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Abstract--In order to characterize the receptor subtype mediating acetylcholine (ACh)-induced cortisol 
secretion from purified bovine adrenocortical zona fasciculata/reticularis cells in primary culture, the 
potencies of a range of selective muscarinic antagonists of ACh-induced steroidogenesis were assessed 
by Schild analysis. Basal secretion of cortisol was 10.2 + 1.4 pmol/well/30 rain. ACh stimulated a dose- 
dependent increase in cortisol secretion and was maximally effective at 10 -5 M, at which concentration 
cortisol secretion was 143.4 -+ 12.9 pmol/well/30 min. Hexahydro-sila-difenidol and para-fluoro-hexa- 
hydro-sila-difenidol were potent competitive antagonists of ACh-stimulated cortisol secretion, with pA2 
values of 8.68 -+ 0.28 and 7.96 -+ 0.29, respectively. Pirenzepine (pA2 = 6.95 -+ 0.28) and methoctramine 
(pA2 = 6.06 -4- 0.27) were relatively weak competitive antagonists. The pA2 values determined in this 
study are characteristic of the M3 muscarinic receptor, and we conclude that this receptor subtype 
mediates ACh-induced cortisol secretion from bovine zona fasciculata/reticularis cells. 
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Stimulation of adrenocortical steroid secretion in 
response to ACh§ was first demonstrated in the 
isolated perfused bovine adrenal gland [1]. ACh has 
since been reported to stimulate steroidogenesis 
from the perfused rat and amphibian adrenal [2, 3] 
and from cells isolated from both the bovine zg and 
zfr [4--6]. It is significant that direct cholinergic 
innervation of the adrenal cortex has been observed 
in several species including sheep [7] and man [8]. 
Furthermore, a possible role for ACh in regulating 
adrenocortical steroidogenesis in man has been 
proposed [9]. 

While no effect of ACh on cAMP levels has been 
demonstrated in adrenocortical inner zone cells [5, 
6], ACh clearly stimulates Ptdlns turnover. Dose- 
dependent increases in 32p i labelling of PtdIns occur 
in response to ACh [10], and in purified bovine zfr 
cells, ACh stimulates the formation of inositol tris- 
and bis-phosphates, the time course of appearance 
of which is consistent with the activation of a 
polyphosphoinositide specific phosphoinositidase C 
[6]. 

Where studied, stimulation of steroidogenesis and 
second messenger formation by ACh have been 
sensitive to muscarinic, but not nicotinic antagonists 
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§ Abbreviations: ACh, acetylcholine; zg, zona glo- 
merulosa; zfr, zona fasciculata/reticularis; EBS, Earle's 
Balanced Salts solution; HHSD, hexahydro-sila-difenidoi; 
p-FHHSD, para-fluoro-hexahydro-sila-difenidol; Ptdlns, 
phosphatidylinositol. 

[3, 5, 6, 10, 11]. However, the muscarinic receptor 
subtype involved in the steroidogenic response to 
ACh has not been established. 

Of the five muscarinic receptor subtypes which 
have been cloned [12-15], the ml,  m2 and m3 
receptors appear to correlate with the phar- 
macologically defined M1, M2 and M3 subtypes [16]. 
Since none of the muscarinic antagonists currently 
available is more than 10-fold selective for a given 
receptor subtype, it is necessary to obtain affinity 
profiles for a range of antagonists in order to classify 
muscarinic receptor subtypes definitively. Such 
antagonists include pirenzepine (M 1 > ME = M3), 
methoctramine (M2 > M1 > M3), HHSD (M1 = 
M 3 > M2) and p-FHHSD (M3 > M2 = M1) [17-20]. 
Recently a fourth receptor subtype has been 
pharmacologically identified (M4) exhibiting high 
affinity for the M1- and M2-selective antagonists 
pirenzepine and AF-DX-116 [21, 22]. This putative 
M4 receptor subtype can be distinguished from the 
Mx receptor by its high affinity for himbacine and 
methoctramine [21, 23], and appears to correspond 
to the muscarinic m4 gene product expressed in 
chick heart and brain [24]. 

Preliminary observations indicated that stimulation 
of steroidogenesis from primary cultures of bovine 
zfr cells by ACh may occur through the M3 muscarinic 
receptor [6]. The present study was undertaken 
to definitively characterise the receptor subtype 
involved in this response, by determining the 
affinities of a range of selective antagonists of ACh- 
stimulated cortisol secretion by Schild analysis [25, 
26]. 

