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SUMMARY

The a,,-adrenergic receptor (a,,AR), via its interaction with the
pertussis toxin-sensitive G/G,, class of G proteins, modulates
multiple effector systems, including inhibition of adenylyl cy-
clase and Ca?* channels and activation of K* channels. Mu-
tation of a membrane-embedded aspartate residue, highly con-
served among G protein-coupled receptors, in the a,sAR to
asparagine (D79N a,,AR) results in selective uncoupling of the
receptor to K* currents but retention of inhibition of cAMP
production and of voltage-sensitive Ca®* currents when ex-
pressed in AtT20 anterior pituitary cells in culture. It is known
that attenuation of CAMP synthesis alone cannot account for
a,,AR suppression of stimulus-secretion coupling; thus, the
D79N a,,AR provides a unique tool with which to assess the
relative contribution of K* current activation and Ca®>* current
suppression in mediating the cellular responses of a,,AR. The

wild-type a,,AR suppresses basal and secretagogue-evoked
adrenocorticotropic hormone (ACTH) release in a manner in-
distinguishable from response to the endogenous somatostatin
receptor. In contrast, the D79N a,,AR does not attenuate basal
ACTH release and is only partially effective in suppressing
ACTH secretion evoked by the secretagogue isoproterenol.
Regulation of ACTH release evoked by 8-bromo-cAMP, which
bypasses receptor regulation of CAMP synthesis, suggests that
attenuation of cAMP production, although not sufficient for
inhibition of ACTH secretion, nevertheless participates in a
functionally relevant manner. Taken together, the present find-
ings indicate that a,,AR-mediated suppression of neuropeg—
tide secretion requires concomitant regulation of K* and Ca**
currents in parallel with attenuation of CAMP production.

The a,AR is a member of the G;/G, protein-coupled recep-
tor family. This receptor plays an important role in regula-
tion of many physiological processes, such as heart rate and
blood pressure, lipolysis, platelet aggregation, pain percep-
tion, and epileptiform activity (1). An essential mechanism
by which a,AR achieves this regulatory influence is the re-
ceptor-mediated attenuation of neurotransmitter and hor-
mone secretion from nerve terminals and endocrine organs, a
characteristic response shared by other G,/G,-coupled recep-
tors, such as somatostatin (2), adenosine (3), and opioid (4)
receptors.

It has been known for several years that the a,AR, similar
to other members of the G,/G,-coupled receptor family, cou-
ples to multiple effector systems such as inhibition of adeny-
1yl cyclase, suppression of voltage-activated Ca%* channels,
and activation of receptor-operated K* channels (5, 6). Stud-
ies demonstrating an inhibitory influence of a,AR on stimu-
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lus-secretion coupling even in the presence of cCAMP ana-
logues (7) and lack of correlation between intracellular cAMP
levels and a,AR-mediated attenuation of regulated secretion
(8) have indicated that suppression of cAMP formation is
unable to completely account for a,AR inhibition of stimulus/
secretion coupling. Given the electrical contributions to exo-
cytosis in both endocrine and neuronal cells, it is very likely
that an essential component of the a,AR inhibitory response
is modulation of Ca?* and/or K* channels.

Activation of a,AR results in attenuation of voltage-acti-
vated Ca2* currents in neuroendocrine and neuronal cells,
such as submucosal (9) and locus ceruleus (10) neurons. This
action may limit availability of Ca%* for stimulus-secretion
coupling, with a resultant inhibition of the secretion. Alter-
natively, a,AR-mediated activation of K* currents, observed,
for example, in pancreatic B cells (11), locus ceruleus (12),
and myenteric plexus (13) neurons, leads to hyperpolariza-
tion and reduced excitability of a cell, which also can culmi-
nate in inhibition of neurotransmitter and hormone secre-
tion. Attempts to understand the relative importance of these
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corticotropic hormone; DMEM, Dulbecco’s modified Eagle’s medium; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethyi-

ene glycol bis(8-aminoethyl ether)-N,N,N' ,N'-tetraacetic acid.




