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Abstract. Plasma aldosterone levels increase markedly during pregnancy, but not in
proportion to the rise in plasma renin activity (PRA). We have developed a reliable in
vitro method to investigate aldosterone secretion during pregnancy. With this method,
we have assessed the potency and effectiveness of ACTH and potassium to stimulate
this secretion during pregnancy. Adrenal capsules from pregnant and nonpregnant
rats were incubated in 1 ml of culture medium within wells of tissues culture plates.
The cortex was transferred every 20 min to another well containing fresh medium with
or without ACTH or potassium. Basal and stimulated aldosterone secretions were not
significantly affected by time under our experimental conditions. The glands remained
responsive to stimulants throughout the study period (360 min). Plasma aldosterone
levels and PRA were increased during pregnancy. Basal aldosterone secretion in
adrenal cortex suspensions from pregnant rats showed a 1.6-fold increment (P <
0.001) in comparison with nonpregnant controls. The dose-response curves of ACTH
were not significantly different between pregnant and nonpregnant animals. However,
sensitivity to potassium was significantly reduced during pregnancy, as demon-
strated by an elevated ED;, (4.01 + 0.08 vs 4.71 + 0.07 mM for nonpregnant versus
pregnant rats respectively, P < 0.001). These data indicate that adrenal cortex sus-
pensions are a reliable and reproducible way to study aldosterone secretion during
pregnancy. They reveal that, during pregnancy, sensitivity of potassium to stimulate
aldosterone secretion is decreased while the response to ACTH is not affected.

[P.S.E.B.M. 1996, Vol 212}

regnancy is associated with a substantial in-
crease of circulating aldosterone and with
changes in sodium and water homeostasis. Al-
dosterone is known to be one of the most potent ste-
roids regulating electrolyte balance. Its secretion by
the adrenal probably plays a role in volume homeosta-
sis in normal pregnancy and in hypertensive states ac-
companying pregnancy. In women experiencing preg-
nancy-induced hypertension, however, aldosterone
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levels are reduced compared with those in the clini-
cally normal pregnant women (1, 2). The increased
activity of the renin-angiotensin system (RAS), in par-
ticular the increase in plasma renin activity (PRA),
cannot alone explain the elevated aldosterone levels in
the second and third trimesters of normal pregnancy
(3-5). However, plasma aldosterone seems to be cor-
related with angiotensin II (Ang II) levels in pre-
eclamptic pregnant women (6). The mechanism by
which aldosterone secretion is regulated during nor-
motensive pregnancy is still poorly documented.

In rodents, pregnancy is accompanied by de-
creased blood pressure (7) and increased plasma vol-
ume (8-10). In the rat, plasma aldosterone levels are
augmented during pregnancy (11-13). Changes in PRA
are, however, controversial, with some authors re-
porting increases (10, 13) when compared with non-
pregnant values and others not (14, 15). In all in-
stances, RAS activity did not match the rise in aldo-
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sterone levels. Aldosterone secretion by the adrenals
is influenced by factors other than the RAS, such as
ACTH, K, atrial natriuretic peptide (ANP), etc. Fur-
thermore, these factors coupled with pregnancy may
alter adrenal secretory activity.

The objective of the present report was to inves-
tigate the effect of gestation on aldosterone secretion
stimulated by ACTH and potassium in the rat. To per-
form this study, we developed an in vitro method using
rat adrenal capsule suspensions. This technique mini-
mizes the time between sacrifice of the animal and the
experimental procedure. Furthermore, under these
conditions, adrenal capsular cells stay in their own
tissue environment, making our protocols physiologi-
cally relevant.

Materials and Methods

Adrenal Capsule Suspensions. Female Sprague-
Dawley rats (Charles River Canada, St-Constant, Que-
bec, Canada) weighing 225-250 g were mated with
males. The day on which spermatozoa were found in
morning vaginal smears was labeled Day 1 of preg-
nancy; the experiments were performed on Day 21-22
of gestation. Nonpregnant rats were randomly used
during the estrous cycle to serve as controls. All ani-
mals were housed under controlled light and temper-
ature. They were fed a normal synthetic diet contain-
ing 130 mEq/kg sodium and 190 mEq/kg potassium.
Their adrenals were harvested immediately after de-
capitation. This study received approval from the local
committee, which is accredited by the Canadian Coun-
cil on Animal Care.

