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a2-Adrenoceptor subtypes involved in the
regulation of catecholamine release from the
adrenal medulla of mice
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Background and purpose: This study was carried out to elucidate which a2-adrenoceptor subtypes mediated the inhibition of
noradrenaline and adrenaline release from the adrenal medulla of mice.
Experimental approach: Isolated adrenal medullae from wild-type and a2A, a2B and a2C-adrenoceptor knockout (KO) mice
were placed in superfusion chambers. Catecholamine overflow was evoked by 1,1-dimethyl-4-phenylpiperazinium (500 mM) in
absence or in presence of the a2-adrenoceptor agonist medetomidine. The effect of medetomidine was tested in presence of
the a-adrenoceptor antagonists rauwolscine, WB 4101, spiroxatrine, phentolamine and prazosin.
Key results: In wild-type mice, medetomidine reduced noradrenaline and adrenaline overflow in a concentration-dependent
manner (EC50 in nM: 1.54 and 1.92; Emax in % of inhibition: 91 and 94, for noradrenaline and adrenaline, respectively). The
pKD values of the antagonists for noradrenaline overflow did not correlate with pKD values at a2A, a2B, or a2C binding sites. The
pKD values of the antagonists for adrenaline overflow correlated positively with pKD values at a2C binding sites (opossum
kidney cells). The effect of medetomidine (100 nM) on noradrenaline overflow was significantly reduced in all three a2KO mice
(57, 54, 44 % inhibition, for a2A, a2B, and a2C, respectively), whereas the effect of medetomidine on adrenaline overflow was
greatly reduced in a2CKO mice (14 % inhibition).
Conclusions and implications: In the adrenal medulla of mice, all three a2-adrenoceptor subtypes (a2A, a2B, and a2C) play an
equal role in the inhibition of noradrenaline overflow, whereas the a2C-adrenoceptor is the predominant a2-adrenoceptor
subtype involved in the inhibitory mechanism controlling adrenaline overflow.
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Introduction

In terms of physiology and pharmacology, three main

divisions of the adrenergic system should be considered:

adrenergic neurons in the central nervous system, sympa-

thetic neurons that innervate peripheral organs and tissues

and chromaffin cells from the adrenal medulla (Hoffman

and Taylor, 2001). Chromaffin cells are in effect modified

post-ganglionic sympathetic neurons of the autonomic

nervous system that have lost axons, dendrites and other

neuron-specific traits. Chromaffin cells synthesize, store and

secrete the endogenous catecholamines, noradrenaline and

adrenaline, that upon stimulation are directly released into

the bloodstream through regulated exocytosis (Young and

Landsberg, 1998).

The adrenal medulla is composed principally of groups of

adrenergic and noradrenergic chromaffin cells, with minor

populations of small intensely fluorescent cells and gang-

lionic neurones. Different molecular stimuli evoke distinct

secretory events in the gland, involving the release of either

adrenaline or noradrenaline together with various active

neuropeptides (Aunis and Langley, 1999). In these groups,

regulation of catecholamine biosynthesis, composition of

secretory granules and secretory activity are controlled

by a particular pattern of cell surface receptor expression

and by separate innervation. This heterogeneous morpho-

logy allows chromaffin cells to respond to physiological and
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pathophysiological molecular stimuli by evoking distinct

secretory events, releasing either noradrenaline or adrena-

line (Goldstein et al., 2003). Catecholamine exocytosis from

chromaffin cells must be strictly regulated to avoid excessive

release that could be harmful or even fatal. In view of this,

negative feedback control systems that regulate the amount

and nature of catecholamine synthesis and release are

essential for chromaffin cell function in vivo.

Neuroendocrine chromaffin cells of the adrenal medulla

share a common neural crest precursor with post-ganglionic

sympathetic neurons (Anderson and Axel, 1986). In sympa-

thetic neurons, a2-adrenoceptors mediate an inhibitory

feedback mechanism for noradrenaline release (Starke,

2001). Although all three a2-adrenoceptor subtypes, a2A, a2B

and a2C, may contribute to the presynaptic control of

catecholamine release from adrenergic nerves in the central

and sympathetic nervous system (Trendelenburg et al.,

2003), the physiologically predominant subtype controlling

noradrenaline release is the a2A adrenoceptor (Altman

et al., 1999; Hein et al., 1999). Until recently it was unclear

if catecholamine release from chromaffin cells of the adrenal

medulla was subject to a similar mechanism of feedback

regulation (Starke, 1987). Studies on isolated adrenal

chromaffin or pheochromocytoma cells yielded conflict-

ing results (Powis and Baker, 1986; Gollasch et al., 1991;

Kleppisch et al., 1992). However, studies with cultured

chromaffin cells obtained from the adrenal medulla of mice

lacking a2-adrenoceptor subtypes revealed that a2-adrenocep-

tors control adrenaline release by a negative feedback loop

similar to the one present in sympathetic neurons (Brede et al.,

2003). If a similar mechanism is indeed responsible for the

inhibition of catecholamine release from the adrenal medulla

in vivo, predominant expression of one of the a2-adrenoceptor

subtypes over the other could be physiologically relevant.

