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ABSTRACT In the aortas and mesenteric arteries from
spontaneous hypertensive rats and in the aortas from
stress- and desoxycorticosterone-acetate-hypertensive
rats, the intracellular cGMP: cAMP ratios were signifi-
cantly elevated when compared to the ratios in the aortas
of the respective controls. Decreases in the intracellular
cAMP or cGMP levels were consistently associated with
increased activity of the cyclic-nucleotide-specific low Km
phosphodiesterase (3':5'.-cAMP 5' nucleotidohydrolase,
EC 3.1.4.17). Increases in intracellular cGMP levels were
associated with elevated guanylyl cyclase [GTP pyrophos-
phate-lyase (cyclizing), EC 4.6.1.2] activity. Furthermore,
adenylyl cyclase [ATP pyrophosphate-lyase (cyclizing),
EC 4.6.1.11 activity was less sensitive to stimulation by the
,6-adrenergic stimulant isoproterenol in both the aortas
and the hearts of the hypertensive animals. These changes
could provide the biochemical basis for the (a) increased
vascular smooth muscle tone and peripheral resistance
observed in these animals, (b) increased reactivity to
norepinephrine, and (c) decreased ability of aortas from
hypertensive rats to relax. The presence of these same
effects in different etiologic types of hypertension indicates
that this aberration in cyclic nucleotide metabolism may
represent a common metabolic defect basic to the hyper-
tensive syndrome irrespective of etiology.

Previous studies from this laboratory have indicated that the
aortas from spontaneous and stress hypertensive rats (1)
and more recently from neurogenically hypertensive rats (2)
contained lesser amounts of 3': 5'-cAMP due primarily to
increased rates of hydrolysis of the cyclic nucleotide. The de-
crease in the intracellular levels of cAMP was proposed as a
possible mechanism for the increased vascular resistance and
the vascular smooth muscle changes associated with the three
rat models of hypertension.

In the present work, studies were conducted with tissues
from rats made hypertensive by combined desoxycortico-
sterone acetate (DOCA) and salt administration. The role of
3': 5'-cGMP, the other naturally occurring cyclic nucleotide,
which is now being considered as an important partner for
cAMP in the control of cellular function (3-5), was also in-
vestigated.

MATERIALS AND METHODS

Spontaneous and stress hypertensive rats and their respective
controls were obtained as previously described (1). DOCA-

hypertensive rats were prepared as described by Stanton and
White (6). Systolic blood pressures were determined indirectly
by the tail cuff technique and were 192 ± 3, 165 + 4, and
226 + 1 mm Hg for the spontaneous, stress, and DOCA-hyper-
tensive rats, respectively. Control rats for those same groups
had pressures of 130 + 2, 125 A 2, and 132 4 2 mm Hg,
respectively. Values are i SEM.
Most of the experiments were carried out on the aortas,

mesenteric arteries, and hearts removed from the animals im-
mediately after their decapitation. A portion of each tissue
(20-30 mg) was immediately frozen in liquid nitrogen and
kept frozen at -20° until analyzed for cyclic nucleotide con-
tents within 2 weeks. The remainder of the fresh tissue was
homogenized in 4 volumes of ice-cold isotonic sucrose, kept at
40, and assayed for pertinent enzyme activities within 2 hr.
The aortas and mesenteric arteries from two to four animals
were combined into each sample. cAMP and cGMP levels
and phosphodiesterase (PDE, 3': 5'-cAMP 5'-nucleotido-
hydrolase, EC 3.1.4.17) adenylyl cyclase [AC, ATP pyro-
phosphate-lyase (cyclizing), EC 4.6.1.1] and guanylyl cyclase
[GC, GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2]
activities were determined as described previously (1, 7).
The cyclic nucleotide index was calculated according to the
formula:

cAMP content in control cAMP content in hypertensive
cGMP content in control cGMP content in hypertensive

