1-39 die geen effecten hebben op de bijniersohors, zoals
het ACTH 1-10 en het ACTH 4-9, zijn in staat het aanleren van een
voorwaardelijke vluchtreactie in hypofyseloze ratten te bevorderen
en het uitblussen van een aangeleerde voorwaardelijke vluchtreactie
in normale ratten te renunen (De Wied, 1969). Deze neuropeptiden beinvloeden een dergalijk gedrag via een direct effect op het centrale zenuwstelsel. Het invoeren van veranderingen in de aminozuur samenstelling van aan ACTH verwante neuropeptiden maakt het mogelijk
de gedragsactiviteit van deze peptiden aanzienlijk te verhogen. Onlangs is een drievoudig gemodificeerd ACTH 4-9 analogon gesynthetiseerd, 4-Met(02),8-D-Lys,9-Phe-ACTH 4-9, dat tenminste 1000 maal
sterker werkzaam is dan het natuurlijke ACTH 4-9 peptide in een opstelling waarin de reramende invloed op de uitblussing van een voorwaardelijke vluchtreactie wordt gemeten (Greven en De Wied, 1973).
In vitro studies hebben aangetoond dat de verhoogde gedragsactiviteit van dit ACTH 4-9 analogon mede een gevolg is van een varhoogde
stabiliteit tegen enzymatische afbraak (Witter et al., 1975).
In dit proefschrift worden de in vivo lotgevallen van het radioactief [7-3H-Phe] gemerkte 4-Met(02),8-D-Lys,9-Phe-ACTH

4-9 beschre-

ven. Een dergelijk onderzoek is van wezenlijk belang voor het verkrijgen van informatie over de fysiologische betekenis en de mogelijke klinische toepasbaarheid van aan ACTH verwante neuropeptiden.
Hoofdstuk I bevat een literatuuroverzicht van de effecten van
aan ACTH verwante neuropeptiden op het voorwaardelijk vluchtgedrag
en van de structuren in het centrale zenuwstelsel die bij het tot
stand komen van deze effecten betrokken zouden zijn. Tevens wordt
een literatuuroverzicht gegeven van het ontwikkelen van peptide análoga met mogelijke klinische toepasbaarheden en van de in vivo lotgevallen van oligopeptiden die rechtstreeks effecten kunnen uitoefe-
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nen op h e f ceritrale zenuwstelsel.
Hoofdstuk II beschrijft een inleidende Studie over de verdeling
van de radioactiviteit over verschillende orgarién en weefsels na
subcutane (s.c.) injectie van het met [ J H]- of het met [X c]-radioactief gemerkte ACTH 4-9 analogon. De peptiden werden s.c, ge'injiccerd in muizen en de verdeling van de radioactiviteit werd bepaald
met behulp van "whole-body" autoradiografie.
Eén uur na injectie zijn hoge concentraties van radioactiviteit
aanwezig in de nierenr de lever, de galblaas, het maag-darmkanaal,
de alvleesklier, de speekselklieren en de traanklieren. Deze concentraties nemen af in de tijd. De cpname van radioactiviteit in de
hersenen, hat doelweefsel van aan ACTH verwante neuropeptiden, is
zeer gering.
Hoofdstuk III rapporteert de in vivo lotgevallen van het [ H] -ACTH 4-9 analogon na intraveneuze (i.V.), subcutane (s.c.) en orale toediening aan ratten in doseringen van ca 40 ug. Plasmaconcentraties van totale radioactiviteit en van intact peptide werden gemeten op diverse tijdstippen na toediening aan dieren die met urethaan waren geanestheseerd. Orale toediening werd eveneens uitgevoerd bij niet-geanestheseerde dieren.
Het initiêle verdelingsvolume, bepaald na i.v. injectie, bedraagt 5.9% van het lichaamsgewicht en de initiêle halfwaarde tijd
van het intacte peptide is 4 minuten. Na s.c. injectie blijken maximale plasmaconcentraties voor te komen op het tijdstip 8 min na toediening. Na orale toediening worden maximale plasmaconcentraties bereikt 4 uur na toediening aan niet-geanestheseerde dieren en 8 uur
na toediening aan geanestheseerde dieren. Korte tijd na i.v. en s.c.
injectie zijn relatief hoge en stabiele concentraties van intact
peptide in plasma aanwezig, hetgeen duidt op een zekere metabole
stabiliteit van het ACTH 4-9 analogon. De betrekkelijke stabiliteit
blijkt ook uit de metabolietenpatronen, welke werden bepaald door
papierchromatografische en papierelektroforetische scheiding van
trichloorazijnzuur extracten van plasma en hersenweefsel.
Na i.v. en s.c. injectie worden hoge concentraties van radioactiviteit waargenomen in de nieren en, in mindere mate, in de lever.
Na orale toediening is de opname van radioactiviteit in deze organen lager dan die na i.v. en s.c. injectie. De opname van radioacti-
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viteit in de hersenen is zeer gering. Da drie toegepaste systemische
toedieningswegen leiden alia tot gehaltes aan intact peptide in hersenweefsel van 10~ 5 - 10~ van de toegediende dosering.
Hoofdstuk IV bevat een onderzoek naar de verdeling van de radioactiviteit in de hersenen na intraventriculaire (i.vt.) injectie van
het [3H]-ACTH 4-9 analogon. Deze toedieningsweg resulteert in een
aanzienlijk hogere opname van radioactiviteit in hersenweefsel en in
een -geringere metabole afbraak dan na systemische toediening. Ca 170
ng [ 3 H ] - A C T H 4-9 analogon werd via een geimplanteerde cannule in de
laterale Ventrikel geinjiceerd in urethaan-geanestheseerde ratten.
De hoeveelheid radioactiviteit in het cerebrospinaal vocht (CSF)
neemt gedurende de periode 0.5-4 uur na injectie af van 51 naar 2%
van de ge'injiceerde dosis. In dezelfde periode treedt er een minder
snelle afname van radioactiviteit in hersenweefsel op, nl. van 31
naar 11%. Teneinde het risico op besmetting van radioactiviteit in
het hersenweefsel door radioactiviteit in het CSF te beperken, werden de verdere verdelingsstudies 2 uur na i.vt. injectie van het
[3H]-ACTH 4-9 ane.logon uitgevoerd. De verdeling van radioactiviteit
over frontaal gesneden plakjes hersenweefsel van 2500 ym en 300 ym
dikte is nagenoeg homogeen. De resultaten van verdelingsstudies over
morfologisch bepaalde hersengebieden laten evenwel zien dat het septum de hoogste concentratie van radioactiviteit bevat. De resultaten
van een overeenkomstig experiment na i.vt. injectie van [ H]-phenylalanine vertonen een verdelingspatroon dat aanzienlijk verschilt van
dat van het [ H"]-ACTH 4-9 analogon. Bij toepassing van een microdissectie techniek volgens Palkovits (1973) blijkt na i.vt. injectie
van het [ H]-ACTH 4-9 analogon een preferentiêle opname van radioactiviteit detecteerbaar in de dorsale en fimbriale septale kernen. De
opname in deze kernen Staat niet in correlatie met de afstand tot
het nabijgelegen ventriculocisternale systeem. De preferentiêle opname van het ACTH 4-9 analogon in het septum suggereert een mogelijke rol van dit gebied in het tot stand komen van gedragseffecten
van aan ACTH verwante neuropeptiden.

