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ABSTRACT 

The present study utilized a newly developed rat brain 

slice and incubation techniques to determine the effects of 

peptide structural modifications and brain peptidase regional 

specificity on neuropeptide metabolism. Organon (Oss, The 

Netherlands) provided us with a series of r-endorphin 

analogues with structural and conformational changes. 

Differences between the half-lives of the endogenous peptide 

Des-enkephalin-r-endorphin (DErE) and its analogues were 

estimated after time-course incubations with discrete, 

regionally dissected rat brain slices. Tissue viability was 

estimated as the ability of the slice to uptake [3H]-GABA, or 

to release [3H]-GABA following K+ stimulation. Results 

demonstrated stability of uptake/release up to 5 hours of 

incubation, suggesting tissue viability over this period. Our 

results suggest that the peptides studied are metabolized at 

different rates in the lndividual brain regions tested. 

Changes in DErE structure (pro7 substitution, and Lys9 

acetylation) appear to increase the half-life of DErE. 

However, cyclization of DErE, and sUbstitutions with D-Thr and 

cyclohexylalanine did not appear to result in an increase in 

peptide half-life in the brain regions tested. In summary, 
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these studies have shown that the brain slice technique is a 

valid and unique approach to study neuropeptide metabolism in 

small, discrete regions of the rat brain. 
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INTRODUCTION 

since the initial discovery of the enkephalins in 1975 

(Hughes et al., 1975), p-endorphin, dynorphin and many other 

opioid peptides have been discovered. Today, it is clear that 

all known opioid peptides are derived from one of three 

endogenous opioid precursor proteins: pro-opiomelanocortin 

(POMC), pro-enkephalin or pro-dynorphin (Noda et al., 1982, 

Kakidani et al., 1982 and Nakanishi et al., 1979). POMC is a 

glycoprotein of 265 amino acids, which is enzymatically 

cleaved in vivo and in vitro to yield P-lipotropin (P-LPH), 

adrenocorticotrophic hormone (ACTH), p-endorphin (P-E) , 

melanocyte-stimulating hormone (MSH) and other peptides (Fig. 

1). These POMC-derived peptides have been detected in several 

tissues. The de novo synthesis of POMC-derived peptides has 

been demonstrated in the pituitary (Krieger 1980 and Roberts 

1982), hypothalamus (Krieger 1980), and human placenta (Liotta 

1982). Immunocytochemical studies have revealed the presence 

of POMC-derived peptides in the gastrointestinal tract, 

pancreas, adrenal, lymphocytes, and the unicellular organism, 

tetrahymena pyriformis (Bruni et al., 1979, Evans et al., 

1983. Larsson 1981, and LeRoith et al., 1982). Recently, 

immunoreactive POMC-derived peptides have also been described 
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in both male and female reproductive tissues (Lim et al., 

1983, Margioris et al., 1983, and Tsong et al., 1982). 

Y3-MSH CIP yLPH -- -- --11-103 139-110 17J 232 
y-MSH o-MSH ClJP Il-MSH j}-endorpbin -- - -- -- --11-87 132-144 149-170 215-232 235-265 

I Met Gly I ITrp GIn I [JJ I Ser Phe I I G1u Asp Asp Tyr GIn I 
1-26 27_103 132 - 170 173 --- 265 

signal N-tenninal peptide ACTH f\-LPH 

Lipotropin 1 ~ 35-,B-MSH --56 ~ Lys - Arg 159 - Met-enkephalin - 631 91 

(173 - 265) (173) (235) (265) 

,B-endorphin 

,B-endorphin(1_17) 
(y-endorphin) 

,B-endorphin(2_17) 
(OTyE) 

,B-endorphin(60 17) 
(OEyE) 

Tyr 
I 

61 

Tyr 
I 

61 

Gly 
I 

62 

Thr 
I 

66 

f\-endorphin 

Leu 
I 

77 

Leu 
I 

77 

Leu 
I 

77 

Glu 
I 

91 

Fig. 1 Schematic representation of the principal known 
fragments derived from the precursor molecule POMe. 

-------- --------------------._ .. _----_. 
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Human POMC is known to be synthesized principally in 

the anterior pituitary. However, in mammals including rats, 

mice, cattle, and sheep, POMC is synthesized primarily in the 

intermediate lobe of the pituitary (Akil et al., 1984). The 

size and amino acid sequence of POMC varies slightly among 

species. The complementary DNA of POMC in mice and bovine 

(Roberts et al., 1979, and Nakanishi et al., 1979) has 

recently been cloned. The structure of the entire human POMC 

gene has also been determined (Whitfeld et al., 1982). In POMC 

molecules, variable numbers of amino acids are linked together 
I 

by peptide bonds (O=C-NH-), forming unique chemical structures 

that have highly specific biological activities. mRNA-

template and ribosomally-based protein synthesis mechanisms 

are involved in POMC synthesis which occurs on ribosomes 

associated with the rough endoplasmic reticulum (RER). 

POMC is the precursor of several endorphins (Fig. 1). 

The roles of the precursors are not only to allow the peptide 

to be synthesized in an inactive form until release from the 

cell interior, but also to provide a signal sequence at the 

N-terminal of the polypeptide, which is used to trans I ocate 

the translated product into the RER cisterna (Blobel et al., 

and Kreil et al., 1981). 

POMC begins with a 26-amino-acid leader peptide rich in 

hydrophobic amino acids. In rat and man there are only two 
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amino acid differences. Following the leader sequence is a 

long peptide (109 amino acids in humans) called the "N

terminal fragment" (Miller et al., 1983), because it is 

located at the N-terminal and has no identified biological 

activity. The biologically active domains in the POMC molecule 

are flanked by pairs of basic amino acids, which appear to be 

processing signals for a trypsin-like enzyme. According to 

cleavage kinetics and the intracellular cleavage sites, the 

precursors could be named pre- or pro-peptide. Usually, the 

prepeptides are rapidly processed in association with the 

membrane of the rough endoplasmic reticulum, before the 

polypeptide is fully translated. While the propeptides, which 

include all the polypeptides, are post-translationally cleaved 

in Golgi and in secretory vesicles. 

{3-E is generated in post-translational intracellular 

processing of POMC, the 31000 Da common precursor of ACTH 

and {3-LPH related peptides (Crine et al., 1979, Liotta et al., 

1980, Mains et al., 1979 and Roberts et al., 1978). {3-E is a 

31 amino acid peptide identical with the 31 residue c-terminal 

fragment of {3-LPH. {3-E both in vivo and in vitro exhibits 

opiate-like activity. In vivo, {3-E could be enzymatically 

metabolized to produce bioactive fragments, which without the 

NH2-terminal tyrosine will elicit non-opioid behavioral 

activities (De Wied et al., 1978). These fragments display 
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two types of behavioral activities, which are distinctly 

different and often opposite to each other, e.g. antipsychotic 

effects showed by r-endorphin (B-E 1-17) and psychostimulant 

effects showed by a-endorphin (/3-E 1-16). Therefore, the 

proteolytic enzymes are involved not only in catabolism and 

inactivation, but also in conversion of parent peptides into 

new novel biologically active peptides. It has been reported 

that membrane fractions from brain tissue contain high 

proteolytic activity, which implies that bioactive /3-E 

fragments may be formed during contact of /3-E with tissue 

components (Burbach et al., 1979). It has been reported that 

central metabolism of /3-E by membrane associated peptidases 

results in the formation of several biologically active 

peptide fragments, including a-endorphin (a-E), r-endorphin 

(r-E) and their non-opiate des-tyrosine analogues, /3-E 2-17 

(DTrE), /3-E 2-16 (DTaE) and des-enkephalin-/3-endorphin (DErE) 

(Burbach 1980a) (Fig. 1). Based on the amphetamine- and 

neuroleptic-like activity of the a- and r-type endorphins, 

respectively, previous studies have suggested that endorphins 

may function in brain homeostasis and in a variety of 

behavioral adaptive processes (Van Ree 1985, Burbach 1980a). 

The proteolysis of /3-E begins at the middle of the 

sequence, e.g. Leu17_Phe18 bond. The site is sensitive to the 

action of both cathepsin D and r-endorphin generating 
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endopeptidase (rEGE). The former enzyme is a lysosomal enzyme 

and the latter one is a membrane-bound enzyme. These two 

enzymes can cleave the Leu 17 _Phe18 bond forming {3-E 1-17 (r

endorphin) and {3-E 18-31 (Benuck et al., 1978a, Barat et al., 

1979) • r-E is susceptible to amino-, carboxyl- and 

endopeptidases in brain synaptic membranes. Aminopeptidase 

activity removes N-terminal tyrosine forming des-tyrosine-r

endorphin ({3-E 2-17, DTrE). In turn the cleavage of the Met5
-

Thr6 bond at NH2-terminal of {3-E sequence, e.g. met-enkephalin 

sequence, produces des-enkephalin {3-endorphin ({3-E 6-17, DErE) 

(Fig. 1). The related enzymes have also been described (Koida 

et al., 1979, Aono et al., 1979). At the C-terminal, 

carboxypeptidase activity removes sequentially the c-terminal 

residues of r-E, and may stop at the Pro13 residue (Burbach et 

al., 1980b, 1981). It has been demonstrated that in vitro 

incubation of DTrE with a synaptic membrane preparation, 

produced fragments including {3-E 5-17, 6-17, 7-17 and 8-17. 

The major products formed were {3-E 5-17 and {3-E 6-17 (Burbach 

et al., 1980a, Schoemaker et al., 1982). DErE is one of the 

few neuropeptides which have been used clinically on trials 

with psychotic patients. Because it is the smallest r-type 

endorphin that retains the proposed full spectrum of 

biological activity associated with DTrE in terms of putative 

antipsychotic activation (de Wied et al., 1980) and also, it 

--------------
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has been reported that DE1E appears to pass through the blood 

brain barrier in a very small amount (Verhoef et al., 1985 and 

Banks 1988), it is considered a candidate as a neuroleptic 

drug. 

