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A B S T R AC T The interactions of adrenergic agonists
and thyroid hormones on the growth of erythroid
colony-forming units were studied in cultures of dog
marrow before and after the establishment of hypo-
thyroidism. Erythroid colony growth in cultures from
euthyroid dogs was enhanced by isoproterenol and
other adrenergic agonists having ,2-receptor specificity.
With hypothyroidism, however, this responsiveness
was lost, and sensitivity to a-agonists, such as
phenylephrine and norepinephrine, was acquired.
This alteration in receptor specificity appeared to be
dependent upon thyroid hormone and was rapidly
reversible. Preincubation of marrow cells from hypo-
thyroid animals with thyroid hormone resulted in the
reappearance of responsiveness to f-adrenergic agonists
and the loss of sensitivity to a-agonists. These
findings are in agreement with previous suggestions
that ,-adrenergic receptor activity is modulated by
thyroid hormone levels and demonstrate that the
specificity of adrenergic modulations of erythropoiesis
in culture may accurately reflect the thyroid status of
the intact animal.

INTRODUCTION

The growth and function of a number of cellular
systems are influenced through interactions of different
hormones and small molecules (1, 2). Several studies
have shown that a variety of hormones, incapable of
initiating a differentiative event or metabolic function
by themselves, have the capacity to enhance the
effect of primary regulatory hormones. As an example,

This study was presented in part at The 20th Annual
Meeting of the American Society of Hematology, San Diego,
Calif., 6 December 1977, and was published in abstract form in
1977. Blood. 50(Suppl. 1): 135.

Received for publication 2 October 1978 and in revised
form 15 March 1979.

dibutyryl cyclic AMP (db-cAMP)' enhances the
induction of tyrosine aminotransferase in cultured
hepatoma cells, but only in the presence of, or after
preconditioning of, the cells by a glucocorticoid such as
dexamethasone (3).

Recent work from our laboratory, employing the in
vitro growth of erythroid colony-forming cells, has
shown that cAMPand related compounds enhance the
growth of such colonies in marrow cell cultures from a
variety of mammalian species (4). In a manner similar
to other reported interactions, however, the cyclic
nucleotides were incapable of initiating colony growth
by themselves, and erythropoietin (ESF) was a
necessary constituent of the culture medium. In addition
to cAMP, a number of compounds have been shown to
influence in vitro erythroid colony formation, including
p-adrenergic agonists (5), thyroid hormones (6, 7),
growth hormone (8), and various classes of steroid
hormones (9). Although these observations are of
interest, the relationships of in vitro modulation of
erythropoiesis to the in vivo regulation of erythrocyte
production is not clear. In addition, a basic question
exists as to whether such interactions, defined in
culture, in any way reflect the hormonal state of the
intact animal.

To investigate the influence of the in vivo endocrine
state on erythroid colony growth, the erythropoietic
effects of thyroid hormones and adrenergic agonists
have been compared in marrow cultures from euthyroid
and hypothyroid dogs. These two modulators have
been shown to enhance erythroid colony growth from
normal dog marrow via receptors which appear to have
similar properties (6). The results of these studies
demonstrate that the responsiveness in culture to

IAbbreviations used in this paper: db-cAMP, dibutyryl
cyclic AMP; ESF, erythropoietin; T3, triiodothyronine;
T4, thyroxine; TRIAC, triiodothyroacetic acid; TSH, thyroid-
stimulating hormone.
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TABLE I
Serum T3, T4, and TSH Levels before and

after 131I Adminlistrationt

Before 13'1 4 mo after '3'I

Dog T, T4 TSH T3 T4 TSH

l,qldl Wgldl l/tll nzg/ll jgldl lU/nd

1 65 1.7 1.9 <50 <0.5 14.6
2 60 2.0 2.3 <50 <0.5 18.9
3 70 1.8 1.7 <50 <0.5 20.6
4 70 1.9 1.6 <50 <0.5 17.1

,3-adrenergic agonists is abolished in the hypothyroid
state, whereas the effectiveness of thyroid hormone
persists. In addition, enhanced responsiveness to
a-adrenergic agonists is found in cultures from
hypothyroid animals. This alteration in adrenergic
receptor function on canine erythroid colony-forming
cells is regulated, at least in part, by thyroid hormones.

