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Abstract-Although kinins have been reported to affect cerebral vascular tone and permeability, their 
actions are not potentiated by angiotensin converting enzyme inhibitors. To investigate cerebral vascular 
kinin metabolism, porcine cerebral microvessels were isolated by differential sieving and centrifugation 
and characterized by microscopic examination and marker enzyme enrichment. Purified microvessels 
contained a membrane-bound carboxypeptidase which hydrolyzed the C-terminal Phe-Arg bond of both 
kallidin and bradykinin. Hydrolysis was optimal at pH 7.0, was activated more than 300% by 0.1 mM 
CoCI,, and was inhibited by o-phenanthroline and the carboxypeptidase N (EC 3.4.17.3) inhibitor 
oL-2-mercaptomethyl-3-guanidino-ethylthiopropanoic acid (MERGETPA) (IC,,, = 2 yM). Conversely, 
inhibitors of angiotensin I converting enzyme (captopril), neutral endopeptidase (phosphoramidon), 
post proline cleaving enzyme (Z-Pro-prolinal), dipeptidyl(amino)peptidase IV (diprotin A) and amino- 
peptidase M (amastatin) had no effect. When the rates of C-terminal hydrolysis of kallidin by detergent- 
solubilized cerebral microvasculature were determined over a range of substrate concentrations (16.6 
to 250 PM), the K,, and V,,,,, values obtained were 26.0 2 3.0 PM and 14.7 2 1.3 nmol/min/ml (N = 4) 
respectively. These data suggest that a cerebral microvascular carboxypeptidase may play a role in oiuo 
in modulating the effects of kinins on cerebral blood flow and permeability and in preventing circulating 
kinins from crossing the blood-brain barrier 

Kallidin and bradykinin are produced by plasma and 
glandular kallikrein. Although capable of lowering 
systemic blood pressure, kinins more likely function 
as local hormones since they are rapidly degraded 
across the pulmonary circulation by angiotensin I 
converting enzyme (ACE; EC 3.4.15.1) [l]. 

Kinins dilate cerebral vessels [2-4] and have been 
implicated in the pathogenesis of vasogenic brain 
edema [5, 61. If circulating and/or locally released 
kinins do modulate cerebral blood flow and per- 
meability, the capacity of cerebral vessels to degrade 
them could have important physiologic significance. 
However, although ACE has been identified in cere- 
bral microvessels [7, 81, ACE inhibitors such as cap- 
topril do not potentiate the effects of kinins on 
cerebral vessels [9-l 11. These data suggest that cere- 
bral peptidases other than ACE may be significant. 

Plasma carboxypeptidase N (CPN; EC 3.4.17.3) 
hydrolyzes C-terminal basic amino acids from a var- 
iety of biologically active peptides including kinins, 
anaphylatoxins, fibrinopeptides and enkephalins 
[12, 131. An enzyme immunologically related to 
plasma CPN has been identified on pulmonary endo- 
thelium [14], and we have demonstrated previously 
that the cell surface of aortic endothelium contains 
a CPN-like enzyme that hydrolyzes the C-termini of 
kinins to produce des(Arg)kinins [15]. If a CPN-like 
enzyme is present in cerebral microvasculature, such 
local kinin metabolism would not only terminate the 
biologic action of the classic (B2) kinins, but would 
also form des(Arg)kinins, metabolites which con- 
strict cerebral microvessels via B1 kinin receptors 
[16, 171. In view of these considerations, we exam- 
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ined the metabolism of kinins by isolated porcine 
cerebral microvessels. 

