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SUMMARY

1. Muscarinic agonists enhanced catecholamine release from perfused cat adrenal
glands with the following relative order of potencies: methacholine > oxotremorine
> McN-A-343 > pilocarpine > bethanechol > muscarine. Because a continuous on-
line electrochemical detection system was used to monitor catecholamine release,
this sequence could be obtained at concentrations much lower (1-10 /IbM) and during
much shorter stimulation times (3-30 s) than in previous reports.

2. All muscarinic agonists used secreted adrenaline preferentially over noradrenal-
ine. Methacholine evoked a sustained, non-desensitizing response in the cat
adrenal, which declined to basal levels of secretion immediately after Ca2+ removal;
upon Ca2+ restoration secretion was restored to the previous plateau.

3. In addition to evoking a direct secretory response, low concentrations of
methacholine, pilocarpine, bethanechol or muscarine clearly potentiated cat adrenal
secretory responses evoked by pulses of nicotine (2 4ttM for 30 s) or high K+ (17-7 mm
for 30 s).

4. [3H]Quinuclydinyl benzylate (QNB) specifically bound to cat adrenomedullary
membranes with a saturating monophasic curve, suggesting a single binding site with
a KD of 23 pM and a Bmax of 67 fmol (mg protein)-'. Preferential displacement by
atropine over pirenzepine suggests that the binding site is associated to a M2-type
muscarinoceptor.

5. Methacholine (3-300 /tM) did not enhance the spontaneous catecholamine
release from perfused bovine intact adrenal glands or superfused chromaffin cells.
Neither did the drug affect secretion evoked by dimethylphenylpiperazinium (10 #uM
for 3 s) or K+ (35 mm for 3 s) from isolated superfused bovine adrenal chromaffin
cells.

6. [3H]QNB bound to purified bovine adrenomedullary plasma membranes with a
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KD of 29 pM and a Bmax of 89 fmol (mg protein)-'. Displacement by pirenzepine
suggests the presence of two binding sites (Hill coefficient = 0-64) with Kil of 39 nM
and Ki2 of 2734 nM.

7. Because the ionophore A23187 enhanced K+-evoked secretion in both, bovine
and cat adrenals, it seems that a similar cytosolic Ca2+ rise induced by muscarinic
stimulation might constitute the underlying mechanism both to cause a secretory
response per se as well as the potentiation of catecholamine release evoked by
nicotinic or high K+ stimulation. However, it is unclear why the bovine behaves
differently from the feline chromaffin cell as far as the muscarine-evoked effects are
concerned. These differences might be explained by the fact that the cat adrenal
chromaffin cell contains a single homogeneous population of muscarinic receptors of
the M2 subtype, which seem to facilitate external Ca2+ entry through an associated
ionophore. However, in the bovine adrenomedullary plasma membranes, two
populations of muscarinic sites with different kinetic characteristics to those found
in the cat might explain the different behaviour of muscarinic agonists.

INTRODUCTION

Early functional indirect studies (Dale, 1914; Feldberg, Minz & Tsudimura, 1934)
and later more direct experiments (Douglas & Poisner, 1965; Lee & Trendelenburg,
1967; Lee, 1972; Kirpekar, Prat & Schiavone, 1982) provided evidence suggesting
that acetylcholine released at the cat adrenal medulla by splanchnic nerve
stimulation combines with both nicotinic and muscarinic receptors to trigger
catecholamine release from chromaffin cells. Similar conclusions have been reached
in other species like the gerbil (Douglas, Kanno & Sampson, 1967), rat (Yoshizaki,
1975; Brandt, Hagiwara, Kidokoro & Miyazaki, 1976; Wakade & Wakade, 1983) and
guinea-pig (Role & Perlman, 1983), and recently corroborated in the cat (Borges,
Sala & Garcia, 1986; Borges, Ballesta & Garcia, 1987). These two components of the
action of acetylcholine surely have physiological implications since in cat adrenals,
nicotinic agents release noradrenaline and adrenaline equally well, but muscarinic
agonists preferentially release adrenaline (Douglas & Poisner, 1965).

In some other animal species, only one type of receptor has been shown to mediate
secretion. This is the case for the chick adrenal where only muscarinic receptor
activation induces a secretory response (Ledbetter & Kirshner, 1975; Knight &
Baker, 1986), or the hamster (Liang & Perlman, 1979) and the bovine adrenal
chromaffin cell where only nicotinic receptors seem capable of mediating catechol-
amine release. Muscarinic receptors have been identified by means of radioligand
binding techniques in animal species such as the rat (Kayaalp & Neff, 1979a), and
cat adrenal medulla (Borges et al. 1987) where they mediate a secretory response, as
well as in bovine adrenomedullary tissues (Kayaalp & Neff, 1979b) where those
receptors do not trigger secretion.