Control of neuropeptide production and degradation 

Although the primary structure of peptides are mainly 

determined by conventional protein synthetic mechanisms in a 

cell, many of their structural features are also determined 

by various enzymatic mechanisms involved in posttranslational 

modification processes. In other words, the production and 

cellular/neuronal secretion of a peptide is a function not 

only of the particular mRNAs expressed in the cell but also 

of the production and distribution of the specific enzymes 

involved in the fashioning of the final peptide product. The 

fate of the newly synthesized peptides are also determined by 

specific enzymes activities. Depending on the location of 

enzymatic events, the proteolytic events are termed processing 

or metabolism. Processing enzymes are localized in secretory 

granules, and the proteolytic cleavage of a large 

neuropeptide precursor leads to generation of biologically 

active peptides. Generally speaking, processing enzymes 

include carboxypeptidases, aminopeptidases and endopeptidases. 
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An example of processing is the conversion of POMC into the 

peptide hormones j3-LPH, j3-E, ACTH and a-MSH. Metabolism, 

strictly speaking, includes biotransformation and degradation. 

Biotransformation takes place in the extracellular space, such 

as the cerebrospinal fluid, plasma, the synaptic cleft or the 

membrane of the target cell. It is an extracellular 

proteolytic process that converts secreted and processed 

peptides into fragments with various biological profiles. For 

example, angiotensinogen is proteolytically converted into 

angiotensin I, and angiotensin I into angiotensin II by 

extracellular renin and angiotensin converting enzyme, 

respectively. If the proteolytic process results in a peptide 

hormone which irreversibly loses its biological activity 

without the generation of any new biological activity, it is 

called degradation. Obviously, it serves to terminate actions 

of peptides and to remove redundant peptide material 

(Griffiths et al., 1984). Degradation can take place not only 

in the peptide synthesizing cell, but also in the 

extracellular space or at the target cell. Besides the 

proteolytic events, opioid peptides can be modified by a 

series "post-translational modifications": glycosylation, 

phosphorylation sulfation, amidation of the NH2-terminal amino 

acid, cyclization of a NH2-terminal glutamine into a 

pyroglutamyl residue and the formation of disulfide bridges. 
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These modifications also contribute to the biological 

characteristics of a peptide, such as subcellular movement, 

and regulation of degradation. 

It has been noticed that the bioactive sequences in a 

peptide are generally flanked by basic amino acids often 

arranged as doublets but also as singlets, and triplets. 

During pro-hormone maturation these basic amino acid residues 

are supposed to play a role both as recognition signals for 

proteases and to participate directly in the hydrolytic 

process. The presence of pairs of basic amino acids in the 

POMC sequence suggests it may be proteolytically cleaved. It 

is evident that at least three types of enzymes are involved 

in liberating active peptides from their precursors: trypsin

like and carboxypeptidase B-like enzymes, and an 

aminopeptidase. Trypsin-like enzymes are capable of cleaving 

at the carboxyl terminus of the basic amino acids. This action 

gives rise to the product peptide with basic amino acids 

attached at its carboxyl terminus. These basic amino acids, 

in turn, are removed by a carboxypeptidase B-like activity. 

Selective and limited proteolysis is a key step in these post

translational events because it allows the release of the 

"active" peptide fragments from the precursors. So it is not 

surprising that in different brain tissues, the single POMC 

protein may be processed to a wide variety of products with 

-------------------- ----_.-- . _ .. _-- ... ----
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different biological activities. For example, in the human 

anterior pituitary, the demonstratable products of POMC are 

ACTH, ,8-LPH, ,8-E, and another peptide termed the 16K N

terminal glycopeptide. In the intermediate lobes of rodents 

and cattle, ACTH is cleaved further to Q-MSH and 

corticotropin-like intermediate lobe peptide (CLIP), and ,8-

LPH is cleaved to ,8-MSH and ,8-E (Akil et al., 1984). 

Endorphin distribution in the central nervous system 

In the brain, there are 2 main distinct cell groups 

which contain POMC-derived peptides. The first is located in 

the arcuate nucleus of the basal hypothalamus and with some 

cells scattered along the periarcuate medial basal 

hypothalamus (Bloom et al., 1978, Watson et al., 1978, Oliver 

et al., 1978 and Joseph, 1980). ,8-LPH, ,8-E and ACTH are co

localized in these arcuate neurons which extend throughout the 

brain. These fibers innervate hypothalamic and limbic 

structures, such as the bed nucleus of stria t"erminalis, the 

septum and the preoptic area. The second group appears to 

reside in the area within the commissural nucleus and caudal 

nucleus of tractus solitarius, and exhibits projections that 

extend laterally to the lateral reticular nucleus 

(Schwartzberg et al., 1983, Joseph et al., 1983, Romagnano et 
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al., 1983, Khachaturian et al., 1983 and Kawai et al., 1984). 

In the brain, /3-E occurs both in hypothalamic and 

extrahypothalamic areas, in varying concentrations (Dupont et 

al., 1980. and Verhoef et al., 1982). Immunocytochemical 

studies have visualized specific neuronal systems containing 

/3-E-like immunoreactivity (Bloom et al., 1978, watson et al., 

1978). Up to today, evidence indicates the presence of not 

only /3-E, but also of a-E, 1-E and their respective des

tyrosine fragments in rat brain and pituitary (Verhoef et al., 

1980, 1982). Both a- and 1-type endorphins can be generated 

differentially from /3-E by enzyme systems associated with 

synaptosomal plasma membranes (Burbach et al., 1980). By using 

a combination of HPLC and specific radioimmunoassay, Verhoef 

and his colleagues (Verhoef et al., 1982) have reported the 

regional distribution of /3-E, a-type and 1-type endorphins in 

the rat brain. They found that /3-E appeared to be mainly 

concentrated in the hypothalamus and septal areas. 

Intermediate levels appeared in the thalamus, and the medulla 

oblongata-pons. a-E was found to be mainly restricted to the 

hypothalamus and the septum, with intermediate levels in the 

thalamus and the mesencephalon. The concentration of DTaE was 

similar to that of a-E in the septum, but lower than a-E in 

hypothalamus. The highest concentration of r-E was present in 

the septal area, followed by the hypothalamus. Compared to 1-
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E , relatively high levels of DT'TE were measured and the 

distribution of DT'TE in the brain with the highest level 

presented in hypothalamus, followed by the septal and thalamic 

regions. As compared to other brain regions, the cerebral 

cortex and cerebellum had the lowest concentrations of a- and 

'T-type endorphins which were found in the various brain 

regions to be much lower than those of their putative 

precursor {3-E. It implies that {3-E has been enzymatically 

cleaved differently in different brain regions in which the 

specific proteolytic enzymes are located. 

Endorphin function in schizophrenia 

Peptides sharing amino acid sequences with the C

terminus of {3-LPH have been isolated from pituitary and brain 

tissue. These peptides possess intrinsic opiate-like 

activities. In addition, they affect adaptive behavior in rats 

in various animal behavior paradigms through a central 

mechanism. From their properties that have been showed in a 

variety of test systems, it was concluded that the behavioral 

activities of a-type endorphins, e.g. a-endorphin ({3-LPH 61-

76) and des-Tyr-a-endorphin (DTa-E, (3-LPH 62-76), are 

comparable to those of psychostimulants and that 'T-type 

endorphins, e.g. 'T-endorphin ({3-LPH 61-77), des-Tyr~'T-

---------_.----- --_._-----_ ... _----_ ... -.---
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endorphin (DTrE, P-LPH 62-77) and des-enkephalin-r-endorphin 

(DErE, P-LPH 66-77), have a antipsychotic profile. It has been 

postulated that a- and r-type endorphins may play a role as 

functional antagonists in maintaining homeostasis in the 

central nervous system. A error in the enzymatic metabolism 

of endorphins may therefore lead to behavioral disturbances 

as observed in psychopathological states. Indeed, r-type 

endorphins (DTrE, DErE) display putative antipsychotic effects 

in schizophrenic patients. 

Schizophrenia has been treated with various methods. 

Today most treatments applied are antipsychotic drugs. 

Psychopharmacology in psychiatry began in the 1950's with the 

introduction of the phenothiazine derivative chlorpromazine, 

and the butyrophenone derivative haloperidol (for ref. see Van 

Ree et al., 1986). These drugs have been characterized by 

their neuroleptic features: (a) reductive action on certain 

psychotic manifestations and (b) production of neurological 

syndromes of the extrapyramidal tlype and of autonomic symptoms 

(for ref. see Van Ree et al., i 1986). Neuroleptics have a 

beneficial action on the typical symptoms of schizophrenia, 

such as delusions, hallucinationb and thinking disturbances, 

but they also affect the extra~yramidal system to such an 

extent that muscular rigidity, tremors and other Parkinson

like symptoms such as dyskinesia occur frequently. 

--------- ----------- ------------- -
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In 1976, the finding of an increased concentration of 

endorphin-like material in the cerebrospinal fluid (CSF) of 

schizophrenic patients led to the postulate of an endorphin 

excess in schizophrenia (Terenius et al., 1976). Supporting 

evidence for this postulate came from animal data, showing 

that ~-E cause a naloxone-reversible postural rigidity, which 

may be reminiscent of the catatonic posture sometimes seen in 

schizophrenic patients (Bloom et al., 1976; Segal et al., 

1977). Clinical trials with opioid antagonists to evaluate 

this postulate were partly successful (Pickar et al.,1982). 

This suggests that endorphins may be implicated in certain but 

not all psychotic symptoms of schizophrenic patients. 

On the other hand, the hypothesis in opposition to 

endorphin excess is the assumption that psychosis may be 

related to endorphin deficiency in the brain. The postural 

rigidity observed after the injection of ~-E into the 

periaqueductal gray matter of the brain stem was interpreted 

as being similar to the symptoms of catalepsy produced by 

neuroleptic drugs (Jacquet, 1976). Clinical trials with a 

single injection of ~-E have, however, not consistently 

revealed an antipsychotic effect of this peptide (Van Ree et 

al., 1981). But an improvement of symptoms has been reported 

in some schizophrenic patients treated with the enkephalin 

analog FK 33-824 (Van Ree et al., 1981). 

------.. _ ........... -
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A third hypothesis which has been postulated assumes 

that a disturbance in /3-E fragmentation is an etiological 

factor in schizophrenic psychosis (De Wied, 1978). The use of 

/3-E and the shorter endorphins in animals exert not only 

morphine-like effects, such as antinociception, excessive 

grooming, immobility and muscular rigidity, but also 

behavioral effects which persist in the presence of naloxone 

and are apparently not mediated by opioid receptor systems. 

