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A B S T R A C T We have previously reported that in
hypothyroid turkeys the number of beta-adrenergic
receptors in intact erythrocytes is reduced by -50%
without any changes in the affinity of the receptor for
the agonist, isoproterenol. In view of the physiological
action of the catecholamines to stimulate bidirectional
ion fluxes in these cells, we have now examined the
possibility that the decrease in beta receptor number
might be associated with concomitant changes in cate-
cholamine-dependent potassium ion transport. Hypo-
thyroid turkey erythrocytes display decreased sensi-
tivity to isoproterenol-stimulated potassium influx.
Half-maximal stimulation of potassium influx occurs at
9.2±+1.7 nM in hypothyroid cells as opposed to only
3.8±+0.4 nM in normal cells (P < 0.005). A maximal
stimulatory concentration of isoproterenol (100 nM)
leads to the same increment in ion flux in erythrocytes
from hypothyroid and normal turkeys. Analysis of the
quantitative relationship between isoproterenol con-
centration, receptor occupancy, and associated effects
upon potassium influx shows that at low levels of
isoproterenol, where occupancy is linear with agonist
concentration, occupation of a given number of beta
receptors leads to a stimulation of potassium transport
that is identical in erythrocytes from normal and
hypothyroid turkeys. Thus, decreased sensitivity to
catecholamine-stimulated potassium transport in hypo-
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thyroidism can be attributed to the decrease in re-
ceptor number and the resulting two- to threefold
higher isoproterenol concentration required for occu-
pancy of the same number of beta receptors. Once a
single receptor is occupied, however, the more distal
components of the sequence of events mediating the
physiological response to beta-adrenergic agonists in
the hypothyroid cell function as they do under normal
circumstances. It would appear, therefore, that the
decrease in sensitivity to isoproterenol-dependent ion
flux in the hypothyroid turkey erythrocyte can be
accounted for solely by the decrease in receptor
number. These changes are shown to occur in the
absence of any modifications in the number of Na+-K+
ATPase effector units per cell.

INTRODUCTION

It has long been a familiar clinical observation that
beta-adrenergic tone is increased in hyperthyroidism
and decreased in hypothyroidism (1). To account for
these observations, early studies were directed at a
number of physiological and enzymatic aspects of
adrenergic action and yielded variable results (2, 3).
More recently, the availability of appropriate radio-
ligands has made it possible to examine the initial
site of catecholamine action by direct measurement
of beta receptor number. In some (4-13) but not all
(13-15) studies, hyperthyroidism has been associated
with an increased number of beta receptors and hypo-
thyroidism with a decreased number of beta receptors.
These latter investigations, however, have been
limited mainly to a description of the beta receptor
itself or the beta receptor-adenylate cyclase complex,
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and they have not included an examination of possible
physiological correlates of changes in beta receptor
number (4-13, 15). To this end, it has been desirable
to study an experimental tissue that not only possesses
a beta-adrenergic receptor but that additionally
exhibits a characteristic and readily measurable physio-
logical response to beta-adrenergic agonists in vitro.
The turkey erythrocyte satisfies these criteria by having
a well-defined beta-adrenergic receptor and by re-
sponding to beta-adrenergic agonists with increased
adenylate cyclase activity, cyclic AMP generation,
and a cyclic AMP-linked enhancement of monovalent
cation transport (16, 17). This latter enhancement of
monovalent cation transport is resistant to ouabain
and sensitive to furosemide and represents, most
likely, an activation of a sodium-plus-potassium co-
transport pathway (18).

