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'Biosynthesis of Prostacyclin in the Rat Cerebral Microvasetlature ’

- ABSTRACT

R
Microvessels, predominantly capillaries, were isolated from rat

éYerl'ebrum by a modification of published procedures. The morphology

and purityr" of the preparations were moni‘tored by light- a;\d electron-
micrlosﬂcopy and by enrichment fn alkaline i)hosphatasé and y-glutamyl-
transpeptidase. A reversed-phdse high pressure liquid chromatographic
method was used in the analysis of prost;aglandins after extraction from
aqueous ‘incubation solut%ons. The endogehous biosynthethic capacity! of ~

the isolated cerebral capillary fractions for prostacyclin measured -

as Its qhemically stable breakdown pfodgct; 6-keto-prostaglandin Flg

4
‘was 11 ng/mg protein/10 min.. Choroid Plexus and intact surface vessels

synthesized 6-keto-prostaglandin Fig at 37 and 3?ng°/mg protein/10 min

respectivély. The prostacyclin synthes}zing enzymes: of the cerebral

caplillaries also convertéd the exogenously added prostaglandin endo-

peroxideg.éo 6-keto-prostaglandin Fig - Comparison of the synthesl;' of/
prostaglandins 6-keto-Fiq. ,E2 and F2¢ showed that 6-keto-prosta§landin
Filg was uthe majqr ;rgstaglandin formed in the microvessels, in the
larger surface Vesse!s and in the choroid plexus. Prostaglandin Dé

was, not detected. Endothelial prostacyclin synthesis by the cerelbra] )
vasculature is similar to that In other blood vessels and cultured human
endot;helial cells. Pi'ostacy.clin in the cerebral .microvasculature,
including the choroid plexus, may play an important physiological rfole
particularly in relat.:ion to cerebrovasculaqantitlhrombogenesis and

regulation of cerebral pe;‘fuslon. The availability of metabolically active

- -

microvessels opens up new vistas in the study of the cerebral microcirculation.
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‘Flge . Comparaison

-6-ke€§:&o-F]¢ » Ep et Fp g a démontré que 6-keto-prostaglandine Fig

P . W
/ ) .~ RESUME - L

- f’:> L}
Les miclfovaisqeadsc principalement les capillaires ., du cerdeau

+'du raf, étaient isolés pardnodifications -des procédures publiées.

La morphologie et pureté des ces préparations &talent vérifiées par
microscopie optique et électr’onique, de méme que par l'enrichissement

-en 1'alcaline phosphatase, et le transpeptidase Y-glutamique. Une

" méthode chromatographique de liquide & haute pression est utilisée

pour analyser des prostaglandins aprés 1'extraction d"une sﬁtxalution
aqueuse. La capacité blosynthétique endoééne de ce$ capillaires
isolés pour la prostacycline, mesurée comme le produit-stable 6-
k:eto-prostaglaniiin Flg , est 11 ng/mg protéin/10 r'ni”n. Le plexus
choroldique et‘ les vaisseaux superficiels produisent; 6-keto; .
prostagléndlne Filg & 37 et 35 ng/mg protéine/10 min respeﬁt{ve~
ment. Le systéme enzymique des &a;illaires cérébrau:l< peut ‘également
transformer les endoperoxides de prostaglar)dlne a 6-ké&to-prostaglandine
entre la synfhése de§ prostaglandines

»
étaient la majeure prostaglandine produite par les microvaissgaux,

les valsséaux superficiels et-le plexus cbordjalque. Le taq;( syn- ’_ .

.

thétique de\p?ostacycltne par les pqrtiés \iasculalres, du eerveau, .

“'est similaire a celle des autres vaisseaux de sang et les cellules

endothéltalles humaines en culture.. Prostacycline dans la micro-
vasculature du cerveau pourralt.avoir une importante fonction physio-
loglque. plus pfartlcullérement en relation 3 la prevention de thromboses

cérébrales et la regulation de 1a microcirculation dans le cerveau.
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INTRODUCTION

- =
A. Historical Perspective of Eicosaneids.

I, Classical Prostaglandins

Coping with the blomedical literatur;a on prosfaglandins an;i
allied compounds has become an enormous and almost impossible task.
In rec}eh\t&‘years, prostaglandin research has been one oé}’v the fastest
growing fields at the center of molecular !:iollogy and clinical
medicine. This explosion of research is caused .not so much by the

Y

greater produc‘tivity o? modern investigatdrs as compared to their
predecesfors but by the greater number of people fascinated by the
potential of these éompounds in normal and aberrant physiology and
pharmacology. The harbinger of this remarkable scientific d;zvelop-

Jment was the discovery, in 1930, by American»gyneco"ogi;ts Raphael
Kurzrok and Cha'rles ("J Lieb that stri-ps of uterine muscle tissue
c;ontracted when exposed to seminal fluid (1}. This phenomenon had
also been observed in uterine tissue during early attempts at
artificlal inseminatton. Unfo;'tunately, due 9!:0 the lack at that time
01; adequate pharmacological tools, the significance of that initial;
observation was ndt explored ‘and the findings had little impact
aand were flled away. A few years later a Swedish researcher Ulf §.
Von Euler and an English scientist Maurice W. Goldblatt independently
observed that human semen and extracts of sheep vesicular glao-;ds

contained factors that contracted intestinal and uterine smooth

muscle and lowered arterial blood pressure in laboratory animals

‘(2,3).
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Von Euler (4) had been studying hormones-and hiogenic amines

s

in seminal fluid at the time of his disco%tery and was able to show

that these potent b\!ologlcal activities‘were attributable to acidic
lipids %lch he thought derived from the prostate gland". He there-
fore proposed the name "prostagland:ing" for these sub;tances (u;

In retrospect one can accumulate many examples of slmilar bio)ogtcal
activities wlth' varlous names which are now known to be due to
mixtures of prostaglandins or prostaglandin-like constituents.

]

Amongst these are Darmstoff, intestThal stimulant acid 1ipid, irin,

> v ! A

menstrual stimulant, vasodepressor 1ipid, medullin, slow-reacting

substance C, and unsaturated hydroxy fatty acid fractions from ,

brain (5). g

—

Little further progress was madq in this field during ‘the next

two decades due to lack of anaytical methodologies and it was nokrv

until Von Euler approached Sune Bergstrom of the Karolmska Instltute

that work was rei(lved to elucidate the chemlcal nature of prosta-
glandins, In the late 50's and early 60's hundr<eds of kilograms

of vesicular glands from young lcelandic sheep were collet;._ed to

give a moderate quantity of material for purification and structural

. rd
analysis, N

-,

When ffnally’isolation of crystalline material was possible
\ v
it became apparent that prostaglandin was actually a family of

compounds with unique but closely related structures,

»

The first prostaglandins to be: described were prostaglandm EI

(PGE]) and prostaglandin. F]‘, \(PGF]‘_ ) (6) The letters E and F in
’ L

\ . —
\ .
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PGE and PGF refer to an earlief finding that ’he E and F compounds
could be partial,ly‘ separated by extraction wi/’th Ether frotp phosphate
(Eosfat; Sv;edt;ﬂ) buffer. l"GE compounds are extracted preferential-,
ly Into the less polar ether phase and' PGF compounds remain in the
more polar phospha’\te buffer. Soon afterwarqs a grc’;dp of six “primary"
prostaglandins were characterized, by Bergstrom and coworkers (5) and
a picture ippeared of the general chemical gtructure of the prosta-

glandins. A1l six prostaglandins had a twenty (eicosa -) qi&rbon
- sy 0 4

skeleton containing a cyclopentane ring involving carbons numbers

8 to 12. This ring has substituents of either hydroxy-or keto-oxygen

functions at positiéons 9 and 11| depending on whether the prostaglandin’

. . 3
was of the E or the F type. The/'basic structure also included a

C-15 thydroxyl group and a carboxy] ic acid function at position one.

1

Three series of prostaglandins, \’deslgnated b9 subscripts 1,2,3 were

recognized. TWindicatéd \h: degree ‘of unsaturation of the

hydroxy-octyl "and carboxy—hexy! $ide ghalns.

v

Inall natural’ PG's the carb\on-parbgn double bond at the 13
position is always trans whereas i‘n the prqstaglandhin 2 and 3 series

the additional double bonds.at the 5 and 17 position are in the cis

3

[ 4 B
confiﬁuf‘atloq. A second subscript of ¢ or/d in the designation

>

1 , o
of the F prostaglandins refers‘to thestereochepistry of gthe side

chains with -respect to the C-9 hydroxyl group of the cyclopentane ring.
X : ' ’ .

Almost Fmmediately after the structur}e;s of the three series of

prostaglan&ins were- announced thelr kin‘ship with’ certain essential

/
fatty acids was appreciated. J
]

PGE, and PGFj "are formed by oxidative bioconversion of

8,11,14 eicosatriénoic ac/jd (homo=y~tinolenjc acid), PGE2 and
\

. a \

\

6 B \




Foy frgm S,S!II,IH eicosatetraenoic acid (arachidonic acid)*and

PGE3 and PGF34L\ from 5,8,11,14,17 eicosapentaenoic acid. In 1964,
the relationship was prgven, independently, by Bergstrom et al (7)
in Sweden and Van Dorp et al (8) in Holland who achieved the bio-

synthesis of PGEz from araéhidonic aclid using microsomal samples
) !
from sheep seminal vesicles. Transformations of arachidonic acid

into the various eicosanoids is shown In Figure 1. -

o .-

During the mid 1960's, due largely to the efforts of chemists

under the direction of Elias J. Corey at Harvard and those working

independently at ijohn ﬁnder J:E. Pike, the total chemical synthesis
of al} the known prostaglandins'was.:::ompliéhed (9). The avail-

of adequate amounts of pure synthetic prostagliandins and

the diskbver? in 1971 by John Vane that aspiriq and related drués
prevent;H the biosynthesis of prostaglandins (10) gave 'a strong

- \
impetus fb research and launched an intense interest in these

compounds\fegarding their roles in fever, pain and inflammation.

Y

2. Endoperoxides

Lk The formation of an unstable cyclic endoperoxide intermediate
?urlng the o&ygena;lon of arachlﬁg&i})ac!d was postulated by Samuelsson ’
;n 1965 (11).. Employing 02'6, 02|8 and mass spectrometry he found
that both oxyéen atoms present on the cyclogpntane ring of prosta-

glé@dins were derived from the same molecule of 6xygen. Nt was not

until almost ten years &fterwards, in 1973, that Hamberg and\Samuelsson
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Figuretl.' Scheme of Transformations of Arachidonic Acid.

[

Fatty aclid cyclo-oxygenase, (Prostagl#ndiﬁ-
endoperoxide Synthetase) ’

2. Prostaglandin Hydroperoxidase (Perox]dase)
.3. Endoperoxide D-lsomerase
4. Endoperokide E-isomerase
5. Endoperoxide Fygreductase
6. Prostacyclin Synthetase
7. Nonenzymatic Hydrolysis
8-10. - Prostaglandin 15-hydroxydehydrogenase,
Prostaglandin 13,14 reductase followed by
B and ¢ oxidations .
11. Nonenzymatic Endoperoxide Cleavage
12. Thromboxane Synthetase
13. Nonenzymatic Hydrolysis
", 14. 12-Lipoxygenase
B 15. Hydroperoxidase (Peroxidase)
% 16. 5-Lipoxygenase .
17. Hydroperoxidase )
18. Leukotriene A Synthetase
19. Enzymatic Hydrolysis
20. Glutathione S-Transferase )
21. y-Glutamyltranspeptidase
22. 15-Lipoxygenase
23. Hydroperoxidase
24. 1th,15-Leukotriene A, Synthetase

T Py U —

PP S

255 Enzymatic Hydrolysis
26 Aminopeptidase, y-glutamy!l transpeptidase

‘w
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TRANSFORMATIONS OF ARACHIDONIC ACID

COOH COG-( ° S
N CsHyy COOH m\/\/m COOH
CsHiy 5
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15 7 1 8

- HOO -
M 2
12-HPETE .
!
' 14\ .-,
13 " -
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<= < H H ,1
— CaHh; cooH 17 COOH CHO
i 23 e CsHiy T) —_ = Cstn 2 — CsHu e+ <
15 rm T~ [V5-HPETE] 5 HPETE tox} 5-HETE ' 12 ™ e
s HHT Malondialdehyde
~ OHH
o™ COOH 20 < o == COOH
CNK/-\/\/@“ CoHy 5?‘: Al
CsHn O{O)H
. [14,15-LTAL] LTA, ey T
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8.15-178, 19 21 M
! 25 \ . N o 13),
b H Y
COoH COOH
Q\c/\/l—(cm" ! sHy CsHn H 5-?'7 HO™ SO ~ Gt
y OHOH CHOONHCHZCOOH :
14,16-L18, o 118, (ttncs.cie) € (l!,".d‘.CIS);TA T oH
- + . % 2 TxBy
Stersochemistry undetermined diasteroisomers y -
' - LEUKOTRIENES LTE,, LTF, THROMBOXANES e
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were otherwise ide;tical differing only in tge substituent on
carbon.15. The first derivative named prostaglandin G, carried
a hydroperoxy group at C=15 while in the subsequent compound,
prostaglandin H2, thissubstituent was redubeJ to a hydroxyl éroup.
With the demonstration of the existence of theselabile intermediates
- a mecﬁ;nism of p}ostaglandin biogynthesis was visualized. The
initial step consisted of a lipoxygenase-like reaction in which a
i specific hydrogen at C-13 was removed, the Al‘ double bond was
' simulf&neéusly isomerized lnto the A'zvpos{tion, aqd molecq;;r

-

oxygen (as the diradical) was inserted at C-11. Formation of a

¥
‘r,ﬁ

cyclopentane ring was a result of a second oxygen attackiqg at

C-15, with shift. of the A,]z double bond, and formation of a new

bond-between C-8 and C-12 (12). These reactions yielded PGGg

Coatie L Sl

- . whichwas then reduced to PGHp. The chemical half-life of the
prostaglagdin endoperoxides in aqueous media ;as about 5 min (lﬁ)
after which the cyclic peroxide had opened to yield prosiaglandins
E, D and F. In addition two compounds, 12~hydroxy-5,8,10~hepta-

s " decatrienoic acid (HHT) and malondialdehyde, were identified as

st
~rd

by products from fragmentation of the endoperoxides. Three enzymic
* &

activities -were detected in various rat tissues which converted

PGH? into PGEZ,(_I:GDZ anci PGF, . (l.,;).
Prostaglandin endaperoxide - PGEg isomerase was present in the

! \ * P
particulate fraction of sheep vesicular gland. Prostaglandin

endoperoxide-PGD2 isomerase (detect in some rat tissues) was present
in the supernatant after centrifugation at 100,000Xg and thus'was

considered a sotuﬁle’groteln distinct from the PGEy forming ‘isomerase.

(1 - -
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the relative poteﬁctes of endoperoxide versus RCS on platelet
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Prostaglandin F was enzymatically formed by a prostaglandin

2¢
PGFy ¢, reductase,

endoperoxide |

»

"

3. Thromboxanes

Durlni the 1360’5 Vane and his colleagues adapted the blood-
bathed organ technique (15) to the qetection of Pfosfaglandins in
blological(fluids, a contribution of prime Importance for it.
allowed the continuous menitoring of h}ostaglandins in blood as well
as their quantification. tn 1969 Piper‘and Vane (16) detected the

3 .
release of an additional substance during anaphylaxis using sensitized

" guinea-pig lung. The substance was a potent contractor of Isolated

rabbit aorta and was thus called "Rabbit Aorta Contractnng Substance
or RCS'". - RCS was a labile substance with a half- life of l 2 min in
aqueous buffer at room temperature whose release was stimulated by
arachidonic acid (}7) and‘inh?blted by aspirin-like drugs (16).
Because of these propefties‘ié was suggested that RCS was an unsgaﬁlé
intermediate In the blosfnthesis of prostagladﬁiﬁs. Platelet b
aggregation ig_gigggfwas also accompanied by the generation of an

&

RCS. (18). The half-1tves of RCS (less than 2 min) and prostaglandin

endoperoxtdeé (about 5 min) were distinctly different. Furthermore,,f

FY )

gggrégating abtivify and aorta contracting actiyity Qere also
dissimilar (lh).l These observations directgg Samueléaog and ¢o-
workers %o search for other subs?ances with RCS activity in platelets.
In 1975, Hamberg, Svenssoé and Samuelsson (f9) described the

conversion of the endoperoxides into a new group of biologically
- *

- *
, active compounds. Due to their powerful thrombogenic nature, their

tissue specificityaﬁi.e. thrombocytes)” and their non-prostanoid

r
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chemical structure, these compounds were called "thromboxanes'. .
The first thromboxane, thromboxane A2 (TXAz) was a highly unstable
intermediate witha half-1ife of 30 sec at 37°C which strongly

contracted aorti’cqstrips and induced platelet aggregation. [The

labllit'y was. due to the bicyclic pxane-oxetane ring.structure. \ P
Th; stable nonenzymatic hyx:g(;nlysls product was called thromboxane _

B2 (TXB2) or i’HD (19). Before long it became apparent that RCS was

a mlxt&re of mainly TXA9 along with some endopérox?dé (20). The

highest ‘conversion of endoperoxides to TXAz is in platelets and lung.,
A specific thréﬁdiine A, forming enzyme, independent of the cyclo-oxygenase

activity, has been described and partially characterized in human and

ESERN

- e

horse platelet microsomes (21). The formation of TXBl ,, from homd-y-

e

linolenic acid, has been demonstrated by Falardeau et .a“l (22). Conversion

of PGH3 Intd TXA3 has recently also been reported (23).

ll.yProstacnxcHn ., v R

final chemical and biological description

of yet another unstable elc'osanolﬁd compound. began as early as 1970 when
Pa“ce-.A'scl‘ak and Wolfe (24) proposed. a novel pathway of arathigianic acid
metabofi.sm o;currlng In rat stomach. Thex term;ad this pathway the 5("9‘),
oxy cyclasepathwa\}. Six yearf. later, while In search for thromboxane
ss:nthei:ase actlivity in various rabbit tiss‘ués-."Mongada et al (25)

Isalated an enzyme from the ml\crosomaipfracti‘on of blood vessels that h
transformed pros;aglandln endoperoxideé into .a "labile %ubstance which was

a very potent Inhibltor of platelet aggregation and relaxed isolated

blood vessels. ;l'hey called this substance prostaglandin X and Y

[
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showed that the formation of this unstable compound was the

predomiln,ant route of arachidonic acid and endoperégl“de meta-

bo¥Vism in blood vessel walls (26). The On,l.yoother-it’rssue test;ed

in vcvhich PGX was the main.produ'c.t from prostaélandinrendop/ergxi‘des'
‘."'55 the fundiciéart of the rat stomach (27). This f‘inding suggested
“that PGX might also be a?lntermedl,ate in the 6(9) oxy pathway.
Subsequent chemical synthe‘sis of PGX: by Johrilson et al (28) showed
the str ctbure’ﬁtof PGX to be equ!valentito 6(9)..oxy-11,15-dihydroxy - -

prosta=§,13-dienoic acid or 6(9) oxy- AS—PGFM‘ , one of the less

—
- ~——

abundant| isomers isofated in 1971. This biologically active produc
was then dubbed prostacyclin and abbreviated PGl, (28). Prostacyclin
‘ .-

.is a labile bicyelic ether with a half-life of 2-3 min In aqueous

solution.at 370C. Earlier in 1976, before the chemical synthesis

of prostacyclin was accomplished ,bPace-Asciak reported the isolation
of another product of the 6(9) oxy pathway (29). This compound
was identified by mass spectrometry as 6-ke£o-PGF]¢ (30). The

relatlonshi'p of 6-keto~PGF to'6(9) oxy= A °-pGF (Prostacyclin)
. ) 14 ~

1%
was apbreclated when it was shown that 6-keto-PGF|¢, could also exist

3

in a cyclic lactol form (31). The 6-keto~PGF was the stable

l¢
hydration product of prostacyclin which is formed in a sequence of . g

o~

enzymatic reactions starting from arachidonic acid and proceeding via-

the endoperoxide™intermediates (Fig 2).