two electrical pathways in a,AR-mediated inhibition of stim-
ulus-secretion coupling have yielded ambiguous results,
mainly due to confounding effects of ion channel inhibitors on
the intrinsic excitability of neuronal and neuroendocrine
cells. In fact, Allgaier et al. (14) demonstrated that a K*
channel blocker, tetraethylammonium, attenuated a,AR-me-
diated [*H]norepinephrine release from rabbit hippocampal
slices. However, they attributed modulation of a,AR re-
sponse in the presence of tetraethylammonium to prolonga-
tion of the action potential rather than to direct involvement
of K* channels in the a,AR response. Another complication
in delineating involvement of K* versus Ca®?* channels in
antisecretory actions of the a,AR may result from the inabil-
ity to differentiate between a direct effect on Ca?* conduc-
tance by receptor-evoked pathways and an indirect inhibition
of Ca?* conductance secondary to K* channel-mediated hy-
perpolarization. For example, Koch et al. (15) suggested that
in cultured pituitary GH,C, cells, inhibition of Ca®* conduc-
tance via activation of the somatostatin receptor, another
G/G,-coupled receptor, may not be due to direct coupling
between the receptor and Ca?* channels but rather may be
the result of cell hyperpolarization induced by activation of
K* channels. These studies demonstrate that conventional
tools may not be sufficient to provide an understanding of the
relative importance of these two electrical pathways in inhi-
bition of stimulus-secretion coupling by the a,AR and other
Gy/G,-coupled receptors.

We used a novel genetic approach to explore the role of K*
channels in a,AR-mediated inhibition of stimulus-secretion
coupling. Mutation in one of the three a,AR subtypes, the
a2, AR, of an aspartate residue (Asp79), predicted to lie in the
second transmembrane domain and topographically con-
served among many G protein-coupled receptors, to the cor-
responding asparagine (D79N) results in nonreciprocal
changes in receptor/G protein communication (16) as well as
loss of allosteric modulation of receptor binding by monova-
lent cations (17). Furthermore, mutation of the a,, AR to the
D79N a,,AR selectively uncouples the receptor from in-
wardly rectifying K* channels without an appreciable effect
on coupling to adenylyl cyclase or Ca?* channels when ex-
pressed in mouse anterior pituitary AtT20 cells (18). In the
current study, we used this mutant receptor structure as a
genetic tool to delineate the role of K* channels in linking
a,AR activation to attenuation of stimulus-secretion cou-

pling.

Materials and Methods

ACTH secretion. Permanent clonal AtT20 cell lines expressing
the WT a;,AR or the D79N mutant a,,AR were developed as de-
scribed previously (17). The cells were plated onto poly-D-lysine-
coated four-well Nunc dishes at a density of 24 X 10° cells/well and
were allowed to grow to near-confluency in a serum-rich DMEM
medium (DMEM containing 10% fetal calf serum, 10% horse serum,
and 10% Nu-serum). The cells were serum-deprived for 18-24 hr
before each experiment to minimize any influence of catecholamines
present in the serum on subsequently evaluated a;,AR-mediated
responses. At the time of each experiment, the cells were washed at
15-min intervals for four times with serum-free DMEM and then
subjected to two treatment periods of 15 min each, termed T1 and T2,
respectively. Care was taken to use the minimal time possible for
changing medium; the cells were maintained in a humid cell culture
incubator equilibrated with 95% 0,/6% CO, at 37° during all incu-
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bation intervals. During the first treatment period (T1), all of the
wells were treated with medium only, whereas during the second
treatment period (T2), the wells were treated with only medium
(control) or medium containing modulating agents, such as the g-ad-
renergic receptor agonist isoproterenol (which acts as a secreta-
gogue), the a,AR agonist UK 14,304, somatostatin, and their combi-
nations. At the end of the treatment periods, the medium was
collected separately from each well and analyzed for ACTH content
through the use of radicimmunoassay (19). The ratio of the amount
of ACTH secreted during the second treatment period to that se-
creted in the first treatment period (T2/T1) was calculated to quan-
tify the influence exerted by the modulating agents on ACTH secre-
tion. The ratio of ACTH secretion in control wells exposed only to
DMEM medium during both treatment periods was usually ~1,
indicating that the basal secretion from AtT20 cells was reasonably
constant throughout the course of the experiments. Percentage
change in ACTH secretion was calculated by comparing the T2/T1
ACTH secretion ratio under control conditions with the T2/T1 ratio
observed in the presence of any modulating agent.