We have reported recently that experimentally in-
duced hypothyroidism in the turkey is associated with
a 50% reduction in the number of beta-adrenergic
receptors per erythrocyte, and that this reduction in
receptor number is associated with proportional de-
creases in maximal catecholamine-dependent adenyl-
ate cyclase activity and cellular cyclic AMPaccumula-
tion (13). These studies did not, however, address
the possibility that a decrease in beta-adrenergic
receptors might be associated with concomitant
changes in the physiological action of the catechol-
amines to stimulate bidirectional ion fluxes in these
cells. Direct experiments were required to test this
possibility because of recent demonstrations that
occupation of only 10% of the total number of beta
receptors in the turkey erythrocyte is sufficient for
maximal effects on potassium influx (19, 20). In the
present study, we have specifically examined the
quantitative relationship between the occupation of
beta receptors by isoproterenol and stimulation of
potassium transport in erythrocytes from normal and
hypothyroid turkeys. Wehave found that physiological
responsiveness of hypothyroid turkey erythrocytes to
isoproterenol is reduced, and that this decreased
sensitivity, resulting in a shift in the isoproterenol
concentration-response curve, can be accounted for by
the known reduction in beta-adrenergic receptor
number. The changes in ion fluxes observed here, in
contrast to the effects of thyroid hormone on ion
pumps in many other tissues (21), occur in the absence
of any changes in the number of ion pump units per cell.

METHODS

Maintenance of turkeys. White female turkeys were main-
tained, housed, and fed according to our published protocol
(13). Hypothyroidism was induced by radiothyroidectomy
or by the provision of a low-iodine diet (22) and sodium
perchlorate. As shown previously, the hypothyroid state

was confirmed both by clinical observations and by measure-
ment of low thyroid hormone levels (13, 23).

Preparation of washed erythrocytes. Heparinized blood
(generally a 5-ml sample) was obtained by syringe from a
wing vein. After centrifugation at 400 g for 10 min the plasma
was removed and the erythrocytes were resuspended in
incubation buffer containing 150 mMNaCl, 10 mMKCI,
11.1 mMglucose, and 10 mMTris at pH 7.4. After resedi-
mentation of the erythrocytes and two further washes, the
cells were resuspended in incubation buffer and kept on ice.
Hemoglobin was measured by the cyanmethemoglobin
method (24).

Measurement of 42K+ influx. Potassium influx was de-
termined by a minor modification of the method of Gardner
et al. (25). Washed turkey erythrocytes were preincubated
for 2 h at 37°C in medium identical in composition to that
to be used in the subsequent influx measurements except
for the absence of the radioactive tracer 42K+. After preincu-
bation, centrifugation, and washing of the cells, aliquots of
washed, packed cells were transferred to capped scintillation
vials in a shaking water bath at 37°C containing prewarmed
incubation medium and 42K+ (0.11-0.19 mCi/mg K+; New
England Nuclear, Boston, Mass). Other agents such as (-)-
isoproterenol, ouabain (Sigma Chemical Co., St. Louis, Mo.)
or (-)-propranolol (Ayerst Laboratories, New York, N. Y.)
are specified in individual experiments. Final hematocrits in
the resulting incubation mixtures ranged between 5 and 10%.
At specified times 100-,ul aliquots of the incubation mixtures
were transferred to plastic tubes containing 300 i.l of chilled
incubation medium, and the erythrocytes were immediately
centrifuged down in a Beckman Microfuge (Beckman Instru-
ments, Inc., Palo Alto, Calif.). After aspiration of the super-
natant fluid, the erythrocytes were resuspended in 300 ul
of fresh cold medium and resedimented. After two additional
identical washings, each plastic tube containing the final
washed erythrocyte pellet was placed in a 12 x 75-mm glass
tube. The radioactivity was determined directly in a scintilla-
tion spectrometer (Packard Instrument Co., Inc., Downers
Grove, Ill.). Potassium influx both in the presence and ab-
sence of isoproterenol was shown to be linear with time for
at least 30 min. Influx was therefore routinely determined
by the difference between zero-time and 30-min samples
in triplicate. The range of variation between triplicate
samples by this method was extremely narrow, maximal
variation rarely exceeding 2%. Radioactivity in zero-time
samples was similarly low, and generally <2%of that present
after 30 min of incubation.

