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Opioid receptor stimulation suppresses the adrenal
medulla hypoxic response in sheep by actions

on Ca2t+ and KT channels
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Before the preganglionic regulation of the adrenal medulla is established, hypoxia acts directly
on the chromaffin cells to evoke the secretion of catecholamines. This direct action of hypoxia is
suppressed by the gradual development of the preganglionicinnervation and we have proposed
that opioid peptides released from the adrenal splanchnic nerves may be responsible for this
suppression. The effects of the specificopioid agonists DPDPE (6-agonist), U-62066 (k-agonist)
and DALDA (p-agonist) on the hypoxia-evoked response were investigated in both a whole-
gland preparation and in isolated adrenal chromaffin cells using amperometry, whole-cell
patch clamping and measurement of cytosolic [Ca**]. The combined application of p- and
K-type agonists abolished the hypoxia-evoked catecholamine secretion from whole perfused
adrenal gland. Inisolated chromaffin cells, ;- and x-opioid agonists reduced the rise in [Ca®* ];
that results from exposure to hypoxia. Both agonists decreased the voltage-dependent Ca**
current in these cells. The p-agonist increased the conductance through SK-type K channels
and this action offset the decrease in K* conductance produced by exposure to hypoxia. The
K-type agonist decreased the conductance through an action on BK-type K* channels, a class
of channels that are not involved in initiating the direct response to hypoxia. These data suggest
that opioids, through their action on SK channels and voltage-dependent Ca’" channels, may
beresponsible for the nerve-induced suppression of the hypoxicresponse ofadrenal chromaffin
cells and that these effects of endogenous opioids are mediated via p- and k-type receptors.
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In a number of cells, including the glomus cells of
the carotid body and the neuroepithelial bodies of the
airways, oxygen-sensitive K™ channels play an important
role in the responses to hypoxia (Lopez-Barneo et al.
2001). Hypoxia-induced closure of these Kt channels
leads to depolarization of the cell membrane, resulting in
activation of voltage-dependent Ca?* channels and entry
of Ca’" from the extracellular compartment (Youngson
et al. 1993; Prabhakar, 2000). Recently, we have shown that
in sheep adrenal medullary chromaffin cells (AMCCs), two
ofthe Ca’*-dependent K* channels, the large conductance
BK channel and the small conductance SK channel,
are oxygen-sensitive (Keating et al. 2001). While sheep
SK channels have not been cloned, the SK channels in
sheep AMCCs have characteristics of human KCNN2
and KCNN3 (Gutman et al. 2003). Acute hypoxia results
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in closure of these SK channels, depolarization of the
cell, and entry of Ca** into the cytosol (Keating et al.
2001). This direct response of AMCCs to hypoxia is
seen in the mammalian fetus during early gestation,
before the preganglionic regulation of the adrenal gland
is established, and when hypoxaemia-evoked elevations in
the concentration of circulating catecholamines are crucial
for fetal survival (Cheung, 1990).

After the splanchnic innervation has developed, the
direct, or non-neurogenic, response of the adrenal
medulla to hypoxia is suppressed, and hypoxia-evoked
catecholamine secretion occurs as a result of a neurogenic
chemoreceptor reflex originating in the carotid body
(Seidler & Slotkin, 1986; Cheung, 1990). Adrenal
denervation restores the direct response of the AMCCs to
hypoxia (Cheung, 1990), indicating that a factor released
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from the nerve terminals may be responsible for the
suppression of the non-neurogenic hypoxic response.
Nerve terminals in the adrenal medulla contain a number
of biologically active agents including acetylcholine,
vasoactive intestinal peptide (VIP), pituitary adenylate
cyclase-activating polypeptide (PACAP), histamine and
endogenous opioid peptides (Kobayashi et al. 1985;
Holgert ef al. 1998; Tornoe et al. 2000). It appears that
the action of acetylcholine on nicotinic receptors is not
responsible for the suppression of the non-neurogenic
response of the AMCCs to hypoxia, as Cheung (1990)
showed that pretreatment of sheep with the nicotinic
antagonist hexamethonium does not restore the non-
neurogenic response.

A review of the actions of the non-cholinergic
neurotransmitters in the adrenal medulla indicates that
those of the opioid peptides would best suit them for a
role as suppressors of the direct hypoxic response. One
reason for this is that acetylcholine (Montiel et al. 1995),
VIP (Malhotra & Wakade, 1987), PACAP (Watanabe et al.
1995) and histamine (Donald ef al. 2002) all promote
catecholamine secretion from AMCCs.