Electrophysiology. AtT20 cells, permanently transfected with
either WT or D79N mutant a;,AR, were plated onto 35 mM Falcon
dishes and were allowed to grow in a serum-rich DMEM medium.
For most experiments, the cells were serum deprived 18-24 hr before
the experiment to eliminate modulatory effects that might be due to
catecholamines present in the serum. On the day of the experiment,
the cells were superfused with a normal external solution (120 mM
NaCl, 5 mM KCl, 2.5 mm CaCl,, 1 mM MgCl,, 10 mM D-glucose, 10 mM
HEPES, pH 7.35, 320-330 mOsM adjusted with sucrose) at room
temperature. Whole-cell patch-clamp recordings were carried out to
study either K* or Ca?* currents with an Axopatch 1D amplifier and
patch pipettes with 2-6 M(} resistance.

After a G seal was obtained, a whole-cell recording was obtained
in the presence of normal external solution to confirm the presence of
Na* current and high input resistance. The external solution was
then switched to either K* external or Ba?* external to study K* or
Ca2* channels, respectively. For K* current recording, the external
solution contained 1560 mM KCl, 1 mm MgCl,, 10 mM D-glucose, and
10 mM HEPES, whereas the internal solution contained 150 mM K
methyl sulfate, 10 mmM HEPES, 10 mM EGTA, 2.6 mM MgATP, and
0.1 mM GTP. For Ca?* current recording, the external solution
consisted of 120 mM NaCl, 10 mM BaCl;, 1 mM MgCl,;, 10 mM
D-glucose, 10 mM HEPES, and 1 uM tetrodotoxin (to block Na*
current, all of which is tetrodotoxin sensitive in these cells), whereas
the internal solution contained 120 mM Cs gluconate, 10 mM EGTA,
10 mm HEPES, 2.6 mM MgATP, and 0.1 mM GTP. pH and osmolarity
of all of the solutions were maintained at 7.35 and 320-330 mOsM,
respectively.

A range of magnitude for both K* and Ca?* currents was observed
in both WT and D79N «,,AR-expressing cells and did not correlate
with cell size. A 125-msec pulse was applied to elicit both currents.
The magnitude of the current in the absence and presence of various
pharmacological agents was measured at a single point correspond-
ing to 80 msec for K* currents and 25 msec for Ca?* current. The
Ca2* currents were not leak-subtracted.

Statistical analysis. Statistical comparisons within group and
between groups were made with paired or unpaired two-tailed ¢
tests, respectively, as well as two-factor analysis of variance, fol-
lowed by Student-Newman-Keuls test. The level of significance was
accepted at p < 0.05.

Results

The introduction of the D79N a,,AR into cultured mouse
anterior pituitary (AtT20) cells reveals a selective uncoupling
of the mutant receptor from receptor-operated, Ba?*-sensi-
tive, inwardly rectifying K* currents (Fig. 1, A versus B)
without any appreciable effects on modulation of voltage-
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Fig. 1. Regulation of K* currents, Ca2* currents, and isoproterenol-stimulated ACTH secretion in AtT20 cells expressing the WT and D79N
mutant a,,AR. A and B, Activation of Ba?*-sensitive K* currents by 1 uM a,,AR agonist UK 14,304 (UK) or 100 nm somatostatin (Som) in AtT20
cells expressing endogenous somatostatin receptors and WT (A) or D79N (B) a,,AR. Data are presented as mean * standard error of 7-12
experiments. After a whole-cell patch was obtained, the cells were held at 0 mV in symmetric K* solutions. K* currents were evoked in the



sensitive Ca%* currents (Fig. 1, C versus D) or intracellular
cAMP levels (18). In contrast, activation of endogenous so-
matostatin receptors (20, 21), which couple via G/G, to the
same effector pathways as does the a,,AR (22-24), elicited
comparable activation of K™ currents and suppression of
Ca?* currents in AtT20 cell lines expressing WT or D79N
mutant a,,AR (Fig. 1, A-D). These findings eliminate the
possibility that the molecular mechanisms linking receptor
occupancy to activation of inwardly rectifying K* channels
have been impaired in AtT20 cells expressing the D79N
ay,AR. Furthermore, the failure of the D79N a,,AR to acti-
vate K* currents, even at supramaximal agonist concentra-
tions (18), cannot be attributed to differences in receptor
densities because the receptor density of the D79N a,,AR (10
pmol/mg protein) was higher than that of the WT a,,AR (3
pmol/mg protein). Taken together, these findings suggest
that the altered structure of the D79N a,,AR selectively
uncouples this mutant receptor from activation of Ba®*-sen-
sitive K* currents in AtT20 cells.

