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Adriamycin Inhibits PTH-Mediated but Not PGE2-Mediated Stimulation of 
Cyclic AMP Formation in Isolated Bone Cells 
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Summary. We have examined the effect of adria- 
mycin, an anthracycline antibiotic which modifies 
plasma membrane functions, on the cyclic AMP re- 
sponse to PTH and PGE 2 in isolated osteoblastlike 
cells. Adriamycin blunted the increment in bone 
cell cyclic AMP caused by exposure to PTH. This 
effect appeared rapidly (within 3 min after bone 
cells were exposed to adriamycin) and disappeared 
soon after exposure of adriamycin-treated cells to 
adriamycin-free incubation medium. Inhibition was 
evident over the entire time course of PTH action, 
at low as well as high PTH concentrations, and was 
one-half maximal at 31 txM adriamycin. It could not 
be attributed to alterations in cyclic AMP exodus, 
degradation or interference with the cyclic AMP 
assay, nor to impaired cell viability. Adriamycin 
also reduced the stimulatory effect of PTH on a- 
denylate cyclase activity in a crude plasma mem- 
brane preparation. By contrast, adriamycin failed 
to modify the effects of PGE 2 on cyclic AMP gen- 
eration in intact bone cells, and on adenylate cy- 
clase activity in broken cells. Moreover, concentra- 
tions of adriamycin that blunted the effect of PTH 
on adenylate cyclase activity did not inhibit the 
stimulatory effects of sodium fluoride or of 
GppNHp. These results suggest that adriamycin se- 
lectively alters the interaction between PTH and its 
receptor or impairs the transmission of information 
from hormone-receptor complex to adenylate cy- 
clase (or both), perhaps by binding to specific lipid 
domains in the plasma membrane. Structural ana- 
logues of adriamycin, which vary in their lipophilic 
properties, also varied in their capacity to perturb 
the cyclic AMP response. One such analogue in fact 
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inhibited the response to PGE 2, and several ap- 
peared to augment the PGE 2 effect. These sub- 
stances may well be useful in probing the membrane 
properties required for selectivity in hormone ac- 
tion. 
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A large body of evidence points to the osteoblast 
as a target cell for parathyroid hormone (PTH). 
Parathyroid hormone has been shown to modify 
many aspects of osteoblast metabolism in vitro,  and 
to influence bone formation in vitro and in v ivo  [1]. 
Furthermore, the possibility that the resorption- 
stimulating effect of PTH arises indirectly, via a pri- 
mary action on osteoblasts, has received experi- 
mental support [2]. Available data suggest that  
cyclic AMP, and perhaps ionic calcium (Ca2+), are 
second (intracellular) messengers in the osteoblast 
response to PTH [3]. Accordingly, PTH is thought 
to interact with specific receptors on the osteoblast 
plasma membrane, thereby promoting both the ac- 
tivity of membrane-located adenylate cyclase and 
the entry of Ca 2§ into the cell. Rises in cellular 
cyclic AMP and Ca 2§ levels trigger a cascade of 
metabolic events that culminates in purposive cell 
behavior. There is reason to believe that prosta- 
glandins of the " E "  series (PGE) act in similar 
fashion to influence osteoblast function [4,5]; PGE 
binds specifically to osteoblastlike cells and stimu- 
lates cyclic AMP formation [6]. 

Clearly, plasma membrane-located events are key 
elements in the effects of these agents: binding, 
transduction of the message initiated by the hor- 
mone-receptor complex, catalysis of cyclic AMP 
production, and transport of Ca/+ . The unique 
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s t ructure  o f  the p lasma  m e m b r a n e ,  current ly  visu- 
alized as a fluid mosa ic  domina ted  by  phosphol ip ids  
and  p r o t e i n ,  p r o v i d e s  a s u p p o r t i v e  m e d i u m  fo r  
these react ions  and facilitates their regulat ion [7]. 
We h a v e  u n d e r t a k e n  a se r i e s  o f  e x p e r i m e n t s  to  
p robe  these re la t ionships  as they  per ta in  to P T H  
and P G E  ac t ion ,  us ing  agen t s  k n o w n  to  i n t e r ac t  
with and modi fy  the func t ion  o f  the p lasma  mem-  
brane.  In  initial exper iments ,  we  examined  the ef- 
f ec t s  o f  a d r i a m y c i n ,  an  a n t h r a c y c l i n e  an t i b io t i c  
w h i c h  a l ters  mul t ip le  m e m b r a n e - a s s o c i a t e d  pro-  
cesses  in mammal i an  cells, and which  is though t  t o  
do so by  binding to specific lipid c o m p o n e n t s  [8]. 
The  results  p resen ted  here in  demons t r a t e  that  adri- 
amyc in  inhibits P T H - m e d i a t e d  but  not  PGE2-me-  
diated e n h a n c e m e n t  o f  cyc l ic  A M P  format ion  in iso- 
la ted  o s t eob la s t l i ke  cel ls ,  and  def ine  the  c ha r ac -  
t e r i s t i c s  o f  t ha t  a p p a r e n t l y  s e l e c t i v e  i n h i b i t o r y  
effect. 