A corresponding sequence of enzymatic reactions converts
elcosapentaencic acid into A”-prostacycllnA(PGl3) and A‘7-6—
keéo-PGF].,L (23). The‘ doyble bond in the 5 position is essential
In the synthksis of prostacyclins and 8,11,14 - eicosatrienoic acid

4

(homo-y31inolenate) cannot be converted to a prostacyclin (32).

S

— - v
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The Prostacyclin Pathway, Consisting
of Prostaglandin Endoperoxide Synthetase
Complex (Left Plate) and Prostacyclin

synthetase (Right Plate). i
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Biosynthesis of Prostagiandin Endoperoxides
¢ Menibrane phospholipids .

— COOH

-

Deacylases . ’
(phospholipase Aj)

Arachidonic acid

. == = COOH
m/
OOj“ .

‘' RV i .
Non-steroidal :::':‘ Fatty acid
anti-inflammatory cyclo-oxygenase
drugs
Q
OOH
Y4 4-5min. ' PGG2  Requires haem

Perdxidase
* stimulated by Tryptophan

.+ and catecholamines

""..w COOH
2

OH
PGHy

'
X

The prostacyclin pathway

Lipid hydroperoxides

6 (9) oxy-cyclase,
Tranylcypromine

prostacyclin sythetase

COOH

t2 2-3min. -

37°, pH7.4 )\
OH i
; »(o‘f OH

N PGl (prostacyclin)

' norienzymatic ,/
15-keto PGI, yes
+ nonenzymatic

COOH
6, 15.diketo PGFo ] -
‘ Ck/\/\/\/ 4
13, 14 dihydro Y <7

and dinor catabolites OH OH 'B
6-keto-PGFy
. dinor-6-keto-PGF, o

and more polar catabolites
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Rapid progress in analytical technology and biologi&al assay
methods, applied to prostaglandin research, have led to the dis-
c Y, chemical ;haracterization, aﬁdoquantitation/;f numerous'
bj:?égically active eicosanoids. The availability of such methods

“has enabled scientists to discern the metabolic transformations of these

K .
substances and unravel their dYverse physiological and pharmacological * .

potential. , L

L] u
4 - In the early years of research in this field most methods were
- based on the potent characteristic activity of aparticular prostanoid

S/ . .
_in some blological system. These were followed by themical and

, -y ,
* physical ‘methods such as ultraviolet (UV) spectrometry, gas-liquid
;o chromatography with flame. ionization detection, and enzymatic methods

utilizing specific prostaglandin dehydrogenases.

“ Although these techniques were of value in detection, they were

lacking adequate sengitivi;y and specificity to differentiate and
quantitate the increasing number of fatty acid derived products.
Better techniques have reca%tly gained widespread use. Radio- .
ch;;?fal methgds, gas—liqyid chromatography with electron capture
detection, gas-liquid chromatography-mass spectrometry (GC-MS), high
pressure liquid chromatography (HpLC) with UV or radiometric detection,
cascade superfusion bioassay and radioimmunoassay are ysed.
routinely (33). ; Radioimmunoassay is today the most routinely employed
assay method in prostaglandin ré;earch (34). It}is inexpensive and
quick but relatively less specific and accurate when compared to
>  GC-MS. Therefére,/jt is essential to validate where.possible a radio:

( immunoassay for a given prostaglandin by quantitative GC-MS (35).

[

b e e



e ey S K AP RSPRS00 SR T TSNS g ey g

-2 -

EN

GC-MS is entirely a chemical and thus very specific type of method.

-~ 2

Quantitative mass spectrometry with deuterium—-labelled compounds .

~

and multiple fon detection is prese,ntly the most accurate

and selective method for prostaglandin analysis (36). It is based

on the addition to the sample of a known- amount of deuterated analogue
which acts as.\a carrier during the chromatographic purification steps

. and as an '}nternal sténdard.‘during mass spectrometry. The small

~

quantity of natural, protium form of the compound can be calculated

o - .
from the measured proportion betweén selected ions of the protium and
w P _

-

the deuterium forms of the purified compound. The presence of
B -

characteristic fragmentatton (Ta‘.ble'l) and prominent peaks in the
mass spectrum of the 6-keto-PGF1¢ derivative (Fig 3) makes possible

an optimal utilization of the multiple ion detection system. (37). .

1\

The' combination of this quantitative method (GC-MS) with"

- L3

: powerful purification technology such as HPLC (38) and octadecylsilyl

- silica (39) chromatography will yield more reliable data and avc;id .

the shortcomings of the other methods.
/ L]
5. Lipoxygenase Products and Leukotrienes.

b-

¢ ~—
“In 1974, at the same time when Hamberg and Samuelsson (40)

‘, discovered that platelets produced thromboxane, they also described

P

«

. another novel product derived from arachldonic acid. ) -

"
~

They showed that the chemical structure was 12 (5)-hydroxy-
5,8,1h-cis, 10-trans-eicosatetraenoic acid (12-HETE) a degradation
+  product of '12(S)~hydroperoxy-5,8,14-cis, 10-trans-eicosatetraenoic L
acid (12-HPETE) which they thought was formed from .arachidonic acid . /
L

) by a lipoxygenase enzyme that was not inhibited by nonsteroidal
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TABLE 1.

N

Prominent Mass Spectral Fragments o* 6~keto-Prostaglan in Fig

«

Fragment lon
5 £
Molecular lon

‘. -

M - oy ‘ .
Nt - 0CH, v

M- cghpp

M - HotMsT ' )
M* - (HOTMSi + OCHs)

Nt - (HOTMSI + C5 Hyp)

Mt - 2(HoTMSi) |

MF - (2(HOTMST) + OCH3)

M - (C4Hg 'COjCH3 + CsHyp + OCH3)

Mt - (2(HoTMsI) + C5 Hy,) | .

MY - (HOTMSI # CH, -ClmN-OCH3) + (CH,)y CO,CHg)

M - (CuHg "cO, - CH, + Hsi0? = CHOTMS ]
o * —c=CcH-cH, -THsioY
M 2
= ¥ - usiot=choTmst
£ _ * -
Mt - usiomch-c
+ .
M - c,Hg " CO,CH,

’

m/e Value

°

629
614
598
558
539
508
468
hhg
418
k12
378 Base Peak

353°) _

217
191 *
173
115
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Mass speMketo-PGFlwés the methyl - : ‘
: ( X -

ester-methoxime trimethylsily! ether derivative.

a

The mass spectrometer was operated in the full

scan mode to obtain the complete mass Spectrum

of ‘the compound from 100 m/e to 650 m/e. The - )

spectrum represents 2-3/tg of material and
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i antiinflammatory agents. The platelet arachidonate |ipoxygenase wa

/ isolated a year later by Nugteren (41). When it was discovered that
12-HETE exhibited chemotactic activity on neutrophils a search for

lipoxygenase products of arachidonic acid and ‘other fatty acids in \
: \
blood cellular components was undertaken. A series of mono-hydroxy-

A

eicosanoic acids were found to, be major metabolites of arachidonic.acid
”

< e RTINS A

in the various cell types. Polymorphonuglear leukocytes(PMNL's)

produced mainly 5-L-hydroxy=-6,8,11,1k-eicosatetraenocic acid (5-HETE) ‘

-

and 8-L-hydroxy-9,11,lk-eicosatrienoic acid from arachidonic acid

B T T I L

. and hemo-y-1inojenic acid respectively (42). Rat mast cells convert
arachidonate mainly to 11-HETE and 12-HETE while rabbit alveolar '
macrophages form primarily 5-HETE and 11-HETE {43). The production
of 5-,12-,15-,8- and 9- mono-HETE's from arachidonic acid by human
neutrophils has also been reported (43,44). More recently novel

dihydroxy eicosatetraenoic acids have been described. The first

H
g
{
)
&
¥

L
|
5
¥

k
{

;

4

one identified was 5-(S), 12-(R)-dihydroxy-6,14-cis, 8,10-trans-
eicosatetraenoic acid (5,12-DHETE) and was found upon incubation of
arachidonic acid with rabbi‘t peritoneal PMNL's (45). In the past
year isomeric pryoducts derived from a 15- instead of a 5- lipoxygenase

* pathway have been discovered (46). These are 8,]5‘-dihy<droxy-5,9,
11,13-eicosatetraenoic acid (8,15~DHETE) and 14,15-dihydroxy-5,8,
10,12-elcosatetraenoic acid (14,15-DHETE). Many other arachidonic
acid derived compounds have been described in the—-prostaglﬂndin

/ literature including trihydroxyeicosatetraenoic (THETE's) a}ad iodo-

hydraxy fatty acids (47,48). e

The recognition of so many arachidonic acid derivatives brought

about a problem of nomenclature. The term "eicosanoids' was coined




I A .,
\
( \\ - I ’
416 - ) )

¥ o
by Corey in 1979 to designate the vas‘tnr'\umber of compounds derived ‘
from unsaturated fatty acids containing twenty carbons (49). The
increasing number of lipoxygenase products, excludihg the mono-
hydroxy fatty acids; from various sources have been named ''leuko-
trienes' (LT's) since t'he;; ;Nere originally ide.ntified in white
blood cells and contained a conjugated triene system (50). Hence
5,12,-DHETE, 8,15-DHETE and 14,5-DHETE are called 5,12-LTBy, 8,15~
LTBy and M,IMBQ respectively. The subscript "l:" indicates, as
in the case of prostaglandin nomenclature, the degree of unsaturatio;l
of the compound. The capital alphabetical assignment (A-F) refers .
to the position the particular 'léukotriene occupies in the sequential
me‘tabol ism of arachidonic acid through the 1ipoxygenase-leukotriene
pathway (Fig 1). Leukotriene A (LTAL) was identified as the unstable

intermediary 5,6-oxido-7,9-trans; 11,14-cis~eicosatetraenoic '

acid in the conversion of 5-HPETE to LTB4 (51).

One of the most exciting and rewarding moments in this field
came when it was recognized that LTC and LTD had similar chemical
and pharmacological characteristics when compared to a substance
known as slow-reacting sub;tance of anaphylaxis (SRS-A). This active principle
was initially described by Feldberg and Kellaway (52) in 1938, when
they detected the release of a material, different from histamine,ﬂ in
a gquinea-pig perfused lung preparation. The sut;stance was released
by injection of cobra venom into thg{lung and caused a contraction
of guinea-pig jejunum that was slow’«in onsét and of long duration.

The"agent responsible was therefore referred to as ''slow-reacting

substance'' or ''SRS". Two years ldter the release of a similar SRS

\
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was demonstrated during anaphylactic shock in guinea-pig perfused
lungs by Kellaway and Trethewie (43). Brocklehurst in the 1950's

AN

while studying the material released during anaphylaxis introduced
the term ''slow reacting substance of anaphylaxis'' or 'ISRS-A'* (54).
SRS-A was characterized by strong contraction of various gastro-
intestinal smooth muscle preparations and smooth muscle tissue from
guinea-pig trachea and human bronchus. The biological role of SRS-A
and similar SRS's was studied in detail particularly. by Austen,
Brocklehurst, Chakravarty: Orange and Uvnas during the 1960's (55,56).
It became apparent that SRS-A was irnmunologicaily released by lung
and other tissue during antigen challenge and that it may be an
important etiological agent in anaphylactic bronchospgérrl of human ‘
asthma (57). SRS-A was thought to be a pathophysiological product
in clinical asthma and therefore appeared to be an ideal target

for antagonistic drug treatment. Although a specific antagonist

(FPL 55712) was developed (Sé) and allowed further assignment of
biological activity to SRS-A, the attempts to determine its chemical
structure w;:re unsuccessful. The main obstacles in those

early days hampering structural elucidation of SR5-A were the minute

L
amounts of material available and the lack of recognizable chemical

[V

or physical chemical markers in the purification procedures.

°
g

Brocklehurst (55) had characterized SRS-A as a polar 1ipid.
The presenceof a §ulfur atom (59) and the inactivation of SRS-A
by arylsulfatase (60) was demonstrated in 1974. A milestoneiyin

the pfogress towards the ultimate structural elucidation was the

o
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] involvemegt of arachidonic acid ,in SRS-A biosynthesis. In 1973
Joyce Walker found that aspirin-like nonsteroidal anti-inflammatory
drugs enhanced the production of SRS-A (61). She believed that

arachidonic acid wasthe precursor of SRS-A, a proposition which was

P

substantiated in 1977 by incorporation of radiolabelled arachidonate

o into SRS-A (62). The most dramatic point came when Morris et al (63)
“while purifying SRS-A by HPLC demonstrated that pu;ified SRS-A pos-
sessed a characteristic UV spectrum typical of a conjugated triene.

One year later when Borgeat and. Samuelsson showed production of

[T

5,12-DHETE (LT8,,) in rabbit PMNL's it was realized thaw 5,12-DHETE

and SRS-A had similar UV spectra. A partial structure of SRS-A as

-

a sulfur containing lipoxygenase product of arachidonic acid was

proposed. A finding which supported this idea was that SRS-A was
| inactivated by soybean lipoxygenase (64)., It was known that
’ ’ many thiols and particularly cysteine stimulated the formation of

|~ SRS-A (65) . This observation suggested that SRS-A could be @ sulfur
containing compound like cysteine covalently linked with a fatty acid
derivative. The incorporation of §35 cysteine into SRS-A by mouse
mastocyt;ma cells and the demonstration th§t the compound was a
5 HETE derivative carrying a substituent at C-6 via a thio ether
link was reported by Murphy et al (66).. The substituent at C-6 was .
later identified as glutathione (glutamyl-cysteinyl—blycine). The -
structure of mouse mastocytoma SRS was confirmed b& ghemical

I synthesis to be 5(5)'hydroxy-6(R)-S-gluéaﬂﬁony{-7,9-trans;ll,lh- -

‘cis-eicosatetraenoic acid and is now designated leukotriere Cy

( = * "(LTCY) (67). More recently Morris et al (68) have described a
: - )
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5-hydroxy-6-S-cysteinylglycinyl~7,9,11,14-eicosatetraenoic acid
(LTDy) as the SRS produced by rat basophil leukemia cells.,

The same investigators showed conversion of LTCy to LTDy by the
action of Yﬂglutaﬁil transpeptidase and suggested that LTA4 and

LTCY were intg;mediates’ln the formation of LTD;. Another addition
to this famil§ of leukotrienes has been LTE, which is the correspond-
ing cysteinyl derivative produced by the action of a SPeCifi; amino~
peptidase on LTDy (69). Immunologically released SRS's including
SRS-A are thus a mixture.of LTC4; LTDq and LTE; with LTDy having the
most potent biological activity (70). The y-glutamyl transpeptidase
reaction Is reversible akd a y-glutamyl residue can be added to

LTE, to yield 5-hydroxy-6-s-v-glutamyl-cysteinejéicosatetraenoic

acid or y-glutamyl-Ey (pTFk) (71).

3

The number of 1ipoxygenase products and leukbdtrienes is
increasing expdﬁgntially. ' Leukotrienes derivea from all cis 5,8,11-
eicosatrienoic acid (LT3'5), arachidonic aéid (LT4's) and eicosa-
pentaenoic ac{d (LT5's) have been identified (49). Undoubtedly
new ana‘;elated pathways of transformation will be discovered in

the very near future. e

B. Metabolic Pathways of Eicosanoids.

1. General Occurence of Eicosanoids

. Prostaglandins are described, with few exceptions, as being

“ubiquitous among mammalian tissues' (5). Seminal plasma, from

a vatjiety of mammals including sheep, monkey and man, contains the

highest concentration and number of primary prostaglandins.