RESULTS

In the spontaneously hypertensive rat the aortas contained
significantly less cAMP and more cGMP than did the control
aortas (Table 1). Aortas of stress hypertensive animals con-

tained significantly less cAMP, while their cGMP contents
were similar to the controls. The concentration of cAMP in
the aortas from DOCA-hypertensive rats was similar to that
in the aortas and controls but the cGMP contents were sig-
nificantly higher. All three forms of hypertension showed
significant elevation of the cyclic nucleotide index above 1,
indicating that in the aortas of the hypertensive animals there
was a larger cGMP:cAMP ratio than in their respective
controls.
The hearts of stress and DOCA-hypertensive rats contained

normal quantities of both cyclic nucleotides with index ratios
not significantly different from 1. The hearts from the spon-
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Abbreviations: cGMP, cyclic 3':5'-guanosine monophosphate;
AC, adenylyl cyclase; GC, guanylyl cyclase; PDE, phospho-
diesterase; DOCA, desoxycorticosterone acetate.
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TABLE 1. Cyclic nucleotide levels* in the aortas of control and hypertensive rats

Cyclic AMP Cyclic GMP

Type Control Hypertensive Control Hypertensive Indext
Spontaneous 0.98 i 0.23 0.45 + 0.16t 0.07 i 0.01 0.11 i 0.21T 3.42§
Stress 0.60 4+ 0.07 0.36 i 0.051 0.08 + 0.01 0.07 + 0.01 1.65§
DOCA 0.56 + 0.05 0.55 i 0.04 0.07 + 0.01 0.10 + 0.01t 1.45§

* pmol/mg of wet tissue; mean of 3 to 12 experiments i SEM.
t cAMP control cAMP hypertensive
cGMP control cGMP hypertensive

$ Significantly different from respective controls (P < 0.05).
§ Significantly different from 1 (P < 0.05).
¶ Significantly different from respective controls (P < 0.01).

taneously hypertensive animals, however, contained signifi-
cantly lower levels of both nucleotides. Again the cyclic
nucleotide index ratio was not statistically different from 1.
Table 2 shows that total PDE activity was significantly in-

creased in the aortas of both the spontaneous and stress hyper-
tensive but not in the DOCA-hypertensive rats when cAMP
was used as the substrate. More importantly, an increase in
% PDE activity present as the low Km form (PDE II), and
possibly the more important form (1) of the enzyme, was evi-
dent in the aortas from all three types of hypertensive animals.
No significant changes in either the total PDE activity or the
% of the low Km form were observed in the aortas obtained
from any of the three hypertensive models examined when
cGMP rather than cAMIP was used as the substrate. The
hearts obtained from the spontaneously hypertensive rats
contained higher total levels of cAMP-PDE activity and a

significantly higher % of the low Km form. Higher total PDE
activity and low Km enzyme were also apparent when cGMP
was used as the substrate. The total cGMP-PDE activity was
significantly higher in the hearts of the stress hypertensive
rats but the % low Km enzyme was normal. No changes in
the PDE activity in the hearts of the DOCA-hypertensive
rats were observed irrespective of the substrate used. No dif-
ferences in the Km values were observed between the enzyme

from the hypertensive and control aortas or hearts.
Studies with AC indicated that the most consistent ob-

servation was the decreased sensitivity of enzyme from the
three types of hypertensive animals to stimulation by iso-
proterenol (Table 3). Higher concentrations of isoproterenol

produced equivalent maximal stimulation of the enzyme.
Sensitivity to sodium fluoride, however, varied from one type
of hypertension to the other, being minimal in stress and
maximal in the DOCA-hypertensive animals. The basal level
of AC activity in aortas of DOCA-hypertensive rats appeared
to be significantly higher than the level in the respective
control aortas. GC activity appeared to be normal in the
aortas of stress but significantly elevated in those from
spontaneous and DOCA-hypertensive rats.

