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Abstract. Chronic (72 days) administration of deoxycorticosterone acetate (DOCA), with or 
without saline as the sole drinking fluid, depleted atria of rats of their diuretic and natriuretic 
activities. Chronic ingestion of saline as the sole drinking fluid did not affect the diuretic, natriuretic, 
and kaliuretic activities of atria compared with those of rats receiving water to drink. Since systolic 
blood pressure of the DOCA-treated group did not differ significantly from that of the untreated 
control group, the decrease in potency of atrial extract from DOCA-treated rats most likely occurred 
in response to increases in extracellular and vascular volumes. The ability of DOCA to decrease 
diuretic and natriuretic activities of atria was dose dependent. The decreased activities of the atria 
of DOCA-treated rats could reflect an increased production and turnover of atrial natriuretic 
factor. Additional studies revealed an increased diuretic and natriuretic responsiveness of DOCA- 
treated recipients to atrial extract from untreated rats. Thus, the results of these studies suggest 
that chronic treatment with DOCA reduced the natriuretic and diuretic potencies of atrial extract 
and increased renal responsiveness to it. 0 1986 Society for Experimental Biology and Medicine. 

Extracts prepared from rat atria possess both 
natriuretic and diuretic activities, and are ca- 
pable of producing both vasorelaxation of 
smooth muscle in vitro and reducing blood 
pressure of rats in vivo (1-4). The active com- 
ponent of atrial extract (AE) appears to be a 
heat stable polypeptide( s). Various polypeptide 
fragments have been isolated from atrial ex- 
tract, characterized, and synthesized (1, 2). 
These fragments are believed to be derived 
from a large ( 152 amino acid, rat) polypeptide. 
A portion of this polypeptide (approximately 
25 amino acids) appears to possess diuretic, 
natriuretic, and vasodepressor activities. Al- 
though various names have been given to the 
different fragments, they are usually referred 
to collectively as atrial natriuretic factor 
(ANF). Immunocytochemistry has shown the 
presence of these fragments in granules found 
within the atria but not in the ventricles (5 -  
8). These granules contain the precursor 
of ANF. 

ANF is postulated to be part of a feedback 
mechanism designed to maintain a constant 
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extracellular fluid (ECF) volume ( 1,2). When 
ECF volume increases, ANF is secreted to in- 
crease urine output and urinary sodium and 
potassium outputs, thereby returning ECF 
volume to normal. Thus, ANF may play a role 
in body fluid homeostasis. 

It is unclear at present how ANF produces 
its renal actions. It has been shown to interfere 
with the secretion of aldosterone by the adrenal 
cortex in rats (9, 10). This effect is unlikely to 
be involved in the acute natriuresis (within 5 
min) accompanying a single injection of ANF 
since an effect on aldosterone secretion is not 
observed until 30 to 60 min after injection ( 1 - 
3). Some studies also suggest that diuresis and 
natriuresis are induced by a direct effect of 
ANF on renal tubules to inhibit tubuloglo- 
merular feedback (1 1). Other evidence suggests 
both an increase and no change in glomerular 
filtration rate (l), depending upon the way 
ANF was administered (i.e., infusion vs bolus 
injection), while still other results suggest that 
ANF produces its effects primarily as a result 
of hemodynamic changes independent of tu- 
bular transport alterations ( 12, 13). 

The objective of the present studies was to 
assess the effect of chronic treatment of rats 
with deoxycorticosterone acetate (DOCA), a 
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mineralocorticoid hormone known to induce 
an expansion of ECF volume ( 14, 15) on atrial 
content of ANF. 

Methods. Administration of DOCA. Female 
rats of the Blue Spruce Farms (Sprague-Daw- 
ley) strain weighing 200-260 g were used. They 
were kept three per cage in a room maintained 
at 25°C and illuminated from 0700 to 1900 
hr. All rats were provided with Purina Labo- 
ratory Chow and either 0.9% NaCl solution 
or water as drinking fluid, as designated below. 
DOCA was administered by way of Silastic 
tubes implanted subcutaneously between the 
shoulder blades while the rat was anesthetized 
with ether. Controls were implanted with an 
empty Silastic tube. Prior to implantation, and 
after removal at the end of the experiment, 
the tubes were placed in a vacuum desiccator 
for 72 hr and weighed on an analytical balance. 
Daily drug dose was calculated from the weight 
loss of each tube divided by the number of 
days the tubes were implanted. Dimethylpo- 
lysiloxane (Silastic) tubing has been shown to 
allow diffusion of certain crystalline steroids 
into various media at a constant rate over rel- 
atively long periods of time ( 16, 17). In general, 
the above procedure was followed in the three 
studies reported here. The variations in this 
protocol included the length and width of the 
Silastic tubing implanted (and therefore the 
dose of DOCA delivered), the duration of im- 
plant, and the drinking fluid allotted to the 
rats (water or 0.9% saline). 

