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Abstract

To examine the hypothesis that maturation modulates
nitric oxide {(NO) induced relaxation in cerebral arteries,
we quantified concentration-relaxation relations and the
corresponding dynamic responses of guanosine 375
cyclic monophosphate (cGMP) and adenosine 375"-cyclic
monophosphate (CAMP) levels following administration
of nitroglycerin  and S-nitroso-N-acetyl-penicilamine
(SNAP), an NO donor, in posterior communicating and
middle cerebral arteries from newborn {3-7 days} and
adult sheep. The results offer 5 main observations:
(1) the efficacy and potency of NO donors were generally
greater in newborn than in adult cerebral arteries;
{2} rates of relaxation, and presumably rates of NO
release, were faster for equimolar concentrations of
SNAP than for nitroglycerin in both newborn and adult
arteries; (3} basal concentrations were greater for cAMP
than for cGMP, and both were greater in newborn than
adult cerebrat arteries; (4} in adult cerebral arteries, NO-
induced increases in ¢GMP ocourred faster but relax-

ation developed mare slowly than in newborn cerebral
arteries, and (5} responses to NO donors involved signifi-
cant cross-reactivity between ¢cGMP and ¢cAMP, the char-
acteristics of which were age, artery, and agent specific.
From thesc results, we conclude that postnatal changes
in reactivity to NO reflect cerresponding changes in soly-
ble guanylate cyclase activity and possible decreases in
NO half-life. We also conclude that maturatian slows the
mechanisms mediating NO-induced relaxation, and that
this effect is more pronounced in distal than in proximal
cerebral arteries. The data also suggest that the rate-lim-
iting step governing rates of response to NO is probakbly
downstream from ¢GMP synthesis. From the basal cyclic
nucleotide levels, we conclude that basal ratios of syn-
thesis ta hydrolysis were greater in fetal than adult arter-
ies. Because NO increased both cGMP and cAMP, we
speculate that Type |l phosphodiesterase has a possible
influence upon cerebrovascular responses to NO, and
that this influence varies with postnatal age and artery
type. Together, these findings emphasize that thegere-
brovascular effects of NO arc highly age dependent and
artery specific, and should be carefully considered when

administering NO therapautically in the neonate.
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Introduction

Owing to the many important physiological and phar-
macological roles attributed to nitse oxide (NG}, NO
donors are becoming increasingly popular for clinical
treatment of a growing number of cardiovascular pathal-
ogies [1, 2]. One of the most umportant of these applica-
tions 1s treatment of necnatal pulmonary hypertension
[3]. Relevant to such applications, hiowever, are numerous
indications that NO is generally more potent in immature
than in mature individnals [4-7]. suggesting that thera-
peutic use of inhaled NO in neonates may involve cardio-
vascular complications, particularly in the cerebral circu-
lation [8]. Despite the clinical utlity of NO in pediatrie
patients, the reasons why reactivity 1o NOQ g highly age
dependent remain poorly understood and largely unstud-
ted.

In contrast to inhaled NO, the effects of NO donors
have been studied for many years. The most common of
all NO donors is nitroglycerin, which has long been recog-
nized as a source of NO following conversion by endoge-
nous enzymes [9-11]. The expression and activity of the
enzynies responsible for the biotransformarion of nitro-
glycerin appear to be under physiological control because
tepeated administration of nitroglycerin induces toler-
ance to nitroglycerin, but not to NO from donors such as
S-nitroso-N-acetyl-penicilamine (SNAP) that require no
intracellular enzymatic activation [9, 10, 12]. Other en-
zymes, such as protein kinase C and penerators of free
radicals can also influence the development of nitrate tol-
erance, as well as the production of, and reactivity to, NG
(11, 13). Because the activity and expression of many of
these enzymes change with age, il remains possible that
such age-related changes contribute to maturational dif-
ferences in reactivity to NO and NO donors,

Ounce within the vascular smooth muscle cell, the main
vasoactive effect of NO is to activate the enzyme soluble
guanylate cyciase and thereby increasc the cytosolic con-
centration of guanosine 3:5-cyelic monophosphate
(cGMP) [14]. Increases in cGMP concentration are typi-
cally highly dynamic, tissue specific, and depend heavily
on the types and amounts of phosphodiesterases present
[15]. [n tumn, cGMP activates ¢GMP-dependent protein
kinase, which can phosphorylate multiple different pro-
teins to induce relaxation [16]. Again, the levels of the
proteins that povern these vasorelaxant effects of NO vary
with age and thus may help to explain why reactivity to
both NO and ¢cGMP change with postnatal age [17, 18].

Whereas the cflects of NO donors are commonly
attributed mainly to cGMP-dependent effects, it is also

-
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possible that changes in adenosine 35¢eyelic monophos-
phate (cAMP) might be involved. Giver the possible pres-
ence ol phosphodicsterases Twpe 11 {cGMP-sllmuJalcd)
and Type HI (¢cGMP-inhibited) within cerchrovascular
smooth muscle, it is possible that changes in cGMP levelg
may produce atlendant changes in cAMP [19, 20]. tn
add:tion, cAMP and ¢GMP cross-activaie both cAMP-
dependent and cGMP-dependent protein kinase [21],
suggesting further possibilities for interaction among the
cyclic nucleotide signaling systems. The extents (o which
such interactions change during postnata) sge, however,
have nol yet been cxplored any vascular bed,

The present study addresses three hypotheses focused
on the mechanisms whereby reactivily to NO changes
with postnatal age. The first hypothesis predicts that rates
of biotransformation and liberation of NO from indirect
NO denors such as nitroglycerin change with age, To test
this hypothesis, we performed and compared parallcl
studies with nitroglycerin, which requires biotransforma-
tion to release NO, with SNAP, which relcases NO SpOT-
taneously upon hydration. The sccond hypothesis pre-
dicts that the magnitudes of cGMP responses to NO
donors wilt change with age in an artery-specific manner.
To test this hypothesis, we carried out parallel experi-
ments in middle cerebral and posterior communieating
arteries [rom newborn and adult sheep. The third hypoth-
csis predicts that interaction between the cGMP and
cAMP pathways changes with postnatal age. To assess
this hypothesis, wc compared the simultancous time
courses and magnitudes of increases in both CAMP and
¢GMP 1o NO donors.