MATERIALS AND METHODS 

Materials. The source of all cell culture and 
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Fig. 1. Dose-response curves for the secretion of cortisol 
by cultured bovine zfr cells produced on stimulation with 
ACh alone (11) and in the presence of (upper panel) 
pirenzepine (V) 3.3 × 10-6M, (4~) 10-SM; (lower panel) 
methoctramine (V) 10 5M, (0 )  10 4M. Data points are 
the means-+ SD of triplicate determinations from one 

representative experiment for each antagonist. 
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Fig. 2. Dose-response curves for the secretion of cortisol 
by cultured bovine zfr cells produced on stimulation with 
ACh alone (11) and in the presence of (upper panel) HHSD 
(V )  3.3 × 10-SM, (4~) 10-7M; (lower panel) p-FHHSD 
( V )  3.3 × 10-SM, (~1~) 3.3 × 10-TM. Data points are the 
means --- SD of triplicate determinations from one 

representative experiment for each antagonist. 

radioimmunoassay materials is described in Ref. 27. 
Controlled Process Serum Replacement No. 5 
(CPSR-5), acetylcholine and pirenzepine were from 
the Sigma Chemical Co. (Poole, U.K.).  HHSD 
hydrochloride and p-FHHSD hydrochloride were 
kind gifts from Drs G. Lambrecht,  E. Mutschler and 
R. Tacke of the Johann-Wolfgang-Gothe University 
(Frankfurt am Main, Germany).  N,N'-Bis[6-(2- 
methoxybenzly)amino]hexyl - 1,8 - octane - diamine 
tetrahydrochloride (methoctramine) was a generous 
gift from Prof. Dr C. Melchiorre, Universita'  Degli 
Studi di Bologna (Italy). 

Cell culture and stimulation. Bovine adrenal 
glands were obtained from freshly slaughtered 1-2 
year old steers (Gorgie Abattoir ,  Edinburgh, U.K.) .  
Purified zfr cell suspensions were prepared by the 
collagenase digestion and column filtration procedure 
described previously [28], producing a zfr cell 
preparation essentially free from glomerulosa and 
medullary cell contamination [28]. Cells were 

cultured at 37 ° under 5% C O  2 in 12-well culture 
dishes (25 mm diameter wells) at 333,000 cells/mL, 
in 1 mL of Ham's  F10 medium containing 10% (v/v) 
CPSR-5, penicillin (50 IU/mL),  streptomycin (50/lg/ 
mL) and amphotericin B (2.5/lg/mL) (F10 growth 
medium). After 24 hr the overlying medium was 
replaced with 0.5 mL of identical fresh medium. 

Experiments were performed 48 hr after initial 
plating, at which time cells showed peak respons- 
iveness to ACh [29]. F10 growth medium was 
removed and cells washed twice with 1 mL of EBS 
solution with added BSA and glucose [0.2 and 0.1% 
(w/v) respectively] (EBSBG). Cells were pre- 
incubated for 5min under 0 .4mL EBSBG after 
which ACh and/or  antagonists, dissolved in EBSBG, 
were added to the cells to a final volume of 0.5 mL. 
Stimulation was allowed to proceed for 30 min at 
37 ° after which the overlying medium was removed 
and stored at - 2 0  ° prior to cortisol radioimmunoassay 
as described previously [28]. 

Data analysis. In order to obtain estimates of 
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dose-response curve parameters, data sets were 
fitted by iterative non-linear least squares regression 
analysis using the software package Fig P (Biosoft) 8.o 
on an IBM computer, allowing the maximum and 
half-maximum responses to be calculated. Dose-  
response curves were tested for parallelism according ~ 2.o 
to Kenakin [30], and antagonist pA2 values estimated 
by the method of Arunlakshana and Schild [26]: 

logl0(r - 1) = nlogl0[B] + pKB 1.o 

in which r is the dose ratio produced by an antagonist 
of concentration [B], n is the Schild plot slope and 
pKB is the antagonist affinity constant. Where n was 0.0 
found to be not significantly different from unity, -9.0 
pKB was estimated with n constrained to unity [31]. 