Furthermore, the difference in the groups of chromaffin

cells (noradrenergic and adrenergic) could represent different

a2-adrenoceptor subtypes controlling noradrenaline and

adrenaline release. Therefore we decided to characterize

pharmacologically the a2-adrenoceptor subtype involved in

the regulation of noradrenaline and adrenaline release from

adrenal medulla of mice. For this purpose, we investigated

the inhibition of noradrenaline and adrenaline release from

the adrenal medulla by activation of a2-adrenoceptors in

wild-type mice and in mice with genetic deletion of individual

a2-adrenoceptor subtypes (knockout strains).

Materials and methods

Animals

Experiments were carried out in male wild-type (C57BL/6)

and a2A, a2B and a2C knockout mice aged 4–6 months. The

generation of the mouse lines lacking a2-adrenoceptor

subtypes has been described previously (Link et al., 1996,

1995; Altman et al., 1999). Animals were anaesthetized

with sodium pentobarbital (60 mg/kg, i.p.). In the experi-

ments carried out to evaluate the release of catecholamine

from the adrenal medulla we proceeded as follows. The right

and left adrenal glands were rapidly removed through an

abdominal midline incision and immediately placed in

a modified Krebs–Henseleit solution (Guimaraes and

Osswald, 1969) of the following composition (mM): NaCl

118, KCl 4.8, CaCl2 2.5, MgSO4 1.2, NaHCO3 25, KH2PO4 1.2,

glucose 11, ascorbic acid 0.57, disodium ethylenediamine-

tetraacetic acid 0.03, oxygenated with a mixture of 95% O2

and 5% CO2 in the presence of a monoamine oxidase

inhibitor (pargyline, 100mM) and a catechol-O-methyltrans-

ferase inhibitor (tolcapone, 1mM). In experiments carried out

to evaluate enzyme activity and catecholamine levels in the

adrenal medulla, the right and left adrenal gland were

rapidly removed through an abdominal midline incision: the

right gland was placed in a vial containing 1 ml of perchloric

acid (0.2 M) for the catecholamine assay and the left

gland was immediately frozen at �801C for evaluation of

enzyme activity.

Noradrenaline and adrenaline release

The adrenal medullae were isolated from the gland and then

placed in superfusion chambers, one per chamber, where

they were superfused with Krebs–Henseleit solution at a rate

of 0.5 ml/min, at 371C. After a 90-min period of stabilization,

successive 5 min samples of the superfusate were collected

into tubes containing 0.3 ml of perchloric acid (2 M), from

t¼90 min to t¼150 min (t¼0 min being the start of super-

fusion). At the end of the experiments, the adrenal medullae

were placed in 1 ml of perchloric acid (0.2 M) and catecho-

lamines determined in superfusates and tissues. Spontaneous

outflow of noradrenaline and adrenaline was measured in

the presence and in the absence of the a2-adrenoceptor

agonist clonidine (30 mM).

A concentration–response curve for the effect of the

nicotinic receptor agonist 1,1-dimethyl-4-phenylpiperazi-

nium iodide (DMPP) on catecholamine release was deter-

mined by addition of either 30, 100, 300, 500, 1000 or

3000 mM in a single 5-min period delivered at t¼125 min. In

the subsequent experiments nicotinic stimulation consisted

of a single concentration of DMPP (500 mM) delivered at

t¼125 min. Concentration–response curves for the inhibi-

tory effect of the a2-adrenoceptor agonist medetomidine on

catecholamine release were determined by addition of either

0.1, 0.3, 1, 3, 10, 30, 100 or 300 nM 15 min before nicotinic

stimulation (from t¼110 until the end of nicotinic stimula-

tion). When used, the a-adrenoceptor antagonists rauwols-

cine, phentolamine, spiroxatrine, prazosin or WB4101, were

present from t¼90 min until the end of nicotinic stimula-

tion. The spontaneous outflow of noradrenaline and

adrenaline was calculated as a fraction of the noradrenaline

or adrenaline content of the tissue at the onset of the

respective collection period (fractional rate; min�1). The

overflow elicited by nicotinic stimulation was calculated as

the difference ‘total noradrenaline or adrenaline outflow

during and after stimulation’ minus ‘basal outflow’, and was

then expressed as a percentage of the noradrenaline or

adrenaline content of the tissue at the onset of stimulation

(Trendelenburg et al., 1997). Overflow ratios obtained after

addition of a drug were also calculated as a percentage of the

corresponding ratio in controls in which no drug was added.