Because of their availability in large quantities and ease of preparation, bovine
chromaffin cells have been widely used during the last 10 years to correlate
biochemical and secretory responses triggered by various secretagogues. Para-
doxically, this has also been true for studies of muscarinic receptor-mediated
functions, in spite of the fact that muscarine, pilocarpine, methacholine or
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bethanechol do not enhance spontaneous catecholamine release from freshly isolated
(Schneider, Cline & Lemaire, 1979; Oka, Isosaki & Watanabe, 1982) or cultured
bovine adrenal medullary cells (Yanagihara, Isosaki, Ohuchi & Oka, 1979; Trifaro &
Lee, 1980; Fisher, Holz & Agranoff, 1981; Almazan, Aunis, Garcia, Montiel, Nicolas
& Sa'nchez-Garcia, 1984; Forsberg, Rojas & Pollard, 1986). However, muscarinic
receptor stimulation produces clear biochemical changes such as an increase in cyclic
GMP levels (Yanagihara et al. 1979; Derome, Tseng, Mercier, Lemaire & Lemaire,
1981), an enhancement in phospholipid turnover (Fisher et al. 1981; Mohd-Adnan &
Hawthorne, 1981) and an increase in inositol trisphosphate (Forsberg et al. 1986).

In the light of this differential behaviour, it seemed appropriate to restudy
secretory responses in adrenals from two species such as the ox and the cat, where
muscarinic receptors seem to be functionally different; in addition, the ne6d for
external Ca2+ ions to maintain such responses has been reassessed. In order to
characterize the receptors present in ox and cat adrenal medulla, we performed
radioligand binding experiments using [3H]quinuclydinyl benzylate (QNB), a potent
and specific muscarinic antagonist used to identify muscarinic receptors in several
tissues (Birdshall & Hulme, 1983; Hammer & Giachetti, 1984). These receptors have
been classified as M1 and M2 subtypes by using the specific agonist McN-A-343 (Goyal
& Rattan, 1978) and the antagonist pirenzepine (Hammer, Berrie, Birdsall, Burgen
& Hulme, 1980) for M1 receptors. It seemed likely that the observed differences in
secretion were due to different subtypes of muscarinic receptors present in chromaffin
cells from various animal species, in our case the ox and the cat.

METHODS

Catecholamine secretion studies
Perfused cat adrenal glands. Cats of either sex weighing 2-54-0 kg were anaesthetized with sodium

pentobarbitone (50-60 mg kg-', i.P.). Both adrenal glands were isolated and prepared for
retrograde perfusion as described earlier (Garcia, Hernandez, Horga & Sanchez-Garcia, 1980). The
glands were placed in metacrylate sealed perfusing chambers which were maintained full of air to
reduce the dead space and damp the pulses generated by the peristaltic pump. Glands were
perfused at room temperature (25+2 °C) at a rate of 1 ml min-' with Krebs-bicarbonate solution
of the following composition (in mM): NaCl, 119; KCl, 4-7; CaCl2, 2-5, MgSO4. 7H20, 1-2; KHPO4,
1-2; NaHCO2, 25; and glucose, 11. The solution was bubbled with 95% 02 and 5% C02, the final
pH being 7-4.
The liquid flowing from the perfusion chamber was either continuously collected at 2 min

intervals in acidified chilled tubes, or directed on-line to an electrochemical detector coupled to a
recorder; the oxidation potential was fixed at 0-65 V. Total catecholamine outputs in basal
conditions or after stimulating the glands with acetylcholine receptors agonists were determined
fluorometrically according to Shellenberger & Gordon (1971) or directly monitored through the
oxidation of catecholamines by electrochemical detection (Borges et al. 1986). In some experiments,
the differential measurement of adrenaline and noradrenaline was performed by injecting aliquots
of collected samples into a high-performance liquid chromatography system coupled to an
electrochemical detector (Borges et al. 1986). Catecholamine present in each collection tube was
expressed as micrograms per minute (,tg min-'), nanograms per stimulation pulse (ng (stimulation
pulse)-'), or oxidation current (nA).