RESULTS 

A series of concentration-response curves to ACh 
were set up in the presence of increasing doses of the 
muscarinic antagonists pirenzepine, methoctramine, 
HHSD and p-FHHSD. Representative experiments 
are shown in Figs 1 and 2. Six such experiments 
were carried out for each antagonist in order to 
determine pA2 values. Basal cortisol secretion was 
10.2 +-- 1.4 pmol/weU/30 min (mean - SEM, N = 24 
experiments). The dose-response curve for ACh fell 
in the concentration range 10-7-10-5M, and the 
ED50 for ACh-stimulated cortisol secretion was 
1.1 x 10-6M (range 0.4-7.2 × 10-6M). Maximal 
stimulation of cortisol secretion occurred at 
1 × 10-SM ACh, at which concentration cortisol 
secretion was 143.4 -+ 12.9 pmol/well/30 rain 
(mean --+ SEM, N = 24). 

The effect of each of the antagonists studied was 
to shift the log dose-response curve to the right, 
None of the antagonists had any effect on the 
maximal response attainable by ACh or the slope of 
the dose-response curve, consistent with competitive 
antagonism (Figs 1 and 2). None of the antagonists 
had any intrinsic effect on cortisol secretion at any 
of the concentrations employed (up to 1 x 10-SM 
HHSD, 1 × 10-6M p-FHHSD, 1 × 10-4M pir- 
enzepine and methoctramine) (data not shown). 

For estimation of antagonist affinities, the dose 
ratio (r) for each concentration of antagonist was 
obtained and Schild plots [26] constructed (Fig. 3). 
The estimated antagonist pA2 values and slope of 
the Schild regressions are shown in Table 1. 

DISCUSSION 

Bovine adrenocortical ACh receptors have pre- 
viously been characterized as muscarinic both in the 
outer zg and in the inner zfr [4, 5]. Walker et al. [6] 
reported the effects of a number of cholinergic 
agonists and antagonists on cortisol secretion from 
zfr cells, and obtained preliminary evidence for the 
presence of an M 3 receptor. However, definitive 
investigation of the muscafinic receptor subtypes 
present in the adrenal cortex has not been carried 
out, either by radioligand binding or by functional 
analysis, in any species. The present study establishes 
that ACh-stimulated cortisol secretion from bovine 
adrenocortical inner zone cells occurs through 
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Fig. 3. Schild analysis (log10 (dose-ratio (r)-l) vs 
logt0[antagonist]) of the antagonism by (A) HHSD, (11) 
p-FHHSD, (V) pirenzepine and (0)  methoctramine of 
ACh-stimulated cortisol secretion from bovine zfr cells. 
Cumulative data from six separate cell preparations for 
each antagonist (two concentrations of antagonist per 

experiment). 

activation of the M 3 muscarinic receptor, as discussed 
below. 

The use of Schild analysis for calculation of 
antagonist pA2 values is valid only for competitive 
antagonists. The antagonists employed in this study 
produced parallel shifts of the log dose-response 
curve to ACh without depressing the maximum 
response to ACh, and produced linear Schild 
regressions with slopes not significantly different 
from unity, consistent with competitive antagonism. 
The rank potency order (HHSD > p- 
FHHSD > pirenzepine > methoctramine) is charac- 
teristic of that of the M 3 muscarinic receptor:the 
relatively low potencies of pirenzepine (pA2 = 6.95) 
and methoctramine (pA2 = 6.06) indicate that the 
steroidogenic response to ACh is not mediated by 
M1 or M2 receptors respectively (see Ref. 32 for 
review), while the high pA 2 values for HHSD (pA 2 = 
8.68) and p-FHHSD (pA2 = 7.96) are characteristic 
of M3 receptor function [19, 20]. 

Recently a fourth muscarinic receptor subtype has 
been pharmacologically characterized which appears 
to correspond to the m4 gene product [21]. While 
the bovine adrenal medulla has been shown to 
express mRNA transcripts exclusively for the m4 
receptor, a weak signal for the m4 receptor mRNA 
was also detected in the cortex [33]. Although the 
putative M4 receptor subtype exhibits high affinity 
for the Ma-selective compounds HHSD and p- 
FHHSD [21], it also has moderate to high affinity 
for methoctramine similar to that of pirenzepine in 
both ligand binding and functional assays [21, 23]. 
The low pA2 for methoctramine observed in bovine 
zfr cells argues against any significant involvement 
of the M 4 receptor in ACh-stimulated cortisol 
secretion. 