Study 1. This study used 24 rats, 12 of which 
were implanted with tubes 21 mm long (602- 
235; 1.47 mm id., 1.96 mm 0.d.). The dose 
of DOCA delivered by this size of tubing was 
66 pg/day. Half of the controls (six) and half 
of the DOCA-treated rats (six) were allowed 
0.9% saline as their drinking fluid. The re- 
maining rats (six DOCA-treated and six con- 
trol) were given tap water. The duration of 
treatment was 72 days. 

Study 2. Sixty rats, divided into five equal 
groups, were used in this study. Silastic tubing 
of four different sizes was implanted into four 
of the five groups. The dimensions of the tubes 
and dose of DOCA delivered were the follow- 
ing: 10 mm long (602-235; 1.47 mm id., 1.96 
mm 0.d.; 36 pg/day), 21 mm long (602-285; 
1.58 mm id., 3.18 mm 0.d.; 41 pg/day), 21 
mm long (602-265; 1.58 mm id., 2.41 mm 

0.d.; 55 pg/day), and 21 mm long (602-235; 
1.47 mm i.d., 1.96 mm 0.d.; 66 pg/day). The 
remaining group was implanted with an empty 
(2 1 mm long) tube. The duration of treatment 
was 35 days during which all rats received 
Purina Laboratory Chow to eat and tap water 
to drink. 

Study 3. Ten rats were divided equally into 
two groups (DOCA treated and control). The 
treatment consisted of weekly injections ( 12.5 
mg/kg, sc) of DOC pivalate for 9 1 days. Both 
groups were provided with saline to drink. 

Blood pressure. Systolic blood pressures of 
the rats in Studies 1 and 3 were measured prior 
to death using the technique described by 
Fregly (18) and a NarcoBio Instruments 
Company polygraph to record the pressures. 

Preparation of atrial extract. Following de- 
capitation, the atria and apex of the ventricle 
were quickly excised from the rats in the var- 
ious groups and placed in ice-cold saline. The 
tissue was homogenized and then centrifuged 
at lO,OOOg, 4"C, for 20 min. The supernatant 
was placed in a boiling water bath for 10 min 
and then centrifuged at 4000g, 4"C, for 15 
min. This supernatant was decanted, lyophi- 
lized overnight, and stored at -4°C until 
bioassay was carried out. Reconstitution of the 
lyophilized atrial extract with 0.9% saline was 
done on a basis of one atrium/0.1 ml final 
concentration just prior to bioassay. Ventric- 
ular extract (VE) from the same group of rats 
was reconstituted according to the volume 
used for the corresponding AE. Protein con- 
centration of the extract was determined by 
the Coomassie blue method (19). 

Bioassay ofAE and VE. Male and female 
Blue Spruce Farms rats (Sprague-Dawley 
strain, 250-350 g) were used to bioassay the 
various tissue extracts according to methods 
previously reported (20). Briefly, rats were 
anesthetized by intraperitoneal injection of 
sodium pentobarbital (50 mg/kg body wt). 
Catheters (PE 50) were inserted into the jug- 
ular vein for constant infusion of 0.9% saline 
(1 ml/hr). The bladder was catheterized (PE 
50) for urine collection, and the trachea (PE 
240) to prevent obstruction of breathing. A 
minimum of 2 hr was allowed for the animal 
to recover from the effects of surgery and sta- 
bilization of urine output. Body temperature 
was maintained at 38.0 k 0.5"C by means of 
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a warming pad. After three successive stable 
15-min urine collections, AE was administered 
iv. The dose was 1 atrial equivalent (100 pg 
protein/300 g body wt). The dose of VE was 
100 pg protein/300 g body weight. The ex- 
periments were performed on pairs of rats. In 
Study 1 extract from a control group was ad- 
ministered to one rat while extract from a 
DOCA-treated rat was administered to the 
other. In Study 2, paired recipient rats received 
atrial extract from donor rats treated with 
graded doses of DOCA. In Study 3 the recip- 
ient rats, i.e., DOCA-treated and control, re- 
ceived atrial extract from normal rats. Volume 
of each urine collection was determined gravi- 
metrically. Urinary sodium and potassium 
concentrations were measured by flame pho- 
tometer using lithium as the internal standard. 
Each bioassay rat received only one injection 
of AE and the corresponding VE. In the first 
and second studies, AE of DOCA-treated and 
control rats that had received either saline or 
water as their sole drinking fluid was admin- 
istered to normal male or female recipient rats. 
In the third study, AE, prepared from atria of 
normal rats, was administered to female re- 
cipients that had either received DOC pivalate 
or served as their controls. Both groups re- 
ceived only saline to drink. 