Binding of [3H]ouabain. Suspensions of washed erythro-
cytes were added to glass scintillation vials containing
incubation medium and [3H]ouabain (12-20 Ci/mmol; New
England Nuclear) either in the presence or absence of an
additional displacing concentration of nonradioactive ouabain
as indicated below. Stock [3H]ouabain in 9:1 ethanol:
benzene was evaporated to dryness under nitrogen and re-
dissolved in buffer before use. A known concentration of
nonradioactive ouabain was added to reduce the specific
activity of the radioligand to a range of 1.5-3.5 Ci/mmol.
The vials were then capped, and the resulting suspensions,
at a final hematocrit ranging between 3 and 5%, were in-
cubated in a shaking water bath at 370C. Ouabain binding to
erythrocyte membranes was determined by transferring
duplicate 100-IpI aliquots of incubation mixture to 5 ml of
distilled water at 0°C, vortexing the mixture, and trapping
the hemolyzed erythrocyte membranes on Gelman A/E glass
filters (Gelman Sciences, Inc., Ann Arbor, Mich.). The filters
were washed four times with additional 5-ml portions of
iced distilled water and transferred to glass scintillation vials,

1058 H. Furukawa, J. N. Loeb, and J. P. Bilezikian



and radioactivity was determined in a liquid scintillation
spectrometer in 10 ml of Bray's solution (26).

Binding of [125I iodohydroxybenzylpindolol ([125I ]IHYP).'
The binding of ['25I]IHYP (2,200 Ci/mmol; New England
Nuclear) to intact turkey erythrocytes was determined ac-
cording to our published method (13). Freshly obtained,
washed, turkey erythrocytes (2.5 x 10'/ml) were incubated
with ['251]IHYP (40 pM) and a range of (-)-isoproterenol
concentrations (10 nM-5 MAM) for 30 min at 37°C in a buffer
containing NaCl (150 mM), KC1 (10 mM), glucose (11.1 mM),
ascorbate (0.1 mM), and Tris-HCI (10 mM, pH 7.4). 100-g±l
samples were removed in triplicate, immediately filtered over
Gelman A/E glass filters and washed with 12-ml of Tris
buffer (10 mM, pH 7.5) at room temperature. Filters with
erythrocytes and ligand bound to them were counted in an
Auto-Gamma spectrometer. Specific binding, defined as the
component of total binding inhibitable by 0.5 mM (-)-
isoproterenol, was -60% of the total binding (35% of the radio-
activity filtered). The assay blank (radioactivity trapped on
the filter in the absence of cells) was 1%.

Intracellular concentrations of potassium and sodium.
These concentrations were determined according to the
method of Sachs and Welt (27).

RESULTS

Characteristics of active potassium influx in erythro-
cytesfrom normal and hypothyroid turkeys. Wehave
previously demonstrated that ouabain binds to turkey
erythrocytes and inhibits potassium influx with equal
affinities, and that these actions of ouabain depend on
the external potassium concentration (20). The first
series of experiments in the present study was designed
to examine the magnitude of basal potassium influx and
its sensitivity to inhibition by ouabain in normal and
hypothyroid turkeys. As shown in Table I, both the
absolute rates of potassium influx in the presence
and absence of ouabain (1 mM) and the degree to
which ouabain inhibited basal potassium influx at
widely different potassium concentrations were the
same in normal and hypothyroid turkeys. Erythrocytes
from these two groups of turkeys showed identical
sensitivities to ouabain with half-maximal inhibition
of basal potassium influx occurring at 0.27 ,uM ([K+]
= 0.7 mM)and at 4.0 LM ([K+] = 10 mM) in each case
(Fig. 1). Scatchard analysis (28) of ouabain binding
(Fig. 2) showed, furthermore, that binding affinity as
well as binding capacity were indistinguishable. For
cells from both normal and hypothyroid turkeys the
equilibrium dissociation constant, Kd, for ouabain was
0.25 ,uM (at [K+] = 0.6 mM) and the binding capacity
was 55 pmol/ml packed cells. (This latter value cor-
responds to -4,500 Na-K+-ATPase U/ cell [20].) In
further studies, intracellular sodium (3.8±0.2 vs.
3.7+0.3 meq/liter cells) and potassium (115+2 vs.
116+1 meq/liter cells) ion concentrations in euthyroid

'Abbreviation used in this paper: [1251]IHYP, [125I]-
iodohydroxybenzylpindolol.