Opioid peptides are present in both splanchnic nerve
terminals (Kobayashi et al. 1985) and AMCCs (Livett
et al. 1981; Wilson et al. 1982) and are cosecreted with
catecholamines from AMCCs during nicotinic stimulation
(Livett et al. 1981). Endogenous opioids inhibit the release
of catecholamines from bovine and canine AMCCs (Saiani
& Guidotti, 1982; Kimura et al. 1988), while the opioid
receptor antagonist naloxone potentiates hypoxia-induced
catecholamine secretion in fetal sheep in utero (Padbury
et al. 1987; Martinez et al. 1988). The amounts of
enkepahlin-containing opioids in rat preganglionic fibres
increase with maturation in parallel with the suppression
of the ‘direct’ hypoxic response (Holgert et al. 1994). All
three major subclasses of opioid receptor, 6, «, and i, have
been identified in the bovine adrenal medulla (Dumont
& Lemaire, 1984; Bunn et al. 1988) and opioid agonists
increase the current through BK channels (Twitchell &
Rane, 1993) and decrease voltage-dependent Ca** currents
(Kleppisch et al. 1992; Albillos et al. 1996). These facts
support the hypothesis that opioids have a role in the
developmental suppression of the hypoxic response of
AMCCs.

These previously described effects of opioid receptor
stimulation on BK channels and voltage-dependent Ca**
currents would explain how opioid peptides released from
the splanchnic nerve terminals diminish the release of
catecholamines in response to a depolarizing stimulus
such as hypoxia. They would not explain, however, the
elimination of the hypoxic response. We have previously
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shown thatin sheep AMCCs, closure of SK channels during
episodes of hypoxia causes membrane depolarization and
Ca’* entry through voltage-dependent Ca’* channels
(Keating et al. 2001). Our hypothesis is that opioids
mediate the suppression of hypoxia-evoked secretion of
adrenal catecholamines by preventing the hypoxia-evoked
depolarization produced by closure of the SK channels
or by reducing Ca”* current amplitude to such a degree
as to prevent hypoxia-induced Ca*" entry. The present
study aimed to determine whether opioids prevent non-
neurogenic hypoxia-evoked catecholamine secretion from
the adrenal medulla, and if so, to determine the ion
channels that are directly affected by the stimulation of
opioid receptors. This information will allow us to evaluate
whether opioid peptides can be considered as mediators
of the neural suppression of the direct response of AMCCs
to hypoxia.

Methods

The Merino ewes used for these experiments, approved by
the University of Adelaide Animal Ethics Committee, were
killed with intravenous pentobarbitone (8.1 g). To obtain
fetal adrenal glands, the fetus, anaesthetized from the
maternal pentobarbitone injection, was removed through
a laparotomy incision and decapitated.

Isolated perfused adrenal gland

Adrenals were collected from five fetal sheep at 136-145
days gestation and perfused following methods previously
outlined by Adams et al. (1996). Adrenals were mounted
in a perfusion chamber, which consisted of a glass funnel
covered with a fine nylon mesh (2 x 2 mm) platform.
Glands were perfused using a Minipuls 3 perfusion
pump (Gilson Medical Electronics, France) at a rate of
1 ml min~". The perfusion was carried out using Krebs
bicarbonate solution containing (mm): NaCl, 120; KCl, 5;
glucose, 10; CaCl,, 2.5; MgSOy, 1; NaHCOs, 25; NaH, POy,
1; pH 7.4, maintained at 37°C and bubbled continuously
with 95% O, + 5% CO, (P,, =587.2 + 14.4 mmHg; n =
5); normoxic Krebs.