Statistics. Comparison between groups in 
Studies 1 and 3 was made by means of a paired 
t test in which the differences between the re- 
sponses of paired DOCA-treated and control 
rats were used for the analysis. A one-way 
analysis of variance was used to compare the 
results among the groups in Study 2 (2 1). Post 
hoc comparisons were performed using a 
Newman-Keuls test. In all cases, significance 
was set at the 95% confidence limit. 

Results. In the first study, chronic treatment 
with DOCA (66 pg/day) significantly (P 
< 0.01) reduced the diuretic and natriuretic 
potencies of atrial extract compared with those 
of atrial extract prepared from controls 
whether water or saline was given as the sole 
drinking fluid (Figs. 1A and B present change 
from baseline values). There were no signifi- 
cant differences between the responses of re- 
cipient rats to atrial extracts from the saline- 
and water-treated control groups. 

In the second study, a series of doses of 
DOCA (0, 36, 41, 55,  and 66 &day) was ad- 

ministered for 35 days to rats receiving water 
to drink. Tests of atrial extract from these an- 
imals showed a significant dose-response re- 
lationship between dose of DOCA adminis- 
tered and the change from baseline of diuretic 
[F(4,57) = 3.60, P < 0.011 and natriuretic 
[F(4,57) = 3.17, P < 0.011 activities of the 
extract (Fig. 2). Potencies decreased as dose of 
DOCA increased until the response was sim- 
ilar to that produced by administration of 
ventricular extract. The dose-response rela- 
tionship between dose of DOCA administered 
and the change from baseline of the kaliuretic 
activity of the extract did not quite reach the 
level of significance [F(4,57) = 2.36, P = 0.061. 
Responses to administration of VE in the five 
groups did not differ significantly one from 
the other and were therefore combined (Fig. 
2). These values for VE were also not signifi- 
cantly different in any case from baseline 
(i.e., administration of isotonic saline) control 
values. 

In the third study, DOC-treated rats re- 
ceived AE from normal rats. They had both 
a greater diuretic and natriuretic response than 
controls (Figs. 3A, B). However, there was no 
significant difference in potassium output in 
the DOC-treated group. The protein concen- 
tration of atrial extract from the control and 
DOC-treated groups were 93.5 k 4.8 (SE) and 
82.4 k 5.6 mg/100 g, respectively. Systolic 
blood pressures and body weights of treated 
and control groups in Experiments 1 and 3 
also failed to differ significantly from each 
other (Table I). 

Discussion. Present evidence suggests that 
ANF may be an endogenous hormone. ANF 
has been shown to be present in granules in 
the heart (1, 5) ,  and receptors for ANF have 
been identified in a number of organs, includ- 
ing the kidneys (1,  22). The activity of syn- 
thetic ANF also appears to be similar to the 
native substance (1). The recent ability to 
measure ANF in the blood supports the hy- 
pothesis that ANF is secreted into blood from 
the heart and is carried to the kidneys where 
it induces diuresis and natriuresis. However, 
a physiological role of ANF has yet to be elu- 
cidated. 

The changes in the natriuretic activity of 
atrial extract as a result of changes in extra- 
cellular fluid volumes suggests that the ulti- 



DOCA ON NATRIURETIC SUBSTANCE IN ATRIA 95 

lA T 
125 

CON1 WATER DOCA WATER CONT SAUNE DOCA SAUNE 

CONT WATER DOCA WATER CONT SAUNE DOCA SAUNE 

SODIUM  POTASSIUM 
FIG. 1 .  Effect of administration of extracts of atria from rats treated chronically with either deoxycorti- 

costerone acetate (DOCA, 66 pg/day) and water or DOCA and isotonic saline to drink on change from 
baseline level in urine flow rate (A) and sodium (black rectangle) and potassium (striped rectangle) excretion 
rates (B) of untreated recipient rats. One standard error is set off at each mean. *P < 0.0 1. 

mate role of ANF may be its involvement in 
body fluid homeostasis. However, there is at 
present considerable conflict regarding this 
potential role for ANF. For example, Johnson 
(23) reported that atria from water-deprived 
rats (with a reduced extracellular fluid volume) 
had an increased natriuretic activity compared 
with that of controls. In contrast, Thibault et 
al. (24) reported a decreased atrial content of 
natriuretic activity under similar circum- 
stances. However, the results of the two studies 
may be difficult to compare since the two 
groups of investigators used different proce- 
dures to extract the natriuretic factor. 