TABLE I
Inhibition of Potassium Influx by Ouabain in Erythrocytes

from Normal and Hypothyroid Turkeys

Potassium ion concentration

Influx rate 0.7 mM 10 mM1

mU(qiliter c('lls/h

Normal
Basal 3.7±0.2 8.7+0.7
+ Ouabain (1 mM) 0.13+0.02 2.4±0.3

Hypothyroid
Basal 3.7+0.4 11.9*
+ Ouabain (1 mM) 0.23±0.02 1.9

At each external potassium ion concentration, the degree of
inhibition of potassium influx by ouabain was not significantly
different for erythrocytes from normal and hypothyroid turkeys
(P > 0.05). Values indicate means± 1 SEM.
* Single experiment using pooled blood from three individual
hypothyroid turkeys.

and hypothyroid erythrocytes, respectively, were
found to be the same. These intracellular ion concen-
trations are in close agreement with the data of Gardner
et al. (25) for normal turkey erythrocytes. It would
appear, therefore, that with respect to basal values of
potassium transport, sensitivity to inhibition by oua-
bain, number of Na+-K+-ATPase units per cell, and
intracellular sodium and potassium concentrations,
normal and hypothyroid turkey erythrocytes are indis-
tinguishable.
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FIGURE 1 Inhibition of basal potassium influx by ouabain in
erythrocytes from normal and hypothyroid turkeys. Erythro-
cytes from normal (O) or hypothyroid (0) turkeys were in-
cubated in the presence of a range of ouabain concentrations
and potassium influx was determined (Methods). The data
points connected by solid lines were obtained at an external
K+ concentration of 0.7 mMand those connected by dashed
lines were obtained at an external K+ concentration of 10 mM.
Arrows indicate half-maximal inhibition. Values for maximum
inhibition by ouabain are shown in Table I.
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FIGURE 2 Scatchard analysis of the binding of [3H]ouabain
to erythrocytes from normal and hypothyroid turkeys. A series
of [3H]ouabain concentrations was used to assess the specific
binding of ouabain to normal (@) and hypothyroid (0) turkey
erythrocytes (see Methods). The data are plotted according
to the method of Scatchard (28). Both maximal binding
capacity (55 pmol/ml erythrocytes [rbc]) and binding affinity
(0.25 ,uM) were indistinguishable between the two groups.
K+ concentration = 0.6 mM.

Physiological responsiveness of normal and hypo-
thyroid erythrocytes to isoproterenol and propranolol:
quantitative relationship of isoproterenol-stimulated
potassium influx to occupancy of beta-adrenergic
receptors. Despite the absence of any demonstrable
intrinsic alterations in the active transport system for
potassium ion in erythrocytes from the hypothyroid
animals, sensitivity to isoproterenol-induced potas-
sium influx was found to be reduced (Fig. 3). Half-
maximal stimulation of potassium influx occurred in
normal erythrocytes at an isoproterenol concentration
of 3.9±0.4 nM, whereas cells from hypothyroid turkeys
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FIGURE 3 Sensitivity of erythrocytes from normal and
hypothyroid turkeys to stimulation of K+ influx by iso-
proterenol. Erythrocytes from normal (0) or hypothyroid (0)
turkeys were incubated with a range of (-)-isoproterenol
concentrations and K+ influx was determined according to
Methods. For normal erythrocytes, basal and maximally
stimulatable K+ influxes ([ISO] = 1 p,M) were 8.6±0.5 and
34+3 mmollliter cells/h, respectively. For hypothyroid
erythrocytes, basal and maximally stimulatable K+ influxes
were 9.1±1.7 and 33±3, respectively. The data are shown
tSEM for n = 14 (normal) or n = 12 (hypothyroid) experi-
ments. Asterisks indicate a significant (P < 0.02) difference
between normal and hypothyroid turkey erythrocytes at the
indicated isoproterenol concentrations. Arrows point to the
concentrations of (-)-isoproterenol required for half-maximal
stimulation. K+ concentration - 10 mM.

required a significantly greater concentration, 9.2±1.7
nM; P < 0.005. In contrast to this two- to threefold
reduction in sensitivity, the absolute magnitude of the
increase in potassium influx induced by a maximally