Perfused bovine adrenal glands. Bovine adrenal glands obtained from a local slaughterhouse
within 30 min of the death of the animals were retrogradely perfused through the adrenal vein
following a procedure essentially similar to the cat adrenal, except for the perfusion rate which was
adjusted to 6 ml min-'. Total catecholamine outputs (basal or evoked) were fluorometrically
assayed in aliquots of acified samples according to Shellenberger & Gordon (t1971).
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Bovine adrenal chromaffin cells cultured on polystyrene beads. Bovine chromaffin cells were isolated
as described by Fenwick, Fajdiga, Howe & Livett (1978) with the following modifications: (a) once
in the cell culture unit, adrenal glands were washed 3 times with Ca2+- and Mg2+-free Locke buffer
(154 mM-NaCl, 5-6 mM-KCl, 3-5 mM-NaHCO3, 5-6 mM-glucose, and 5 mM-HEPES buffer at pH 7-4)
at room temperature; (b) medullary digestion was carried out by injection with a syringe 5 ml of
a solution containing 0-25% collagenase, 05% bovine serum albumin (fraction V, Sigma) in
washing buffer until the glands swelled well. Then, incubation at 37 °C for 15 min followed. This
procedure was repeated 3 times. No further digestion was attempted after separation of the
digested medulla from the cortex; (c) after filtering the cells with a 210,um nylon mesh, and
washing out the collagenase with a large volume of Locke buffer, the cell suspension was placed on
a self-generated Percoll gradient to remove cell debris and remaining erythrocytes. Percoll was
then removed by washing the collected cells with Locke buffer (1:5 dilution) and centrifuging at
500 g for 10 min at room temperature. The washing procedure was repeated twice more by
resuspending the cells in Dulbecco's modified Eagle's medium (DMEM). This procedure produced
cells with a viability greater than 95% using the Trypan Blue exclusion test, and yield of about
100 million cells per gland.
The final pellet was resuspended in DMEM supplemented with 10% fetal calf serum, containing

10 #aM-cytosine arabinoside, 50 i.u. ml-' penicillin and 25 1ag ml-' streptomycin and plated on
2-5 cm diameter plastic Petri dishes (Costar, Cambridge, MA, USA) in the presence of polystyrene
beads, 37-74 ,um diameter, 12% cross-linked, in the bottom (about 4 x 106 cells per dish). Cells were
maintained at 37 °C in a humidified incubator under 95% air and 5% C02. Media were changed
after 72 h and every 3 days.

Cells attached to the beads were trapped in small glass capillaries 'sealed' with 50,um pore
diameter nylon mesh and superfused with modified Krebs solution (15 mM-HEPES instead of
bicarbonate, equilibrated at pH 7-4 with pure 02) at 1 ml min-1. Pulses of secretatogue were
delivered by an electronically controlled valve (Herrera, Kao, Curran & Westhead, 1985).
Catecholamines released were monitored with the same on-line system used for the cat adrenal.

[3H]Quinuclydinyl benzylate binding studies in cat and bovine adrenomedullary membranes
Cats weighing 2-5-4-0 kgs were anaesthetized with sodium pentobarbitone (50-60 mg kg-', I.P.),

adrenal glands removed and medullae carefully separated from the cortex using a binocular lens.
Usually, twelve medullae were homogenized (Polytron, setting 7 for 15 s, twice) in 5 ml of ice-cold
isotonic buffer (0-32 M-sucrose, 50 mM-Tris, pH 7 4), filtered through a gauze layer and centrifuged
at 800 g for 10 min. The pellet was discarded and the supernatant saved to perform the binding
experiments in aliquots of this homogenate. Because of the scarce amount of material available (the
cat adrenal medulla weighs only few milligrams), no further purification of plasma membranes was
attempted.
Twenty bovine adrenal glands were obtained from a local slaughterhouse within 30 min of the

death of the animals and placed on ice. All subsequent manipulations were performed at 4 'C. The
superficial fat was removed, the adrenal cortex dissected away, medullae finely minced, placed in
6 volumes (w/v) of ice-cold 0-32 M-sucrose-50 mM-Tris buffer pH 7-4 containing 0-1 mM-phenyl-
methyl sulphonyl fluoride and 1 mM-iodoacetamide, and homogenized in a Polytron at the
setting 7 for 15 s, 3 times. The crude homogenate was filtered through a double gauze and the
filtrate centrifuged at 1000 g for 15 min. The pellet was discarded and the supernatant spun down
at 100000 g for 1 h at 4 'C. After resuspension, the pellet was then layered on 1-6 M-sucrose and
centrifuged at 100000 g for 1 h at 4 'C. The 0-32-1-6 M-sucrose interface was layered on a
discontinuous sucrose gradient (1-1 2-1 9 M; 10-10-4 ml) and spun down at 100000 g for 4 h. The
1-1 2 M interface was collected and washed 2 times with 50 mM-Tris-HCl buffer pH 7 4, containing
the same protease inhibitors as the homogenizing buffer. The final pellet was resuspended in 50 mm-
Tris-HCl buffer pH 7-4 and stored at -80 'C until use. Protein contents were determined according
to Lowry, Rosebrough, Farr & Randall (1951) using bovine serum albumin as standard.
[3H]QNB binding was performed as described by Kayaalp & Neff (1979b). Aliquots of the cat