METHODS
Study antimals. Four random-bred dogs were employed in

the studies. The experiments were carried out in two stages:
when the animals were euthyroid and then 4 mo after
the establishmenit of chemically defined hypothyroidism.
Hypothyroidismi was achievedl by administering 10 mCi of
131I (New England Nuclear, Boston, Mass.) intravenously
to the animals. The hypothyroid state was verified 3-4 mo
later by determining serum triiodothyronine (T3) and
thyroxine (T4) by radioimmunoassay (10, 11). Serum thyroid-
stimulating hormone (TSH) levels were determined by a
commercially available radioimmunoassay (Beckman solid
phase HTSH; Beckman Instrumiients, Inc., Fullerton, Calif.).

Ertyth roid colonty assay. This laboratory's modification (4)
of the method of Stephenson et al. (12) was employed for
erythroid colony growth. The same batches of fetal calf'serum
and bovine serum albumin were employed throughout the
experiments. Canine bone marrow cells were aspirated,
washed, and cultured in plasma clots at a final concentration
of 2 x 105 trypan blue dye-excluding nucleated cells/ml.
The source of ESF was a commercially obtained preparation
from anemic sheep plasma (Step 1II; 3 International
Reference Preparation U/mg; lot 3010; Connaught Medical
Research Laboratory, Willowdale, Ontario, Canada). The ESF
was dissolved in Hank's balanced salt solution and added in
microliter amounts to appropriate culture dishes. Erythroid
colonies which contained eight or more hemoglobinized cells
were scored after 48 h of culture as described previously (4).

Hormontal effects ont ini vitro coloniy growthl. The in vitro
erythropoietic effects of L-T4, L-T3, L-isoproterenol, L-norepi-
nephrine, L-phenylephrinie (all from Sigma Chemical Co., St.
Louis, Nlo.), and triiodothyroacetic acid (TRIAC) (K and K
Laboratories, IInc., Plainview, N. Y.) wvere tested by adding
these compounds in varying concentrations to appropriate
cultures. L-T4 and TRIAC were dissolved in 70% ethanol with
1 N NaOH, and L-T3 was dissolved in 95% ethanol wvith 2 N
HCI. These compounds were initially dissolved at a concen-
tration of 10 mM. The remaining compounds were initially
dissolved in alpha medium (Microbiological Associates,
Walkersville, Md.), and all compounds were stubse(luently

diluted in Hank's balanced salt solution and tested over a
range of concentrations (0.1 mM-1.0 nM). Before the addition
of thyroid hormones, the concentrations of L-T4 and L-T3 were
0.036 ,tmol and 0.38 nmol, respectively, in 1 ml of medium
plus serum.

To examine the interaction of thyroid hormones and
,B-adrenergic agonists, the following antagonists (with their
relative receptor specificities) were studied: propranolol
(Plf2), butoxamine (p2), phentolamine (a) (all from Sigma
Chemical Co.), and practolol (,8,) (Ayerst Laboratories,
Montreal, Canada). In addition, the general adenyl cyclase
stimulator, cholera enterotoxin, the phophodiesterase inhibitor,
RO-20-1724 (Roche Diagnostics Div., Hoffman-LaRoche, Inc.,
Nutley, N. J.), and db-cAMP (Sigma Chemical Co.) were also
tested.

RESULTS

Study animals. The serum T3, T4, and TSH levels of
the four dogs before and after administration of 1311 are
shown in Table I. Base-line T4 levels were all
> 1.5 ,ug/dl, and TSH levels were all <2.5 IU. 3-4 moafter
receiving 10 mCi of 1311, T4 levels were all <0.5 ,ug/dl,
and TSH levels were all > 14.0 IU, confirming the hypo-
thyroid state. In each instance, thyroid hormone values
were reduced, and TSH levels rose and remained
elevated after isotopic thyroid ablation.