Methods

All caperimental protocols were approved by the Animal Re-
scarch Committee of Loma Linda University, Loma Linda, Calif,
USA, and followed ail guidelines in the NIH Guide for the Use of
Laberatory Animals. Posterior communicating and middle cerebral
arteries from newborn lambs (age 335 days) and young nonpregnant
adult female sheep (age 18-24 months) were harvested for these
experiments. The dimensions of the arterics used were closely similar
Lo our previously reporied values for these vessels; in these arteries,
unstressed diameters average 0.7 mm in the fesal posterior communi-
cating, 0.5 mm in the fetal middle cerebral, 0.8 mm in the adult pos-
terior communicating, and 0.6 mm in the adult middle cerebra]
arteries [22). Up to 8 ring segments of each artery type were cutgrom
each animal. We used multiple segments from the same animalin the
various protocols, but always averaged replicate results into a single
value for statistical analysis, Therefore, in our data, ‘n* refers to the
number o animals, not the number of segments.

The arteries were cleaned of adhering tissues, cul into ring seg-
ments 3 mm in length, then denuded of vascelar endothelium by
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mild mechanical abrasion, as previously described (5, 17, 18], Brief-
Iy, this method involves passing an appropriately sized stainless stecl
hypodermic needle through the lomen of each arterial segment. Each
vascular ring was mounied on paired wires placed between a force
transducer {(Kulite BG-10) and a post attached to a micrometer con-
trelling cesting tension. These preparations were immersed in a
Krebs bicarbonate solution containing {in mAfy 122 NaCl, 25.6
NaHCOQ;, 5.56 dextrose, 5.17 KCI, 2.43 MgS0,, 1.60 CaCly, 0.114
ascorbic acid and 0.027 disodium EDTA, continuously bubbled with
95% Oy plus 5% CO; and maintained at 38.5°C (normal ovine core
temperature). The arteries were stretched to their optimum diame-
ters, as previously determined [22], which typically vielded resting
tensions of approximately 0.5 g All arterics were equitibrated until
resting lensions remaincd stable for at least 30 min. Endothelial
denudation was verified by the absence of a vasodilater response to
the endothelium-dependent vasodilator A23187 (calcinm ionophore,
I pif). Following equilibration, the arteries were repeatedly con-
tracted by exposure (o an isotonic potassium Krebs solution contain-
ing 122 mM K* and 31 mM Na*, After reproducible peak tensions
were obtained, the preparations were washed and reequilibrated at
baseline tension for another 30 min. Contractile tensions were con-
tinuously digitized, nommalized, and recorded using an on-ling com-
puter as previously described [5].

Three experimental protocols were performed, one of which
addressed each of the mam hypotheses. First, a dose response rela-
tionship for the vasorelaxants, nitroglycerin and SNAP were deter-
mined. The second protocol measured the relaxation time course for
each agent at the concentration of 10 pM. The 10 pAf concentration
was chosen as previous studies have determined it to evoke a near-
maximal relaxation in this preparation [5]. The third and final proto-
col examined the relationship between the duration of exposure to
SNAP or nitroglycerin and the levels of both ¢GMP and cAMP,

Protocol 1

The first protocol assessed the concentration-response relations
for SNAP and nitrogiycerin in all experimental groups. Following ini-
tial equilibration, we contracted the arteries by exposure to a mixture
of 20 paf histamine with 10 W serotonin. As shown previously, this
combination yields maximal contractions thal are quile stable [22].
Once contractile responses had stabilized, comulative concentrations
of either SNAP or nitroglycerin in agueous solution were added to
the tissue baths, Both agents were applied in half-log increments Lo
yield bath concentrations between 10 ' and 10-4 M Because SNAP
is unstable in solution, it was freshly prepared immediately before
use and held on ice. Relaxanl responses were caleulated as the per-
cenlages of the maximum initial tonc atiained in each vessel type. In
addition, pD; values (negative log of the ECgp) for each concentra-
tion-response relation were determined by fitting the normalized
concenlration-respense relations with the logistic equation using
computerized nonlinear regression.

Protocol 2 ;

The second protocnl quantificd rates and magnitudes of relax-
ation observed in response to apphication of either SNAP or nitro-
slycerin, Arteries were contracted wilh the mixture of serotonin and
histamine, as described for protocal 1, after which 10 M of cither
SNAP or nitroglycerin was adriinistered to the baths. The resulting
changes in tension were monitored for 120 5. All celaxation TESPONses
were normalized relative 10 maximum initial contractile tension.
Rates of relaxation were determined by fitting the relaxation timz
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courses (o a monoexponential decay model by = (A - B)e-¥ + B) with
a nonzero asymplote using computerized nonlinear regression. In
this model y is the percentage of maximum normalized tension
remaining at time t, A is the percentage of maximum normalized
tension at time zero (approximately 100%), k is the exponential rate
constant of relaxation, and B is the percentage of maximum tension
at steady stale, as previously described [23].

Protocol 3

The experiments of the third protocol examined the temporal
relations between cGMP and cAMP as functions of the duration of
exposure to either 10 yA SNAP or 10 wi nitroglycerin. Eight seg-
ments of each artery 1ype from each animal were studied simulta-
neously. The arterics were prepared, equilibrated, and contracted as
described for protocol 1. When contractile tensions had stabilized,
we added either 10 pA SNAP or 10 pAf nitroglycerin and flash-froze
the segments in liguid nitrogen at varying durations of exposure to
the relaxants, The durations used ranged from zero (baseline) to 100 s
in b-second increments, All segments were then subsequenily ana-
Iyzed for ¢cGMP and cAMP content. Thus, from cach animat, we

" obtained a set of artery segments whose treatment varied only by the

duration of exposure to the vasorelaxant used.

Cyelie Nucleotide and Protein Determinations

Scgments were individually homogenized in | ml ice-cold 6% tri-
chloroacetic acid using a motor-driven ground plass pestle and mor-
tar (Lurex, Vineland, N.J., USA). After centrifuging the homogenates
for 60 min at 3,000 g, we reserved the resuitant pellet for protein
determination and decanted the supernates for subsequent cyclic
nucleotide assay. For protein content determinations, we used an
extraction (60 minin 0.1 & NaOH at 37°C) designed to exclude con-
neclive tissue and structural proteins, as previously described [22].
We quantified protein using the Bradford Coomessic brilliant blue
assay. As we have shown previously, this assay produces protein val-
ues that are both consistent and uniform in (he vessel types studied
[221.

