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- ABSTRACT

A previous study of cGMP dynamics- in the ovine newborn and adult
" common carotid'artery'(COM)v by Pearce et. al., 1994. shOwed that the basal
~ ¢cGMP levels in the COlVl were significantly higher in the newborn compared to
: the}‘ adult (0.5087 +0.09 and 0.11 £ O.0A1 pmol cGMP - L cell water -1 ,} _
reepectively) (P<0.05). This observation may represent a signifioant difference
' ivn the overall metabolism of cGMP Furthermore, this difference may be

‘ modulated by maturatlon Given the central |mportance of cGMP- metabohsm in

~~ maintaining vascular tone, this difference in basal cGMP may partly explain the

. h|gh incidence of cerebrovascular compllcatlons in the newborn. In order to
' |nvest|gate the mechamsms involved i |n thls phenomenon th|s project was
| desrgned with two specific aims. The flrst to examlne and compare the
: actlvmes of guanylate cyclase (GC) and phosphodlesterase (PDE) (the enzymes
responsrble for cGMP synthes:s and. degradat/on ) |n newborn and adult sheep
" common carotid arterles The second, to determine if mtracellular
: compartmentallzanon plays a role in PDE activity. To examine the flrst quest|on |
N developed a no\(el vtechnlqvue t_o S|multaneously estimate rates of syntheS|s and
degradation of cGMP in whole, unbroken arteries. The estimated synthetic rate
“for cGMP in the newborn was higher compared to the adult (7.62 + 1.14 and
5.94+1.26 pmol cGMP LceII water -1« min - respectlvely) Slmllarly, the
‘ es’umated rate of cGMP degradatlon was also higher in the newborn compared
to the adult (4.26 + .84 and 2.88 + .78 pmol cGMP - L cell water -1 - min -1).
Althodgh the syntnetic and degradative rates f}or cGMP were different between
“the two age groups, the net d'itference between cG‘l\/lP synthesis - degradation

was similar in both the newborn and adult (3.36+.6and 3.06 + .6 pmol /Lcell



- water/ min, respectively).' T_hesje re.sulfs indicate that the difference between
| ‘synthesis - degrédation is similar in both newborn and adult, and it is the
‘absolute Ievell's df‘cGMP‘ which differ. In order.to iynvestigat_e the second
question, | cbrhpared the éSti.matéd‘ rates of cGMP degradatio‘n for each age
-group in the whole-vu‘nbroiken arteries with rates determined for each age grOUp '
i brbken cell,pfeparations. | utilized a crude homogenate approach Wheré_ the
| ~ rate of cGMP sUbst’ratevvdisappearance was used as an index of PDE actii/ity.» In
| the crude homog‘e.n'at‘e vprep'aratvionv, the rate of cGMP degradation was higher in.
the adult cofnpared to the newborn (2,406 + .224 and 1.407 + 157 pmol cGMP -
L éfell water -1 . .min -1, respectively). This -relationship between Vthe' newborn and
the adult is in contrast to the results 6f the whole-unbroken a’rteries. Thesé
results suggest thét intracellular compartmentalization does play a role in PDE

activity.
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INTRODUCTION
A Brief History and O\(erview of cGMP Metabolism

Cyclic nucleotides play a variety of roles in the regulation of cellular
functions in nea’rly' all cell types. Of these roles, one of the most important; is
that of »‘én intraCeIIular secondary messenger within vascular smooth muscle
| [Lincoln, 1989]§ de of the most abundant cyclic_"nucleoﬁdes- are adehosine 3,

5'- cyclic ‘monophosphate (cAMP) and guanosine 3', 5'- cyclic monophosphafe
| (cGMP). cAMP playsv»an important role in blood vessel relaxation caused by
"beta;adr‘ene‘rg\ic agohists. cGMP partiéipates irfblbod vesseli relaxation
induced by such drqgs as' nitroegCerin, nitropruésidexand agents that function
by étimUIéting the réléése of an endotheliuhi derived relaxing factor (EDRF).

Although the existénce of cGMP was first reported more than 25 years ago, nof v
| long after the discovery of cAMP, the role it pI}ays asa sécondary messénger
| Aremainéd mostlyvune,xplored for 10 - 12 years [Goy, 1991]. The majority of
‘research conducted info cyclic nucleotides was focused on cAMP. cGMP was
thought to bé meréiy an antagonist or analogous to cAMP. Because cAMP
was considered’té b'é ajn'important mediator of smooth muscle reIaxatiOn, it
was then réasonéd that cGMP must be a mediator of contréCtion. It was notv
until 1977 when several investigators [Katsuki and Murad, 1977] [Katsuki et al.,
1977] [Schultz,éf al., 1977] showed that vasorelaxation indu‘ced by |
nitrovasqdilators (nitrogen-oxide constituents) was associated with an inc'rease

in cGMP levels that new interest was generated in cGMP [Lincoln, 1989].



Over the Iast 15 years a more comprehensrve prcture of cGMP and its
fmechanrsms of vasodrlatatron has emerged Flgure 1isa srmplrfled overvrew v

of the blologlcal mechanlsms that participate in the cGMP cascade WhICh Ieads

- to reIaxatlon in vascular smooth muscle Under normal

Re e ptor Dependent . - » . Recepor hdependent -
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o Frgure 1 A Basic Overvrew of cGMP Metabolrsm and Mechanrsms of
Vasodllatatlon ‘

physmlogrcal condltlons the endothelrum strmulates vascular smooth muscle |

~ relaxation through the release of EDRF. Srnce its drscovery in the early 1980s
| ;.[Furchgott and Zawadzkr, 1 980]‘, EDRF has been shown to be essentrally nrtrrc
oxide [Hardman, 1 984] [ignarro, et al. '1.987] The'endotheliumcan also
vproduce other factors whrch are capable of mducrng relaxation, such as
| endothelrum derrved hyperpolarrzrng factor (EDHF) but these factors are not

thought to be rnvolved in the cGMP cascade AIthough the endothelrum plays



“the most important role in the release of nitric oxide into the smooth muscle
~cells, there are other pathways tor nitric oxide to enter the cell. Ignarro vhas‘
B .reported the presence of small quantities of NO-synthase in the smooth muscle
o itSel'f [1992 FASEB meetings, Anaheim CA]. Drugs such as nitroglycerin and
' nrtroprussrde do not requwe the presence of the endothellum and functlon via
blotransformatron W|th|n the smooth muscle cell to reIease nitric oxide [lgnarro
et aI 1981] [Brren et al., 1988] Still other drugs such as S-nitroso-N- -acetyl-
penacrllamrne (SNAP) release nitric oxrde spontaneously upon hydration to
- serve as an exogenous source of nitric oxide [Ignarro etal, 1981].
No matter its source, nitric oxide direct'ly stintulates guanylate cyclase
(GC) to ‘convert the SUbstrate guanosine'triphosphate (GTP), into cGMP ‘ Once
GCis actrvated cGMP levels qwckly begin to rise. cGMP then dlrectly binds
with, and thus actlvates cGMP- dependent protern krnase (G klnase) AIthough
the mechanics of G-kinase are not fully understood, it is known that once
activated, G-kinase acts vra phosphorylatlon of various unknown protein
substrates within the smooth muscle cell. It has been proposed that this
- phosphorylation affects at least three different pathways in order to regulate
'intracellular levels of Ca2'+r.“ FItvisi these pathways, alone or combined, that lead
- to relaxation. Smooth muscle tone is dependent upon zintracevllular levels of
Ca2+. High levels of Ca2+ induce c,ontraction, ‘whereas low levels are
associated with relaxation. The first of these pathways'leads to the direct
reduction of Ca2+ within the cell by the activation of Ca-ATPase pumps, which
pump Ca2+ out of the cell. The second pathway is capable of attenuating tne
polyphosphoinositide cycle (specifically IP3). This reduces the amount of

stimulation by IP3 on the sarcoplasmic reticulum to extrude Ca2+, thus



preventing intracellular levels of free Ca2+ from rising [Abdel-Latif A. A., 1986].
The third pathway effects the state of force 'produced‘by the myosin and actin.
filaments of the smooth mus'CIe itself. G-kinase is capable of phosphorylation |
at no less than seven sites within the myosin-actin complex, thus altering the
characteristics of the actin filaments ‘which allow them tvo bind and interact With
* myosin. This change in the physical characteristics of actin and myosin (which
- would also ihClude,its sensitivity to Ca2f) leads to a change in the force |
produced by the vascular smooth m’u_scle [Pearce an.ol Harder, 1994]-.

