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Summary. Arginine-vasopressin (AVP) markedly 
increased basal aldosterone (ALDO) secretion by 
dispersed zona-glomerulosa (ZG) cells, and its effect 
was selectively reversed by VI-receptor antagonists 
(AVP-Al). Corticosterone (B) production by dispersed 
zona fasciculata (ZF) cells was not affected. The bolus 
intraperitoneal (i.p.) administration of AVP acutely 
raised the plasma concentrations of both ALDO and B in 
normal rats, but only that of ALDO in bilaterally 
adrenalectomized animals bearing regenerated adreno- 
cortical autotransplants, which are deprived of medullary 
chromafin cells. Accordingly, AVP raised ALDO and B 
secretions by adrenal slices (including both cortical and 
medullary tissues), and only ALDO production by 
autotransplant quarters. The B response of adrenal slices 
to AVP was blocked by a-helical-CRH and cortico- 
tropin-inhibiting peptide (two competitive inhibitors of 
CRH and ACTH, respectively), but not by 1-alprenolol (a 
B-adrenoreceptor antagonist); ALDO response was not 
affected by any of these antagonists. A 7-day i.p. 
infusion with AVP increased the volume of ZG cells and 
ZG-like cells of autotransplants, as weli as their basal 
and maximally angiotensin-11-stimulated ALDO 
secretory capacity; it also raised the volume, and basal 
and maximally ACTH-stimulated B secretory capacity 
of ZF cells, but it did not affect ZF-like cells of auto- 
transplants. The simultaneous adrninistration of AVP-A1 
annulled al1 these effects of AVP. When infused alone, 
AVP-Al caused a marked atrophy of ZG cells, coupled 
with a net drop in their steroidogenic capacity; however, 
AVP-A1 infusion did not change the morphology and 
function of either ZF cells or ZG-like and ZF-like cells 
of autotransplants. Taken together, our findings allow us 
to draw the following conclusions: (i) AVP plays an 
important physiological role in the maintenance and 
stimulation of ZG growth and mineralocorticoid 
secretory activity in rats, the source of endogenous AVP 
exerting adrenoglomerulotropic action probably being 
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adrenal chromaffin cells; and (ii) AVP indirectly 
stimulates the growth and glucocorticoid secretory 
activity of rat ZF cells, by activating intramedullary 
CRHIACTH system; however, the physiological 
relevance of this effect of AVP appears to be doubtful. 
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lntroduction 

A great deal of evidence indicates that arginine- 
vasopressin (AVP) exerts a specific mineralocorticoid 
secretagogue effect on marnmalian adrenals in vivo and 
in vitro (Payet and Lehoux, 1982; Hinson et al., 1987; 
Porter et al., 1988; Schneider, 1988; Quinn et al., 1990; 
Quinn and Williams, 1992; Bahr et al., 1993). Moreover, 
proof is available that prolonged AVP administration 
enhances zona-glomerulosa (ZG) growth, by promoting 
both hypertrophy and hyperplasia of its parenchymal 
cells (Isler, 1973; Payet and Isler, 1976; Payet and 
Lehoux, 1980; Payet al., 1984; Lesniewska et al., 1991). 
More controversia1 are the effects of AVP on adrenal 
glucocorticoid secretion and growth of zonae fasciculata 
(ZF) and reticularis (ZR). The in-vivo-observed 
stimulatory action (Faucher et al., 1988; Hensen et al., 
1988; Brooks and Blackemore, 1989; Brooks and White, 
1990; Apostolakis et al., 1991; Bahr et al., 1991; 
Lesniewska et al., 1991) may be conceivably ascribed to 
the stimulation of the hypothalamo-pituitary axis. In 
fact, it is well known that AVP, like CRH, is a potent 
activator of pituitary ACTH-release (for review, see 
Antoni, 1986; Buckingham et al., 1992). The bulk of in- 
vitro investigations does not evidence any appreciable 
secretagogue action of AVP on dispersed inner (ZFIZR) 
adrenocortical cells (Payet and Lehoux, 1982; Hinson et 
al., 1987); however, using superfused rat and human 
adrenocortical tissues or perfused intact dog adrenals, 
some researchers were able to observe a stimulatory 
effect of AVP on glucocorticoid secretion (Hinson et al., 
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1987; Schneider, 1988; Perraudin et al., 1993). 
It therefore seemed worthwhile to perform a 

combined in-vitro and in-vivo investigation on the acute 
and chronic effects of AVP on the mineralo- and gluco- 
corticoid secretion, and on the growth and steroidogenic 
capacity of ZG and ZFIZR of the rat adrenal cortex. 