All adrenals were perfused for 90 min before being
exposed to hypoxia. Adrenal hypoxia was generated by
perfusion for 20 min with hypoxic Krebs bicarbonate
solution (equilibrated with 1% O, + 5% CO, + 94%
N,; P,, = 38.5 &+ 2.7 mmHg; n = 5). Opioid agonists
were included in the perfusate 20 min before glands were
exposed to both opioids and hypoxia simultaneously.
The P,, of the perfusate was determined using an ABL
550 blood gas analyser (Radiometer, Denmark). The
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use of a three-way stopcock allowed for rapid switching
between the normoxic and hypoxic Krebs buffers. For
the measurement of secretion of catecholamines by
the perfused gland, a pre-cut 10 um diameter carbon
fibre electrode (World Precision Instruments, USA), was
positioned in the outflow of the gland. A holding voltage
of 4700 mV was applied between the carbon fibre tip
and the reference electrode to allow oxidation of released
catecholamine. Amperometric responses were monitored
with a List EPC-7 amplifier (List, Germany), collected
at 4 kHz, digitized with a TL-1 DMA acquisition system
and monitored online with the Fetchex software from the
PCLAMP 6.0 suite (Axon Instruments, USA).

Isolation of adrenal chromaffin cells

These experiments used isolated AMCCs from adult sheep.
We have shown previously that these cells regain the ability
to respond directly to hypoxia once the adrenal gland is
denervated (Adams et al. 1996; Keating et al. 2001).

The maternal adrenal gland was removed and the
medulla, dissected free of the cortex, was minced and
incubated at 37°C for 45 min in a Ca’"-free Locke’s
solution consisting of (mm): NaCl, 154; KCl, 5.6; NaHCOs,
3.6; glucose, 5.6; Hepes, 5.0; pH 7.4, supplemented with
collagenase (Type II, 0.2%; Worthington Biochemical
Corporation, USA) and deoxyribonuclease (Type IV; 100
U ml™!; Sigma, USA). Repeated pipetting dispersed the
tissue and the cells were washed twice in Ca®*-free
Locke’s solution. The cells were then resuspended in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
USA) containing 10% charcoal-absorbed fetal bovine
serum (Trace Scientific, Australia), 100 U ml™! penicillin
and 0.5 mg ml™! streptomycin, plated on glass coverslips
and maintained in culture.

Electrophysiology

Whole-cell recordings were conducted on cells 1-3 days
after plating. Pipettes with a resistance between 2 and
4 MQ were used and series resistance was 80-95%
compensated. Currents were recorded with an EPC-
9 amplifier (HEKA, Germany), data acquisition and
analysis was performed on an IBM compatible computer
using Pulse and Pulsefit software (version 8.11, HEKA).
Corrections for liquid junction potential between the bath
and electrode solutions were estimated by JPCalc (Barry,
1994). AMCCs, in a bath of approximately 500 ul, were
superfused continuously at 2-3 ml min~"', always at room
temperature. When recording whole-cell K* currents with
a constant [Ca?"];, the extracellular solution contained
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(mMm): NaCl, 140; KCl, 4; CaCl,, 2; MgCl,, 2; Hepes, 10;
CdCl,, 0.2; glucose, 10; with pH adjusted to 7.4 with
NaOH; and the internal solution contained (mm): KCI,
150; MgATP, 1; EGTA, 1; Hepes, 10; CaCl,, 0.89; adjusted
to pH 7.2 with KOH. The free Ca’" concentration in
this internal solution was calculated to be 1 um. When
recording whole-cell K* currents without blocking Ca**
entry, the extracellular solution contained (mm): NaCl,
140; KCl, 4; CaCl,, 2; MgCl,, 2; Hepes, 10; glucose, 10;
with pH adjusted to 7.4 with NaOH; and the internal
solution contained (mm): KCl, 60; potassium glutamate,
75; MgCl, 2; Na,ATP, 2; EGTA, 2; Hepes, 10; adjusted to
pH 7.2 with KOH. The bath solution was equilibrated with
either room air or 100% N, using gas-impermeant tubing.
P,, was measured with an O, microelectrode (World
Precision Instruments, USA) placed near the recording
site. With hypoxic superfusion, P,, reached a level of 7—
10 mmHg. Potassium conductance was estimated as the
chord conductance between 10 and 60 mV using voltage
ramps that increased linearly from —120 mV to 100 mV
over 100 ms from a holding potential of —80 mV.