An example of such an action is the delay of extinction of 

pole-jumping avoidance behavior induced by a-E (De Wied et 

al., 1978a). Interestingly, r-E which is only one amino acid 

longer than a-E, facilitated extinction of pole jumping 

avoidance behavior (De Wied et al., 1978). Subsequent 

experiments showed that the non-opiate fragment of r-E, des

Tyr-r-endorphin (DTrE) was even more potent than r-E in 

exerting this action on avoidance behavior. More studies were 

done by comparing the influence of DTrE and haloperidol in a 

number of behavioral tests, such as passive avoidance 

behavior, electrical brain self-stimulation and the so-called 

gasping response (De Wied et al., 1978b). According to the 

report, the effects of DTrE were comparable to those of 

haloperidol, although the peptides caused less sedation and 

reduction of locomotor activity and did not show affinity to 

brain neuroleptic binding sites in vitro (Van Ree et al., 
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1978). a-Type endorphin, in most of the test procedures, 

exerted opposite effects to r-E. In view of this, it was 

postulated that DTrE and closely related peptides may be 

endogenous neuropeptides with putative neuroleptic-like 

activity and that a relative deficiency of r-type endorphins, 

e.g. resulting from a disturbed balance between a- and r-type 

endorphins, may be an etiological factor in schizophrenia. 

The putative antipsychotic activity of DErE has also 

been tested in clinical trials. The clinical effects were 

variable in schizophrenia patients. According to the reports 

(Van Ree et al., 1982 and Verhoeven et al., 1986), it appears 

that DErE has antipsychotic properties in some patients, most 

prominently in acute or relapsing schizophrenia, but there are 

several authors who feel the numbers of subjects tested are 

too small and the population too heterogeneous to allow firm 

conclusions about patterns of response (de Graaf and Piner 

1986). These controversies about design, patient numbers and 

homogeneity, and duration of treatment seem to apply to all 

published trials with r-type endorphins. 

Dopamine hypothesis of schizophrenia 

During the last decade most of the theories concerning 

the pathogenesis of schizophrenia have been focused on brain 

--------_._-_ .. - .. _---------_ .....•.......... _-_._-_.-
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dopamine (DA). The assumption of a role of DA-ergic systems 

stems from (1) the co-incidence of the psychosis inducing and 

the central DA-ergic activity enhancing effects of 

amphetamine, and (2) the co-incidence of the antipsychotic 

and the DA-ergic blocking action of most neuroleptics in 

current use. These observations have led to the DA hypothesis 

of schizophrenia, that DA-ergic hyperactivity in the brain 

plays a key role in the pathogenesis of this mental illness 

(Meltzer et al., 1976; Van Kammen, 1979; Crow, 1979). But 

there is at present no direct and convincing evidence to 

support the DA hypothesis insofar as biochemical evaluations 

of schizophrenic patients are concerned. 

The brain contains several distinct dopaminergic system, 

e.g. the nigrostriatal, the mesolimbic and mesocortical DA 

systems with cell bodies in the ventral tegmental area and 

terminals in several nuclei of the limbic forebrain, e.g. 

nucleus accumbens, septal nuclei and amygdala, and in cortical 

regions. The nuclei of the limbic forebrain have been 

associated with perceptual, cognitive, attentional and 

affective processes, which are commonly disturbed in 

schizophrenia. This may explain why many of studies have 

focused on specific brain regions, such as nucleus accumbens. 

So far, most of evidence obtained on the antipsychotic effects 

of r-type endorphins were revealed from behavioral studies 

------------------ .'-"- .. 
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which were designed to gain the exposure of the interaction 

between r-type endorphins and DA system. For example, picogram 

quantities of r-type endorphins injected into the nucleus 

accumbens was reported to attenuate passive avoidance behavior 

(Kovacs et al., 1982; Van Ree et al., 1983). Also, the 

hypolocomotion induced by low doses of apomorphine was 

inhibited by r-type endorphins when the sUbstances were given 

into the nucleus accumbens (Van Ree et al., 1982c). Besides, 

the effect of DTrE to decrease electrical self-stimulating 

behavior elicited from electrodes located in the ventral 

tegmental area of the nucleus accumbens (Dorsa et al., 1979; 

Van Ree et al., 1980). They believe that all these 

observations support the interaction between r-type endorphins 

and the mesolimbic DA-system. They also believe that this 

interaction differs in some aspects from that of neuroleptics 

with brain DA. 

According to these reports, r-type endorphins may 

resemble the atypical neuroleptics, blocking preferentially 

the DA receptors located at the presynaptic sites, and 

consequently to decrease DA output. Thus, a tentative 

conclusion that r-type endorphins may modulate the setpoint 

for feedback regulation in neurons equipped with r-type 

endorphin sensitive DA receptor systems was postulated by 

these authors. 
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Therefore, the interactions between brain DA system and 

behavior, between r-type endorphins in the brain and the 

behavior, and between r-type endorphins and DA systems in the 

CNS still remain a puzzle today. 

Methods used in neuropeptide metabolism research 

In general, investigation of peptidase action is best 

pursued with knowledge of the peptide bonds undergoing 

cleavage. Such methods as using amino acid analysis to 

determine peptidase cleavage sites, and the use of specific 

enzyme inhibitors is helpful. HPLC also has been proven to be 

a powerful tool in both enzyme research and pharmacological 

studies on brain peptide degradation, especially when it is 

combined with other methods, such as radioimmunoassay, brain 

slice incubation, enzyme assay. It has been recognized that 

brain slices retain a greater degree of morphology, metabolic 

properties and intact physiological systems than synaptosome 

(Lipton 1985). Using brain slices to study neuropeptide 

metabolism offers several advantages: 1) Extracellular fluid 

composition, temperature and pH can be accurately controlled 

to express or inhibit the activity of specific extracellular 

enzymes. 2) Slices contain complete neurons and processes 

which can be recorded from during a metabolism experiment. 3) 
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The possibility of non-specific/lysosomal enzymatic events are 

diminished if the tissue is not homogenized. 
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SPECIFIC AIM OF THE THESIS 

The evidence available to date in the literature has 

shown that r-type endorphins possess putative neuroleptic-like 

activities in experimental animals. r-Type endorphin enzymatic 

metabolism has been previously studied in our laboratory by 

using brain homogenates (Schoemaker et al., 1982). Also, 

incubation of brain SPM with DTrE by Burbach and his 

colleagues (Burbach et al., 1980a) revealed that DErE was one 

of the main accumulated peptides. Other literature reported 

that DErE is the smallest r-type endorphin retaining the 

putative antipsychotic functions of DTrE (de Wied et al., 

1980). These data led to the assumption that DErE is an 

endogenous neuroleptic peptide. 

The in vivo pharmacokinetic study of DErE has been 

reported by Verhoef and his colleagues (Verhoef and Van den 

wildenberg 1986). They gave [3H]-DErE to rats intravenously. 

The disappearance ·of non-metabolized [3H] -DErE from blood 

followed a biphasic decay with half-lives of 0.7 ± 0.3 minutes 

for the initial distribution phase and 6.3 ± 2.7 minutes for 

the terminal elimination phase. The in vitro incubation of 

tritiated DErE with rat, dog and human plasma respectively, 

yielded a disappearance of DErE in plasma of 13.0 ± 0.8 min 
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for dog, 15.7 ± 1.2 min for rat and 19.2 ± 0.9 min for human 

(Verhoef et al., 1986a). Both in vivo and in vitro studies 

have indicated the very rapid degradation of DErE by 

proteolytic enzymes. However, the central enzymatic metabol ism 

of DErE has never been investigated by using regionally 

dissected brain slices. since brain slices retain a greater 

degree of morphology and intact physiological systems than 

brain synaptosomes or homogenates, the enzymatic metabolism 

of DErE can be approached by using a brain slice technique. 

Therefore, a unique, and useful technique will be made 

available for future studies of enzymatic metabolism of 

neuropeptides. Our hypothesis is that the brain slice 

technique can be used to determine (1) regionally specific 

metabolism of DErE and its structural analogues; (2) the 

influence of peptide structure on enzymatic metabolism. 

In order to test our hypothesis, the present experiments 

were designed to use regionally dissected brain slices for 

time-course inCUbation with DErE and its structural analogues. 

The peptide recovery was measured by using HPLC. The regional 

enzymatic specificities were reflected by estimations of 

peptide half-lives in each different brain region, and the 

structural effects were reflected by comparing the estimated 

half-life of DErE (endogenous, linear peptide) with that of 

its analogues. 
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MATERIALS AND METHODS 

Animal Male sprague-Dawley rats weighing 270-300 grams 

were used for the study of neuropeptide metabol ism. Each 

testing group consisted of 5 rats. Rats were fed with standard 

lab chow and water for the duration of experiment. The room 

was maintained at 23-250C. Room lighting was maintained on a 

14/10 light/dark cycle. Rats were sacrificed by decapitation 

between 0800 and 0900. 

Peptides DErE and its synthetic analogues: [cyclo-6a

Glu11 ]-endorphin 6-17, [pro7
, LyS(Ac)9]-endorphin 6-17, [pro7

, 

Lys(Ac)9, D-Thr16
, Cha17 ]-endorphin 6-17, and [D-Thr16

, Cha17
]

endorphin 6-17 (Fig. 2) were provided by a research contract 

to Dr. Thomas P Davis with AKZO Pharmaceutical, Organon 

Scientific Development Group, Oss, The Netherlands. 

sterilization All the metal tools such as scissors, 

tweezers, and punchers were sterilized by soaking in 75% 

ethanol for at least 48 hours, and the glass containers and 

pipet tips were sterilized by autoclave for 30 min. 

Brain Dissection The rats were sacrificed by 

decapitation, and the brains were dissected immediately for 

nucleus accumbens, caudate-putamen, hypothalamus and 

hippocampus. The entire dissection process was finished within 

-------.--.... ---~- --.-----_. _ ......... . 



STRUcruRES OF fJ-ENDORPHIN-(6-17) AND ITS ANALOGUES 

f3 -Endorplzill- (6-17) 

[Pro7,Lys(Ac)9, D-Thr16,Cha17] 
Elldorplzill- (6-17) 

[Pro 7, Lys( Ac )9] Endorplzin-( 6-17) 

[D-Thrl6, Cha 17] Elldorplzin-( 6-17) 

[Cyclo-6a-Glull] Endorplzill-(6-17) 

*Cha - L-cyclohexylalanine 

H-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-Thr-Leu-OH 

H-Thr-Pro-Glu-LysCAc)-Ser-Gln-Thr-Pro-Leu-Val-D-Thr-Cha*-OH 

H-Thr-Pro-Glu-Lys(Ac)-Ser-Gln-Thr-Pro-Leu-Val-Thr-Leu-OH 

H-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-Leu-Val-D-Thr-Cha * -OH 

I I 
Tlir-Ser-Glu-Lys-Ser-Glu-Tlir-Pro-Leu-Val-Thr-Leu-OH 

Figure 2. 

w 
~ 
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5 min. The dissected brain regions were kept in oxygenated 

incubation buffer (pH 7.4), which had been set on ice. 