For cyclic nucleotide determinations, we extracted the reserved
supernates with water-saturated diethyl ether, then lyophilized ali-
quots of the aqueous phase, reconstituted them in 50 mAf acetate
buffer, and assayed for cyclic nucleotides using standard radioimmu-
noassay techniques. We determined both ¢GMP and cAMP content
for each sample using commercially available kits {(RPA 525 and
RPA 509 Amersham Corp., il., USA). Both eGMP and cAMP val-
ues were normalized relative to vessel prolein coatent and were
cxpressed as picomoles per milligram vessel protein.

Given our interest in the relative effects of SNAP and nitroglycer-
inon thetevels of cCGMP and cAMP, we evaluated the sensitivity and
specificity of the ussays emploved. Prior experience with commer-
cially prepared cyclic nucleotide radioimmunoassay kils indicated an
unacceplable level of crossreactivity between the antibodics for
cGMF and cAMP provided with some kits. We determined the spec-
ificity by overioading the assays for cGMP and cAMP with known
amounds of eGMP (4,800 fmol) and cAME (7,200 final), wgspective-
ly. Theretore, the amovnts of ecGMP and cAMP added (o test speci-
licity represented considerahle excesses over the levels normally
scen. In cach case under Ihe conditions we emploved, the assays
selected for this study failed o recognize Cundetectable’) the added
competing cyelie nucleotide. Standard curves for both assays covered
the range of 1,5-96 fmol per 75-p1 sample, and thus encompassed the
range of values of cGMP and cAMP seen in our samples.
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Under the conditions we employed, the assays consistently and
reproducibly quantified low levels (1.5 fmol per 75-pl ‘samplc] of
both cyelic nucleotides in our samples. Inira-assay duplicate errors
were 6% or less and interassay crrors averaged less than 8%, x? values
for our standard curves were consistently close to 1.0. The protein
assay against which the cyclic nucleotide values were normalized rou-
tinely gave duplicate crrors of <5% and standard curve r2 values of
0.995 or better. Thus, we believe that the values of cGMP and cAMP
measured in this study were acourate and specific,

Statistics

All data are expressed as mean + standard error of the mean, and
i refers to the aumber of animals used in a given cxperimental
group. For all data sets, we evaluaied the homogeneity of variance
assumption among subscts (homoscedasticity) using Burtleit’s tes
Where homoscedasticity was verified across groups under the same
treatment {nitroglycerin or SNAP), we used cither AnE-way Or {wi-
way analyses of variance [ANOVA): maturational age and arery
were the factors. There were two ANOVA levels for both matura-
tional age (newborn and adult) and artery (ype (posterior communi-
cating and middle cerebral). From each ANOVA, there werc up o 3
stalistical results: (1) age etfect; (2) artery effect, and (3) interaction
effect. For all ANOVA analyses, we calculated individual post hoc
differences between treatments o' a given vessel type using Duncan’s
multiple range test. For data sets where homoseedasticily was not
present, we performed single one-time comparisons between corre-
sponding newborn and adult arteries using a Behren's Fisher analysis
with pooled weighted variance, Statistical significance implies p <
0.05, unless otherwise stated,

Results

From 20 newborn lambs, we obtained 292 artery seg-
ments, and from 28 adult sheep, a total of 447 Artery wall
thicknesses and diamelcrs were similar to valucs pre-
viously published for avine arteries by our laboratory
[22]. Maximum contractile tensions averaged 1.01 = 0.09
and 1.75 * 0.14 g in newborn and adult middle cercbral
arteries, respectively. Corresponding valucs in posterior
communicatingarteries averaged |.45 + 0.1 and 245 £
0.19g.

Procotol 1: Concentration-Response Reiations

The cumulative concentration-relaxation relations for
newborn {n = 7) and adult (n = 8) cercbral arteries are
shown in figure | for both nitroglycerin and SNAP. Over-
all, relaxation magnitudes were greater in newborn than
in adult arteries for both relaxants jn both artery types. In
the posterior communicating arteries, relaxation magni-
tudes for nitroglycerin averaged 94.5 + 1.9% (newborn)
and 76.1 + 5.1% (adult}, and for SNAP, they averaged
97.1 £ 1.2% (newborn) and 80,] + 3.5% (adulr). In the
middle cercbral arteries, relaxation magnitudes for nitro-
glycerin averaged 97.3 + 1.1% {newbom} and 80.6 +

_—
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4.0% (aduit), and for SNAP, they averaged 96.4 + 2,50
(newbornyand 80.8 + 1.6% (adult). Magnitudes of relax-
ation did not vary significantly with either artery or relax-
ant type.

Sensitivity to nitroglycerin, as indicatcd by the pD; val-
ues of the concentration-response relations, was signifi-
cantly greater in newborn (6.69 + §.17) than adult (5.86
% 0.12) posterior communicating arteries and also in new-
born {6.23 * (.13) compared with adult (5.05 £ 0.18)
middle cerebral arterics. Similarly, sensitivity (o SNAD
was also significantly greater in newbomn (6.5 + 0.17)
than adult (6.12 £ 0.17) middle cerebral arteries. How-
ever, sensitivity to SNAP was similar in newborn (7.01 &
0.38) and adult (7.12 = 0.17} posterior communicat ing
arteries. Ixcept for SNAP in the adult arteries, sensitivi-
ties 1o both refaxants were significantly greater in posterior
comimunicating than middle cerebral arteries. In adull but
not newborn arteries, sensitivities (o SNAP were signifi-
cantly greater than sensitivities to nitroglyeerin.

Protocol 2: Rates of Relaxation 1o Nitroglyeerin and

SNAP

The 10 pMf concentrations of nitroglycerin and SNAP
used to produce rapid relaxation were greater than or
equal o the ECqp concentration in all arteries, Relaxation
responses to this concentration of either nitroglycerin or
SNAP were generally complete within 120's in all arteries
(fig. 2a). The rate coefficients for relaxation did not vary
significantly with age for cither relaxant in either artery
type. Artery-to-artery differcnces in rates of relaxation
were observed only in adult arieries, where rates were
greater in the posterior communicating than in the middle
cerehral arteries for both relaxants {fig. 2b). In addition,
rates of relaxation were significantly greater for SNAP
than for nitroglycerin in all groups.