When Ca?* currents were recorded, cells were bathed in
a solution containing (mm): CaCl,, 10; MgCl,, 2; NaCl,
70; TEA Cl, 70; Hepes, 10; TTX, 3 x 107*, 5-nitro-2-
(3-phenylpropylamino) benzoic acid (NPPB), 0.1; and
the internal solution consisted of (mm): TEA Cl, 60;
caesium glutamate, 65; MgATDP, 4; EGTA, 10; Hepes, 10;
adjusted to pH 7.2 with TEA OH. The opioid agonists
[D-Arg?, Lys*]-dermorphin-(1-4)-amide (DALDA), [p-
Pen?’]-enkephalin (DPDPE) and spiradoline mesylate
(U-62066), all at 1 pum, were applied through the
superfusion solution for 3—-5 min

Calcium imaging

AMCCs were incubated with 20 um fluo-3 AM and
0.0025% Pluronic acid in DMEM at 37°C for 30 min.
During experiments, cells were superfused continuously
at 2-3 ml min~! with a solution containing (mm): NaCl,
140; KCl, 4; CaCl,, 2; MgCl,, 2; Hepes, 10; with pH
adjusted to 7.4 with NaOH. Confocal microscopy with
a water immersion lens was applied to single cells using
an argon ion laser (Optiscan, Australia) scanning at a
peak of 488 nm. Images were captured using confocal
software (F900e, version 1.6, Optiscan, Australia) and
analysed using Scion Image (Scion Corporation, USA).
Laser intensity was reduced to 1% of maximum by use
of neutral density filters and the number of scans per cell
kept to a minimum to avoid photobleaching. Changes in
intracellular Ca®* levels were calculated as the ratio of the
increase in the mean pixel value of the whole cell compared
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to that in the control period, where the pixel values are a
grey scale ranging from zero to 255. All values of increased
fluorescence were taken 60 s after the start of application
of the hypoxic solution through the perfusion system. This
ratio is calculated according to the equation:

R = (F_Fmin)/Fmin

where R = ratio of Ca®* fluorescence change, F, =
mean fluorescence intensity level during control period,
F = mean fluorescence intensity level following 1 min
of stimulation. This ratio was then multiplied by 100 to
express any fluorescence changes as a percentage change
from the resting fluorescence level.

Drugs

Apamin extracted from bee venom, NPPB and DMEM
were obtained from Sigma Chemicals, USA, Fluo-3 AM
and Pluronic F-127 from Molecular Probes, USA and the
pn-agonist DALDA, §-agonist DPDPE and «-agonist U-
62066 from RBI Chemicals, USA.

Statistics

Results are expressed as means + s.e.m. The secretion
of catecholamines by the perfused fetal adrenal gland in
response to hypoxia in each experiment is expressed in
relation to the mean level of catecholamine secretion
in the 12 min baseline period preceding the onset of
hypoxia. The catecholamine responses to hypoxia in the
presence or absence of the opioid agonist were then
compared using multifactorial ANOVA with experimental
treatment (hypoxia alone or hypoxia 4 opioid) and
sampling time as the specified variables. The Duncan’s
new multiple range test was used post ANOVA to identify
significant differences between mean values. A probability
level of 5% (P < 0.05) was taken as significant for
all analyses. Student’s paired ¢ tests were used for two
group comparisons in Ca’>" imaging experiments and
comparisons of current amplitudes at specific voltages. An
ANOVA with Tukey’s post hoc test was used for multiple
group comparisons when analysing chord conductance
results. P < 0.05 was taken as the minimum level of
significance.

Results

Opioid agonists and hypoxia-evoked secretion of
catecholamines in the perfused adrenal gland

Allowing the effluent from the perfused adrenal gland
from fetal sheep to flow over the carbon fibre
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electrode provided on-line measurement of catecholamine
secretion. The electrode showed a linear response to
increasing concentrations of catecholamines in the stream
as demonstrated by the addition of adrenaline as a bolus to
the perfusate (Fig. 1A). Theisolated perfused adrenal gland
allows repeated measurement of catecholamine secretion
under controlled conditions (Fig. 1B). The response to
hypoxia is repeatable, blocked reversibly by a combination
of - and k -opioid agonists, and smaller than the response
to 100 pm acetylcholine (Fig. 1B). During the 12 min
prior to exposure to hypoxia, the baseline current through
the carbon fibre electrode was 176 £ 15 pA (n = 5;
Fig. 1C). The adrenal glands were then perfused for
20 min with hypoxic Krebs solution which caused a
significant increase in catecholamine secretion, with a peak
current amplitude of 288 4 46 pA (n = 5; P < 0.001)
being reached after approximately 12 min exposure to
hypoxia. This increase in secretion of catecholamines was
fully reversed upon return to normoxia. The addition of
the opioid agonists DALDA and U-62066 to the perfusate
prevented the hypoxia-evoked secretion of catecholamine
(Fig. 1C). When these agonists were added to the perfusate,
the electrode current for the 12 min before exposure to
hypoxia was 168 £ 13 pA (n = 5). In the presence of
these opioid agonists, the peak electrode current during
the hypoxic period was 197 &= 32 pA (n = 5) which was not
significantly different from the current in the prehypoxic
period.