TABLE II
Effect of Isoproterenol on Potassium Influx in Erythrocytes

from Normal and Hypothyroid Turkeys

Potassium ion concentration

Influx rate 1.12 mM 2.5 mM 9.6 mM

meqlliter cellslh
Nornal

Basal 5.4±0.4 6.7±0.1 8.6±0.5
+ Isoproterenol (1,M) 13.2+0.5 20.9±+1.9 34.3±3.0

Hypothyroid
Basal 4.7±0.2 5.8+0.6 7.9+0.5
+ Isoproterenol (1 gM) 13.7±0.8 24.3+2.6 33.2±2.6

At each potassium ion concentration, both basal and maximal isoproterenol-stim-
ulated influxes were compared between erythrocytes from normal and hypothy-
roid turkeys. None of the differences was significant by the two-tailed Student's
t test (P > 0.1). Values indicate means±SEM.
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stimulating concentration of isoproterenol was iden-
tical for both groups of cells at all concentrations of
external potassium ion examined (Table II).

The shift in the isoproterenol sensitivity curve
without any change in maximal potassium transport
induced by isoproterenol was evaluated in conjunction
with our previous demonstration that the number of
beta-adrenergic receptors is decreased in hypo-
thyroidism but that the affinity of beta receptors for
beta antagonists and beta agonists is unchanged.
Binding data for isoproterenol as a competitor of
[125I]IHYP binding indicate an equilibrium binding
constant of 0.15-0.2 ,tM for each set of erythrocytes
(Fig. 4). These observations suggested that greater
fractional occupancy of receptors in hypothyroid cells
was required for a given absolute level of stimulated
potassium transport. To test this possibility, both
potassium influx and absolute beta receptor occupancy
were plotted simultaneously against isoproterenol con-
centration for normal and hypothyroid cells (Fig. 5A).
At low concentrations of isoproterenol (well below the
Kd for isoproterenol binding), receptor occupancy is
very nearly linear with hormone concentration and
closely parallels the level of isoproterenol-stimulated
potassium influx. For any absolute level of receptor
occupancy at these low isoproterenol concentrations,
both normal and hypothyroid cells respond with the
same amount of potassium influx. Fig. 5B illustrates
this conclusion more explicitly by plotting isopro-
terenol-stimulated potassium influx as a function of

100

80

z M6

° O 60
0.o..

H 40 L

20

-8 -7 -6

[(-)-ISOPROTERENOL] -LOG M

FIGURE 4 Inhibition of [1251]IHYP binding by (-)isopro-
terenol in normal and hypothyroid turkey erythrocytes. A
series of (-)isoproterenol concentrations was used to de-
termine its ability to compete with [1251]IHYP for beta
receptor sites in intact erythrocytes from normal and hypo-
thyroid turkeys. The binding experiments were performed
according to Methods. Each data point is the mean of three
separate binding experiments.
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FIGURE 5 Quantitative relation between occupation of
,(3receptors and isoproterenol-stimulated potassium influx in
normal and hypothyroid turkey erythrocytes. (A) Over the
most sensitive region of the dose-response curve for iso-
proterenol (1-16 nM), the number of beta receptors occupied
(triangles) is shown in relation to the percent of maximally
stimulatable potassium transport (circles) for normal (filled
symbols) and hypothyroid (open symbols) erythrocytes. The
number of beta receptors occupied by specified concen-
trations of isoproterenol was determined by the known Kd
for isoproterenol under these conditions (13) and the rela-
tionship RH= [H]R,/([H] + Kd), where RH is the number of
occupied receptors per cell, [H] is the concentration of free
hormone, R, is the total number of receptors per cell, and
Kd is the equilibrium binding constant. 50%maximal stimula-
tion of potassium transport is shown by the horizontal line
and occurs for both normal and hypothyroid conditions when
approximately six to seven receptors are occupied. (B) The
number of receptors occupied per cell is plotted against the
percentage of maximal isoproterenol-stimulated potassium
influx. (0) normal; (0) hypothyroid cells.