Prostaglandins can also be extracted from tissues of lower vertebrates

o -

(chicken, duck, frog)'and some invertebrates (mollusc, arthropods,

- gorgonian coral) (72). Prostacyclin (PGI12), thromboxane (TXA2),

Y o
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leukotrienes, and a number of lipoxygenase products are generated

selectively by animal tissues (73-75). L ¥ s 0

v

The types and relati‘ve quantities of eicosanoids simul- g
taneously produced may be cell:,tissue-,organ-and species~specific
(5:72;—75). For example thromboxane Aj is the major pr,oduct‘of )
arachidonic acid metab::lism in platelets (19)-,‘.wf;i|e, the major '
product in vascular tissue i.s prostacyclin (25): Leukotrienes
andq i poxygenase derivatives are the pred?minant substances pro-
duced from arachidonic acid in whole lung, leukocytes and n@st cells
(75), and probably have a wider distribut‘i’oun in lighf of the many )
differernt sources of SRS's. ;

&

Similarily, the highly selective variations'in cell and tissmOJe
responses to different ejléésanoids may reflect the relative abun-
dance of dif‘ﬁer‘ent specific receptors and the availability of ap-
prc;priate aut;coids in that tisgle. At Jeast five types of pros€anoid
receptors have been described (76)¢ These receptors are cha\racteri-
zed by their high affinity for specific prostanoids (ie. PGD\\,E,F, .
1) or thl('omboxane A (77). & \ - '
Prostanoids are not accumulated or stored intracellularl\y (78)
but are éynthesizéd de novo in}response to diverse stimuli such as
hormones, neu;'otran,gmitters, pepti&es, trauma, ischemia and in-
flammation-(79). Leukotriene production and release is brough
about by immune and allergic reactions (75) . Following stimulation,
increased levels of eicosanoids can be detected in plasma, urine

(
and other biological fluids (80).

*

Pros%aglandins are derived from twenty carbon polyunsaturated

fatty acids. Arachidonic acid (20:4) is the most abundant of these

»
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acids and+is the precursor of the phredominant (dienoic) type of
prostaglandins (5). Recent interest in the (trienoic) type of ;
prostaglandins has been aroused by the finding that the substrate

for prostaglandin bipsynthesis in Greenland Eskimos was _predomlnantly’

eicosapen_taen'oic acid (20:5) and that these people had ischemic

heart disease only rarely (32).

-

"In either case the precursor fatty acids are usually found’
in no more than trace amountsjas free acids and the bulk of the ‘\\
material is esterified with other acids to cellular lipids (81). BN,
Arachidonic acid is n;nost concéntrated in phospholipids but may ot
also be present as a triglyceride or cholesterol estner. Release
of precursor fatty acid, upon appropriatehstimulation,‘ is carried
out by one or several of a group of membrane bound enzymes generally
referred to as-acylhydrolases. Phospholipases, particularly
posphol ipase Ay, have been considered to pltay importar{t roles in
rate limiting the biosynthesis of prostaglandins because they

regulate substrate availability (79). Two enzymes' have been

implicated in the release ‘of arachidonic acid from the phosphati-

'dylinositol of platelet membranes (82). The first activity is a

phosphatidylinositol-specific phospholipase C which results in

the arachidonic aci® containing diglyceride, This substrate is
now acted upon by a diglyceride lipase to yield free arachidonic
acid and the corresponding monoglyceride. Mechanisms involving
diglyceride lipase activity may be important in brain where the
enzyme is partaicularly a’bundant (83). In the ovary, arachidonic
acid can be derived from the large amounts of cholesterol arachidonate

by the action of a cholesterol esterase afwrhulation by ]

O T T
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luteinizing Hormone (84). Hirata and Axelrod (85) have described
a more complicated mechanism of arachidonic acid release from

L]

meml?trane phospholipids referred to as the "transmethylation pathway''.

The liberation of arachidonic acid by phospholipase Ay can
bfa stimulated by various hormones and is Cgﬂ' dependent (86). The anti-
inflamma'tory‘corticosteroids produce their effects by reducing the
amount of arachidonic acid available for prostaglandin biosynthesis
(87). it has been shown by Flower :and Blackwe!ll (88) that the
mechanism responsible for this action consists of an induced

A\

biosynthesis of a phospholipase A inhibitor.

Once released the substrate fatty acid, arachidonate, is rapidly
metabolized to oxygenated unstable and then stable products by
|

two distinct enzymatic pathways, the cyclo-oxygenase and the

1 ipoxygenase pathways.

2, Cyclo-oxygenase Pathways.

{
The cyclo-oxygenase pathway is_a series of saquential enzymatic
transformations of arachidonic acid resulting in three classes of
compounds ; the primary prostaglandins (PGE2, D2 and F2q ), thromboxane

(TXA7) and prostacyclin (Fig'. 1),

-

*

This fatty acid cyclo-oxygenase (EC1.14.99.1) is also known as
prostaglandin endoperoxide synthetase since its immediate reaction
products are the unstable endopercxides (14). Cyclo-oxygenase :
activity is foun;i in the microsomal fraction of nearly all mammalian

cells. The enzymes which convert these PG-endoperoxides into the

SR
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various primary prostal_]]a,ndins, prostacyclin and thromboxane

have individual n’ames and are, in general, tissue specific. Thus,
the distribution a‘nd quantitY.of Individﬁa]lproducts, in various
cells and tissues, reflects the distribution of the different
enzymes metabolizing the endt;pe:r'oxides~ and i;; not due to the
presence of dlffe]’_eﬁt cyclo-oxygenases. One exception Bas,been
recently noted by Lysz and Needleman.‘(90) vfho p%gvided evidence
that PGE2 and PGF24, biosynthesis I'n rabbit brain ’is accompl i shed
via two distinct cyé’lo%—c‘x‘zygenase;s.’ They arrived at this conclusipn
after observing an abrupt halt‘ in PGEg production while PGFZ’_

biosynthesis continued.

Cyclo-oxygenase activity has been purified to homogeneity
from bavine (9]? and sheep (82) vesicular glands. The catalytic
activity of prostagland}n endoperoxide synthetase has been resolved
into two reactions (Fig. 2). ‘ The first reaction is a llpoxygehase-
like, bis-dioxygenation of the unsaturated fatty acid resulting
in the formation of~«GGy. The second is an inherent peroxidase
type of activity which converts the 15-hydroperoxy group of
PGG2 to a 15-hydraxy group in PGH2 (83). Heme either as hematin
or hemoprotein is required as cofactot for both the cyclo-oxygenase
and hydroperaxidase reaction (93). Tryptophan or other aromatic
compounds stimulate the conversion of PGG2 to PGH2. The:peroxidase'
activlt;' Is belleved to cause an irreversible inactivatipn of'the
cyclo-oxygenase through the generation of oxygen radicals during
the reduction reaction (93). The more detalled biochemical and

blophysical characteristics of this enzyme are reviewed by Samuelsson

et al (89).

* L



_21‘_

'{ Reversible and irreversible inhibitors of cyclo-oxygenase

have been discovered and evaluated (89, 90). Analogs of the

natural fatty acid precursors are competitive inhibitors of the
cyclo-oxygenase (94). Among them is the acetylenic analog of

; arachidonic acid, 5,8,11,14-eicosatetraynoic acid (93).

o

Many nonsteroidal anti-inflammatory agents . aspirin,

g

indomethacin etc.) -inhibit the cyclo-oxygenase reaction (95).
r ) Y
Aspi\r‘in (acetylsalicylic acid) irreversibly inactivates the cyclo-

\
P e

oxygenase enzyme by acetylation of its active site (96). Recovery
' %

LR

from irreversible inactivation of cyclo-oxygenase requires biosynthesis’

ey, -

of new enzyme. Nucleated cells such as endotheli celﬂls, when
compared to platelets, are thus more able to over from the

inhibitorg effectsof aspirin (97). The prostaglandins are formed

.
B v O rerwrlﬂ )

fronk PGHy by specific PG-endoperoxide isomerase and reductases (93).
The conglomerated groups of enzymes producing primary prostaglandins '

q

are generically termed '"prostaglandin synthetases'',
- e d

Prostaglandin D2 is formed from PGH2, in the presence of {N
glutathione, by a sol PGHy-11-keto-isomerase (Fig. 1, (3)).
A microsomal PGHZ-S-i::somerase, also requiring glutathione, -
forms PGE,. (Fig. i, {4)), while a PGHy reductase yields PGqu:
(Fig. 1, (5]]. PGF2q and PGE, and their metabol Ites can be inter-
converted In many tissues by a Prostaglandin-9-Keto-reductase (98) and

a 9-hydroxy-dehydrogenase (100), i

tmmedtately after the prostaglandins have exerted their biological
N - eff;ects they are rapldly cataboltzed in tissues (primarilylung,

) ; L '
(A . liver and kidneys) to more polar. inactive metabolites which are then

-~

excreted (93,99). .

'
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Four main degradative biotransformations are well recognized:
+

_25-

or NADP"'dependent oxidation of the 15-Hydroxy-group_
. )
- to the 15-keto~group catalyzed by lB-hydroxy&Frostaglandin de-,

1. NAD

hydrogenases. 2. Reduction of the 13,14-trans-double bond to )

give the dihydro keto derivative. 3. Chain shortening, to

- " form dinor or tetranor metabolites, is accomplished by /5

~oxidation, and 4. Omega (C) oxidation results in dicarboxylic

acid derivatives of prostaglaﬁdi‘ns. (
% _ The Initial degradative step has been most extensTvely studied

and involves cytosolic lS;hydroxyprostaglandin-dehydrogenése (99);
.% & The enzyme Is most concentrated ‘in the lung, spleen and renal .
i cortex and is very low in mammalian brain (79). Nonsteroidal
anti-inflam:;tory drugs loop dlureti.cs and probenecid inhibit 15-

hydroxy PG déhydrogenase (99).

r The first two reactions In the degradation of prostaglandins
occur very rapidly and produce l3,fk-dihydr6-15-keto-PG derivatives,

major metabolites in the peripheral circulation, which- then undergo

/4 and/or Gy oxidation by hepatic microsomal enzymes to yield shorter

»

mono= and dicarboxylic aclds, the predomfnant meta‘bolftes observed
in urine, Varlable permutations of the four major transformations

in different specles and Indlviduals results in a large number of

urlnéry metabolltes. In man for instance the major products from
PGF's is 5¢, 7¢ -dlihydroxy-11-keto tetrénbr-prostane.—l,I6-dioic |
acid (Fig. 1, (8)), and from PGE's Is 74.--hydroxy-5,ll-dlketo-tetranor‘

prostané-1,16-dlolc acid (Fig. 1, (9)).

g

Sex d| fferences, In amounts of prostaglandins excreted, also

exist with the males excreting more per 24 hr, Eq_r,lodythan*fém‘ales_ (79).




TN SHW NG It bt ot

’ heart, aorta, ductus arteriosus, and o\t\ er adult and fetal® arteries
e T , |
(104). 1tt-is also apundant in lung and rat-stomach. As with the ‘

I

&
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Thromboxane synthetasy&demonst[ated in many tissues (74,89) ———

— —T §

and has been purified frzgnl_human‘—(lop) and bovine.(192) platelet L - ;

microsomes. | 'y e

[ L

L -3
been resolved into two components, the prostaglandin

It has)
|

endoperoxid)’e synthetase and an enzyme producing TXAs from PGH2. TX B ;
was originally discovered a:a product of arachidonic acid metabolism in ‘
human platelets. This biologiéal'l? inactive substance is the spon-
taneous hydrolytic reaction prodt;ct of the bioactive TXA (Fig. 1,
(12,13)). Thromboxane synthetase also produces H}!iT through a dis~
mutase type of reaction (93). Selective inhibitors of thromboxane
synthetése have been actively sought due to thromboxane A2's platelet
aggregatory and vasoconstrictor activity. To date imidazole, di-

pyridamole, azo- and epoxymethano-analogs of ‘PGHZ as vell as a few

other compounds have been identified as selective thromboxane

et \LENL Mot st o, ot (5, AT e as AL A, n e

Synthetase Inhibitors, . . . ’ o

Prostacyclin synthetase is distributed throughout various tissues

(89,103) and is particularly enriched in vascular structures such as *

R e

i

other enzymes involved *in arachidonic aé\i)d metabolism there is species-, ;
- \

sex-and age-relatedrva'riatio'n in prostacyclin synthetase activity (105).

P

Biosynthetic activity decreases with age (106) and is stimulated by c

estradiol  (107) in the rat. Three possible mechanisms for the
B

biosynthesis of PGly from prostaglandin endoperoxides have been

.

i
{

investigated(108,109). Peroxidase-dependent, oxygen radicalmediated,
inactivation of prostacyclin synthetase but not thromboxane synthetase

has been reported (110).. Prostacyclin is rapidly inactivated by y
’ {

ATy Jp.,\rw s o e e MorutEiens
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uhydrolytic conversion to 6-ket‘o-PGF]+ or other metabolic' routes. .
' 4

Cataiaolism of PGl, is species—specific and alspo dépends on which

2
vascular bed is stu&ied (105). In Rhesus Monkey prostacyclin is

L]

metabolized mainly to 6,.I5-diketo-PGF]¢ (111). Rabbit produces
primarily'7,9-‘aihydroxy—h,13*dit.<eto-dinor-prostanoic acid (112)

while ;at ppqduces mainly 6,15,diketo-13,14-dihydro-PGF g (113).

The major urinary metabolite in rat and man was dinvo?v6-ket'o- ‘.:af";’ 1
PGFjq (114,115) indicating that the main pathways of metabolism

of prostacyclin and 6-ke‘to-PGF|+ is via/and @ - oxidation

1

and not via the 15-hydroxy-prostaglandin dehydrogenase. Thif is

'compatible with the observation that prostacyclin is not metabolized

to any extent in lung which has one of the highest cqncentrations

of IS-'hydroxy PG~-dehydrogenases (93). Blood vessel microsomes

can convert PGG, into\6,|5-diketo PGF g (116) and ;:ytoplasmic
fractions of mesenteri&: (117) but not cerebral (117) vasculature

can metabolize JPGIZ via th:e 15-hydroxy-PG dehydrogenase, More - ¢
recently an active hepatic\metabolite of prostacyclin indentifie;! -
as 6-keto-PGE| has been reported (119). This could be gendrated via

~

the 9-hydroxy prostaglandin dehydrogenase pathway (100). No such

' 'actiéity has been found in brain or its vasculature.

Prostacyclin synthetadse can be selgctively inhibited by

lipid peroxides such as 15-hydroperoxy arachidonic acid and by the
monoamine oxidase inhihitor tranylcypromine (120,121). In relation’ .
to prostacyclin's clinical pharmacology (122) there is presently

an intense interest in developing more specific and powerful

~

prostacyclin analogs, antagonists and synthetase inhibitors.

- - ¥
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.utilize the same precursor, selective inhibition of either one of the
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. . <
éi\\Llpoxygenase Pathways.

Non%nzymatic lipid peroxidation is the oxidative deterioration of
4 \

polyunsaﬁrrgted Iipidgg’ Lipid peroxidation in vivo is of bagic im-
portance in Egipg, atherosclerosis, some forms of hepatic dfug injury
and in oxygen toxicity {123). The occurence of lipoxygenases in
plantg and the mechanism of lipid peroxidation has long been known.

Eicosanoic fatty acids are converted to their corresponding 15-hydro-

peroxy- acids by Soybean lipoxygenases (124).

, .
" Mammalian !ipoxygenases that catalyse the oxidation of poly-
unsaturated fatty acids such as arachidonate have been detected only relatively

recently (40,41). Lipoxygenase activity, in contrast to cyclo-oxygenase,
© L4

has been so far only detected in some tissues. Platelet |lipoxygenase,
isolated from the soluble fraction of platelet homogenates, produces
the 12-hydroperoxy- and 12-hydroxy-isomer of eicosatetraencic acid.

The platelet lipéxygenase can be inhibited by acetone phenylhydrazone

a

and 5,8,11-eicosatriynoic acid (125). Neutrophil. lipoxygenases

4 »

can produce many other (eg. 5-,8-9,11-,15-) hydroperoxy- and hydroxy-

isomers of eicosanoic acids (43). . .

N

" In each case the "Hydroperoxide Synthetase'’ consists of a position
R ) ’

specific 1ipoxygenase and a peroxidase (hydroperoxidase) analogous to ’—;\\

I

the prostaglandin endoperoxide synthetase (126). Of these pathways
the 5-,12-, and 15-1ipoxygenase pg%hways are the most common (Fig. 1,

(16,14,22)). Since both Mpoxygenase and cyclo-oxygenase pathways (
’ »

pathways will result in greater availability of. substrage for the
uninhibited other route. Some hydroperoxy fatty aclds produced by
@ ‘ >

'
‘

o
S
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neutrophils (eg 53]5-HPETE) can form oxido-triene intermediates
called leukotriene As(LTA's) which are subsequently metabolised

to sulfido-peptidyl eiéosatetraenoic acids or enzymatically hydro-
lysed to dihydroxy compounds (Fig. 1, (18,19,20,24,24)). The
fatty acid structural requirements for leukotriene synthesis is
45’8’“ unsaturation in a polyencic fatty acid (127). Information
on the enzymology of leukotriene pathways is sparse but it is thought
that the pathwey is a combination of lipoxygenase metabolism of

arachidonate together with the glutathione detoxification pathway

(128).