Slice Technique The dissected 

punched into a core by using a 2 mm 

brain regions were 

diameter sharpened 

stainless steel, hand held puncher. Individual tissue cores 

were placed into a matching cylindrical plastic holder and 

lightly compressed with a piston holding adjustable weights. 

The combination of the distance between an adjustable base 

plate on the bottom of the tissue holer and the weight of the 

piston above determined the thickness of the slices obtained. 

Slices were produced by pulling a razor blade rapidly across 

the immobilized, weighted tissue cylinder. The freshly

sectioned slices were floated away and collected in a 

oxygenated buffer pool. The slice which was cut in this manner 

had a diameter of 2 mm, and the thickness of about 300 ~m. The 

slices were washed twice with oxygenated incubation buffer 

before transferring to the culture tubes for time-course 

incubation. 

Protein Assay The protein content in each slice from 

the four brain regions was measured by using Folin-Lowry 

protein assay. By multiplying the protein content of each 

slice by the slice number of each incubation sample, we 

calculated the protein content which was used to determine 

the peptide amount to be added to the incubation samples. 
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Based on the protein content per slice, we chose the smallest 

numbers of slices which would express adequate enzyme 

activities. In this manner, we saved not only animals but also 

peptide. 

Incubation Buffer We used oxygenated incubation buffer 

for incubation and for washing of slices during the entire 

procedure. The buffer composition was: (mMol/L) NaCl 126.4 , 

KCI 4.8, KH2P04 0.95, HEPES 10.0, Glucose 11.1, MgS04 .7H20 1.2, 

CaCl2 2.9. The buffer was sterilized by filtration through 0.2 

~m pore size filer. Before using, the buffer was set on ice, 

and bubbled with purified oxygen for at least 30 min. 

High K+ Buffer was used for 3H-GABA release. It was 

incubation buffer except that it consisted of 50 mM K+, and 

corresponding decreased Na+. 

Time-course Incubation The metabolism of the five 

peptides DErE, [pro7 ,LYS(Ac)9]-endorphin 6-17, 

[pro7
, Lys (Ac) 9, D-Thr16

, Cha 17] -endorphin 6-17, [D-Thr16
, Cha 17]_ 

endorphin 6-17 and [cyclo-6a-Glu11
] -endorphin 6-17 was examined 

by time-course incubation with brain slices. Each incubation 

sample contained three random picked slices from a regional 

slice pool, in which the slices had been collected from five 

individual rats brain cutting. All the five peptides were 

tested at 20, and 100 ~g peptide/mg protein, respectively, 

and each sample was incubated by using duplicate tubes (except 
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[cyclo-6a-Glu11 ]-endorphin 6-17 at 100 ~g level). In order to 

allow adequate exposure of both surfaces of the slice to 

nutrients in culture medium, a metal roller, with holes on it, 

for holding the incubating tubes was used and immersed into 

a water bath of 37±0.1°C for incubation. The individual tissue 

slices were maintained floating and avoided sticking to each 

other. After incubating at 37°C for 20, 30, 60, 120 and 180 

min respectively, 0.375M HCI was added to stop enzyme 

activities. The supernatant was separated and stored at -35°C 

until HPLC analysis. The slices were extracted with 

acid/acetone to check if there was any intact peptide 

remaining in the slices. The slice extracts were also stored 

at -35°C until HPLC analysis. We had several control samples 

for time-course incubations, such as the incubation of the 

brain slice (3 slices/tube) alone was considered the tissue 

control. The incubation of acidified brain slices (Slices were 

treated with 0.375 M HCI before adding peptide for incubation) 

as a enzyme activity control to check if the enzyme activities 

were completely stopped by adding Hel, and a peptide standard 

control. All the controls were incubated for the longest 

period of 180 min. 

HPLC Analysis Both peptide recovery and peptide 

metabolites production from incubation samples were measured 

by using HPLC. The HPLC gradient system consisted of two Model 
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6000A pumps and a Model 680 solvent programmer (Waters 

Associated). Eluting peptides were detected with a Perkin

Elmer Model LC-65T variable wavelength detector set at 210 nM. 

Recording and quantification was accomplished using a Hewlett 

Packard 3390A integrator and a strip chart recorder. Peptide 

fragments were separated using a Beckman Ultrasphere ODS-5~ 

column and series of curvilinear gradients of acetonitrile 

against 0.05M NaH2P04 buffer (pH 2.4) over 30 minutes. The flow 

rate was maintained at 2.0 ml/min and the column temperature 

was 40°C. 

3H-GABA uptake/release Assay Measurement of GABA 

uptake/release was used to testify to the brain slice 

viabili ty. Time-course pre incubated rat brain slices were 

given [2, 3-3H]butyric acid (GABA) (specific activity is 50 

ci/mMol), for GABA uptake 30 min. After the slices were 

separated and washed three times with non-radioactive 

incubation buffer to remove surface contaminated 3H-GABA, the 

slices were transferred to high K+ incubation buffer for 3H_ 

GABA release 5 min. FinallJ, the slices (containing 

nonreleasable 3H-GABA) were sep~rated from the supernatant 

(containing releasable 3H-GABA). The radioactivities were 

measured for both slices and s lpernatant. The brain slice 

viability was expressed with pe 'centage (DPM) of release to 

uptake (e.g. %(DPM) = [DPM in surernatant/DPM in supernatant 
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+ DPM in slices] x 100). 

Glia Cell Distribution The regional distribution of 

glia cell was measured by counting the percentage of glia 

cells in different brain regions. The brains were treated and 

dissected in the same manner as described above. After being 

fixed in 10% formalin, the brain tissue was cut into slices, 

and stained using peroxidase antiperoxidase (PAP) method with 

rabbit antihuman glial fibrillary acidic protein (for details 

of the method see Nagle et al., 1985). 

Data analysis Based on the average recoveries of 

peptides from the duplicate incubations at different 

sequential incubation times, the half-lives of DErE and its 

analogues in vitro incubation with specific regional brain 

slices were estimated based on the following equations: 

6S/6t = -keS 

S = S e-kt 
o 

since In x = 2.3 log x 

2.3 log S = 2.3 log So-kt 

log S = log So-(kt/2.3) 

log S -(k/2.3)t+log So 

y = mx + b 

when t = t1/2 

therefore log 0.5 = - (k/2. 3) t1/2 

--_ .. _._----_ .. -.- ... _---_ .. _. 
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t1~ = 0.693/k 

~ equals the first-order rate constant for the overall 

reaction. [S]o equals the initial substrate concentration. t 

equals elapsed time. [S] equlas substrate concentration at 

time t). This equation assume a first order rate of 

elimination for the peptides. 
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RESULTS 

Protein uniformity In our experiment, we first measured 

the protein content for each slice from the four brain 

regions, nucleus accumbens, caudate-putamen, hypothalamus and 

hippocampus. The protein assay results provided us information 

on: (1) The uniformity of brain slices. since protein 

distribution in a specific brain region should be evenly 

distributed, the protein content per unit of tissue (mg/slice) 

should also be constant. Therefore the uniformity of protein 

content reflects the uniformity of the slice size. (2) How 

much tissue we need for each incubation sample. By multiplying 

the protein content of a slice by the slice number in a 

incubation sample, we calculated the total protein content for 

a inCUbation sample. In this way, the tissue amount was 

limited to the smallest protein level which would express 

adequate enzyme activities. (3) Based on the protein content, 

the peptides DErE and its analogues were added to the 

inCUbation samples. Using the Folin-Lowry method, we measured 

protein level for 29 slices from caudate-putamen, 23 slices 

from nucleus accumbens, 20 slices from hypothalamus, and 33 

slices from hippocampus. The protein content (mg/slice) in 

caudate-putamen was 0.152 ± 0.004; in the nucleus accumbens 

was 0.130 ± 0.005; in the hypothalamus was 0.13 ± 0.004 and 
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in the hippocampus the protein content was 0.145 ± 0.003 

(Table 1). 

Table 1. Protein content of Slices. 

Brain region 

caudate-putamen 

N. accumbens 

hypothalamus 

hippocampus 

N 

29 

23 

20 

33 

Protein content 

(mg/slice, Mean±SE) 

0.152±0.004 

0.130±0.005 

0.130±0.004 

0.145±0.003 

Slice viability --- GABA uptake/release The viability 

of the brain slice is very important to peptide metabolism 

studies. After the brain was removed from the rat, there may 

be a deficiency in oxygen or nutrient supply which may promote 

cell death. The enzymatic activities may decrease with cell 

death. This could be expressed as a increase of peptide half

life. Considering this situation, cell death may not always 

be expressed by a half-life increase, because cell death can 

also release lysosomal enzymes which can digest peptides. In 
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this case, the half-life of peptide may not be longer but may 

be even shorter. In order to check the slice viability of our 

experiments, we used tritium labeled 1-amino [2, 3-3H] butyric 

acid (GABA) as a marker for brain slice viability. GABA is a 

natural amino acid and is also a neurotransmitter in the 

central nervous system. Neuronal cells can take up 3H-GABA 

which can then be released following high K+ stimulation. The 

released 3H-GABA can be measured by the use of a scintillation 

counter. Based on the efficiency of GABA-uptake and release, 

we determined the viability of our brain slices. Our data 

showed that the capability of 3H-GABA uptake/release was 

maintained stable in the brian slices which had been incubated 

for at least 5 hours. After incubating for 8 hours, the 

capability of 3H-GABA uptake/release significantly decreased. 

The brain slices which had been incubated for 24 hours or 48 

hours completely lost the capability of 3H-GABA uptake/release 

(Fig. 3). 

Glia cell distribution In the brain, except neuronal 

cells, there are major cell type known as glia cells which 

could contribute to peptide metabolism. There are five major 

classes of glia cells. The first, consists of a starlike shape 

in the light microscope, and is called the astrocyte. Since 

astrocytes contact blood capillaries on the one hand and 

neurons on the other and therefore are thought to have a 
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3H-GABA RELEASE BY RAT BRAIN SLICE 
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Fig. 3 Brain slice viability was checked by the efficiency 
of 3H-GABA uptake and release. 
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nutritive function. The second type of glia cell is known as 

the oligodendrocyte. It is also called the satellite cell when 

it occurs close to nerve cell bodies. It has been reported 

that oligodendrocytes may contribute to the formation of 

myelin sheath in CNS, since they appeared largely among 

myelinated central axons (Cooper 1986, Kandel and Schwartz 

1981). The third type of glia cell is the Schwann cell, which 

forms the myelin sheath around the axons of peripheral nerves. 