Effects of drugs on spontaneous outflow of noradrenaline or

adrenaline were evaluated similarly.
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Catecholamine assay

The assay of the catecholamines (noradrenaline, adrenaline

and dopamine) and L-3,4-dihydroxyphenylanine (L-DOPA),

in plasma, tissues and superfusate samples was performed by

high performance liquid chromatography with electro-

chemical detection (HPLC-ED) as described previously

(Soares-da-Silva et al., 1995). In brief, aliquots of 500ml of

the superfusate samples or 50 ml of the perchloric acid extract

of tissues were placed in 5 ml conical base glass vials

containing 50 mg of alumina, and the pH of the samples

was adjusted to 8.6 by addition of Tris buffer. 3,4-Dihydroxy-

benzylamine hydrobromide was used as internal standard.

The adsorbed catecholamines were then eluted from the

alumina with 200ml of 0.2 M perchloric acid on Costar Spin-X

microfilter tubes; 50 ml of the eluate was injected into an

HPLC-ED system (Gilson Model 141, Gilson Medical Electro-

nics, Villiers, Le Bel, France). The lower limit of detection

of catecholamines and L-DOPA ranged from 350 to

1000 fmol.

Tyrosine hydroxylase activity

Tyrosine hydroxylase activity was measured as described

previously (Moura et al., 2005). In brief, the left adrenal

gland was homogenized in 500 ml of a 0.25 M sucrose solution

using a glass homogenizer (Heidolph); an aliquot of 40 ml was

used for each tyrosine hydroxylase assay. Protein concen-

tration was measured as described previously (Bradford,

1976). The reaction mixture for the tyrosine hydroxylase

assay contained, sodium acetate buffer (0.1 M, pH¼6.0),

6-methyl-5,6,7,8-tetrahydropterine (6-BH4) in a solution of

2-mercaptoethanol (1 M) and ferrous sulphate heptahydrate

(0.50 mM). In the standard assay, 10 min incubation at 371C

was performed either with a saturating concentration of

the substrate (L-tyrosine, 1000 mM) and varying concentra-

tions of the cofactor (6-BH4, 10–1000 mM), or with a

saturating concentration of the cofactor (6-BH4, 1000 mM)

and varying concentrations of substrate (L-tyrosine, 10–

1000 mM). The reaction was stopped with 300 ml of perchloric

acid (0.5 M). In the blank incubation, 3-iodo-L-tyrosine

(100 mM), a tyrosine hydroxylase inhibitor, was present and

L-tyrosine was replaced by D-tyrosine (10–1000 mM). The

L-DOPA formed in the reaction was measured by HPLC-ED.

Tyrosine hydroxylase activity was expressed as the amount

of L-DOPA formed per milligram protein per hour.

Statistics

Concentration–response curves for the nicotinic agonist

DMPP and the a2-adrenoceptor agonist medetomidine were

evaluated by sigmoid curve fitting (Trendelenburg et al.,

1997). The calculation yielded the agonist EC50 and Emax

values. Antagonist pKD values were calculated from the

antagonist-induced EC50 increase (equation 4 of (Furchgott,

1972)); it should be noticed that the values are apparent pKD

values because the competitive character of the antagonist

was not verified. Results are expressed as arithmetic

mean7s.e.m. The significance of differences between means

was evaluated using Student’s t-test or two-way analysis of

variance. Values were considered statistically different when

Po0.05. n is the number of adrenal medullae used.