Protocol 3: Cyclic Nueleotide Responses (o

Nitroglycerin and SNAP

To enable caleulation of intraceilular concentrations of
cGMP and cAMP, we calculzted the ratio of cellular pro-
tein te intracelfular water in our arteries using the for-
mula;

%P/ %W, (200 — %W %W,

where %P equaled the percent dry weight protein, % W;
equaled the percent intracellular water, and %W, cqua‘Ed
the total percent water. Both %P and % W, were measured
directly, as previously described [22], and the value used
for % W; was that measured previously in the same artery
types used in the present study [24]. When the above for-

-I‘Qaulir'Whilc.'HullfPearu{:




100 A

O Newborn{n = 7)
B Adult (n = 8) *
80
60 -
40 4
20
&
5 0 .
B
-4
a
2 *
e~ 1
=10 4 =B -7 -6 -5 -4 -3
a log eoncentration nitreglycerin (M} . -log concentration SNAP (M)
[ Newborn [ Adult
54 r ® 1 * 1
| r . * 1
7 %2 %
] —%= b
o a-
Q6 -
1 b
5 4
]
0 ' -
Posterior Middls Pasterior Middle
commiunigating - cerabral comiilifeating cerebral
b Nitroglycerin SNapP

Fig. 1, Concentrabion-relaxation relations for nitroglveerin and SNAP in newborn and adull cerebrat aneries.
& C’oncentration-response relations obtamed for nitroglycerin-induced {right panels) and SNAP-induced (left panels)
relaxation of contractile tension induced by 10 uM serotonin with 20 pAf histamine. b pD; (~log By concentration)
values for the concenteation-response relalions shown in a. Relaxation responses were calculated as percentages of
it} coniractile tone. All values are shown as means and standard errars, For the results of slalistical compansons,
significant differénces between nitroglycerin and SNAP are dencled by *a’ lor postEror communicating arigrcs and
by *b’ for middle corebral astnics. Asterisks indicate significant ¢iffercnces at p = 0.5 beiween the values mficated.
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Fig. 2. Effects of 10 uAf nitroglycerin and SNAP on relaxation rates in newborn and adult ovine cerebral arteries.
a Time courses of responses of contractile tensions to either 10 WA nitroglyeerin or 10 rM SNAP. The contractile
tensions were expressed as perceniages of initial conlractile tone induced by 10 ubf serotonin with 20 Wi histamine.
b Rate coefficients for relaxation {percentage of relaxation per minute) in each group, ohtained by fitting the sglax-
ation-time data to a monoexponential decay model. All values are given as means and standard errors. For the results
of statistical tomparisons, significant differences between nitroglycerin and SNAP are denoted by the letters ‘2’ to *d”;
columns with tie same letter significantly differ from cach other. Asterisks indicate significant differences at
p < 0.05 between the valyes indicated. For newborns, n= 11 and for adults n = {4,
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Fig. 3. Effect of maturation and arlery type 2
on ¢GMP responses to nitroglyeerin and 124 N
SNAP. Newborn and adult posterior com- i
municaling (upper pancls) and middle cere- 104 |
bral {lower panels) arteries were precon-
tracted with 10 M serotonin and 20 pM his- 0.8 N
tamine, and then exposed te gither 10 uAd ’
nitroglycerin (left panels} or 10 pM SNAP 0.6 i
(right panels). The ¢GMP levels were mea-
sured by radioimmuncassay in segments 0.4l
flash-frozen 10-100 5 afles exposure 1o each
relaxant. Notice thal the baseling valucs 024 i
were significantly greater in newborn than
corresponding adult arterics. All values are 0 . . . . : - : , , . , .
given as means and standard errors for 11 20 0 20 40 60 BO 100 20 0 20 40 60 8O 100

newborns and 16 adulls. Asterisks indicate
values significantly greater than correspond-
ing baseline controls at lime zero.

nula was used to estimate intracellular cyclic nucleotide
coneentrations in units of micromoles/liter cell water, bas-
al cGMP and cAMP levels were significantly higher in
newhorn than in adult cerebral arteries regardless of
artery type (fig. 3, 4; table 1). The ratios of basal cAMP to
¢GMP concentrations tended to be greater in adult (2.1)
than in newbomn (1.4) posterior communicating arteries,
but were similar in adult (1.6} and newborn (1.6) middte
cerebral arteries.

In all arteries, administration o either nitroglycerin o
SNAP produced rapid increases in ¢GMP that peaked
between 20 and 60 s and then returned toward bascline
levels (fig. 3). In all cases, peak cGMP values were
attained eariier i adult (20-30 ) than in corresponding
newborn {40-60 s} arteries; the aewborn time courses
were shifted 1o the right relative to those of the adults.
Except in nitroglyeerin-treated middle cerebral arteries,

Maturation and Cerebrovascular Cychg

Exposure ta 10 pM nitraglycerin {)

Exposure to 10 uM SNAP (s)

peak cGMP values were significantly higher in newborn
than adult arteries. Average peak ¢cGMP concentrations
(in micromaoles/liter cell water) are given in table 1.
Administration of either nitroglycerin or SNAP also
produced some sigrificant increases in cAMP levels
(f1g. 4). In general, however, the peak ¢cAMP responses
appeared much later (40-60 s) than corresponding peaks
ol cGMP (20-30 s). In newborn arterics, only nitroglyeer-
in-treated posterior communicating and SNAP-treated
middle cerebral arlenes exlubited significani increases in
cAMP, whereas both nitroglycerin and SNATP pgoduced
significant ¢ANP increases in both adult artery types.
when campared on the hasis of fold increases above base-
line, there were no signiticant age-related differences in
cAMP responses among any of the experimental groups.
Similarly, there were no significant differences in cAMI?
respanses associated with either artery or relaxant type.
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in {left panels) or 10 pAf SNAP (right pan- 06
els). At different times of exposure (o the
relaxanis, the arteries were flash-frozen in 0.4
liquid nitrogen and then assayed for cAMP
levels. Notice that baseline values were sig- 0.2 1
nificantly greater in newborn than corre-
sponding adult arteries. All valucs are given o -, . i . ; . . .

as means and standard errors oblained from 20 0 20 40 s‘u sln 160 20 <0
11 newhorns and 16 adults. Asierisks indi-
cate values significantly greater than corre-
sponding baseline controls at time zero

T
20 40. 60 BD 100
Exposure ta 10 pM nitroglycerin (s} Exposurs to 10 uM SNAP (s}

Table 1. Effects of age and artery type on basal and peak cyclic nuclectide respanses (o nitroglycerin (NG) and SNAP