Treatment of  Intact Cells and Estimation of  
Cyclic AMP 

When cell cultures reached near-confluence, serum-containing 
growth medium was replaced with Ca 2+- and Mg2+-free Earle's 
balanced salt solution supplemented with 0.5% bovine serum 
albumin, 0,8 mM MgSO 4 and 1.8 mM CaC12, and adriamycin or 
its analogs (100 o~M), as warranted by individual experiments. 
bPTH (1-34) or PGE 2 was added 30 min later and the incubation 
continued for varying periods of time. The experiment was ter- 
minated with 3 x 2 ml washes of cold Earle's solution. Cyclic 
AMP was then extracted with cold 5% trichloroacetic acid and 
ether and its level estimated by radioimmunoassay as previously 
described [11]. All experiments were performed at room tem- 
perature. The estimation of cyclic AMP is expressed as pico- 
moles of cyclic AMP formed per culture, there being virtually 
no variation in cell number among individual cultures. 

Preparation of  Particulate Fraction and 
Measurement of  Adenylate Cyclase Activity 

Materials and Methods 

The preparation of a particulate fraction and subsequent assay 
of adenylate cyclase activity were the same as previously 
reported [12]. 

Incubation media, antibiotics, and glutamine were obtained from 
Flow Laboratory, McLean, Virginia; theophylline from Nutri- 
tional Biochemicals, Cleveland, Ohio; bovine serum albumin (4 
x crystallized) from Miles Laboratories, Kankakee, Illinois; ra- 
dioactively labeled materials from New England Nuclear Cor- 
poration, Boston, Massachusetts; radioimmunoassay kits for 
cyclic 3',5'-AMP from Becton-Dickinson Co., Orangeburg, New 
York; synthetic bovine parathyroid hormone N-terminal peptide 
(bPTH, 1-34, 3850 U/mg) from Beckman, Palo Alto, California; 
prostaglandin E 2 (PGE2) , adriamycin, crude bacterial colla- 
genase, 3'-isobutyl-l-methylxanthine (IBMX) and other chemi- 
cals from Sigma Chemical Company, St. Louis, Missouri; and 
fetal calf serum from Sterile Systems, Inc., Logan, Utah. Various 
adriamycin analogs were generous gifts from Dr. N. Bachur, 
National Institutes of Health, and PGE 2 was also provided by 
Dr. Philip Needleman, Washington University. 

Isolation and Culture o f  Bone Cells 

The frontal portions of fetal rat calvaria were stripped of periph- 
eral soft tissue and periosteum. Osteoblastlike bone cells were 
dispersed from the periosteum-free calvaria with crude bacterial 
collagenase, harvested, and cultured according to the procedure 
followed in this laboratory [9], except that the initial 5 min col- 
lagenase digestion solution was discarded and fresh collagenase 
mixture added for the final 55 min period. Freshly isolated cells 
were seeded at an initial density of 25,000 cells/cm 2 in Costar 
12-well plates for studies of cyclic AMP formation and/or T75 
flasks for subcellular component preparation. Growth medium 
contained modified BGJ~ [10l, 10 ixg/ml of human transferrin, 
5% fetal calf serum, 2 mM glutamine, 100 U/ml penicillin, and 
100 Fxg/ml streptomycin. All cultures were maintained at 37 ~ C 
with 5% CO 2 for 5-6 days before being studied. 