| Ultimately,;the magnitude and the duration of relaxation is directly

~ linked to the amount of phosphorylation by activateol G-kinase. If cGMP levels
within the cell were to rem'ain el'evatecl above baseline for an eXtended period
,of time, nearly full and complete actlvatlon of G klnase would occur.

‘Conditions such as these would render the vascular smooth muscle mcapable' ‘

o 'of ma|nta|n|ng tone.. Therefore the cGMP srgnal whlch controls the actlvatlon

 of G-kinase should be very short in duration. This is accomphshed within the in
- vivo system by a rapid and short pulse of cGMP. In order to achleve this rapid
4 _vand short pulse not only must rapld synthesis of cGMP by GC occur, but rapid
, degradaﬂon of cGMP must alsoloccur at roughly the same time. In adult
| sheep, the cGMP pulse has been shown to reach peak cGMP concentration‘ljy
- 60 sec. after NO stimulation', and then rapidly return back to‘baseline by.100 |
" sec. [Pearce, et al., 1994]. The family of ‘enzy.mes responsible for this rapid
degradatio_n (hydrolysis of the 3,'-|ohospnodiester bond) of cGMP, are known as
- cGMP‘speCific phosphodieSterases (PDE). The hydrolysis of cGMP» in;this ,
- ’fasnion simply yields_guanosi’ne monophosphate (GMP) which 'may then go on _

 to complete the cycle and return to GTP.



In order for an organism to possess a dynamic vascular system._oapable
.of responding quickly}and repeatedly toa ohang‘ing en\rironment, tight control
over intercellular levels of CGMP‘ must be maintained. To achieve this,
synthesrs and degradation of cGMP must be tightly l|nked together. ltis the
:balance or "ratio" of GC and PDE actlvrty within the dynamrc system which
determines the total magnitude of the cGMP pulse which in turn determmes
the amount of phosphorylation by G-kinase, and which finally determines the
magnitude and the duration of vasodilation. |

A variety‘ of different research projlects an_d disciplines have lead us to
‘this model of cGMP induoed vasodilation. AIthoLigh this model supplies us
- with a basic understanding; |t is in no way complete. Of these projectsthat
have contributed to this model, onevof'the'most interesting lines of investigation
“into cGMP metabolism has been that of its regu.lation‘. Nearly all intracellular
}messengers are subject to some form of regulation and cGMP is no exception.
As suggested above, two points for regulation of cGMP are its synthesis by GC,
and its d’egradation by PDE. The regulation of GC and PDE activity in the
cascade of events leading to vasorelaxation is an important factor for the
‘overall vascular response of an organism.v Considering the importance of‘ the
cGMP synthesis/degradation relationship, a better understanding of the

enzymes responsible for each is in order.

Guanylate Cyclase ‘

Guanylate Cyclase is the mtracellular enzyme responsible for the

| synthesrs of cGMP from GTP GCis found in two biochemically dlfferent forms.
One form of GC is membrane bound (partrculate) and the other is cytoplasmic:

(soluble) ‘The partrculate form of GC appears to be evolutlonarlly a very old



enzyme which can be fouhd in most animal species and monocellular systems
[Tremblay, et al. 1988]. The membrane bound form of GC must be activated
dikéctly by stimuli [Goy, 1991]. The soluble form of G.C has been found in most
mammalian cells. ‘It is this férrh of GC which is responsible for the production of
cGMP in the yascular smooth muscle. Unlike the particulate GC, soluble GC
contains an associated heme group, and must be activated indirectly via EDRF
(NO), ora number of other compounds (perdxides, unsaturated fatty acids such
" as arachidonate, or certain lipids such as lysophosphatidyl choline and oleic
acid) [Goy, 1991] [Pearce and Harder, 1994]. Itis thought that NO activates
soluble GC by~interécti6n with its heme component [Gerzer, et al., 1982].
Although it is conceivable that 6ther agents capable of interacting with heme
(other free-radicals) could produce changes in GC activity, in 1987 Ignarro
proposed that NO was physiologically the most important and abundant of
these agents [Ignarro, et al., 1987]. Since that time a large body of work has
been published which supports this view. |

Although both forms of GC are highly characterized, dramatic evidence
of direct regulation hés never been shown for the soluble form. The existence
of some cGMP regulation via GC activity has been proposed for NO and other
free-radicals. Any alteration in these diffusible substances would increase the
response of GC. This is based on the fact that GC is sensitive to those factors
which interact with t}he iron-containing heme group in soluble GC. Related to
this form of regulation would be the the formation of free-rad‘ical scavengers
such as superoxide anion and/or any oxidizing compound in the tissue.
Formation of these scavehgers’ would effectively inhibit the same GC aétivity

[Lincoln, 1989].



cGMP spec:frc phosphod/esterases _

‘ Cyclic nucleotlde PDEs are the mtracellular enzymes responS|bIe for the |
'vdegradatlon of both cAMP and cGMP AIthough nearly all cGMP WIthln the cell

: undergoes hydrolyS|s by PDE mtracellular levels of cGMP may also be
'reduced by the release of cGMP into extracellular space, th|s however
accounts for very I|ttle of the total cGMP removed from the cell [Schini et al.,
1989] At present there are over 20 known lsozymes of cycllc nucleotlde
" specrf.lc PDEs found in various types of tissue, flbroblasts, and pIateIets [Beavo"
: and Rerfsnyder 1990]. These |sozymes have been divided into five distinct

~ families based on the|r blochemlcal characterlstlcs (type | through V.) [Table

: 1] Not only are the blochemlcal characterlstlcs of these |sozymes

Table 1: PhosphodiesteraSe Isozyme Families and Some Selective
Inhibitors. This table is not meant to.be complete. Most agents noted
show at least a 20-fold selectivity for the family listed. -Information

presented in this table has been extracted from Beavo and Relfsnyder
1990 :



different, but comparison of the gene SeqUénces for each has‘confirmed‘ the -
presence of multiple genes that code foi' the different family memberé |
[Swinnen, et al., 1 989] [Le Trong, et al., 1990]. It should be noted that no
standardized nomenclature existed for the PDE types until 1990 [Beavo and
Reifsnyder 1990]. Before this time each PDE isozyme was referred to by the |
-order in which they were eluted from a DEAE column. To complicate matters
even further, different extraction techniques yielded different PDE isozymes.
As a result much of the early literature is difficult to decipher in regards to the
PDE type being described. Despite this, a number of researchers have shown
these PDE isozymes and families to be very tissue specific [Weishaar, et al., |
1986][Silver, et al., 1988][Souness, et al., 1990]. This heterogeneity in PDE ‘
distribution, combined with the existence of drugs designed to inhibit specific
PDE types, has generated considerable interest for clinical use [Polson, 1990].
In a traditional clinical setting, high blood pressure is treated by the use of
beta-adrenergic blockers such as propranolol and atenolol. Unfortunately,
vasodilatation induced in such a manner is systemic. While this has the
- desired effect of lowering blood pressure, it also effects systems which require
higher blood pressurés for optifnum performancé, such as the kidneys and
lungs. The pha'rmacological development of a PDE inhibitor targeted at
speéific tissue wduld be a valuable clinical tool. This possible therapeutic
appiicatiOn has fueled a new interest in PDE activity and its regulation.