MATERIALS AND METHODS 

Materials. Kallidin. bradykinin and des(Arg’)- 
bradykinin, y-gluamyl- and a+glutamyl-2-naphthyl- 
amide, o-phenanthroline, amastatin and phosphor- 
amidon [N-(cu-rhamnopyranosyl-oxyhydroxyphos- 
phinyl-L-leucyl-L-tryptophan)] were obtained from 
the Sigma Chemical Co. (St. Louis, MO). The 
ACE inhibitor captopril and the CPN inhibitor 
MERGETPA (DL-2-mercaptomethyl-3-guanidino- 
ethylthiopropanoic acid) were obtained from 
Squibb (Princeton, NJ) and Calbiochem-Beh- 
ring (San Diego, CA) respectively. The post proline 
cleaving enzyme (EC 3.4.21.26) inhibitor Z-Pro-pro- 
linal was provided by Dr. Sherwin Wilk (Mount Sinai 
School of Medicine, New York, NY). The nylon 
sieves used for microvessel isolation were from 
Tetko, Inc. (Elmsford, NY). The MN 300 Uniplates 
used for TLC were from Analtech, Inc. (Newark, 
DE), and the amino acid standards, o-phthal- 
aldehyde crystals and o-phthalaldehyde (OPA) 
reagent solution used for HPLC were from the 
Pierce Chemical Co. (Rockford, IL). 

Cerebral microvessel isolation. Whole brains, 
obtained both frozen (Pel-Freeze; Rogers, AR) and 
from freshly slaughtered hogs, were immersed in 
cold Earle’s buffer (pH 7.4) containing 0.1% (w/v) 
bovine serum albumin. Microvessels were prepared 
as previously described [8, 181 according to Brendel 
et al. [ 191 as modified by Selivonchick and Roots [20]. 
Cortical grey matter was minced and homogenized 
(30sec) in 3 vol. of buffer using a Waring blender. 
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The extract was then homogenized (Dounce, four 
strokes), poured through 1000 and 300 micron mesh 
nylon sieves, and rehomogenized. Vessels were col- 
lected on a 44 micron mesh sieve, centrifuged 
(4,000 g, 10 min), and resuspended (0.25 M sucrose). 
After centrifugation (21,000 g, 45 min) on a discon- 
tinuous sucrose gradient (1.0 and 1.5 M), the pellet 
was freeze-powdered, sonicated and repelleted 
(2O,OOOg, 15 min). Activity was measured either 
directly or after solubilization with 5% (v/v) Triton 
X-100. Microvessel purity was determined by phase 
contrast microscopy and assay of y-glutamyl- 
transferase [8, 181. 

Enzyme assays. y-Glutamyltransferase (EC 
2.3.2.2) and aminopeptidase A (EC 3.4.11.7) activi- 
ties were assayed as the rates of hydrolysis of y- 
glutamyl- and cr-glutamyl-naphthylamide respect- 
ively [18,21]. Specific activities are expressed as 
unitsjmg protein where one unit equals the hydroly- 
sis of one nanomole substrate per minute. Protein 
was determined according to Bradford [22] using 
bovine serum albumin as a standard. 

Kinin metabolism. Qualitative analysis of kinin 
metabolism was carried out by TLC on MN 300 
cellulose plates [8, 151. Quantitative analysis was 
performed by HPLC as described previously [ 151. 
Microvessel carboxypeptidase activity was deter- 
mined as the rate of MERGETPA-sensitive C-ter- 
minal Arg released from kallidin and bradykinin in 
the presence of 0.1 mM CoC12. The standard incu- 
bation consisted of mixing the peptide in 295 ~1 of 
100 mM sodium phosphate buffer (pH 7.0) with 5 ~1 
of a dilution of microvessel protein (37”). At sequen- 
tial time intervals, 60-~1 aliquots were immersed in a 
boiling water bath (5 min) to terminate the reaction, 
cooled on ice, and centrifuged in a Brinkmann table 
top centrifuge (3 min), and the supernatant fraction 
was collected for analysis. 

For determination of pH dependence, a 100 mM 
sodium acetate buffer was used over the pH range 
4.0 to 6.0, and the above 100 mM phosphate buffer 
was used from pH 6.5 to 8.5. For inhibition studies, 
inhibitors were preincubated with enzyme and buffer 
for 20 min at 37”. For K, determinations, measure- 
ments of the initial velocity of hydrolysis were deter- 
mined over a range of substrate concentrations (16.6 
to 250 PM). Data were plotted as l/V vs l/S and fit 
to the best straight line. 