When extracellular fluid volume was re- 
duced by chronic dietary sodium deficiency, 
Pollock and Banks (25) reported that after ei- 
ther 1 or 3 weeks of sodium deficiency, di- 
uretic, natriuretic, and kaliuretic activities of 
atria were significantly greater than those of 
the control group which received Purina Lab- 
oratory Chow (0.4% sodium). These investi- 
gators also gave rats Purina Laboratory Chow 
and isotonic saline to drink for either 1 or 3 
weeks. They reported significant increases in 
diuretic, natriuretic, and kaliuretic activity of 
atria from these groups compared to rats given 
the same diet and water to drink. Similar re- 
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FIG. 3. Effect of administration of extracts of atria from 
untreated rats on change from baseline level in urine flow 
rate (A) and urine sodium (black rectangle) and potassium 
(striped rectangle) excretion rates (B) of recipient rats that 
had been treated chronically with DOC-trimethyl acetate. 
Aa and Bb represent the mean change in urine volume 
and electrolyte excretion (treated minus paired control). 
One standard error is set off at each mean. *P < 0.05. 
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rats given water to drink. All three studies used 
similar extraction procedures (boiling), but the 
times during which rats were exposed to salt 
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FIG. 2. Effect of administration of extracts of atria from 
rats treated chronically with graded doses of DOCA on 
change from baseline (isotonic saline administration) level 
in urine flow rate (A), urine sodium excretion rate (B), 
and urine potassium excretion rate (C) of untreated recip- 
ient rats. One standard error is set off at each mean. Dashed 
line represents the response to atrial extract from untreated 
control rats. VE indicates response to ventricular extract. 

sults were reported by Hirata et al. (26) who 
gave rats a high salt diet to eat. These results 
are in disagreement with the findings presented 
here which show that atria from rats receiving 
0.9% saline to drink for 72 days had diuretic 
and natriuretic activities similar to those of 

TABLE I. EFFECT OF CHRONIC TREATMENT WITH 
DEOXYCORTICOSTERONE ACETATE (DOCA) AND 
SALINE ON BODY WEIGHT AND SYSTOLIC BLOOD 

PRESSURE OF UNANESTHETIZED RATS 

Mean Systolic blood 
body pressure 

Group wt (g) (mm Hg) 

Study 1 
Control + saline 8 296 k 7" 1 1 6 k 4  
DOCA + saline 

(66 pglday) 8 301 k 9  1 1 7 f 5  

Study 3 
Control + saline 5 308 f 6 107 f 4 
DOCA + saline 

(12.5 mg/kg/ 
week) 5 3 1 9 f 6  1 1 4 k 3  

" One SE of mean. 
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were different. Hirata et al. (26) removed atria 
after 5 days of a high salt diet. Pollock and 
Banks (25) found increased activity in the atria 
after 3 weeks of saline consumption. Thus, the 
disparity between these studies may be the re- 
sult of variations in the changes in extracellular 
and plasma volumes in the different experi- 
ments as well as the duration of treatment. 

The results of Experiment 2 show that the 
natriuretic response capable of being produced 
by the atrial extract of DOCA-treated rats de- 
creased as the dose of DOCA increased until 
it was similar to that produced by ventricular 
extract. The graded decrease in levels of na- 
triuretic activity from AE of rats treated with 
graded doses of DOCA could reflect an inhib- 
itory effect of the mineralocorticoid on pro- 
duction of ANF. The decreases in atrial na- 
triuretic activity may also be the result of con- 
tinual stimulation of production of ANF by 
DOCA with a resultant depletion of atrial 
stores of ANF as fast as it can be produced. 
The possibility also exists that increased 
plasma concentration of ANF may actually 
feed back on the system to inhibit itself. If this 
were the case, it would be expected that an 
elevated plasma concentration of ANF would 
also down-regulate its own receptors. How- 
ever, DOCA-treated rats responded to AE with 
an enhanced natriuresis and diuresis. Thus, a 
supersensitivity to ANF appears to have oc- 
curred at the binding sites responsible for the 
renal effect. Whether this is a reflection of a 
reduction in the levels of ANF in the blood, 
or to some aspect of treatment with DOCA, 
remains for further study. Measurement of 
immunoassayable ANF under these condi- 
tions may provide additional insight. 
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