Catecholamine-Induced Alteration in Sedimentation Behavior of

Membrane Bound -Adrenergic Receptors

Abstract. Incubation of astrocytoma cells with catecholamines results in a de-
crease in catecholamine-stimulated adenylate cyclase activity and a concomitant
alteration in the sedimentation properties of particulate B-adrenergic receptors. The
altered receptors exhibit agonist binding properties similar to those of receptors that

are “‘uncoupled’’ from adenylate cyclase.

Incubation of target cells with hor-
mones results in many systems in a
reduction in responsiveness of cells to
subsequent exposure to appropriate
agonists. Catecholamine-induced desen-
sitization of adenylate cyclase in human
astrocytoma cells (1321N1) involves at
least two reactions. First, upon exposure
of cells to isoproterenol a rapid (¢, =3
minutes) functional uncoupling of B-ad-
renergic receptors from adenylate cy-
clase occurs. This reaction is expressed
as a 50 to 60 percent decline in the re-
sponsiveness of the enzyme to isopro-
terenol and a decrease in the apparent af-
finity of the receptor for isoproterenol (/,
2). A second reaction, which occurs after
alag of about 60 minutes, results in a loss
of B-adrenergic receptors (2, 3). The firs:
reaction is rapidly reversible (¢,,=7
minutes) upon removal of isoproterenol
(, 2), whereas the generation of lost re-
ceptors occurs slowly, if at all (2).

Incubation of target cells with peptide
hormones results in the internalization of
bound hormone ¢, 5). Although it is dif-
ficult to demonstrate unequivocally in-
ternalization of the plasmalemma recep-
tor, such a mechanism has been pro-
posed to mediate agonist-induced down
regulation of peptide hormone receptors
(5). Direct evidence for a similar mecha-
nism in the regulation of responsiveness
of cells to catecholamines is not avail-
able. However, Chuang and Costa (6) re-
ported that catecholamines cause the ap-
pearance of small amounts of ‘‘soluble’’
B-adrenergic receptors in the cytosol
fraction of frog erythrocytes.

We report that incubation of 1321N1
astrocytoma cells with isoproterenol
results in the accumulation of a sub-
population of B-adrenergic receptors that
exhibit altered sedimentation properties.
These receptors exhibit the agonist-bind-
ing characteristics of ‘‘uncoupled’’ re-
ceptors.

Our initial studies involved an analysis
of the distribution of 8-adrenergic recep-
tors of 1321N1 cell lysates on sucrose
density gradients. As is shown in Fig.
1A, B-adrenergic receptors, measured by
the binding of !?’I-labeled hydroxy-
benzylpindolol (HYP) (7), sediment as a
wide band on sucrose density gradients
of lysates of control cells. The distribu-
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tion of sodium fluoride- and isoprotere-
nol-stimulated adenylate cyclase activi-
ties was similar to that of B-adrenergic
receptors. We have shown (/-3) that
short-term (5 to 30 minutes) incubation
of 1321N1 cells with 1 uM isoproterenol
results in a 50 to 60 percent loss of
isoproterenol-stimulated adenylate cy-
clase activity, with no change occurring
in basal adenylate cyclase activity, in so-
dium fluoride-, guanyl-5’-yl imidodi-
phosphate-, or prostaglandin E,-stimu-
lated adenylate cyclase activities, or in
the number of B-adrenergic receptors. A
15-minute incubation of 1321N1 cells
with 1 uM isoproterenol also markedly
alters the distribution of B-receptors on
sucrose density gradients (Fig. 1A), with
125]-labeled HYP binding activity now
predominately migrating to less dense
fractions of the gradient. Under this con-
dition there was no qualitative change in
the pattern of distribution of isoprotere-
nol-stimulated adenylate cyclase activi-
ty, although the activity was reduced 50
to 60 percent in desensitized cells.
Recently, the method of Scarborough
&), in which concanavalin A (con A) is
used, has been adapted for the prepara-
tion of plasma membranes from 1321N1
astrocytoma cells (9). The apparent basis
of the usefulness of con A in this method
involves a cross-linking reaction that sta-
bilizes the plasma membrane to fragmen-
tation and vesiculation during cell lysis
@8). Treatment of cells with con A results
in the formation of plasma membrane
fragments that migrate as more uniform
particles to heavier densities on sucrose
density gradients upon centrifugation (8,
9). In the presence of con A, B-adrener-
gic receptors and adenylate cyclase ac-
tivity migrate predominately as a single
sharp band at a density of 45 to 50 per-
cent sucrose (9). Since con A treatment
of cells results in a more effective density
gradient separation of plasma mem-
branes from other cellular components,
the distribution of g-adrenergic recep-
tors and adenylate cyclase was assessed
on sucrose density gradients after treat-
ment with con A of control and desensi-
tized cells. The distribution of B-adrener-
gic receptors on these gradients was also
markedly altered by incubation of cells
for 15 minutes with 1 uM isoproterenol