Leukotriene AL is converted by glutathione-S-transferase to LTCh

(Fig. 1, (20)). The glutamyl-residue is then removed by the action

of y-glutamyl-transpeptidase (EC 2.3.2:2.), yielding the cysteinyl-

glycine eicosanoid derivative (LTDh). This enzyme is very highly
localized in the CNS to cerebral microvessels (129,130) and is believed to
function as a mediator in amino acid translocation across cellular
membranes (131). Choroid plexus alsobcontains large amounts of this

enzymatic activity but the levels in CSF are extremely low (132).
LS

Leukocytes exhiblt extremely high levels of this enzyme compared

to the othe} formed elements in blood such as erythrocytes and platelets

’(133). The biophysical parameters for y-glutamyt transpeptidase

isolated and purified from beef, hog and human kidney haVe been published

(!3h). Llpoiygenase or y-glutamyl transpeptidase inhibitors block

the biosynthesis of leukotrienes C and’D (135). LTDy is enzymatically

converted to LTEy by the actlon of an aminopeptidase (69). This
enzyme activity has not been well studied and is probably a nonspecific

hydrolytic removal of the glycine residue from the cysteinyl-glycine
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a

dipeptide. LTFy is formed by a reversal of the y-glutamyl trans-

- peptidasg reaction in which thi§£7ukotriene now becomes the

acceptor of the y-glutamy! residue from glutathione to yield the

C-6-y-glutamyl cysteine derivative of LTEy (71).

LR

Further transformations involving oxidative or hydrolytic
degradation of leukotrienes will most likely be discovered when the

enzymolbgy of this pathway is better understood.

C. Prostaglandins and Thromboxanes in Brain.

1. Cerebral Parenchyma

Prostaglandins and thromboxanes in brain have been the subject

of several reviews over the past few years (49,79,136-140).

Samuel§son (141) in 1964 demonstrated the occurence of PGFz,L
in ox brain, ?ollowing this initial finding, Prostaglandins E2,
F2¢ , Dy, 6-keto-F]qL and thromboxane B2 were identified in brain
tissue of different species (142-146). PGF2¢ had been considered the
major prostaglandin in brain for many years but it is now apparent
that PGD, is the most prominent PG in some species (147), i.e. rat
and mouse. The major prostaglandin in rabbit and guinea Eig is PGFo g
while in cat PGEp is formed in large amounts (146). Prostaglandin 6-
keto-PGqup could be identified in brain homogenates of mouse, rat
and rabbit but was a very minor component when compared with the
other PG's (145). Thromboxane By was formed in excess, of the

prostaglandins Faq and E,, only in guinea pig cerebral cortex slices

and homogenates (144).

Prostaglandins are widely distributed throughout brain and dif-

ferences inthe pattern of formation by various brain regions have
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been observed (148). Total amounts of PG's varied in the different
regions studied with the limbic system and cerebral cortex having
quantitatively the greatest while the cerebellum and medul la had; the
least (146). Of twenty-four regions studied in rat brain the
highest concentration of PGE and PGF, based on protein content, was

s

the median eminence (148).

Grey matter appears to have the highest concentration of PG's
(142) which suggests their localization to neurons. Subcellular
fractionation of rat cerebral cortex homogenate shows the concentration
of prostaglandins in cholinergic and noncholinerg{c nerve endings (149).
Only brain microsomal fractions exhibited significant ability to
synthesize prostaglandins. These two observations led the authors to

conclude that the nerve endings were a storage sité for PG's whereas

the microsomes were the site of synthesis, observations which have yef to

be confirmed. . ,
Prostaglandins can be measured from intact cerebral cortex sligés,

brain homogenates, and superfusates of cerebral cortex, cerebellum and
spinal cord preparations (136). The levels can be augmented by increased
neuronal activity and electrical stimulation of various brain structures,
application of neurotransmitters, including 5-Hydroxytryptamine,
Dopémine and Noradrenaline and exposuré to analeptic drugs (79). ¥
Barbiturates and chlorpromazine diminish the amount of prostaglandins
released (136). Free arachidon;c acid supplied from exogenous sources
to brain tissue in vitro does not significantly stimulate prostaglandin
or thromboxane synthesi's (150). The origins of the arachidonate

<

used to synthesize PG's are membrane phospholipids especially phosphatidyline=

ositol and phosphatidylcholine (151) and as in all other tissues, prostaglandins
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are not stored but synthesized de novo upon exposure to an appropriate

’ 4
stimulus.,

The catabolism of prostaglandins, including prostacyclin and
6-keto—PGF|4L , by brain tissue is negligible (152,153). Brain levels
of 15-hydroxy-PG dehydrogenase, the limiting enzyme in the catabolic
sequence, are exceedingly low or not detectabl@ in rat brain homogenates
and blood vessels (145). Very iow levels of A13—PG-reductase activity -
have been detected in monkey and swine, but not rat brain (154,155), A 9-
keto-reductase activity has been reporteh in monkey, pigeon and rat brain
(156) but may be the resultant action of non-specific reductases uncovered
when high concentrations of PGE are used (157). Prostaglandins produced
by brain parenchyma are mostly released into the extracellular'and cere-

brospinal fluids to be removed into the circulation and metabolized

by extraneuronal tissues (158,159). .
B

The possible physiological functions of prostaglandins in the brain
have been recently discussed (140). They may play important roles in
temperature regulation, body water balance, regulation\of.food intake,
cerebrovascular homeostasis and maintenance of cerebral perfusion, (49,
79,136) . One of the most important physiologicél properties of prosta-
glandins }s thetr ability to modulate cyclic nucleotide levels and affect’
th; mobilization of calcium in many cell types (79,136).‘ Influx of calcium
into nerve terminals and receptorr;deﬁylate cyclase interaction is an
absolute requirement in 'dynaptic transmission. Prostaglandins of the E
series inhibit the effector responses elicited by sympathetic nerve
stimulation (160). ‘Hedqvist proposed a negative feedback-control theory

in which endogenous PGEy formed by the postsynaptic effector membrane
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inhibits norepinephrine release from presynaptic sympathetic nerve
terminals (136,160). Thus PGE 's may play an important role in
regulation of autonomic neurotransmission. Prostaglandins have’

not been implicated in cholinergic transmission either at sympathetic

ganglia or neuromuscular junctions (79). &

Prostaglandins of the E and D types increase intracellular cyclic

7

adenosine monophosphate (cAMP)  in many tissues including platelets (161)

and neural tissue (162). Although PGl2 is the most potent stimulator
of adenylate cyclase in platelets (163) it has no effect on adenylate

cyclase in neurons (79). 2

PGF2g¢ increases cellular cyclic guanosine monophosphate (cGMP)

and may facilitate excitatory cholinergic and serotoninergic pathways

in brain (136). In most cellular systems cAMP and cGMP have antagonistic

inverse effects on intracellular events. Since the two major PG's
in brain, PGD2 and PGFp¢ , stimulate adenylate and guanylate cyclase
respectively, a ''dualistic' control theory known as the 'Yin-Yang"

IS

Hypothesis has been formulated (89,136).

PrSstaglandins have many other effects on CNS_function such as
modulation of cardioregulatory and respiratory reflexes, spinal cord
reflexes and behavioral responses (136,164), These effects are very

3
variable and complex, sometimes even contradictory, ard many more
’ ]
experimental data' must be accumulated in order to clarify which
) “

prostaglandins have a real physiological significance in CNS:function.

2. Cerebral Blood Vessels
5

Soon after prostaglandin synthesis was demonstrated by peripheral

vascular tissue (165), Pickard and collaborators (166) reported the

LS

1]
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. first indications that cerebral arteries may also synthesize these
{t\ compounds. They observed the release of a substance from q§vine
cerebral arteries which had actions similar to prostaglandins in
a rat stoﬁach bicassay. Although not chemically characterized, the
- reélease of this substance was abolished by indomethacin treatment,
and i} was thus suggested that the materia; was most likély a
prostaglandin (166). Since then biosynthesis of prostaglandins by
cerebral blood vessels has been unequivocally demonstrated in a
number of different species, including rat (145), pig (167), ox
) (168,169) and man (170). The principal prostaglandin formed in
the cerebral blood vessels of all these species was PGl2. In
bovine cerebral arteries (162) PGE, was the second most prominent
prostaglandin formed followed by PGF&P . These investigators also
reported minor synthesis of PGD; and TXB2 which probably derived
from residual intraluminal plateleis. In rat (145) and human (170)

cerebral arteries no PGD, or TXBy was detectable and PGFZ"’ was

the second major prostaglandin formed after PGlj.

The effects of prostaglandins on cerebrovascular reactivity are
% Qery difficult to interpret. Comparison ofyexperlmental results

% must be done with extreme caution since intracran}al and extra-
cr?nial blood vessels may have different responses to the same
prostaglandin. Specbes differences, variations in blood vessel size

and experimental methods (eg. in vivo or in vitro preparations) all

-

contribute to the great variability of effects observed when prosta-

glandins are applied to cerebral blood vessels (136).

3
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PGF24, causes consistent vasoconstriction in all species studied

1; ‘(l7|,l72,18]). The effects of PGE) and PGE, are variable and depend
%‘ on the'cranial blood vessels studied and which species is employed.
% In dog epiéerebral arteries of less than 700 microns PGE] causeff
%. powerful contraction (172,173). PGE, causes dilation of cat cerebral

arterioles (174) but induces spasm of the basilar artery in the dog

o PEA

(175). PGD, and PGGy also produce dilatation in cat (174). PGIj

; is the most potent vasodilator of;%erebral blood vessels in all
! species examined (Mo,174,177;—r78;§179). -,

H

S

The prostacyclin syntgetase inhibitor, 15-hydroperoxy arachidonic

acid, causes vasoconstriction of dog basilar artery (49,180). The

most potent cerebral vasoconstrictor is TXAg which caused contraction

of bovine middle cerebral artery to 150% of the reference response (176).

e s e

The synthesis and vasoactivity of prostaglandins and prostacyclin

.

‘\
in cerebral arteries has implicated them in normal and pathologic

responses of the cerebral circulation (49,79,136,140) .

. .

TSR AL o R

Prostaglandins, especlally PGFg¢ and TXA2 are thought to be

Involved i;'the complex pathophysiology of cerebral ischemia, vaso-
; ‘ spasm and stroke. PGE2 has also been implicated in the pathogenesis of
" Xmigraine headaches (182,183). Prostacyclin formed in cerebral blood
vessels may play an important role in ce(ebral blood flow regulation °
4 (184) . Regulation of the cerebral circulation is.a complex interaction
. of neurogenic, metabolic and chemical factors (185-189), and ;t“is

likely that prostacyclin interacts with one or more of these in the

normal control of cerebral blood flow. For example, it has been§)

. (

S

demonstrated that a prostaglandin, most probably prostacyctin, ié

' ) . ’
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z required for hypercapnia to produce full cerebral vasodilation (190),
& . -

and that indomethacin reduces cerebral blood flow in the normoxic

but not the hypoxic state (191).

Cerebral ischemia following head trauma may also involve u
arachidonic acid metabalites, since direct application of PGG2 and

A~
hydroperoxy arachidonate gause vascular damage through the generation

ot A L
© s, B R P AT AR TR AR

of oxygen radicals during their metabolfsm (180,192). Vascular

< e g

intimal damage by products of the cyclo-oxygenase or |ipoxygenase

e n,

pathways ultimately leads to reduced prostacyclin production which
predisposes the cerebral vasculature to ischemia, vasospasm and

intravascular thrombosis.

3. Cerebro-Spinal Fluid

The choroid plexus is a prominentstructure in the ventricles of

TR I TR A 08 VAP HE AL

the developing brain (193): It is a highly convoluted richly

e s

vascularized tissue in which fine capillaries are encasedin con-
nective tissue elements. These microvessels are surrounded by a
monocel lular layer of specialized epithelial cells derived fromthe

ependyma of the ventricles. The choroid plexus forms about 65%

&
]

of the total CSF and is responsible for the clearance of solutes

-

and weak organic acids (egq. prostagla;dfﬂs) from the brain CSF

back into cerebral blood across the ''Blood-CSF Barrier! (i59).

The physiology and mechanism of CSF secretion have been excellently
reviewed in Davson's classic monbgragb_ilSh) and more recently by

Vright‘(l95). )

In the early 1960's Ramwell (196) analysed CSF for new °

pharmacologically active substances. He detected a substance, which
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‘was not a polypeptide or biogenic amine, that éontracted rat
’ utertis smooth muscle and suggested that it was a prostaglandin.
The occurence of prostaglandins FZ¢ , E2, D2, é-keto F',, and .
thromboxane B2 in human CSF has been reported (197-201). Prosta-
glandin 6-keto Fig was‘the major prostaglandin followed by
and PGE, was detected in lower amounts while PGD, was

Fe: 2 2
below the limit of detection (200).

PG

) " . Prostaglandin levels in CSF increased considerably as a result

3 ’ A

. ¢ of neurological disease. PGF2q concentrations in CSF of patients

/ ' /
- suffering from epileptic seizures, meningitis or cerebrovascular

' trauma are markedly elevated (197,199). PGE, in CSF is higher
) than normal in febrile conditions brought about by a variety of
pyrogens (136,202). PGE; may also be Involved ‘in the pathogenesis
7 or symptomatology of schizophrenia (201) but this association may
: be onlycursory. . .
The changes in CSF 6-keto-PGF]4, levels of patients with
> - neurovascular diseases have not been extensively studied. The
only two clinical conditions in which 6-keto PGF“’ in CSF Is above
normal control values are intracranial hypertention ,and acquired
hydrocephalus (édo). This Interesting finding is consistent with
the fact that prostacyclin, aspotent hypotenSIVe‘agent, Is produced
in greater quantities by spontaneously hypertensive rats (206,207)".
Furthermore, this increased capacity of prostacyclin synthesis by
stroke-prone and stroke-resistant spontaneously hypertensive rats )

is drastically reduced following the development of stroke (208).

The increased production of CSF by choroid plexus, observed in
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hydrocephalus, may somehow also be responsible for its increased

biosynthesis of prostacyclin.

Prostaglandin‘quL levels measured In patients during the

course of their illness have been shown to return to basal levels

with the resolution of the neurological pathology (204).

LN

D. Pré;tacyclin and Vascular Endothel jum.

1. Prostacyclin, Physiology and Pharmacology

. The physiology and phérmaéoﬂSgy of prostacyclin in thg various
organ systems (%ardiov§scular, respiratory, renal, gastrointestinal
and endocrine-reproductive; have been ;e}ectively and adequately
reviewed in,the'recent past (80,]05,122,209,210). The most important\
physiological role of prostacyclin, however, is in the hepatologic
system. Prostacyclin and thromboxane As are thought to play primary
roles in modulation of platelet function (211,212). Interactions '
between platelets and blood vessel walls in conditions of hemostasis
and thrombosis are mainly the (gsult of the antagonistic properties
of prostacyclin derived from blood vessel endothelium and TXA,
r;leased from aggregating platelets (213). Moncada and Vane (214)
proposed that prostacyclin synthesized by the intimal endothelium
was the physiological mechanism that protects the ves§e1 wall from
deposition of platelet aggregates which were the result of increasina
platelet TXA, levels. They envisaged a reciprocal regulation (Fig. 4) of
platelet aggregability and v;scular tone by the balance between

prostacyclin and thromboxane A Under normal healthy conditions

2°
platelets In the blood stream coming into contact with the vessel

wall would be prevented from adhering to the luminal surface and
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Y ! .
= Reciprocal Regulation of Platelet ' .
- .
Aggregation and Vascular Tone by !
, , ;
Prostacyclin and Thromboxane Aj. R

3
»

. Note Prostacyclin Synthetase can use

both endothellal and platelet derived ,

endoperoxide. (Taken from Ref.2q),)
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' aggregatmg with each other by the cantinuous release of prostacyclin
from the endothelium. In the event of intravascular damage
(egq. atherosclécosts, vascular deffirmations and trauma, aneurysms
. A >) "
etc.)' there would be endothelial destruction with concomitant reduced
prostacyclin synthesis leading to the predisposition of thrembus
7? formation. Depending onthe extent of the vascular lesion there may

only be platelet adhesion without thrombus formation since prosta-

cyclin prevents agg_regation at a much lower conce;lt;ratlon than is
required to prevent adhesion (213). This property is beneficlial
Because the adhering,piatelets, in close proximity to the endotlhelial
surface, may donate their endoperoxide to enhance ’vessel pros_t;cycl in

synthesis thereby pgventing further plateléet aggregation and thrombus

formation,

T . . . '

If the lesion is everwhelmingly large the subendothelial coHagen\‘
causes the formation of a large thrombus which may embolize producing””
vascular occl’usion.\ Prostacyclin can disperse platelet aggregates
once they are formed and the high production pf prostacyclin in
lung vasculaturg‘and lack of its metabo)ism may be a defensive
mechanism in the prevention of pulmonary thromboembolic events (213,

214). /
|

The vasodilator property ot; prostacyclin is responsible for

its hypotensive actions in vivo (105,122, and’the incrjeaSed . Ef .

-

synthesis in hypertensive states may be an adaptive measure in

responsé to these clinical states (200,207).
The therapeutic Implications of stable, orally: active, p’ro’s'tg- ‘

\

cyclin analogs and potent selective thromboxane inhiddiQrs in ~
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vascular homeostasis have been the subject of intense research
over the past few years and clinical trials of prostacyclin used

as an antithrombotic agent during extracorporeal circulation

have proved qvery promising (122)..

2. Cultured Endothelium

The morphology, embryology and metabolism of vascular endothel ium

tn culture and in vivo lhave been explored during the past 25 years
I i ”

by many investigators (215). Much has been learned about the fine
structure of the microvasculature and th;a function of endothelial

2 cells und@ormal physiological and pathological conditions. The

study of prostaglandin metabolism by cultured endothelium is
‘ relatively new and was initiated by Gimbrone in )975 (216).