Drugs

L-DOPA, dopamine hydrochloride, (�)-adrenaline (þ )-bitar-

trate salt bitartrate, L-(�)-noradrenaline (þ )-bitartrate salt

monohydrate, 3,4-dihydroxybenzylamine hydrobromide,

L-tyrosine, D-tyrosine, 3-iodo-L-tyrosine, ferrous sulphate

heptahydrate, 6-BH4 dihydrochloride, phentolamine HCl

and DMPP were from Sigma Chemical Company (St Louis,

MO, USA). Medetomidine HCl, (7)-2-(2,6-dimethoxy-

phenoxyethyl)aminomethyl-1,4-benzodioxane HCl (WB

4101), prazosin HCl, rauwolscine HCl and spiroxatrine were

from Tocris (Ellisville, MO63021, USA). All compounds were

dissolved in water except spiroxatrine (0.1 M HCl).

Results

Spontaneous outflow of catecholamines in wild-type mice

In the adrenal medulla of wild-type mice, the spontaneous

outflow of noradrenaline was about 30% lower than that

of adrenaline. The a2-adrenoceptor agonist clonidine (30 mM)

produced a significant reduction in the spontaneous outflow

of noradrenaline (25% reduction) and adrenaline (37%

reduction) (Figure 1).

Effect of DMPP on catecholamine release in wild-type mice

The nicotinic receptor agonist DMPP increased the outflow

of noradrenaline and adrenaline in a concentration-depen-

dent manner, with EC50 values (in mM) of 57878 and 55579

and with Emax values (in % of adrenal noradrenaline or

adrenaline content) of 17.570.17 and 18.470.19, for

noradrenaline and adrenaline, respectively (Figure 2). Based

on these results and on previous studies (Borges, 1997),

500 mM of DMPP was established as the concentration to be

Figure 1 Effect of clonidine (30 mM) on the spontaneous outflow of
noradrenaline (NA) and adrenaline (AD) from the adrenal medulla of
wild-type mice. Clonidine was present from the beginning of
superfusion. Results are presented as percentage of NA or AD
adrenal content per minute. Columns and vertical lines represent
mean7s.e.m. of six assays. *Significantly different from the values of
the spontaneous outflow of NA; Po0.05. #Significantly different
from corresponding control values Po0.05.

a2-Adrenoceptor subtypes in mouse adrenal medulla
E Moura et al 1051

British Journal of Pharmacology (2006) 149 1049–1058



used to stimulate noradrenaline and adrenaline overflow in

the subsequent experiments.

Effect of medetomidine on catecholamine release in wild-type mice

The a2-adrenoceptor agonist medetomidine reduced, in a

concentration-dependent manner, the DMPP-evoked over-

flow of noradrenaline and adrenaline. The EC50 values (in

nM) were 1.570.06 and 1.970.06 and the Emax values (in

percentage of inhibition) were 91.370.89 and 94.171.06,

for noradrenaline and adrenaline, respectively (Figure 3).

Effect of a-adrenoceptor antagonists on catecholamine release

in wild-type mice

In the adrenal medulla of wild-type mice, the five

a-adrenoceptor antagonists shifted the concentration–

inhibition curve of medetomidine to the right. Results with

rauwolscine (0.3 mM), phentolamine (0.3 mM), prazosin

(0.3 mM), spiroxatrine (0.03 mM) and WB 4101 (0.3 mM) are

shown in Figure 4. For the evoked overflow of noradrenaline,

the pKD values of rauwolscine, phentolamine, prazosin,

spiroxatrine and WB 4101, were: 7.24, 7.11, 6.59, 9.26 and

7.75, respectively. In respect to the evoked overflow of

adrenaline, the pKD values of rauwolscine, phentolamine,

prazosin, spiroxatrine and WB 4101, were: 8.19, 6.94, 6.75,

7.57 and 7.88, respectively. These findings support an

a2-adrenoceptor mediated mechanism. To identify the sub-

type of a2-receptor we correlated our receptor pKD values

with published pKD values for the five antagonists at proto-

typical a2A, a2B and a2C radioligand binding sites (Blaxall

et al., 1991; Simonneaux et al., 1991). The a2A binding sites

were those of the bovine pineal gland; the a2B binding sites

were those of the neonatal rat lung and the a2C sites were

those of opossum kidney cells. The correlations are shown in

Figure 5. The autoreceptor pKD values for noradrenaline

Figure 2 Effect of DMPP (30–3000mM) on the spontaneous outflow of noradrenaline (a) and adrenaline (b) from the adrenal medulla of
wild-type mice. Results are presented as percentage of noradrenaline or adrenaline adrenal content. Symbols and vertical lines represent
mean7s.e.m. (n¼5).

