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Abstract-The activities of CAMP* and cGMP phosphodiesterase were htudicd in the aorta (freed of 
advcntitla layer) and 111 the heart (ventricles) ol normotensivc and mlllcr;iluctrrtic[)i~ hypertensi\c ~11s 
of 8 or 16 weeks of age. The enzyme activities were determined at low (I pM) and hi++h ( IO0 @I) 
substrate concentrations. The changes in activity were compared to the changes in organ welpht. protein 
and DNA content. The increase in organ weight that occurred with both age and hypertensive treatment 
corresponded mostly to a marked elevation in protein content in the aorta, but not in the heart. whcrc 
the DNA content increased without any signi~c~~llt variation in protein content. In both tiasucs. cGMP 
phosph~~diestcrase activity measured at low substrate corlcentrati~)n was sensitive to endoFenous t‘a” 
dependent activation and markedly increased with age. This increase was i~r(~portion~lll~ larger than the 
variations in DNA content of the tissues. hut lower than those of total protein m the aorta. It c(tuld 
not be ascribed to an increase in the activator content of the tissucc. which was in cxccss. Bv contrn~t. 
cGMP l~hosphodiesterase activity measured at high substrate concentration and cAMP phosphoditster- 
ase activity. measured at either substrate concentration. were not acn\itive to the Ca’--depcndcnt 
activation and did not undergo large change\ with age except for a signilicnnt dccrea\c III CAMP 
phosphodicsterasc activity at high suhstratc concentration per mg heart cytosol protein. No relationship 
could be found between the elevation of blood pressure. due to arc or to the intlucncc of the 
mineralocorticoid treatment. and phosphodiesterase activities. which varied in a similar manner 111 
control and hypertensive rata. The results arc consistent with the view that a cCiMP phosphodichtcrnse. 
which is sensitive to Ca”-dependent endopcnous activation. incrcaxs in aorta and heart cells with the 
age of the rat. 

The roles of CAMP and cGMP in heart and in arterial 
smooth muscle function [IA] and their possible 
involvement in the pathogenesis of hypertension (S- 
151 have been investigated in several laboratories. 
Alterations of cyclic nucleotide metabolism have 
been reported in hypertensive patients and in rats 
110, 121, but phosphodiesterase activities were found 
to be decreased 181. unchanged (9, 11. 131, or 
increased [S-7, 151 in cardiovascular tissues of 
mature hypertensive rats. 

We recently reported f lh] that the Ca”-dependent 
phosphodiesterase activator content increases with 
age in the aorta during maturation of the rat. and 
is less in mincraiocorticoid-hypertensive rats than 
in control rats. We wondered whether cAMP and 
cGMP phosphodiesterase activities in the aorta and 
the heart ventricles of control rats also vary with age 
and are also altered during the onset of mineralo- 
corticoid-hypertension. Unlike previous studies, we 
related the phosphodiesterase activities to the pro- 
tein and also to the DNA content of the tissues and 
to the whole organ, in order to take into account 
the possible hypertrophy of the tissues, which seems 
closely related to hypertension [ 17-231. 

* Abbreviations used: CAMP, 3’5’~adenosine mono- 
phosphate: cGMP. 3’,.5’-guanosine monophosphate: 
EGTA, ethylene glycol bis amino-~-ethyleth~r iV,N’tetra- 
acetate; DOCA. desoxycorticosteronc acetate. 

Chemicals 

[‘HICAMP (30-50 Ciimmole). [‘HfcGMP (5-10 
Ci/mmole), and [“Hlguanosine (>400 mCi/mmole) 
were obtained from New England Nuclear Corp. 
[“C]Adenosine (500-600 mCi/mmole) was furnished 
by Radiochemical Centre Amersham. Snake venom 
(Ophiqhagus hannah), bovine serum albumin (frac- 
tion V powder) and cyclic nucleotides were pur- 
chased from Sigma Chemical Co. QAE-Sephadex 
_A?: was delivered by Pharmacia Sxveden. Desoxy- 
.corticosterone acetate pellets (25 mg) were prepared 
by the Laboratoire de Pharmacie G~~l~~~~~uc of the 
Faculty of Strasbourg. Other chemicals were ann- 
Iytical grade. [“H]Cyclic nucleotides were purified bv 
thin layer chromatography [24] and stored at -2tp 
in 50% ethanol. Water from milli Q: system (Mil- 
lipore, 18 Mohm/cm at 25”) was used throughout. 