(Fig. 1B). Although the total number of
receptors was unchanged on these gradi-
ents, there was a significant increase in
the number of receptors in lighter frac-
tions (30 to 35 percent sucrose) of the
gradient and a corresponding decrease in
the peak at 45 to 50 percent sucrose.
Again, this change occurred with a 50 to
60 percent decrease in isoproterenol-
stimulated adenylate cyclase activity in
cell lysates, but with no apparent altera-
tion in the gradient distribution of the re-
maining activity (Fig. 1C). The alteration
in the gradient distribution of g-adrener-
gic receptors was apparent as early as S
minutes after incubation in 1 uM isopro-
terenol. The alteration was rapidly re-
versible since incubation of desensitized
cells for 30 minutes in the absence of cat-
echolamines resulted in the complete re-
covery of isoproterenol-stimulated ade-
nylate cyclase activity to control levels
(I, 2) and in a gradient distribution of re-
ceptors that was indistinguishable from
control.

The designation of the early com-
ponent of catecholamine-induced desen-
sitization as an uncoupling was based in
part on a change in the agonist-binding
properties of B-adrenergic receptors in
desensitized cells (I, 2). Receptors of
control cells exhibit a high affinity for
isoproterenol in the absence of guano-
sine triphosphate (GTP) and a 10- to 50-
fold lower affinity in the presence of
GTP. The B-adrenergic receptors of cells
exposed to isoproterenol for 15 to 30
minutes exhibit a markedly lower affinity
for isoproterenol in the absence of GTP
and, as a result, GTP effects a smaller re-
duction in the apparent affinity for cate-
cholamine than that observed for recep-
tors of control cells (/, 2). Such binding
behavior also has been observed in S49
lymphoma cell variants that are geneti-
cally uncoupled due to a deficiency or al-
teration of a nucleotide binding protein
(or proteins) that appears to be neces-
sary for the formation of a high-affinity
receptor complex (/0). In light of these
studies, we examined the agonist-bind-
ing properties of the B-adrenergic recep-
tors in both the light and heavy fractions
of gradients prepared from lysates of
control cells (Fig. 2A) and cells exposed
to isoproterenol for 15 minutes (Fig. 2B).
The pB-adrenergic receptors from the
light gradient fractions from both control
and desensitized cells appeared to be un-
coupled. That is, only low-affinity bind-
ing of isoproterenol was observed, and
GTP had no apparent effect. In contrast,
the agonist-binding properties of recep-
tors in heavy gradient fractions were es-
sentially identical to those observed in
control lysates. That is, in the absence of
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GTP, the inhibition constant (K;) for
isoproterenol was 15 to 60 nM; in the
presence of GTP the apparent affinity
was reduced to 200 to 600 nM.