Figure 3 Effect of medetomidine (MED) on DMPP-evoked overflow
of noradrenaline and adrenaline from the adrenal medulla of wild-
type mice. Concentration–inhibition curves were obtained by
adding MED (0.1–300 nM) 15 min before DMPP (500mM). Results
are presented as percentage inhibition. Symbols and vertical lines
represent mean7s.e.m. (n¼5).
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release did not correlate (P40.05) with pKD values at a2A, a2B

or a2C binding sites. The autoreceptor pKD values for

adrenaline release did not correlate with pKD values at a2A

or a2B binding sites, but correlated (Po0.05) with the pKD

values at the a2C binding sites in opossum kidney cells. The

antagonists per se had no effect on noradrenaline or

adrenaline outflow (data not shown).

Effect of DMPP and medetomidine on catecholamine release

in knockout mice

As shown in Table 1, the spontaneous outflow of noradrena-

line and the spontaneous outflow adrenaline from the

adrenal medulla of the knockout mice, were similar between

the three knockout mice strains and significantly higher

than that in wild-type mice. The increase in spontaneous

outflow of noradrenaline and adrenaline from the adrenal

Figure 4 Concentration–inhibition curves of medetomidine, in the absence (control) and in the presence of a-antagonists, for the DMPP-
evoked overflow of noradrenaline (a) and adrenaline (b) from the adrenal medulla of wild-type mice. Results are presented as percentage
inhibition. Symbols and vertical lines represent mean7s.e.m. (n¼6).

Table 1 Spontaneous outflow (in % of NA or AD adrenal content per
minute) and DMPP-evoked overflow (in fraction of increase of
spontaneous outflow) of NA and AD from the adrenal medulla WT and
KO mice for each of the three a2 adrenoceptor subtypes (a2A, a2B and
a2C)

WT a2AKO a2BKO a2CKO

Spontaneous outflow
NA 0.3770.02 0.7070.04* 0.7970.06* 0.7570.02*
AD 0.5970.05 0.9970.06* 0.9570.02* 0.9770.05*

DMPP-evoked overflow
NA 4.5970.39 5.0370.57 4.1070.50 4.8670.29
AD 2.5670.27 2.2870.18 2.3670.19 2.2870.10

Abbreviations: AD, adrenaline; DMPP, 1,1-dimethyl-4-phenylpiperazinium;

KO, knockout; NA, noradrenaline; WT, wild type.

Values are presented as mean7s.e.m. (n¼ 6). *Significantly different from

corresponding values in WT mice Po0.05.
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medulla, evoked by DMPP (500 mM), was similar between the

knockout and the wild-type mice strains (Table 1). Medeto-

midine (100 nM) reduced the evoked overflow of noradrena-

line from the adrenal medulla of all three a2-adrenoceptor

knockout mice (Figure 6a). This effect was significantly lower

when compared to the effect of medetomidine on the

evoked overflow noradrenaline from adrenal medulla of

wild-type mice. Medetomidine (100 nM) also reduced the

evoked overflow of adrenaline from the adrenal medulla of

a2A- and a2B-adrenoceptor knockout mice, but had almost no

effect on the evoked overflow of adrenaline from the adrenal

medulla of the a2C-adrenoceptor knockout mice (Figure 6b).

Catecholamine levels in the adrenal gland

The absolute and relative adrenal content of the catechola-

mines dopamine, noradrenaline and adrenaline and L-DOPA

for all three a2-adrenoceptor knockout mice and the wild-

type mice are presented in Table 2. There were no significant

differences in the adrenal catecholamine content of the

three knockout mice compared to the wild-type mice.

However, the adrenal content of L-DOPA of the a2C-

adrenoceptor knockout mice was significantly higher than

in wild-type mice. The noradrenaline/dopamine and adrena-

line/noradrenaline ratios were similar between the a2-

adrenoceptor knockout mice and the wild-type mice,

whereas the dopamine /L-DOPA ratio was significantly lower

in the a2C-adrenoceptor knockout mice.

Tyrosine hydroxylase activity

In order to determine the kinetic parameters of the enzyme,

saturation curves using the substrate (L-tyrosine) and the

cofactor (6-BH4) were performed. Incubation of the tyrosine

Figure 5 Correlation between (abscissae) pKD values of antagonists at a2-autoreceptors in the adrenal medulla of wild-type mice, and
(ordinates) pKD values at a2 binding sites in bovine pineal gland (a, d), neonatal rat lung (b, e) and opossum kidney (OK) cells (c, f), for
noradrenaline (NA) (a, b, c) or adrenaline (AD) (d, e, f). Autoreceptor pKD values are from present experiments. Binding site pKD values are
from Simonneaux et al. (1991) (a, d) and Blaxall et al. (1991) (b, c, e, f).
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hydroxylase assay mixture prepared from adrenals of wild-

type and each of the a2-adrenoceptor knockout mice in the

presence of increasing concentrations of either L-tyrosine or

6-BH4 resulted in a concentration-dependent formation of

L-DOPA. The values of the kinetic parameters, Vmax and KM,

obtained from the corresponding saturation curves are given

in Table 3. As shown in this table, the Vmax and KM values for

tyrosine hydroxylase activity in the adrenal medulla were

similar between wild-type and all three a2-adrenoceptor

knockout mice strains.