The potentiation of K* currents by the a,,AR, resulting in
hyperpolarization and reduced cell excitability (12, 13), may
translate into attenuation of regulated secretion. Earlier at-
tempts to delineate involvement of K* channels in a,,AR-
mediated inhibition of neurotransmitter release or hormone
secretion with the use of K* channel blockers have been
difficult to interpret due to either possible interaction be-
tween K* channels and Ca%* conductance (15) or the direct
effect of the K* channel blockers on the release process itself
(14). The D79N a,,AR provided a unique opportunity to
unambiguously explore the role of K* channel modulation in
the a,,AR-mediated attenuation of stimulus-secretion cou-
pling. ACTH secretion in AtT20 cells can be enhanced by
endogenous B-adrenergic receptors with the use of isoproter-
enol as the stimulus. Isoproterenol-stimulated ACTH secre-
tion is exocytotic in nature and represents regulated secre-
tory pathway in these cells (25). Activation of the WT ay,, AR
by the a,AR agonist UK 14,304 (1 uM) resulted in a marked
inhibition of isoproterenol-stimulated ACTH secretion (Fig.
1E) in a manner analogous to the endogenous somatostatin
receptors (inhibition of 77 + 14% by UK 14,304 and 81 *+ 11%
by somatostatin). In contrast, the D79N a,,AR was signifi-
cantly less effective in suppressing isoproterenol-stimulated
ACTH secretion (Fig. 1F) compared with the WT «,,AR
(inhibition of 39 *+ 9% by the D79N a,,AR and 77 * 14% the
WT a,,AR). This attenuated response by the D79N a,,AR
represents reduction in the maximal response in the D79N
az, AR compared with the WT receptor rather than a simple
dextral shift of the concentration-response curve, as 1 um UK
14,304 is a supramaximal concentration of the agonist for
both the WT and D79N a,,AR (data not shown). Further-
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more, we are confident that inhibition of secretion by UK
14,304 was specifically mediated via the a;, AR because UK
14,304 did not inhibit stimulated release in the untrans-
fected AtT20 cells and because yohimbine (1 uM), the a,AR-
selective antagonist, blocked the effects of UK 14,304 on
isoproterenol-stimulated ACTH secretion (data not shown).
Because stimulation of ACTH secretion by isoproterenol and
inhibition by somatostatin (Fig. 1, E and F) were comparable
in cell lines expressing the WT or D79N a,, AR, the differen-
tial effects of activation of the WT and mutant a,,AR on
ACTH release suggest that the failure to activate K* chan-
nels made the D79N a,,AR less effective in suppressing
stimulated ACTH secretion. An attempt to support this con-
clusion by examining the effect of the WT and D79N a,,AR
on stimulated secretion in the presence of the inwardly rec-
tifying K* channel blocker Ba?* was confounded due to a
substantial effect of Ba?* on basal ACTH secretion itself,
probably reflecting depolarization of the cells in the presence
of Ba%*. In contrast, the differences in effects of the WT and
D79N a,,AR on stimulated ACTH secretion very clearly
demonstrate that activation of receptor-operated K* chan-
nels by the a,,AR is necessary for maximal inhibition of
stimulus-secretion coupling in neuroendocrine cells.