Materials and methods 

In-vivo experiments 

Adult male Wistar rats (22M20 g body weight) were 
purchased from Morini (Reggio Emilia, Italy). A group 
of rats was bilaterally adrenalectomized and 6 fragments 
of the capsular (ZG) tissue of their excised adrenals were 
implanted in the musculus gracilis; the animals were 
employed after 4 months of regeneration of auto- 
transplants (Belloni et al., 1990). Another group of rats 
was sham-adrenalectomized. 

Starting from the 5th day before each experiment, the 
animals were subcutaneously (S.C.) infused (Alzet 
osmotic pumps Mod 2001 or Mod. 2002; Alza, Palo 
Alto, CA, USA) with dexamethasone (10 pg/kg.h) plus 
ACTH (0.1 1Ukg.h) and captopril (0.5 mgkg.h) plus 
angiotensin-11 (ANG-11; 10 pg/kg.h), in order to interrupt 
their hypothalamo-pituitary-adrenal (HPA) axis and 
renin-angiotensin system (RAS) (Nussdorfer et al., 1988; 
Rebuffat et al., 1988). Dexamethasone, ACTH (human) 
and ANG-LI were obtained from Sigma (St. Louis, MO, 
USA), and captopril (Capoten) from Squibb (Milan, 
Italy). This dose of dexamethasone induced a 70% 
decrease in the level of circulating (ACTH (21.0f 3.2 vs 
3.4k0.5 pM) and ACTH infusion reversed this effect 
(23.5k4.6 pM); the level of circulating ANG-11 was not 
measured, but captopril infusion caused a 2-fold rise in 
plasma renin activity (PRA) (4.9k0.6 vs 9.5f1.1 
fmol1ml.h) and ANG-11 administration completely 
annulled this effect (5.41r0.8 fmol1ml.h). The rats were 
kept under a 12: 12 light-dark cycle (illumination onset at 
8:00 a.m.) at 23f 1 "C, and maintained on a standard diet 
(Rat-Mouse Chow; Zoofarm, Padua, Italy) and tap water 
ad libitum. 

The animals were treated as follows: (i) groups (n=6) 
of sham-operated and autotransplanted rats were 
intraperitoneally (i.p.) in'ected with increasing doses of d AVP (from 10-l4 to 10- mollrat); other groups of rats 
(n= 6) were given, alon with AVP, 10-~mol/rat of Des- $ Gly- (phal, D-Tyr(Et) , L ~ S ~ ,  A ~ ~ ~ ) - A v P ,  a selective 
antagonist of V1 subtype of AVP receptors (AVP-Al) 
(Manning et al., 1990); the rats were sacrificed 60 min 
after the injection. (ii) Groups (n=8) of sham-operated 
and autotransplanted rats were i.p. infused (Alzet 
pumps) for 7 days with AVP (10 pmol.min), AVP-A1 (1 
nmol.min) or AVP plus AVP-Al; the control group was 
infused with the saline vehicle. AVP and its antagonist 
were purchased from Peninsula (Merseyside, England). 

The rats were decapitated between 10:OO and 11:OO 
a.m., their trunk blood was collected, and plasma was 
separated and stored at -20 "C. Adrenal and auto- 

transplanted nodules were promptly removed. 

Biochemical assays 

PRA was assayed by RIA of angiotensin-1 generated 
after incubation of plasma (ANG-1 RIA-kit; Peninsula). 
ACTH was extracted from plasma (Rees et al., 1971) 
and its concentration determined by RIA (ACTH-RIA 
kit; IRE-Sorin, Vercelli, Italy). Aldosterone (ALDO) and 
corticosterone (B) were extracted and purified by HPLC 
(Neri et al., 1993), and their plasma concentrations (PAC 
and PBC, respectively) were measured by RIA (ALDO- 
CTK2; IRE-Sorin, and CTRX-RIA; Eurogenetic, Milan, 
Italy). Intra- and interassay variations were: ANG-1, 
6.2% and 8.5%; ACTH, 5.5% and 7.4%; ALDO, 6.1% 
and 7.3%; and B, 7.5% and 8.8% 