'

He demonstrated the release of immunoreactive material resembling
fUPGE from human umbilical vein endothelial cells which was inhibited

by indomethacin and stimulated by angiotensin |1,

.
y

The first demonstration that endothelial cells produced a
sdbstance which inhibits platelét aggregation was made two years
earlier by Saba et al (223). These investigators noted that after
incubation of endothelial cells with platelets,subsequent platelet
aggregation induced by several stim;li (eg. ADP, epi/ephrine,

collagen) was inhibited. It was not until recently that the importance

of this finding wa; appreciated. Prostacyclin is the majorl prosta-
glandin p;'oduced by cultured endothelium deriveg:from many species
including pig (218), ox (217) and man (219-222). Prostacyclin is
the major p;'pduct from arachidonic acid and PG endoperoxide with the

. latter precursor being converted more effi}:ieﬁtly (219). Several
\
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investigators have studied the influences of chemical agents on

the synthesis and release of PGIl, in cell cultures. Stimulation

2
of prostacyclin production was observed after incubation of
endothelial cells with the calcium ionophore A23187 (S/uM),

but not by preincubation with ADP (S/uM), epinephrine (0.9 s M),
bradykinin (100 ng/ml) and angiotensin 11 (10 ng/m1) (218,220).
Thrombin and trypsin also stimulate prostacyclin production in

some incubation systenms. “*The cyclid-oxygenase inhibitors aspirin )
and i;\domethacin inhibit prostacyclin synthesis by cultured
endothelial cells (218,219,221). Specific inh.ibitors of prosta-
cyclin synthetase eg. tranylcypromine and 15HPAA completely

abolished endothelial p\rostacyclin production (218,217). The
regulation of prostacyclin production in endothelial cells is

still unclear but with more specific inhibitors and incr‘easing
experimental data using more bidogical test substances (dibutyryl

cAMP, adenosine etc.) it will -eventually be possible to understand -

and manipulate prostacyclin production in endothelial cells.

3. lIsolated E'ndo‘tl;elium (Microvessels)

Advances anc} improvements in biochemical fractionation techni-
ques have made it possible to isolate pure metabolically active
capillary fragments from the cerebral cortex of a pumber of dif-
ferént species (227,229-2.36). Eisenberg and Suddith (225) have
edited a monograph exclusively dedicated to studies f‘nvolving
isolated ceret;ral microvessels. Many enzymes have been assayed

("5! a
in isolated microvessels, including those involved in glycolysis,

b

'glycogen metabol i sm; pentose phosphate pathway, amiho acid and
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biogenic amine metabolism (228,236,247,249). Carrier mediated‘
glucose transport (243), amino acid transpor® (237), sodium

and potassium transport (244,245) and uptake of adenos I ne (241)
and $35 cystine (242) by isolated*brain capillaries has been
documented . The enzymes metabolizing histamine (228) and acetyl-
choline (225) have also been studied in microvessel preparations.
Renin-like, activity (246) and the properties of Angiotensin-
Converting En‘z;me (2‘06) werg studied in rabbit isolated micro-
vessels. The phospholipid composition from rat (234), bovine
and human (229) isola{ed microvessels have been determined. Diet
has been shown to alter the fatty acyl composition of phopholipids
in isolated rat cerebrlal caplillaries (234,226), with the greatest

change occurring in the plasmalogen ethanolamine fraction.

The study of prostaglandin metabolism by these microvessel
preparations is novel with the first reports appearing in 1980.
To date p'rostaglandln biosynthes}s has been studied only in rat
(251,254) cat (250) and bovine (252,253) isolated microvessels.
Microvessels produce PGEz, Fz4 and 6 keto F)p but not thromboxane
l;«z.‘ Prostacyclin is apparently the major prostaglandin produced
tn all three species hut conflicting results have been reported
by Gerritsen et al (251,252) in both rat and ox microvessels.
In one report usin'g rat mtcrovessels (251) this group failed to
detect srgnificaﬁt amounts of PGl, formation when the microvessels~
were incubated with PGHp and ;howed Instead that PGDy was the
major prostaglandin formed. This observation is ln' contradiction
with otimer reports_in which no PGD, was detectable after incubation

of cerebral microvessels with and without arachidonic acid (249,

250,253,254) . In the study by Gerritsen et al (252) using bovine
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isolated cerebral microvessels it was concluded that PGE7 was the

major metabolite of PG endoperoxide and that prostacyclin formation,

measured ‘as 6-keto PGF1¢ , only became significant at higher

microvessel protein concentrations., Maurer et al (253), however,

showed .conclusively that prostacyclin was the major pro\staglandin
produced by isolated bovine microvessels. Further studies on |
arachidonic acid metabolifm by isolated microvessels from many
species will hopefully clarify these discrepancies anc} provide

information on the metabolic regulation of cyclo-oxygenase and

lipoxygenase pathways in health and disease%
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E. Aims and Scope of Present Work

-

As a result of the impact on cardiovascular research and the
central role of prostacyclin in preventing thrombogensis and
regulating vascular tone it has become of fmportance to determine
if cerebral blood vessels, both large and small, as well as

structures producing cerebrospinal fluid can synthesize this

compound .

Al though much i's known about metabolism and effects of
prostacyclin, as well as other prostanoids and thromboxanes in
the peripheral circulation (165) their formation and effects in
the' cerebral microcirculation have not been extensively studie

(250-254 ).

With recently developed methods for the isolation of Qetabolically

competent cer?bral microvessels, predominantly capillaries,

small "p;ecapillary arterioles, and postcapillary venules, it is
now feasible to study previously well known phenomena such as
blood brain barr!‘ier function an;i factors affecting cerebral blood
flowvregulation in vitro.

In this work the endogenous synthesis'of prostacyclin, and=
prostaglandins E2 and F24 , by cerebral microvessels and choroid

plexus isolated from rat brain was investigated. The ability

to utilize exogenously added prostaglandin endoperoxides as substrate
v

for the biogenesis of prostacyclin was also studiéd in these

preparations.

s

Data from experiments performed using surface cerebral blood

vessels and thoseobtained from studies of prostacyclin synthesis
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C in a [')eripheral large artery and intimal endothelial cells in

, A
cul turewere collated. Considering all of the known important
g.n
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functions of the cerebral microvasculature and choroid plexus, and
possibly tho&§ not yet appreciated, the definitive demonstration
that these strictures can synthesize prostacyclin, and that its syn-

thesis can be altered by vasoactive hormones and drugs, would

¥

v

strongly subgest that this biogenic lipid may have a prominent

LR S

function in blood brain barrier mechanisms and in cerebrovascular

3 homeostasis, particularly antithrombogenesis and blood flow regulation.
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Chapter (|

-

MATERIALS AND METHODS

\

A. 1solation of Microvessels, Choroid Plexus and Surface Vessels.
i

R;t brain cerebral microvessels were prepared essential ly by
the method of Goldstein et al (232) wjth a number of modifications.
Typically, six or eight :nale Wistar rats weighing 200-300 gms
(Canadian Breeding Laboratories, Québec) were decepitated and the
brains rinsed with ice-cold oxygenated ’-»-(Z-hydroxyethyll)-l-

piperazine ethane sulfonic acid (Hepes) buffer (15 mM, pH 7.4)

containing NaCl (147 mM), KC1 (4.0mM), CaCly (3.0 mM), MgCl, (1.2 mM),

.

L-glucose (5.5 mM) and 1% (W/v) Cohn fraction V bovine serum albumin.
A1l isolation procedures following decapitation were performed in

the cold (0-40C). Cerebrat hemispheres were separated from cere-
bellum and brain stem and the choroid plexu"s and surface pial vessels
were isolated under a Zeiss dissecting microscope and kept on ice
until ready for use. The cleaned hemispheres were finely chopped

on a glass plate with a razor blade and then homogenized (3 brains/
20 ml buffer) in a Potter-Elvejhem ho;r)ogenizer with a motor driven
teflon pestle for ten strokes at 300 rpm. The homogeﬁate was then
passed through a serieé of nitex nylon screens (Kressilk, Thompson
Ltd., Montreal, Quebec) supported in microsyringe filter holders

(32 mm diameter, Millipore Corp., Ma$s.) startinglwith 2x670 um,
670/335 pm, and finally 335/118 pm size mesh. The collected filtrate
was centrifuéed at 900 g for 10 min in a Sorvall RC-3 refrigerated
centrifuge using a SS 34 rotor, the supernatant discarded and the

upper‘joose portion of.the pellet was removed and retained, while the

lower compacted mass was rehomogenized (6 strokes, 150 rpm) and again

/
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centrifuged as above. This final pellet was resuspended with the
first loose upper layer -and centrifuged once more at 1500 g for 10
min. The supernatant was discarded and the pellet dispersed in
10 ml of the above buffer of identica! composition except that
now it was 25% (w/v) Cohn fraction V bovine se;um albumin (pH 7.5).
The resulting suspension was centrifuged at 3000 g for 15 min fol-
lowing which a floating cap of myelin and neuronal elements appeared.
The cap and infranatant were collected, redispersed usiing a vortex
mixer and centrifuged again at 3000 g for 15 min. The small red
peltets from both centrifugations containing microvessels and blood
component,s were carefully cleaned with wet cotton tipped swabs
and resuspended in a small volume of buffer without Cohn Fraction V
bovin.e serum albumin. The material was applied to a pre-cooled glass
bead column (Glasperlen, 0.25-0.30 mm diameter, Braun Melsurgen
AG, West Germany), occupying a volume of 1.0 to 1.5 ml ina 5 ml
Plastipak syringe. The glass bead column with,adhering microvessels
was washed with 50 ml of freshly oxygenated buffer without Cohn
fraction V to remove excess bovine serum albumin (Cohn V)l, erythro-
cytes, neuronal and glial contaminants. The glass beads were then
extruded with the same buffer into a small beaker and the micro-
vessels, predominantly capillaries, were recovered by agitatiorl of

the beads, the beads allowed to settle and the supernatant centri-

fuged at 3000 g for 10 min to give a final microvessel preparation.

B. Prejaration for Light Microscopy.

Dried smears of microvessels or pieces of choroid plexus were
fixed in 10% neutral formalinand stained for 5 min with Harris'
! 'y

hematoxylin. The tissue waswashed by quick immersion three times
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in distilled water, once in tap water, once in (0.3%) ammonia water
and againonce in distilled water. The tissue was then stained for
3 min with eosin solution* and dehydrated by submersion in 95%
ethanol/water (2 times) followed by 100% ethanol (2 times). The
tissues were clearqedkwith x;'lene and mounted with Permount. Photo-
microscopy was perférmedhusing a Zeiss Standard RA photomicroscope

with an automatic 35 mm camera attgchmen}t.
t . .

& Preparation for Electron Microscopy.

Microvessels freshly isolated were immersed in a fixative
containing 2% freshly prepared paraformaldehyde and 2.5% purified
glutaraldehyde in 0.1 N sodium cacodylate buffer (pH 7.4) wikh
sucrose (fimal osmolality 900 mOSmoles) overnight at 4°C. THe tissue
was washedin 0.1 N sodium cacodylate buffer (pH 7.4) containing
11.25% sucrose (final osmolality 380 mOSmoles); this was followed by
ffxation for 90 min at 4OC with 1% 65014 in Palade buffer (pH 7.4)

containing 4.93 sucrose (final osmolality "430 mOSmoles) .

-

The microvessels were then treated for two hours at 49C with
2% uranyl acetate in sodium hydrogen maleate-NaOH buffer, (0.05 M,
pH 6.0), followed*by a short washifng in maleate buffer (pH 5.2);
the tissue was then dehydrated in gfaded ethanols and embedded in
Epon 812, Silver 'to gcgay sections were cutf with a diamond knife
on an LKB Il microtome and examined following lead citrate staining

with a Philips EM-300 microscope.

D. Enzyme Assays.

Alkaline phosphatase (EC 3.1.3.1) activity in microvessels and

inftial cerebral cortex homogenates was determined by adding/l to 4 mg

*Eosin solution; 50 ml-of 2% aqueous eosin Y ptus 30 ml potassium
dichromate (0.5 g) is added to 10 ml saturated picric acid and 10
ml absolute ethanol.
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protein to a reaction mixture of final volume | ml containing p~-
nitrophenyl-phosphate (7 mM), MgCl, (0.5 mM), and glycine buffer
(50 mM, pH 10.5) (258). After incubation for 30 min at 37°C, the
reaction was “terminated by the additionof 10 ml 0.02 N NaOH angi
mixing. The a?sorbance of the mixture was read at 410 nm using a
leiss PMQ |1 spectrophotometer. Absorbance remaining after ad-
.dition of 0,1 ml cofwcentr:ated HC1 to each sample was subtracted
from the first reading and the activities calculated from a cali-
bration curve using p-nitFophenol. y-Glutamyl transpeptidase

(EC 2.3.2.2) was assayed in a similar manner using L-y-glutamy]~p-
nitroanilide as the substrate (256). The reaction mixtur:e conta ined
0.1 to‘lo mg protein, y-glutamyl-p-nitroanilide (4.6 mM), glycyl-
glycine (0.1 M) and tris-HC] buffer (0.1 M, pH 9.0) &in a final volur:we /
of 0.55 ml. After incubation for 20 min at 379C the reaction was
stopped by additionof 2 ml acetic agid (1.7 N) and the liberated
p-nitro-aniline was diazotized with 1 ml of aqueous sodium nitrite
solution (0.1%). Exactly three minutes following diazotization,

1 ml of anmonium sul famate sol&tlon (1% w/v) was added, followed
3 min later by | ml of N-(1-Naphthyl)-ethylenediamine (3 mM). The
overall reaction sequence of this assay is based on the initial
transfer of the glutamyl re;Idue from L~glutamyl-p-nitroanilide to

glyclyglycine catalysed by Y-glutamyl transpeptidase:

1. L-Glutamyl-p-nitroanilide + Glycylglycine -E—GIE» -Nitrganitine +

Glutamyl-gly-glycine
A ' Acid .
2. p-Nitroaniline + NaNOy ——smm Diazo Compound

3. Diazo Compound + N-(1-Naphthyl) -ethylenediamine —» Pink Azo-Dye.
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The absorbance of the final mixture was read at 540 nm.
Enzyme activities were calculated from a calibration curve in
which the chromophore was prepared from standard known amount of

p-nitroaniline.

*Protein was determined by the method of Lowry et al (257)

using whole bovine serum albumin as standard.

Q f? ‘
E. Preparation of Prostaglandin Endoperoxides

Prostaglandin endoperoxides (PGG, and PGH,) were'biosynthesized
and isolated essentially according to the established protocol of

Hanberg et al. ( 12) and Nugteren and Hazelhof ( 13) with modifi-

——
ey

cations as previously described (258).

Frozen ram seminal vesicles (20 g) were partially thawed,
denuded of fat and connective tissue, then diced and homogenized
(1/5, w/v) in ice-cold potassium phosphate buffer ( 0.1M, pH 7.4)
using a Brinkman Polytron with a PT 10 ST generator at a pulse
frequency of 7300 cps for 30 sec. The homogenate was centrifuged
at 8000xg for 15 min (Beckman J-21, 0-4°C) to remove nuclei, mito- -
chondria and cell debris, following v{hich the resultant supernatant

was decanted and centrifuged at 100,000xg for 60 min to obtain

4

the microsomal enriched pellet. This microsomal fraction was then

used as the source of the prostaglandin endoperoxide synthetase.

The microsomal pellet was resuspended by homogenization in
20 ml of potassium phosphate buffer containing ! mM p-chlore-
mercuribenzoate (Sigma Chemical Co.). The suspension was equili-
brated at 379C for two minutes prior to its addition to warm

(5,6,8,9,11,12,14,15-H3) arachidonic acid 150 pg} (Amersham,
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Oakville, Ont.) diluted with 500 pg of unlabelled material

(Nucheck Inc., Elysian, MN), dissolved in 50 pul of ethanol (final
Sp. Activity 91.5 pCilpmole):

Following 90 seconds of incubation (37°C, 100% 02), the
aqueous medium was rapidly extracted with ice-cold diethyl ether
(50 ml) plus 1.0 M citerate (2 ml). The ether extract was then
backwashed and neutrali‘%ith ice-cold water (5 ml) and the. -
organic phase separated from the aeqgéous phase by centrifugation

and then dried over anhydrous magnesium sulfate.

The ethereal extract after evaporation of the solvent under
vacuum (-200C) was dissolved in a small amount of cold (-20°C) °

petroleum ether-diethyl ether (8:2 v/v) for silicic acid column

chromatography. : ¥

Silictc acid (2 g, Bio=Sil HA-minus 325 mesh, Bio-Rad
Laboratories, Mississauga, Ont.) was introduced as a slurry in
petroleum ether into a glass column (15 cm, 1.4 cm. 0.D.) to a
height of 10 cm. The column was washed with 50 ml of petroleum
ether at room temperature and subsequently placed in the cold
room (0-4OC) overnight. The sample was fractionated at -20°¢
on this column with petroleum ether:diethyl ether mixtures
(8:2, 6:4, L4:6 by vol) and methanol in that order. The products
In the !nitiai ethereal extract from the incubation and the purity
of the fractions from silicic acid chromatography were assessed by
thin layer chromatography (Brinkmann, precoated 5 cm x 20 cm silica

gel G plates) performed at -20°C for 90 min using dry diethyl ether

as developing solvent. Prostaglandin standards were visualized

/
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with 10% phosphomolybdate in ethanol and radicactivity monitored

using a Packard Model 7220/21 Radiochromatogram Scanner.

The petrole;m:ether-diethyl ether eluates 6:4 and 4:6 which
contained respectively PGG2 and PGH; were evaporated to dryness and
.the residues then dissolved in dry diethyl ether (5 ml) for storage.
At -80°C the endoperoxides proved to*be stable for several months.
The identity of the endoperoxides was confirmed by their chemical
conversion‘ to PGF24, after mild reduction with stannous chloride

in ethanol (12.5mg/5ml). = |

F. Incubation Conditlons

1. Incubation using endogenous precursors.

Freshly isolated cerebral microvessels (3-6 mg protein) or
surface vessel segments (35-45 mg wet weight) or isolated choroid
plexes (12-15 mg wet weight) were incubsted in 1 to 2 m! KréBs-
Henselelt bicarbonate buffer pH 7.4 at 37°C for 10 min in an

atmosphere of 95% 02/52 CQZ.