The complexity of the PDE families have also produced major problems
in Studyi‘ng these enzymes and their regulation. Despite the difficUIties
involve‘d, a major precedent for dramatic hormonal regulation of cGMP PDEs

has been shown in the retina [Stryer, 1986 &1991]. ' In retinal rods and cones,



the capture of a photon of light increases the rate of cGMP breakdown and the
stimulus is thus transduced into decreased mtracellular cGMP levels

- Additional examples of complex hormonal regulation of cyclic nucleotide PDEs
have also been shown by Dumas, et al., (1988) and Laugier, et al., (1988) in
‘the duail oviduct. The knowledge that PDEs can be, and are regulated ina

| complex fashion IS an indication of the important roIe these enzymes may play |
i in many cellular processes Short term regulatlon and Iong-term cellular

o modulatlon by dlfferent stimuli and maturatlon might be one function of PDEs

“[Conti et al., 1991].

| Although a great deal of research has been conducted into cGMP in
vascular smooth muscle over the last 15 years, relatively Iittle direct work has
o been done to mvestrgate cGMP metabolism and even Iess concerning the
effect of maturation on cGMP metabollsm During maturation a vast number of
. different hormones sterords proteins and other biochemical compounds are
produced. Such a wide range of change would encompass an even Iarger
sphere of affected systems Notsurprisingly, maturational changes have b’een
observed in the endothelium of vascular smooth muscle [Vane et al., 1990]
[Pearce and Harder 1994]. These changes affect the smooth muscle and its
response to relaxation stlmulation. It would therefore stand to reason, that the
| cGMP metabolism in vascularsmooth muscle could be directly modulated by
maturation as'well_‘. Dramatic evidence which supports this hypotheses has
been shown by Pearce, et al., [1994] in the sheep common carotid artery [Fig.
2] (data reproduced by permission of W. J. Pearce) 'Utilizing i.solated artery' :
segments from newborn and adult animals Pearce examined the effects of |

~maturation on the dose response and dynamic relationships between



relaxation and c,GMP' synthesis. The amount of relaxation produced by a
cumulative dose zresponse to the cGMP dependent vasodilator SNAP, is nearly

40% g'reat"er in the newborn than the adult. This evidence suggests a

[~ @ =Newborn (N=7) 1= Adult (N=8)

100 .
o0 1 Common Carotid

Percent Relaxation
&

T T ' T T T
10 9 4 7 6 6 4 I

Log Concentration SNAP (M)

Figure 2: Cumulative Dose Response to SNAP in the Common
Carotid Artery for Both Newborns and Adulis. Arteries were
precontracted with 10 uM serotonin and 20 uM histamine. The average
relaxant responses were calculated as the precent relaxation of initial
contractile tone, and are given witn standard errors. N = 7 in the

" newborn, and 8 in the adult. Data reproduced by permission of W. J.
Pearce. ~

larger pulse of»CGMP, which in turn would lead to a greater amount of
phosphorylation by G-kinase, which could ultimately convey a greater
propensity for relaxation in the newborn. This marked change in relaxation

response may result in a significant physiological detriment for the newborn.
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‘Newborns suffer a high incidence of cerebrovascular complications
postpartum [Pape, 1989] [DelToro, et al., 1991]. This enhanced ability for
vasorelaxation in thé newborn may result in such complicétions as asphyxia
and transient hYpertension [Pearce, et aI;, 1991 & 1994]. Due to problems
such as thése, and the newly founded interest ih the clinical use of PDE
inhibitors, a Iegitimate‘heed has arisen for investigation into cGMP metabolism

alone, and as a function of age.
- Project Introduction

~ This project has been designed with two Sp'ecific aims in mind. The first,
to examine and compare GC and PDE activity in newborn and adult sheep
- Common carotid arteries. The.‘seco'nd,‘ to determine if compartmentaiization
| affects PDE activity. N | | |

In the first s’ec‘tion‘, | have addressed va question which was raised in a o

previous Study by Pearce €t. al., (1994). They observed a significant difference
in the basal cGMP Ievels of the comrndn carotid artery between newborn and
adult sheép. Basal cGMP levels were elevated in the newborn as compared to
the adult. This difference in the basal levels may somewhat account for the
increased efficacy of relaxation seeh in Fig. 2. .FUrthermbre, this observa’rion
| may represent a significant difference in the overall cGMP metabolism which is
“modulated by maturation. Given the c'errtral importance of cGMP rnvetaboli’sm‘
and its potential for modulation by maturation, the firstvéect_ion of this study
| ~addresses the hypothesis that maturation modulates cGMP metabolism by
investigating the possible meéhanisms involved in this phenomenon. | have

hypothesized four likely mechanisms to explain Pearce’s observation; 1) Basal

11



;EDRF is greater |n the newborn compared to the adult 2) The synthetlc

: capacnty of GCis greater in the newborn compared to the adult 3) PDE actlwty'

s ‘IS Iower in the newborn compared to the adult or 4) The dlfference between

_' synthes1s/ degradatlon is similar i |n both newborn and adult and it is the
. _'absolute levels of cGMP WhICh dlﬁer

Ewdence wh|ch shows that compartmentallzatlon plays a role in GC
Va'ctiwty-has been thoroughly summarlzed by Waldman and Murad [1 987] but
, snmllar information regardlng PDE activity has not been forthcomlng To
address my second aim, | have conducted this study in both homogenlzed and
tsolated lntact common carotld arteries from both age groups. Th|s
expenmental design, allows me to address the recent concerns ralsed in the
literature that the tradttlonal broken cell techntques used for studying PDE
activity, may actually produce Vphy5|olog|cally irrelevant information [Schoeffter,'
- P. etal.,, 1989][Ahn, H O et al., 1989][Barber, R., et al., 1992]. The basic
teChniques I used for the broken cell preparations (crude homogenates) are
well establlshed [WeIIs et al. 1974] Unfortunately, no experlmental de3|gn has |
been reported which aIIows for the measurement of PDE act|V|ty in |ntact
3t|ssue. In order to study PDE actnvnty in an intact preparatlon, | developed a
“novel t-echnique to estimate both GC and PDE activity simultaneousty ina

‘single kintact section of artery.

12



METHODS
Experimental Procedures

| obt'ained c.ommon carotid arteries (C'Ol'\/l)‘f‘ro'm' young .no'n-pregnant

~ adult sheep (age '18;24 months)v} and newborn Iambs (age 3-5 days). Tissue'
. : trom adult animals was obtained‘from‘a local slaughterhouse within 4 hours ofv‘,
‘ _} slaughter, and kept packed |n ice until dissection Tlssue from newborn

animals was obtained from lambs brought into the facmty, and sacrlficed with a
Iethal |n]ect|on of sodlum pentobarbltal on the day of the experlments

The followmg isa detalled explanation for the initial treatment of the

‘ arterles used in this study This procedure was originally developed by Pearce .
et al. 1991 three or four cm sections of arteries were cleaned of all connective |

:;tlssue and adlpose tissue Except where noted each segment was

e mechanlcally denuded of its endothellum usmg a roughened Iarge gauge

.blunt-end hypodermlc needle, and then flushed W|th water By removmg the
endothellum prior to the experlmental procedure | was able to eliminate any

unwanted effect of EDRF which would result in an uncontrolled stimulation of v
the vascular smooth muscle The vessel segments were cut |nto 3 mmring
segments and each vascular ring was mounted on paired wires between a
~ force transducer (KulrteBG-lO) and a post attached toa micrometer (used to
vary resting tension) " During all eXperiments data was continuously digitized,
normallzed and recorded usmg an on-line computer [Fig. 3].