The observation that the mutant D79N a,,AR was able to
inhibit at least a part of the isoproterenol-stimulated ACTH
secretion (Fig. 1F) implies that additional effector systems
are involved in the inhibitory actions of this receptor. The
effects of isoproterenol on ACTH release have been shown to
result from B-adrenergic receptor-mediated activation of ad-
enylyl cyclase and cAMP-dependent protein kinase (26, 27).
To bypass regulation of CAMP synthesis by the a,,AR and
thereby evaluate the importance of inhibition of voltage-
sensitive Ca?* currents and/or other effector pathways by
the a,, AR in suppressing ACTH release, we added the mem-
brane permeant analogue of cAMP, 8-Br-cAMP, to directly
activate cAMP-dependent protein kinase and ACTH secre-
tion (28). One limitation of this approach is that membrane-
permeant analogues cannot faithfully replicate the kinetics
or cellular distribution of cAMP synthesis and turnover
evoked by an extracellular secretagogue such as isoprotere-
nol. In addition, a cCAMP analogue could induce a physiolog-
ical response independent of cAMP-dependent protein ki-
nase. Nevertheless, we are reasonably confident that the
secretory action of 8-Br-cAMP we observed was mediated via
a cAMP-dependent protein kinase pathway because concom-
itant treatment of AtT20 cells with 8-Br-cAMP and N®-ben-
zyl-cAMP, another cAMP analogue, produced a synergistic
effect on ACTH secretion (34% increase) compared with the
effects of 3 mM 8-Br-cAMP (16% increase) or 300 uM N°-
benzyl-cAMP (0% increase) alone. This synergism is a prop-

absence and presence of UK 14,304 or somatostatin by deliverance of a hyperpolarizing pulse from 0 mV to —40 mV. Vertical scale bar, 100 pA;
horizontal scale bar, 25 msec. K* currents were significantly greater in magnitude in the presence of UK 14,304 or somatostatin compared with
their respective controls, except in the case of the mutant D79N «,,AR, which failed to potentiate K* currents. C and D, Inhibition of
voltage-activated Ca®* currents by 1 um a,,AR agonist UK 14,304 (UK) or 100 nm somatostatin (Som) in AtT20 cells expressing endogenous
somatostatin receptors and WT (C) or D79N (D) a,,AR. Data are presented as mean * standard emor of four to seven experiments. After a
whole-cell patch was obtained, the cells were held at —70 mV. Ca?* cumrents were evoked in the absence and of UK 14,304 or
somatostatin by deliverance of a depolarizing pulse from the holding potential of —70 mV to +10 mV. Vertical scale bar, 125 and 500 pA for the
WT and D79N a,,AR, respectively; horizontal scale bar, 25 msec for both. Ca?* currents were significantly inhibited in the presence of UK 14304
or somatostatin compared with their respective controls in all AtT20 cell lines tested. E and F, Inhibition of 100 nm isoproterenol (/so)-stimulated
secretion of ACTH by 1 um a,,AR agonist UK 14,304 (UK) or 100 nm somatostatin (Som) in AtT20 cells expressing endogenous somatostatin
receptors and WT (E) or D79N (F) a,sAR. Data are presented as mean * standard error for seven experiments. Isoproterenol-stimulated ACTH
secretion was significantly inhibited in the presence of UK 14304 or somatostatin in all AtT20 cell lines tested. *, Significant difference between
the inhibitory effect of UK 14,304 in AtT20 cells expressing the WT a,,AR (E) and AtT20 celis expressing the D79N a,,AR (F).
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Fig. 2. Comparison of regulation of 8-Br-cAMP-stimulated ACTH secretion in AtT20 cells expressing the WT and D79N mutant a,,AR. Inhibition
of 3 mm 8-Br-cAMP (8-Br)-stimulated secretion of ACTH by 3 uM o, AR agonist UK 14,304 (UK) or 100 nm somatostatin (Som) was examined in
AtT20 cells expressing endogenous somatostatin receptors and WT (A) or D79N (B) a,,AR. Data are presented as mean + standard error for eight
or nine experiments. ACTH secretion evoked by 8-Br-cAMP was significantly inhibited by UK 14,304 or somatostatin in the D79N a,,AR-

expressing AtT20 cells and by somatostatin in the WT

asAR-expressing AtT20 cells. UK 14,304 clearly showed a trend towards inhibition in WT

azsAR-expressing cells (seven of nine experiments exhibited inhibition), but overall, the inhibition was not statistically significant.

erty characteristic of allosteric regulation of the cAMP-de-
pendent protein kinase regulatory subunit (29).