Results 

In initial exper iments ,  we  examined  the effects o f  
adr iamycin ,  added  at var ious  concent ra t ions ,  on  the 
increment  in bone  cell cycl ic  A M P  format ion  (here- 
a f te r  r e f e r r e d  to  as the  c y c l i c  A M P  r e s p o n s e )  
caused  by  PTH.  Brief  (3 rain) incubat ion  o f  the cells 
with a d r i a m y c i n  p r io r  to P T H  add i t ion  c a u s e d  a 
substantial  inhibition o f  the cycl ic  A M P  response ,  
wi thout  affecting the cycl ic  A M P  levels in P T H -  
unt rea ted  cells. As  little as 6.25 jxM adr iamycin  (the 
lowest  concen t ra t ion  tested) yielded a small inhib- 
i to ry  ef fec t  and  o n e : h a l f  m a x i m a l  inhib i t ion  ap-  
p e a r e d  at 31 jxM (Fig.  1). M a x i m a l  i nh ib i t i on ,  
though  marked ,  did not  total ly el iminate the cycl ic  
A M P  r e s p o n s e ,  e v e n  at  c o n c e n t r a t i o n s  r a n g i n g  
f rom 200-500  txM (data not  shown).  

E x p o s u r e  o f  bone  cells to P T H  elicits a rapid in- 
c remen t  in cycl ic  A M P  which  peaks  in 2 . 5 - 5  rain 
and then gradual ly  declines [11], reflecting an initial 
burs t  o f  adenyla te  cyc lase  activity, the subsequen t  
phosphod ies t e rase -med ia ted  metabol i sm o f  newly  
genera ted  cycl ic  AMP, and an emerging refractori-  
ness (desensit izat ion) to the s t imula tory  ac t ion o f  
the h o r m o n e  [12]. Consequent ly ,  it was  o f  interest  
to  de termine  the impac t  o f  adr iamycin  on the t ime 
course  o f  the cycl ic  A M P  response  to P T H  and its 
effect in the p resence  o f  a cycl ic  A M P  phosphodi -  
e s t e r a s e  inh ib i tor .  A d r i a m y c i n  w a s  i n h i b i t o r y  
during the ascending phase  o f  P T H  st imulat ion (Fig. 
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Fig, 1, Bone cells were incubated for 30 min in the presence  o f  var ious  concentrat ions  of adriamycin.  PTH (100 ng/ml) was added to 
st imulate cAMP formation for 3 min before the  reaction was terminated with TCA and content  of  cAMP was assayed.  Each  point  is 
a mean  _+ SE of  triplicate determinat ions .  Inset:  the same data were presented  as a percentage of  control  (no adr iamycin in the  
incubation) on the  ordinate and logari thm of  adr iamycin concentra t ion was plotted on the abscissa .  Fig. 2. Bone  cells were pre incubated  
in the presence  or the absence  of  100 ~M adr iamycin  for 30 min. PTH (100 ng/ml) was added to the culture at zero t ime and the 
reaction was terminated  as specified with TCA,  and cAMP content  was determined.  Each  point represents  mean  _+ SE of  triplicate 
determinat ions.  

2) and during the descending phase as well (data 
not shown). Moreover, it was equally effective in 
the presence or absence of the potent phosphodi- 
esterase inhibitor IBMX (data not shown). This 
finding, together with the effect of adriamycin on 
the early phase of the cyclic AMP response, sug- 
gests that augmentation of phosphodiesterase ac- 
tivity was not the mechanism of adriamycin action. 
Adriamycin did not modify the exodus of cyclic 
AMP from PTH-treated bone cells, nor did it influ- 
ence cell viability, as judged by (1) trypan blue ex- 
clusion and (2) the incorporation of radioactively 
labeled amino acids into protein. Adriamycin (1-500 
p~M) failed to perturb the radioimmunoassay for 
cyclic AMP employed in these experiments. 

The osteoblast cyclic AMP response is seen at 
submicrogram (near-physiological) concentrations 
of PTH, and increases in linear fashion over a wide 
dose range. To determine the effect of adriamycin 
on this dose-response relationship, we treated bone 
cells with a fixed concentration of adriamycin, and 
exposed them to concentrations of PTH ranging 
from 10-100 ng/ml. The fractional inhibition of the 
cyclic AMP response to PTH by adriamycin was 
virtually independent of the hormone concentration 
(Fig. 3). If anything, there was greater inhibition at 
lower than at higher PTH levels. 