2. lIncubations using exogenous precursors.

Initlal studies were performed using (I-C“') arachidonic acid
e

1
-

(New England Nuclear, Boston, Mass., 2.6 pg, 0.5 pCi) and the
conditions described above. Subsequently, incuba.tioys with’ synthetic
tritiated prostaglandin e;pdoperoxides were carried out. Prosta-
glandin endoperoxides (3-5 ug, 1 pCi) were incubated with fresh
tissues either for 10 mlr‘\\. in Krebs-Henselelt buffer or aerobically

for 90 sec in KHZ.POI*/NaOH buffer (0.1 M,.pH 7.4). Follov‘ﬂing .
incubations for 90 sec, residual ﬁ@ndoperoxlde was reduced by addition

_of stannous chloride in ethanol (12.5 mg/5 ml). The stannous chloride

was allowed to react, with vigorous stirring, for two minutes, after

BTSRRI
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“ (3 min, 100°C) or in buffer alone. ' - N

..5),,-

which the mixture was worked up by stendard extraction and puri-

«

" fication procedures. Non-enzymatic déco’mposition of endoperoxides !

was assessed by control incubations performed with boiled tissue

~

G. Purification and Analysis-of Prostaglandins

1. Extraction from incubation mixture.

Al incubétlon mixtures underwent a-standard extraction

. : &

procedure. In quantitative analytical experiments, deuterated i

prostaglandin Ingﬁ;gn‘ﬂ stan8lards and carrier (1 or 2 ug) were added
. N

prior to acidification,

Typically, 1immediately following the incuﬁatic;n at 37°C for
the appropriate times the mixture~ was coo;ed In an i:&;water bath -
‘and acidified to pH 2.5-3 with | M HC)l, This sfxture was ther: .
partitioned three times with 5 volumes 'of diethyl ether, the ether ,
phase-i)ackwashed twice with distilled water to neutrality and, then

evaporated in vacuo or'under a stream of dry nitrogen. The residue

" was reconstituted in the solvents, required for the subsequent puri-

W
)

s

fication step.

2. Thin layer chromatography. =

A qualitative assessment of distribution of radioactivity in
a sample was routinely carried out by thin layer ch;omatograpl;y
using pre-coated silica‘ gel 60/F-254 plates (E. Merck, A.G.,
~Darmst:;d't, Germany) in an ascending solvent system consisting of the
_organic phase of ethyl acetate:2,2, k- trlmethyl peptane:acetic acid:
wa"f:}er (55.25.10.50) . Development was at *bient temperature for

1 hr, after which the plates were allowed to dry and then" developed
3 | T 4

A Bl e -

AT bkt i 33 i €, 0 Weln SRR

A Y Paias s YAy

Aot

,
A g

. S

-
TEEAT RS wesdid T F

in




SR 4 TR PR T T

- 55 -

again ( 1 hr) in the same system. The plates were sprayed with

phosphomolybdate (10%) in ethanol and after heating for 5 min, the
- ) i r

prostaglandins appeared as dark blue spots on a greenish-yellow

background. Radioactivity was monitored by a Packard Model 7220/2]

Radiochromatogram Scanner,

3. Octadecylsilyl Silica (ng SepPak) Chromatography

Chromatography. of arachidonic acid gnd its metabolites using
octadecylsilyl (0DS) silica (CIS SepPak, Waters Assoclates,
Milford, MA) was investigated inftially with radioactive 'standards

-

and a number of closely related solvent mixtures - ethanol:diethyl
ether, methanol:diethyl ether, and ethylacetate:diethyl ether.
Mixtures with detreasing polarity ratios (1:1, 1:2, 1:4, 1:8) and

diethyl ether alone were tested.

All SepPak cartridges were pretreated and activated by passing
S.ml ethanol' throug.h them followed by 10 ml of distilled water.
The samples to be chromatégraphed were dissolved in 20% ethanol-
water (pH 3) and applied to the cartridge through a 20 ml glass

syringe. The cartridge was washed with neutral aqueous ethanol

(10 mﬁ and then benzene (5 m\j‘“\j\i

Prostaglandins were subsequently eluted with 10 ml of diethyl

ether, the most suftable of the tested solvents, and subjected to
, <
further piurification or analysis. . -

4. Silicic acid column chromatography

- Group separation of prostaglandins for quantitative analysis

was accomplished by silicic dgid column chromatography. Silicic
acid (Bio'Sil HA, minus 325 mesh~Bio-Rad Laboratories) was activated
2 a8

-~ %
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for | hr at 110°C. After cooling in a desiccator, a slurry was

' ) made of silicic acid in diethy] ether and poured into a 2 ml
ny

iy pipet having a glass wool plug. Silicic acid was allowed te
% sediment ‘to a height of 6 mm in the glass pipet. The column

_was then washed with chloroform until all the silicic acid hecame

transparent. Sample residues from incubate extractions or 0DS

N .
) chromatography were applied to the silicic acid column in chloroform.
The column was cleansed with 5 ml of chloroform followed by
2% methanol in chloroform. Prostaglandins E2, DZ’ and 6-keto-F]4
were eluted with 5% methanol in chloroform and PGFag with 10% ¢
' methanol in chlorgform.
“ g
. 5. High pressure liquid chromatography.

High pressure 1iquid chromatography (HPLC) analysis was
performed using a Waters Assotiate§ Model M-6000A solvent delivery
system equipped with a Model U6K manual injector and Model 450
Ultraviolet abgorbance detector with variablé'Wavelength capacity.
The separations were performed lsocraéically on a Waters Associates
Fatty Acig,Analysls column (30 cm x 4 mm i.d.) at room temperature.
Modifications of the solvent system described by Russelet al.('38 )

- were employed as the moplle phase with flow rates of 1 or 2 ml per
minute. Tetrahydrqfuran (HPLC grade), ace;onitrile (Pesticide grade)
and acetic'acid (Reagent grade) were purchésed_frgg Fisher Sclientific
Co., Montreal, Que. D}stilled, deionized water was thoréughly degassed

- prior tglmixlng with other solvents and the final solvent system

was briefly evécuated.
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The compositions of the solvent mixtures (by volume) were as
follows:

Tetrahydrofuran:Acetonitrile:Water : Acetic acid
System A 45 58 157 0.25

System B 45 62 153 0.25

-

Prostaglandins standards (1 ug of each) were detected at

210 nm and radiocactivity from samples was monitored in the column
eluate by counting 0.} ml aliquots in 10 ml l%quid scintillation fluid
(Scintiverse, Fisher Sclentific Co., Montreal) with an Intertechnique
Liquld Scintillation Spectrometer. In some cases HPLC elution
profiles were plotted directly by a microprocessor unit of a Beckman

LS 8100 Programmable Liquid Scintillation Spectrometer.

6, Gas-liquid chromatography and mass spectrometry

a) General derivatization procedures

Methoximation - Samples containing prostaglandins with carbonyl
functions (i.e. E2, D,, B, or 6-keto-F|4L) were methoximated in
silanized glass vials (Reacti-Vial, 0.3 m!, Pierce Chemical Company,
Rockford, 111,) bz addition of 30 ul of 2% methoxylamine-HCL in
pyridine (Plerce Chemical Co.) to the dry residue. The vessel was
capped with a screw top containing a teflon septum and kept at
80OC for 1 hr. At th; completion of the reaction the sample was

dried under a stream of nitrogen and methylated.

Methoximation is performed first because of the fact that

6-keto-PGF|’Lcan coexist in a lactol form. The hemi-ketal function

‘ t
can be immobilized by methylation thus rendering the ketal inac-

cessible to subsequent reaction with methoxylamine‘5

k]
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Methylation - Carboxyl functions of prostaglandins and arachidonic
acid were converted to the methy! ester derivative in Reacti-vials
by dissolving the dried sample in 10 pl of methanol followed by 90 ul

of freshly prepared ethereal diazomethane.

'd
Diazomethane was generated from N-methyi-N'-nitro-N-nitroso

guanidine (Diazald, Aldrich Chemical Co., Milwaukee, Wisc.) in 18
N KOH/2-(2 ethyethoxy)-ethanol solution and trapped in diethyl
ether. The sample in the closed Reacti~-Vial was held at room tem-
perature In the dark for 20 min, after which the evolved gas was

released and the ether removed by a stream of dry nitrogen.

Trimethylsilylation -~ Immediately prior to gas liquid chromato-
graphy (GLC) with flame ionization detection (FID) or mass spectro-
metry (MS), all samples containing hydraxylated compounds (except

PGE2 in GLC-MS analysis) were trimetfyisilylated with 10 pl of -

‘N10-Bis(trimethylsilyl)-acetamide (BSA, Pierce Chemical Co.) and

10 ul of Tri=Sil Z (Pierce Chemical Co.) heated for 5 min at
60°-70°C, For GLC-MS analysis, the O-methyloxime methyl

ester derivative of PGE2 was first converted to its B2 analogue

by treatment with 10 ul of piperidine at 70°C for 5 min and then
silylated with 10 ul trlmethylsily!imidazole (TglM, Pierce Chemical
Cz.) for 5 min at 60°9-70°C. Trimethylsilylation was always performed

immediately preceding injection into the gas chromatogram.

b. Quantitative analysis

L

Gas chromatographic mass fragmentographic analysis was carried

out on a LKB 9000 instrument using the multiple ion detector unit

S A
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to monitor alternatively the intensities of the protium and tetra-

déuterated prostaglandins in the same injection sample.

The gas chromatograph was equipped with a 6 foot glass column
packed with 1% 0V-101 on chromasorb WHP and operated at an oven
temperature of 220°C. lon source temperature was 2900C with electron
source energy of 70 eV and trap current of 60 pA. Under these condi-
tions the 6-keto-PGF]4, derivative had a retention time bet@een |
b-5 min.

The spectral fragments focused for multiple ion detection depend

" . ¥ . .
on absence of contaminants in that mass range and their relative

intensities in a full mass spectrum (Table 1 and Fig. 3).

Both protium and corresponding deuteroprostaglandin spectra
are very similar except that ions contatning the deuterated side

chain have m/e values 4 units higher.

The ions monitored were m/e 598 and 602 for the methyl (me)-
ester-methoxime (MOX)-trimethylsily (TMS) ether derivative of -
6-keto-PGF1 g ; m/e 321 and 325 for PGE; as the Me ester-TMS deri-
vative of PGBy; and m/e 423 ahd 427 for the Me ester-TMS derivative
of PGF, 4 . Standard curves were constructed from k:ovm mixtires

of reference (2H) and (1H) prostaglandins and the minute amount of

protium in the deuterated standards was subtracted from sample

measurements.
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Chapter 1l

RESULTS

A. Morphological Evaluation of Isolated Microvessels

Microvessel preparations routinely evaluated by ljght
microscopy revealed predominantly capillaries and some small
fragments of arterioles and venules (Fﬁgure 5 A,B). Typically, :
the microvessels appeared as fine strands or tubules composed of
oval elongated nuclei regularly spaced along a branching network
with discernible but sparse and ill defined oytoplasm. At
higher maghification occasional intraluminal erythrocytes were sesn
along the course of the vessels. The purity of the preparatlonsﬂgas
estimated to be greater than 90% as visualized in randomly chosen
fields and absence of gross contamination by neurongl and neuroglial
elements. Indeed electron microscopy (Fig 6A-C) confirmed the absence
of gross contamination by glia,&ner;e cells, synaptosomes and myelin.
A red blood cell was sometimes seen in the Tumen (Fig 6C). Bits of
residual shards of astrocytic vascular foot processes were found
adhering to the basement membrane. The microvessels consisted of
endothelial cells forming a partially collapsed lumen surrounded by
a contlnuou:\basekent mefbrane which often included a pericyte
(Rouget cell)(Fig 6A), The endothelial cells and constituentorganelles,
primartly mitochondria were mildly swollen but the plasma membranes
were continuous and the intracellular junctions, zona occludens Qere
well preﬁerved (Fig 6 B,C). Interestingly incubation of a micro-

vessel preparation in the presence of EDTA, a calcium chelator,

disrupted the junc¢tional complex.
-




Figuré 5.

- 61 - i

Photomicrographs of fixed wet mount prepar@tions

" of isolated microvessels stained with Hematoxylin/
Eosin illustrat}ng the capillary network and its
uniform tubular configuration. The regular array
of focal dark nodules localize'the endothelial

and pericyte nuclei (N). Occasional erythrocytes

(E) are also visible.

2

(A) original x 200, (B) Original x 600, (C)

Original x 1250.
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High power transmission'electron micrographs
of capillary preparations in cross section.
(A) Capillary(with khe lining endothelial
cell, investing basement membrane and a
pericyte. Astrocytic foot process debris is
evident in the bottom of the picture. (B)
Capillary endothelial cell nucleus with the
lumen collapsed showing the continuous plasma-
lemma and preserved intercellular junctional
complexes. (Original x §7,500) (C)} Higher '
magnification of a typical tight junction of

fsolated microvessels.

i d
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B. Enzyme Enrichments

The activities of enzymes considered as specific markers
for microvessels were routinely measured to follow the purification .
efficacy, and compared with their activities in crude cerebral

hemisphere homogenates (Table 2). ; }

Alkal ine Phosphatase showed an enrichment of 14 fold and
y-glutamyl transpeptl'dase yielded a 34 fold increase over crudé
cerebral homogenate. The most spectacular enrichment was seen? with
prostacycl in synthetase which demonstrated a 193 fold enrichment in
the microvessels versus the crude homogenate. Enzymic activities
in choroid plexus were hundreds of times higher .than in the homogenate, .
and it was also prostaglandin synthetase which had thehigher relative

enrichment of the three enzyme activities determined.

C. Characterization of Prostaglandin Endoperaxides

The distribution of radioactivity following TLC of the product

isotated from the Incubation of tritiated arachidonic acid with ram

seminal vesical micr ersion to PGG2 and PGHp o

was 35% and 33% respectively (Fig 7A). After silicic acid chromato- .

N

grap;\y, the radioghemical purity of PGG2 was calculated to be 83% i
and -t‘h'at of PGHy was 92% with cro(ss contamination being the major
interference (Fig 7B and C). Further ev‘jidence for' the identificationﬂu‘“
of the endoperoxides was the conversion of the radiolabelled reaction
products to PGFy after mild $aCly reduction and.characteristic
retention times in three standard solvent systems. Final yield o/f

PGG2 was 149 pg (91.5 pCi/’Jmole) and of PGHy was 104 pg (91.5 pti/pmole).

The endoperoxides were found to be stable for longer than three months
.
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o .
p Table 2, Activities and enrichment of enzymes in Isolated rat microvessels ’
Enzyme Y Activities Enrichment factor
- ) 3 . Cortex Microvessels .
. Alkaline phosphatase? (4] ' 0.55 % 0:25 7.6%2.0 ) 1k
_ Y-Glutaw/i-t[anspeﬁtiﬁasea.(61 1.0 £ 0.5 35.2%£18.5 ) 34 ] ] . .
Prostacyclin synthetaseP (5)  0.057%.023 11.0£0.4 193 ~
Enzymes assayed as deséri?pd In Methods. Values are meanZ S.D. with number of - . s
. determinations in bréckegé: i -
. =
'

‘ .
l1quots of 80-100 pg of capillary protetn incubated with either p-nitrophenyl phosphate

/(30 min) for atkaline phgsphatasg or L-y-glutamyl-p-nitroanilide (20 min) for y-glutamyl-
transpeptidase; pmole substate released/mg protein/mtn.

bD rived: from -GC-mass ;fragmentographic data using 2 fo -5 mg capillary protein; ng of _,
@o-PGF]‘p produced/mg protein/10 min.

~

-
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: Figure 7. Radiochromatogram tracings of (A) ether extract ,

. ‘ a .
5’ i . 7 of {a‘m seminal vesjclé microsomes after incubation

with tritiated arachidonic acid for 90 seconds,

’ " , s 5
ff . L . ehowing conversion to PGG; and PGHy; (B) PGG2
: < . e . s .
3 and (C) PGH, after purification by silicic acid
,( . .
F “ column ehromatography. Development of thin layer
3 [
) . plates was performed in diethyl ether at -20°C
o
. . i
! p ’ for 90 min. Relative mobilities of prostaglandin ,
I3 . -
v - standards Fz¢, Ey, D2, By and arachidonic acid (AA)
E . . : : i
x ' are shown.
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when stored at -80°C. Incubation solutions were prepared by dilution

with buffer just prior to individual experiments.

D. Prostaglandins Generated from Endogenous Sources.

Prostanoid pro&uction, when compared in various specific
vasculdr components of the rat, unquestionably shows that prostacyclin

i's the major endogenous metabolite of arachidonate in all instances

and that in the microvessels the synt’hetlc capacity is about 1/3

/7

that of the larger vessels (Table 3). Aortic rings, brain basal
arterles and choroid plexus had equal synthetic rates and PGFaqwas
the next most abundant prostaglandin made in these larger vessels.