A high performance liquid chromatograph system 
(Waters Associates; Milford, MA) consisting of two 
model 6000A pumps, a model 730 data module, a 
model 721 system controller, a model 712B WISPTM 
Autosampler and a model 420 fluorescence detector 
was employed for the HPLC analysis. Standards 
and unknowns (l&60 ~1) were automatically deriva- 
tized with OPA solution (20~1) 3 min prior to 
chromatography (Precolumn Derivatization 
Program-Waters 710B WISPTM Autosampler) 
and subsequently separated on a reverse phase 
column (Waters, 10 micron, Cis-Radial-PAKTM, 
8 mm X 10 cm) at a constant flow rate of 5.0 ml/min 
utilizing a linear gradient from 100% Buffer A to 
40% Buffer A/60% Buffer B. Integration of sample 
peak areas and quantitation of metabolites against 
the last-run standard were automatically calculated 
by the data module. Standards were run every sixth 
injection. 

The OPA solution was made fresh daily by mixing 
3.8 ml o-phthalaldehyde reagent solution, 0.1 ml 
methanol, 0.1 ml P-mercaptoethanol and 16.8 mg o- 
phthalaldehyde crystals. Buffer A was 10mM 
sodium phosphate (pH 7.0) and Buffer B was a 50/ 
50 (v/v) mixture of Buffer A and acetonitrile. 

RESULTS 

Isolated microvessels. As previously found [8, 181, 
isolated cerebral microvessels (7-70 microns 
diameter) exhibited extensive dichotomous 
branching and numerous bifurcations. Endothelial 
cell nuclei could be visualized, whereas little or no 
non-vascular contamination could be detected. 

The extent of microvessel purification was deter- 
mined by enrichment of y-glutamyltransferase 
activity. As seen in Table 1, cerebral microvessel y- 
glutamyltransferase activity (0.96 * 0.16 nmol/min/ 
mg) was enriched 24-fold over original homogenate 
(0.04 * 0.01 nmol/min/mg). As previously found 
[18], microvessels were also enriched (16.3-fold) in 
aminopeptidase A a-glutamyl-2-naphthylamidase 
activity. Homogenate and microvessel activities were 
0.30 + 0.04 and 4.9 * 0.7 nmol/min/mg res- 
pectively. 

Microvessel kinin metabolism. In the presence of 
10pM amastatin to inhibit microvessel amino- 
peptidase A (EC 3.4.11.7) [18], microvessels were 

Table 1. Distribution of cu-glutamyltransferase and aminopeptidase A in homogenates 
of whole brain and isolated cerebral microvessels 

Specific activity 
(nmol substrate hydrolyzed/min/mg protein) 

Brain Cerebral 

Enzyme homogenate microvessels Enrichment 

y-Glutamyltransferase 0.04 ? 0.01 0.96 ? 0.16 24.0 

Aminopeptidase A 0.30 * 0.04 4.9 ? 0.7 16.3 

Values given are the means ? SE from six experiments. Enrichment is calculated 
as (mean specific activity of microvessel fraction)/( mean specific activity of brain 

homogenate). 



Microvascular kinin metabolism 2975 

incubated with angiotensin I and the metabolites 
separated by TLC. Due to the presence of cerebral 
microvascular ACE [7,8], angiotensin I was con- 
verted to products which co-migrated with angio- 
tensin II and His/Leu. In contrast, incubation of 
kallidin resulted in little or no C-terminal dipeptide 
product (Phe/Arg) and captopril (100,uM) had no 
effect on the observed pattern of hydrolysis. Rather, 
kallidin was initially hydrolyzed to produce metab- 
olites co-migrating with Lys and Arg. In the presence 
of 10 PM amastatin to inhibit cerebral microvascular 
aminopeptidase M (EC 3.4.11.2) [8,23], Lys pro- 
duction was inhibited completely, whereas Arg pro- 
duction was unaffected. C-terminal Arg production, 
in turn, was inhibited completely by the CPN inhibi- 
tor MERGETPA (100 PM). 