Horm1onal effects otn in vitro colony grow;th.
Thyroid hormone and its analogues consistently
enhanced erythroid colony formation whether added to
cultures of marrow cells obtained from euthyroid or
hypothyroid dogs. The peak enhancement of colony
growth depended upon both the concentration of
thyroid hormone and the endocrine state of the animal.
Whereas the optimal concentration for the L-T4 effect
in cultures from euthyroid animals was 0.1 ,mol, the
optimal concentration was 1.0 ,umol in cultures from
hypothyroid animals. Fig. 1 shows the data from 14
separate experiments employing all four animals. The
values represent the mean of all these experiments,
normalized as percentage of control ESF-dependent
colony numbers. The observed 10-fold concentration
difference was demonstrated for L-T3 and TRIAC as
well (data not shown).

To investigate in culture the correlation of reduced or
absent 8-adrenergic activity observed in clinical
hypothyroidism, the effect of the ,3-adrenergic agonist,
L-isoproterenol, was evaluated for its influence on
colony growth. Fig. 2 summarizes the results observed
in cultures from euthyroid and hypothyroid animals.
Whereas isoproterenol enhanced erythroid colony
growth from euthyroid dogs, with peak activity found
with 0.1 uM, the response to this agonist was absent
in cultures from hypothyroid animals.

,3-adrenergic agonists are thought to influence cell
function at least in part by activating membrane-bound
adenylate cyclase. To determine whether the observed
alteration in the response to such agonists was
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FIGURE 1 The influence of L-T4 on canine erythroid colony
growth from euthyroid and hypothyroid animals. The
concentrations given are those which were added to the
cultures in each experiment. The concentration of ESF used
in these experiments and those shown in subsequent figures
was 0.5 International Reference Preparation U/ml. Erythroid
colony growth is shown as the percentage of control values.
The data points represent the mean (±SEM) of a total of
14 separate experiments performed on the four dogs before
and after establishment of hypothyroidism.

specific for the adrenergic receptors linked to adenylate
cyclase or whether there was a more general
disturbance of the adenylate cyclase-cAMP system,
several other compounds were studied. Fig. 3 demon-
strates that cholera enterotoxin, RO-20-1724, and
db-cAMP all enhanced erythroid colony growth at the
same concentrations in both endocrine states. Only the

200 -

|04

KCt

0

z
I2

1 100-

K:"

KC

0.
(3
K
"4

100

3j 6-

L&j

Q~4.
tK

-4

0)Q-

0k
Q:
Lk,- I

InM lOnM O.IuM IpM iO,UM
ISOPROTERENOLCONCENTRATION

FIGURE 2 The influence of varying concentrations of
isoproterenol on erythroid colony growth from euthyroid and
hypothyroid animals. The data points represent the mean
(+SEM) of eight separate experiments performed on the
four dogs.
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FIGuRE 3 The influence of various agents known to involve
the adenyl cyclase-cAMP system on erythroid colony growth
from euthyroid and hypothyroid dogs. The data points
represent the mean (tSEM) of eight separate experiments
performed on the four dogs.

most effective concentrations are shown, although each
compound was active in a concentration-dependent man-
ner. These results imply that the loss of sensitivity of the
erythroid colony-forming unit to isoproterenol is a
result of altered a-agonist receptor function which is
specific for the adenylate cyclase linked to the
catechol receptor.

The af,3-agonist, norepinephrine, fails to enhance
erythroid colony growth in marrow cells from
euthyroid animals (5). As shown in Fig. 4, however,
this compound was active in cultures from hypothyroid
dogs. As isoproterenol was inactive in identical
cultures, the adrenergic receptor functioning in the
hypothyroid state appears to have a-adrenergic
properties. Because only /2-agonists are active in
cultures from normal animals, the data imply an
alteration in receptors from those having ,2-selectivity

---T I ------.- I
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FIGURE 4 The concentration-dependent influence of norepi-
nephrine on erythroid colony growth from hypothyroid
dog marrow. This is a representative experiment and was
repeated a minimum of three times on each of the four dogs.
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FIGURE 5 The relative effectiveness of phentolamine (a) and
propranolol (112) blockade on norepinephrine-enhanced
erythroid colony growth from hypothyroid dog marrow. This is
a representative experiment that was repeated on six different
occasions with similar results.

prevalent in the euthyroid state to a functional
a-receptor in the hypothyroid state.