Mineralocorticoid hypertension 

Six-week-old male Sprague-Dawley ratb (Iffa- 
Credo, St Germain sur I’Arbresle. France) were 
randomly distributed into two groups: rats in one 
group were sham-operated and drank tap water ati 
fib. (control). and those in the other group had one 
25 mg dexos~corticost~ron~ acetate (DOCA) pellet 

implanted subcutaneously and drank 0.9% NaCl SOL 

ution ad lib. (DQCA-NaCI). Each group was ran- 
domly divided into subgroups in which the rats were 
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Tahlc 2. Changes in weight. protein and DNA content of aorta and heart ventricle\ in control and mineralocorticoId 
hypertensive rats 

Age mg wet weight mg protein organC’ /q DNA o,-gan I 

(weeks) Control DOCA-NaCI Control DOCA-NaC‘I Control DOC’A-NaC‘l 

Results are the means -+ S.E.M. of 8 experiments in duplicate. 
+P < 0.05, ++ P < 0.01. Student’s t-test for comparrson between treated and control rats of the same age 
“P < 0.01, - P < 0.001 versu\ S-week-old rats receiving the same treatment. 

DNA content of the aorta varied much less than its 
protein content. A two-way layout variance analysis 
was applied to the values of the DNA content: in 

the aorta, it shows that there was no significant 

interference between age and treatment, no sig- 
nificant influence of age. but a significant influence 
of treatment on DNA contents (P < 0.01). 

By contrast with what was found in the aorta. 
Table 2 also shows that the protein content of the 
ventricles did not parallel their wet weight, since it 
did not vary significantly with age or under the 
influence of the mineralocorticoid treatment. How- 

ever. the DNA content increased slightly with age 
and treatment. The two-way layout variance analysis 
of heart DNA content shows an interaction between 
age and treatment (P < 0.05), a significant effect of 
age (P < 0.05). and a more significant influence of 
treatment (P < 0.01) on DNA change. 

A great difference in the variation of protein con- 
tent could thus be seen between aorta and heart 
ventricles. By contrast. wet weight and DNAcontent 
changed more or less in the same way in both organs. 

Changes in cyclic rlucleotide phospllorlic~stc~rcls~, 

activities in whole organs 

In these experiments. cyclic nucleotides phospho- 
diesterases were determined at I PM and 100 p!vI 
substrate concentrations. The lower concentration 
(1 PM) is within the limits estimated physiological 
concentrations of cyclic nucleotides in tissues. It also 
corresponds to the low apparent IL, value of 
phosphodiesterase which was characterized by the 
existence of two apparent K,,,s as reported by several 
authors [5, 251 and as determined in our previous 
experiments [32]. The 100 PM substrate concentra- 
tion, ten fold greater than the high apparent K,,,. 
gives the enzyme activity of the high K,,, 

phosphodiesterase. 
Figure 1 demonstrates cyclic nucleotide phospho- 

diesterase activities in soluble and particulate frac- 
tions of rat aorta. 

No significant variation of CAMP hydrolysis could 
be found at 1 PM substrate concentration. At 
100 PM. cyclic AMP phosphodiesterase activity was 

Fig. I. Changes with age of cyclic nucleotide phosphodiesterase activity in particulate % and soluble 
0 fractions of the aorta of control and mineralocorticoid hypertensive rats. Results arc the 
means -C S.E.M. of 8 experiments performed in duplicate. 0 P < 0.0.5. 000 P < 0.001. Student’s r-test 
between S-and lo-week-old rats receiving the same treatment; +P < 0.05. Student’s r-test for comparison 

between treated and control rats of the same age. 



CAMP substrate cGMP 

I I r I 
CONTROL DOCA-NaCI CONTROL DOCA-NaCI 

8 16 8 16 age in weeks 8 16 8 16 

significantly lower in \oluble fractions of Ibweek- 
old treated rat\ than in the controls of the sa~ne age. 