The fourth type of glia cell is the ependymal cells which line 

the inner surface of the brain. Finally, the microglia are 

small and ovoid and are capable of acting as phagocytes. 

Recently it has been reported that the glia cell may share 

some of the enzyme activities with neurons but not others 

(Koshiya 1984). Since both neuron and glia cells exist in the 

brain slice, the glia cell may also be involved in peptide 

metabolism. Our aim was to determine the regional distribution 

of glia in brain slices of the rat. We hope that this would 

help us to explain the regional difference of enzymatic 

activity. We used the PAP method to stain the brain slices. 

As shown by the photomicrographs (Fig. 4 a-d), the glia cells 

were in starlike shape, and the distribution was variable 

among the tested brain regions. The hippocampus had the 

highest percentage (30.6%) of glia cells, which was much 

higher than the hypothalamus (14.4%), 13.6% in caudate-
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putamen, or 13.5% in nucleus accumbens (Fig. 5). 

Peptide metabolism Incubation of brain slices with the 

five peptide compounds for 20, 30, 60, 120 and 180 min showed 

a linear degradation. The estimated half-lives were dependent 

upon the peptide structure where each peptide had been 

incubated with different brain regions in a time-course format 

(Fig. 6-15). 

Therefore (1) Incubation of different peptides with the 

same brain regions showed different estimated half-lives, and 

these differences are dependent on peptide structure (Fig. 16-

19). (2) Incubation of the same compound with different brain 

regions also showed different estimated half-lives. These 

differences were regionally dependent (Fig. 20-24). (3) 

Incubation of the same compound with the same brain regions 

but at different peptide levels rarely gave different 

estimated half-lives (Table 2). 

In the same brain regions, the structurally dependent 

differences were obvious. For example, incubation with 

caudate-putamen showed that [pro7,Lys(Ac)9]-endorphin 6-17 at 

both low and high concentration level had a longer estimated 

half-life than that of DErE or the other compounds tested 

(Fig. 16). Also [pr07,Lys(Ac)9,D-Thr16,Cha17]-endorphin 6-17 had 

a longer half-life at the high concentration tested (100 ~g) 



Fig. 4 a-b. 
the arrows 
accumbens. 
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The brain slice were stained with PAP method, 
show the glia cells. a. caudate-putamen; b. 



Fig. 4 c-d. 
the arrows 
hippocampus. 
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The brain slice were stained with PAP method, 
show the glia cells. c. hypothalamus; d. 
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GLIA CELL IN DIFFERENT BRAIN REGIONS 
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Fig. 5 Glia cells distribution in different brain regions. 



Table 2 ESTIMATED HALF-LIFE OF DIFFERENT ENDORPHIN 6-17 FROM RAT BRAIN 
SLICE INCUBATION 

REGION 

CAUDATE
PUTAMEN 

ACCUMBENS 

HYPO
THALAMUS 

HIPPO
CAMPUS 

PEPTIDE 

Endorphin 6-17 
[Pro7,Lys(Ac)9J-E-6-17 
[pr07,~S(AC)9.D-ll1r16.ChaJ 7J-E-6-17 
[D-ll1 6,ChaJ7J-E-6-17 
[Cyclo-6a-GluJ J-E-6-17 

Endorphin 6-17 
[Pro7.Lys(Ac)~-E-6-17 
[Pro7,~S(AC)9,D-ll1r16,ChaJ 7J-E-6-17 
[D-ll1 6,ChaJ7J-E-6-17 
[Cyclo-6a-GluJ J-E-6-17 

Endorphin 6-17 
[Pro7.Lys(Ac)9J-E-6-17 
[Pro7,~S(AC)9.D-ll1r16.ChaJ7J-E-6-17 
[D-ll1 6,ChaJ7J-E-6-17 
[CycI0-6a-GluJ J-E-6-17 

Endorphin 6-17 
[Pr07,Lys(Ac)9J-E-6-17 
[Pro7,~S(AC)9.D_ Thr16,ChaJ7J-E-6-17 
[D-ll1 6,ChaJ7J-E-6-17 
[Cyclo-6a-GluJ J-E-6-17 

ESTIMATED HALF-LIFE (MIN)' 

20jlg. pep/mg. pro. lOOjlg.pep/mg.pro 

101.8 110.5 
131.8 142.6 
105.7 138.4 
65.7 82.0 
62.2 59.3" 

100.8 183.2 
145.7 186.1 
99.2 121.9 
54.1 89.7 
98.1 129.1" 

149.0 161.7 
223.3 299.4 
138.0 193.4 
91.8 120.4 

211.5 209.3" 

120.2 154.8 
138.2 142.0 
90.0 157.9 
86.9 111.8 

118.1 118.4" 

• Half-life was calculated by averaging duplicate measurements at each time point from 20-180 minutes assuming 
first-order kinetics. .. Half-life based on single measurement. 

---------~~---~.----~--~----~-----
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Fig. 6 Time-course incubation of DErE with brain slices from 
caudate-putamen, accumbens, hypothalamus, and hippocampus at 
peptide level 100 ~g/mg.protein. 
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Fig. 7 Time-course incubation of DErE with brain slices from 
caudate-putamen, accumbens, hypothalamus, and hippocampus at 
peptide level 20 ~g/mg.protein. 
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Metabolism of [Pr07.Lys(Ac)9]-E-6-17 
by rat brain slices (1 OO~/m9.pro.) 
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Fig. 8 Time-course incubation of [pr07 ,Lys(AC)9]-endorphin 6-
17 with brain slices from faudate-putamen, accumbens, 
hypothalamus, and hippocampusl at peptide level 100 
J,Lg/mg.protein. 
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Metabolism of [Pro 7.Lys(Ac)9]-E-6-17 

by rat brain slices (20I'9/mg.pro.) 
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Fig. 9 Time-course incubation of [pro7 ,Lys(Ac)9]-endorphin 6-
17 with brain slices from caudate-putamen, accumbens, 
hypothalamus, and hippocampus at peptide level 20 
j.Lg/mg.protein. 
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Fig. 10 Time-course incubation of [D-Thr16
, Cha 17] -endorphin 6-

17 with brain slices from caudate-putamen, accumbens, 
hypothalamus, and hippocampus at peptide level 100 
J,Lg/mg.protein. 
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Fig. 11 Time-course incubation of [D-Thr16 ,Cha17]-endorphin 6-
17 with brain slices from caudate-putamen, accumbens, 
hypothalamus, and hippocampus at peptide level 20 
/-Lg/mg.protein. 
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Fig. 12 Time-course incubation of [Pro7 ,Lys(Ac)9,D
Thr16 ,Cha17 ]-endorphin 6-17 with brain slices from caudate
putamen, accumbens, hypothalamus, and hippocampus at peptide 
level 100 ~g/mg.protein. 
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Fig. 13 Time-course incubation of [pr07 ,Lys(Ac)9,D
Thr16 ,Cha17 ]-endorphin 6-17 with brain slices from caudate
putamen, accumbens, hypothalamus, and hippocampus at peptide 
level 20 ~g/mg.protein. 
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Fig. 14 Time-course incubation of [cyclo-6a-Glu11 ]-endorphin 
6-17 with brain slices from caudate-putamen, accumbens, 
hypothalamus, and hippocampus at peptide level 100 
/-Lg/mg.protein. 
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Fig. 15 Time-course incubation of [cyclo-6a-Glu11 ]-endorphin 
6-17 with brain slices from caudate-putamen, accumbens, 
hypothalamus, and hippocampus at peptide level 20 
J.£g/mg.protein. 

------ --------------------------------- ---
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EFFECT OF PEPTIDE STRUCTURE ON HALF-LIFE 
IN CAUDATE-PUTAMEN 
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Fig. 16 Different peptides incubated with caudate-putamen 
show different half-lives. (E-6-17, DE1E; hPro7, Lys CAc) 9]_ 
endorphin 6-17, PL; [Pro7,Lys(Ac)9,D-Thr16 ,Cha ]-endorphin 6-
17, PLDC; [D-Thr16 ,Cha17 ]-endorphin 6-17, DC; [cyclo-6a-Glu11

]

endorphin 6-17, CYC). 
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EFFECT OF PEPTIDE STRUCTURE ON HALF-LIFE 
IN NUCLEUS ACCUMBENS 
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Fig. 17 Different peptides incubated with nucleus accurnbens 
show different half-lives. (E-6-17, DErE; j.,pro7

, Lys (AC) 9]_ 
endorphin 6-17, PL; [pro7 ,Lys(Ac)9,D-Thr16 ,Cha ]-endorphin 6-
17, PLDC; [D-Thr16

, Cha 17] -endorphin 6-17, DC; [Cyclo-6a-Gl u 11]_ 

endorphin 6-17, CYC). 

----- . __ .... _-_ .. __ .. -------_._--_._-- -- . 
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Fig. 18 Different peptides incubated with hypothalamus show 
different half-lives. (E-6-17, DErE; lPro7,LYS(AC)9]-endOrphin 
6-17, PL; ~pro7, Lys (Ac) 9, D-Thr16

, Cha 1 
] -endorphin 6-17, PLDC; 

[D-Thr16 ,Cha 7]-endorphin 6-17, DC; [cyclo-6a-Glu11 ]-endorphin 
6-17, CYC). 

-----------_ .. _-------_ .. _--_. -_ ... _--
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Fig. 19 Different peptides incubated with hippocampus show 
different half-lives. (E-6-17, DErEi tPr07,LYS(AC)9]-endorPhin 
6-17, PL; ~pro7,LYS(AC)9,D-Thr16,Cha1 ]-endorphin 6-17, PLDC; 
[D-Thr16 ,Cha 7]-endorphin 6-17, DCi [cyclo-6a-Glu11 ]-endorphin 
6-17, CYC). 
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Fig. 20 [pro7 ,Lys(AC)9]-endorphin 6-17 incubation with 
different rat brain regions shows different half-lives (CPu, 
caudate-putamen; Acb, accumbens; HYpo, hypothalamus; Hi, 
hippocampus). 