In a Krebs-bicarbonate solutlon containing; 122mM NaCl, 25 6mM

NaHCOg, 5. 56mM dextrose, 5. 17mM KCl, 2.49mM MgSO4, 1 .60mM CaCly,
B ‘and 0. 027mM disodium EDTA, contlnuously bubbled ‘with 95% 05, 5% COz

13



and maintained at 38.5°C (normal ovine core temp'erature), the fre'shly.'

| moUnted erterieewe‘reﬂ S|vov\‘NIy and re_peetedly' stre_tched until optimu‘m baSeline
tensions of 1g [Pearce et al. ‘1991]‘ remained stable for at Ieas't 30 min. In

! order to replenlsh the vessel' s mtracellular stores of Ca2+ the arterles were

| then contracted wnth an isotonic potassium Krebs solutlon contalmng 122 mM
K+ and 31 mM Na+. After peak tensions were reached, the arterles were
vﬂlwefshed with normal sodium Krebs and aIIoWed'to re-eqUiIibrete to bay_sveline-‘

tension for another 30 min. -

Transducer

Micrometer
(used to vary
resting tension)

382 C

~ Circulating
‘Water Pump | 95% 02 5% 002. |

Dramage

Flgure 3: The Isolated Vessel Bath Vessel segments were cut into 3
mm ring segments and each vascular ring was mounted on paired wires
between a force transducer (Kulite BG-10) and a post attached to a
micrometer (used to vary resting tension). During all experiments, data
was continuously d|g|t|zed normallzed and recorded using an on-line
computer .



c}GMP Time Course =

In ;order to 'determine if the di,fferen,oe' in newborn and adult basal cGMP
_Ievels observed by Pearce et al., 1‘994‘ were due to a difference in basal EDRF
ilevels vessels wh|ch were both endothellum intact and endothellum denuded
- were flash frozen in liquid n|trogen at baseline condtlons after a K+ contraction.
cGMP samples were taken at thls pomt based on the previous validation work
by Pearce et aI 1994, which has -shown that basal cGMP levels remain
| .unchanged before or after a serotonin or K+ contractlon

To measure the normal cGMP time course, six segments from each
animal studied were used. Once'a stable contraction had been achieved |
“using 1uM ‘serotonin (5-HT)‘, each vessel was treated yvith 10 uM (EDmax)
aqueous S-'nitrosvo-N-acetyIv‘penicillamine (SNAP, an exogenous source of ‘
nitric oxide) and flash frozen at}t - 0s, 20s, 40s, 60s, 803, or 100s. In order to |
estimate the GC activity afone; these experiments were also repeated with’ba 4
‘min pre-inoUbation in 300 uM of 3-isobutyl-1-methylixanthine (IBMX;, a total
~ inhibitor of phosphodiesterase) dissolved in DMSO, prior to the treatment with
| 5 HT and SNAP The frozen vessels were subsequently homogenlzed and

assayed for cGMP as descrlbed below
" Crude Homogenate Preparation
o In light of concerns ralsed in the literature that traditional broken cell

: fhnlques for studylng PDE act|V|ty may produce phyS|olog|caIIy irrelevant
in

ormation, | performed a set of experlments to compare intact and broken ceII
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determinations of PDE activity. | For the broken cell technique | chose a siightly
un}enhodox.technique. Rather than measuring the appearance of prod‘uct in
my preparation (in this caee GMP), | chose to measure the disappearance of
substrate (cGMP). The reas,oh | chose this approach, was based on two
factors. 1) The assay developed by Wells, et al., [1975] to measure the
apbear’ance of GMP, is extremely complicated, time consuming, and
| expensive. This assa_y also requires equipment which | do not have at my
dis'posali 2) The sensitivity of my already existing cGMP aesay was extremely
high. Thisl assay can detect down to 1.5 fmol cGMP in a 75ul sample. This
- range of sensitivity gave me confidence that | could accurately measure minute
| changes in substrate concentration. |
. Approximately 20 - 30 mg (wet weight) sections Qf'COM were
) hemogenized in a 40 mM Tri’s-HSCI' (pH 7.5), 1.6 mM CaClo, 2 mM MgClo, 1 mM
ditniothreitol buffer at 4°C [Wells, et al., 1975] [Weishaar, et al., 1986]. Also
added to the homogenization buffer was a mixture of protease inhibitors;
| 76.8 nM aprotinin, 83 mM‘benzamidine, 1 mM iodoacitamide, 1.1 uM
leupeptin, 7 uM pepstatin A, 0.23 mM phenylmethanesulfonyl fluoride (PMSF)
[Campbell, et al., 1984] for a total of 2 ml. Samples were centrifuged at 3000g
for 30 min. An aliquot of the resulting supernate‘wa‘s assayed for Tris-HCI
soluble proteins as described below. The remaining supernate was divided
int;o six, 250pl samples and placed into tubes kept at 4°C. In order to remove
any_ endogenous cGMP from the preparation, each tube was individually
warmed in a 37°C water bath for a minimum 30 min "clearing period", before
the addition of substrate (10 umol cGMP in a 0.05M sodium acetate buffer

(pH5.8) containing sodium azide [Amersham Corp., lllinois]). Early attempts at
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this protocol W|thout the clearlng perlod produced varylng startlng Ievels of

o ‘cGMP The absolute Iength of the clearing perlod drd not seem to be relevant

so |ong as |t exceeded a mlnlmum of 30 min. The concentration of the

‘substrate |tself, was apprOX|mateI‘y‘10x greater than reported values cf.Km for

| PDE With the additioh of the substrate each tube Was altowed to inc'ubate for
t=0s, 5m 10m 15m 20m, or 25m At the end of the incubation perlod 2ml of

- 6% TCA was added to each tube At th|s pomt the samples were centrifuged,

ether washed, lyophilized and assayed for remaining cGMP..
cGMP Synthesis and Degradation in Intact Segments

| In order to preserve ihtracellular compartmentatization, thus more
closely_emulating the in'Vivo system of the ihtact artery‘, | have developed a
uniique method for deriving both PDE and GC activity simultaneously ina |
minimal amount of tissue from a single animal. | refer to thisvtechnique
throughout the study as the 5-30 protocol. |
- From each animal studied, two sets of vessels, .each consisting of three |
| adjaceht}vessel_ segments were. used. To determine the synthetic capacity for
cGMP (SYN), the first set of vessels were pre-tncubated in 300 uM IBMX for 4
min before the admin'is,traticn of SNAP and then flash froien. The first segment
| was frozen att = 5s, the neXt att=15s, and the last att = 30s. To determine the
- net total of cGMP synthesis and degradation combined (NET), the second set
of vessels were treated only with 10 uM SNAP, and then similarly frozen. The
frozen vessels were subsequently homogenized and assayed for cGMP as

described below. The slope of the change in cGMP accumulation (pmol/mg
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protein/min) between 5s, 15s, and 30s, was used tovcalvculate the rates of SYN
‘and NET. Degradation (DEG) Was calculated as the'algebféic difference
v betweeh SYN and NET. Because this ’technique-caIvcuIates PDE activityk as the
slgeb'raic‘difference between SYN and NET, rather thah directly measuring
PDE activity, the PDE activity determined in this manner is expressed as an
N sstimation of activity. |