From our kinetic studies (2) we con-
cluded that the uncoupling component of
agonist-induced desensitization involved
a change in the properties of g-adrener-
gic receptors without alterations in other
components of the adenylate cyclase
system. Within the limitations of our
analysis, the agonist-induced changes in
the sedimentation properties of this mul-
ticomponent enzyme system also ap-
peared to be selective for B-adrenergic
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Fig. 1. Sucrose density gradient distribution
of B-adrenergic receptors and adenylate cy-
clase after short-term incubation of cells with
isoproterenol. (A) Cells were incubated with 1
mM sodium ascorbate (control) or 1 mM so-
dium ascorbate plus 1 uM isoproterenol (de-
sensitized) for 15 minutes in normal growth
medium. Cells were then lysed and centri-
fuged in a sucrose density gradient (I5). The
B-adrenergic receptor density was determined
as described (I6). The data represent three
similar experiments. (B and C) Cells were
treated as described above except that after
incubation with isoproterenol, the cells were
treated with con A before lysis (15). The '?5I-
labeled HYP was used to determine B-recep-
tor density (B) in gradient fractions. Isopro-
terenol-stimulated adenylate cyclase activity
(C) was determined (/6) in gradient fractions.
The data represent six similar experiments;
AMP, adenosine monophosphate.
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receptors. That is, no change occurred in
either the distribution or amount of basal
or sodium fluoride-stimulated adenylate
cyclase activity, and the change in sedi-
mentation of the B-adrenergic receptors
appeared to be selective for a sub-
population that exhibits the properties of
uncoupled receptors. Generally, ex-
posure (15 minutes at 37°C) of the cells to
1 uM isoproterenol reslted in a 50 to 60
percent reduction in responsiveness of
adenylate cyclase to catecholamines, a
40 to 60 percent reduction in the number
of B-adrenergic receptors migrating on
the gradient with adenylate cyclase, and
a corresponding increase in receptors
sedimenting at low densities of sucrose.
In addition, the time courses of occur-
rence of the uncoupling process and the
physical change in receptors appear to
be similar. Although they have not been
directly correlated in the same experi-
ment, both events are clearly evident af-
ter 5 minutes of exposure of cells to
isoproterenol, both processes reach an
apparent steady state between 15 and 30
minutes, and both effects disappear after
incubation of desensitized cells for 30
minutes in the absence of isoproterenol.
Whether the change in the gradient
profile of receptors is causal in the un-
coupling process or occurs as a result of
this event is not known; nor is the physi-
ological significance of multiple forms of
the B-adrenergic receptor understood.
The sucrose gradient behavior of the un-
coupled receptors suggests that, due ei-
ther to physical inaccessibility or lack of
con A receptor sites, the sedimentation
properties of the membrane containing
such receptors are not influenced by con
A. Tt is possible that exposure of cells to
catecholamines causes a portion of the
B-adrenergic receptors to aggregate on
the cell surface in regions that cannot be
stabilized with con A. Alternatively, the
uncoupled receptors could exist in cyto-
plasmic vesicles resulting from an agon-
ist-induced selective endocytosis similar
to the process proposed for inter-
nalization of other hormone-receptor
complexes (5). We have not rigorously
established that the uncoupled receptors
exist in vesicles; however, their reten-
tion by glass fiber filters and their sedi-
mentation behavior indicate that they
exist in a particulate form. Experiments
described elsewhere (/1) establish that
enzyme markers for the Golgi apparatus,
lysosomes, and endoplasmic reticulum
are concentrated in the light density frac-
tions containing uncoupled receptors.
Although catecholamine-induced de-
sensitization occurs in a variety of sys-
tems (/2, 13), the general applicability of
the phenomenon observed in our study is

not yet known. In a number of systems
(I12), catecholamine-induced desensi-
tization of adenylate cyclase is hormone-
specific, and the occurrence of changes
in the adenylate cyclase system are simi-
lar to the changes that occur in 1321N1
astrocytoma cells. Refractoriness of
adenylate cyclase in rat C6-2B glioma
cells, however, exhibits very different
properties and appears to occur by a dis-
tinctly different process; that is, protein
synthesis is required and changes in 8-
adrenergic receptors are not involved
u3).

Evidence from several hormone-re-
ceptor systems suggests that agonists in-
duce an internalization process that may
eventually result in the degradation of
cell surface receptors ¢, 5). If such a
process is induced in 132IN1 cells by
isoproterenol, it could potentially ex-
plain our observations and account for
the lag in time between the uncoupling
phase of desensitization and the loss of
B-adrenergic receptors (/-3). In this re-
gard, the catecholamine-induced appear-
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Fig. 2. Isoproterenol binding curves for 8-ad-
renergic receptors isolated from light and
heavy fractions of sucrose density gradients.
Sucrose density gradients similar to that in
Fig. 1B were generated from lysates of con-
trol and desensitized cells. Light fractions
(fractions 6 and 7) and heavy fractions (frac-
tions 14, 15, and 16) weré pooled and proc-
essed as is described (/7). Binding assays
were performed with the use of '#°I-labeled
HYP (16). Data are expressed as percent of
control specific binding, which was 70 to 98
percent of total binding. The GTP concentra-
tion was 100 uM. The data are the means of
three experiments in which *5[-labeled HYP
binding at each concentration of isoproterenol
was determined in triplicate or quadruplicate.
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ance of soluble B-adrenergic receptors in
the cytoplasm of frog erythrocytes (6)
may be directly related to the phenome-
non observed in astrocytoma cells.