Opioid agonists and hypoxia-evoked changes in Ca2*
entry into isolated adrenal chromaffin cells

All single cell studies used AMCCs isolated from the
adrenal medulla of adult sheep. After 1 min exposure to
hypoxia, the [Ca’"]; increased as indicated by an increase
0f 20.0 £ 2.9% in fluorescence of fluo-3 loaded cells (P <
0.0001; Fig. 2). In the presence of the pu-type agonist
DALDA (1 um), while hypoxia evoked an increase in
fluorescence (5.9 + 1.5%;n = 7; P < 0.01), this was much
smaller than that seen in the absence of this opioid agonist
(P < 0.005; Fig. 2). Stimulation of k -type opioid receptors
also reduced the change in [Ca®*]; produced by hypoxia
(Fig. 2). In the presence of U-62066 (1 um), the change
in fluorescence produced by hypoxia was reduced from
22.2+4.1t013.5+1.9% (n = 5; P < 0.05). Stimulation
of §-type opioid receptors with DPDPE did not alter the
change in [Ca?*]; evoked by exposure to hypoxia. The
resting [Ca’"]; in these cells was not altered by any of
the three opioid agonists alone.

The effects of opioid agonists on voltage-dependent
Ca** determined by whole-cell

currents were
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patch-clamping (Fig. 3). Cells were treated with DALDA,
DPDPE or U-62066 (1 pum) separately for approximately
3-5 min. The p-agonist DALDA (Fig. 3B) and the
k-agonist U-62066 (Fig. 3C) decreased reversibly the

of hypoxic response 493
Ca*" current amplitude at 5 mV by approximately 17%
(P < 0.05) and 20% (P < 0.01), respectively. Neither
opioid agonist affected inward current at potentials
more negative than —10 mV. DPDPE, a §-agonist, had
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hypoxia-evoked catecholamine secretion
from whole perfused fetal adrenal glands <
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Figure 2. Hypoxia-evoked changes of intracellular [Ca?*] in the presence and absence of opioid receptor

agonists

A, fluorescence intensity of a single AMCC loaded with fluo-3 AM and exposed to hypoxia in the presence and
absence of DALDA. The fluorescence reading at the beginning of the experiment was used as the baseline value. The
lowest possible number of measurements are taken so as to reduce the effects of photobleaching. B, fluorescence
of fluo-3 in each cell, measured 1 min after the application of various treatments, was compared to fluorescence in
the control normoxic period. In each group of cells the [CaZ*]; during exposure to hypoxia alone was significantly
greater than during normoxia. * Significant difference between responses in the absence and presence of the
opioid agonist (P < 0.05); n = 7 (DALDA) or 5 (U-62066 and DPDPE).
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no effect on Ca?* current amplitude at any voltage
(Fig. 3D).

Opioid agonists and K+ currents

Given the effect of - and «-agonists on whole-cell Ca®*
currents and the presence of Ca?*-dependent K channels
in sheep AMCCs, the direct effects of opioid agonists
on K" currents were measured with the cytosolic Ca**
concentration clamped at 1 pum. This was achieved by
the use of a Ca**-buffered intracellular solution and a
Ca’* channel blocker, Cd** (200 M), in the extracellular
solution.