Morphology 

The left adrenals were fixed in Bouin's solution, 
embedded in paraffin and serially cut at 6-7 p. Sliced 
pieces of the right glands and of autotransplants were 
fixed in 3% glutaraldehyde, post-fixed in 1% osmium 
tetroxide and embedded in epon. Thick (0.5 p) sections 
were cut with an LKB Supernova Ultratome (Reichert- 
Jung, Wien, Austria) at the level of the ZG and ZF of 
adrenals, and of subcapsular and inner zones of 
autotransplants. The volume of ZG and ZF, and the 
number of average volume of their parenchymal cells, as 
well as the average volume of ZG-like and ZF-like cells 
of autotransplants, were determined using conventional 
morphometric methods (Weibel, 1979), as detailed 
previously (Rebuffat et al., 1989; Belioni et al., 1990). 
Morphometry was performed using a semi-automatic 
procedure of analysis: images were obtained with a 
carnera-connected Leitz microscope, randomly stored in 
a Hantares-80 computer, and then analyzed with a 
specific software purchased from Studio Casti Imaging 
(Venezia, Italy). 

ln-vitro experiments 

Another 4 groups of sham-operated and auto- 
transplanted rats were treated as in the 2nd in-vivo 
experiment. A number of animals were not infused 
(normal sham-operated and autotransplanted rats). The 
rats were decapitated, and adrenals and regenerated 
adrenocortical nodules were promptly removed. The 
adrenals of a number of normal rats were cut into slices 
containing both cortical and medullary tissues (Andreis 
et al., 1991b), and autotransplants were quartered 
(Belloni et al., 1990). The adrenals of the remaining 
normal rats, and those of infused animals were employed 
to obtain dispersed-cell preparations. 

Preparation of dispersed cells 

Adrenals were decapsulated, bisected and enucleated 
(to eliminate adrenal medulla). Dispersed capsular (ZG) 
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and inner (ZFJZR) cells were obtained by collagenase! 
DNase 1 digestion and mechanical disaggregation 
(Szalay, 1981). The viability of isolated cells was 
checked by the Trypan-blue exclusion test and was 
found to be higher than 90%. Inner-cell contarnination in 
capsular-cell preparations, as  evaluated by phase 
microscopy, was always less than 8%. Dispersed cells 
obtained from 8 adrenals were pooled to obtain a single 
cell preparation, and 6 or 8 cell preparations for each 
incubation experiment were employed. 

Incubation procedures 

Dispersed cells, adrenal slices and autotransplant 
quarters were put in Medium 199 (DIFCO, Detroit, 
Mich., USA) and potassium-free Krebs-Ringer 
bicarbonate buffer with 0.2% glucose (2: 1, vlv), 
containing 5 mglml human serum albumin. They were 
incubated ( 3 x 1 0 ~  cells or 6-8 mglml) as follows: (i) 
dispersed cells from normal rats were incubated (n=6) 
with AVP (from 10-l4 to M); (ii) dispersed capsular 
cells from normal rats were incubated (n=6) with 

M AVP, in the presence of increasing concentrations 
(from 10-1 to M) of AVP-Al or [d(CH2)5,  he^, 
1le4, A ~ ~ ~ - N H ~ ] - A v P ,  a selective antagonist of V2 
subtype of AVP receptors (AVP-A2; Peninsula) 
(Perraudin et al., 1993); (iii) capsular cells from normal 
rats were incubated (n=6) with 10-l2 M, 10-lo M or 
10-8 M ANG-11, in the presence of increasing 
concentrations (from 10-l4 to M) of AVP; (iv) 
adrenal slices and autotransplant quarters from 
normal rats were incubated (n=6) with increasing 
concentrations (from 10-l4 to M) of AVP, in the 

ALDO or B (pinol/lOfl cells . 11) 

1 5 5  

Fig. 1. Acute concentration-dependent effect of AVP on ALDO and B 
secretions of dispersed rat adrenocortical cells. Data are meansfSE 
(n= 6). ':p<0.01 from the respective O-group. 

presence or absence of M AVP-Al; (v) adrenal 
slices from normal rats were incubated (n=8) with 
~ o - ~ M  AVP, in the presence o r  absence of 10-7 1- 
alprenolol (AL; Sigma), a blocker of B-adrenoreceptors 
(De Léan et al., 1984), M a-helical-CRH (a-CRH; 
Peninsula), a selective antagonist of CRH (Rivier et al., 
1984), or M corticotropin-inhibiting peptide (CIP; 
Peninsula), an antagonist of ACTH (Li et al., 1978); and 
(vi) dispersed adrenocortical cells and autotransplant 
quarters from infused rats were incubated (n=8) with 
low9 M ANG-11, M ACTH or without any agonist. 
The incubation was carried out in shaking bath at 37 "C 
for 90 min, in an atmosphere of 95% O2 and 5% C02. 

Biochemical assays 

ALDO and B concentrations in the incubation 
medium were determined by RIA, as described above. 
Intra- and interassay variations were: ALDO, 7.5% and 
8.6%; and B, 6.8% and 9.1%. 