To verify that the effect of norepinephrine was a
result of interaction with an a-receptor, cultures
were established in the presence of propranolol and
the a-blocker, phentolamine. Only 1.0 nmol of phentol-
amine was required to inhibit norepinephrine-stimulated
colony growth; however, 10 ,umol of propranolol was
necessary for the same degree of inhibition (Fig. 5).
This concentration difference again implied that the
adrenergic receptor functional in the hypothyroid state
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is an a-receptor. A similar lack of effectiveness of the
p1-antagonist, practolol, and the ,82-blocker, butoxamine,
was also observed (data not shown).

Further confirmation of the presence of an a-receptor
on erythroid colony-forming units from hypothyroid
animals was provided by examining the effect of the
a-agonist, phenylephrine. Although this compound is
ineffective in cultures of marrow from euthyroid
animals, it enhances erythroid proliferation in cultures
from hypothyroid animals, with optimal activity at
0.1 ,tM, as shown in Fig. 6. Additional evidence for
the specificity of the receptor was indicated by
complete inhibition of the phenylephrine effect by
1.0 nmol of phentolamine.

The hypothesis that the hypothyroid state somehow
induces the conversion of f8- to a-adrenergic receptors
was evaluated by incubating marrow cells from
hypothyroid dogs for 30 min in the presence of
0.1 ,umol of L-T4. Fig. 7 shows the results of such an
experiment. The preincubation in the presence of
thyroid hormone resulted in the reappearance of
responsiveness to the 13-agonist, isoproterenol, and
loss of the previously observed responsiveness to the
a-agonist, norepinephrine. Control suspensions of
marrow cells without added thyroid hormone showed
the pattern of agonist enhancement expected for
cultures from hypothyroid animals (Figs. 2 and 4).

DISCUSSION

Although ESF is the primary regulator of erythro-
poiesis, various other hormones influence the prolifera-
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FIGURE 6 The influence of different concentrations of the
a-agonist, phenylephrine, on erythroid colony growth from
hypothyroid dogs. This experiment was repeated on six
different occasions with similar results.

Control lOnM 0.1 PM PM
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FIGURE 7 The results of preincubation for 30 min of marrow
cells from hypothyroid dogs in the presence of 0.1 AM
L-T4. After this preincubation, the cells were plated for
erythroid colony growth, and their responsiveness to various
adrenergic agonists was tested.
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tion of erythrocyte precursors (13). Analysis of the
erythropoietic effects of such hormones has been
difficult in the intact animal because of the variety of
effects and tissues influenced. In an attempt to better
define their influences, we have studied the direct
effects of a number of these hormones in marrow cell
culture.

In all of the studies reported to date, those hormones
shown to be erythropoietically active in culture are
incapable by themselves of initiating the growth of
erythroid colonies; ESF is an obligate constituent
of the culture medium. Thus, the concept has
arisen that such hormones modulate the effect of ESF
on its target cell(s). However, the relationship of the
observations in culture to the activities of the hormones
in vivo has not been established.

Previous studies in our laboratory of the influence
of thyroid hormones on in vitro erythropoiesis have
suggested that the observations in culture might have
physiological significance in the intact animal. First,
the thyroid hormone concentrations found to be
effective were those easily achieved in the intact animal
when one considers the available protein binding.
Second, the order of effectiveness of the various
thyroid hormones paralleled their known calorigenic
effects in vivo (6).

In addition, several observations were made which
suggested that at least part of the influence of
thyroid hormones in this setting was mediated by
cell receptors having the properties of receptors for
adrenergic agonists (6). Thus, thyroid hormones
enhanced the growth of erythroid colonies in a
population of cells which, by velocity sedimentation
analysis, was identical to cells whose growth was
enhanced by isoproterenol. In confirmation, the thyroid
hormone effect was completely abolished by the active
stereoisomer of propranolol, although a higher concen-
tration was required for blockade than was necessary
to block the effect of isoproterenol.