Arg was the sole product produced from 
bradykinin. However, in contrast to the above, 
not all Arg production could be inhibited by 
MERGETPA (i.e. C-terminal hydrolysis). This 
observation suggested that bradykinin was being 
metabolized by hydrolysis of both its C-terminal 
Phe*-Arg’ bond by a MERGETPA-sensitive 
carboxypeptidase and its N-terminal Arg’-Pro2 bond 
by a MERGETPA-insensitive peptidase. Consis- 
tent with this interpretation, incubation of 
des(Arg’)bradykinin resulted in the gradual pro- 
duction of a single detectable product (N-terminal 
Arg) which was not inhibited by MERGETPA. 

Kinin C-terminal hydrolysis. Since C-terminal 
hydrolysis was the predominant metabolic reaction 
observed, quantitative studies using HPLC were con- 
ducted to determine whether the MERGETPA-sen- 
sitive carboxypeptidase was enriched in cerebral 
microvasculature. Control studies of original homo- 
genate and microvessel C-terminal hydrolysis of kal- 

P” 

Fig. 1. Effect of pH on the C-terminal hydrolysis of the Phe- 
Arg bond of kallidin (0) and bradykinin (W) by cerebral 
microvessels. Incubations contained 0.1 mM CoCI, and 
10pM amastatin. Values shown are single (kallidin) or 
the average of two (bradykinin) determinations and are 
expressed as percent maximal activity (9.7 and 9.0 nmol/ 

min/ml respectively). 
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Fig. 2. Activation of cerebral microvessel C-terminal 
hydrolysis of the Phe-Arg bond of kallidin (0) and brady- 
kinin (U) by CoCl,. Incubations contained 10pM 
amastatin. Values shown are single (kallidin) or the average 
of three (bradykinin) determinations and are given as per- 
cent control activity in the absence of CoCI, (2.5 and 

3.7 nmol/min/ml respectively). 

lidin and bradykinin (Arg production inhibited by 
0.1 mM MERGETPA) established that the rates 
of production of C-terminal Arg were directly 
proportional to both time of incubation (O-270 min) 
and amount of protein used. Microvessel hydroly- 
sis of the Phe’-Arg’ bond of bradykinin 
(0.77 ? 0.11 nmol/min/mg) was enriched 5.1-fold 
over that in original homogenate (0.15 ? 0.06 nmol/ 
min/mg). A comparable enrichment was also found 
for microvessel C-terminal hydrolysis of kallidin 
(carried out in the presence of 10,~M amastatin to 
prevent hydrolysis of N-terminal Lys). 

After centrifugation (2O,OOOg, 15 min) of the 
freeze-powdered microvessels, more than 70% of 
the MERGETPA-sensitive C-terminal hydrolytic 
activity was found in the pelleted membrane fraction. 
C-terminal hydrolysis of bradykinin and kallidin (in 
the presence of amastatin) was optimal at pH7.0 
(Fig. 1) and was activated more than 300% by 
0.1 mM CoCl, (Fig. 2). In contrast, no significant 
activation was produced by NaCl (less than 20% 
change at 1 mM final concentration). Similar results 
were obtained using detergent-solubilized micro- 
vessels. 