, One of the most important aspects of this protocol is time points at whigh
| chose td take my measurements at. The time pbints that | ultimately chose
were based upon the following assumption; Before peak cGMP is reached,
synthesis must be greater than degradation, as peak cGMP is reached,
synthesis must equal degradation,rand finally as the cGMP level returns toward
basal values, synthesis is less {han dégradétion. Keeping this in mind, | chose
the time points for this protocol so that both the synthetic and degradative
components were active at the same time. In addition to this consideration, |
chose not to take my firsi measu‘\re\r‘nent att = Os, rather | took it at t ="5s; This
‘was in order to éllow the exogenous NO released from SNAP, time to defuse
into the artery. This would ensure that all measurements would be in

enzymatically active arteries.
Cyclic Nucleotide and Protein Determinations

Frozen artery segments were stored at -80°C until assay, at which time
they were individually homogenized in 1 ml ice-cold 6% trichloroacetic acid

using a motor drivenground glass pestle and mortar (Lurex, Vineland, New

Jersey). After centrifuging the homogenates for 60 min. at 3000g, the resulting
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~ pellet 'was‘used for protein dete‘rmihation and the decanted superhates for

. subsequent cGMP assay. : o |
Deteri‘nination of prbtein content was ide’htical‘ to that previously
-described by Pearce et aI.’,1991, except ‘fOr samples frenm’ ’I[‘he crude
homogenate prepafati_on -(s:ee'belov"v)'.. .For each}‘prot',vein s}amvpvle,},the‘ pellet was .
resuspended in 1 .0 M NaOH at 37°C for 60 min. This method of 'extraction' is
‘de'signed to exelude vcohnectivetiesue and strUcﬁuraI 'proteine, asﬂ previously
- shown by others [FUfth et al., 1:98‘7]’[}Sbskelet ‘al.',v1987].vv After resué‘pension,
"the sarhples were centrifuged again for160 min. at 3000 g. AIiduots of the
resulting supernates were then neUtraIized with an equal volume of 0.9 M HCI.
In order to avoid protein aggregation, the samples were further diluted with 125
mM urea at a 5:1 ratie of urea to sample. - The protein was then quantified |
using the BioRad's coomassie brilliant blue pfotein dye (cat#500-0006).
Bovine serum albumin served as the reference for the standard curves
determined with each set of unknowns. As has been preViqust shown, this
assay produces protein‘ values which are both consistent end uniform in the
vessel type studied [Pearce et al., 1991].

The aliquots of Tris-HCI soluble proteins from the crude'homogenate
preparation did not undergo NaQH resuspension or neutralization. These
samples were diluted directly with 125 mM urea at the same 5:1 ratio before
the addition of the Bradford dye.

To prepare the corresponding original ~supernatee for cGMP
determination;’ each sample was washed with .weter saturated diethyl ether a -
minimum of three times to remove the TCA used ,to‘ originally homogenize the

samples. Any remaining ether was allowed to »evaporate,v'and aliquots of the
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- aqueous phase Were then lyophilized and stored at 42C until assayed
cGMP content for each sample was determined usmg commercially

‘}avarlable radlo |mmune assay (HIA) Kits [RPA 525 Amersham Corp., lllinois]. -

~ The followrng is a brief summary of the Amersham cGMP RIA assay The .

assay is based on the competltlon between unlabeled cGMP and a fixed
quantlty of 125]- Iabeled cGMP for a l|m|ted number of b|nd|ng sites on a cGMP-
specific antibody. W|th a f|xed amount of antibody and radloactlve Ilgand the
~amount of radioactive ligand bound by the antlbody W|Il be inversely

, proportional to the concent_rat'ion of added non‘-radioa‘ctive ligand. The
antibody bound cGMP‘ is then reacted with t-he} Amer'lex'-MT'V‘ second‘antibody

| reagent Wthh contains a second antlbody that |s bound to magnetizable |
polymer part|cles The ant|body bound fractlon is separated by centrlfugat|on v
When the unbound radloactlve supernate is decanted off from the pellet |
measurement of the radloactlvrty in the pellet enables the amount of labelled ¥
'¢GMP in the bound fractlon to be calculated The concentratlon of unlabeled

- cGMP in each sample is then determmed by |nterpolat|on from a standard

CUI’VG '

Normalization

All reported values for cGMP were ultimately normalized to give umol‘v- .

o cGMP /L cell water Total water content for eachage group was determined

separately, as the algebralc dlfference between the tlssue s wet weight and its

| ', dry welght Subsequent protem assays were performed on the dry tlssue

| j-usmg ether the NaOH or Tns HCI extractlon techmques to determine the ratio

~of proteln, to total tissue water. The .ratlo of cellular protein to cell vwat_er was
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determrned using the formula »
' %P / %W. * (1 00-%Wt) l %Wt :

where %P = %dry weight protein ‘%Wi = %intracellular water, 'and-%Wt = total
%wet werght water Both %P and %Wt were measured drrectIy The value
'used for %Wi was taken from publrshed values [Cox et al. 1976] These ratios
- for both NaOH squbIe protein and Trrs-soluble protern were used to convert all
cGMP values rnto units of umol cGMP per liter of cell water. By' normalrzrng to
'ceIl water content rather than raw protern | was able to express: cGMP asa
D ’concentratron thus avordrng maturatlonal changes in protern encountered

. when comparrng the newborn to the adult



RESULTS

All repbrted va’Iues ofn refer't'o'the number of animals, and not the

' ;nUmber of segments AII values are repOrted as means + SE. Unless noted,

all values for: cGMP are expressed as umol cGMP - L ceII water -1, Statistical

,’ "\_‘LS|gn|f|cance was determmed W|th a student s T test where p <0 01 equals a

v _S|gn|f|cant :dlf_f_erence.

Basal EDRF

As |nd|cated in Flg 4, the basat level in the adult coM W|th mtact

0.7-

0.6 S
;1 |1l Intact

Denuded

057

0.4

‘umol cGMP/ L Cell Water

Adult

New '.'f“; » |

Figure 4: Basal cGMP in Newborns and Adults + Endothelium. All

values are given as means + SEM. N =
‘newborns in endothelium intact segments. N
~ newborns |n endothelium denuded segments.
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endo‘theliu‘mv Vshows‘ no significant difference (0.11 10.017) from the paired
‘endothelium denuded adult COM. (:0.1 1 +0.007). “Consistent with this finding,
the }conrrespon‘ding’ newborn values f.ok the COM with intact endothelium (0.508
+0.098) and its paired endothelium denuded COM (0.488 +0.064) élso |
éhowed no significant difference. For both intact and dehuded, the newborn.

basal cGMP levels were significantly higher than the adults.

~ IBMX Validation v

Before | could utilize the PDE inhibitor IBMX, my first step was to
determine the concentration of IBMX needed to completely‘inhibit PDE actiVity
in my prepérati‘ons. Previously reported effective doses for IBMX ranged from
1uMto 1 mM. In }order to chose the proper dosage, | took measurements of
cGMP in the presénce of Vawiﬁg doncentrations of IBMX"(3 gM, 30 uM, and
300 uM,) over a 12 min time period in endothelium intact segments. | found
that all three concentrations produced similar stable plateau values of cGMP
(data not shown). BeéaUse the concentrationé tested showed a similar
capacity for cGMP .inhibition, | chose the average dosage réported in the

literature, 300 uM IBMX, as my éxperimental Concentration [Fig. 5].