adrenal homogenate (100 jg protein) or partially purified bovine adrenal medulla chromaffin cell
plasma membranes (50 ,ag), were incubated in 50 mM-sodium-potassium phosphate buffer, pH 7 4,
containing 0 01-1 nM [3H]QNB in a final volume of 1 ml, at 37 'C for 1 h with continuous shaking.
At the end of the incubation period, samples were filtered under vacuum through Whatman GF/C
glass fibre filters pre-wetted with the buffer. Filters were washed 4 times with 5 ml of ice-cold
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buffer, placed into scintillation minivials containing 4 ml of 'Normascint' (Scharlau, Ferosa,
Madrid, Spain) and counted in a Beckman LS2800 liquid scintillation counter. Non-specific binding
was defined as the radioactivity bound to samples of homogenate in the presence of 5 /LM-atropine.
In displacement experiments, different drugs were pre-incubated with the homogenate 10 min
before adding the radioligand. Analysis of experimental equilibrium data were performed by the
LIGAND non-linear least-squares computer program (Munson & Rodbard, 1980).

Chemicals
McN-A-343 was a kind gift of Professor A. Wakade. [3H]QNB (specific activity 33 Ci mmol-t)

was supplied by Amersham and polystyrene beads from Bio Rad. All other drugs were obtained
from Sigma (USA); all chemicals used in the preparation of buffers and media were reagent grade.

RESULTS

The secretory responses to single or combined muscarinic and nicotinic secretagogues
in perfused cat adrenal glands

Figure 1A shows catecholamine release peaks obtained upon stimulation of the
glands for 30s with 10 /LM-muscarine, bethanechol, pilocarpine or methacholine.
Though a single concentration was used, the results clearly indicate that the relative
potencies of the four muscarinic agonists were precisely in the reverse order cited
above, methacholine being the most potent (Table 1). Oxotremorine and McN-A-343
potencies were in between those of muscarine and methacholine. With this
stimulation pattern, responses were fairly reproducible and quite consistent during
5-6 h of perfusion of the glands.

Total catecholamines and differential secretions of adrenaline and noradrenaline
obtained with eleven different secretagogues are summarized in Table 1. While
muscarinic agonists preferentially secreted adrenaline, nicotinic agonists or high K+
concentrations released about equal amounts of both catecholamines. Mecamylamine
(10 /LM) reduced 10-fold the secretory response; 100 /SM of the ganglionic blocking
agent were required to abolish catecholamine release (data not shown). Note that the
percentages of adrenaline released by acetylcholine and carbachol are lower than
those obtained with pure muscarinic agonists. This is probably due to the fact that
the nicotinic component of these agonists overlap with their muscarinic effects,
causing an enhanced release of noradrenaline.

In another group of experiments, the effects of muscarinic agonists on nicotine- or
K+-evoked catecholamine release were tested. Figure lB shows that muscarine,
bethanechol, pilocarpine and methacholine clearly potentiated secretory responses
evoked by pulses of nicotine (2 /SM for 30 s) given at 30 min intervals. The
potentiating effects of muscarinic agonists were concentration dependent and
sensitive to 1 /uM-atropine. A similar picture emerged from experiments using high
K+ (17-7 mm for 30 s) as stimulant of secretion. Here, oxotremorine and methacholine
were equipotent in enhancing the secretory response to K+ which rose as much as 4-
to 5-fold over the secretory rate obtained in the absence of the drugs. McN-A-343 was
less potent, and bethanechol was the weakest potentiating agent (Fig. 1 C). Once
more, the potentiating effects of the four muscarinic agonists were cancelled by 1 ,tM-
atropine.
An interesting additional feature of the direct muscarinic secretory response is its
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Fig. 1. Secretory effects of musearinic agonists in perfused cat adrenal glands. A,
catecholamine outputs from cat adrenal glands were measured continuously by electro-
chemical detection. Muscarinic drugs (10 gim) were applied as 30 s pulses at 30 min intervals.
Calibration vertical bars indicate the scale (nA) used in each secretory peak. Each step in
the attenuation level (ATN) means a reduction in the gain by 1/2. Calibration standards
of adrenaline were applied for 30 s through the gland (internal standard, IS) or bypassing
it (external standard, ES). Peak secretions in the figure were taken from the original
graph of one typical experiment out of eight. B, the potentiation of nicotinic secretory
responses by muscarinic agonists. Pulses of nicotine (2 gtm) of 30 s duration were applied
and the average response normalized to 100 %. The same protocol was used in the
presence of muscarinic agents at the indicated concentration. Muscarinic drugs and
atropine were present during 10 min before and during nicotinic stimulation. Data are
means +S.E.M. of four experiments. C, the potentiation of K+-evoked catecholamine
release by muscarinic agonists. Experiments were carried out as in B but here glands were
challenged with 17-7 mm-KCI.
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TABLE 1. Differential catecholamine release evoked by selective and mixed muscarinic
and nicotinic agonists, as well as by high K+ concentrations, in perfused cat adrenal glands