C-terminal hydrolysis of kallidin was inhibited 
100% by 1 mM o-phenanthroline and by the CPN 
inhibitor MERGETPA (1~~~ = 2 PM) (Fig. 3). 
Bradykinin hydrolysis was similarly inhibited (Fig. 3) 
although, as expected from the earlier TLC studies, 
complete inhibition of Arg production could not be 
achieved (= 80%) even in the presence of 100 ,uM 
MERGETPA due to hydrolysis of the N-terminal 
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MERGETPA (M) 

Fig. 3. Inhibition (o/o) of cerebral microvessel C-terminal 
hydrolysis of the Phe-Arg bond of kallidin (0) and brady- 
kinin (m) by a range of concentrations of MERGETPA. 
Incubations contained 0.1 mM CoCIz and 10 PM amastatin. 
Values shown are averages of two (kallidin) or three 
(bradykinin) determinations. Control values in the absence 
of MERGETPA for kallidin and bradykinin were 9.7 and 

11.5 nmol/min/ml respectively. 

Arg’-Pro* bond. Finally, in contrast to the inhibition 
by MERGETPA of C-terminal hydrolysis, inhibitors 
of ACE (captopril), neutral endopeptidase (phos- 
phoramidon), post proline cleaving enzyme (Z-Pro- 
prolinal) and dipeptidyl(amino)peptidase IV (dipro- 
tin A) had no effect (less than 10% inhibition at 
10 PM final concentration). 

When the rate of C-terminal hydrolysis of kallidin 

by detergent solubilized membrane was determined 
over a range of substrate concentrations (16.6 to 
250 PM) (Fig. 4; individual experiment). the K,,, 

and V,,, values obtained were 26.0 ? 3.0 PM and 
14.7 I 1.3 nmol/min/ml (N = 4) respectively. 

Kinin N-terminal hydrolysis. Since the Arg’-Pro’ 
bond of both bradykinin and des(Arg”)bradykinin 
were also slowly hydrolyzed, preliminary localization 
and characterization studies of this N-terminal 
hydrolytic activity were conducted. The rates of 
original homogenate and microvessel N-terminal 
hydrolysis of des(Arg’)bradykinin were proportional 
to both incubation time and protein. However, in 
contrast to the C-terminal hydrolysis noted above. 
microvessel N-terminal hydrolysis of des( Arg”)- 
bradykinin (0.41 +- 0.08 nmol/min/mg) was not 
enriched over that in original homogenate 
(0.40 + 0.05 nmol/min/mg) (N = 3). 

N-terminal hydrolysis was optimal at neutral pH 
(pH 7.0) but was unaffected by CoCl, (0.1 mM). 
Activity was inhibited completely by O- 
phenanthroline (1 .O mM) but, as expected from the 
earlier TLC studies, was unaffected by 
MERGETPA. Comparable results were obtained 
for the N-terminal hydrolysis of bradykinin (in the 
presence of MERGETPA to prevent C-terminal 
hydrolysis). 

DISCUSSION 

In addition to its presence in plasma, kallikrein 
has been reported in isolated vasculature [24] and 
the central nervous system [25-271. Both infusion 
and topical application of kinins dilate cerebral ves- 
sels [9-111 and increase vascular permeability [5,6]. 
Further, Kamitani et al. [28] have demonstrated that 
kinins produced endogeneously within the CNS can 
alter cerebral vascular tone. Thus. both circulating 
and locally produced kinins may modulate cerebral 

0.015 0.030 0.045 0.060 

'/s (uM)-' 

Fig. 4. Lineweaver-Burk plot of the rate of C-terminal hydrolysis of the Phe-Arg bond of kallidin by 
detergent-solubilized cerebral microvessel membrane. Incubations contained 0.1 mM CoCI, and 10 PM 

amastatin. 
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blood flow and contribute to the pathogenesis of 
cerebral edema [.5,6]. 