Animals were sacrificed by decapitation, and
trunk blood was rapidly collected for plasma aldoste-
rone and PRA measurements. Adrenal glands were
isolated and freed of fat and adhering tissues. An in-
cision was made in the adrenal capsule. This allowed
the middle part of the gland to be removed by being
pulled away, and the zona fasciculata/reticularis was
then peeled away from the capsule. Adrenal capsules
were weighed. Both capsules from each rat were equil-
ibrated on a shaking plate, for 120 min in 5 ml of F12
medium (Gibco, Gaithersburg, MD) with 0.12% so-
dium bicarbonate, 0.2% BSA, and 1.25mM Ca™ *, pH
7.3, at 37°C in an atmosphere of 95% air and 5% CO,.
The F12 medium already contains 3.0 mM of potas-
sium. The concentration of potassium expressed in
this paper is the total concentration (i.e., including the
3.0 mM present in the medium). After equilibration,
the different experimental protocols were followed in
12-well culture plates (Sarstedt, St-Laurent, Quebec,
Canada). Every 20 min, the capsules were transferred
to the next well, each containing 1 ml of the above
medium with or without the stimulating agents (K™
from Fisher (Montreal, Quebec, Canada), ACTH from
Peninsula (Belmont, CA), or Ang II from Hukabel Sci-

entific, St-Laurent, Quebec, Canada). The first two
wells (time: 140 and 160 min) after the 120 min of equil-
ibration were used to assure the stability of basal se-
cretion before beginning the experimental protocols.

Aldosterone, Corticosterone, and PRA Mea-
surements. Plasma aldosterone was measured by ra-
dioimmunoassay as described elsewhere (16). Plasma
was extracted by the solid-phase procedure using C18
Sep-Pak cartridges (Millipore, Waters, Montreal, Que-
bec, Canada) before the assay. Media from adrenal
cortex suspensions were measured directly. Plasma al-
dosterone concentration was expressed in pmol/ml
while secretion in media was expressed in pmol/
capsule/minute. Corticosterone secretion in adrenal
cortex suspensions was measured directly with a ra-
dioimmunoassay kit (Immunocorp, Montreal, Quebec,
Canada). PRA was determined indirectly by radioim-
munoassay of angiotensin I generated during a 2-hr
incubation period (17).

Analysis. Basal secretion with time was com-
pared in the adrenals of pregnant and nonpregnant rats
by two-way analysis of variance (ANOVA). Plasma
aldosterone levels, PRA and weights of the capsules in
pregnant and nonpregnant rats were compared by Stu-
dent’s ¢ test. Dose-response curves were analyzed by
weighted nonlinear least squares regression employing
a four-parameter logistic equation. This method pro-
vides estimates of basal and maximal responses, the
EDs, as well as the slope factor for each dose-response
curve. EDs, values of the dose-response curves were
compared by the partial F test (18).

The results are expressed as mean response and
standard error of the mean (SEM) of at least three
experiments (n given below).

Results

Basal Secretion. The weights of the adrenal cor-
tex were not significantly different between pregnant
and nonpregnant rats (11.3 = 0.3 vs 11.4 = 0.4 mg,
respectively; n = 36 for each group). After equilibra-
tion, basal aldosterone secretion was measured for 180
min (time: 180 to 360 min). Figure 1 shows that basal
aldosterone secretion from the adrenal capsules of
pregnant and nonpregnant rats decreased with time.
However, this diminution was not statistically signifi-
cant by two-way ANOVA (n = 11 for each group)
within each group. On the other hand, basal aldoste-
rone secretion in the capsules of pregnant rats showed
a 1.6-fold increase over the nonpregnant rats (P <
0.001) (Fig. 1). This difference in basal secretion per-
sisted until 360 min after decapitation.