In hoofdstuk V worden experimenten beschreven welke tot doel
hebben de betekenis van de preferentiele septale opname van het
£ HJ-ACTH 4-9 analogon nader te onderzoeken. Daartoe werd het centrale verdelingspatroon van het i.vt. geinjiceerde [ H]-ACTH 4-9
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analogen ir ratten bepaald na voorbehandeling met peptia.cn die al of
niet gedragsraatig en structureel verwarft zijn aan : ACTH peptiden. Het
verdelingspatroon werd eveneens onderzocht na verlaging en verhoging
van circulerende ACTH spiegeis, welke werden opgewekt door hypofysectomie respectievelijk adrenalectomie.
Vergeleken met de septale opname in intacte dieren, resulteert
het verwijderen van de vermoedelijke bron van neuropeptiden (de hypofyse) in een verhoogde opname van het [ H]-ACTH 4-9 analogon in
het septum. Verhoogde plasma ACTH spiegeis ten gevolge van het verwijderen van de bijnieren blijken niet in staat de septale opname
van het ACTH 4-9 analogon te beinvloeden. Subcutane substitutie van
hypofyseloze ratten met de gedragsactieve peptiden ACTH 1-24 en ACTH
4-10 verlaagt de septale opname van het [ H]-ACTH 4-9 analogon, terwijl het gedragsinactieve peptide ACTH 11-24 geen invloed heeft op
die septale opname. Voorbehandeling van hypofyseloze dieren met gedragsactieve neuropeptiden,

die evenwel structureel verschillen van

ACTH (met name 7-D-Phe-ACTH 4-10, ß-LPH 61-76 en 9-Desglycinamide,8-Lys-vasopressine), heeft eveneens geen effect op de opname van het
[ H ] - A C T H 4-9 analogon in het septum.
Uit de resultaten is geconcludeerd dat i.vt. injectie van het
drievoudig gemodificeerde ACTH 4-9 analogon leidt tot selectieve opname in het septum, en wel met name in de dorsale en fimbriale septale kernen. Deze opname is tevens specifiek, omdat alleen structureel verwante en gedragsactieve ACTH peptiden in staat zijn te competeren met de septale opname van het ACTH 4-9 analogon.
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