A small number of g-adrenergic recep-
tors (usually < 10 percent of the total)
appear in the light gradient fractions of
cells that have not been exposed to
isoproterenol (Fig. 1B). Under control
conditions the agonist-binding properties
of the B-adrenergic receptors in light gra-
dient fractions are characteristic of un-
coupled receptors; that is, they exhibit
only low-affinity binding for isoprotere-
nol in the absence or presence of GTP
(Fig. 2). The existence of B-adrenergic
receptors in the light fraction from con-
trol cells could represent a normal tran-
sient population of receptors that were
recently synthesized, that are about to
be degraded, or that are simply under-
going a process of membrane recycliza-
tion (/4). It is not unreasonable to specu-
late that the natural turnover of the g-
adrenergic receptor would involve a pop-
ulation of vesicle-bound receptors in the
cytosol; desensitization, by changing the
properties of the B-adrenergic receptor,
could accelerate the degradative phase
of such a process.
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Flight Activity Initiated via Giant Interneurons of the

Cockroach: Evidence for Bifunctional Trigger Interneurons

Abstract. Activity in dorsal giant interneurons of the cockroach initiates flight
movements if leg contact with a substrate is prevented. The same interneurons initi-
ate activity associated with running when leg contact is maintained. Thus, which one
of two completely different behaviors the giant interneurons evoke depends on the

presence or absence of leg contact.

Many behaviors are gated or triggered
by activity in single interneurons or in
discrete populations of interneurons.
Such command or trigger interneurons
have been identified in a wide variety of
animals including annelids, arthropods,
mollusks, and turtles (7).

An implication of these findings is that
the excitation of a given command inter-
neuron (or set of interneurons) automati-
cally determines which behavior will be
generated. In other words, each inter-
neuron controls one and only one pattern
of motor outputs. Although this might be
the simplest way to control behavior, in
many cases a much more efficient system
would use multifunctional command-
trigger interneurons; that is, the particu-
lar behavior initiated by an interneuron
would depend on conditions that exist at
that time.

One type of multifunctional command
interneuron can evoke different behav-
iors by varying the frequency of its ac-
tion potentials (2). Alternatively, a com-
mand interneuron producing a single pat-
tern of activity could evoke multiple
behaviors if existing physiological condi-
tions, other than the command input, de-
termine the appropriate behavior. Under
the second system, a particular sensory
stimulus consistently evokes different
behaviors under different circumstances.
For example, in the cockroach Peri-
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planeta americana, wind puffs directed
at the cerci (two antenna-like projections
on the abdomen) initiate either running
or flying, the type of movement depend-
ing on whether or not leg contact is made
with a substrate (3). If the wind puff is
presented while leg contact is main-
tained, the cockroach turns away from
the wind source and runs ¢, 5). How-
ever, when leg contact is absent, a wind
puff initiates flight 3) (Fig. 1B); that is,
the wings unfold and beat at about 20
Hz. The legs are held up against the ani-
mal’s abdomen rather than making run-
ning movements.

The giant interneurons (GI’s) are
prime candidates for triggering both of
these behaviors. They are excited by
sensory neurons that innervate wind re-
ceptive hairs on the cerci (6). Moreover,
an excitatory pathway exists between
many of the GI's and the leg neurons in-
volved in walking movements (7). The
motor activity initiated when each GI is
excited fits well with movements ob-
served in behavioral experiments with
free-ranging animals (5).

All of these data provide strong cir-
cumstantial evidence supporting the role
of the GI's in initiating running move-
ments. If the same GI’s that initiate these
patterns also generate flight movements
when leg contact is removed, the GI’s
will be established as bifunctional trigger
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