Crude Homogenate Preparation.

Using the crude homogenate approach, i'first examined the rates of
cGMP degradation by total PDE with, and without IBMX for both age groups.
The rate of degradation was calculatedv for each anim‘al in each age group, as
the slope of the disappearance of the cGMP substrate over the first 15 minutes
of incubation. IndiViduaI ‘animals were includéd or excluded from the analysis
using values of r2 criteria for fit. Any ahimal expressing an r? value of <0.950

(95% confidence level) was excluded. Finally, the individual slopes for each
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Figure 5: Validation of the Effect of 3-isobutyl-1-methyl-xanthine
(IBMX) in Adult Endothelium-Intact Common Carotid Arteries. Vehicle
for IBMX is DMSO. All values are given as mean £SEM. N = 4 for IBMX.
N = 7 for control.
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age group were a\reraged and plotted using tne’slo.pe 'to'_’ 'b'.ack-calculate‘ the
mean + SE for each time point (Om, 5m, 10m, and 15m).- This technique
revealed a signilficantly greater degradative capacity in theadult COM (2.406
+0.224 pmol cGMP - L cell Water 1. min -1) than the newborn (1.407 +0.157
umol cGMP . II_.ceII water 1 min -1) (p <0.01) [Fig 6]. Although
measurements of cGMP were also taken at 20 and 25 m|nutes these t|me -
pomts were: not included i in the analysis. These t|me pomts at the extreme end
of the incubation displayed a non-linear nature. This would tend to indicate

that the concentration of the cGMP substrate had fallen below the optimum |

PDE Km.
NEWBORN ~ ADULT
-@-10;M cGMP Substrate . T Substrate+ 300iM IBMX| - —d1qlMcﬁMP Subsrate -El-sl‘xnstrae.afsoliBvrx:
60
S
2
(1]
=
. % 40
(&)
-
~
a.
=
G 24
o
o
E
=
0 T T T T T T T T

3 0 3 8 » 1% 18 3. 0 3 6 9 1 15 18

Mmutes of Inc ubation

Figure 6: Rates of cGMP Degradation in _Crude Homoqenates All
values are given as mean £tSEM. N = 5 for IBMX + cGMP, and 9 for

¢GMP in the newborn. N =5 for IBMX + ¢cGMP, and Il for cGMP in the i

adult.
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 cGMP Synthesis and ‘Degradation in Intact Segments
' . .v cGMP Trme Course o

When |ntact artery segments from each age group were treated W|th a
single dose of 10uM SNAP, cGMP Ieve,ts increased rapldly and peaked
,between at 60s (1 41”-+O»191' adult COM) and 80s (1.6 £0.308; newborn

o 'COM) After peak Ievels were reached, cGMP returned towards baseline

levels by 100s [Fig. 71. AIthough no S|gn|f|cant d|fferences were observed in

NEWBORN - AD ULT

[ ®—sNAP only - SNAP+ 300w BMX | [-O- SNAPory [ SNAP + 300iM IBMX |

" wmol cGMP/ L Cell Water
(4]
1

0 T T T T 0 T | BT T T
0 20 40 - 60 80 100 80 100

Seconds of Exposure to 10uM SNAP

Figure 7: Normal SNAP-Induced cGMP Time Course. Compared With

- the Effects of IBMX on SNAP-Induced cGMP Accumulation. All values
- shown are given as mean = SEM. The total cGMP synthesized in the
~ newborn was143.39 umol cGMP - L cell water -1 and 85.54 pumol cGMP
- L cell water -1 in the adult. Total synthesized cGMP was determined by
-integrating the area under the normal time course curve. N = 14 in the

- newborn and 10 in the adult for SNAP. N =9 in the newborn and 8in
the adult for SNAP/IBMX

cGMP peak Ievels between age groups, a S|gn|f|cant dufference was observed
~in the total cGMP synthesized in each age group. The total cGMP synthesrzed
in the newborn (143 39) was 8|gn|f|cantly higher than in the adult (85.54).

” Total syntheS|zed cGMP was determrned as the mtegrated area under the time

course cu rve.
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Whén intact artery segménis from each age ‘group were pre-treated with
300uM IBMX befdre‘ the additioﬁ of‘10uM SNAP,‘CGMP levels increased

| rapidly and reached plateau valués within 100s. Once f‘eached, this pléteéu- ,

was stable for at least 12 min (as was shown in Fig 5.). Adult artéries reached

a stable plateau of approximately 2.917 +0.502 by 100s. The cGMP levels in

the newbofn reached a plateau of approximately 8.416 +1.338 by 100s.

Although both age groups achieved a plateau, the level of cGMP accumulation

was significantly greater in the newborn than the adult.

PDE and GC estimation in whole artery segments: »

~To preserve comparfmentalization, | developed a technique whidh
enables me fo ééﬁmate the rates of cGMP degradation in whole, unbroken
arteries. This technique also enables me to make a simultaneous estimation of
the rate 6f cGMP synthesis from the same animal [Fig. 8]. Over the first 30s of
exposure to SNAP, both the newborn and adult have a similér net rate (NET) of |
cGMP synthesis - degradation (0.056 +0.007 and 0.051 +0.01 pmol cGMP - L
“cell water -1 - sec -1, respectively). Over the same exposure pe'riod, the
newborn displays a higher éynthetic rate (SYN) than the adult (O‘.127 +0.019
and 0.099 +0.021 umol cGMP - L cell water 1. sec 1, réspectively) When the
rates of degradation (PDE activity) for each age group are calculated as the
algebraic difference}between SYN and NET, the newborns display a higher
rate of degradation when compared to the adults (-0.071 +0.014 and -0.048
+0.013 pmol cGMP . L cell water -1 . sec -1, respectively). The technique used
for determining the individual slopes was identical to that used for the crude

homogenate preparation.
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“umol cGMP / L Cell Water

—l- SNAP +IBMX (Syrthesi orly) SYN -1 SNAP+ BMX (Synthesis only) SYN
—@- SNAP Conto!l(Synthess - Degmdatian). NET —O- SNAP Contol ©wthess - Degadaton)‘NET
5 B
SYN -NET= Degradation SYN - NET= Degradatio
44 .
34 _ dope:.127 +019 —
2 -1 sbpe: .099_1021
] sbpe: .056+.007 | » /%
14 — “slgpe: .051+01
0 1 I I I 1 -l ' h g 1 I 1 T 1
0 5 - 15 30 -0 5 15 30
Seconds
Figure 8: Rates of cGMP Accumulation and Degradation in_Intact

Arteries. All values are glven as mean +SEM N = 8 in the newborn and

13 in the adult.
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"DISCUSSION

Part I: cGMP Metabolism

‘In the introduction, | have suggested several likely explanations for the
age-related differences in basal cGMP levels. ThoSe‘epranatibns are; 1)
Basal- EDRF is greater in the newborn, compared to the adult, 2) The synthetic
capacity bf GC is greater in the newborn, compared to the adult, 3) PDE activity
is lower in the newborn, compared to the adult, or 4) The difference between
synthesis / degradation is similar in» both newborn and adult, and it is the
absolute levels of cGMP which differ. When considerihg the results of this
project, | believe that | can eliminate the first of’vthese explanations. Based on
Fig. 4 in which | have removed the endothélium from the ring segments and
compared the basal cGMP levels with endothelium intact ring segments, | Have
clearly demonstrated that the endothelium does not effect the basal cGMP
levels. | |

