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Cultured neurones, astroblasts and astrocytes from~_uri~e~brain have been 
screened with specif ic tests for the presence of p e p t i ~  capable of deqra, 
ding enkePha]jn~ Bestatin-sensit ive a m i n o p e p t i d a s ~ r e ~  major e ~ ~  ~ 
p ~ T a ~ f ~ r a d ~ g  act iv i ty  in al l  casefs~-,The dipeptidylamino~eptidasic ac t iv i ty  
is much higher in the neuronal than the g l i a ~ ~ - w h e r - e a s  the opposite 
is true for the metallopeptidase called "enkephalinase". Only trace amounts of 
the dipeptidylcarboxype-p~t~ase~"angiotensin-converting enzyme" have been found. 
We conciude that b-estatinZsensitive aminopeptidases on nerve cells are probable 
candidates for enkephalin-inactivating enzymes, whereas the "enkephalinase" on 
gl ial cells more l ikely serves a scavenger function. 

Leu Leu-enkephalin and Met-enkephalin (Tyr-Gly-Gly-Phe-Me t) are endogenous 

opiate peptides ( I ) ,  which presumably act as neuromodulators in the central 

nervous system. I t  is generally assumed that the enkephalinergic signal is 

switched off by peptidases in the v ic in i ty  of the enkephalin-receptor. Several 

enzymes capable of hydrolyzing enkephalin in vitro have been part ia l ly puri- 

fied from brain homogenates or crude membrane preparations [for review see 

(2)], but their localization and biological function in the central nervous 

system is not known so far. In the present study we have screened primary 

cultures of neurones, astroblasts and morphologically differentiated astro- 

cytes from murine brainwith specific tests for the presence of enkephalin- 
, f  

degrading peptidases. 

MATERIALS & METHODS 

Materials. ~yr-3H] Leu-enkephalin (50 Ci/mmol) and ~ l ~ - ' ~  Hippuryl-His-Leu 
(3 mCi/mmol) were purchased from New England Nuclear, ~H]acetic anhydride 
(7 Ci/mmol) from Amersham. Tyrosine, Tyr-Gly, Tyr-Gly-Gly, Leu-enkephalin, N- 
succinyl-Ala-Ala-Phe-7-amido-4-methylcoumarin and Tyr-B-naphthylamide were 
obtained from Bachem AG, Bubendorf, Switzerland, and Tyr-Gly-Gly-Phe from 
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Cambridge Research Biochemicals Ltd. ,  Cambridge, U.K. Bacitracin, puromycin 
and Leucine-aminopeptidase M (42 units/ml) were from Sigma Chemical Company. 
Captopril was a product from Squibb, Princeton, New Jersey, USA. Bestatin and 
phosphoramidon were generous g i f ts  of Dr. Hamao Umezawa, Microbial Chemistry 
Foundation, Tokyo, Japan. 

Cell culture. Neurones (3) and astroblast- r ich cultures (4) from rat and mouse 
brains, respectively, were grown on p last ic  Petri dishes (diameter 50 mm) as 
described. Some of the astroblast- r ich cultures were treated with I mM dibu- 
tyryl-cAMP for one week to induce d i f fe ren t ia t ion  (5) to astrocyte- l ike cel ls 
(in the following referred to as astrocytes). The protein content per dish 
was 0.49 mg for the neurones, 0.65 mg for the astroblasts and 0.29 mg for  the 
astrocytes. At the s tar t  of the experiments, the cel ls were washed with 5 ml 
of HEPES-buffered medium and then maintained at 37% in 2 ml of this medium, 
which consisted of 145 mM NaCI, 5.4 mM KCl, 1.8 mM CaCI2, 1.0 mM MgCI2, 20 mM 
glucose and 20 mM N-2-hydroxyethylpiperazine-N'-2-ethansulfonic acid (HEPES) 
adjusted to pH 7.4 with NaOH. The osmolarity of the medium was 330 mOsmolxl -~ 
As estimated from the percentage of lactate dehydrogenase in the 100,O00xg 
supernatant of media which had been conditioned for 4 hours, the v i a b i l i t y  
during the experiments was 95 % for the astrocytes and greater than 98% for 
the neurones and astroblasts. 