------ ~------ .------------~~.~ -
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[Cyclo-6a-Glu ]-ENDORPHIN (6-17) INCUBATION 

WITH RAT BRAIN REGIONS 
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Fig. 21 [cyclo-6a-Glu11 ]-endorphin 6-17 incubation with 
different rat brain regions shows different half-lives (CPu, 
caudate-putamen; Acb, accumbensi HYpo, hypothalamus; Hi, 
hippocampus) . 
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7 9 16 17 

[Pro. Lys(Ac) .D-Thr • Cho ]-ENDORPHIN (6-17) 

INCUBATION WITH RAT BRAIN REGIONS 
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Fig. 22 [Pr07,Lys(Ac)9,D-Thr16,Cha17]-endorphin 6-17 incubated 
with different rat brain regions shows different half-lives 
(CPu, caudate-putamen; Acb, accumbens; HYpo, hypothalamus; Hi, 
hippocampus). 

------------ ----------------- - - -----------
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[D_Thr
16

, Cha 17]-ENDORPHIN (6-17) INCUBATION 

WITH RAT BRAIN REGIONS 
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Fig. 23 [O-Thr16,Cha17J-end01rhin 6-17 incubated with 
different rat brain regions show' different half-lives (CPu, 
caudate-putamen; Acb, accumben; HYpo, hypothalamus; Hi, 
hippocampus). 
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Fig. 24 B-endorphin 6-17 (DErE) incubated with different rat 
brain regions shows different half-lives (CPu, caudate
putamen i Acb, accumbens i HYpo, hypothalamus i Hi, hippocampus). 
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than that of DErE in caudate-putamen (Fig. 16). While [D

Thr16
, Cha 17] -endorphin 6-17 and [cyclo-6a-Glu11

] -endorphin 6-

17 incubated with caudate-putamen showed a shorter half-life 

than that of DErE (Fig. 16). In caudate-putamen only the 

acetylated peptide delayed enzymatic degradation at both 

levels tested. 

In nucleus accumbens [pro7 ,Lys(Ac)9]-endorphin 6-17 

incubation also showed a longer half-life than that of DErE 

and the other compounds when tested at the low peptide levels 

(Fig. 17). At high levels of peptide incubation, although 

[pr07 ,Lys(Ac)9]-endorphin 6-17 showed the longest half-life 

among the peptide analogues, its half-life was not longer than 

that of DErE. Again, the incubation of [D-Thr16 ,Cha17
]

endorphin 6-17 with nucleus accumbens at both low and high 

levels showed shorter half-lives than that of DErE (Fig. 17). 

Surprisingly, the similar situation was seen in hypothalamus, 

e.g. the incubation of [D-Thr16 ,Cha17 ]-endorphin 6-17 showed 

shorter half-lives as compared to the half-lives of the linear 

peptide, DErE (Fig. 18). On the contrary, the incubation of 

both [pro7 ,Lys(Ac)9]-endorphin 6-17 and [cyclo-6a-Glu11
]

endorphin 6-17 showed longer half-lives than that of DErE at 

both low and high levels in the hypothalamus (Fig. 18). 

In the hippocampus the estimated half-lives did not show 

a obvious difference between peptides at either level tested 

-----"------------------ ----------------
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(Fig. 19). It appears that the enzymes contributing to the 

degradation of DErE in the hippocampus were not sensitive to 

peptide structure of the compounds tested in hippocampus. 

By comparing the metabolism of each of the peptide 

compound in different brain regions, respectively, we observed 

that peptides were metabolized differently in different 

regions. The inCUbation of [Pro7,Lys(Ac)9]-endorphin 6-17 at 

both levels showed a longer half-life in hypothalamus among 

the brain regions tested (Fig. 20). Also [cyclo-6a-Glu11 ]

endorphin 6-17 (Fig. 21), [pro7,Lys(Ac)9,D-Thr16,Cha17]

endorphin 6-17 (Fig. 22), and [D-Thr16 .Cha17 ]-endorphin 6-17 

(Fig. 23) had the longest estimated half-lives in hypothalamus 

among the brain regions tested. These data implied that 

hypothalamus may have a low level or low activity of the 

specific enzymes for metabolism of synthetic DErE analogues. 

Among the four brain regions we tested during incubation with 

the five peptides, caudate-putamen appears to have the highest 

enzyme activity, because time-course inCUbation of DErE (Fig. 

24), [cyclo-6a-Glu11 ]-endorphin 6-17 (Fig. 21), and 

[Pr07,LYS(Ac)9]-endorphin 6-17 (Fig. 20) showed the shortest 

half-lives in the caudate-putamen. On the other hand, the 

nucleus accumbens also showed a relatively high activity 

during the incubation with [D-Thr16 .Cha17]-endorphin 6-17 at 

low levels (Fig. 23) and the incubation with [pro7,Lys(Ac)9,D-
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Thr16 ,Cha17 ]-endorphin 6-17 at high levels (Fig. 22). 

By considering the peptide (substrate) level effect on 

the peptide degradation, we chose the low (20 ~g/mg.pro.) and 

the high (100 ~g/mg.pro.) levels for all the peptide 

incubations. In most of the peptide incubations, there was not 

a extremely half-life difference due to the peptide level in 

the incubation sample (Table 2). 

In order to acquire further evidence that DErE and its 

synthetic analogues were enzymatically metabolized when 

incubated in vitro with rat brain slices, we measured the 

production of peptide metabolites. As shown by Figure 24a-d, 

DErE incubation at high levels (100 ~g) revealed four dominant 

fragments. Peptide fragment production also reflects the 

regional difference in enzyme activities, since three of four 

metabolites were produced more efficiently in caudate-putamen, 

indicating an active enzymatic metabolism in this brain 

region. 

In vitro incubation of brain slices with [cyclo-6a

Glu11 ]-endorphin 6-17 at high level (100 ~g) revealed two main 

fragments which were eluted from the HPLC column at retention 

times of 7.25 and 9.84 min, respectively (Fig. 26 a-b). Also 

the time-course incubation of [D-Thr16 ,Cha17]-endorphin 6-17, 

[pro7
, Lys (Ac)9]-endorphin 6-17 and [pr07 ,Lys(AC)9,D

Thr16,Cha17 ]-endorphin 6-17 at high peptide level (100 ~g) with 
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brain slices, yielded at least one main metabolite produced 

from each of the parent peptides (Fig. 27, 28, 29). For low 

peptide (20 ~g) incubation of the peptides, similar peptide 

frag'ments were observed. 

The appearance of peptide metabolites confirmed that the 

parent peptides were enzymatically metabolized in vitro during 

incubation with rat brain slices, e.g. the parent peptides 

were enzymatically cleaved to smaller peptide fragments. 

In order to obtain further support that the peptide 

content decrease during time-course incubation is due to 

enzymatic metabolism, we separated brain slices from the 

supernatant at the end of incubation. The slices were then 

extracted with acid/acetone to check if peptides remained in 

the slices. We measured the extracts from the 30 min incubated 

slices using HPLC. Only 0.5 % ± 0.05 (M ± SE, N=16) of added 

parent peptides were measured in the low peptide level 

samples, and 0.64 % ± 0.1 (N=16) of added parent peptides were 

measured in the high peptide level samples. 

In the tissue control sample, e.g. brain slices incubated 

alone without adding peptide, we did not find DErE and its 

analogues. In the standard control samples, we did not see 

peptide metabolites. In acid (0.375 M HCl) inactivated tissue 

incubation, the parent peptide recovery was on the average of 

87.2 % ± 3 (N=10). 
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FRAGMENT (3.36 MIN) PRODUCED FROM INCUBATION OF 

BETA-ENDORPHIN 6-17 (100 J.l.g/mg. pro.) 
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Fig. 25 a-b. ~-endorphin 6-17 (DErE) incubation with 
different rat brain regions (e.g. CPu, caudate-putamen; Acb, 
accumbens; HYpo, hypothalamus; Hi, hippocampus) produced 
different peptide fragments. a. fragment eluted from the 
column at 3.36 mini b. fragment eluted from the column at 5.5 
min. 
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Fig. 25 c-d. ~-endorphin 6-17 (DErE) incubation with 
different rat brain regions (e.g. CPu, caudate-putamen; Acb, 
accumbens; HYpo, hypothalamus; Hi, hippocampus) produced 
different peptide fragments. c. fragment eluted from the 
column at 6.89 min; d. fragment eluted from the column at 8.3 
min. 
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Fig. 26 a-b. [cyclo-6a-Glu11 ]-endorphin 6-17 incubation with 
different rat brain regions (e.g. CPu, caudate-putamen; Acb, 
accumbens; HYpo, hypothalamus; Hi, hippocampus). There were 
two peptide fragments produced. a. fragment eluted from the 
column at 7.25 min; b. fragment eluted from the column at 9.84 
min. 
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FRAGMENT (15.68 MIN) PRODUCED FROM INCUBATION OF 
16 17 [D-THR CHA ]-ENDORPHIN 6-17 (100I'9/mg. pro.) 

20 

- -CPU 
15 - -Ace 

• .HY 
A-A Hi 

10 

o 

-5 ~~~--~~------~~------~ 
2030 60 120 180 

TIME (MINUTES) 

Fig. 27 [D-Thr16 ,Cha17]-endorphin 6-17 incubation with 
different rat brain regions (e.g. CPu, caudate-putamen; Acb, 
accumbens; HYpo, hypothalamus; Hi, hippocampus) produced a 
fragment which was eluted from the column at 15.68 min. 

-------------------------------------
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Fig. 28 [pr07 ,Lys(Ac)9]-endorphin 6-17 incubation with 
different rat brain regions (e.g. CPu, caudate-putamen; Acb, 
accumbens; HYpo, hypothalamus; Hi, hippocampus) produced a 
fragment which was eluted from the column at 9.8 min . 

. _--_._----------_.---- ----------
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Fig. 29 [pr07,Lys(Ac)9,D-Thr16,Cha17]-endorphin 6-17 incubation 
with different rat brain regions (e.g. CPu, caudate-putamen; 
Acb, accumbens; HYpo, hypothalamus; Hi, hippocampus) produced 
a fragment which was eluted from the column at 15.6 min. 