Total catecholamine Noradrenaline Adrenaline
release release release

n (ng min-') (% total) (% total)

Basal 8 12+4 27 73
Muscarine 5 63 + 23 35 65
Bethanechol 14 96+ 15 18 82
McN-A-343 9 281+59 31 69
Oxotremorine 6 381 + 106 31 69
Pilocarpine 12 248 + 33 22 78
Methacholine 10 741+114 35 65
Acetylcholine* 4 697 + 315 39 61
Carbachol* 4 469+ 225 38 62
DMPP* 9 329+ 101 48 52
Nicotine* 4 217+54 49 51
K+, 17-7 mm 22 268+32 43 57

Agonists were applied in pulses of 2 min at the concentration of 1 ,UM; * 10 ,tM-mecamylamine
(a nicotinic antagonist) was present when glands were challenged with agonists that also stimulated
nicotinic receptors; DMPP, dimethylphenylpiperazinium. Data are means+S.E.M. of the number
of glands shown (n).

5 min

Methacholine, 30 !IM

0 Ca2+

Fig. 2. Calcium dependence of the muscarinic secretory response in perfused cat adrenals.
Glands were continuously stimulated with methacholine (filled bar) and catecholamine
release measured on-line with electrochemical detection. When the secretory response
reached the steady state, external Ca2+ was isosmotically replaced by Mg2+ during the
time indicated by the hatched bar. The records are a copy from the original; this is taken
from a typical experiment out of four.

dependence upon external Ca2+. If methacholine (30 ,tM) is continuously perfused
through the adrenals, a secretion peak is quickly reached followed by a stable plateau
at about half the peak height (Fig. 2). On Ca2+ removal from the perfusion fluid, the
rate of secretion quickly declined to basal levels; upon Ca2+ reintroduction, secretion
was restored to the initial plateau.
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The secretory responses to single or combined muscarinic and nicotinic secretagogues
in perfused bovine adrenal glands or superfused isolated bovine chromaffin cells

Perfused bovine adrenal glands were stimulated with increasing concentrations of
methacholine (3-300 JIM for 2 min each time). Methacholine was selected because it
happened to be the most potent muscarinic agonist to enhance secretion in the cat
adrenal gland. In spite of this, the drug did not enhance the rate of spontaneous
catecholamine release at any of the concentrations used. In contrast, stimulation
with K+ (59 mm for 2 min) produced a sharp increase of the rate of catecholamine
release (Fig. 3A).

Other experiments were designed to test whether methacholine affected secretory
responses to pulses of a pure nicotinic agonist (DMPP, 10 1am for 3 s) or K+ (35 mm
for 3 s). This stimulation pattern was selected in order to get reproducible responses
in these superfused cells and compare their secretory properties to the results
obtained in perfused cat adrenals. These experiments were performed on isolated
superfused bovine adrenal chromaffin cells trapped on polystyrene microbeads;
secretion was continuously monitored using an on-line electrochemical detector
coupled to a recording system. Figure 3B shows that DMPP pulses evoked very
consistent and reproducible secretory responses when applied at 100 s intervals.
Those responses were unaffected by the presence of 1 JIM-methacholine, a con-
centration that at least doubled the nicotinic secretory response in the cat adrenal
gland.
Something similar occurred with secretory responses produced by K+ pulses

(Fig. 3 C). Catecholamine release peaks were very reproducible when chromaffin cells
were stimulated with K+ at 100 s intervals. Methacholine, 1 or 10 /tM, did not affect
those secretory peaks.

