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Since adenosine 3’,5’-cyclic-monophosphate 
(CAMP) is known to mediate the action of 
many peptide hormones (1-2)! i t  is possible 
that erythropoietin (Ep) might regulate 
erythropoiesis through a change in the 
cellular concentration of this nucleotide. 
Several investigators (3-6) have shown that 
injection of cAMP into rodents produces a 
marked increase in erythropoiesis. This is 
most likely due to the release of endogenous 
Ep, since the effect is blocked by an antibody 
to the hormone (3, 6). Whether or not 
cAMP exerts a direct effect on marrow cells 
to increase erythropoiesis is still not clear. 
Gorsheim and Gardern ( 7 )  found that 
N6,O2’-dibutyryl adenosine 3’,5’-cyclic- 
monophosphate (db-CAMP) increased heme 
synthesis in human marrow explants and 
Dukes (8) was able to show a potentiation of 
Ep-stimulated heme synthesis when db- 
cAMP was added to marrow cultures. In  con- 
trast, Bottomley et al. ( 5 )  found a stimulato- 
ry effect on ALA synthetase, when cAMP was 
added to cultures of rabbit marrow, but 
failed to show any effect on heme synthesis. 
We have used fasted rat marrow cell cul- 
tures, which are very sensitive to Ep! to 
study the effect of cAMP and other nucleo- 
tides on heme synthesis and have also tested 
the effect of additional substances that modi- 
fy intracellular production or destruction of 
CAMP. 

Materials and Methods. Male Sprague- 
Dawley rats (180-250 g),  fasted 3 days were 
used as a source of bone marrow for all 
experiments. Marrow cells were cultured in 
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small petri dishes (Falcon Plastics) as out- 
lined by Krantz, Gallien-Lartique and Gold- 
wasser (9). The medium consisted of 0.8 ml 
NCTC-109, 0.1 ml rat serum and 0.1 ml calf 
serum. In all experiments each point was the 
mean of triplicate or quadruplicate cultures. 
Nucleated cell concentrations were uniform 
for each experiment, but ranged from 5 to 12 
x lo6 cells/ml for different experiments. 
The cultures were incubated a t  37” in an 
atmosphere of 5% COa and 95% air for 36-40 
hlr. At this time 0.4 to 0.5 pCi of transferrin 
bound 59Fe was added to each plate and the 
incubation continued for another 8 hr. The 
cells were then transferred to glass tubes and 
centrifuged at 1OOOg. The supernatants were 
removed and the cells were resuspended in 
phosphate buffered saline. After recentrifuga- 
tion and removal of the supernatant fluid the 
cells were lysed in 1.2 ml H20 and 0.6 ml 
Drabkin’s solution. Heme was dissociated 
from globin by the addition of 0.2 ml of 1 N 
HCl and was then extracted into 2 ml of 
cyclohexanone (10). An aliquot of the cyclo- 
hexanone phase was then transferred to an- 
other glass tube and the radioactivity mea- 
sured with a Nuclear Chicago auto gamma 
counter to determine the amount of ”Fe in- 
corporated into heme. I n  each experiment the 
test materials were added at the beginning 
of the incubation to cultures which contained 
either no added Ep2 or a 45% maximal dose 
of Ep. In  addition, a series of control plates 
containing no additives, or a 45% maximal 
dose of Ep only, were run. The mater- 
ials tested were adenosine 3’,5’-cyclic- 
monophosphate (CAMP), N6,O2’-dibutyryl 
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2 Step 111 erythropoietin obtained from Con- 
naught Laboratories, Toronto, Canada. 
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normalized to the Ep cultures (0.012 units 
Ep only) which were set equal to 100. NO 
increase in the rate of heme synthesis was 
seen with any of the nucleotides, and all 
produced a marked inhibition of both base 
line and Ep-stimulated BgFe uptake into heme 
at concentrations of M .  MIX, epineph- 
rine, and imidazole gave essentially the 
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FIG. 1. Erythropoietin dose response in rat bone 
marrow cultures, as measured by incorporation of 
60Fe into heme. Each point represents the mean of 
quadruplicate cultures i- 1 SD. 

adenosine 3’,5’-cyclic-monophosphate (db- 
CAMP), guanosine 3’,5’-cyclic-monophosphate 
(cGMP) , adenosine 5’-triphosphate ( ATP) , 
adenosine 5’-monophosphate (AMP), 1 - 
methyl-3 -isobutyl xanthine (MIX) , epineph- 
rine, insulin, and imidazole. They were dis- 
solved in NCTC-109 and were sterilized by 
passage through a 0.45 p filter (Millipore) 
prior to addition to the cultures. Appropriate 
dilutions were made with NCTC- 109. 

Res’uZts. Figure 1 demonstrates that the 
dose-response relationship between Ep and 
the rate of heme synthesis by rat marrow 
cells was linear through a concentration of 
0.12 U/ml. In  all subsequent experiments 
0.012 U/ml of (Ep were employed. This 
amount of hormone produced a 2-3-fold 
(45% maximal) increase in the rate of heme 
synthesis, but was small enough to allow 
measurement of any potentiation by a test 
substance. 