Statistics 

The data obtained were averaged per experimental 
group, and SE was calculated. The statistical comparison 
of results was done by one-way ANOVA, followed by 
the Multiple Range Test of Duncan. 

Results 

Acute experiments 

AVP concentration-dependently increased ALDO 

250 
ALDO (pmolll 0s cells . h) 

V, antagonist 

AVP-A (-logl,, M) 
0 1  1 1 , , , , , , , 

O 1 1 1 0 9 8 7 6 5 4  

Flg. 2. Efiect of AVP-A's on AVP M)-stimulated ALDO secretion of 
dispersed rat ZG cells. Basal value is shown on the ordinate. Data are 
means+SE (n= 6). ': pe0.01 from O-group. 
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secretion by dispersed ZG cells: minimal and maximal 
effective concentrations were 10-lo M (53%) and 
1 0 - ~ / 1 0 - ~  M (2.5-fold), respectively; B production by 
dispersed ZFIZR cells was not affected (Fig. 1). The 
ALDO secretagogue effect of M AVP was 
concentration-de endently counteracted by AVP-A 1, but 9 not AVP-A2; 10- M AVP-A 1 completely suppressed the 
effect of the maximal effective concentration of AVP 
(Fig. 2) AVP concentration-dependently raised 10-l2 M 
and 10-lo M, but not M ANG-11-stimulated ALDO 
secretion of dispersed capsular cells; the increases were 
significant at an AVP concentration of M (2-fold 
and 50% respectively) (Fig. 3). 

The pharmacological intermption of the HPA axis 
and RAS in both sham-operated and autotransplanted 
rats did not induce any significant alteration in the basal 
values of both biochemical and morphological 
parameters examined (Figs. 4, 5, 9-12). The bolus i.p. 
administration of AVP acutely enhanced PAC in both 
sham-operated (Fig. 4) and autotransplanted rats (Fig. 
5); minimal and maximal effective doses were 10-l2 m01 
(47% and 33%, respectively) and 10-lo m01 (72% and 
67% respectively). This effect of AVP was suppressed 
by the simultaneous administration of m01 of AVP- 
Al  (Figs. 4, 5). AVP also induced a moderate rise in 
PBC in sham-operated rats, which was significant (50%) 
at a dose of 10-9 moYrat and was annulled by AVP-A1 
(Fig. 4). PBC did not undergo any appreciable change in 
autotransplanted animals (Fig. 5). 

AVP concentration-dependently increased ALDO 
secretion of both adrenal slices (Fig. 6) and auto- 
transplant quarters (Fig. 7); minimal and maximal 

ALDO (pmol/l06 cells . h) 5000 

Flg. 3. Effect of AVP on 10-12 M (a), 10-lo M (b) and 10-8 M (c) ANG-II- 
stirnulated ALDO secretion of dispersed rat ZG cells. Basal value is 
shown on the ordinate. Data are rneansfSE (N= 6). +: pc0.05 and 
': pc0.01 from the respective O-group. 

effective concentrations were 10-lo M (63% and 44%, 
respectively) and M (2-fold and 2.5-fold, 
respectively). A ain this effect of AVP was completely 9 annulled by 10- M AVP-A1 (Figs. 6, 7). M AVP 
evoked a marked rise in B yield by adrenal slices 
(2-fold) (Fig. 6), but not by autotransplant quarters (Fig. 
7). 
' As expected, M AVP elicited notable increases 

in ALDO and B secretions by adrenal slices (2.7-fold 
and 88%, respectively . ALDO res onse was Z k' not affected by either 10- M AL or 10- M a-CRH 
and CIP; B response was not changed by AL, but it 
was completely annulled by both a-CRH and CIP (Fig. 
8). 

Chronic experiments 

The prolonged infusion with AVP significantly 
increased basal PAC leve1 in both sham-operated (33%) 
and autotransplanted rats (44%); PBC increased only in 
sham-operated animals (25%); al1 these effects of AVP 
were annulled by the simultaneous administration of 
AVP-Al (Fig. 9). The infusion with AVP-A1 alone 
evoked a decrease in PAC in sham-operated (-25%), but 
not in autotransplanted anirnals, and had no effect on 