Effects of ionophore A23187 on potassium-evoked secretory responses in cat adrenal
glands and bovine chromaffin cells

Figure 4 shows results of an experiment aimed to test whether the Ca2+ ionophore
A23187, which by itself slightly enhanced catecholamine release at 1 ,UM, potentiated
the secretory responses to K+ stimulation in both cat and bovine adrenomedullary
chromaffin cells.
K+ pulses (17-7 mM for 30 s) were applied at 5 min intervals to perfused cat adrenal

glands. Once the secretory peaks stabilized, perfusion with A23187 (1 JIM) was
initiated. Although the ionophore barely increased the basal rate of secretion (Fig. 4,
left), it did clearly potentiate K+-evoked secretory responses 3- to 4-fold.

Similar experiments were performed in superfused bovine adrenal chromaffin cells
attached to microbeads. K+ pulses (35 mm for 3 s at 100 s intervals) produced very
reproducible secretory peaks. The ionophore enhanced the basal catecholamine
output to a new stable baseline. The initial K+ pulses produced secretory peaks that
were substantially higher than those obtained before A23187 application; however,
these peaks suffered a quick inactivation process in subsequent K+ pulses, probably
because intracellular Ca2+ accumulation by the continuous perfusion with the
ionophore inactivated voltage-dependent Ca2+ channels (Artalejo, Garcia & Aunis,
1987).
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Fig. 3. Effects of muscarinic agonists on bovine adrenal catecholamine release. A, inability
of muscarinic agonists to evoke catecholamine release from perfused bovine adrenal
glands. Glands were challenged with metacholine or high K+ solutions during 2 min. The
figure shows the basal secretion and the secretion obtained with methacholine or K+
(59 mM). Data are means+sEM. ofthree separate experiments. B, effects of methacholine
on the secretory response to nicotinic agents from superfused chromaffin cells attached to
microbeads. Pulses of dimethylphenylpiperazinium (DMPP; 10 P for 3 s) were applied
every 100 s using electronically driven valves. Arrows show the effects of valve opening
on traces in the absence of DMPP. Methacholine was present at the time indicated by the
open bar. The vertical bar shows the scale in nA. A typical record out of eight experiments
is shown. C, the effect of methacholine on K+aevoked catecholamine release. Cells were
challenged with 35 mM-Km as described in B. Traces show the action of 1 and10gnM-
methacholine in a typical experiment out of six.
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[3H]QNB binding to feline and bovine adrenomedullary membranes

Figures 5A and 6A show saturation isotherms of [3H]QNB to cat and ox
adrenomedullary membranes, respectively. In both cases, [3H]QNB saturated at
about 200 pM. A Scatchard plot of equilibrium binding data in both species showed

B Bovine 5 min

A Cat

5 min

C~~~~~~~~~~~~~~
00 L

*..* * K+ o0oo ooo oooo o K4

A23187, 1 gM A23187, 1 ,M

Fig. 4. Calcium ionophore A23187 potentiates the K+-evoked secretory response in cat
adrenal glands and bovine chromaffin cells. A, perfused cat adrenals were challenged with
17 7 mM-K+ for 30 s. When reproducible responses were obtained, glands were perfused
with 1 /tM-A23187 and the K+ stimulation subsequently repeated. B, bovine adreno-
medullary cells attached to microbeads were stimulated with K+ pulses (35 mm for 3 s
every 100 s) using electronically driven valves. When responses became stable, A23187
was introduced and K+ pulses were subsequently applied.

the presence of a single binding site with an apparent dissociation constant of 23 +
2 pM and a Bmax of 67 + 2 fmol (mg protein)-' in the cat adrenomedullary membranes
(means of three duplicate experiments). In the case of the bovine membranes,
equilibrium binding parameters were: KD = 29 + 3 pM; Bmax = 89 +4 fmol (mg
protein)-' (n = 3 duplicate experiments).