A} v

’ ‘
In microvessels however the trend was reversed and PGE; was synthesized

at about ‘twice the rate of PGFZ". Another interesting finding was

that the ratios of E)/6-keto-Fig and Fpq/6-keto-Fiy , l.e. the
relative amounts of the other prostaglandins to prostacyclin, was
the highest in the microvessels.., There was also an indication that

’ LY ¢
in general microkessels in themselves have a greater capacity to

’synthesize PGE2 and PGszwhen compared to aortic rings and ‘choroid

plexus. PGDy the major pros}taglandln formed‘ in whole rat brain

homogenates and also used as a test of .purity for microvessel
[

preparations was not detected hih.our capillaries in agreement with

other (249).
T

E.. Prostaglandins Generated from Exogenous Saurces

Prostacyclin measured as 6-ketq-PGF]+was formed enzymatically
-+
from added labekled PGHp by both choroid plexus and microvessels
(Figs. 8 and 9). Conttol incubations of PGHp .in buffer alone

s

!
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;;‘ ,' Table 3. Formation of Prostaglandins by rat vascular tissue
“ Vascular Tissue . Prostaglandins (ng/mg protein)
: ” 6-keto-PGF) ¢ i E, FaqL
) ‘ ‘ .
Aortic rings - 36.4 £ 5.2 (12) 0.93 £ 0.05 (3) 1.1 £0.3 (3)
’ Basilar artery and Circle 35.2 4 5.4 (4) - 4.2 (1)
of Willis T ) ™~
Jsolated cerebral microvessels 11.0 £ 0.4 (5) b 3.2 £ 1.39 (3) 1.30& 2.26 (3)
] . TR ' .
Chorold plexus ‘, 36.8 4 3.1 (4) 1.2 + 0.1 (3) 2.6+ 0.2 (3)

Values are means :I: S.D. Number of experiments in brackets.

M o N
.Quantitation by GC-mass fragmentography ‘as described in Methods.
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2.

@

Metabolism of PGHy in isolated capillaries
and choroid plexus. Incubations for 10

min at 37°C in Krebs-Henseleit bicarbonate
buffer pH 7.4, (A) control, no tissue added;
(B) choroid plexus, 12-15 mg wet weight;

(C) cerebral capillary p}ep;ration, 4-5 mg
protein. HPLC conditions: solvent THF: °

CH3CN:  HOAc (45:58:157:0.25 by vol.),

"flow rate 2 ml/min. ~Radioactivity monitored

in column effluent.

1

¥ Sy

PRLPNTRNg - L

g




s

3000

13
N x

g

™~N

1000

(WdD) AHAIODOIPDY

30

20
Fraction No.

10

PR

R




. w2 g o T, LR S e T e
Lo TRk Jm‘vw,wunmu \&W‘u...uv T W&»ﬂ.ﬁ@%}%&ﬂﬂm? :..hw

¢

Fraction No.

N — .

(WdD) Anaiooolpoy

30001



Radioactivity (CPM)

:

:

g

t

6KF]¢

TXBQ cmc

10
Fraction No.

(I

Eo D7

. 20

30



com e T AR

%

- 69 -

<

Figure 9. Radio-HPLL profiles of reaction products
following 90 sec incubation of PGHp with

(A) boiled capillary tissue and (B) 2-3 mg ™
of fresh tissue. Excess endoperoxide was
removed as PGqu_ by reduction and silicic

acid chromatography. HPLC conditions: solvent
THF : CH3CN:H20 : HOAC (45:62:153:0.25 by vol);
flow rate | n\w\l‘/min. Radioactivity monitored

in column effluent.
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(Fig 8A) or with boiled tissue (Fig 9A) showed nonenzymic hydrol ysis
to PGFZQ,' PGE2 and PGDZ. Radio-HPLC analysis of choroid plexus

and isolated capillaries showed that after a 10 min incubation
2‘._vuth a
concomi tant noticeable, production of 6-keto-PGFjq.  (Fig 8B).

(Fig 88 and C) PGHy had decomposed mainly to PGE, and PGF

Taking into account the nonenzymic production of prostaglandins
in choroid plexus, it is clear that 6-keto-PGFjqgwas the major prosta-

glandin formed enzymatically from exogenously supplied endoperoxide.

#

In microvessels, 6-keto-PGF|g was also the major enzymatic
prostaglandin  (Fig 9B), There was also a significant amount of
thromboxane B2 present in microvessels incubated for, 10 min with
labelled PGHp  (Fig 8C). A possible explanation may involve re-
sidual~ly platelets in the lumen or those adhering to the cut ends

of the microvessels.

To reduce the contribution of nonenzymic prostaglandins,
incubation of PGHy and isolated capillaries was shortened to 90
seconds and the excess endoperoxide reduced and removed as PGFaq .
Under these circumstances capillaries showed large production of
6-keto-PGF1'+with no significant production of thromboxane B2
(Fig 98B). Under identical coudiAtions, rat cerebral surface vessels
synthesized mainly 6-keto-PGFje and some thromboxane By. Studies
with éhe hydroperoxy endoperoxide PGG2 were much more variable 'in

the nonenzymic breakdown patterns.

l | -
Qualitative results by Radio-HPLC were confirmed by quanti-

tative analysis using .GC-mass spectrometry. The results summarized

LY L
in Table 4 indicate that in the presence of microvessels or chordid

|

g Y
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. Table L
Tissue

, Microvessels

Chqroid plexus

Protelnk(mg)

B
‘1

2.2

1.7

1.5
0

1.2
0

!

.

+PGHy (j.lg)_

s

5.2
5.2
3:5
35,
5.2
5.2
3.5

3.5

Metabolism of prostaglandin endoperoxide Hy in microvessels and choroid plexus
to prostaglandins 6-keto~-F1q , Ez and Fy g measured by GC-mass fragmentography
Ve

2

%¥Conversion to Prostaglandins

6-keto-PGFhF

2,2

1.5
2.5

0.5

8.3
1.5
4.3
0.5

Ex

52.3

56.5
14.8

19.7

- 25.1

56.5

.

5.6.
19.7

Fag
7.5
2.1
3.6
0.3

13.7
2.1

h.3
0-3

*Results of four éxperiments with appropriate controls, are expressed as percentage of the

added endopeggxide. incubation period of 10 minutes.
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“ -
plexus the conversion to 6-keto-PGF|4, fromaex ogpnous~PGH2 is . ,

increased an average of § fold. The highest increasé was seen
. B

in choroid plexus in which ‘0.032 of added endoperoxi‘ae was con-

verted to 6-keto—PGF]¢ .versus 0.5% without tissue, a 9 fold aug- -
mentation. Small amounts of 6-keto-PGF)y was detected-in , - ?
incubations without tissue Jbut the major nonenzymic product indboth . .

@
.

experimental and control situations was PGE2. Because of the

' * “ .

wariablli‘ty between ekxperlment; in the l;reakdgs"m pattern of endo-

peroxides to prostaglandins and other hydroxy fatty acids ?nd

recovery of the three major prostaglandins, it is not pos;!iﬂe €q
a decide with these data alone wl;ether the pre;enc’e‘of e;zyme causes

shunting of the endoperoxide from the major nonenzymatic 'pathway

~ or whether enzymat'ic convers@n is superimposed on the ,nonenzymic one.
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A. Prostacyclji as the Major.Prostangid in the Rat Cerebral }'

‘ - Microvasguleture .
‘ - & y" 4 "
' Since the first report of prbstaglagﬂ synthesis by blood

veSsels (l65) later highlighted by the distovery of the pre-~

v t e~

. dominantly vascular prqstaglandin (25), prostacycl\ln, an enormous'

| amount "of experimental data on vascular production and actions of

’ lthese conlpounds has been accurﬁulated.ﬂlulhlle most of these studies
; . have dealt with perlpheral “blood vessels (259) few and only recent s
?;. o studles have focused on productlon and effects of Zrachldomc
| . acld’ metabolities in the larger vessels of thece,rebrcvasculat;mre
, (174,175 ). Knowledge of arachidonic acid derived substances and
their activities in the cerebral microvasculature is practlcally

\

f ‘Ronexistent with few llterature reports to date’ ( 250-254) . \

It has been shown that both brain parenchyma (l‘57) and brain

blood vessels (l70) from a number of species syntheslze a vartet;
of prostaglandlns, includingprostacyclin and t}'\romboxanes. The
capaclity to synthgsize these elcosanol}s and their relative p're-
ponderance is a function of the tissue type and regional differences
of the braln (146). Inneuronal elements of some species ;he .o
major prostaglar;dlnﬁ produced is PGD2 (147) which is ; powerful stimu-

"lator of adenylate cyclase and is also produced by neuroblastomd

cells, hence it has been proposed to function as a neuromodulator

(260). :

) -Prostacyclin -is the principal prostaglandin produced by blood
O ‘. vessels (25). It is the most potent platelet antjaggregatory

substan,ce’kno;vn 259) and is'a powerful.vasodllator ‘261 ). This has

-
N

DISCUSSION . / \

-~
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léd.jto the w;;ostu\lation of an -important role for this'substance in
vascular homeostasis (Zlh): The ;;rodugtion of PGI2 by cerebral
9rte.rigs has been demonstrated Ain‘a number of species (146) including
man (170). Skidgel and Printz 1978 (262) as well as other\\(”]).
have suggested greater occurrence of°prostacyclin In: arteries and :

artefioles than ih veinswnd vebules, which suggests that prostz-

~

cyclin may have its effects at the microcirculatory level. In ‘

- 4
support of this hypothesis it has been found-that Inhibition of
P -

'‘PGI; formation in the microcirculation enhances platelet aggregation

o

(n.

The suspi‘cion that in the vasculature PGl is derived mainly
“ A
from the éndothelium was probably brought about by the high content

of this prostanoid in perfusates of isoldted organs of high.endotheliatl

“cell content, fe. l%ng, heart and kidney {80 ). Contlnuou}s release

&

::f PGl, by the lung has even been demonstrated {263), leading some
to hypotheslzé that prostacyciin may function as a circulating
hormone { 264).° Deflnitlvé evidence for the origir:s of endogenous .
prostacyclin in blood vessels was reported by Moncada et al. {259)
v -

who studied prostacycl in formation in diffe.rent layers of rabbit

aorta. These investigators compared PGIZ synthesis; by intimal cell

' suspensions with that of internal elastic lamina, media and adventitia,

and noted that the distribution of prostacyclin synthetase was not
uniform throughout the vessel wall. They concluded that the intima
of rabbit aorta represents approximately 5% by weight of the total

arterial tissue, whereas ir; produces about 40% of the Yotal endo-
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’ blasts (218),  The earl fest report 'of prostaglandin synthesis by

, =75 -

Absolute proof that endothellal cells.were the source

\ - .
of vascular. prostacyc)in was the synthesis of prostacyclin from .

- v *» . ,
arachidonic acid and pr tagtandin endoperoxides by cultured

o

endothelial cells 219) ) and the minute If any synthesis by

1 . ) é v .
cultured aortic media ‘smooth muscle cells and adventitial fibro- ,

cultured epdbthellal cells was that of Gimbrone who also showed
‘that PGE2 production cari be stimilated by anglotensin 11 (216), ' D

Since then production of prostaglandi'ns and particﬂularly‘l PG, ° .
has been'demonstrated in; human umbilical vein, bovine aortic

(217). and porcine ,aortl'c(zw) cultured endothelial cells. |

Re’cognitlon of rhormone and neurotransmitter receﬂptors on‘cultured

vascular endothellal cells (221) has led to the further understanding

¢

of regulation of prostacyclin syng.hesis in endothelial cells. Many

\
, trypsin, Ca'H' jonophores) stimulate prosta- ,

§

substances (eg. thromb

cyclin synthesis by cul tured endothelial Eglls (220) . Macintyre et

al (218) a1sot reported that cell Free plasma from human, dog and
rat stimulated PGly production by cultgured porcine cells. Epinephrine,
Norepinephrine and ADP, however did not stimul;te PGI2 production.
The enhanced synthesls‘ of prostacyclin was abolished.by mepacrine
(PLA2 inhibitor), by the kn‘own cyclo-oxygenase inhibitors aspirin
and indome'thacln (221) as well as ‘the specifi? prostacyclin synt'h;etase

¢

inhibitors tranylcypromine and 15-hydroperoxyeicosatetraenoic acid (217),

ot

The inhibitory effect of aspirin on vascular cultured cells was® temporary

*

¥ |
ans recovgisfi in 1 to 2 hours, presumably &s a result of ne

oxygenase protein synthesis (222). Furthermore, it was shown

B o VTR
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iﬁdqmethacin pretreatep'cultured endothelial cells exposed to/«

stimulated platelets could use tbe exogenous PGHé to synthesize

F’Gl2 in a phenomenon termed "endoperox(ide\steal" (219). Prosta-

cyclin synthesis' ln cultured cells from arachidonic acid was only (

1.6% and from PGHy about 11.9% (221) Indica‘ting probably that the
émUnt of PGHZ'preser’lt is'the critical factor. This seems logical
if we tbifﬂé of tﬁe/évents of pla.telet aggregation in 'whlch large
amounts of PGH2 are produced and the pivotal role it plays in the
production of thromboxane A2 and prostacyclin. Although endo-

thelial éells in culture have no doubt increased our knowledge of

“prostacyclin m tabolism they have some serious drawbacks. " In

particular they may lose their prostacyclin synthetase activity after

many passages in culture (218).

With the advent of methods to isolate fresh metabolically

activecerebral microvessels (225) we can now study prostaglandin

metabolism under the most physiological conditions now attainable,

since tecl?mlques for the in vivo study of intracerebral micro-

vasculature have hot-beén adequately creveloped Brain capillary*

t

endothel ium is unfque in mfrphology and enzymatlc activity (236).

4

The hydrolytic enzymes -allgaline phosphatase and y-glutamyl
transpeptidase are present in high concentrations and have: been
used as ma;'kers for isolated capillary prepargtlons (225). The
choroid plexus al;so shows very high enrichment’ of y-glutamyl

transpeptidase (265).

.

In vessel fractions from rat brain used in this study the activities

-

of alkaline phosphatase :and y-glutamyl transpeptidase marker enzymes

. \

“‘
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- “ were 14 and 34 times higher than in tﬂotfai homogenates, indicating'
that our preparations contained mainly c‘apillaried‘s (Table 2). ' .

Goldstein et al (232) found enrichment of akkaline phosphatase and™

y-Glutamy.l transpeptidase to be 15 and 20 times that of crude

s “
homogenates, whereas Brendel et al (33)) achieved an 8.2 fold

Il .
ViP ’
enrichment of y-glutamy! transpeptidase and only“3.8 fold increase -
of alkaline phosphatase. Others (2335236 ) have also obtained .
,.,-‘ .
different enrichment- factors but ali were conststently lower or “
S

. f

4equai to those obtained with our microvessels These variations

between the different capillary <preparations are probably at-

tributable to primary species differences as well as the size

differendes in the spectrum of microvessels Isolated since y-glutamyl

» [
transpeptidage is conc'entJ;Lted malnly 'in_the capillaries of the \

st of the alkaline phosphatase appears to be

Y -
B

brain whereas

, indicates that the isolates were ‘mainly tb«fsmalier microvessels

almost exclusively capillarles.

.
. s

.

1. Comparison with-frterial tissue

Prostacyclin was the ‘major prostaglandin produced by rat )
¥ I‘.J . R .

isolated caplillaries, chorojd\plexus and surface vessels such as

bastlar arteries and arteries of the circle of Wi1lis (Table 3).
. ' [}

It is the predominant prostaglandin generateo endogenously and from ~
3 .
exogenously added endoperoxide in the rat cerebral microvasculature.
.- It was also the principle prostaglandin in-peripheral vascular tissue

with a comparable production In @ortic rings as reported by others (259 ).

4 o 1 ' .
i .
|
- '
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Microvessels ﬁrodhcedlll"ng of 6-keto- PGF'¢ /mg prbtein/lo
min and had a capacify of apégo,xlmately 31% of whole aortic rings

(36 ng/mg protein/16 min.). ‘Data from Moncada et al (559) , who"'

. - .
showed that the aortic intima was responsible for 40% of the

synthetlc°éaphpity of the whole aortic tissue on a weight basis
(1 ng/mg wet weight/5-30 min), In conjunction with the assumption

‘that¥10% of tissue welght is protein, is in good agreement with.

.

o

these result (Table 2).

2. Comparison with cultured endothelium

i Comparison of the results of prostacyclin biasynthesis in

cultured endothelial cells (219)also shows relatively go:)d agree-
_ ment with that obtained in rat fsolated microvessels. Prostacyclin

' production,' as 6-keto PGFW, , from ar;chidonlc acid was about twice

£

that of Pﬁhz prbwduction, the second most abundant prostéglandin ]

generated. PGFz,,was quantitat‘lvely the lowest of the three and
a - ¢ . . ! ' )
PGD; was not detected. Incubation of cultured endothelial cells

o

w::>DH2 for 5 min, revealed a conversion to prostaglandins \feljy

simflar to that found in isolated microvessels (Table 5). In
cultured endothe°]1um, of the total éndoperqxide converted to PGF2+,
PGEp andﬁ—keto-PGFw_ , 26% was b-keto PGF“*, whereas in fsolated. )

microvessels it was®24%. \f \

L]
3

investigators using cultured cells also reported the presence

%

. ‘of Pl?.D2 and Hﬂ?when' PGHy was used. HPLC .analysis of PGH2 metabolites

in isolated capillaries, ch_oroid plexus, buffer (Fig 8), and boiled

1}

capillary tissue (Fig 9) also:indicated the presence of ‘PGDy, but

as in cultured endothelium this was due to the nonenzymatic
- L o M
\ . . . %, . K

T : }
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Table 5. Comparison of endoperoxide conyersion in cultured 3
endathel tum and in isolated microvagsels . 3
2 N E « . (: "
, tu}tured .encllathe‘l jum® ljso]ated endothel idmb‘ . Lo
N Prostaglandin - ¥ PGH, ‘Control + PGH, Control * \ '
| 6-ketd-PGIF,¢, ] 26 1 2. 24 ' 2.5 - wo
o T o 9w, 95 \
x . . ow ) . }
I : ' 2 4 ‘ 0 " 2, |
, Pag - o) 3 5 N
— . D
) ) iL 3
: @ Calculated from Marcus et al, 197§ (219) . o : i
A - * é
¢ i
b Average result of two tncubations for 10 min at 37°C with PGH,. !
L3
All results expressed as relative perce};tage of PGHj conyerted %é
w into ﬁ-keto-PGF]“’, PGE, and PGFZIP' ¥
4 ) d \ R . i
. Y é’
» ~ 4 e » ‘:
‘ i
LA ) o 3
a 2 w §»
Y (47 - ;
. ° g 4
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* degradation of PGH, in the ﬁresence‘gf protein ie. albumin @67),

"microvessels also d
‘of 6-keto-PGF o (Table f,) T

.profiles when PGH was-~

PR e
s

o ' - 80 -

| ‘ . .
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»

.Prostaglandin’endoperoxldes, as is well known, sgontaneously

] B v
decompose into a numb{r of compounds mainly PGEZ, Fz'q_, Dz, and HHT.