Discussion

In the present study, we have characterized pharmacologi-

cally the predominant a2-adrenoceptor subtype involved in

the feedback inhibitory mechanism for the evoked overflow

of noradrenaline and adrenaline from the adrenal medulla

of mice. The results show that the a2C-adrenoceptor is the

predominant a2-adrenoceptor subtype mediating the feed-

back inhibition of the evoked overflow of adrenaline from

the adrenal medulla. This finding was supported by data

from two different sets of experiments: the rank potency of

a-adrenoceptor antagonists in wild-type mice and studies

with knockout mice for each of the three a2-adrenoceptor

subtypes. In the first set of experiments, we found that the

only a2-adrenoceptor subtype for which there was a positive

correlation between the pKD values obtained experimentally

and those supplied by radioligand binding studies was

the a2C-adrenoceptor. Furthermore, the inhibitory effect of

the a2-adrenoceptor agonist medetomidine over the DMPP-

evoked overflow of adrenaline was drastically decreased in

the adrenal medulla of mice lacking the a2C-adrenoceptor.

Nevertheless, in the adrenal medulla of a2C-adrenoceptor

knockout mice there was still 14% inhibition (Figure 6). This

is an indication that a2A- and a2B-adrenoceptor subtypes also

play a role, albeit minor, in this inhibitory mechanism.

These results are contrary to those from a study with isolated

cultured chromaffin cells, in which the a2C-adrenoceptor

subtype was shown to be the only subtype responsible for the

inhibitory feedback of adrenaline and noradrenaline release

(Brede et al., 2003).

Cultured chromaffin cells do not fully reproduce the

physiological properties of the intact adrenal medulla. In the

intact adrenal medulla, regulation of adrenergic and nora-

drenargic chromaffin cell groups occurs through different

mechanisms and release of noradrenaline or adrenaline

occurs in response to different stimuli (Cahill et al., 1996;

Aunis and Langley, 1999). This may also be true for the

inhibitory mechanism mediated by a2-adrenoceptors: there

may be different a2-adrenoceptors subtypes operating for

each catecholamine. Our data shows that, contrary to what

was found in isolated chromaffin cells, a2-adrenoceptor

control over noradrenaline release from the adrenal medulla

of mice in vivo is in fact different from adrenaline release:

there is no predominant a2-adrenoceptor subtype regulating

the evoked release of noradrenaline. The rank potency of

antagonists was the first evidence for this conclusion: there

was no significant correlation between pKD values obtained

experimentally and those from radioligand binding assays

Figure 6 Effect of medetomidine (100 nM) on DMPP-evoked overflow of noradrenaline (a) and adrenaline (b) from the adrenal medulla of
wild-type (WT) and knockout (KO) mice for each of the three a2-adrenoceptor subtypes (a2A, a2B and a2C). Medetomidine was added 15 min
before DMPP 500mM. Results are presented as percentage inhibition. Columns and vertical lines represent mean7s.e.m. (n¼5). *Significantly
different from corresponding values for the effect of medetomidine in WT; Po0.05. #Significantly different from corresponding values for the
effect of medetomidine in a2A and a2B KO mice Po0.05.

Table 2 Absolute and relative tissue levels (in pmol/mg tissue) of
L-DOPA and DA, NA and AD in the adrenals from WT and KO mice for
each of the three a2-adrenoceptor subtypes (a2A, a2B and a2C)

WT a2AKO a2BKO a2CKO

L-DOPA 572 571 371 1673*
DA 191756 198767 200794 177751
NA 59217866 53727698 567871055 62747529
AD 1511372887 1510772321 1467872195 1532271278
DA/L-DOPA 4273 42718 54710 1172*
NA/DA 3375 2973 2675 3474
AD/NA 2.970.6 3.070.7 2.570.5 2.670.3

Abbreviations: AD, adrenaline; DA, dopamine; DMPP, 1,1-dimethyl-4-phe-

nylpiperazinium; KO, knockout; L-DOPA, L-3,4-dihydroxyphenylalanine; NA,

noradrenaline; WT, wild type.