Several lines of evidence indicate that thyroid
hormone status may determine the response of an end
organ or tissue to adrenergic stimulation. In hypo-
thyroid animals, ,8-adrenergic responsiveness is reduced
or absent (14). In hypothyroidism in man, clinical
evaluation suggests reduced adrenergic responsiveness
as well (15). Kunos and Nickerson have proposed that
a- and 8-receptors in rat myocardium may be
interconverted by thyroid hormone (16, 17). In heart
preparations, contractile and metabolic responses to
,8-agonists are decreased in hypothyroidism (18), and
recent evidence suggests that thyroid hormones
regulate the number of 8-adrenergic binding sites in
catecholamine-sensitive tissue (19), including adipose
tissue from rats and man (20). Other hormones, as well,
may influence the level of 8-adrenergic receptors
because adrenalectomy in experimental animals

results in a marked increase in the number of
,a-receptors in liver cells and there is a partial
restoration toward normal levels after administration
of cortisone (21). Finally, thyroid hormone may
influence receptors other than those for catecholamines,
as Madsen and Sonne (22) have reported an increase
in glucagon receptors in fat cells from hyperthyroid
rats. Such studies provide experimental evidence that
altered thyroid hormone levels influence end-organ
,B-adrenergic receptor activity.

The results of this study demonstrate that manipula-
tion of the endocrine state of the intact dog alters
modulator-receptor interaction on erythroid colony-
forming units. First, the response to thyroid hormone
shows different optimal concentrations in cultures from
euthyroid and hypothyroid animals. This difference in
optimal concentration presumably results from decreased
occupancy of hormone receptors secondary to decreased
levels of circulating thyroid hormones. Second,
,8-adrenergic responsiveness is absent in cultures from
hypothyroid animals, whereas the responses to cAMP,
cholera enterotoxin, and the phosphodiesterase in-
hibitor, RO-20-1724, are all intact and of similar con-
centration dependence in both the hypothyroid and
euthyroid states. These results imply a specific effect
on ,8-adrenergic receptors induced by hypothyroidism.
Third, with the disappearance of,B-adrenergic receptor
function, a receptor having primarily a-adrenergic
properties was demonstrated in cultures from hypo-
thyroid animals. Thus, norepinephrine and phenyleph-
rine enhance erythroid colony growth of hypothyroid
dog marrow, but not marrow from euthyroid dogs.
Whether this results from the actual steric inter-
conversion of the same receptor site or the disappearance
of receptors with one specificity and the appearance of
new receptors of another specificity cannot be resolved
by these data. Finally, the incubation of marrow cells
from hypothyroid animals with thyroid hormone
restored 8-adrenergic responsiveness and abolished
the response to a-agonists.

Thus, the clinical and laboratory observations of
decreased f8- and enhanced a-adrenergic activity in
hypothyroidism are paralleled by changes in receptor
activity on erythroid colony-forming units. These
results suggest that the altered responses to catechol-
amines and thyroid hormones in vitro reflect the
thyroid state of the intact animal and suggest a
physiologic role for such modulators in erythropoiesis.

ACKNOWLEDGMENTS
The authors would like to acknowledge the technical
assistance of Ms. Faith Shiota. The following compounds were
gifts: RO-20-1724, from Roche Diagnostics Div., Hoffmann-
LaRoche, Inc.; practolol, from Ayerst Laboratories; pure
cholera enterotoxin, lot 0172, prepared by Dr. Richard
Finkelstein and made available through the National

60 W. J. Popovic, J. E. Brown, and J. W. Adamson



Institute of Allergy and Infectious Diseases; and TRIAC, from
Dr. William Green, of the Division of Endocrinology and
Metabolism, Department of Medicine, University of WVashington
School of Medicine.

These studies were supported by designated research funds
of the Veterans Administration and Research grant AM-19410
from the National Institutes of Health.

REFERENCES

1. Holley, R. W. 1975. Control of growth of mammalian cells
in cell culture. Nature (Lond.). 258: 487-490.

2. Tomkins, G. M. 1975. The metabolic code. Scietnce
(Wash. D. C.). 189: 760-763.

3. Granner, D. K., A. Lee, and E. B. Thompson. 1977.
Interaction of glucocorticoid hormones and cyclic
nucleotides in induction of tyrosine aminotransferase in
cultured hepatoma cells. Proc. Natl. Acad. Sci. U. S. A.
252: 3891-3897.

4. Brown, J. E., and J. W. Adamson. 1977. Modulation of
in vitro erythropoiesis: enhancement of erythroid colony
growth by cyclic nucleotides. Cell Tissue Kinet. 10:
289-298.