Qualitatively similar effects were observed on the AC and
GC activities from the hearts of the three hypertensive rat
models. On the whole, AC activity appeared to be less sensi-
tive to isoproterenol stimulation but exhibited good sensitivity
to sodium fluoride. There were no apparent changes in the
basal GC activity in the hearts of any of the hypertensive rat
models studied.
As can be seen from Fig. 1, mesenteric arteries from the

hypertensive animals contained significantly less cyclic AMP
and more cyclic GMP than did their respective controls. The
cyclic nucleotide index was also statistically significantly
greater than 1. The profile of PDE, AC, and GC activities was
similar to that of the aorta. The relative insensitivity of AC to
stimulation by isoproterenol in the mesenteric vessels from
the spontaneously hypertensive rats is shown graphically in
Fig. 2. Although the extent of the stimulation by the ,-
adrenergic agonist was less than in the aorta, greater concen-

trations of isoproterenol were needed to produce equivalent
stimulation of the enzyme in the hypertensive compared to
that of the enzyme from control vessels.

TABLE 2. Phosphodiesterase activity* in the aortas of control and hypertensive rats

Substrate

Cyclic AMP Cyclic GMP

Control Hypertensive Control Hypertensive

Total % Low Total % Low Total % Low Total % Low
Type activity* Kmt activity* Kmt activity* Kmt activity* Kmt

Spontaneous 6.0 + 1.2 4.6 10.3 + 1.41 12.9t 11.3 + 2.1 5.4 12.1 + 1.6 4.9
Stress 4.4 + 0.3 1.95 20.4 + 2.2§ 7.33$ 9.7 + 1.1 4.7 10.1 + 1.3 5.1
DOCA 7.3 + 0.8 2.0 6.4 + 0.9 4.1§ 12.7 +4 1.1 5.4 13.6 + 1.3 4.7

* Nanomoles cyclic nucleotide hydrolyzed per 5 mg of wet tissue per 10 min at 30°; mean of 4 to 10 experiments + SEM.
t Obtained as described previously (1).
I Significantly different from respective control (P < 0.05).
§ Significantly different from respective control (P < 0.01).
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FIG. 1. Cyclic nucleotide metabolism in mesenteric arteries from spontaneously hypertensive and control rats. Bars represent the

average 4± SEM. N = normotensive; H = hypertensive; C = control; * = significantly different from normotensive (P < 0.05); * =

significantly different from 1 (P < 0.05) and A = significantly different from control (P < 0.05).

DISCUSSION
The abnormal cyclic nucleotide metabolism found in these
three hypertensive rat models is similar to that found in ani-
mals made acutely hypertensive by lesions in the nucleus-

tractus-solitarii (2). Thus, the aortas from rats with four
types of hypertension with widely different etiologies seem to
exhibit similar defects in their cyclic nucleotide metabolism.
These defects result in a significant increase in the intracellular
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TABLE 3. Basal and stimulated adenylyl and basal guanylyl cyclase activities* in the aortas of control and hypertensive rats

Adenylyl cyclase activity

Isoproterenol Sodium fluoride Basal guanylyl
Type Basal (10 ,uM) (8 mM) cyclase activity

Spontaneous Control 8.33 ± 0.89 24.30 + 3.94t 31.77 ± 8.52t 4.16 ± 0.73
Hypertensive 9.44 i 0.58 7.75 ± 1.89 27.33 ± 4.59t 8.87 i 1.03§

Stress Control 9.03 i 2.86 19.42 4- 2.13t 23.71 i 3.03t 5.01 + 0.93
Hypertensive 11.42 i 1.93 10.44 i 1.42 15.44 i 3.44 2.19 + 1.01

DOCA Control 36.20 ± 1.74 49.35 ± 2.51t 83.07 ± 3.81t 24.57 ± 3.13
Hypertensive 55.28 i 1.061 57.70 ± 10.18 90.61 ± 9.95$ 41.99 i 5.69§

* Picomoles cyclic nucleotide formed per mg of wet tissue per min; mean of 4 to 10 experiments i SEM.
t Significantly different from respective control (P < 0.01).
$ Significantly different from respective control (P < 0.05).
§ Significantly different from respective basal (P < 0.05).
¶ Significantly different from respective basal (P < 0.01).