Values are presented as mean7s.e.m. (n¼5–6). Significantly different from

corresponding values in WT (*Po0.05).
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for any of the three a2-adrenoceptor subtypes. Supporting

evidence came from experiments with knockout mice for

each of the a2-adrenoceptor subtypes: lack of any of the three

a2-adrenoceptor subtypes resulted in a reduced effect of

medetomidine, which was similar between a2-adrenoceptor

subtypes. Therefore, in the adrenal medulla of mice, all three

a2-adrenoceptor subtypes, a2A, a2B and a2C, must be present

in order that a2-adrenoceptor mediated inhibitory feedback

mechanism operates fully over the evoked overflow of

noradrenaline release.

The concept that endocrine function of the adrenal

medulla can be adequately interpreted by studying the

functions of individual chromaffin cells in isolation is useful,

but does not always reflect in vivo function (Bornstein et al.,

2000). Chromaffin cells are altered by enzyme digestion

steps in their isolation and, once in culture, they are away

from the cyclic influence of cortical hormones. Furthermore,

they are denervated and cell-to-cell communication is

lacking (Borges, 1997). Within the intact adrenal gland, the

adrenomedullary and adrenocortical systems are linked

functionally and anatomically. Evidence obtained from in

vitro studies has led to the suggestion that intact intra-

adrenal cellular communication is crucial for the function-

ing of both endocrine systems in the gland (Schinner

and Bornstein, 2005). Glucocorticoids, a class of steroid

hormones produced by the adrenal cortex, exert a variety

of effects on medullary chromaffin cells (Hodel, 2001).

Recent gene knockout experiments suggest that gluco-

corticoid signalling is required only for the acquisition of

the adrenergic, but not the noradrenergic, phenotype

(Finotto et al., 1999). Compatible with this finding is the

distribution of phenylethanolamine N-methyltransferase

(PNMT) in chromaffin cells of the intact adrenal medulla.

This enzyme is required for the formation of adrenaline from

noradrenaline and PNMT-containing cells are often found

adjacent to the adrenal cortex, where the concentration of

steroids is likely to be higher than in the centre of the

medulla, where cells lacking PMNT tend to be located

(Schinner and Bornstein, 2005). In cultured chromaffin

cells, contact with glucocorticoids is continuous, as the

presence of glucocorticoids in the culture medium is

required to sustain PNMT activity over several days (Muller

and Unsicker, 1986). In the intact adrenal medulla, the

adrenergic chromaffin cell group is more exposed to

glucocorticoids, although even then exposure would be brief

as blood flow through the gland is massive. If glucocorticoids

are able to promote selectively expression of the a2C-adreno-

ceptor subtype, they may be responsible for the differences

found between the intact gland and the cultured chromaffin

cells, as well as for the difference found between the control

of noradrenaline and adrenaline release by a2-adrenoceptor

subtypes, from noradrenergic and adrenergic chromaffin

cells. In support of this possibility, it has been shown that

exposure to glucocorticoids promotes a differential expres-

sion of a2A-and a2C-adrenoceptors in the brain under stress

situations (Flugge et al., 2003).

Thus far the inhibitory mechanisms mediated by a2-

adrenoceptors had only been considered in relation to

the induced release. Our study shows that the presence of

a2-adrenoceptors is also important in regard to the sponta-

neous outflow of both noradrenaline and adrenaline from

the adrenal medulla. The a2-adrenoceptor agonist clonidine

(30 mM) reduced by about 30% the spontaneous outflow of

catecholamines from the adrenal medulla of wild-type mice.

Furthermore, the spontaneous outflow of catecholamines

from the adrenal medulla of knockout mice was significantly

higher, regardless of the a2-adrenoceptor subtype that had

been deleted. In this system the lack of any one of the

adrenoceptors resulted in an increased spontaneous outflow

of the two catecholamines.

It should be noted that the major origin for plasma

noradrenaline is spill-over from peripheral sympathetic

nerve terminals and whereas that for adrenaline is

the adrenal medulla (Goldstein et al., 2003). Mice lacking

the a2C-adrenoceptor have circulating levels of adrenaline

almost twice as high as the levels in wild-type, whereas mice

lacking the a2A subtype present higher plasma levels of

noradrenaline compared to wild-type (Brede et al., 2003).