Stimulated Secretion. In early experiments, to
assess the effect of potassium on aldosterone secre-
tion, the adrenals were continuously stimulated for
200-360 min (n = 3) with 9 mM of potassium, a con-
centration that gave maximal response. The level of
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Figure 1. Basal aldosterone secretion with time in adrenal cor-
tex suspensions derived from pregnant and nonpregnant rats.
After equilibration, basal secretion was measured for 180 min in
nonpregnant and pregnant rats (n = 11 for each group), whose
adrenal glands were transferred to the next well every 20 min.

stimulation was maintained throughout the experiment
in adrenal cortex suspensions derived from nonpreg-
nant rats (Fig. 2, upper panel). In Figure 2 (lower
panel), the glands were repeatedly stimulated at 180,
240, 300, and 360 min, (n = 3) with 9 mM of potassium,
and separated by 40 min of incubation in control me-
dium. Again, the aldosterone response to potassium
remained unaltered for the entire experiment (180-360
min). Repeated stimulations with Ang II (1 wM of Ang
IT at 200 and 320 min; n = 4), an agent interacting with
membrane receptors, also gives stable responses (Ta-
ble I). Similar experiments performed with adrenal
cortex suspensions derived from pregnant rats gave
similar results. Stimulated secretion did not decline
with time in these experiments. We also tested the
secretory responsiveness of this capsule suspension
with increasing concentration of Ang II. A dose-
response curve can be obtained between 10~ '° and
107> M of Ang II. The maximal secretion and the EDs,
are not significantly different between the adrenal cor-
tex suspensions derived from pregnant and nonpreg-
nant rats (Table II).

Aldosterone Secretion during Pregnancy.
Plasma aldosterone levels were increased during
pregnancy from 1.53 = 0.13 pmol/ml to 3.00 = 0.32
pmol/ml (n = 24; P < 0.001). There was no correlation
between plasma aldosterone or basal aldosterone se-
cretion and the number of fetuses (data not shown).
We also observed an increase in PRA from 1.01 = 0.19
to 5.5 = 1.5 pmol Ang I/ml/hr. However, no correla-
tion was found between plasma aldosterone level and
PRA. Corticosterone was measured in the medium
suspensions to evaluate the presence of contamination
by fasciculata cells. Since a corticosterone response to
potassium was not detected, an increase of corticoste-
rone cannot explain the increased aldosterone secre-
tion (data not shown). To confirm that contamination
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Figure 2. Aldosterone response to 9 mM of potassium in adrenal
cortex suspensions derived from nonpregnant rats. (upper
panel) Basal secretion was measured at 180 min. From 180 to
360 min, the capsules were continuously stimulated with 9 mM
of potassium. (lower panel) Basal secretion (20 min) preceded
each stimulation period (20 min) at 180, 240, 300, and 360 min.
Between each stimulation, there was an unstimulated period of
40 min.

Table I. Aldosterone Secretion Stimulated by 1
uM of Angiotensin Il (Ang 1) at Two Different
Times (200 and 320 min) in Adrenal Cortex
Suspensions derived from Nonpregnant Rats

Stimulated secretion

Time Basal secretion

X A by 1 uM Ang Il
(min) (pmol/capsule/min) (pmol/capsule/min)
200 0.35 = 0.08 1.71 £ 0.23
320 0.41 = 0.06 1.37 = 0.18

Note. Basal secretion (20 min) preceded each stimulation pe-
riod. Between each stimulation, there was an unstimulated pe-
riod of 100 min.

by zona fasciculata/reticularis was minimal, a North-
ern blot analysis for 118 hydroxylase was performed.
This enzyme is absent in zona glomerulosa (19); if con-
tamination were to occur, a substantial quantity of its
mRNA would be found in zona glomerulosa (ZG),
which was not the case here, as shown in Figure 3.
Concentration-response curves of ACTH and po-
tassium were measured (time: 180 to 360 min). Pro-
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Table ll. Data of the Dose Response Curve of
Angiotensin Il (Ang Il) Performed with Adrenal
Cortex Suspensions Derived from Pregnant and
Nonpregnant Rats (n = 3 for Each Group)

Pregnant Nonpregnant

Basal response

(pmol of aldosterone/

capsule/min) 0.35 = 0.05 0.31 = 0.04
Maximal response

(pmol of aldosterone/

capsule/min) 1.37 £ 047 1.59 = 0.06
EDs, (nM of Ang ll) 105 = 62 55 £ 12

gressive increases in the concentration of these stim-
ulating agents (3 to 9 mM of total potassium in the
medium and 107 '°-10"% M of ACTH) were tested.
The dose-response curves of potassium (n = 11) are
shown in Figure 4. The maximum response was not
significantly altered by pregnancy, but the EDy, was
statistically increased (from 4.01 = 0.08 to 4.71 * 0.07
mM K™ ; P < 0.001), suggesting that sensitivity to po-
tassium is diminished in this condition.