As shown in Fig. 2A, the WT a,,AR showed a clear trend
toward suppressing the response to 8-Br-cAMP in that the
suppression was observed in seven of nine experiments, al-
though this effect was not statistically significant (paired
two-tailed ¢ test). The WT a,,AR was approximately half as
effective in inhibiting the response to 8-Br-cAMP (34 *+ 10%
inhibition) (Fig. 2A) compared with WT a,,AR inhibition of
isoproterenol-evoked secretion (77 * 14% inhibition) (Fig.
1E). Somatostatin also was less effective in suppressing se-
cretion in response to 8-Br-cAMP than in response to isopro-
terenol as a secretagogue (Fig. 2, A and B, versus 1, E and F)
in a manner analogous to previous observations for the so-
matostatin receptors in GH cells (30) and AtT20 cells (31).
These results suggest that both the a;,AR and the soma-
tostatin receptor mediate at least a part of their inhibitory
responses by attenuating cAMP synthesis because suppres-
sion of ACTH secretion is attenuated when this signaling
pathway is bypassed. Surprisingly, the extent of inhibition
elicited by the D79N a,,AR of 8-Br-cAMP-stimulated ACTH
secretion was comparable to that observed when isoprotere-
nol was the secretagogue (Fig. 2B versus Fig. 1F), implying
that for the D79N a,,AR (unlike for the WT a,,AR), adenylyl
cyclase modulation was not involved in the inhibitory re-
sponse. At present, our data do not clarify the molecular
basis for this difference in response to 8-Br-cAMP in cells
expressing the WT versus D79N a,,AR. However, the impor-
tant and readily interpretable observation is that the D79N
az,AR still significantly inhibits 8-Br-cAMP-stimulated
ACTH secretion, implying that an effector pathway in addi-
tion to attenuation of cAMP production and activation of K*
currents is involved in transducing inhibition of stimulus-

secretion coupling. This additional pathway required by the
a2,AR may involve inhibition of Ca®* channels (33) or other
downstream mechanisms such as stimulation of phospho-
lipase A, (32) or direct inhibition of release mechanism (37)
or other, not-yet-revealed effector systems.

In addition to examining a,,AR-mediated inhibition of
stimulated ACTH secretion, we evaluated a,, AR modulation
of basal ACTH secretion from AtT20 cells. Basal ACTH se-
cretion, which occurs in the absence of any external stimulus,
consists of ACTH secreted by a constitutive pathway as well
as ACTH released by a Ca%*-dependent pathway (34). Acti-
vation of the WT a,,AR by UK 14,304 resulted in small but
consistent and statistically significant inhibition of basal
ACTH secretion (Table 1). The D79N mutant a,,AR was
significantly less effective in attenuating basal ACTH secre-
tion than the WT a,,AR, although inhibition by somatostatin
was comparable in both cell lines (Table 1). Although the role
of K* channels in ACTH secretion under basal conditions has
not been delineated in AtT20 cells, the lack of D79N a,,AR

TABLE 1

Inhibition of basal ACTH secretion in AtT20 cells expressing the
WT and D79N mutant o,,AR

The azsAR agonist UK 14,304 (1 um) and the somatostatin receptor agonist
somatostatin (100 nm) were used to assess inhibition of basal secretion. Data are
presented as mean *+ standard error. Each experiment was performed in triplicate
or quadruplicate.

No. of experi- No. of experi-
Cell line UK 14,304 ments Somatostatin ments
% Inhibition % Inhibition
WT 156.95 + 4.16 6 33.45 + 6.96 7
D79N 2.67 = 1.12* 6 23.42 + 3.76 7

# Significant difference between UK 14,304-mediated inhibition of basal se-
cretion in WT and D79N a,,AR-expressing AtT20 cells.
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influence on basal ACTH secretion implies an important
involvement of K* channels in regulation of ACTH secretion
in the absence of any external excitatory stimulus.

Discussion

We demonstrated that a point mutation in the a,,AR
(D79N a,,AR) results in selective uncoupling of the receptor
from inwardly rectifying K* channels; in contrast, no appre-
ciable influence on coupling to other signaling pathways,
such as adenylyl cyclase and voltage-activated Ca®* chan-
nels, has been observed because the WT and D79N a,,AR are
equally effective in suppressing cAMP accumulation (18) and
in inhibiting voltage-activated Ca%* current (current study
and Ref. 18). We took advantage of this phenomenon to
explore the involvement of inwardly rectifying K* channels
in the antisecretory effects of the a,,AR.