Age Artery X BL cGMP Peak cGMP . BLcAMP Peak cAMP
Newhomn PC NG 0.427 £0.045 0.901+0.226% 0.595£0.054 LOBEX 0237
SNAP L333£0.145% 0.677£0.203
MCA NG 0.3884.0.060 0.740+0.198* 0.618 £0.054 Q67T £0.136
SNAP 0.803+0.163* LOO5 £0.315%
Adult PC NG 0.222£0.024 0.534£0.055* Q.458+£0.076 0.692:+£0.119*
SNAP 0.645+0.127* 0.765+0.267*
MCA NG (0.242£0.037 0.726+0.145* 0.391 01054 0.668+0.087*
SNAP 0.65210.156% 0.49510.{)‘5.3*

Shown above are the baseling (BL) and pcak cGMP values (umol/] cell water) attained following exposure to 10 pAf NGor 10 WM SNAP in
posterior communicating {PC) and middlc cerebral arteries (MCA). Baseling values were averaged across treatment groups, and thus a single
value is shown, Notice that the cotresponding baseline cAMP values are significantly greater than baseline ¢GMP values, and basal levels of
both cyclic nucleotides arc significantly greater in newborn than adult arteries. Asterisks denote significant differences between peak values
and corresponding basal values, All values are given as the means and standard ercors for | | newbomns and 16 adults,
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Fig. 5. Effect of maturation and artery type § 50 ]
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cAMP to NO, Shown above are the averaged = o
values of the integrated areas under the time- ;E
concentration curves shown in figures 3 and 5 20
4. All cyclic nucleotide responscs were nor- «
malized relative to the corresponding base- o
line values of individual experiments at time
zero before arteries were exposed to nitro- Ne‘;‘:g""

glycerin {NG) or SNAP, and are expressed as
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Newbarn
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percentape areas above baseline. Asterisks
indicate significant statistical differences at
p<0.05.

To compare the simultancous responses in cGMP and
cAMP, we integrated the areas above baseline and be-
neath the time-dependent cyclic nucleotide rESPONSes us-
ing Simpson’s approximation (fig. 5). The integration in-
terval extended between 0and 100 s of exposure to either
SNAP or nitroglycerin. In atl groups, the areas under the
curve were greater for newborn than adult arteries, and
were greater for cGMP than for cAMP responses. Alto-
gether, the data illustrate important parallel changes in
cGMP and cAMP that occur in an age-, artery-, and relax-
ant-dependent manner.

Discussion

Despite numerous studics of the effects of NO synthase
inhibitors on vascular reactivity, reports of the direct
effects of NO on immature arteries are sca rce, parlicularly
for arteries of the cerebral cireulation. The present study
addresses this deficit and offers several new observations.
First, the efficacy and potency of NQ donors were general-
ly greater in newborn than adult ecrebral arteries denuded
of endotheliun:. Second, rates of relaxation, and presum-
ably rates of NO release, were laster for equimolar con-
centrations of SNAP than for nitroglycerin in both new-
born and adult arteries denuded of endothelium. Third,
basal concentrations were greater for cAMP than for
cGMP, and both were greater in newborn than adult cere-

Maturation and Cerebrovascular Cyelic
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bral arteries denuded of endothelium. Fourth, in denuded
adult cerebral arteries, NO-induced increases in ¢GMP
occurred faster but relaxation developed more slowly than
in denuded newborn cerebral arteries. Fifth, responses to
NO donors involved significant paraltel changes in cGMP
and cAMP, the charactenistics of which werc age, artery,
and agent specific.

Many previous studies sugpest that early postnaial
maturation alters patterns of NO-induced relaxation in
the cerebral circulation, For example, the magnitude of
endothelium-dependent vasodilatation is depressed in
immatuore relative to mature corcbral arterics [25], a find-
ing due perhaps tp reduced expression of the eNOS
cnzyme in immature cerchrovascular endothelial cells
[26]. [n contrast, expression of solble guanylate cyclase.
the main targel enzyme for NO in vascular smooth mus-
cle, i more abundantly cxpressed in immature than ma-
lure cerebral arterics [27], and at least in basilar arteries.
cGMP responses 1o NO appear enhanced in immature
compared with mature cercbral arteries [5]. At the same
time, tolal phosphodiesterase activity also appcars en-
hanced in tmmature relative to mature cerebral art®ies
[18]. How the relative effects of maturation on the multi-
ple mechanisms mediating NO-induced relaxation inte-
grate to determine overall reaclivity remains unclear, par-
ticalarly becauvse very few studies have simuitaneously
examined arteries of more than a single age. Equally
important, it is elear that artery size can be an important

Biol Neanale 2003,83:123-135



determinant of reactivity io NO and NO donars {28],and
thus results obtained in large cercbral arteries cannot
simply be extrapolated to the smaller arteries of the cere-
bral circulation. Further complicating understanding of
NO-mediated vasodilatation is the fact that the great
majority of published studies of this pathway in the nco-
nate have used only inhibitors of NO svathesis rather
than direct application of NG or NO donors [29-313.

The present studies clearly indicate that pustnatal mat-
uration attenuated reactivity to NO in denuded cerebral
arteries (fig. 1). Consistent with reports that both the sen-
sitivity and efficacy of ¢cGMP werc enhanced in immature
compared with mature cerebral arteries 117], the efficacy
of exogenous NO was enhanced in neonatal campared
with adult cerebral arteries denuded of endothelium re-
gardless of artery type or the source of NO. In contrast to
NO efficacy, however, sensitivity to NO varied signifi-
cantly between diffcrent artery types and sources of NG
{fig. 1b). For NO spontancously released from SNAP, sen-
sitivity was simiizr in all groups except the denuded adult
middle cerebral arteries where it was depressed. This dif-
ference in sensitivity, in the absence of a difference in effi-
cacy, suggesis that either the metabolism of NO js upregu-
lated, or the kinetics of its ability to activate soluble gua-
nylate cyclase are downrcgulated, as a cunsequence of
maturation in middle cerebral but not posterior commu-
nicating arteries. This difference may simply reflect age-
and artery-specific differences in soluble guanylate cy-
clase abundance [27], but could also reflect age-related
differences in other enzymes mediating either NO oxida-
tion or cGMP-mediated vasorelaxation [16, 17,20, 211.
From a broader perspective, these results emphasize that
the cercbrovascular ssnsitivity and cfficacy of NO are
independently regulated in an age- and artery-specific
manner.