A typical experiment using db-CAMP is 
shown in Fig. 2. As shown, db-cAMP did not 
stimulate base line heme synthesis or potenti- 
ate the effect of a 45% maximal dose of Ep a t  
any of the concentrations tested. Higher 
concentrations ( and low4 M ) ,  however, 
inhibited both base line and Ep stimulated 
heme synthesis. The results of experiments 
performed with the other test substances are 
shown for base line heme synthesis in Table 
I, and for erythropoietin-stimulated heme 
synthesis in Table 11. In  the former case all 
values were normalized to the control cul- 
tures (no-additives) which were set equal to 
100, while in the latter case all values were 

same results as the nucleotides, i.e., they all 
failed to stimulate heme synthesis at any 
concentration tested and inhibited at  higher 
concentrations. In  contrast, insulin stimu- 
lated base line heme synthesis approximately 
3-fold and also increased the rate of heme 
synthesis of the erythropoietin treated cells. 

Discussion. When erythropoietin is added 
to bone marrow cells in vitro, RNA synthesis 
is increased within 15 min (11). This stimu- 
lation is the earliest known effect of the hor- 
mone and appears to be its primary mode of 
action ( 1 1 ,  12) .  Both the rapidity of the 
effect and the molecular weight (13) of the 
hormone (45,800) suggest that erythropoie- 
tin may be interacting with the membrane of 
the responsive cell to produce a second mes- 
senger (CAMP), which in turn triggers the 
increased RNA synthesis. To test this hy- 
pothesis the present studies to determine the 
effect of exogenous cyclic nucleotides on 
heme synthesis by marrow cells in vitro were 
undertaken. 

Addition of CAMP, db-CAMP, and cGMP 
to rat marrow cultures did not stimulate 
heme synthesis and at  higher concentrations 
inhibited both base line and Ep stimulated 
59Fe incorporation into heme. A similar pat- 
tern was observed with the noncyclic nucleo- 
tides, AMP and ATP, and with epinephrine 
and MIX, two substances known to raise 
intracellular cyclic AMP levels ( 14, 15). 
These results, which are in agreement with 
Bottomley and co-workers’ ( 5) experiments 
on heme synthesis, fail to support the con- 
cept that the effect of Ep is mediated solely 
through an increase in cellular CAMP levels. 
Similar observations with cyclic nucleotides 
have been made in two other cell culture 
systems. Exogenous CAMP, db-CAMP, AMP, 
ATP, and aminophylline prevented mouse 
marrow cells from forming granulocyte col- 
onies in vitro (16) ,  and inhibited the effect of 
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FIG. 2. Effect of dibutyryl cyclic AMP on base 
line and erythropoietin stimulated heme synthesis. 
Open bars contain no erytbropoietin, solid bars con- 
tain a 45% maximal dose of Ep. Each bar represents 
the mean of triplicate cultures f 1 SD. 

phytohemagglutinin (PHA) on DNA, RNA, 
and protein synthesis in human blood lym- 
phocytes ( 1 7 ) .  These systems are analogous 
to the erythroid system studied here in that 
they require cell division and maturation in 
order to observe the final response. Because 
such a complex sequence of reactions is 

necessary to obtain Ep-stimulated heme syn- 
thesis? the possibility that the hormone might 
affect the adenyl cyclase system remains vi- 
able. More precisely, the action of Ep in- 
volves RNA synthesis? followed by DNA 
synthesis? cell division and maturation in the 
responsive cells ( 18). Increased heme synthe- 
sis is a late event and is generally not mea- 
sured for many hours after initiation of the 
cultures. Therefore, the net effect of cAMP 
on this parameter may be the resultant of 
multiple actions of the nucleotide on the eryth- 
ropoietin responsive cell (ERC) , i e . ,  pre- 
cise modulation of cAMP levels both up and 
down may be necessary for the responsive 
cells to properly divide and synthesize hemo- 
globin. Thus, in the lymphocyte system, ele- 
vations of intracellular cAMP following treat- 
ment by phytohemagglutinin have been 
clearly demonstrated despite the fact that the 
addition of extracellular cAMP inhibited the 
PHA induced transformation of these cells 
(17 ,  19). Furthermore, Dukes (8) recently 
reported experiments are also compatible 
with the concept of multiple actions of cAMP 
on a dividing cell system. He showed that 
db-CAMP potentiated the Ep stimulation of 
heme synthesis in rat marrow cultures. How- 

TABLE I. Effect of Various Nucleotides, Epinephrine? MIX, Imidazole and Insulin on Base Line" 
Heme Synthesisbe in  Ra t  Marrow Cultures. 