The dose-response curves of ACTH (n = 14) are
shown in Figure 5. Aldosterone secretion was greater
in pregnant rats, but this difference did not reach sta-
tistical significance. Furthermore, the EDs, also re-
vealed no statistical difference (0.14 = 0.08 vs 0.17 =
0.13 nM ACTH for nonpregnant versus pregnant
animals).

Discussion

It has been reported that plasma aldosterone lev-
els decrease in the first 18 hr after parturition (15),
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Figure 3. Northern blot analysis of total RNA from adrenal zona
glomerulosa (ZG) and adrenal zona fasciculata-reticutaris (ZFR)
of nonpregnant (NP) and pregnant (P) rats. Total RNA (15 ng/
lane) were isolated by the guanidium isothiocyanate method
and transferred to nylon membrane. Membranes were hybrid-
ized with (y-*2P) d-adenosine triphosphate—labeled oligonucle-
otide probe specific to rat 11p-hydroxylase P-450. Length of
mRNA is in kilobases (kb; right). Blots were also hybridized with
a radiolabeled cDNA probe for B-actin to ensure that approxi-
mately equal amounts of RNA were contained in each sample.
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Figure 4. Dose-response curves of potassium in adrenal cortex
suspensions derived from nonpregnant (n = 11) and pregnant
(n = 11) rats.

suggesting that the use of cell cultures may not be
reliable in the study of aldosterone secretion during
pregnancy. The use of adrenal cell suspensions is also
inappropriate, since low cell yields are obtained (data
not shown). It has long been recognized that the
amount of aldosterone secreted into the adrenal vein in
vivo is considerably in excess of that measured in vitro
in dispersed capsular cell preparations (20). Based on
these considerations, the perfusion system was re-
ported to mimic more closely the in vivo situation (21).
We use a similar approach while suspending intact
capsular preparations (which contain all zona glomer-
ulosa and connective tissue) in tissue culture medium
and changing the solution every 20 min (optimal time
determined in preliminary experiments). We observed
that the rate of aldosterone secretion was decreased
after 50 min of incubation in the same well (data not
shown).

It has already been reported that end product glu-
cocorticoids manifest a direct suppressive action on
their own secretion, suggesting the existence of a pre-
cise adjustment mechanism of steroidogenesis that op-
erates in addition to the classical control exerted by
the anterior pituitary (22). Such a mechanism could be
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Figure 5. Dose-response curves of ACTH in adrenal cortex sus-
pensions derived from nonpregnant (n = 14) and pregnant (n =
14) rats.
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also present for aldosterone, although to our knowl-
edge this has never been reported. By transferring the
capsules to wells containing fresh medium every 20
min, this possible direct suppression should have been
eliminated (see Fig. 1). Basal aldosterone output in our
system was approximately 42 pmol/capsule/hr, which
is comparable to the results obtained by other groups:
55 pmol/gland/hr in perfused adrenal gland (20) and 70
pmol/capsule/hr in perfused adrenal capsule (23). Re-
sults reported by Radke (24) differ, as she observed a
basal aldosterone secretion of 4.8 pmol/capsule/hr in
rats of 11-13 months. This difference could be due to
the long period of preincubation that she used. In fact,
she reported that basal aldosterone secretion stabi-
lized after 8 hr of in vitro perifusion without showing
the statistical analysis. In our experiments, the small
decrease in basal aldosterone with time did not reach
statistical significance. Maximal secretion in intact
capsular preparations was about 150 pmol/capsule/hr,
which is similar to the values obtained with perfused
glands: 140 pmol/gland/hr (20). As seen in Figure 2 and
Table I, maximal stimulation (by potassium or Ang II)
occurred in the first 20-min period, in agreement with
the data reported by others (20, 25). Sensitivity of the
capsule suspension to ACTH (EDs,: 0.13 nM) corre-
sponds to the range obtained in other studies in rat
adrenal cortex (e.g., between 107'? and 107° M
ACTH using perifusion of whole capsules (26) and 50
pM (27), 0.31 nM (28), and 0.45 nM (29) in dispersed
glomerulosa cells). The discrepancy with the results of
one study (24), whose author reported much reduced
sensitivity to ACTH, may be due to differences in
strain of rat and in the longer preincubation period
used. Although, the adrenal capsule suspensions were
less responsive to physiological concentration of Ang
II than can be expected, our results are comparable to
those reported by Cunningham and Holzwarth (26),
who used perifused cortex preparation. Others (24)
have not found any response to Ang II by adrenal
capsule perifusion, probably because of a long incuba-
tion time. As adrenal from rats contained high an-
giotensinase activity (30), it is possible that exogenous
Ang II may be partly degraded in whole capsule
preparations.