------------ ---------------- -- -------
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DISCUSSION 

The protein content in the brain slices was very 

reproducible. This implies that the slices cut were uniform 

in size. Also, the brain slice viability as evidenced by 3H_ 

GABA uptake or release maintained stable for at least 5 hours 

of incubation. These results show that our slice technique can 

be reliable. Based on our experience, the brain slice 

technique is a very useful approach for the study of 

neuropeptide metabolism. Slices retain a greater degree of 

morphology, and intact physiological systems than brain 

synaptosome or homogenate. Our experiments show that using 

slices requires less tissue and less preparation. This 

maintains the integrity of the enzymes, and slices have much 

less contamination from non-specific cytosolic enzymes than 

homogenate. 

In the tissue control samples, (e.g. the incubation of 

brain tissue itself), we did not observe measurable DErE or 

any of its synthetic analogues. This means to us that 

endogenous DErE could not be measured by the HPLC method we 

used, and there were no endogenous peptides eluting at the 

same retention time from the HPLC column by using our HPLC 

gradient program. Any measurable amount of peptides noted were 

the exogenously added peptides. In acid deactivated tissue 
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incubation we noted a 87.2 % average recovery of parent 

peptides. This result showed us that the enzymes had been 

deactivated or inhibited before adding the peptides for 

incubation. Therefore, 0.375 M HCl is a strong enough acid to 

be used for stopping the enzyme activities at the end of 

incubation. On the other hand we had a very low measurable 

(0.51 % for low peptide level, 0.64 % for high peptide level) 

parent peptide level from the brain slices extracts. The 

possible reason could be that either not very much peptide 

could get into the sl ices, or the parent peptides were 

metabolized immediately as soon as they got in the brain 

slices. However all the control data suggested that if the 

peptide recovery decreased in the incubation samples with the 

time-course incubation, the peptide loss should be due to the 

enzymatic metabolism. This had been evidenced by the peptide 

fragments production during the time-course incubations. 

Incubation of the linear, endogenous peptide, DETE, with 

rat brain slices, yielded estimated half-lives which varied 

in different brain regions from 100.8 min to 153.8 min at the 

low peptide level (20 ~g/mg.pro) and from 110.5 min to 183.2 

min at the high peptide level (100 ~g/mg.pro) (Fig. 6, 7). 

Comparing the results of administration of DErE in vivo 

(Verhoef and van den Wildenberg 1986) and in vitro incubation 

with plasma (Verhoef et al., 1986a), the estimated half-lives 

------ - -----------------------------------------------



82 

from our experiment for DErE are much longer. This may be due 

to the fact that during slice incubations only the cell 

membrane surface enzymes took part in peptide metabolism, 

since actual peptide uptake by brain cells has not been 

reported to date. However our data and previous data (Burbach 

1980a) imply a potent proteolytic metabolism of DErE both in 

vivo and in vitro. To date, limited cell-surface peptidases 

have been discovered in brain (Turner et al., 1985). By 

studying the structure of DErE and enzyme characteristics 

(Table 3), we can predict that many proteolytic enzymes may 

act on the peptide sequence of DErE (Fig. 30). For example, 

trypsin like peptidases can hydrolyze the carbonyl side of 

basic amino acids, e.g. cleaving at Lys9, to produce fragments 

of ~-endorphin (6-9) and ~-endorphin (10-17). Since DErE is 

the smallest r-type endorphin retaining the full spectrum of 

antipsychotic function, any cleavage of the peptide will lead 

to a loss of biological function. The second peptide bond 

sensitive to enzymatic hydrolysis may be Pr013_Leu14
• One of 

the enzymes which may act at this position is endopeptidase 

3.4.24.11 (EC 24.11). EC 24.11 is distributed throughout the 

brain, and is relatively abundant in striatum and spinal cord. 

The enzyme is reported to be enriched in synaptosomal 

preparations (de la Baume et al., 1981). Studies on the 

distribution of rat brain EC 24.11 showed that the location 

--- ---_ .. _-_.- .---
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3.4.24.15* 

3.4.15.1 (peptidyl dipeptidase A) - Turner et al., Bioche. Plwrmacol. 34, 1347, 1985. 
3.4.11.2 (aminopeptidase N) - Rankin, et al, Biodre. Biophy. Res. Commu. 96, 991, 1980. 
T.L. (Trypsin-like enzyme) - lindberg et aL, 1. Neurochem. 42, 1411, 1984. 
3.4.24.11 (eokephalinase) - Hersh, 1. Neurochem 43,487,1984. 
3.4.24.15 - Orlowske et al, Eur.1. lJiot:Mm. 135,81, 1983. 

• Predicted 

Fig. 30 Enzymatic cleavage sites of p-endorphin 6-17 (DETE). 

Table 3. Peptidases present in the eNS· 

Enzyme 

Endopeptidase-24.11 

Peptidyl dipeptidase A 

Dipeptidyl peptidase IV 

Aminopeptidase N 

Active site Specificity 

Zn2+ 
! 

-D-O-II-D-
hydrophobic 

Zn2+ 
! -0-0-_-_ 

(many) 

I 
! 

Serine [)._ .. -o-o-
~Pro) 

Zn2+ 
i~ -= 
! 

Presence on 
cell membrane 

Yes 

Yes 

Yes 

Yes 

-The requirements for amino acid residue ~pecificity (_) are indicated in 
parentheses. 

------ ._--_. __ ._-_._--_. ------------_. __ ._._ .. --.. -
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of EC 24.11 matches that of ~ and/or o-opioid receptors in 

many regions, including those involved in pain control, in the 

globus pallidus, caudate-putamen, and sUbstantia nigra. The 

cDNA for human, rat, and rabbit EC 24.11 has been cloned and 

the deduced protein sequences revealed a high degree of 

homology (Malfroy et al., 1987, Devault et al., 1987, and 

Malfroy 1988). EC 24.11 is a membrane bound metallopeptidase. 

It requires zinc in its active site. It has been shown that 

glutamic acid is involved in catalysis and two histidines are 

responsible for binding to the zinc cofactor. EC 24.11 cleaves 

substrate at the amino side of hydrophobic amino acids. It 

has been pointed out that EC 24.11 may cleave r-E in vivo 

(Hersh, 1984; Erdos and skidgel 1989). There is also the 

possibility that endopeptidase 3.4.24.15 cleaves DErE at the 

peptide bound of Leu14-VaI15
• 

In order to determine the relationship between DErE 

structure and the enzymatic degradation of DErE, we tested 

different DErE analogues which had been synthesized with 

structural, conformational changes. According to the 

literature, peptide backbone modifications have been 

introduced and proved to be useful to improve resistance to 

enzymatic actions (Spatola 1984). In our experiments the 

structure of DErE had been changed by: (1) sUbstitution (e.g. 

replacement of functional residues by another amino acid), 
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such as in [pro7 , LyS(Ac)9]-endorphin (6-17) and [pro7 , 

Lys(Ac)9,D-Thr16
, Cha17]-endorphin (6-17), Ser7 was replaced by 

Pro7
• (2) Conversion of L-amino acids to their D-counterparts 

as stereochemical probes and for possible improvement of the 

peptide's biological resistance, such as in [pro7
, Lys(Ac)9, 

D-Thr16
, Cha17]-endorphin (6-17) and in [D-Thr16

, Cha17
]_ 

endorphin (6-17) , L-Thr was converted to D-Thr. (3) 

Introduction of unusual, non-naturally occurring amino acids, 

such as L-cyclohexylalanine, represented by Cha13
• (4) 

Cyclization of the peptide backbone, such as [Cyclo-6a

Glu11 ]-endorphin (6-17) (Fig. 3). Therefore, the major goal of 

these peptide backbone modifications is to confer stability 

to the peptides against rapid enzymatic degradation. 

Considerable evidence has accumulated indicating that 

pairs of basic residues constitute a processing signal for 

proteolytic trypsin-like cleavage enzymes (Geisow and Smyth 

1980). Trypsin like enzymes can also act on single basic amino 

acid. Lys9 of DErE may be a sensitive position for trypsin

like enzymes hydrolysis. Lysine is a positively charged amino 

acid in physiological solutions (pH 7.4), and its polarization 

could be changed by acetylation at either the a, or € amino 

group. The change in the polarization will make it difficult 

for enzyme recognition or binding. This is a possible 

explanation for the increased estimated half-life of [Pro7 , 
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Lys(Ac)9]-endorphin (6-17) in hypothalamus (223.3 min) (Fig. 

9) vs 149 min for DErE at 20 ~g/mg.pro. (Fig. 7), and 299.4 

min for [pro7
, LyS(AC)9]-endorphin (6-17) (Fig. 8) vs 161.7 min 

for DErE at 100 ~g/mg.pro. (Fig. 6). It has been reported that 

a common mechanistic characteristic of many proteolytic 

enzymes appears to be polarization of the amide carbonyl 

followed by nucleophilic attack on the weakened scissile bond 

(Spatola 1984) • Theoretically, any backbone modification which 

removes the polarizable group, al ters the geometric 

requirements and/or otherwise increases the strength of the 

vulnerable link will tend to reduce or eliminate the 

possibility of proteolytic cleavage. The sUbstitution of 

proline for serine also helps to provide resistance to amino 

peptidase M 3.4.11.2 a microsomal metalloexopeptidase acting 

on N-terminal amino acids but not proline, because the amino 

group of proline is in a cyclic ring. The sUbstitution of 

proline can also affect another metalloexopeptidase known as 

leucine aminopeptidase 3.4.11.1, a cytosomal enzyme, which can 

cleave N-terminal amino acids except for Lys, Arg, and the 

amino acid at the N-terminal followed by proline (x-Pro). 

Since we used twice washed brain slices for incubation, almost 

all cytosolic peptidases have been washed away. Since leucine 

aminopeptidase 3.4.11.1 is not a membrane bound enzyme, it is 

not a very important candidate in peptide enzymatic metabolism 
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using the slice technique. 