At positive membrane potentials, stimulation of either
- or k-type receptors caused significant changes in

A

control

C

Current (pA)

—8— [J-62066
—¥— washout
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K" conductance, with DALDA increasing the chord
conductance (10-60 mV) by 35%, and U-62066 decreasing
it by 28% (Fig. 4). DPDPE, the §-agonist, had no effect on
K* conductance. Apamin (1 nm), ablocker of SK channels,
and TEA (1 mmM), a blocker of BK channels, were used
to determine the contributions of these channels to the
changes in membrane conductance produced by the u-
and «-agonists. The increase in conductance produced
by DALDA did not occur in the presence of apamin,
indicating that the ;i-agonist acted on SK channels (Fig. 5).
In contrast, the decrease in conductance produced by U-
62066 still occurred in the presence of apamin (Fig. 6A and
B) but treatment of the cells with TEA prevented the «-
agonist from reducing conductance, indicating an action
on BK channels (Fig. 6C and D).
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Figure 3. Effect of opioid agonists on voltage-dependent Ca?* currents in sheep AMCCs

A, Ca?* currents evoked in one chromaffin cell by a 100 ms step pulse from —80 mV to 5 mV in control conditions
and in the presence of 1 M DALDA, U-62066 or DPDPE. B-D, the I~V relationship of CaZ* current during control
conditions (O), exposure to opioid receptor agonists (@), and upon washout with control solution (¥). The opioid
agonists were DALDA (B, n = 4), U-62066 (C, n = 6) and DPDPE (D, n = 6). Cells were held at —80 mV and
stepped to potentials ranging from —40 to 55 mV for 100 ms in increments of 5 mV.
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In physiological conditions, the effects of the j- and «-
opioid agonists on Ca*" currents and on Ca’*-dependent
K* currents will interact. In order to determine the balance
between these effects, K™ currents were measured in cells in
which the [Ca**]; was not clamped during the depolarizing
pulses. Under these conditions, the p-agonist DALDA
caused no significant change in outward current at any
potential (n = 5; Fig. 7A). Stimulation of the «-opioid
receptors with U-62066 produced a significant reduction
in outward current at membrane potentials from 0 to
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50 mV (n = 5; P < 0.05; Fig. 7B). Stimulation with the
8-type opioid agonist DPDPE had no effect on outward
current in these cells (Fig. 7C).

Effect of p-opioid agonist on the hypoxia-evoked
reduction of K+ current

In cells in which [Ca?*]; was clamped, the ability of hypoxia
to reduce overall membrane conductance was offset by the
effects of DALDA (Fig. 8). Hypoxia decreased membrane
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Figure 4. Effect of opioid agonists on K™ conductance in AMCCs

A, Kt currents recorded from a single cell held at —80 mV and ramped from —120 to 100 mV over 100 ms in the
presence of u-, k-, and §-opioid agonists. Each current trace is the average of 10 ramps. B, chord conductance
measured in the range from 10 to 60 mV * Significant difference in the paired values (P < 0.05); n = 5 (DALDA)

or 4 (U-62066 and DPDPE).
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conductanceby 6.1 £ 1.2 nS from the value 0f 32.2 £ 5.2 n§
seen in normoxic conditions. DALDA did not inhibit the
ability of hypoxia to close K* channels, as shown by the 6.6
+ 1.8 nS reduction in conductance produced by hypoxia
in the presence of DALDA. The membrane conductance in
the presence of both agents, 33.8 £ 6.4 nS, was, however,
not different from that seen in control, normoxic cells.
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Discussion

In this study we have shown that stimulation of - and
k-type opioid receptors suppresses the hypoxia-induced
release of catecholamines in the fetal adrenal gland.
Furthermore, p-type receptor stimulation increased the
current through the SK channels, thereby offsetting the
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Figure 5. The contribution of SK channels to the p-opioid-evoked increase in KT conductance in sheep

AMCCs

A, the effect of DALDA (1 um) and apamin (1 nm) on K+ currents recorded from a single cell held at —80 mV and
ramped from —120 to 100 mV over 100 ms. Each current trace is the average of 10 ramps. B, chord conductance
measured in the range from 10 to 60 mV * Significant difference between paired values (P < 0.05); n = 5 for all

columns.
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decrease in K* conductance produced by hypoxia. This, in
conjunction with a reduction in Ca** current amplitude
caused by stimulation of both w- and «-type receptors,
abolishes the hypoxia-evoked increase in cytosolic [Ca**].
We suggest that the developmental suppression of the
hypoxic response of chromaffin cells in the adrenal gland
is mediated via this mechanism and is induced by the
increasing release of preganglionic opioids as splanchnic
innervation matures.