Compared with NO relcased from SNAP, sensitivity to
NO released from nitroglycerin was depressed in both
denuded middle cerebral and denuded posterior commu-
nicaling arteries of the adult. These SNAP-nitroglycerin
differences, however, were absent in denndced newborn
arteries, suggesting that enzymatically mediated rates of
NO release from nitroglycerin [9-11} may have been
upregulated enough not to he rate-limiting for relaxation
in the immature arterics, Consistent with this possibility,
sensitivity to nitroglycerin was significantly greater in
newborns than adults for both artery Iypes examined
(fig. Ib). In additicn, sensitivity to NO was independent
of the source of NO in all newborn arteries. As for NO
released from SNAP, sensitivity to NO released from
nitroglycerin was greater in denuded posterior communi-

132 Bicl Neonate 2003:83:123-135

cating than in denuded middle cerebral uricrics for both
the adult and the newborn, which strengthens the sugges-
tion that senstivity to NOQ is highly artery specific, refiects
functional specialization, and is greater in the larger pos-
terior communicating arterics (hal serve primarcily as con-
duit arteries at the base of the brain, than in the smaller,
more dislal and mere nutritive middle cerebral arteries.

In parallel with 1he observed artery-to-artery differ-
cnces in sensitivity (0 mtroglycerin, rates of relaxation 1o
nitroglycerin were also significantly greater in denuded
posterior communicating than in denuded middle cere-
bral arteries of the adult but not the newborn {fig. 2). Per-
haps more importantly, rates of relaxation werc signifi-
cantly greater for SNAP than for nitroglycerin within each
age-arlery combination (fig. 2b). Griven that the release of
NO from nitroglycerin, but not from SNAP, requircs
enzyme action [9-1], the slower rate of relaxation ob-
served in response to nitroglycerin most probably reflects
the delay required for this reaction. Given thar rates of
relaxation to nitroglycerin decreased significantly during
postnatal maturation in denuded middle cercbral but not
denuded posterior communicating arteries, the data rein-
force the view that sensitivity to NO is highly artery spe-
cific and reflects functional specialization. Because rates
of relaxation to both SNAP and nitroglycerin exhibited no
significant age-related differences, despite age-related dif-
ferences in sensitivity to NO, the combined data suggest
that rates of relaxation may be more dependent upon the
efficacy than the sensitivily to NO, and in turn, may be
independent of the well-established age-related differ-
cnces in both the abundance of soluble guanylate cyclase
{27], and reactivity to cGMP [17]. Thus, rates of relax-
ation ta NO appear more dependent on common charac
teristics of contractile protein kinetics, than on age-related
dynamic differences in the NO-cGMP relaxation path-
way.

A key determinant of relaxani responses to NG is the
basal level of cGMP wiihin the smooth muscle cells. ‘Lhe
greater the basal concentration of cGMP, the smaller the
mass of ¢GMP that must be synthesized to attzin the
threshold concentration necessary for activation of pro-
tein kinase G, which in turn phosphorylates multiple
intracellular proteins that together govern the relaxation
response [32]. Consistent with studies of cGMP responses
i other arteries [5], basal levels of cGMP were sygnifi-
cantly greater in newborns than adults for both endothe-
lium-denuded artery types examined (table I}. In addi-
tion, basal levels were alsu greater for cAMP than for
¢GMP, and the ratio of cAMP (0 cGMP increased with
age, as reported by Kostromin et al. {33] for spleen T-lym-
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phocytes. These changes suggest thal the basal cyclic
nucleotide ratios of synthesis to hydrolysis increase with
posinatal age, and more so for CAMP than for cGMP {18,
33]. From a functional perspective, the data suggest that
immature cerebral arteries require less total cGMP syn-
thesis for activation of protein kinase G, and that their
higher concentrations of both cAMP and cGMP increase
the iikelihoed for functionally significant interactions be-
tween these two molecules [19].

Even though basal cGMP levels were greater in de-
nuded newborn arteries, rates of increase in cGMP fol-
lowing exposure Lo NO were greater in denuded adult
arteries (fig. 3). Correspondingly, peak ¢lGMP concentra-
tions were attained sooner in denuded adult than in
denuded newborn arteries, regardless of the source of NO.
The magnitudes of the peak ¢<GMP concentrations, how-
ever, were significantly greater in denuded neonatal than
in denuded adult posterior communicating arteries, but
not in denuded middle cercbral arterics. This latter find-
ing agrees well with the observed artery-to-artery differ-
ences in NO sensitivity and relaxation rates {fig. 1, 2) and
suggests that peak ¢GMP concentration, relaxation rate,
and NO sensitivity are all highly correlated at the vascular
smooth muscle level, Because the rate of rise of ¢cGMP in
response to NO reflects the ratio of the synthetic capacity
of soluble guanylate cyclase relative to the hydrolytic
activity of phosphodiesterase, the data suggest that either
the kinetics of ¢GMP synthesis are upregulated or that
¢GMP hydrolysis is downregulated in denuded adult rela-
tive to denuded newborn cerebral arteries. Given that
soluble guanylate cyelase kinetics are similar in denuded
nconatal and denuded adult cerebral arteries [27], and
that total soluble guanylate cyclase and phosphodiesterase
activitics are greater in denuded neonatal compared with
denuded adult arteries [18], age-related differences in
phosphodiesterase activity are the most likely explanation
for the observed age-related differences in the rates of
¢GMP responses to NO. The observed differences be-
tween denuded middle cerebral and denuded posterior
communicating artery responses further suggest that solu-
ble guanylate cvelase and phosphodicsterase activilics are
regulated differently in conduit arteries such as the poste-
rior communicating arteries than in the more distal nutri-
lLive arteries such as the middic cerebral arteries. These
findings further predict that phosphodicsterase inhibitors
should vasedilate newhorn more than adult arteries. and
posterior communicating more than middle cerebral ar-
teries [16, 19, 20].

Whereas peak cGMP concentrations were not allained
wntil at least 40's or mere of exposure to NO {fig. 3), relas-

Maturation and Cerebrovascular Cyelic
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alion responses were typically apparent in less than 20 g
{fig. 2). This finding supgests that the conventrations of
cGMP necessary to activate protein kinase G were much
less than the peak concentrations observed, which ranged
from 0.53 to 1.03 umol/l cell water (table (). The data are
thus highly consistent with published estimates for the
apparent K, values (concentration required for half-maxi-
mal activation) of purified vascular protein kinase G for
cGMP, which range from 0.29 to 0.44 par [34]. This
agreement not cnly validates the methods used in the
present study to caleulate intracellular cyelic nucleotide
concentrations, but also demonstrates that the estimates
of protein kinase G affinity for cGMP obtained in vitro
are reasonable predictors of the interactions between
¢GMP and PKG in situ.