AVP í-logl,, inoltrat) 
300 I I I 1 I I 

0 13 12 1 1  10 9 8 

Fig. 4. Acute dose-dependent effect of AVP on PAC and PBC in sham- 
operated rats with pharmacologically-interrupted HPA axis and RAS, 
and its inhibition by the simultaneous adrninistration of 10-7 moVrat AVP- 
Al. Basal values in sham-operated rats with intact HPA mis and RAS 
are shown on the ordinates. Data are meansfSE (n= 6). +: pc0.05 and 
': pe0.01 frorn the respective O-group. 
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PBC (Fig. 9). 
Chronic AVP administration markedly increased 

the volume of ZG (32%), and the number (27%) 
and average volume (30%) of its parenchymal cells 
(Fig. lo), as well as the average volume of ZG-like 
cells of autotransplants (38%) (Fig. 11). Again, 
the simultaneous infusion with AVP-A1 annulled 
these effects of AVP (Figs. 10, 11). The treatment 
with AVP-Al alone induced a small but significant 
decrease in the volume of ZG and in the number 
and volume of its cells (-38%, -16%, and 22%, 
respectively) (Fig. lo), but not in the average volume 
of ZG-like cells (Fig. 11). AVP caused a moderate 
hypertrophy of ZF cells (21%), that was annulled 
by AVP-A1 (Fig. l o ) ,  but not of ZF-like cells of 
autotransplants (Fig. 11). The infusion with AVP-A1 
alone did not affect ZF-cell and ZF-like cell morphology 
(Figs. 10, 11). 

ANG-11 and ACTH ( lom9  M)  acute exposure 
notably enhanced ALDO and B outputs by dispersed 
capsular and inner cells, respectively (5.7-fold and 
8.8-fold), as well as  by autotransplant quarters of 
saline-infused rats (4.2-fold and 6.9-fold, respectively) 

AVP (-log,,, mollrat) 
o I 1 I 1 I 1 

O 14 12 10 8 6 

Fig. 5. Acute dose-dependent effect of AVP on PAC and PBC in 
autotransplanted rats with pharmacologically-interrupted HPA axis and 
RAS, and its inhibition by the sirnultaneous adrninistration of 
10-7 mollrat AVP-Al. Basal values in autotransplanted rats with intact 
HPA axis and RAS are shown on the ordinates. Data are rneanstSE 
(n= 6). +: p<0.05 and *: p<0.01 from the respective O-group. 

(Fig. 12). AVP infusion significantly raised both 
basa1 and stimulated ALDO secretion of both kinds 
of preparations (32% and 31%, and 60% and 51%, 
respectively), and the simultaneous administration 
of AVP-Al blocked this effect (Fig. 12). The infusion 

Fig. 6. Acute concentration-dependent effect of AVP on ALDO and B 
secretions of adrenal slices, and its inhibition by 10-5 M AVP-Al. Data 
are rneansISE (n= 6). +: ~ ~ 0 . 0 5  and ': p<0.01 frorn O-group. 

Flg. 7. Acute concentration-dependent effect of AVP on ALDO and B 
secretions of adrenocortical-autotransplant quarters, and its inhibition by 
105 M AVP-Al. Data are meansfSE. (n= 6). +: p<0.05 and ': pe0.01 
frorn O-group. 
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with AVP-Al alone decreased basal and stimulated 
ALDO yield by dispersed ZG cells (-29% and -38%, 
respectively), but not by autotransplant quarters 
(Fig. 12). AVP chronic administration induced a rise in 
basal and stimulated B secretion of dispersed ZFIZR 
cells (30% and 25%, respectively), but not of 
autotransplant quarters (Fig. 12); again, AVP-A1 
annulled the effect of AVP, but when infused alone did 
not affect B secretion of either kind of preparations (Fig. 
12). 

340 
80 ALDO (prnoiting . h )  B (pmo~img . h) 

o 1 a-cRH O 'IP 1 AVP (-log,,, M ) l  
1 1 1 1 o 

PBC ( I ~ M )  1 

400 

200 

o 
PBC (nM), 

O 7 O 7 Fig. 9. Effect o1 7-day infusion with AVP. AVP plus AVP-Al and AVP-Al 
on PAC and PBC in sham-operated (upper panels) and auto- 

Fig. 8. Effect of 10-7 M AL, 10-6 M a-CRH and 10-6 M CIP on basa1 and transplanted rats (lower panels) with pharrnacologically-interrupted HPA 
AVP (10.' M)-stimulated ALDO and B secretions by adrenal slices. Data axis and RAS. Basal values in anirnals with intact HPA axis and RAS 
are means (n= 8), and SE are not shown. *: pc0.01 from the respective are shown on the ordinates. Data are meanskSE (n= 8). +: pc0.05 from 
control group. the respective control group. 