The effect of opioid receptor stimulation on the direct
hypoxic response was measured in both the isolated
perfused fetal adrenal gland and single AMCCs of sheep.
The concentrations of opioid peptides used in this
study are likely to be in the physiological range, as
estimates of opioid release from single AMCCs have
suggested that the local opioid concentration is in the
micromolar range (Castanas et al. 1985). Using an online
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analysis of catecholamine secretion with a carbon fibre
electrode we were able to detect the small amounts of
catecholamine secreted during hypoxic episodes as well
as large amounts released by stimulation of the nicotinic
cholinergic receptors due to the wide dynamic range of
this system.

Combined stimulation of u- and «-type opioid
receptors by their respective agonists, DALDA and
U-62066, inhibited the hypoxia-evoked secretion of
catecholamines by the isolated perfused adrenal gland
of the fetal sheep. It is known that blockade of opioid
receptors with naloxone increases catecholamine release in
fetal sheep (Padbury et al. 1987; Martinez et al. 1988) and
that, in rat, the amounts of enkephalin in the preganglionic
fibres increase in parallel with the suppression of the direct
hypoxic response (Holgert et al. 1994). Taken together
with our current findings, the hypothesis that opioids have
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Figure 6. The contribution of SK and BK channels to the x-opioid-evoked decrease in K conductance

in AMCCs

The effect of U-62066 on K* currents recorded from single cells held at —80 mV and ramped from —120 to
100 mV over 100 ms in the presence and absence of apamin (4) and TEA (B). The effect of U-62066 on chord
conductance measured in the range from 10 to 60 mV in the presence and absence of apamin (n = 4; C), and
TEA (n = 5; D). * Significant difference between linked bars (P < 0.05).
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Figure 7. Modulation of whole-cell current by specific opioid
agonists in adult sheep AMCCs

-V relationship in control conditions (O) and in the presence of an
agonist (@). The agonists used, all at a concentration of 1 um, were
DALDA (n = 5; A), DPDPE (n = 4; B) and U-62066 (n = 5; C). Cells
were held at —80 mV and stepped to potentials ranging from —40 to
60 mV for 200 ms.

a role in the developmental suppression of the hypoxic
response of chromaffin cells in the adrenal gland is strongly
supported.

In order to identify the cellular mechanisms responsible
for these actions of opioid agonists seen in the
whole perfused adrenal gland, Ca*" imaging and
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electrophysiology were performed on isolated adult
AMCCs. We have shown previously that these cells respond
to hypoxia in the same manner as fetal AMCCs (Keating
et al. 2001). Stimulation of the p- and k-, but not §-
type, opioid receptors reduced the increase in [Ca’"];
that normally occurs during hypoxia. This could account
for the ability of u- and «k-type agonists to inhibit
the hypoxia-induced secretion of catecholamines in the
perfused glands. The lack of effect of the §-type agonist
would not be due to using a low concentration of this
agonist, as we used 1 M, which is over one hundred times
greater than the K for binding in rat brain membranes
(Schlosser et al. 1995) and the ICsy for blocking the
electrically stimulated mouse vas deferens (Haaseth et al.
1990).

The influx of Ca*" produced by hypoxia in AMCCs
occurs through voltage-dependent Ca®* channels (Keating
et al. 2001). The decrease in Ca’" currents induced by
the u- and «-opioid agonists that we have found in the
sheep AMCCs supports earlier work in which p-agonists
decreased Ca*" current in porcine AMCCs (Kitamura et al.
2002) and k-agonists decreased Ca** currents in neurones
of the guinea-pig myenteric plexus (Cherubini & North,
1985). Consistent with our experiments in which [Ca**];
was measured, the §-opioid agonist did not affect voltage-
dependent Ca** currents. The reduction in Ca®* currents
caused by the - and «-type agonists was, however, small,
and would not appear to account completely for the
diminished hypoxia-induced [Ca®*]; that was seen in the
presence of these agonists.

In excitable cells, Ca?* entry through voltage-dependent
Ca** channels is modulated by the activity of Kt channels,
which are also known to be regulated by opioid agonists
(Twitchell & Rane, 1993). Oxygen-sensitive SK and BK
channels play a central role in the direct hypoxic response
of the adrenal medulla (Keating et al. 2001) and are
potential targets for opioid action. As the activity of SK
and BK channels is regulated by [Ca®'];, any effect of
opioid agonists on them could either be directly on the
channel or indirectly through alterations in [Ca**];. In
order to determine any direct effect of the opioid agonists
on the oxygen-sensitive K™ currents, measurements were
made while [Ca®*]; was clamped at 1 M. Under these
conditions, stimulation with the w-type opioid agonist
DALDA increased the Kt conductance in the isolated
AMCGC:s. Inhibition of the effect of DALDA on membrane
conductance by 1 nm apamin indicates that the p-agonist
acts specifically on SK channels. Activation of SK channels
by DALDA offset the action of hypoxia on these channels
in that it prevented subsequent exposure to hypoxia from
reducing the membrane conductance below that seen in
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normoxic cells in control conditions. The consequence
of this, in cells that are not voltage-clamped, would be
that DALDA, through its actions on SK channels, would
inhibit the depolarization normally produced by hypoxia,
suppressing the direct effect of hypoxia on catecholamine
secretion by the adrenal medulla.