In order to address the second and third explanations, | had to conduct

experiménts which could separate each of these élements. Traditionally this
would be accomplished in a broken cell preparation, ih which the enzyme in
question would be isolated, puyrified, and then tested in the presence of its
substrate for product appearance. Unfortunately this is hbt a practical |
approach in the case of soluble GC. Soluble GC activity is somewhat affected
by compartmentalization [Waldman and Murad,1987]. So in order to address
the second explanaﬁon: 2) The syhthetic capabity of GC is greater in the
newborn, compared to the adult, |1 chose a pharrhacological approach in intact

tissue. By inhibiting the degradative activity of PDE with IBMX, | was able to
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measure the total accumulation of cGMP over the first 1 OOs after éxposure to
SNAP [Fig. 7]. 1 used this cGMP accumulation as a direct indication of GC
activity. The level of cGMP ‘accumulation'was much greater in the newborn
than the adult. This may indicate a greatly enhanced GC capacity in the
E newborn relétive to the adult. If this is true, this data would tend to support the
second explanation. However, a certa.in‘ question casts ISOme doubt upon this
as the sole explanation. Is this truly a mea'surement of CG activity, orisitan
indication that newborn and adult GTP levels are different? Substrate
exhaustion of.GTP by GC could easily explain the observed diffe‘ren‘ces in
plateau cGMP values. Because newborns are }m-etaboilically more active than
adults, it is conceivable that greater levels of GTP do exist in the newborn
cdmpared to thé adult. An extensive search of the literature yielded no
information on this possibility. As éuCh, the second explandtion can neither be
- provén nor eliminated at this point. In light of this consideration, what can be
stated is; whether due to a difference in GC or substrate ava‘ilability,u the
newborn does have a higher capaCitiy»for cGMP éyn.thesis cdrhparedfto the
adult in an in vivo situation.

~ When | began to consider the third éxplanation: 3) PDE activity is lower
in the newborn, compéred to the adult, | encoUntere‘d the problem of PDE
comvpartmentalization. The likelihood that PDE activity was affected by
compartméntalization was extrem'ely high. Despite this Iik'elihoovd, studies
involving PDE families and subtypes have all previously been conducted in a
traditional broken cell preparation. To comblicate matters even further, thé
published values for PDE Vmax and Km are both wide and varied. This

~ variation could be accounted for by the extraction and isolation techniques
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utlllzed by each study Rather than snmply repeatmg S|m|Iar experlments to
mvestlgate pOSSIb|e maturational changes in PDE actlwty, I chose to
investigate PDE activity in both intact and ho,bmoge_nllzed‘arterles. For the
o brdken cell technique | chose to use crude Horﬁogehates ’rathér.th'an an

~ isolated and pUrifiéd enzyme preparation for threé reasons. 1) A crude

homogenate preserves any possible enzyme co-factors that may be required -

by PDE for optimum activity. 2) "Enzytne»purification requires large qUéntities of

tissue, which necessitate the pooling of tissue from several anirhéls". This

. techniqué makes thevdéterrrtination of PDE activtty from a si'rtgle‘ anirrtal |
impossible; 3) In.an in vivo system, the total amdunt and velocity of cGMP
degradatib'n, is a function of the combined activities of all PDE types present.
An isolated PDE preparation ort.ly yields data for a single PDE species, and |

does not accurately reflect the in vivo system. , .
Utilizing this crude homogenate approach, | was able to examine the

" rates of cGMP degradation by PDE with and without IBMX for both age groups.
- This technique revealed ne‘arly a two fold greater degradative capacity in the

~ adult [Fig. 6]. Basédvsolely on this data, it would éppear tttat the lower basal -
levels found in the adult are due to th‘e‘adUIt’s greater PDE aCtivity. Data
collected in this manner Would tend to support the third explanation A|th0Ltgh‘|
was able to determine the apparent rates of degradation fdr each age group
with this technique, these rates are only an expression of the Vmax for PDE.
Whereas | could control the Starting concentrations of svubstrate in my
preparati.orts, the same is not true for thé stavrting concentrations of PDE. Vméx
| values are extremely sensitive to énzyme conceptrations and characteristics.
Both of these factors can change from ani‘m‘al to animal, and from p'reparation’”

to preparation.

31



I also chose to mvestlgate PDE actrwty in |ntact arterles The technlque
that | developed to accomplish this is the is the 5-30 protocol The advantage
of this technique over the crude homogenate approach, ‘|s that not only does it
‘enable me to estimate the rates of cGMP degradation in whole, unbroken
arteries it also enables me-to make a simultaneous estimation of the rate of
cGMP syntheS|s from the same anlmal AIthough the 5-30 protocol is an in
vitro approach it more accurately duplicates the in vivo S|tuat|on and
eliminates much of the animal to animal variation encountered in the »

* homogenate approach. If | apply the 5-30 protocol to examine the degradative
component anne the estimated PDE activity is higher in the newborn
compared to the adult [Fig. 8]. When this data is compared with that from the
homogenate experiments, the results produced are completely opposite. In
order to decide which of the two preparations best represent the in vivo - |
situation, | have gone back to the results of the second question. If the results
from the second question can be accepted as accurately refl‘ecting the in vivo o
situation due of the intact nature of the»_exper_iment, | must accept the intact PDE
preparation as the preparation which most ,a_ccurateiy reﬂects the in vivo |
' situation. In doing so, the results of the intact PDE preparation*must therefore
eliminate the third explanation for the age-related differences in basal cGMP
levels. Although accepting the intact preparation has eliminated an
explanation, it has also provided a clue that supports the fourth explanation

| believe that my final explanation: 4) The dlfference between synthesrs / }
degradation is similar in both newborn and adult, and it is the absolute levels
~of cGMP which differ, represents the best mechanism for the age-related

differences in basal cGMP. In order to justify this explanation, | must utilize
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_data from both the 5-30 protocbl [Fig. 8], and the n'ormaI‘cGMP-time cours’e
[Fig. 7]. Now when | consider 5-30 protocol [Fig. 8], | have included all of
the components in the‘techni‘que. Both synthesis‘end degradaﬁon are higher
in the newborn cornpared to the ‘adult, but the net total of cGMP synthesis a‘n_d
degradation combined is nearly the sa‘.me This indicates that regardless of'the :
absolute rates of the synthesrs or degradatlon when fully activated, the net
effect of the enzymes are the same.

Further support for this explanation can be found in the normal cGMP
time course. During the dynamic measurements of cGMP responses to SNAP
seen in Fig. 7, the age-related differences observed under basal conditions
do not persist at peak cGMP levels. Because the peak values in the newborn
are similar to those of the adult,v the difference between synthesis and
degradation during rnaximal activation appears unaffected by age. It,rernains‘
possible, however that the absolute levels of both syntheS|s and degradation
are quite different in the newborn and adult. This is indicated by the significant
difference observed in the total mass of cGMP synthesized in each age group.
The total cGMP synthesized in the newborn was higher than in the adult.
Because the difference between synthesis/ degradation is similar in both
newborn and adult, the inital rise, time to peak, and cGMP level at peak are all
similar. Furthern'rore, the relationship between synthesis and degradation of
cGMP is similar in both the adult and newborn arteries, however, the total mass

~of cGMP synthesized following a given stimulus is greater in the newborn than
adult arteries,‘ and hence the impact of the same amount of degradation is
correspondingly less. This results in a net greater massv,of cGMP synthesis, |

greater secondary phosphorylation, greater attenuation of vascular tone and
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ultimately more prolonged relaxation state in the newborn as compared to the
adult arteries, for the same stivmulus. The higher basal levels of cGMP seen in
the newborn arteries reflects the lesser impaet of degradation of cGMP in the
newborn as compared to the adult vessels.' This observation combined with
the findings of the 5-30 protocol lends considerable support to the fourth
explanation. A_better graphic representation of this statement can be seen in '
Fig. 9. which summarizes Fig. 8 and helps to more vclearlyv illustrate the

difference in the absolute levels of cGMP between the age groups.