While the observed pA 2 values for pirenzepine, 
methoctramine and p-FHHSD correlate well with 
the known values at M3 receptors in other systems 
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Table 1. Comparison of experimental pA2 values for muscarinic antagonists in bovine zfr cells with previously published 
values 

Published pA2 

Antagonist pAz ± SEM slope ± SEM M~ M2 M3 M4 Reference 

Pizenzepine 6.95 ± 0.28 1.06 + 0.06 8.0-8.3 6.5--6.8 6.7-7.0 7.2-7.7 [21, 23, 38-43] 
Methoctramine 6.06 --- 0.27 1.01 ± 0.04 6.8-7.6 7.6--8.3* 5.9--6.9 7.6-7.8 [21, 23, 38, 39, 42, 43] 
HHSD 8.68 ± 0.28 1.02 ± 0.10 7.9-8.7 6.5-6.9 7.6-8.5 7.6--7.9* [21, 38, 40, 44] 
p-FHHSD 7.96 ± 0.29 0.95 -+ 0.05 6.7-7.2 6.0-6.1 7.6-8.0 7.8 [16, 38-40, 42, 43] 

* - log l0Ki .  

(Table 1), that for HHSD was slightly higher in zfr 
cells than would be expected at any muscarinic 
receptor. While this value is not inconsistent with 
an Ma receptor classification, since HHSD exhibits 
highest affinity at MJM3 receptors, it does require 
comment. A similarly high value (8.49) has been 
reported previously in ovine detrusser smooth muscle 
[34]. Although carbachol was used as the agonist, 
this would not be expected to affect the apparent 
antagonist affinity, since measurements of pA2 are 
independent of the agonist used to elicit the 
functional response [30]. It seems unlikely that 
this discrepancy is due to inadequate antagonist 
equilibration time, since the existence of a non- 
equilibrium steady-state would be expected to 
produce a Schild slope greater than unity [30]: the 
Schild slopes for each antagonist in the present study 
were not significantly different from unity. It is 
possible that the unusually high pA2 for HHSD 
reported in the present study reflects a species- 
dependent heterogeneity of M3 receptors arising 
from differences in receptor or G protein structure. 
The precise reasons for this anomaly are unclear at 
present, and require further investigation. 

The presence of the M3 muscarinic receptor is 
consistent with the previously reported effects of 
ACh in bovine zfr cells: (i) stimulation of 
phosphoinositidase C activity [6, 10], the second 
messenger system associated with the cloned ml ,  
m3 and m5 gene products, and with native Mt and 
M3 cholinoceptors; (ii) the lack of effect of ACh on 
cAMP levels in adrenocortical cells [5, 6]; (iii) the 
inability of the Mrselect ive agonist McN-A-343 to 
stimulate cortisol secretion from bovine zfr cells [6]. 

Although the significance of ACh in controlling 
adrenocortical steroidogenesis remains to be estab- 
lished, a number of observations clearly support an 
in vioo function. ACh stimulates cortisol secretion 
from both the isolated perfused bovine adrenal gland 
and from freshly isolated bovine zfr cells [1, 6]. In 
addition, acetylcholinesterase-positive innervation 
of the adrenal cortex has been detected in many 
species including sheep [7] and man [8]. While 
administration of muscarinic agonists to humans had 
no intrinsic effect on plasma steroid concentration, 
the plasma aldosterone response to angiotensin II  
infusion was inhibited by atropine [9]. Observations 
such as these suggest that cholinergic mechanisms 
may exert a modulatory effect on the actions of 
other adrenocortical agonists. Such modulatory 

effects could occur either through interactions 
between ACh and other agonists at the level of the 
steroidogenic cells, as have been reported to occur 
in the amphibian adrenal [35, 36], or through effects 
of ACh on adrenocortical blood flow: in conscious 
calves, infusion of ACh resulted in a decrease in 
adrenocortical vascular resistance and an enhance- 
ment of the steroidogenic effect of adreno- 
corticotropin [37]. Thus, while data presented here 
and elsewhere clearly indicate a direct steroidogenic 
action of ACh on purified adrenocortical cells, it 
seems likely that ACh may also enhance agonist- 
stimulated steroidogenesis in oivo by increasing 
adrenal blood flow, thereby increasing the delivery 
of such agonists to the steroidogenic tissue. 

In conclusion, the antagonist affinity profiles 
observed in the present study most closely resemble 
those of the M 3 muscarinic receptor, and we propose 
that this receptor subtype mediates ACh-stimulated 
cortisol secretion from bovine zfr cells. The functional 
significance of this muscarinic cholinergic element 
in the regulation of adrenocortical steroidogenesis 
in oivo warrants further investigation. 
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