Potassium Transport in Hypothyroid Turkey Erythrocytes 1061



absolute receptor occupancy for both groups of cells.
When expressed in terms of absolute receptor oc-
cupancy, the effects of isoproterenol on potassium in-
flux in normal and hypothyroid cells are the same.
Because, at low concentrations of isoproterenol,
absolute receptor occupancy itself is linear with both
isoproterenol concentration and total receptor number,
a 50% reduction in beta receptor number in the hypo-
thyroid cell will require twice the hormone concen-
tration needed by a normal cell to achieve a given
absolute level of receptor occupancy and physiological
response. The shift in the concentration response
curve to isoproterenol-stimulated potassium influx in
the hypothryoid cell can thus be quantitatively at-
tributed to the reduction in beta-adrenergic receptor
number.2

Further support for the above conclusions is pro-
vided by observations on the concentration of pro-
pranolol required to reverse the effects of a maximally
stimulatory concentration of isoproterenol on potas-
sium influx. The concentration of propranolol required
for half-maximal inhibition of the effects of 100 nM
isoproterenol was 72 nM for normal cells but only
24 nM for hypothyroid cells (Fig. 6). The extent to
which the sensitivity of the physiological response
to isoproterenol is decreased in the hypothyroid cells
is thus quantitatively mirrored by the increased sensi-
tivity of the response to propranolol.

DISCUSSION

The central question addressed in this study was
whether the previously reported reduction in beta-
adrenergic receptor number in hypothyroid turkey
erythrocytes is associated with a demonstrable change
in physiological responsiveness to isoproterenol. Pre-
vious studies showing a decrease in beta-adrenergic
receptors in other hypothyroid tissues (5, 7-9, 11-13)
were all restricted to observations of decreased activity

2 For a system involving simple hyperbolic binding
between agonist and receptor RH = [H]Rt/([H] + Kd), where
RH is the number of occupied receptors per cell, [H] is the
agonist (hormone) concentration, Rt the total number of
receptors per cell, and Kd the dissociation constant for the
RH complex. If the physiological response is proportionate
to absolute receptor occupancy at low hormone concentra-
tions where [H] 4 Kd, then RH_ [H]Rt/Kd, and the slope of
the linear response to [H] will be determined by the ratio
R#'Kd; under such conditions changes in either Rt or Kd will
result, respectively, in either directly or inversely proportional
changes in this slope (i.e., a halving of R, will give rise to
the same change in slope as would a doubling of Kd). In
the instance of the hypothyroid erythrocyte discussed here,
Kd is shown to be unchanged, and the observed decrease
in slope of the physiologic response is found to be quantita-
tively accounted for by the observed decrease in Rt. Similar
relationships have previously been discussed from a theo-
retical point of view by Williams and Lefkowitz (29).
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FIGURE 6 The potency of propranolol as an inhibitor of
isoproterenol-stimulatable potassium influx in normal and
hypothyroid erythrocytes. Erythrocytes from normal (0) or
hypothyroid (0) turkeys were incubated with (-)-isoproterenol
(0.1 juM) and a range of (-)-propranolol concentrations. Blood
was pooled from at least two animals in each group and the
data points show the means of two separate experiments.
K+ influx was determined according to Methods. K+ concen-
tration - 10 mM.

within the beta-adrenergic receptor-adenylate-cyclase
complex and did not include possible physiological
correlates of these changes. It has therefore remained
unclear whether modifications in the beta-adrenergic
receptor system now known to be affected in many
different hypothyroid models are in fact associated
with concomitant changes in physiological sensitivity
to the catecholamines. This issue assumes even greater
importance in view of observations of others that
changes in receptor number do not invariably result
in corresponding changes in physiological responsive-
ness (30). Dissociation between the binding of hor-
mones and their cellular actions has also been shown
in several adrenergic systems in which, conversely,
altered catecholamine responsiveness occurs despite
the absence of any changes in the characteristics of
beta-adrenergic receptors (13, 31, 32).