Under the wmc conditions. cyclic GMP phospho- 
dicsterasc activities. determined at I +I. increased 

markedly with age in both particulate and soluble 

fractions of control and treated aortas. In these con- 

ditions, the hydrolvsis of cyclic GMP in the mluble 
fraction\ wa\ ideniical in the aortas of S-ueek-old 
mineralocorticoicl rat\ ;I< in those of controls. hut 

was less in the aortas of treated rats than in those 

of control\ I h weeks of age. Thus the increase nith 

age of cvto~olic Pti(~sph~~diester~~~e ;ictiCty was less 
in mincralocorticc,itl treated [-at\ than in the control\. 

In the particulate i’ractions cyclic Cibl t’ ph~~\phod- 
esterase activities increase with age in both I>O(‘:\ 

NaCl and control rats. .At lOOp*hl c(iMf’ III ac)l~t,t 
phosphodiestera\e xtivitb did not T ;II.V N It11 ;I~C or 
with treatment. 



Phosphodicstcrnse activities in normotensive and hypertensive rats 358 

cyclic GMP phosphodiesterase activity increased in 
soluble and particulate fractions of X-week-old- 
DOCA-NaCI rats as compared io controls of the 
same age. 

In Tables 3 and 4 the enzyme activities found in 
soluble fractions were relateci to the protein content 

of the preparation or to the DNA content of the 
tissue. 

In the aorta (Table 3) when related to protein 
contents. both cAMP and cGMP hydrolysing activ- 
ities decreased with age and the hypertensive treat- 
ment. These changes were large and highly sig- 
nificant at high substrate concentrations. but were 
much less and generally not significant at low sub- 
strate concentrations. There was no significant 
change in aorta phosphodiesterase activities when 
related to DNA content. except for a moderate but 
si~ni~c~IIlt increase with age in cAMP hydrolysis at 
1 @I in control and treated aortas and a decrease 
with treatment in CAMP hydrolysis at 100 pRiI in 16 
week-old-hypertensive rats. 

Contrary to what was observed in the aorta, the 
phosphodie\terase activities found in the soluble 
fraction of heart \zaried identically whatever the 
mode of expression of the data (Table 1). The 
hydrolysis of CAMP did not vary significantly at 1 PM 
but decreased with age at 100 PM. By contrast. the 
hydrolysis of cGMP increased with age at low sub- 
strate concentration, but did not vary at high sub- 
strate concentration. There was no significant influ- 
ence of the hypertcnsivc treatment. 

We wondered whether the increase with age of 
phosphodiesterase activity at low substrate concen- 
tration that we report here could he ascribed to the 
increase in activator content that we reported pre- 
viously [ 161. In order to investigate this question, we 
studied firstlv the influence of the C’a” chelator 
EGTA. and secondly the effect of Ca’+ and activator 
in excess on soluble and particulate phosphodiester- 

ase activities of the aortas and the hearts of control 
and hypertensive rats of different ages. 

The data illustrated in Fig. 3 show no influence 
of EGTA or of the activator preparation on the 
hydrolysis of CAMP by the aorta soluble fraction at 
1 FM substrate, whatever the age of the rat or the 
treatment. Bv contrast. the hydrolysi\ of cCiMP was 
markedly inhibited in the presence of EGTA. but 
it was not modified by the addition of an excecc of 
Ca” and activator. Thus. cCiMP phosphociirstelasl 

Fig. 3. Influence of Ca’+-dependent activation on cyclic 
nucleotide pho5phn[iiester~~e activity at I &I substraw 
concentration in the aorta from control and mineraiocor- 

ticoid hypertensive rats. c! IOO.oOOg supcrnatant + buffer: 
n i&m. + EGTA IO PM: ti rtfcnt. + CaC‘I: 20 /v&t 

+ activator 07 pg in each test tulle. Result\ arc means 
of 4 experiments in duplicate t S.E.M. l I’< 0.05. 