The higher levels of adrenaline in the a2C-adrenoceptor

knockout mice are further evidence for the physiological

importance of this receptor in the control of adrenaline

release from the adrenal medulla. The difference in nor-

adrenaline levels could be attributed to the lack of control of

noradrenaline release from sympathetic nerve terminals,

where the a2A-adrenoceptor is predominant (Trendelenburg

et al., 2003).

Given that a2-adrenoceptors are involved in the regulation

of synthesis and release of noradrenaline from sympathetic

nerves, lack of these receptors could also influence cate-

cholamine synthesis in the adrenal medulla of mice. In

agreement with the study of Brede et al. (2003) a2C knockout

mice have a higher content of L-DOPA in their adrenal

glands. A possible explanation for this could be a higher

activity of the rate-limiting step enzyme for catecholamine

synthesis tyrosine hydroxylase (Kumer and Vrana, 1996).

However, in the present study, the lack of any one of the

Table 3 Kinetic parameters, Vmax and KM, of tyrosine hydroxylase activity for the substrate (L-tyrosine) and the cofactor (6-BH4)

L-tyrosine 6-BH4

WT a2AKO a2BKO a2CKO WT a2AKO a2BKO a2CKO

Vmax (nmol/mg protein/h) 2871 3172 2771 2871 2571 2473 2671 2672
KM (mM) 106720 102725 97712 134719 124715 137713 101712 12679

Abbreviations: KM, Michaelis constant; Vmax, maximum velocity; 6-BH4, 6-methyl-5,6,7,8-tetrahydropterine.

Enzyme assay was performed with adrenal homogenates obtained from WT mice and KO mice for each of the three a2-adrenoceptor subtypes (a2A, a2B and a2C).

Values are presented as mean7s.e.m. (n¼ 4).
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a2-adrenoceptor subtypes in mice did not change the

levels of dopamine, noradrenaline or adrenaline as cate-

cholamine levels were similar between the knockout and the

wild-type mice. Moreover, the activity of tyrosine hydro-

xylase was similar between the knockout and the wild-type

mice. In fact, the kinetic parameters (Vmax and KM)

determined for tyrosine hydroxylase, using either the

substrate or the cofactor, were similar between all three

a2-adrenoceptor knockout and the wild-type mice. There-

fore, a higher activity of tyrosine hydroxylase cannot

account for the higher levels of L-DOPA in the a2C knockout

mice. The results from relative catecholamine tissue content

in the adrenals, namely dopamine/L-DOPA, noradrenaline/

dopamine and adrenaline/noradrenaline ratios, may give an

indirect measurement for aromatic L-aminoacid decarboxy-

lase, dopamine b-hydroxylase and PNMT, respectively. These

ratios showed that in a2C knockout mice the ratio dopamine/

L-DOPA was significantly lower compared to the other

strains, with no significant differences between the other

ratios. Two possible explanations for the increase in L-DOPA

adrenal levels and the lower dopamine/L-DOPA ratio may be

a lower activity of the enzyme aromatic L-aminoacid

decarboxylase or a higher L-DOPA cellular uptake, both

leading to higher intracellular levels of L-DOPA.

Evidence for the physiological relevance of a2-adrenore-

ceptors role in adrenal catecholamine release, both in

animals and in humans, is growing. Mice deficient in

the a2C-adrenoceptor show enhanced cardiac hypertrophy

and heart failure in response to cardiac pressure overload

(Brede et al., 2002) and humans carrying a signalling-

deficient variant of the a2C-adrenoceptor (a2C-Del322–325)

(Small et al., 2000) suffer from a more severe heart failure

and decreased cardiac function than patients with intact

a2-adrenoceptors (Brede et al., 2002). In healthy humans,

a2C-Del322–325 polymorphism is associated with increased

sympathetic nervous and adrenomedullary hormonal

activity, during supine rest and with increased pharmaco-

logically evoked catecholamine release. Polymorphisms

of the a2C-adrenoreceptor may help explain individual

differences in predisposition to a variety of disorders

of catecholaminergic function, such as cardiovascular dis-

orders, depression or anxiety disorders (Neumeister et al.,

2005, 2006).

In conclusion, the present study supports the proposal

that a2-adrenoceptors mediate inhibition of the spontaneous

outflow and of the evoked overflow of noradrenaline and

adrenaline from the adrenal medulla of mice. Although all

three a2-adrenoceptor subtypes play a role in this inhibitory

feedback mechanism, the a2C-adrenoceptor is the predomi-

nant subtype regulating adrenaline release.
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