Il Synthesis Degrad ation
0.15 '
SYN -DEG
0.1- .056+007 —
SYN- DEG<-|'

.051£.01

0.05

umol cGMP /L Cell Water / Sec.

Newborn R Adut

Figure 9: The leferences Between Synthe3|s and Degradatlon of
cGMP are Shown for Newborn and Adult Arteries. All values are given

as means N = 8 in the newborn and 13 in the adult
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Part II: Compartmentalizatibn
The second section of this project was designe_dlto determine if
' cdmpanmentalization plays a roie in PDE activity. | first hypothesized that
compartmentalization may play a role in smooth muscle PDE activity when |
considered the role it plays in GC activity. Thé subcﬁellularv distribution of GC in
smooth muscle suggests that each enzyme isoform has a unique biological
role. Whereas the soluble form might be situated to respond to intracellular
cues and to react to diffusible substances such as NO, the membrane-bound
enzyme seems poised to respond to extracellular messages. This elegant
compartmentalization of cGMP synthesis undoubtedly has some physiological
significance which is utterly destroyed in homogenized preparations [Lincoln,
1989]. Given the cloéely linked interrelationships between GC and PDE, the
likelihood that PDE activity is also affected by compartmentaiization is
extremély high. 7
Further evidehce for this possibility can be found in the PDE Iiterature‘
itself. Not only are the published values for PDE Vmax and Km varied,
several of the PDE éubtypes require co-factors that are known to be
compartmentalized or subject to constant fluxes in availability. PDE type | is
dependent‘Upon both Ca2+ and calmodulin. PDE types Il and Il are either
stimulated or inhibited by cGMP availability. In addition to co-factors, in intact
tissue, PDE effectiveness is the result of one or more of the subtypes working
in conjunction with one another. It is these considerations which lead me to
believe the PDE activity was effected by compartmentalization.
Much to rhy surprise, ndne of the available data on PDE activity took into

account the possible effect of compartmentalization. What | did find were
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enzyme studles Wthh methodlcally punfled and |solated the dlfferent PDE
families and i |sozymes determlned their varlous Vmax’s and Km’s, and then
}extrapolated those act|V|t|es to p_hyS|oIog|caI relevance. AIthough the -
f}identification classificatiOn and chavracterization of the”PDE enZymes is an
' |mportant flrst step, accurately dupllcatlng the necessary factors for optlmum
act|V|ty in a purlfled and |solated preparatlon |s V|rtuaIIy |mp033|ble
: Unfortunately the only eX|st|ng data regardlng PDE act|V|ty is from preparatlonsv‘
of this type. | - | | -

It is th|s situation WhICh Ied me to develop the 5-30 protocol As
| “previously descnbed I conducted this study in both homogenlzed and isolated
intact common carotid arteries from both age groups | then compared the |
~ results from the two technlques and found a dramatic dlfference between the

two. The homogenate technlque revealed nearly a two fold greater

: ~ degradative capacny in the adult compared to the newborn The 5-30 protocol

| ,|nd|cated the opposite. When | utilized the intact preparatlon of the 5-30
protocol, the degradative capa_cnty of PDE was greater_ln the newborn as
- opposed to the adult. When | compared the actual calculated rates of

degradation between the two_te‘chn’iq'ues, further discrepancies were

- observed. ,The-rates of degradation for the newborn and adult in the

homogenate preparation were 1.407 and 2.406 umol cGMP . L cell water -1 -
- min -1 respectlvely When the estlmated rates for the 5-30 protocol are |
~ converted to the same units as the homogenate preparatlon the rates for the
newborn and adult become, 4.26 and 2.88 umol cGMP - L cell water -1 - min -1,
_’re‘specti_ve'l_y. Although the rates for the adult appear Sirnilar betw'een the two

techniques, the rates for the newborn are still very different. The rate similarity
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‘between the} techniques in the adult, can be‘easily eiplained‘by the relative
differences in the cGMP substvrate conCentration of the two techniques In the
mtact trssue the PDE lsozymes operate in an envrronment which never
- exceeds 2 umol cGMP - L ceII water -1 In the homogenate preparation, the
-PDE rsozymes are exposed to a cGMP substrate in excess of five time higher

~ than that in the intact tissue. As prevrously stated, the calculated rate of
degradation in the crude homogenate is actually an expression of Vmax. | As
such, any value for the V value can be altered depending upon the
concentration of substrate. As the substrate co'ncentration drops due to
degradation, the rate changes and becomes nonflin‘ear. _‘This»phenomenoh .
‘was observed during the actual_homogehate experimehts., When the cGMP
substrate concentratioh began to approach physiological levels in the time i
points at the eXtreme end of the‘rincubation, rates of degiradation_begkan to |
display a non-linear nature. This is a strong indication that the
compartmentallzatron of the intact tissue aIIows the PDE isozymes to functlon“}.
at an optlmum actlvrty whrch can only be achieved in the homogenate |
preparation when the substrate is well i in excess of physwlogrcal levels. With
regards to the newbornv, althoUgh the differenCeiln the rates of degradation is
maintained between the two techniques, this same explanatioh stitl applies.‘

Although this data is not conclusive, the ditfe'rence in results between
the crude homogenates and the 5-30 protocol, strongly indicates that -
cvompartmentalization plays a physiolOgicaIIy important role in PDE activity.

As | developed and considered the results of the 5-30 protocol, a
practical,application for my technique occurred to me. The 5-30 protocol may

‘prove to be extremely useful with the development of new PDE inhibitors.
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Drugs such as zaprinast and quazinone which inhibit specific PDE isozymes, -
display a vast potential for clinical usage as tissue specific"vascdiolaters |
. These drugs may be greatly superlor to the traditional n|trovasod|Iators or beta- v
adrenerglc blockers on two accounts 1) many of the new PDE |nh|b|tory drugs
do not show the propensity for the development of to|erance [Polson 1990] 2)
~ due to the heterogeneity of PDE |sozyme dlstrlbutlon, drugs with a selective
PDE inhibition may be used to target specific tissue [Polson, 1990]. The :
selective inhibition of a single PDE isozyrne within a target vascular bed, such
| as the cerebral circulation, would permit the subtle manipulation.of intercellular |
cGMP levels and thus croduce vasodilation exclusively in the target arteries.
Unfortunately the development of any drug intended for human use requires |
extensive animal testing. UtiIizing present techniques, large numbers of |
| animals would be required to broVide a sufficient quantity' of tissue to test“ th, _‘
only is the valldity of these technlques in question, harvestlng a sufficient
quantity: of tlssue to test the efficacy of a drug targeted on the smaller vascular |
beds such as the cerebral arterles,_ would prove to be extremely difficult and
costly. My technique has the _pctential of minirnizing the numb'er oi animals | :
ncrmaIiy required for testing, and readily allow fcr testing in specific vascular' -
beds. | - | | i
In conclusion the difference between synthesis/ degradation is similar in.
both newborn and adult, and it is the absclute levels of cGMP which differ. It is
this mechanism that best explains the age-related dlfferences in basal cGMP
The most important finding of this study is that the rates for PDE degradat|on |
are significantly d|fferent between the whole-unbroken and the homogenized

‘preparations.
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