5 1250 
number of cells ( x  IW) volume of cells (prn3) 

Fig. 10. Effect of 7-day infusion with AVP, AVP 
plus AVP-A1 and AVP-A1 on the morphometric 
parameters of ZG (upper panels) and ZF 
(lower panels) o1 sham-operated rats with 
pharmacologically-interrupted HPA axis and 
RAS. Basal values in anirnals with intact HPA 
axis and RAS are shown on the ordinates. Data 
are meansISE (n= 8). +: pc0.05 and ': pc0.01 
from the respective control group. 
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Discussion 

Mineralocorticoid secretion and ZG growth 

Our present in-vivo and in-vitro findings clearly 
indicate that, according to previous investigations (see 
Introduction), AVP exerts a potent and direct acute 
ALDO secretagogue effect on rat ZG cells. It must be 
noted that a good agreement exists between the in-vitro 
and in-vivo minimal and maximal effective 
concentrations of AVP. In fact, given that the pentoneal 
absorption rate of peptides in rats is very high, and 
assuming 10-12 m1 of blood per rat (Reaven et al., 
1988), it may be calculated that the bolus i. injection of 

Po the minimal (10-l2 mol) and maximal (10- mol) doses 
of AVP produce blood concentrations of the peptide of 
about 10-lo M and M, respectively. The possibility 
that the in-vivo effect of AVP may be at least partly due 
to the activation of pituitary ACTH release (see 
Introduction) or to the interference of the AVP 
vasopressor andlor antidiuretic actions with kidney renin 
release (for review, see Brooks and Keil, 1992) may be 
excluded, inasmuch as we employed rats whose HPA 
axis and RAS had been pharmacologically intermpted 
(see Matenals and methods). 

Our results indicate that AVP-Al, but not AVP-A2, 
blocks ALDO secretagogue effect of AVP, and this is in 
keeping with the demonstration that specific AVP 
receptors of the VI subtype are located on ZG cells 
(Antoni, 1984; Balla et al., 1985; Guillon and Gallo- 
Payet, 1986; Gallo-Payet et al., 1991; Lutz et al., 1993). 
AVP potentiates submaximally, but not maximally, 
ANG-11-stimulated ALDO production by dispersed ZG 
cells, a finding suggesting that AVP and ANG-11 share 
the same mechanism of action. Accordingly, evidence 
indicates that the transduction of the ALDO 

" 

Fig. 11. Effect of 7-day infusion with AVP, AVP plus AVP-A1 and AVP- 
Al on the average volume of ZG-like and ZF-like cells of adrenocortical 
autotransplants in rats with pharmacologically-internipted HPA axis and 
RAS. Basal values in animals with intact HPA axis and RAS are shown 
on the ordinates. Data are meansISE (n= 8). +: pe0.05 from the 
respective control group. 

secretagogue signal of AVP (like that of ANG-11) 
involves the activation of phosphoinositidase-C (Balla et 
al., 1985; Gallo-Payet et al., 1986, 1991; Guillon and 
Gallo-Payet, 1986; Woodcock et al., 1986, 1990a,b; 
Enyedi et al., 1988; Guillon et al., 1990). 

As it has been previously demonstrated (see 
Introduction), prolonged treatment with AVP enhances 
the growth of rat ZG, by inducing hypertrophy and 
hyperplasia of its parenchymal cells. Compelling 
evidence indicates that the hypertrophy of adrenocortical 
cells is the morphological counterpart of the enhanced 
gene expression of the enzymes of steroid synthesis (for 
review, see Nussdorfer, 1986). This is confirmed by the 
fact that after prolonged AVP infusion basal PAC is 
increased and both basal and maximally ANG-II- 
stimulated ALDO secretion of hypertrophied ZG cells is 
markedly raised. AVP-A1 infusion blocked these effects 
of AVP, which also demonstrates that the adreno- 
glomerulotrophic action of AVP involves the activation 
of V1 receptors. 

According to what has been previously shown 

800 1600 
(ALDO (pinolll 0Qells . 11) 1 B (p~nol/lO(~ cells . 11) 

o 1  , 1 1 1 I 0 
1251 basa1 ANG - 11 1 basa1 ACTH r800  

O AVP A AVP-Al AVP-Al 
O 1 I 1 I o 

hasal ANG - I I  hasal ACl't 1 
Flg. 12. Effect of 7-day infusion with AVP, AVP plus AVP-A1 and AVP- 
Al on basal and agonist (1 0-S M)-stimulated ALDO and B secretions of 
dispersed adrenocortical cells of shanl-operated rats (upper panels) and 
adrenocortical nodules of autotransplanted rats (lower panels). Data are 
means (n= E), and SE are not shown. +: pc0.05 and ': pcO.01 from the 
respective control group. 