The most important observation of the current study was
that the WT a,;,AR and the mutant D79N a,,AR differ
significantly in their ability to suppress isoproterenol-en-
hanced ACTH secretion from AtT20 cells. Thus, the D79N
a,,AR is essentially half as efficacious as the WT a,,AR in
inhibiting isoproterenol-evoked secretion (Fig. 1, E and F).
Because the major difference between the WT and D79N
a,AR is their ability (or inability) to couple to inwardly
rectifying K* channels, this result indicates that the WT
a,,AR coupling to the K* channels must play a significant

role in antisecretory action of this receptor. The a,,AR acti- -

vation of K* channels may contribute to the antisecretory
action of the receptor by changing electrical properties of the
cells. It has been demonstrated that AtT20 cells exhibit spon-
taneous action potentials accompanied by Ca®* transients
(85). Stimulation of the B-adrenergic receptors increases
spontaneous activity and intracellular Ca%* levels in these
cells, with a resultant increase in ACTH secretion (25). Ac-
tivation of inwardly rectifying K* channels by the WT a,, AR
would hyperpolarize the cell, thus probably limiting Ca®*
influx in the cell and suppressing ACTH secretion. Because
the mutant receptor is unable to activate the K* channels, it
would be less effective in inhibiting the isoproterenol-regu-
lated ACTH secretion. A similar conclusion was reached re-
garding the action of another G,/G -coupled receptor endog-
enous to AtT20 cells, somatostatin receptor; Pennfather et al.
(36) demonstrated that somatostatin produced hyperpolar-
ization of AtT20 cells and reduced frequency of spontaneous
action potentials. In addition, in the presence of cesium,
which blocks inwardly rectifying K* channels, somatostatin
was less effective at suppressing secretagogue-enhanced
ACTH secretion from these cells. Taken together, these find-
ings suggest that recruitment of inwardly rectifying K*
channels may be a generalized mechanism for the a,,AR,
somatostatin receptor, and other G,;/G -coupled receptors to
attenuate stimulus-secretion coupling, as these receptors hy-
perpolarize a wide variety of neuroendocrine and neuronal
cells, such as pancreatic islet B cells (11), GHg pituitary cells
(15), and locus ceruleus neurons (12) with concomitant atten-
uation of either hormonal secretion or neurotransmitter re-
lease in all of these systems.

Because the a,,AR and other G;/G -coupled receptors are
known to inhibit adenylyl cyclase and lower intracellular
cAMP levels, we examined the possible involvement of this
pathway in a,, AR-mediated inhibition of stimulus-secretion
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coupling. When we used 8-Br-cAMP as a secretagogue, there
was a clear reduction in the inhibitory response of the WT
a,,AR, suggesting that suppression of cAMP-mediated path-
way contributes to ay,AR-induced attenuation of regulated
secretion. Other Gy/G,-coupled receptors also exhibit the
same dependency on cAMP modulation to exert their full
inhibitory response on hormonal secretion (30, 31). In con-
trast, this modulatory pathway seems to be of less impor-
tance in mediating the suppressive actions of these receptors
in neuronal cells, such as hippocampal neurons (8).