” P < 0.01. Student’s l-test between X- and Ih-uech-old 
rats receiving the same treatment; +P < O.(IS. ++P < O.OI. 
+++P < 0.001. Student’s 1-test for paired \;~luci lor 

comparison between II ;~ncl W. 

Table 4. Ph~sph~diestcr~se activity in the soluble fraction of he;trt vcntriclc 

Suhstrute I prvf CAMP 100 FM CAMP 1 $UFv? CGMP 
Age 

100 @I cCiMP 

Treatment (weeks) (pmoles mg protein-’ In $1, ‘) 
-... 

Control 8 181) :?. 17 2574 t 70 22X -c 7 21x4 = 110 
16 15 ct 7 1335 i- 119”. 511 rt5f?* lhY9 i_ t 5’) 

DOCA-NaCI 8 1s + 1X 2402 2 97 211 i I5 25Xx + 2x0 
I6 13X I 12 I’S3 t 146”. 360 z!z .iZW. lY31? 157 

._ -I_._ 

(nmoles mg DNA ’ min ‘) 
-_ ____~___ 

Control X X.2 i: 1.3 108.6 -+ 12.1 9.6 i- 1.1 ‘15 1 -1~ 1 h .i 
16 x.2 L 1 .o 72.3 t- 11.‘) 2X. I i 6.2_ Y2.S i 15.X 

DOCA-NaCt 8 6.7 -+ 1.4 94.8 i 7.6 X.9 1.5 i 1 Ii.5 t 2i.i 
Ih 5.4 rt 0.7 53.6 I7.h_ lY.9 t 3.F X2.4 - 9.X 

In each ex 
WI P < 0.01, &a 

&mental group the results are the mean of X cxperimcnt\ in duplicate 7 s.E.\I.. 

same treatment. 
P < (1.001. Student‘s r-test for comparison of X- and Ih-week-old rirts rccci\ins the 
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activity was sensitive to Ca”-dependent activation 

and was already maximally activated by C&+ and 
activator present in the preparation. The age related 

moderate increase in cAMP phosl.7hodiestcrase 

activity and the more marked increase in cGMP 

phosphodiesterase activity that WC observed at low 

substrate concen~r~~ti~~n with respect to DNA 

occurred in the presence of EGTA as well as in the 
presence of an excess Ca’. and activator. in the 

aortas of both control and treated rats. In the case 

of cGMP. the increase in hydrolysis with age was 

approximately twofold whether in the ahsencc or in 
presence of EGTA. The decrease in enzyme activitv 

produced by EGTA (or. vice versa. its degree of 

activation by the endogenous activator) V+:IX practi- 

cally identical (two- to three-fold) whatever the age 

cd’ the rat. 
The results obtained on the particulate fraction of 

the aorta and on the particulate and soluble fractions 

of the heart ventricles (data not shown) were similar 
10 those shown above. In all cases cGMP but not 

cAMP hvdrolvsis was sensitive to EGTA and ~;as 

maximaliy act&ted by Ca” and the endogenous 

activator contained in the preparations. \o that the 

limiting factor was phosphodiester~rso: in ~111 casts 
cGMP phospiiodiesterase display an identical C’a‘*- 

dependency, whatcvcr the age of donors. 

The choice of :I reference to normalize the data 

is critical in the type of study reported here. The 

growth of the tissues with age and their hypertrophy 
related to increased blood pressure may be ascribed 

to three distinct phenomen~i: increase in the number 

of cells, reilrcted by an increase in DNA; increase 

in cell volume; increase in cx~r~~ce~iLllar material. In 
accordance with other reports where rats of the same 
ape were used [23-Z]. we found that the increase 

in aorta weight was paralleled by :I corresponding 

increase in protein but not in DNA content. Age 
and hypertension both are known to cause increases 

in extracellular protein. primarily elastin and colla- 

gen [IX, 2(b-2.31. Thus, relating phosphodicsterusc 
activities to aorta protein suggests that the rnrymc 
activities decreased in this organ with age and 

hypertension (Table 3). By contrast the increase in 

heart weight with age and hypertension was not 

followed by it signi~c~iiit increase in protein content 
but corresponded to a moderate increase in DNA 

content. It may be misleading. however. to relate 
the data to DNA only. since the elevation of blood 

pressure ma); cause an elevation in cell volume 1331. 
This is why. m this study. we compared the changes 
in phosphodiesterase acttvities in the organs with the 
changes in their weight. protein and DNA content. 
The need for more than one reference may csplain 
the conflicting conclusions which were previously 
reported regarding phosphodiesterase activities in 
cardiovascular tissues of hypertension rats [5-- 13, 151. 