Unlike ¢GMP, which consistently exhibited transient
increases in response to NO, cAMP responses to NO were
highly variable and generally exhibited much smaller
increascs relative to baseline (fig. 4). Whereas peak ¢GMP
ranged from 93 to 200% above baseline in responsc to
NO, the corresponding peak values of cAMP ranged from
only 10 to 83% (table 1). In absolute units, peak cGMP
increases averaged 0.44 umol/l, whereas cAMP increases
averaged only 0.24 wmol/l. Sull, many of the increases
obscrved in cAMP were significant, and tended to occur
later than the increases observed far cGMP. Together,
these findings establish that exposure to NO produced
simultaneous changes in cGMP and cAMP.

To explore possible correlations between the cyelic
nucleotide responses 1o NO, we calculated the relative
areas beneath the time-concentration profiles for each
cyclic nucleotide. In all cascs, the fold increases observed
were greater for cGMP than for cAMP (fig. 5). In direct
contrast to the peak responscs (fig. 3), these increases were
greater for denuded adult than for denuded newborn
arteries for SNAP in both artery types, and for nitroglyc-
erin in the denuded middle cerebral arteries. This latter
finding again supgests that the dynamics of the responscs
to cyclic nucleotides vary with age and artery type, and
further support the suggestion that the ratios of cGMP
synthesis 1o hydrolysis are greater in denuded adult than
in denuded newborn cerchral arterics. Equally important,
we observed that for cach significant difference in the
c¢GMP arca observed between corresponding Wenuded
newborn and denuded adult arteries, there was also a par-
allel significant differcnce in the cAMP area (fig. 5). This
latter finding implies a possible correlation between
cAMP and cGMP responses 1o NO in these arterics.
Although the mechanisms responsible for correlations he-
tween cAMP and ¢GMP responses to NO were not direct-
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ly tested in the present study, it seems unlikely that by-
products of both SNAP and nitroglycerin might have
directly stimulated adenylaie cyclase activity. Such effects
are not supported by any literature and thus seem highly
unlikely, Alternatively, it is possible that Type 11 and
Type 11l phosphodiesterases, both of which are present Lo
a variable extent in cerebral arteries [19], may have been
involved. Through activation of these phosphodiester-
ascs, cGMP could stimulate parallel decreases or in-
creascs in cAMP activity, respectively [35, 36). Differ-
ences in the relative effects of NO on cGMP and cAM P
levels in the various artery-treatment combinations conid
thus casily be explained by corresponding differences in
the relative abundances of the phosphodiesterase sub-
types. Given this possibility, further detailad studies of
the elfects of maturation on phosphodiesterase subtype
expression and activity in cerebral arteries appear well
justified.

On overview, cerebrovascular reactivity to NOQ was
attenvated during postnatal maturation due 1o decreases
in both the sensitivity to and efficacy of NO that reflect
maturational decreases in soluble guanylate cyclase abun-
dance and possible increases in NO turnover, Rates of
refaxation were influenced by the source of NO, and were
faster for NO spontaneously released from SNPA than for
NO enzymatically released from nitroglycerin, regardless
of age or artery type. Rates of relaxation were also

References

influenced by artery type, and were faster in denuded pos-
terior communicating than denuded middle corcbral ar-
teries of the adult but were independent of artery type in
the newborn, indicating that maturation slowed the
mechanisms mediating NO-induced relaxation in the
more distal cerebral arterics. Peak ¢«GMP concentrations,
relaxation rates, and NO sensitivity were alt well corre-
lated and basal levels of both evelic nucleatides were ele-
vated In immalure arteries, indicating that basal ratios of
synthesis to hydrolysis were greater in fetal than adult
arteries denuded of endothelium. Interestingly, NO-in-
duced increases in cGMP were accompanied by heteroge-
neous rises 1n cAMP, suggesting the possibility of cCiMP-
induced stimulation of Type I phesphodiesterase and/or
inhibition of Type III phosphodiesterase. In turn, variable
involvement of phosphodiesterases in the cvelic nucleo-
tide responses to NO could potentially explain many of
the arntery- and age-specific responses observed. Cleariy,
cerebrovascular responses to NO involve multiple factors,
many of which vary significantly with postnatal age and/
or artery type. Although the precise mechanisms govVEern-
ing the abundance and activity of the regulatory enzymes
tnvolved remain unknown, the present results encourage
careful consideration of the cerebrovascular effects of NO
when administering NO therapeutically, particularly in
the neonate.

(3]

[

da

v

134

Loskove T4, Frishman WH: Nitric oxide do
nors ih the trealment of cardiovascular ane
pulmenary diseases. Am Hecad J 1995,129:
604-513.

Wiley KE, Davenport AP: Novel nitric oxide
donors reverse endothelin-f-mediated con-
strictinn in human blood vessels. J Cardiovase
Pharmacal 2000;36:5151-5152.

Christou H, Yan Marter LJ, Wessel DL, Allred
EN, Kane JW, Thompson JE, Stark AR, Kour.
embanas §: [nhaled nitric oxide reduces the
need for extracorporeal membrane oxygena-
tion in infants with persistent pulmonary hy-
pertension of the newbom. Crit Care Med
2000,28:3722-3727.

Zellers T™M, Vanhoutte PM: Endotheliumn-de.
pendent relaxations of piglet pulmonary aner-
ies augment wilth maturation. Pediatr Res
1991,30:1 76180,

Pearce 'WJ, Hull AD, Lang DM, White CR:
Effects of maturation on cyclic GMP-depen-
dent vasodilation in avine basilar and carotid
arteries. Pediatr Res 1994;36:25.37.

B

ES

=1

v Michimata t, Inarura M, Mizums H, Mura-

kami M, Irinchiiima T: Sex and ape differences
in soluble guanvlate cyelase activily in human
platelets, Life Sci 1996:58:415-419.

Powel ¥, Morcira GA, O'Donnell DC, Filip-
pav GG, Block KD, Gordon IB: Maturational
changes in ovine pulnionary vascular rESPONSES
to inhaled nitric oxide. Pediatr Pulmonol 1999,
27157166

White RP, Vallance P, Markus 1iS: Effect of
inhibition of nitric oxide synthase on dynamic
cerebral autorsgulation in humans Clin 3o
(Land) 2000;99:555-560.