This method is easy to perform, inexpensive and
reproducible. Our results clearly indicate that it is re-
liable method to study aldosterone secretion during
pregnancy and for the elucidation of cellular mecha-
nisms controlling steroidogenesis.

We have demonstrated that at the end of preg-
nancy in the rat, plasma aldosterone is increased by
2-fold, which is comparable to the 2.6-fold increment
reported by Parent ef al. (15) on the 21st day of ges-
tation. Like other investigators (10, 13), we observed
an elevation of PRA during gestation. We believe that
the controversy surrounding PRA (14, 15) during ges-

tation is due to the species of rat or sodium diet used,
as already noted by Schneider and Mulrow (11). Since
no correlation was found between plasma aldosterone
and PRA, the RAS does not appear to play a major
role in the aldosterone increase during pregnancy.

We have clearly shown that the weights of the
capsules did not differ with pregnancy. Basal aldoste-
rone secretion in adrenal cortex suspensions from
pregnant rats was augmented by 1.6-fold, suggesting
that elevated plasma aldosterone levels during preg-
nancy are partly the consequence of enhanced ba-
sal aldosterone synthesis by the adrenal. If so, the
mechanism of this increased synthesis remains to be
elucidated.

As mentioned earlier, potassium is a potent stim-
ulus of aldosterone secretion. When circulating potas-
sium concentration is increased from 3.9 to 4.5 mM by
dietary potassium loading, a 2-fold increase in aldoste-
rone secretion in vivo was observed (31). In intact cap-
sules, we have observed (Fig. 4) that an elevation of
potassium from 3.0 to 5.0 mM causes a 2.5-fold en-
hancement of aldosterone secretion. This aldosterone
response to potassium is less sensitive during preg-
nancy, as indicated by the increased EDs, (Fig. 4).
Schneider and Mulrow (11) found that plasma potas-
sium concentration was significantly augmented in
pregnant rats compared with nonpregnant controls
(3.3 £ 0.1 vs 3.9 = 0.2 mM, P < 0.025), while Chur-
chill et al. (32) detected a small increase of plasma
potassium (3.5 * 0.1 vs 3.8 = 0.2 mM in nonpregnant
versus pregnant rats), which did not reach statistical
significance. These elevations of plasma potassium
cannot explain the enhanced basal secretion of aldo-
sterone during pregnancy, since our data (Fig. 4) show
that the threshold response to potassium was in-
creased from 3.5 to 4.0 mM by pregnancy. The mech-
anism by which sensitivity of the aldosterone response
to potassium is diminished during pregnancy remains
to be elucidated.

In summary, adrenal capsule suspensions are a
reliable method to study aldosterone secretion during
pregnancy. A major finding of the present study is that
basal aldosterone secretion by adrenal capsules in-
creased during pregnancy while the response to ACTH
was not affected. Another interesting point is the de-
creased sensitivity of the aldosterone response to a
physiological range of potassium during pregnancy.
The mechanism and the physiological relevance of this
last observation are presently under study.
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