Inhibition of specific binding of [3H]QNB by increasing concentrations of atropine
(Figs 5B and 6B) revealed no prominent differences between cat and bovine
muscarinoceptors. Thus, the Ki of atropine for the feline was 5-2 + 0-6 nm and for the
bovine 9-8+ 1-5 nm (n = 3 duplicate experiments). On the other hand, when
pirenzepine was used as inhibitor of [3H]QNB binding, drastic differences were found
between the species. As shown in Fig. 5B, in the case of cat adrenomedullary
membranes [3H]QNB inhibition curve by pirenzepine was steep. In contrast, the
curve corresponding to bovine membranes was shallow. According to the different
shape of both curves, the Hill coefficient of pirenzepine in cat adrenal medulla was
close to unity (n = 0 96), while in ox was considerably less than 1 (n = 0'64). These
results suggest that the feline adrenal medulla possess a single class of muscarinic
receptors, whereas in bovine adrenal medulla more than one subclass of muscarinic
receptors seem to be present. To gain further insight from these results experimental
data were analysed using the LIGAND, a non-linear least-squares computerized
program, that allowed us to determine if pirenzepine binds to one or two different
binding sites. In agreement with calculated Hill coefficients, analysis of data by the
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Fig. 5. A, specific equilibrium binding of [3H]quinuclydinyl benzylate, [3H]QNB, to crude
cat adrenal medullary membranes. See Methods for experimental details. Inset shows the
Scatchard plot of data from three duplicate experiments from different batches of
membranes. B, displacement of [3H]QNB binding by increasing concentrations of
atropine or pirenzepine. The Hill coefficient approached unity with both drugs. Data from
three duplicate experiments from different batches of membranes.
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Fig. 6. A, specific equilibrium binding of [3H]quinuclydinyl benzylate, [3H]QNB, to
purified bovine adrenal plasma membranes. See Methods for experimental details. Inset
shows the Scatchard plot of data from three duplicate experiments using three different
batches of membranes. B, displacement of [3H]QNB binding by increasing concentrations
of atropine or pirenzepine. The Hill coefficient was 0-64, suggesting the presence of two
different sites (see text).
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LIGAND program showed that the data for feline adrenal medulla could be fitted by
only one class of binding sites, with a Ki of 578+ 161 nM (P < 0-0001). In contrast,
the pirenzepine displacement of [3 H]QNB binding in bovine adrenal medullary
membranes was better fitted by two different binding sites with Kil of 39-2 + 9-7 nm
and Ki2 of 2734 + 246 nm (P = 0 03).

DISCUSSION

In an attempt to find an explanation for the different behaviour of secretory
responses of adrenal medullary tissues from various animal species to muscarinic
agonists, several types of experimental designs have been carried out in feline and
bovine adrenal glands in order to compare, first, the secretory activities of various
muscarinic agonists, second, the effects of muscarinic agonists and the ionophore
A23187 on catecholamine release evoked by nicotinic stimulation or high K+
concentrations, third, the binding characteristics of [3H]QNB to adrenal medullary
membranes, and fourth, the external Ca2+ dependence of the muscarinic secretory
response in the cat adrenal.
As far as the direct secretory effects of muscarinic agonists are concerned, we have

confirmed and extended the work of various authors who previously demonstrated
that although smaller than with other secretagogues, muscarinic agonists evoke clear
secretory responses in adrenal glands or chromaffin cells from various animal species,
except the ox (see Introduction for references). Here, we present new data comparing
the efficacy of various selective and non-selective muscarinic agonists, showing that
the natural agonist muscarine exhibited the least potency as secretagogue, followed
by bethanechol, pilocarpine, McN-A-343, oxotremorine and methacholine which was
the most potent of the six drugs tested.

Criteria used for identification of putative muscarinic M1-type receptors can be
summarized as follows: (1) Hill coefficient, nH, of pirenzepine in displacing [3H]QNB
binding smaller than 1; (2) presence of two binding sites when displacement
experiments of pirenzepine are analysed by means of non-linear regression (Hammer
et al. 1980); and (3) inhibition constant, Ki, for the high affinity site of pirenzepine in
displacing [3H]QNB binding is close to that of atropine (Vanderheyden, Ebinger &
Vauquelin, 1987). Since the receptors in bovine adrenal medulla conform to all three
criteria, it seems that they belong to the Ml subtype. In the case of the cat, results
were the opposite, as nH of pirenzepine was close to unity. Non-linear regression
analysis of pirenzepine binding data fitted significantly to a one-site model, and
potency of atropine was about 100-fold higher than that of pirenzepine. Thus, it can
be assumed that in feline adrenal, receptors are of the M2 subtype.
Over 2/3 of total catecholamine released by muscarinic agonists was adrenaline,

corroborating the earlier study of Douglas & Poisner (1965) showing that muscarine
and pilocarpine preferentially release adrenaline from the cat adrenal. This might
have interesting physiological implications in animal species whose adrenal medullae
tissues have substantial amounts of both, adrenaline- and noradrenaline-containing
cells, such as the cat, dog and human; in the rabbit, rat and guinea-pig, where
adrenaline accounts for over 90% (Holzbauer & Sharman, 1972), it is unlikely that
selective secretion has much physiological significance. The ox belongs to the first
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group of animal species; its chromaffin cells are 30 % noradrenergic and 70%
adrenergic. If a preferential secretion can have any physiological role here, it is clear
that it is not exerted through muscarinic activation, since stimulus does not trigger
secretion. It would be certainly interesting to separate both populations of living
cells, and see whether biochemical phenomena other than secretion, following
muscarinic stimulation (i.e. changes in cyclic GMP, phospholipid turnover, inositol
trisphosphate formation; see references in Introduction), are preferentially seen in
one but not the other type of cell.