Ignarro 1], Lippton H, Edwards JC, Baricos
WH, Hyman AL, Kadowitz PJ, Gruetter CA:
Mechanism of vascular simooth muscle relax-
ation by organic nitraies, nitrites, nitroprusside
and nitric oxide: Evidence for the involvement
of S-niteosathicls as active intermediates. J
Pharmacol Exp Ther 1981,218:739-749
Kenkare SR, Renet L7: Tolerance to nitroglye-
erin in rabbit aorta. Investigating the involve.
oient of the mu isozyme of glutathione S-trans.
ferases. Biochem Pharmacal 1996;51:1357-
1363

Biol Neonate 2003;83:123-135

Munzel T, Harrison DHG: Evidence for a role of
oxygen-derived fiee radicals and protein kinasc
C in nitrate tolerance. J Mol Med 1997;75:
E91-500.

Kowahik EA, Poliszczuk R, Fung Hi: Toler-
ance o relaxation in rat aorta: Comparison of
an S-nitrosothiol with nitroglveerin. Bur J
Plarmacol 1987,144;379-383.

Zierhut W, Ball HA: Prevention of vascula
nitroglycerin tolerance by inhibition of pratein
kinas¢ C, BrJ Pharmacol 1996;119:3-5,
Ignarre LY, Cirine G, Casini A, Napoli C: Nis-
ric oxide as a signaling molecule in Lhe vascylar
system: An overview. J Cardhiovase Pharmacol
1999;34:879-886.

Frances SH, Turke IV, Corbin iD: Cyclic nu-
cleatide phosphodiesterases: Relating structure
and function. Prag Nucleic Acid Reg Mokgiol
2000;65:1-52,

Francis SH, Corbin JD: Cyelic nuclestide-
dependent protein kinases: Intracellylar recep-
tors for cAMP and cGMP actien. Crit Rev Clin
Lab Sci 1959,36:275-328.

Nauli/White/Hull/Pearce '



20

2

22

23

7 Nauli SM, Zhang L, Pearce WJ): Maturation

depresses oGM P-mediated decreases in [Ca?+],
and Ca?* sensitivity in ovine cranial aferies.
Am I Physiol Heart Circ Physiol 2001280
HI1019-H 1028.

White CR, Pearce WI: Effects of maturation on
cyclic GMP metabolism in ovine caratid arter-
ies. Pediatr Res 1996:19:25-31 .

Pelligrino DA, Wang Q: Cyclic nucleotide
crosslalk and the regulation of cerebral vasodi-
lation. Prog Neurobint 1998;56: (- 1§,
Soderling SH, Beavo JA: Regulation of cAMF
and cGMP signating: New phosphodiesterages
and new functions, Curr Opin Cell Bigl 2000:
12:174-.179,

Dhanzkoti 8N, Gao Y, Nguyen MQ, Raj JU:
Involvement of «GMP-dependent protein ki-
nase in the relaxation of ovine pulmonary ar-
teries to eGMP and cAMP. | Appl Physiol
2000,88:1637-1642,

Pearce WI, Hyll AD, Long DM, Longo LD:
Developmental changes in ovine cerebral ar-
tery composition and reactivily. Am J Physiol
1991:26 - R458-R445.

Pearce W, Ashwal S, Cuevas 1! Direct effects
of graded hypoxia an intact and denuded rab-
bit cranial areries. Am 1 Physiol 1989257
H&24-H833.

24

25

26

27

28

29

K]

Eliioit CF, Pearce W): Effects of maturalion on
cell water, protein, and DNA content in ovine
cerebral arteries. ] Appl Physicl 1995,7%:831 -
837,

Pearce W1, Longo LD: Developmental aspects
of endothelial function. Semin Perinatol 1991
15:40-48.

Parfenova H, Massie V, Leffler CW: Develop-
raental changes in cndothelium-derived vaso-
relaxant factors in cerebral circulaton, Am ]
Physiol Heart Cire Physiol 20XK;278:H780-
H788.

White CR, Hao X, Pearce W] Maturational
differences in soluble guanylate cyclase activity
in ovine carolid and cerebral areries. Pediatr
Res HWH;47:369-375.

Sellke FW, Myers PR, Bates JN, Harrison DG
Influence of vessel size on the sensitivity of por-
cine coronary microvessels to nitroglycerin.
Am ] Physiol 1990;258:H515-H520,
Martinez-Orgado I, Salaices M, Rodriguez-
Martinez MA, Sanchez-Ferrer CF, Marin J:
Role of nitric oxide on the endothelium-depen.
dent vasodilation in newbomn piglel cercbral
arteries. Gen Pharmacel 1994;25:899-002.
Zuckerman 5L, Armstead WM, Hsu P, Shibata
M. Leftler CW: Ape dependence of corebrovas-
cular response mechanisms in domestic pigs.
Am I Physiol 1996:27 | H335-H 540,

32

13

34

35

3

o

Wilderman MJ, Armstead WM: Role of endo-
thelial nitric oxide synthase in hypoxis-in-
duced pial artery dilation. ) Cereb Blood Flow
Metab 1998;18:531-538.

Lucas KA, Pitari GM, Kazerounian S, Ruiz-
Stewart [, Park J, Schulz S, Chepenik KP,
Waldman SA: Guanylyl eyclases and signaling
by cyelic GMP. Pharmacol Rev 2000:52;375-
414,

Kastromin AP, Berdyshev GD, Demidov SV,
Kuibeda VV: Age-associated changes in con-
tent of eyclic adenosmnc-3"5’-monophmphalc
(cAMF},  cyclic  guanosine-3,5~manophos-
phate (cGMP) and in activity of phosphodies-
terase-cAM (pDE-CAM} in spleen T-lympho-
eytes from CIHA mice. ZEA 198439351
355,

Wolfe L, Corbin JD, Francis SH: Characteriza-
tion of a novel isozyme of cGMP-dependent
protein kinase from bovine aorta. J Biol Chem
1989;264:7734-7741.

Folson JB, Strada 8J: Cyelic nucleotide phos-
phodisterases and vascular smooth muscle
Annu Rev Pharmacol Toxicol 1996:36:403—
427,

Lugnier C, Keravis T, Fekly-Michel A- Cross
tatk between NO and cyclic nucleotide phos-
phodiesterases in the modelation of signa)
transduction in blood vessel. J Physial Pharma-
cob 1999:50:639-652