When 8-Br-cAMP was used as the secretagogue, the D79N
a5, AR was still able to suppress secretion. Because this
receptor structure cannot activate K* channels and because
8-Br-cAMP bypasses the role of this mutant receptor to at-
tenuate cAMP accumulation, this finding provides strong
evidence that an additional pathway, such as direct suppres-
sion of Ca%* currents (33) and/or activation of phospholipase
A, (32), plays an important role in a,,AR-mediated inhibi-
tion of peptide hormone release. It was somewhat unexpected
that the WT and D79N mutant a;,AR were equieffective in
attenuating stimulus-secretion coupling when 8-Br-cAMP
was the secretagogue, as if activation of K* current were not
a contributing factor to the inhibitory effect of the WT a,,AR
under these conditions. Furthermore, the D79N a,,AR-me-
diated inhibition of ACTH secretion was similar regardless of
whether the receptor could (with isoproterenocl as a secreta-
gogue) or could not modulate intracellular cAMP levels (with
8-Br-cAMP as a secretagogue), which is in contrast to the
observation with the WT a,,AR, which had an attenuated
response to suppression of 8-Br-cAMP-evoked secretion com-
pared with suppression of isoproterenol-evoked response
(Fig. 1E versus Fig. 2A). We are unable to account for these
unexpected observations, although a number of molecular
possibilities exist. For example, it can be postulated that
cAMP inhibits the a;,AR-K* channel coupling by channel
phosphorylation, and removal of such an inhibition (by re-
ducing cAMP levels) is required for the a;,AR-K* channel
coupling to occur. In such a scenario, the presence of 8-Br-
cAMP, which bypasses attenuation of cAMP production by
the a,, AR, may result in noncontribution of inwardly recti-
fying K* currents to the receptor-mediated attenuation of
ACTH secretion; for the mutant a;,AR, cAMP pathway
would not play a significant role because receptor-dependent
K* channel activation is already nonexistent. Such a hypoth-
esis is supported by earlier reports that phosphorylation or
dephosphorylation. of inwardly rectifying K* channels influ-
ences the channel activity (38, 39). An alternative possibility
is that 8-Br-cAMP evokes inhibition of the K* channels by
acting at an extracellular site, similar to that reported for
8-Br-cAMP action on GABA, channels (40). In the context of
the goal of the current study, however, the experiments with
isoproterenol as a secretagogue are more relevant to our
efforts to define whether one or more signaling pathways is
involved in a,, AR-mediated inhibition of stimulus-secretion
coupling. The findings in the current study suggest that in
response to a secretagogue acting at cell surface receptors,
such as isoproterenol at B-adrenergic receptors, the a;, AR
recruits multiple pathways to evoke maximal inhibition of
the stimulated secretion.

In addition to examining the WT and D79N a,,AR ef-
fects on regulated secretion, we studied their influence on
basal secretion, which occurs in the absence of any exter-
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nal stimulus. In AtT20 cells, basal ACTH secretion con-
sists of constitutive secretion, which is Ca?* independent,
and regulated secretion, which is Ca?* dependent (34).
However, molecular mechanisms that may underlie regu-
lation of these secretory pathways remain in large part
undefined. As mentioned, AtT20 cells exhibit spontaneous
electrical activity, resulting in Ca%?* influx, which may
contribute to ACTH secretion in the absence of any exter-
nal stimulus. Somatostatin receptor, by attenuating Ca?*
influx, lowers basal Ca?* levels (24), which may lead to
inhibition of basal secretion. On examination of basal
ACTH secretion, we observed that although the WT ag,AR
was effective in reducing basal secretion, the D79N mutant
a,AR failed to influence basal secretion significantly. The
WT a,,AR may have reduced the basal secretion, espe-
cially the Ca?*-dependent component of basal secretion, by
hyperpolarizing the cells and reducing Ca?* influx and
basal Ca?* levels, similar to that reported for somatostatin
receptors (24). Although the WT «a,,AR-mediated inhibi-
tion of basal secretion is small (but consistent), reflecting a
possibility that contribution of a Ca%*-dependent compo-
nent to basal secretion is less than that of a Ca%*-indepen-
dent component, these results again underscore the impor-
tance of K* channel modulation in the antisecretory effects
of the a;,AR, even under basal conditions.

In summary, in the current study, we used a novel genetic
approach to reveal an mporta.nt role for inwardly rectifying
K* channel activation in maximal inhibition of stimulus-
secretion coupling by the a,;,AR. In addition, the data sug-
gest that concomitant modulation of cAMP production and of
voltage-sensitive Ca?* currents or other effector pathways is
necessary for the a,,AR to optimally suppress regulated
secretion. Because many G,/G,-coupled receptors, such as
somatostatin (2), A; adenosine (3), and 8- and p-opioid (4),
inhibit neuronal and neuroendocrine release and couple to
the same effector systems as the a,,AR, it is likely that the
interpretations derived from this study are not limited to the
a2,AR but may reflect the need of these multiple receptor
populations to recruit all of their effector pathways to elicit
maximal physiological responses.
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