The acute effect of adriamycin on the cyclic AMP 
response to PTH did not persist when adriamycin- 
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Fig. 3. Bone cells were pre incubated in the presence  or the  ab- 
sence of  100 I~M adr iamycin for 30 min. PTH,  concentra t ion  as 
specified in the graph,  was  added to the culture for 3 min before 
the  reaction was terminated with TCA and cAMP content  de- 
termined.  Each  point  represents  m e a n  _+ SE of triplicate deter- 
minat ions.  

treated cells were refed with adriamycin-free incu- 
bation medium (Table 1). The effect of PTH was 
fully restored 30 rain after terminating the exposure 
of bone cells to adriamycin-containing medium. 

PGE 2, like PTH, promotes cyclic AMP formation 
in oteoblastlike cells harvested by the method de- 
scribed herein. To define the specificity of adria- 
mycin action, we examined its effect on the cyclic 
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Table 1. Adriamycin-inhibited PTH response is reversible a 

Preincubation Interval in 
adriamycin adriamycin-free Response to PTH 
(30 min) medium (min) pmol cAMP/culture 

+ - 2  6.2 .+ 0.3 
+ 0 6.3 .+ 0.7 
+ 2 12.6 -4- 1.7 
+ 10 16.7 .+ 3.7 
+ 30 24.5 .+ 4.5 
- 0 25.7 .+ 0.6 
- 30 24.6 .+ 1.8 

a Cultures were preincubated in medium with or without 100 IxM 
adriamycin for 30 min; adriamycin-containing medium was then 
removed and the cultures were washed twice and fed with fresh 
medium without adriamycin. PTH (100 ng/ml was added to the 
cultures and the reaction was terminated 3 min later. Each result 
is expressed as mean .+ SE in triplicate samples 

Table 2. Cyclic AMP response to PTH and PGE 2 in the presence 
and the absence of  adriamycin a 

pmol cAMP/culture 

Control PTH PGE 2 

A. In a typical 
experiment b 

Control 
Adriamycin 

B. In all trials c 
Control 
Adriamycin 

2.8 .+ 0.3 113.0 .+ t0.6 44.3 .+ 0.7 
7.5 --_ 1.6 43.7 .+ 2,7 42.7 .+ 1.6 

100 100 
46 96 

a Cultures were treated with 100 p~M adriamycin for 30 min and 
100 ng/ml 1-34 bPTH or 10 ~zM PGE 2 was added to stimulate 
cAMP formation for 3 min before cAMP was extracted and as- 
sayed 
b Absolute level of cAMP formed in a typical experiment (trip- 
licate determinations) is expressed as mean -+ SE 
c PTH and PGE 2 controls were set at 100. Adriamycin-treated 
samples are expressed as percentage of the controls (n = 9) 

AMP response to PGE 2. Concentrations of adria- 
mycin which markedly inhibited the effect of PTH 
did not alter the influence of PGE 2, an observation 
that was highly reproducible (Table 2). 

The results described above suggest that adria- 
mycin-mediated inhibition is exerted at the level of 
PTH-target cell interaction, transduction of the hor- 
mone-receptor initiated signal, and/or adenylate cy- 
clase catalysis. To discriminate between these pos- 
sible modes of action, we examined the effects of 
adriamycin on adenylate cyclase activity in PTH- 
treated, PGE2-treated, fluoride-treated, GppNHp 
(Guanylyl imidodiphosphate)-treated and untreated 
subcellular fractions (Table 3). Though a high con- 
centration was required (concentrations less than 
500 IxM were not effective), adriamycin virtually 
nullified the stimulatory effect of PTH. By contrast, 

T a b l e  3. Adriamycin inhibits PTH but not PGE 2 or NaF-stimu- 
lated adenylate cyclase activity a 

Adenylate cyclase activity 
pmol cAMP formed/rag protein/10 min 

Adriamycin 

Control 100 IxM 500 p,M 1 mM 

Control 411 -+ 18 412 _+ 11 390 _+ 9 316 _ 3 
PTH 697 -+ 8 687 _+ 20 478 _ 20 b 255 _+ 60 b 
Control 212 - 22 201 _+ 3 271 _+ 7 290 _+ 8 
PGE 2 417 -+ 20 435 _+ 11 630 _+ 24 506 _ 44 
Control 169 -4- 13 196 -4- 21 167 ___ 18 139 _+ 10 
NaF 1001 - 38 1045 _+ 63 1076 _+ 51 754 _+ 2 
Control 259 -+ 4 296 .+ 1 180 .+ 20 
GppNHp 823 • 20 797 .+ 37 821 .+ 13 

a Adenylate cyclase activity in the crude membrane preparation 
was measured in the presence of 1 ~,g/ml PTH, 100 IxM PGE 2, 
10 mM NaF or 10 ixM GppNHp,  with or without adriamycin at 
concentration listed. Results are expressed as mean _+ SE 
b Differs significantly from the control on the same row 