+

i
These studies in cultdr

ndothelial cells and in rat isolated

}wtrate a minute (< 1%) spontaneous production

larger less polar product in the HPLC

sed is probably HHT (Fig 9).
)

!

is an )Ecrease in 6-keto-

?Gqu,),“accompanied by é concor!ritant decrease of PGE2 when compared
| .

1¢-» (in general larger than that of

R . . '
" " to controls. This trend was also reported for cultured s\dothelium

(219). Because of the varlabi;‘ﬁ% between experiments in-the recovery

of the three major prostaglandins and the: effe::t of albumin on PGH2
breakdown, it i$ not possible from this data alone to fiecide_whether
the presence of t‘he enzymes causes shunfing of the_éndoperox[de from
the ajor nonennzymatic pathway or whether enzymati‘c conversion is

o

superimposed on, the nonenzymatic one.

3, Comparls:on with other isclated microvessels . )

Recently other reportus of prostaglandin metabdism by isolated

Il

microvessels have appeared (2§0)'. &faurer et al (253) ‘using isolated

-

bovine microvessels and radioimmunoassay also detected 6-ketip-
s * .

PGi:w’as the major prostaglandin but foupd higher levels of PGFZP
than PGE,. In contrast Gerritsen et al. (252) found PGE, to be she

major product from PGH, when using bovine microvessels but pointed
’ ’

- 9“"_‘< ;‘- ' .
out that this oc]:urred only when the conditions wege: low tissue
L .
. S - "
gy S )
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protein concentrations (<} mg/ml) and reduckéd glutathione was .
b3 - 4

present.) With higher protein concentrations 6-keto-PGF|‘, was

Ay

4

"

the ma jor product. )

AN
~

Isolated cat%cerebral nlicrovessels (250) showed a 6 fold
. enrichment .of 6-keto-P‘GFw_when compared to homogenate;. These ‘
grosearchers also stated that it- was the major prostaglandln formed ‘
fol Yowed by PGFZ* and PGE2 The only repor‘t on prostaglandin
metabolism in isolated rat cerebral mjcrovessels proposed that QGD
is the ma_|or prostaglandin produced from PGM2 in the cytosol and%
that although there is syntheSIs of 6- keto-PGF]q, there is no enrich-
\ ment of PGl2 synthetase in micrmles‘sels when compared to whole
cortex homogenate (251). In the same study production of 6-keto-

, CoN . |
L , PGF1q from PGHy was less' than PGE, and PGFy¢ . An expianation for : j

' the discrepancies observed in Gerrit’s\en's work both in the studies
u:c.lng bovine and rat tﬁissue,’“ as compared to the other/ studies (250,253,254)
- including this one which haVe showr” the lack of PGDZ and have
unanimously shown - prostacyclln to be the major product, i$ the

b amount of mlcrovessel proteln present in the mcubatnons. '

<

/ In this study (see methods) 2-10 mg of capillary pr?teln

is used while Maurer et al (253) uses 5+10 mg protein and Birkle

et al (250) .ysed microvessels isolated from one whole cat brain.

v

» These amounts are in 'sharp contras:t with those used by‘
Gerritsen in both her studles (5-100 pg) . The lack of sufficient - ‘

-

prostacycl in synthase protein in the Incubation Mixture, is llkely

‘

“slnce 1. the enzymic activtty and relative enrichment of ’y-glugamyl

e
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transpepidase is low, iﬁre is no prostacyclin synthase

enrichment and 3. in the ‘same report 6-ketd—.PGF|4, formation .

*

increased slgr'tlficantly at protein concentrations greater than

50 pg and becomes the major product at 200 pg of protein (251).

v

In summary, prostacyclin is the major prostaglandin produced

by cerebral microvesseis obtained from cat, ox and rat.

B. /Prostacyclln ,!n Choroid Plexus and CSF.

Unlike nniost other tissues of the bpdy, mamalian'br;ain and
Its vasculature have a ver\y negl?gible capacity to accumulate or
catabolize prostaglandins (140). No evidence of meta'bolic trans-
format ion of 6-keto-PGF]4,‘tq its lS-ke;to-énalogue, 15-keto-13,
14=dihydro i;nalogue' or th‘e 6-ke§o PCEl compound was fpun‘d in either
brain homogenates or cerebralt%)lood 'ves§els (inéludirig ;:hgrold

plexus) of the rat (146). Due to the high biosynthetic rates of

prostaglandins, especially Dy and qu,in brain parenchymd and prosta-

‘cyclin in brain blood vc:_'ssels apd the lack of the ptime pathways

.

3 . .
for their inactivation, a dynamic neutr&lization mecha ism operable

) 5
in vivo has been proposed. The stable prpstaglé\ndins and the.
# TS :
inactive products From the labile eicosanoids ie‘\n6-keto-PGF1¢
[

and TXB2 are not taken up by neurons or glia (159) but are cleared

fromthe extracellular fluid by an active transport system across

N

choroidal (158) and extra-choroidal (159) component\s of the

from which they reach the venous circulation of the brain and then

systemic organs to be metabolized. Ramwell (196) initially

s

detected prostaglandin-like activity in CSF using bioassay.
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PGFlg synthesis by this tissue (170) . qQuantitative.measurements

_83..

-

Prostaglandins :qu. v By 02,.6-keto-Fl¢ (200) and thromboxane B,
(201) have been measured in human CSF from healthy and ill persons.
The most abundant pro'scaglandin was 6-keto-PGF|¢ (;20-1500 pg/ml) -
and prostaglandin D, was below the limit of detection €50 pg/ml)
\(ZOOi.LPGEZ is also normally low or undetectable, Thromboxane B2

is present In a concentration of about 400 pg/ml (201}. The level of

N

PG in healthy human subjects Is usually less than 100 pg/ml (197).

The existence of lipoxygenase products such as hydroxyeicosatetraenoic

) -

X
acids and leukotrienes has not yet been demonstrated in CSF.

/ 4

_ The assumption that the origin of 6-keto-PGF]¢ in CSF was
the choroid plexus was based on preliminary observation of 6-keto-

of prostaglandins including prostacyclin synthesis by isolated choroid
plexus has not been documented. In this study rat choroid plexus
Incubatéed for 10 min synthesized 6-keto-PGFyg ,° PGF, &, and PGE2

in amounts of 36.8 ng, 2.6 ng and 1:2 ng per mg protein, respectively

(Table 3).

The occurrence of choroidal PGF2qas the second most abundant
prostaglandin and” the lower amount of PGE, as well as the absence

of PGDy is consistent with the.reports of the trends these prosta-

glandins exhibit in CSF. The discrepancies in magnitude of PG's

in choroid plexus versus CSF are most probably a result of dilution

<

and it is\reasonable therefore to assume that human choroid plexus

would be capaab]e of synthesis in the ‘nanogram range.' In one early
study of PGF2¢and PGE2 CSF content, it was. repqr‘ted‘that on the average

men had slightly higher PGFaqlevels than women and that there was a

Y

°
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significant correlation between CSF PGE; and the age of the mgn ..
and C(SF PGFZ’_ and‘ the age of the women (198) .. The fundamental L

defect of the conclusions reached by these mvestlgators was that

some of the (SF used in thit study was from patiénts afflicted with

CNS pathology. In the Vight of more recent"oevidence of prostaglandin

levels in pathological CSF samp!es, this pl‘eVIOl.ls study should be .

viewed with skeptncism or probably: completely duscounted

Cerebrospinal fluid is unique in its diagnostic potential ;

concerning diseases of both nervous and vascular tissues of the |

CNS because of 'its easy accessibility and varied content. Most

PRSI

substances produced by the brain eg. biogenic amines and their
‘ -
metabolites can be found In the CSF and mirror to some extent the

brain's state of health. . ‘ L .

Changes tn CSF content of various prostaglandins has been - -

Fy )

observed ‘in.a variety of neurological disorders,

Large tncreases of PGF2¢ have been documented in patients’
with epilepsy; inflammatory conditions such as 'meningltis and
,meningoencephal itis, and cerebr3dl trauma from accident and surgery

(197). Vvascular disorders of the CNS such’ as cerebral and sub-

IR e e s S 8 L e IV A AT

arachnoid hemor rrhage (20") cerebral infarction and ischemia (199),

' and hydrocepha!us (197) are also associated with varlable increases

: of PGF2¢_and PGEZ. 4 L

The implicatign of.prostaglandins of the E series in the
ggnelsis of fever is based on a number of related observations. One

is the high PGE content of CSF observed after pyrogen or endotnxun

induced fever (202), Other supporting facts are the antipyretic

A

actlvity of powerfd’l prostaglandin synthesis inhibitors such és ]
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aspirin and the pyretic effects of PGE's when administered - :
FntraVentricularly\or iontophores;d into the pneOpti,c—ar‘wfr"iory;%;"
hypothalamus (136). A ‘direct cause.and ‘effect.rel‘ationshig ,,*x,;’ﬁu’

w2y

. : ) e
between prostaglandins and fever, however, has not been prdven.
? AY

Cranston et_al (203) contends that augmented levels of PGéz in

CSF is not essential in the genesis of fever but merely a side

effect of the pyretic agent. Further studies of prostaglandin

i "lIn pathogenesis of fever are clearly neceSsatry.

., .
Another unproven association involves an increase of the PGE ,
concentration in CSF of patients with clinically diagnosed schizo-

phrenia (201). It is of interest in this conditionthat pheno-~
/

thiazines, and several other psychotropic agents inhibit the prosta-
N ¢

glandin synthetase system (205). These researches also showed no

change in TXB2 levels of schizophrenics when compared to *controls

and stated that their data are inconclusive and more experi;nen;é!

evidence is reguired,

Only very recently has h;Jman CSF been Dre-éxamined for the
presence of 6-keto-PGFjq .
have been measured by GC-MS in patients who have intracranial
hypertension (200). Prostaglandin 6-k’eto-F]4 status ;n CSF of !
patients with other cereb‘rovascukar disorders 1ike $AH resulting
from ruptured aneurysms and in patients with cerebral st'roke has

,hot ‘been evaluated. Consiqyering the localization of this compound

to the vasculature, including the choroid plexus, the levels of

this stable end product in CSF would act :|deally as a general’ i;rdicaxqr

of the integrity of all the cerebral blood y'esse'ls. This would complement

Extremely high levels of this :Q\rg)und .
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a similar Function for PGF2¥ with respect to the brain parenchyma.
. N ' ¥

Wt
3 #
t

’ When ore interprets and compares quantitative data ofD
prouag.landin levels, in CSF it must not be \\forgotten thaé; 1.

there are species &ﬁ"Ferences in prostaglandin synthesis, 2. the
anatomical site where CSF is obtained (eg. ventricular, cisterna magna
or lupbar portio%m of the CNS) influences the concentration measu;'ed
(202y 3. the different assay methods employed, particulary radio-
immunoassay, radioisotope dilution and gas-chromatt;graphic-mass
;spectroscopy, each hgve their advantages and‘ disadvantages, and
most importantly 4, very stringent and reliable critéria must be

employed in selecting and defining patients or experimental animals

with these various conditlions as well as their representative controls.

In the review of CNS diseases associated with changes of

. these autacoids in the CSF it is evident that although no specific

disease entity can be directly linked with increases or decreases

-~

of one ®r more particular prostanoid it will at least narrow and

direct our concentvration to a specific component of the CNS.

C. PossiBle P‘hys'iological Roles of Prostacyclin in the Cerebrovascular

.and Cerebroventricular Systems.

€

The possible contributions of the classical prostadlandins
in the functioning of the nervous system have been' investigated for

some time (136). The roles of prostacyclin.in brain have been

‘confined to the cerebral circulation ("‘0) particularly regulation

-

of \,fvascul'ar hemodynamics and prevention of thrombosis.

| ; .
Prostacyclin miy function as a "protective hormone' .in regards

to cerebral thrombogenlc and thromboembolic insult (214). Similarly,

]

Ed



] M N

- 87 -, R
prpduction of prostagyclin by choroid plsfgﬁ may serve
to inhibit thrombosis in the cerebroventricular syste& G170).
It may also act as an antihypertensive agent in the CNS

since its production is increased in humans with intracranial

hypertension (140)}and |s also elevated in spontaneously hypertensive

_rats (206)'

.

; » . érostaglandins F24/and Eé constrict cerebral vessels (j46).
The development of migraine headaches may also involve PGE2 (182).
Thromboxanef\2 formed by platelets, but noF cerebral! blood Qessélg,
is the most potent vasocoﬁstrictor influencing the cerebral N
vasculature (176) and has been regar;;ras the prime, but not only,

i candidate in the genesis of cerebral vasospasm subsequent ;o apoplexy

' and subarac?noid hemorrhage #9). stable prostacyclin analogues as

well as specific thromboxane inhibitors may be of invaluable

g

therapeutic use in these lethal conditlons.

o

- Prostacyclin may have a definite role in cerebral blood flow

regulation and prevention of ischemia, Findings which add credence

to this hypothesis is that bGlz infusion Increases CBF by 712 (184),
and indomethacin neduces cerebral blood flow (166) and the only
prostaglandin producing vasodilation in cerebral blood vessels is
prostaqyclfn (]hp). Picka;d and his associates (190) have accumulated

evidence in vivo that PGly is required for hypercapnia to produce

thorough cerebral vasodilation. Prostacyclin synthesis in the
' microcirculation where the majority of the vascular resistance occurs

may thus provide a means of halntaining capillary patency thereby

controlling regional cerebral perfusion as well as cerebral blood
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¥ ressure., The potency, short biological half-life a e site of
; { p P Y g '}d"tﬁ
/ * synthésis make prestacyclin a firm contender for these physiological

functions.

14

As in all blological systems the ultimate outcome of normal
and patholégicai‘responses to internal or environmental‘stimuli
Is a result of innumerable comblex Féttors. Prostacyclin most
probably interacts with and complements other vasoactive aéénts

such as C02, anglotensins and_kinins etc, in fulfillment of its
\ .

biological effects in vivo. Continuing research with more specific

t—

prostacyclin ]hhibitors and stable prostacyclin mimetics will .

RIS 4
undoubtedly clarify the position of this potent vascular prostanoid

N in the cerebral circulation.

D. Future Considerations '

L d

With the évailaBility of metabolically active isolated
cerebral mi%FQvessels and !solated choroid plexus, which both
3 'démonstrate 2; active prostacyclin syntbesizing system, it will
> bé possible to study btochemical andhphysical facters affecting
PGl2 synthesis tn vitro. The effects of various cardiovascular
drugs, nitrdglycerine, Vergpamil etc., oq-prostaglandin biosynthesis
in microvessels would be particularly aner;stiﬁg. Conversely the
r

;%* . effect of prostacyclin or stable analogues on other biochemical

parameters In ﬂLcrOVessel§ could be investigated. - - (

. - . g \?\

. The Lapac?fy to produce or metaholize 1ipoxygenase products
such as the hydroxy fatty acids andﬁleukotrienes could be studied

in these preparations. This seems a reasonable ﬁropositlon since

&

(w»} 12-hydroxyeicosatetraenoic acid has heen shown to be present in’

L gerbtl braln (49), leukotriene C can effect cerebellar Purkinje

neurons ( 49) and enzymes Involved .in synthesis (Glutathione-S-
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transéerase) and degradation (y-glutamyl-transpeptidase) of
leukotrienes are present in different amounts in microvessels.
Subcellular fractionation of components of microvessels has
alread; bgén accohpllshed and studies using the membrane fractions
have revealed differences in the enzymology of the luminal versus
the abluminal endothelial membranes (238). With purified membrane
fractfﬁﬁg\;;EEEEEFE_TGF;BEBtIde hormones and vasoactive drugs can
be examined. Prostacyclln,’and possibly leukotriene receptors may

4

be discovered on the endothelial membranes of microvessels. Insulin

»

receptors on microvessel membranes have been demonstrated,(239) and
the usefulness of these .in vitro systems in qnderstandlng,tﬁe
etiology and treatment of microangiopathy accompaﬁying advanced
diabetes is'ready for assessment. Estrogen receptors are known to

exist in endothelial cells (215) and with the?$ microvessels prosta-

cyclln-hormoné interactions can be probed. Basement membranes from

microvessels have also been analysed (225). The potential of isolated

*

n

microvessel preparations in.the study of the ‘anatomical and biochemical

functions of the blood-brain-barrier is unlimited.
’ % -
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Clalms to Original Research ‘

Prostacyclin was shown quantitatively to be the principle

prostaglandin produced endogenously and from exogenous PG endo- :

peroxide by rat cerebral microvessels and choroid plexus. It .
was also djscovered that pros?aglandin Eo wasrthe second majorﬁ '
prostanoid produced in microvessels, a result which is In
agreement wlth data-from cultured end?thelial éeéls. Gﬁoroid \ . .
plexus however demonstrated greater amounts of P€F2,, which is Co

! —~—

also consistent with the higher levels of PGFz,u versus PGE,

detected in CSF. Prostaglandin Dy was not detected in elther

s
tissue, .

¢
.
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