Fragmentation analysis. [Tyr-3H]Leu-enkephalin (10 ~Ci) was added to the 
~ i f fe rent  cultures and af ter  two hours, aliquots of 20 ~I were withdrawn from 
the media and spotted on s i l i ca  gel plates. Tyr, Tyr-Gly, Tyr-Gly-Gly, Tyr- 
Gly-Gly-Phe and Leu-enkephalin were used as marker peptides. After develop- 
ment in CHCI3-CH~OH-CH~COOH-H20 (90:60:12:18 v /v /v / v ) ,  the plates were scanned 
for rad ioact iv i ty  using a Berthold Linear TLC Analyzer LB 2832, and the mar- 
ker peptides were localized by spraying with ninhydrin. 

Enzyme tests.  Al l  incubations were performed at 37°C. When inh ib i tors  were 
used, the cultures were preincubated without the substrates for 15 min. At 
O, 30, 60, 120 and 240 min af ter addition of the substrates, aliquots of the 
media were analyzed, and the enzymatic ac t i v i t i es  were calculated from the 
i n i t i a l  rates of product formation. In control experiments conditioned media 
were used. In the case of the dipeptidylaminopeptidases, tota l  cel l  homogenates 
were also examined. 
a) Aminopeptidases. [Tyr-3H]Leu-enkephalin (10 NCi) was added to the d i f ferent  
cultures ( f inal  concentration 100 nM). After given time in terva ls ,  al iquots of 
20 N1 were resolved by th in- layer  chromatography as described for the frag- 
mentation analysis. The plates were scanned for rad ioac t iv i ty  and the percen- 
tage of [3H]tyrosine formation was determined using the TLC Analyzer and a 
computer program. 
b) Arylamidases. Tyr-3-naphthylamide ( f inal  concentration 0.1 mM) was added to 
the cultures. At given times, aliquots of 75 N1 were withdrawn and mixed with 
75 N1 of 200 mM glycin-NaOH buffer pH 10.5. The fluorescence of these samples 
was then determined in an Amicon fluorescence spectrophotometer (exci tat ion at 
340 nm, emission at 410 nm). The amount of B-naphthylamine was calculated from 
a standard curve. 
c) Dipeptidylaminopeptidases. The ac t i v i t y  was determined as described for the 
aminopeptidases with the following modifications: the aminopeptidase inh ib i to r  
bestatin (100 NM) and the "enkephalinase" inh ib i to r  phosphoramidon (I NM) were 
present during the incubation, and the formation of [3H]Tyr-Gly was determined. 
d) "Enkephalinase". ~cetyl-3H]N-acetyl-enkephalin was synthezised by acety- 
lat ion of Leu-enkephalin with [3H]acetic anhydride, and the product was pur i-  
f ied by th in- layer  chromatography on s i l i ca  gel plates using the solvent 
system CHCI~-CH3OH-CH~COOH (8:2:1 v /v /v ) ,  Re = 0.42. [~H]N-acetyl-enkephalin 
(10 NCi) were added to the cultures ( f inal  ~oncentration 0.7 NM). At given 
times, aliquots of 20 N1 were resolved by th in- layer  chromatography as de- 
scribed for the pur i f icat ion of the substrate. N-acetylated tyrosine and pep- 
tides were used as marker substances and localized by spraying with Pauly's 
reagent. The plates were scanned for rad ioac t iv i ty  and the percentage of [~H] 
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N-acetyl-Tyr-Gly-Gly formation was determined using the TLC-Analyzer described 
above. Rf(N-acetyl-Tyr-Gly-Gly) = 0.18. In control experiments, 10 ~M phospho- 
ramidon was present in the cel l  cul tures. The phosphoramidon-sensitive release 
of the t r ipept ide represents the ac t i v i t y  of the "enkephalinase". 
e) Thermolysin-l ike metallopeptidase. N-succinyl-Ala-Ala-Phe-7-amido-4-methyl- 
coumarin (6) was added to the cultures ( f ina l  concentration 0.1 mM). After 
given time in terva ls ,  al iquots of 75 pl were withdrawn, supplemented with 
I0 NM phosphoramidon and 2 m i l l i - u n i t s  of leucine-aminopeptidase M and incu- 
bated for 30 min. After addit ion of 75 pl of 200 mM glycine-NaOH buffer pH 
10.5, the fluorescence (exci tat ion at 383 nm, emission at 455 nm) was deter- 
mined as described for the arylamidases. The amount of 7-amino-4-methylcou- 
marin was calculated from a standard curve. In control experiments, phospho- 
ramidon was present in the cel l  cultures from the beginning. The phosphorami- 
don-sensit ive a c t i v i t y  represents the thermolysin- l ike metallopeptidase. 
f )  "Angiotensin-converting enzyme". The ac t i v i t y  was determined as described 
using [Gly-i~C]hippuryl-His-Leu (7). In control incubations, I ~M captopri l  
was present in the cultures. 
g) Lactate dehydrogenase. The ac t i v i t y  was determined as described (8). 