Concerning the second point, the effects of muscarinic agonists on secretion evoked
by other secretagogues, interesting differences emerge again when comparing the
behaviour of bovine and feline glands. In the cat, concentrations of muscarinic
agonists causing by themselves little secretion, clearly potentiated secretory
responses evoked by nicotinic stimulation or high K+ concentrations. Once more, the
bovine differed from the feline adrenal, since methacholine did not affect the rates of
secretion neither in perfused bovine adrenal glands nor in isolated chromaffin cells.

Muscarinic stimulation of bovine chromaffin cells causes a small rise of cytosolic
Ca2+ concentrations which are largely independent of extracellular Ca2+, suggesting
that muscarinic agonists mobilize Ca2+ from intracellular sites (Cheek & Burgoyne,
1985; Misbahuddin, Isosaki, Houchi & Oka, 1985; Kao & Schneider, 1986; Harish,
Kao, Raffaniello, Wakade & Schneider, 1987). However, such small increments are
insufficient to trigger secretion. In an attempt to find a physiological role for those
changes in cytosolic Ca2+ Forsberg et al. (1986) recently suggested that muscarinic
receptors may serve as an auxiliary mechanism to enhance the primary nicotinic
component of acetylcholine-induced secretion. This suggestion was based in two
facts: an early increase in inositol trisphosphate levels and a 20% increase by
muscarine of nicotine-evoked secretion from cultured bovine chromaffin cells.
However, this hypothesis is not tenable in the light of the following facts. (i) Forsberg
et al. (1986) only found a mild potentiation of nicotine-evoked secretion by muscarine
under very stringent experimental conditions, i.e. when muscarine was present 30 s
before nicotine, but not when added simultaneously or 5 min before. This does not
mimick the physiological situation where a sustained stimulation of muscarinic
receptors by endogenously released acetylcholine during stress is likely to take place.
(ii) We could not see any effect of muscarinic agents on nicotine- or K+-evoked
secretion in perfused intact bovine adrenal glands or superfused chromaffin cells.
Similar results have been obtained by Cheek & Burgoyne (1985) who also observed
that neither methacholine nor oxotremorine affected secretion evoked by a wide
range of nicotine concentrations in isolated bovine adrenal chromaffin cells.
The source of Ca2+ which is required to trigger adrenomedullary catecholamine

release by muscarinic receptor stimulation in species other than the bovine is also
controversial. For instance, in 1966 Poisner & Douglas demonstrated in the perfused
cat adrenal gland that the absence of external Ca2+ practically abolished the
secretory responses to muscarine, pilocarpine and methacholine, and we have
recently corroborated this finding (Borges et al. 1987; this paper). On the other hand,
Knight & Baker (1986) observed that in chicken adrenal cells both Na+ and Ca2+ ions
were required to trigger the muscarine-evoked secretory response. In contrast,
Harish et al. (1987) observed that muscarine-evoked secretion from perfused rat
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adrenals is well maintained in Ca2+-free solutions, and Nakazato, Ohga, Oleshansky,
Tomita & Yamada (1988) have recently presented some results in this direction:
acetylcholine and pilocarpine evoked an initial secretory response in perfused guinea-
pig adrenals when Ca2+ was removed; however, in the case of pilocarpine the response
was only 10% of that obtained in the presence of Ca2+ and disappeared on
challenging the gland for a second time.

In conclusion, whatever the source of Ca2+ and the intracellular biochemical
mediators involved, it seems clear that the cat adrenal chromaffin cell contains a M2
subtype of muscarinic receptor that mediates a healthy, persistent and non-
inactivating secretory response entirely dependent on external Ca2+. By stimulating
those receptors, endogenously released acetylcholine might modulate the efficacy of
the nicotine-mediated secretory response. Because the muscarine-evoked secretory
response does not desensitize (Kirpekar et al. 1982; Malhotra, Wakade & Wakade,
1988; this paper), it seems likely that in addition to this, muscarinic stimulation
might be capable of maintaining a low rate of non-desensitizing catecholamine
release, which is sustained by external Ca2+ entering the cells; this response might be
useful during prolonged stressful situations when the nicotinic secretory response is
quickly desensitized (Schiavone & Kirpekar, 1982). It remains to be determined if
analogous biochemical changes to those seen in the bovine adrenal accompany the
muscarine-evoked secretory response in the feline adrenal and what are the
functional meanings of these changes in bovine chromaffin cells.
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8411029), C.I.C.Y.T. (no. PB86-0119) and F.I.S.S. We thank R. de Pascual for the drawings and
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