The results presented here do show that, for the
hypothyroid turkey erythrocyte, the reduction in beta
receptor number is indeed accompanied by a change
in physiological responsiveness to isoproterenol. In
contrast to other cells in which thyroid hormone action
is mediated, at least in part, through its effects on
ion pumps, the decreased sensitivity to catecholamine-
dependent potassium transport in hypothyroid turkey
erythrocyte occurs in the absence of demonstrable
alterations in Na+-K+-ATPase effector units. Four
separate lines of evidence support this conclusion:
(a) the rate of basal potassium influx over a wide
range of potassium concentrations is identical in
erythrocytes from normal and hypothyroid birds; (b)
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the magnitude of ouabain-inhibitable potassium influx
is the same; (c) ouabain binding affinity and binding
capacity are both indistinguishable between normal
and hypothyroid cells; and (d) intracellular sodium
and potassium concentrations are unchanged in the
hypothyroid state.

In interpreting the relationship between reduced
receptor number and decreased sensitivity to catechol-
amine-dependent ion fluxes in hypothyroid turkey
erythrocytes, it is important to consider that the normal
turkey erythrocyte requires only a very low level of
receptor occupancy to give rise to a maximal physio-
logical response. Only 5-10% of the total receptor
number (300), or as few as 15-30 receptors per cell,
is sufficient to generate maximal isoproterenol-stimu-
lated potassium influx (20). The achievement of a maxi-
mal response at hormone levels resulting in the occupa-
tion of only a small fraction of available receptors
has been shown previously in other systems (33-35)
and may represent an important mechanism whereby
hormone action is finely regulated by permitting a
maximal absolute change in receptor occupancy per
unit change in hormone concentration. In the present
instance of the hypothyroid turkey erythrocyte, the
decreased number of beta-adrenergic receptors occurs
without a significant change in affinity for agonist
binding, so that, at any given low concentration of
isoproterenol, fewer receptors in the hypothyroid cell
are occupied. Because of this, occupancy of a given,
absolute number of beta receptors in the hypothyroid
turkey erythrocyte requires a greater concentration of
isoproterenol than in the normal cell. Detailed examina-
tion of these quantitative relationships has shown that,
for a given absolute level of beta receptor occupancy,
even though a greater concentration of isoproterenol
is required in hypothyroidism, the stimulation of potas-
sium influx by isoproterenol is identical in normal and
hypothyroid cells. When 15-30 receptors are occupied
by agonist in either normal or hypothyroid cells, the
same maximal stimulation of potassium influx occurs.
These observations suggest that the reduction in beta
receptor number per se in the hypothyroid turkey
erythrocyte can account for its decreased sensitivity to
isoproterenol-stimulated potassium influx. In a con-
trasting study in the hypothyroid rat, Malbon et al.
(14) have shown that decreased sensitivity to the
lipolytic actions of the catecholamines is not associ-
ated with any obvious changes in beta-adrenergic
receptors. It has been proposed by these authors that
postreceptor events might account for the decreased
responsiveness to the catecholamines.

Although the preceding observations on isopro-
terenol-stimulated potassium influx in the turkey
erythrocyte can be attributed simply to the known
decrease in beta receptor number, this does not exclude
the possibility that in the hypothyroid cell there may

exist other accompanying changes in more "distal"
components of the sequence of events mediating the
physiological response to beta-adrenergic agents. We
have already shown, for example, that in addition to
the decrease in erythrocyte beta receptor number,
isoproterenol-sensitive adenylate cyclase activity and
cellular cyclic AMPaccumulation are both decreased
in hypothyroid cells (13). Additional elements such as
the guanine nucleotide binding unit (36) and the pro-
tein globlin (37) may eventually also be shown to
be modified in hypothyroid turkey erythrocytes.
Whether or not these or other intermediate steps
mediating catecholamine action are also ultimately
shown to be involved, the present observations indicate
that the changes in the hypothyroid erythrocyte re-
sulting in the decreased physiological sensitivity of
catecholamine-dependent ion flux are probably not
associated with other rate-limiting features beyond
the reduction in receptor number. It remains to be
seen whether this receptor-mediated mechanism,
which results in the decreased adrenergic sensitivity
of the hypothyroid turkey erythrocyte, applies to
other cells as well.
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