Concn (molesfiter) 

Test substance 0.0 10-7 10" 10-5 10-4 10-3 

db-CAMP 
CAMP 
cGMP 
AMP 
A T P  
Epinephrine 
MIX 
Imidazole 

100 f 18 
100 2 10 
100 f 13 
100 f 11 
100 f 12 
100 k 16 
100 f 18 
100 2 10 

0.0 

97 f 24 8 9 2  4 
95 f 37 

115 2 11 
1 1 O f  8 118 k 12 
121 32 122 f 40 

97 -t- 1 0  108 k 15 101 & 10 

77 k 22" 

90 * 12 
104 k 20 

57 k 18" 
84 2 20" 

Concn (mU/ml) 
0.8 8.0 80 

~~ 

8 2 k  9 20 & 11 
53 k 29 
4 5 k  7 

8 7 f  8 30 16 
94 f 39 52 k 27 
23 f 10 

56 f 10" 52 f 2" 

800 

Insulin 100 k 15 134 & 33 240 k 63 301 k 82 287 & 62 

"No erythropoietin was added to any of the cultures presented in the table. 
"OFe incorporation into heme is expressed relative to the control cultures which contained no addi- 

ovallies = the mean of 3-6 replicate cultures -C 1 SD. 
dActual eoncn = 5 X M. 
"Actual concn = 4 X lod, 4 X 10-6, 4 x lo4, 4 x 

tives and were set equal to 100. 

M, respectively. 
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TABLE 11. Effect of Various Nucleotideq Epinephrine, MIX, Imidazole and Insulin on Erythropoietin- 
Stimulated" Heme Synthesisbc in Rat Marrow Cultures.d 

Concn (moles/liter) 

Test substance 0.0 104 104 10-5 lo-' 10-8 

db - CAMP 
CAMP 
cGMP 
AMP 
ATP 
Epinephrine 
MIX 
Imidazole 

10.0 2 35 
100 + 10 
100 & 13 
100 + 26 
100 2 17 
100 15 
100 f: 5 
100 + 16 

96 & 22 98 2 24 77 + 19 l o &  9 
8 6 +  7 9 1 2  5 2 4 2 2  2 
88 12 95 f 12 rf: 3 5 &  3 

109 + 16 117 f: 10 112 f: 17 42 2 13 
106 2 12 103 2 13 9 4 2  4 42 f 15 

92 12" 9 4 +  5 5 7 2  3" 3 6 f  4 
93* 8 87 & 21 95 2 14 33 2 11 

105 + 17' 89 +14f  7 7 +  9f 5c 2f  

Concn (mU/ml) 

0.0 0.8 8.0 80 800 

169 2 25 167 2 31 Insulin 10'0 f 21 112 + 41 139 +_ 36 

"0.012 units of erythropoietin were added t o  each of the cultures presented in  the table. 
"Fe incorporation into heme is expressed relative to the cultures containing erythropoietin only, 

which were set equal t o  100. 
'Values = the mean of 3-6 replicate cultures f: 1 SD. 
'Note that the value 100 in  this table represents heme synthesis 2-4 times greater than the value 

"Actual eonen = 5 X 0.5 X My respectively. 
'Actual concn = 4 x 4 X lo-: 4 x 4 x My respectively. 

100 in  Table I. 

ever, the effect occurred in a very narrow 
concentration range (2.32 X to 4.18 )( 

M )  and amounts oi 6.96 x loA5 M or 
greater were inhibitory. This finding of two 
divergent effects by very similar concentra- 
tions of db-CAMP suggests that net heme 
synthesis might be the resultant of two or 
more actions of the nucleotide. Therefore, 
despite the failure to stimulate heme synthe- 
sis, our results do not disprove an effect of 
Ep on the adenyl cyclase system. 

The physiological significance of the inhib- 
itory effect of cAMP on heme synthesis is 
unclear, as i t  only occurs at high concentra- 
tions of the nucleotide and is seen when other 
noncyclic compounds such as AMP and 
ATP are employed. This may represent a 
nonspecific effect possibly related to a direct 
toxic action of large doses of the nucleotides 
on bone marrow cells. Another possible inter- 
pretation is that Ep acts by lowering the 
amount of CAMP in the cell. Additional sup- 
port for this hypothesis comes from the in- 
sulin experiments, since insulin, which is 
known to lower inbracellular cyclic AMP 

levels (20) , stimulated base line heme synthe- 
sis approximately 3-fold. Alternatively, the 
well-known effect of insulin on glucose metab- 
olism might be related to the heme synthet- 
ic effect, especially since imidazole, another 
compound known to lower cAMP concentra- 
tion (2) did not stimulate heme synthesis. 
With regard to this, Peets and Gordon ( 2 1 )  
have reported an early effect of Ep on the 
uptake of glucose by rat bone marrow cul- 
tures. In  conclusion, the question of whether 
cAMP mediates the action of Ep, either in 
part or in tutu, remains unproven and proba- 
bly awaits actual measurement of CAMP 
levels in tissue rich in erythropoietin respon- 
sive cells. 

Summary. Cyclic AMP, db-CAMP, epineph- 
rine, and MIX failed to stimulate heme 
synthesis in rat marrow cultures at dl con- 
centrations tested and in relatively large 
amounts M )  greatly inhibited both 
base line and Ep-stimulated 69Fe incorpora- 
tion into heme. The inhibition may be non- 
specific since identical concentrations of ATP 
and AMP produce a similar effect. Insulin, 
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which is known to lower cyclic AMP levels, 
was the only material tested other than Ep 
that stimulated heme synthesis. The possibili- 
ty that CAMP mediates the action of Ep is 
discussed. 
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