Effect of vasopressin on adrenals 

(Mazzocchi et al., 1993b), a 1-week infusion with AVP- 
Al alone produces in sham-operated rats a notable 
atrophy of ZG and a significant decrease of its ALDO 
secretory capacity. This finding strongly suggests that 
endogenous AVP plays a role in the physiological 
control of ZG function in rats. However, this contention 
apparently conflicts with the fact that the minimal 
effective concentrations of AVP exerting an acute ALDO 
secretagogue action are about 100 pM, while under basa1 
conditions AVP blood leve1 in mammals is about 2-3 
pM. Also, in the case of extreme stimulation of pituitary 
AVP release (e.g. severe haemorrhage or prolonged 
water restriction), plasma AVP does not exceed a 
concentration of 50-100 pM (Dunn et al., 1973; Baylis, 
1989). This consideration suggests that posterior 
pituitary is not the source of AVP involved in the 
maintenance and stimulation of ZG function, and forces 
us to admit the existence of a local intra-adrenal source 
of AVP. Our present data seem to throw light onto this 
topic. 

Regenerated adrenocortical nodules secrete both 
mineralo- and glucocorticoids, and are responsive to 
ACTH and ANG-11; their subcapsular and juxta-septal 
ZG-like cells have ANG-11 receptors (Belloni et al., 
1990). However, due to the lower weight of regenerated 
adrenocortical tissue in comparison to that of normal 
adrenals, PAC and PBC are markedly lower than in 
sham-operated rats (Belloni et al., 1990, 199 1). 
Autotransplants regenerated from adrenal capsular 
fragments are completely devoid of chromaffin cells, a 
contention based on both morphological (serial 
sectioning) and biochemical findings (HPLC evaluation 
of catecholamine content) (Belloni et al., 1990). 

Autotransplanted rats respond to acute AVP 
administration by a marked increase in PAC, and 
autotransplant quarters display a clearcut ALDO 
response to AVP; prolonged AVP infusion enhances the 
growth and steroidogenic capacity of ZG-like cells. Al1 
these AVP effects are blocked by AVP-Al. Thus, it 
appears evident that ZG-like cells of autotransplants, like 
ZG cells of normal adrenals, possess V1-receptors and 
intracellular mechanism(s) transducing the mineralo- 
corticoid secretagogue signal of AVP. However, at 
variance with sham-operated rats, autotransplanted 
animals do not show any response to the infusion with 
AVP-A1 alone, a finding which reasonably suggests that 
the local production of endogenous AVP exerting 
adrenoglomerulotropic action is not operative in them. 

Taken together, these results allow us to hypothesize 
that adrenal medulla rnay be the local source of 
endogenous AVP paracrinally controlling ZG function in 
rats. Two lines of evidence lend support to this view: (i) 
it is well demonstrated that adrenal medulla, by secreting 
catecholamines and many regulatory peptides, exerts a 
paracrine control of the cortex function (Bornstein et al., 
1990b, Hinson, 1990; Hinson et al., 1992; Mazzocchi et 
al., 1993a; Malendowicz et al., 1994a,b; Rebuffat et al., 
1994), the morphological background of which rnay be 
the presence of abundant interdigitations between 

medullary and cortical tissues occurring in the adrenal 
gland (Gallo-Payet et al., 1987; Bornstein et al., 1991, 
1994; Bornstein and Ehrhart-Bornstein, 1992); and (ii) 
adrenal chromaffin cells of severa1 mammalian species 
contain AVP imrnunoreactivity (Ang and Jenkins, 1984; 
Nicholson et al., 1984; Nussey et al., 1984, 1987; Ivell et 
al., 1986; Ravid et al., 1986; Hawthorn et al., 1987). In 
this connection, it must also be recalled that arginine- 
vasotocin, the amphibian counterpart of mammalian 
AVP, is contained in the chromaffin cells of the frog 
interrenals and is able to paracrinally stimulate 
adrenocortical-cell secretion (Larcher et al., 1989, 1992). 

Glucocorticoid secretion and ZF growth 

Our present investigation confirms the view (see 
Introduction) that quite high concentrations of AVP exert 
a stimulatory effect on the secretory activity and growth 
of inner zones of rat adrenal cortex. Also, these effects 
of AVP appear to be mediated by VI-receptors, since 
they are blocked by AVP-Al. Bird et al. (1990) reported 
that AVP elicits cortisol secretion of cultured bovine 
ZFIZR cells, by stimulating phosphoinositidase-C; 
however, it must be recalled that bovine ZF cells, at 
variance with those of rats, are sensitive to ANG-11 and 
possess an active phosphatidylinositol mechanism of 
transduction (Rainey et al., 1991; Bird et al., 1992a,b; 
Luong et al., 1992; Quali et al., 1992). Our in-vitro 
findings cast doubts on the possibility that AVP acts 
directly on ZF cells, inasmuch as dispersed inner cells do 
not evidence a B response to AVP. 