In spite ot the weight increase of the organs with 
age and treatment. the changes of the corresponding 

CAMP i’hosphodiesterase activities measured at both 
subctrate c(~ncentrati~~ns and of cGMP pl~~~sphodi- 
esterase activities measured at high substrate con- 
ccntration were &her slight or non-significant in 

both aortas and hearts. Nevertheless there \\;I\ ;L 

highly significant decrease with age of c:\MP 
phosphodiesteraxe activities at high \uhstratc <on- 
centration when actiCtie.s wcrc related to Iwart 
cytosolic protein (Tahlc -1). I i~wc\et ~itw i’wi nit 
activities related to protein content take into acccwm 

the synthesis of extracellular proteins. one might 
have expected that activities related to DNA ci>uid 

have led to quite different results. But due to rhc 
variability of individual data. diffcrcncc\ in DN,A 

contents with age and treatment WCI-c either nt)n- 
significant or at the limit of significance. Thu> it 

seems that the CAMP ph~~sph”diester~~sc acti\ ttv ccl- 
lular contents remain constant \vith aye :itltl 
treatment. 

In contrast, we found 2 signiticant IIlc‘rCilW bitt1 

age in cGMP pho~phodioster~tsc acti\+t\ ;It IOU WI-)- 
strate concentration. in both control and h\pcrtc~ 

sive rats. This increa\r was greater in ths \cntl-iclc\ 
than in the aorta. In both organs. ho\vc~cr. 11 \\‘i, 

proportion~~liy larger than the;ncreasc in IIN,\ COW 

tent, so that the data related to DNA ~~c~~l~)t~~tr~~~~~l 
cigniticant variations per cell (Tahlc\ 3 and 4). .-\I 

least in the heart. this incrcasc in LWZ~~C’ ;icii\ it! 
was not merelv the rcsuit of 2 possible incre:r~ in 

cell volume. since it was also found pc‘r nis c‘!l~~~ll~c 

protein while the other errz~me acti\ ~ttt’s related to 
the same reference did not bar\’ \iynificantl\ III 

decreased with aye. 
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hypertension. The differences between the data 13. D. S. Hodgins and E. D. Frohlich. Biochen7. Pharn~uc. 

found in the tissues from control and hypertensive 27, 1179 (197X). 

rats were slight. if any. during the onset phase of 14. H. Sands and R. Jorgensen. ilurrr~ 4. 536 (I%%). 

hypertension (after 2 weeks of treatment) as well as 15. R. V. Sharma and R. c‘. Bhalla. Htod7rm. hiophys. 

during the sustained or “metacorticoid” phase (10 
Acta 526, 470 (lY7X). 

weeks after implantation of DORA pellets). Thus. 
16. C. Lugnier. B. Illen and J. C. Stoclct, E‘rtr. J. Pharrm~ 

the increase with age in cGMP phosphodiesterase 
53. IOY (lY7X). 

activity that occurs in heart and aorta does not seem 
17. B. Folkow. M. Hallbach. Y. Lundgrecn. R. Sivertsson 

and L. Weish. (iwfrlario~ Re.s. 32. 33, Sup@. I. 7 
linked to the elevation of blood pressure. since the (lY7.1). 
enzyme activity did not increase in hypertensive rats. 1X. H. Wolinsky. S. Goldfi\hcr. B. Schiller and L. E. 

The possible physiological significance of the changes Kasak. C;rc,,r(trr;o,/ Rr,\. 34. 233 ( 1’)7JI. 

in cvclic nucleotide phosphodiesterase activities 1Y. G. M. Fisher, Esp. G~o,zr. 11, 209 (lY7h). . 
reported here deserves further investigation. 
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