cGMP: cAMP ratio (cyclic nucleotide index > 1) in the
vasculature. This change in cyclic nucleotide balance in favor
of cGMP may therefore represent a final common pathway
characteristic of the hypertensive syndrome irrespective of
etiology. It may also provide the biochemical basis for the in-
creased vascular smooth muscle tone and the elevated
peripheral resistance common in hypertension. cAMP appears
to be associated with decreased vascular smooth muscle tone
(8), while cGMP appears to mediate smooth muscle contrac-
tion (3, 5, 9, 10). In this respect, the ratio of the two cyclic
nucleotides, rather than changes in the levels of either alone,
appears to be the more important factor.
The results of the present study concerning cyclic nucleotide

levels in the hearts of the animals used generally support the
absence of excessive changes in cardiac function in the hearts
of the hypertensive rats, since the index value was essentially
normal. This agrees well with the possible noninvolvement of
the heart in neurogenic (11), spontaneous (12), and DOCA-
hypertensive rats (13). This does not conflict, however, with
the possible role that increased cardiac output may play in
the initiation of the hypertensive state, but agrees with the
general observation that in maintained hypertension cardiac
function is mostly normal (14). It appears that the turnover
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FIG. 2. The effect of increasing isoproterenol concentrations
on adenylyl cyclase activity in rat mesenteric arteries from
normotensive (0) and spontaneously hypertensive (0) rats.
Values are averages of six determinations. * = statistically
different from normotensive control (P < 0.05).

of cAMP is increased in the aortas of DOCA-hypertensive
rats. This may provide an explanation for the special effects
of the PDE inhibitor, caffeine, on vessels from these animals.
Whereas, in the vessels from normotensive rats caffeine pro-
duces a vigorous spike contraction, probably due to its greater
selectivity for cyclic GMP-PDE than the cyclic AMP enzyme
(9), it produced only relaxation in the vessels from DOCA-
hypertensive rats (15).
The significantly elevated AC levels in the aortas of the

DOCA-treated rats may be related to the increased levels of
angiotensin-II known to be present in these animals. Low con-
centrations of the polypeptide have been found to augment
greatly the response to sympathetic nerve stimulation, which is
at least partly mediated via AC stimulation (16). Angiotensin-
II may also directly cause the release of catecholamines from
nerve endings, the latter in turn stimulating AC activity (17).
The decreased AC sensitivity to isoproterenol in the aortas

from all three hypertensive rat models is interesting and may
be related to the resistance of the vessels from these hyper-
tensive animals to relaxation owing to their decreased ca-
pacity to synthesize cAMP (18, 19). This is especially true
since cAMP has been shown to be closely associated with
vascular smooth muscle relaxation (8). Similar subsensitivity
of AC activity from the hearts of the hypertensive animals
may explain the decreased ability of the hearts from these
animals to synthesize cAMP (20) and to react normally to ,B-
adrenergic stimulants (21).

Decreased sensitivity of AC to stimulation in the vessels of
the hypertensive animals may also underlie the greater sensi-
tivity of these vessels to the pressor effects of norepinephrine
and angiotensin. Neuronal or extraneuronal norepinephrine
would be able only to stimulate GC (9), with the production
of the contraction-mediating cGMP, with little or no dampen-
ing effects of increased cAMP synthesis.
The present studies demonstrate a definite association of

cyclic nucleotide aberration with hypertension. Regardless of
etiology, specific changes in cyclic nucleotide metabolism,
leading to an increased cGMP: cAMP ratio in the vascular
bed, combined with decreased sensitivity of AC to stimula-
tion, appear to be associated with the development of hyper-
tension. Our results with the spontaneously hypertensive rat
have already been confirmed * (22, 23). The consistent com-

* J. F. Kuo, personal communication.
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mon occurrence of these changes in four different hyperten-
sive rat models is impressive and may represent an important
biochemical lesion in hypertension. Whether this biochemical
lesion is the cause of or results from the hypertensive state
remains to be determined. However, since decreased sensi-
tivity of AC to stimulation is also prevalent in other diseased
states (24, 25), this could possibly point to a causative role
of that diminished AC sensitivity in the etiology of hyper-
tension.

The authors wish to express their appreciation for the indis-
pensable assistance of Lloyd Allen, Cindy Forman, Carol Gate-
wood, Gary Gentry, Steve Harris, Jill Sloan, and Margaret
Stockton.
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