In view of the above, the metabolism of kinins by 
cerebral vasculature could have important physio- 
logic significance. Cerebral microvessels contain a 
number of peptidases including aminopeptidase A 
(AmA; EC 3.4.11.7), aminopeptidase M (AmM; 
EC 3.4.11.2) and angiotensin I converting enzyme 
(ACE; EC 3.4.15.1) [7, 8, IS]. AmA converts angio- 
tensin II to angiotensin III but does not metabolize 
kinins [lS]. AmM converts kallidin to bradykinin 
but, due to the N-terminal Arg’-Pro’ bond, does not 
further hydrolyze bradykinin [23]. Thus, ACE is the 
only previously identified cerebral vascular peptidase 
capable of degrading kinins [7,8]. However, 
numerous studies have demonstrated that, although 
ACE inhibitors block the constrictor effect of angio- 
tensin I on cerebral arteries, they have little poten- 
tiating effect on kinins [9-11). Thus, peptidases other 
than ACE may be responsible for kinin metabolism 
in cerebral vasculature. 

Consistent with the above observations [9-111, 
the present data demonstrate that, at least in uitro, 
cerebral microvessel ACE does not contribute sig- 
nificantly to kinin metabolism. Rather, microvessels 
preferentially metabolized kinins by hydrolysis of 
the C-terminal Phe-Arg bond. Since the present 
study was carried out with microvessel extracts rather 
than purified enzyme, no firm conclusions can be 
drawn regarding the identity of the kinin C-terminal 
hydrolytic activity. However, this activity has many 
properties in common with plasma CPN [29] and a 
carboxypeptidase present on vascular endothelium 
[ 151. The microvessels hydrolyzed a basic C-terminal 
amino acid (Arg) from bradykinin at a rate 
(0.77 nmol/min/mg) that was considerably faster 
than that previously found for porcine aorta 
(0.035 nmol/min/mg) [15]. Like purified plasma 
CPN 1291, microvessel C-terminal hydrolysis was 
optimal at pH 7.0, was activated by CoC12, and was 
inhibited by o-phenanthroline and MERGETPA. In 
contrast, inhibitors of aminopeptidases (amastatin, 
diprotin A), endopeptidases (phosphoramidon, Z- 
Pro-prolinal) and angiotensin converting enzyme 
(captopril) had no effect. In addition, the affinity of 
kallidin for the microvascular activity (K,,, = 26 PM) 
was similar to that reported for an endothelial 
carboxypeptidase (45-60 PM) [ 151 and human 
plasma CPN (25-45 ,uM) [29]. 

The cellular and subcellular localization of this 
cerebral microvascular activity remains to be 
determined. However, an endothelial cell surface 
localization would seem likely considering the endo- 
thelial localization on porcine aorta [15] and the 
observation of Ryan and Ryan [14] that pulmonary 
endothelium contains a cell surface enzyme which 
cross-reacts with antibody to plasma CPN. Endo- 
thelial activity could modulate the effects of cir- 
culating kinins on local blood flow/permeability and, 
as a component of the blood-brain barrier, prevent 
peripheral kinins from entering the central nervous 
system. However, if also present within the vascular 
wall, metabolism of kinins produced within the CNS 
may also occur [28]. 

Cerebral vasculature has been reported to contain 
both B? [2-41 and B, [ 16, 171 kinin receptors. Kallidin 

and bradykinin stimulate Bz receptors, whereas 
des(Arg”)kallidin and des(Arg’)bradykinin act 
through B, kinin receptors [30]. Although B, kinin 
receptors are probably not present normally, they 
may be induced under stress and/or inflammatory 
conditions [30]. Thus, kinin hydrolysis by a cerebral 
microvascular carboxypeptidase could alter the rela- 
tive balance between Bz- and Bi-mediated effects 
(i.e. degradation of B, kinin agonists and formation 
of B, kinin agonists). 

In view of their possible biologic action via B, 
receptors, it will be interesting to determine how 
des(Arg)kinins are degraded by cerebral vas- 
culature. The results of the present study indicate 
that des(Arg’)bradykinin is primarily inactivated via 
hydrolysis of the N-terminal Arg’-Pro* bond. How- 
ever, since this N-terminal hydrolytic activity was 
not enriched in the microvessel preparations, further 
localization and characterization studies will be 
required. 
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