Carboxypeptidases, on the other hand, can cleave DErE 

from the c-terminal. One present in the brain is peptidyl 

dipeptidase A (EC 3.4.15.1), which is also enriched in 

synaptosome (Benuck and Marks 1978). The primary specificity 

of the enzyme is to release dipeptide fragments sequentially 

from the C-terminus of a peptide, (e.g. it can cleave DErE at 

vaI15-Thr16
). EC 3.4.15.1 is also a glycoprotein containing a 

Zn2 + atom at the active site. Substrate specificity indicates 

that the enzyme shows some preference for those peptides 

containing an aromatic residue in the P1 position adjacent to 

the scissile bond (Bunning et al., 1983). Immunocytochemical 

studies have localized EC 3.4.15.1 in capillary endothelial 

cells throughout the brain, and particularly in the brush 

border of the choroid plexus (Brownfield et al., 1982 and Rix 

et al., 1981). There also appears to be some detectable EC 

3.4.15.1 activity in the neuronal striatonigral pathway 

(Arregui et al., 1978). In order to increase the resistance 

to carboxypeptidase, D-Thr16
, and cyclohexylalanine17 were used 

for DErE modification. Usually D-amino acids confer partial 

to full enzymatic resistance. This effect may be due to 

altered conformational or electronic properties that decrease 

the "fit" of the modified analogue, and increase the 

resistance to enzymatic degradation, since the cleavable bond 
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is still present. The discovery of D-alanine in dermorphin, 

an opioid heptapeptide, is a good example. Dermorphin was 

first isolated from the skin of frogs of the phyllomedusa 

species (Montecucchi et al., 1981). The presence of the 

unusual D-amino acid residue at the 2 position has been 

partially credited for dermorphin' s very high and long lasting 

analgesic activity (Broccardo et al., 1981). The increased 

resistance of the molecule toward proteolytic enzymes has been 

confirmed by the studies of the enzymatic stability of 

dermorphin (Erspamer et al., 1981). This enhanced stability 

was proposed to be attributed both to the D-amino acid at 

position 2 as well as to the proline in position 6, both of 

which appear to protect dermorphin against exopeptidase action 

(Montecucchi et al., 1981). However, in our experiment, D

threonine did not help to increase the estimated half-life of 

peptide. The half-life of [D-Thr16
, Cha17]-endorphin 6-17 was 

even shorter than that of DErE in all regions we have tested 

at both low and high peptide levels. Recently, it has been 

reported that D-amino acids do not always increase the 

resistance to enzymatic degradation (Darlak et al., 1988). 

Comparing with [D-Thr16 ,Cha17 ]-endorphin 6-17, [pro7 ,Lys(AC)9,D

Thr16 ,Cha17 ]-endorphin 6-17 had relative longer half-lives when 

incubating with different brain regions at both low and high 

levels, but the half-lives were still shorter than the half-
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lives of [pro7 ,Lys(Ac)9]-endorphin 6-17 (Fig. 16-19). This 

again supports the Pro7 sUbstitution and Lys9 acetylation which 

are helpful to delay the enzymatic degradation of DErE, while 

the structure modifications wi th D-Thr16 and 

cyclohexylalanine17 could not increase the enzymatic resistance 

of DErE. 

Recently, the degradation of DErE has been checked by in 

vitro incubation of the peptide with plasma from different 

species (Verhoef et al., 1986a). The enzymatic products were 

identified by using HPLC analysis. The principal fragments 

were ~-E 7-17, 8-17, 9-17, 6-15, 7-15 and 8-15. The abundance 

of ~-E 6-15, ~-E 7-15 and ~-E 8-15 in rat and human plasma 

suggests preferential, subsequent carboxypeptidase and 

aminopeptidase mechanisms. Whereas in dog plasma DErE was 

predominantly degraded by aminopeptidase activities, since the 

maj or peptide metabolites were ~-E 7-17 and 8-17. In our 

study, it seemed that proline sUbstitution and lysin 

acetylation partially protected peptides from aminopeptidases. 

However, D-amino acid and cyclohexylalanine did not protect 

the peptide from carboxypeptidase. The further confirmation 

can be approached by doing amino acid analysis for peptide 

metabolites. structural studies of carboxypeptidase A by 

Quiocho and Lipscomb (1971) have revealed that a basic group 

at the active site forms an ionic bond with the terminal 
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carboxyl group of the substrate. An adj acent hydrophobic 

pocket is responsible for the specificity of carboxypeptidase 

A towards substrate containing a c-terrninal aromatic amino 

acid. The zinc atom at the active site participates directly 

in the catalytic mechanism. This enzyme activity may be 

involved in the metabolism of DErE with the c-terrninal 

modification by cyclohexylalanine sUbstitution for leucine, 

such as the DErE analogue [D-Thr16 ,Cha17]-endorphin 6-17, 

because cyclohexylalanine has a structural similarity to that 

of phenylalanine. 

Aminopeptidase N (EC 3.4.11.2), another membrane 

glycoprotein, is also a metalloenzyme containing Zn2+ at the 

active site. This enzyme shows a broad side-chain specificity 

with alanyl residues being hydrolysed most rapidly, such as 

the N-terrninal amino acid threonine in DErE. other amino 

acids, such as phenylalanine, tyrosine, leucine and arginine 

derivatives are also hydrolysed at sUbstantial rates. Much 

lower rates of hydrolysis are seen with glutamate, aspartate 

and proline (Wachsmuth et al., 1966). Synaptic membranes 

contain an enzyme with some characteristics similar to 

aminopeptidase N. 

It has been reported by Hudgin (Hudgin et al., 1981) that 

the membrane aminopeptidase activity exceeds that of 

endopeptidase-24.11 in all brain regions examined. The ratio 
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of aminopeptidase:endopeptidase-24.11 varies greatly between 

tissues and even between different brain regions. The relative 

importance of the two activities has been shown by the marked 

regional differences of peptide metabolism in our experiment. 

Synthetic backbone crosslinking has been suggested to be 

a useful method of peptide modification for enzymatic stUdies. 

Through intramolecular cyclization a powerful approach to 

conformationally constrained peptide analogues has been 

developed. Peptides can form two kinds of cyclic structures. 

One is homodetic cyclic peptides in which only peptide bonds 

participated in ring formation; another one is heterodetic 

cyclic peptides in which a disulfide bridge, an ester linkage 

or a thioether can play the role of the connecting piece 

between two points of the chain. Cyclization requires two 

reactive groups within the same peptide chain and these can 

react with each other intramolecularly to produce the ring 

compound (Bodanszky 1988). The compound [cyclo-6a-Glu11 J

endorphin 6-17 we used is a cyclic endorphin 6-17 analog with 

a ring formation between the a-NH2 of Thr6 and the 1-COOH of 

Glu11
• Since no bridge participates in the ring formation, the 

compound is a homodetic cyclic peptide. As a cyclic peptide, 

[cyclo-6a-Glu11 J-endorphin 6-17 lost its free N-terminus. In 

this situation, aminopeptidase might to be unable to recognize 

the substrate, so the peptide should be protected from 
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aminopeptidase cleavage. 

Peptide cyclization also contributes to stabilize the p

turn. This is supposed to increase the resistance of a peptide 

to proteolytic enzymes (Spatola 1984). It has been reported 

that lactam-bridged LH-RH analog showed two to eight fold 

increase in LH releasing activity (Freidinger et al.,1980). 

The early studies of peptide structure by x-ray derivation 

have shown that a-helices and p-sheets are the major 

stabilizing structures in proteins. segments of the protein 

chain which are not helical nor p-sheet have been generally 

designated as random coil or irregular regions. However, as 

more evidence has been revealed these'so-called random regions 

of the protein do exhibit regular structural patterns. One of 

these is the p-turn (reverse turn, hairpin turn), a region of 

the protein involving four consecutive residues where the 

polypeptide chain folds back on itself by nearly 1800 (Chou 

and Fasman 1977). Like a-helix and p-sheets, p-turns are 

created by hydrogen bonds and they contribute to peptide 

conformation. 

Therefore, the conformational change by cyclization 

limits the rotation of the peptide bond. In other words the 

conformational rigidity is increased, and the distance between 

individual amino acids may also be changed. The relative 

rigidity and space limitations may therefore inhibit the 
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enzymes from approaching the substrate. All the possibilities 

above can help us explain the results of incubating [cyclo-

6a-Glu11 ]-endorphin 6-17 with hypothalamus, in which the 

estimated half-lives increased as compared to the half-lives 

of incubating with DErE (211.5 min vs 149 min at low peptide 

level; 209.3 min vs 161.7 min at high peptide level) (Fig. 

18). However the cyclic peptide did not show half-life 

increases in the other brain regions. This may imply that the 

enzymes in the rat hypothalamus are different from those in 

the other regions, since they could not hydrolyze [cyclo-6a

Glu11 ]-endorphin 6-17 as quickly as enzymes did in the other 

regions. The possible reasons include: 1) The enzymes did not 

recognize the [cyclo-6a-Glu11 ]-endorphin 6-17 to be its 

substrate; and 2) The conformational alteration protected the 

peptides from enzyme attack on the weakened scissile bond. 

However the rest of brain regions may contain different 

populations of enzymes which were not affected by peptide 

cyclization. 

In reviewing our data, we have shown that the 

conformational changes with Pr07 substitution, and Lys9 

acetylation on the structure of DErE appeared to increase the 

estimated half-lives of DErE in all tested brain regions. It 

seems that the resistance to aminopeptidases and/or to 

trypsin-like enzymes was improved, but not to 

-------------- ----------- - ---_._------------



94 

carboxypeptidase, since the conformational changes on the 

carboxyl-terminal with the sUbstitutions of D-Thr 

sUbstitution and the unusual amino acid cyclohexylalanine did 

not help to increase the half-lives in any of brain regions 

tested. Since the mid-sequence of DErE was not changed, the 

endopeptidases, such as EC 24.11 (a possible candidate in DErE 

metabolism), could still act on the peptides. This observation 

has been supported by the peptide fragments produced from all 

the peptide incubations with the four brain regions (Fig. 25-

29). Since the population of enzymes are different, and the 

ratio of aminopeptidase: endopeptidase-24 .11 varies greatly 

between different brain regions, the response to the 

conformational changes may be expressed differently in the 

different brain regions. This may be why peptide cyclization 

increased the half-lives of DErE in hypothalamus, but not in 

other brain regions tested. 

Is the regional enzyme specificity due to the regional 

difference in the distribution of glia cells? Our data shows 

that hippocampus had the highest population of glia cells. 

Therefore, if glia contributes to proteolysis, then the 

hippocampus should express the highest enzyme activities. 

However, five different peptides were incubated with 

hippocampus, and none of them showed shorter half-lives in 

hippocampus than that of incubation with the rest of brain 

------- ---------- ---------------------
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regions tested. It seems that glia cells were not involved, 

or at least they did not show high proteolytic enzyme 

activities in the metabolism of DErE and its analogues. 

Based on the data presented by these experiments, a 

conclusion can be reached that the brain slice technique 

combined with HPLC analysis is a very useful and unique 

approach to study neuropeptide enzymatip metabolism associated 

with either regional specificity in the brain or peptide 

structural effects. 
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