Protein determination. The cel ls of 10 culture dishes were scraped of f  with 
10 ml of HEPES-buffered medium and homogenized by sonication. Protein was 
determined by a modification of the Lowry procedure (9). 

RESULTS & DISCUSSION 
N4TGI neuroblastoma and human endothelial cel ls  are known to hydrolyze 

enkephalin predominantly at the Tyr1-Gly 2 peptide bond (10,11). Addition of 

[Tyr-~H]Leu-enkephalin to primary cultures of neurones and astroblasts from 

rat and mouse brain, respectively, also leads to the formation of [3~Tyr  as 

the major radioactive product (see Fig. la,b) .  In the neuronal cul ture,  trace 

amounts of ~ T y r - G l y  and [3H]Tyr-Gly-Gly are also present, whereas ~H]Tyr- 

Gly could not be detected in the g l ia l  culture under these condit ions. When 

the release of [ ~ T y r  is inhib i ted by bestat in, [3H]Tyr-Gly is the main frag- 

ment in the neuronal culture and ~ T y r - G l y - G l y  in the g l ia l  culture (see 

Fig. Ic ,d) .  Similar observations concerning the enkephalin-degrading ac t i v i -  

t ies in cultures of rat astroblasts have been reported recently (12). Di f fe-  

rent ia t ion of astroblasts upon treatment with dibutyryl-cAMP does not qual i -  

ta t iVely change the fragmentation pattern (not shown). The d i f ferent  patterns 

of breakdown products produced by neuronal and g l ia l  cultures indicated a 

heterogeneous d is t r ibu t ion  of enkephalin-degrading peptidases between these 

cel ls and prompted us to determine the specif ic ac t i v i t i es  of the indiv idual  

enzymes (Tab. I )  

As shown above, the l iberat ion of N-terminal tyrosine is the major mode of 

enkephalin degradation by the two cel l  preparations, a lbe i t  the i r  aminopepti- 
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Fig. I. Fragmentation of [Tyr-3H]Leu-enkephalin by neurones and astroblasts. 

[Tyr-~H]Leu-enkephalin was added to cultures of neurones (a) and astroblasts 
(b). After two hours, aliquots of the media were analyzed by thin-layer chro- 
matography as described under Methods. When bestatin (100 pM) was present 
during the incubation, the fragments shown in panels c and d were obtained. 
T, tyrosine; TG, Tyr-Gly; TGG, Tyr-Gly-Gly; E, enkephalin. 

dasic a c t i v i t y  d i f fe rs  quant i ta t i ve ly  to some extent. The treatment of astro- 

blasts with dibutyryl-cAMP seems to induce this a c t i v i t y  threefold without 

af fect ing the other enzymes tested in th is  study. The Tyr-B-naphthylamide hy- 

drolyzing a c t i v i t y  is present in comparable amounts in the three cultures. 

Tab. I. Specific activit ies of enkephalin degrading peptidases. 

cell culture specific act iv i ty (mg of unit protein'l 

dipeptidyl- thermolysin- 
amino- amino- like "angiotensin- 
pepti- aryl- pepti- "enkepha- metallo- converting 
dases amidases dases linase" peptidase enzyme" 

neurones 2.38 9.56 0.27 0.07 0.28 0.02 

astroblasts 1.18 6.96 0.02 0.74 1.93 0.04 

astrocytes 3.38 8.36 0.03 0.79 1.92 0.04 

The enzyme activi t ies were determined as described under Methods. In the radio- 
chemical tests, one unit is defined as the formation of 1% product per min.; 
in the fluorogenic tests, one unit is defined as the release of one nmol pro- 
duct per min. The values are the mean of duplicate determinations, which 
differed by less than 15 %. In control experiments with conditioned media i t  
was found that soluble enzyme activit ies resulting from cell leakage can be 
neglected against the cell-bound act ivi t ies except for the dipeptidylamino- 
peptidasic act iv i ty (neurones 0.2, astroblasts 0.01, astrocytes 0.03 units/ 
2 ml of conditioned medium). 
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Tab. 2. Inhibition of the aminopeptidasic and arylamidasic activi t ies. 

cell culture enzyme activit ies inhibition (%) 

bestatin puromycin bacitracin 

neurones  aminopeptidases 100 86 89 
arylamidases 92 96 36 

astroblasts aminopeptidases 94 26 76 
arylamidases 82 80 22 

astrocytes aminopeptidases 96 67 72 
arylamidases 92 87 20 

The enzyme activit ies were determined as described under Methods. The inhibi- 
tor concentration was always 100 vM. 