T a b l e  4. Effect of different adriamycin analogs on cAMP for- 
mation stimulated by PTH and PGE 2 

Modification cAMP a 

PTH PGE 2 
Control 100 100 
Adriamycin 53 b 101 
Alcacinomycin Long-chain sugar 32 b 34 b 
AD-32 Long-chain sugar 153 b 159 b 
7-omen Long-chain sugar 97 130 
4,epi-adriamycin C-4 epimer 78 115 
Anthracenediene Anthracenediene group 80 150 b 
Rubidazone Hydrazine 46 b 144 b 

a Results are expressed as a percentage of the control from 2 
separate triplicate determinations 
b Differs significantly from the control (P ~< 0.05) 

it failed to blunt the effect of PGE 2 and only the 
highest concentration tested reduced "basal" aden- 
ylate cyclase activity (in some experiments) as 
well as the stimulatory effect of sodium fluoride. 
This same high concentration of adriamycin did not 
impair GppNHp-mediated stimulation. These re- 
sults indicate that adriamycin influences the binding 
of PTH to its receptor and/or the transduction of 
the subsequently generated message but not the ac- 
tivity of the catalytic or regulatory component of 
adenylate cyclase. 

The availability of multiple structural analogs of 
adriamycin, the effects of which have been tested 
in other systems, afforded us an opportunity to 
study structure-activity relationships (Table 4). 
None of the six analogs studied modified "basal"  
cyclic AMP levels. Two analogs, alcacinomycin and 
rubidazone, were at least as effective as adriamycin 
in inhibiting the cyclic AMP response to PTH. AI- 
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cacinomycin, but not rubidazone, inhibited the ef- 
fect of PGE 2. Indeed, one analog appeared to aug- 
ment the effect of both agents, and several to aug- 
ment the PGE 2 effect. 

Discussion 

Our experimental results indicate that adriamycin 
is a potent inhibitor of the cyclic AMP response to 
PTH in isolated osteoblastlike cells. Adriamycin ap- 
pears to act by modifying one or more plasma mem- 
brane-located step(s): the initial interaction be- 
tween PTH and the osteoblast receptor, the trans- 
duction of the hormone-receptor signal, and the 
catalytic generation of cyclic AMR Three lines of 
evidence support this proposition. First, the effect 
of adriamycin is not attributable to alterations in 
cyclic AMP fluxes or degradation, nor to interfer- 
ence with the cyclic AMP assay. Second, adria- 
mycin-mediated inhibition appeared rapidly, and 
also disappeared quickly when exposure was ter- 
minated, implying inhibition exerted at a superficial 
cell site. Third, adriamycin blocked the effect of 
PTH on adenylate cyclase activity in a broken bone 
cell preparation, in which substrate (ATP) levels 
were not limiting and cyclic AMP degradation was 
blocked. Although higher concentrations of adria- 
mycin were required to inhibit adenylate cyclase 
activity in the crude membrane preparation than the 
cyclic AMP response in the intact cell, the mecha- 
nism of adriamycin action was likely the same, 
since adriamycin inhibited the effect of PTH but not 
of PGE 2 in both systems. 

The finding that adriamycin blunted the various 
responses to PTH but not to PGE 2 is of consider- 
able interest. One possible explanation for this 
highly reproducible observation is that the cultures 
contained multiple cell populations, one of which 
was PGE2-responsive and adriamycin-resistant. In- 
deed, the cell cultures used in the present study do 
not contain a homogeneous population, but osteo- 
blastlike cells are in the majority, as indicated by a 
variety of biochemical criteria. Osteoblasts possess 
receptors for prostaglandins of the E series, and 
respond to prostaglandins with increases in cyclic 
AMP formation [4-6]. It is reasonable to suggest, 
therefore, that the cyclic AMP response in our ex- 
perimental system stems mainly from osteoblasts 
(or osteoblastlike cells). Hence, differential sensi- 
tivity to adriamycin, which may exist in a hetero- 
geneous cell population, is an unlikely interpreta- 
tion of the data. It is more likely that adriamycin 
affects an event that is unique to the action of PTH. 
Since bone cells probably possess separate recep- 

tors for PTH and PGE 2, and perhaps separate 
mechanisms for transduction, adriamycin may in- 
hibit the binding of PTH or the transduction of the 
PTH message (or both). Although bone cells could 
contain separate adenylate cyclase regulatory and 
catalytic units for both agents, the failure of adria- 
mycin to inhibit GppNHp stimulation of adenylate 
cyclase and fluoride-augmented catalysis at concen- 
trations that inhibited PTH stimulation argues 
against these units as the possible loci of adriamycin 
action. 