5. Brown, J. E., and J. W. Adamson. 1977. Modulation of
in vitro erythropoiesis. The influence of 83-adrenergic
agonists on erythroid colony formation. J. Clitn. Invest.
60: 70-77.

6. Popovic, W. J., J. E. Brown, and J. WV. Adamson. 1977.
The influence of thyroid hormones on in vitro
erythropoiesis. Mediation by a receptor with beta-
adrenergic properties.J. Clin. Invest. 60: 907-913.

7. Golde, D. W., N. Bersch, I. J. Chopra, and M. J. Cline.
1977. Thyroid hormones stimulate erythropoiesis in vitro.
Br. J. Haematol. 37: 173-177.

8. Golde, D. W., N. Bersch, and C. H. Li. 1977. Growth
hormone: species-specific stimulation of erythropoiesis
in vitro. Science (Wash. D. C.). 196: 1112-1113.

9. Singer, J. W., A. I. Samuels, and J. W. Adamson. 1976.
Steroids and hematopoiesis. I. The effect of steroids on
in vitro erythroid colony growth: structure/activity
relationships.J. Cell. Physiol. 88: 127-134.

10. Chopra, I. J. 1972. A radioimmunoassay for measurement

of thyroxine in unextracted serum. J. Clin. Endocrinol.
Metab. 34: 938-947.

11. Chopra, I. J., H. S. Ruey, and R. Lam. 1972. An improved
radioimmunoassay of triiodothyronine in serum: its
application to clinical and physiological studies. J. Lab.
Clin. .MIed. 80: 729-739.

12. Stephenson, J. R., A. A. Axelrad, D. L. McLeod, and
Nl. M. Shreeve. 1971. Induction of colonies of hemoglo-
bin-synthesizing cells by erythropoietin in vitro. Proc.
Natl. Acad. Sci. U.S.A. 68: 1542-1546.

13. Adamson, J. W., and C. A. Finch. 1974. Hormones and
the formed elements of the blood. In Textbook of
Endocrinology. R. H. WVilliams, editor. W. B. Saunders Co.,
Philadelphia. 5th edition. 963-969.

14. Fregly, M. J., E. L. Nelson, Jr., G. E. Resch, F. P. Field,
and L. 0. Lutherer. 1975. Reduced 8-adrenergic
responsiveness in hypothyroid rats. Am. J. Physiol.
229: 916-924.

15. Waldstein, S. S. 1966. Thyroid-catecholamine inter-
relations. Anl nu. Rev. Med. 17: 123-132.

16. Kunos, G., and M. Nickerson. 1976. Temperature-
induced interconversion of a- and f3-adrenoceptors in the
frog heart.J. Physiol. (Lond.). 256: 23-40.

17. Kunos, G. 1977. Thyroid hormone-dependent inter-
conversion of myocardial a- and /8-adrenoceptors in the
rat. 1977. Br. J. Pharmacol. 59: 177-189.

18. Kunos, G., I. Vermes-Kunos, and M. Nickerson. 1974.
Effects of thyroid state on adrenoceptor properties.
Nature (Lond.). 250: 779-781.

19. Williams, L. T., R. J. Lefkowitz, A. M. Watanabe,
D. R. Hathaway, and H. R. Besch, Jr. 1977. Thyroid
hormone regulation of beta-adrenergic receptor number.

J. Biol. Chem. 252: 2787-2789.
20. Reckless, J. P. D., C. H. Gilbert, and D. J. Galton. 1976.

Alpha-adrenergic receptor activity, cyclic AMP and
lipolysis in adipose tissue of hypothyroid man and rat.

J. Endocrinol. 68: 419-430.
21. Wolfe, B. B., T. K. Harden, and P. B. Molinoff. 1976.

,3-adrenergic receptors in rat liver: effects of adrenal-
ectomy. Proc. Natl. Acad. Sci. U. S. A. 73: 1343-1347.

22. Madsen, S. N., and 0. Sonne. 1976. Increase of glucagon
receptors in hyperthyroidism. Nature (Lond.). 262:
793-795.

Modulation of In Vitro Erythropoiesis 61