Since the brain contains a var iety of aminopeptidases and arylamidases (13), 

we have t r ied to d i f fe rent ia te  between individual enzymes by use of aminopep- 

tidase inh ib i to rs .  As shown in Tab. 2, s ign i f icant  differences are obvious, 

which indicate a heterogeneous ce l lu la r  d is t r ibu t ion  of aminopeptidases and 

the i r  non- ident i ty to arylamidases. 

The speci f ic ac t i v i t y  of the dipeptidylaminopeptidase (14), a hi therto 

poorly characterized enzyme, is much higher in the neuronal than the g l ia l  

cultures. As estimated from the soluble dipeptidylaminopeptidasic ac t i v i t y  in 

conditioned media (see legend to Tab. I ) ,  the cell-bound ac t i v i t y  is very low 

compared to the ac t i v i t y  which leaks out of the cel ls during the incubation. 

This agrees with the observation that crude membrane preparations exhib i t  only 

trace amounts of this ac t i v i t y  (12). On the other hand, total  cel l  homogenates 

contain high dipeptidylaminopeptidasic ac t i v i t y ,  which also exhibi ts a hetero- 

geneous ce l lu la r  d is t r ibu t ion :  neurones 20.4, astroblasts 2.58, astrocytes 

2.93 units/mg of protein. Considering these results i t  cannot be excluded that 

the cell-bound ac t i v i t y  is due to an in t race l lu la r  enzyme which adsorbs to the 

cel ls af ter  leakage into the medium. Using histochemical methods, Gorenstein 

et al .  demonstrated the presence of a dipeptidylaminopeptidase in neuronal 

populations of the brain (15). Since they employed the fluorogenic substrate 

Lys-Ala-B-naphthylamide, which is also susceptible to hydrolysis by the lyso- 
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somal dipeptidylaminopeptidase I I  (16), i t  is not clear, whether this enzyme 

is identical to the enkephalin-degrading ac t i v i t y .  

The "enkephalinase" hydrolyzes enkephalin at the Gly3-Phe 4 peptide bond (17). 

The specif ic ac t i v i t y  of this enzyme in the neuronal culture amounts to only 

one tenth of the speci f ic ac t i v i t y  in the g l ia l  cultures. Approximately the 

same difference has been found for the thermolysin-l ike metallopeptidase, which 

seems to be identical to the "enkephalinase" (18,19). Since the neuronal cul- 

ture contains about 10 % non-neuronal ce l ls ,  i t  is possible that the "enkepha- 

l inase" in th is culture is produced by these ce l ls .  

The "angiotensin-converting enzyme", which also releases Tyr-Gly-Gly from 

enkephalin, is present only in trace amounts in the three cultures. This is 

confirmed by the fact that the hydrolysis of the Gly3-Phe 4 peptide bond of 

N-acetyl-enkephalin can almost completely be inhibi ted (>90 %) by the "enke- 

phalinase" inh ib i to r  phosphoramidon (19), whereas the "angiotensin-converting 

enzyme" inh ib i to r  captopri l (20) has l i t t l e  influence on this cleavage (<10 %). 

I t  should be noticed that the "angiotensin-converting enzyme" may be produced 

by endothelial ce l ls ,  which can be present in the primary cultures (21) and 

which are known to contain high amounts of this enzyme (22). No evidence for 

an enkephalin-degrading carboxypeptidase on the cel ls could be obtained. 

These results demonstrate that certain plasma-membrane bound peptidases are 

not general membrane-constituent enzymes, but are heterogeneously distr ibuted 

between d i f ferent  types of cel ls ref lect ing specialized functions. While neu- 

ronal peptidases may be involved in turning off  peptidergic signals, g l ia l  

peptidases more l i ke l y  serve a scavenger function. Although the structural  and 

functional i n teg r i t y  of cel l  interactions in the brain is not conserved in 

primary cultures of neurones and g l ia l  ce l ls ,  the screening of these cultures 

with speci f ic tests seems to be a useful approach to dist inguish between these 

two functions and to select putative neuropeptide-inactivating enzymes. In the 

case of enkephalin, bestat in-sensi t ive aminopeptidases on nerve cel ls are pro- 

bable candidates for such a role,  whereas the "enkephalinase" may be involved 

in the hydrolysis of peptides outside the synaptic c le f t .  
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