Nevertheless, high concentrations of AVP evoke a 
sizable increase in B output by adrenal slices, containing 
both cortical and medullary tissue. This rather intriguing 
finding rnay be explained in the light of severa1 
investigations demonstrating that the integrity of adrenal 
tissue is frequently needed for many neuropeptides rnay 
exert their steroidogenic action (for review, see Vinson et 
al., 1985, 1992). This rnay be due to the fact that, as has 
been recently demonstrated for oxytocin (Warchol et al., 
1993), the integrity of cell-to-cell contacts allows the 
spreading of the secretagogue signal from the few 
responsive cells to the bulk of the unresponsive-cell 
population. However, this does not seem to be the case 
as far as AVP is concerned, since AVP does not elicit 
any appreciable glucocorticoid secretory response by 
either enucleated (i.e. demedullated) adrenal fragments 
(data not shown) or autotransplant quarters. Moreover, 
the acute and chronic administrations of AVP do not 
affect in-vivo B secretion in autotransplanted rats, nor do 
they stimulate ZF-like cell growth. On the basis of these 
data, the hypothesis that adrenal chromaffin cells play a 
pivotal role in the mediation of AVP effect on inner 
adrenocortical zones of the rat adrenal gland can be 
advanced. 

AVP receptors of the V1 subtype are present in 
adrenal medullary cells (Taylor et al., 1989). Hence, 
it rnay be conceived that AVP stimulates the secretion 
by chromaffin cells of an agonist, which, in turn, 
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paracrinally enhances glucocorticoid secretion and 
the growth of inner adrenocortical cells (see above). 
Evidence indicates that catecholamines are able 
to enhance steroidogenesis in vitro (De Léan et al., 
1984; Pratt et al., 1985; Horiuchi et al., 1987; Racz et 
al., 1987; Bertin et al., 1991; Walker et al., 1991; Vizi 
et al., 1992). However, AVP does not seem to 
enhance catecholamine secretion (Porter et  al., 
1988; Taylor et al., 1989), and AL, a potent B-adreno- 
receptor antagonist, does not block either ALDO or B 
responses of adrenal slices to AVP. Many lines 
of evidence suggest the existence of a CRHI 
ACTH system in the rat adrenal medulla, which may 
affect the cortex function in a paracrine manner 
(Bornstein et al., 1990a, Andreis et  al., 1991a, 
1992; Markowska et al., 1993), and whose activity 
is enhanced when hypothalamo-pituitary CRHI 
ACTH system is  suppressed by hypophysectomy 
(Mazzocchi et al., 1994b). It has also been shown 
that interleukin- 1 B (Andreis et al., 199 lb; Mazzocchi 
et al., 1993c), neuromedin U-8 (Malendowicz 
et al., 1994a,b) and neuropeptide K (Mazzocchi et 
al., 1994a) exert a direct secretagogue effect on the 
rat adrenal cortex by stimulating such a local 
intramedullary CRHIACTH system. In light of these 
considerations, it appears reasonable to conceive that 
AVP, in addition to stimulating the central branch of the 
CRHIACTH system (see Introduction), may also 
activate the intrarnedullary peripheral one. Our present 
findings lend a strong support to this contention, 
inasmuch as the AVP-induced B (but not ALDO) 
response of adrenal slices is completely abolished by 
both a-CRH and CIP, two competitive inhibitors of CRH 
and ACTH, respectively. 

The stimulatory effect of AVP on ZF growth and 
secretory activity does not appear to play, on the 
contrary to that on ZG and ALDO secretion, an 
important physiological role. In fact, minimal effective 
concentrations of AVP are very high (at least 10 nM), 
and the treatment with AVP-Al alone does not affect the 
growth and glucocorticoid secretory activity of adrenal 
ZF in sham-operated rats. 

Conclusions 

Our investigations clearly demonstrate that 
AVP plays a physiological role in the maintenance, 
and probably in the stimulation of rat ZG growth 
and mineralocorticoid secretory activity. The source 
of endogenous AVP exerting this effect seems to be 
adrenal medulla, and AVP released by chromaffin 
cells paracrinally acts on ZG cells by binding to V1- 
receptors. AVP also stimulates the growth and 
glucocorticoid secretory activity of rat adrenal 
ZF, probably by activating the intramedullary CRHI 
ACTH system via V1-receptor located in chromaffin 
cells. However, this effect of AVP does not appear to 
have a physiological relevance, at least under basal 
conditions. 
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