While activation of x-type opioid receptors with U-
62066 decreased the K conductance of AMCCs, this was
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not due to an action on SK channels because apamin did
not alter the effect of U-62066. Rather, TEA, a blocker
of BK channels, abolished the decrease in K current
caused by U-62066. Previous work has demonstrated
that it is SK channels, rather than BK channels, that
are important for initiating the direct hypoxia-evoked
secretion of catecholamines from sheep AMCCs (Keating
et al. 2001). This would indicate that the suppression
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Figure 8. The effects of p-opioid receptor stimulation and hypoxia on K+ conductance

A, example traces of the effect of hypoxia, 1 um DALDA and both together on K* currents in adult AMCCs held at
—80 mV and ramped from —120 to 100 mV over 100 ms. Traces shown are the average of 10 ramps under each
condition. B, chord conductance measured in the positive voltage range from 10 to 60 mV, n = 5 for all columns.
* Significantly different from the bracketed value (P < 0.05).
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of Kt current by «-type receptor stimulation does not
interfere with the proposed effect of j1-type stimulation on
resting membrane potential in these cells, a fact confirmed
by our data in two different experiments. Firstly, « -type
stimulation does not cause secretion in vitro due to a lack
of catecholamine release in the whole-gland preparations
exposed to both p- and «-type agonists under normoxic
conditions. It could be possible that no secretion occurs
under these conditions because the depolarization caused
by U-62066 is offset by a concomittant hyperpolarization
produced by DALDA. However, our single cell Ca®*
imaging data refutes this possibility, as no increase in
[Ca**]; was seen in the presence of U-62066 alone. Also, a
decrease in Ca’" entry during hypoxia in the presence of
our k -type agonist, rather than any increase, was observed.
This decrease in hypoxia-induced Ca’>" entry can most
likely be attributed to the reduction in Ca** current seen
upon k -type stimulation.

In physiological conditions, the activity of the calcium-
dependent K* channels in these cells will be affected by
the opioid-evoked changes in [Ca*"]; as well as the more
direct effect of these agonists on BK and SK channels. The
balance between these two effects was seen in the whole-
cell currents measured in cells in which [Ca’*]; was not
clamped. The whole-cell current appeared unchanged in
the presence of the pt-agonist DALDA. The absence of any
change caused by the p-type agonist reflects the interaction
between an increase in SK conductance and the reduction
in SK and BK conductance resulting from the jt-agonist-
induced decrease in Ca** currents. The decrease in the
whole-cell outward current at positive potentials during
Kk -type receptor stimulation would reflect a combination
of the reduction in BK conductance produced by the direct
action of the k-agonist on the channels and the indirect
inhibition of BK and SK channels caused by the decrease
in voltage-dependent Ca** currents.

With regard to the direct hypoxic response of sheep
AMCCs, we have previously shown that closure of SK
channels initiates the depolarization that leads to Ca®*
entry, possibly triggering catecholamine secretion. At
resting membrane potential, the sole effect of the opioid
agonists would be an increase in K conductance resulting
from the direct action of the p-receptor on SK channels.
Voltage-dependent Ca** channels and BK channels are
closed at these potentials and therefore would not be
affected by opioid agonists.

In conclusion, our investigations have found a plausible
explanation for the suppression of the non-neurogenic
hypoxic response of the adrenal medulla upon innervation
that involves the action of opioid peptides. It appears
that both p- and «-type opioid receptors have roles to
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play in this mechanism, with stimulation of both receptor
types causing a decrease in hypoxia-evoked Ca’*" entry
via closure of voltage-gated Ca*" channels, and u-type
activation increasing the K* conductance through the
action on SK channels.
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