The concept that adriamycin interferes with PTH 
binding or action at the level of the plasma mem- 
brane is consistent with the results of studies in 
other systems. Adriamycin influences multiple cell 
membrane functions, including lectin-induced cell 
agglutination [13], ion transport [14], lipid organi- 
zation [15], and membrane fluidity [16]. It inhibits 
the exchange of Ca 2§ in isolated atria [17], reduces 
(Na + + K+)-ATPase activity in cardiac cells [14], 
and enhances the net transport of Na + in frog skin 
epithelial cells [18]. At low concentrations, adria- 
mycin increases the inward slow (Ca 2+ - Na +) 
current in chick hearts, whereas high concentra- 
tions inhibit action potentials [17]. Adriamycin was 
also found to be a specific inhibitor of Na+/Ca 2+ 
exchange in heart vesicles [19]. A low concentra- 
tion (10 p~g/ml) has been shown to cause a noncom- 
petitive inhibition of uridine transport in sarcoma 
180 cells within 30 min [20]. These effects appear 
to stem from a direct interaction between adria- 
mycin and phospholipid components of the plasma 
membrane. In fact, the binding of adriamycin to 
cardiolipin has been shown to correlate positively 
with its in vitro toxicity [8]. 

Efforts to demonstrate effects of adriamycin on 
cyclic nucleotide metabolism in other systems have 
yielded mixed results. Adriamycin (30 ixg/ml) was 
reported to reduce cyclic AMP levels in line 10 
guinea pig hepatoma cells [21]. By contrast, admin- 
istration of adriamycin to humans failed to modify 
cyclic AMP levels in endomyocardial biopsy spec- 
imens [22], though there was a prominent decrease 
in tissue cyclic GMP content. Finally, adriamycin 
(50 txg/ml) rapidly (within 15 rain) increased cyclic 
AMP in isolated, perfused chick hearts, which may 
underlie its positive inotropic effect, its activation 
of slow current, and enhancement of Ca 2§ influx 
[171. 

The skeletal responses to adriamycin have not 
been studied extensively. Long-term, low-dose ad- 
ministration to young, growing rabbits induced thin- 
ning of the epiphyses, a decline in the number of 
osteogenic cells, a depression of spongiosa trabec- 
ulae, reduced bone density, and retardation of bone 
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mineralization [23]. It has been suggested that adri- 
amycin interacts with bone mineral, much like rep- 
resentatives of the chemically similar tetracycline 
group of antibiotics. Consequently, bone cells 
closely applied to mineralized surfaces might be ex- 
posed to particularly high concentrations of this 
toxic agent. 

Our studies with the adriamycin analogs indicate 
that the various effects they exert on plasma mem- 
brane function may reflect the extent, locus, and 
nature of their specific interactions with membrane 
components.  Hence,  one compound (alcacino- 
mycin) did inhibit the effect of PGE 2, in addition to 
that of PTH, whereas others actually stimulated the 
cyclic AMP response to one or both agents. These 
agents may emerge as probes of membrane struc- 
ture function that could be useful in exploring the 
mechanisms of hormone action. 

References 

1. Peck WA, Klahr S (1979) Cyclic nucleotides in bone and 
mineral metabolism. Adv Cyclic Nucleotide Res 11:89-130 

2. Rodan GA, Martin TJ (1981) Role of osteoblasts in hormonal 
control of bone resorpt ion--a  hypothesis. Calcif Tissue lnt 
33:349-351 

3. Peck WA (1979) Cyclic AMP as a second messenger in the 
skeletal actions of PTH: a decade old hypothesis. Calcif 
Tissue Int 29:1-4 

4. Raisz LG, Koolemans-Beynen AR (1974) Inhibition of bone 
collagen synthesis  by prostaglandin E 2 in organ culture. 
Prostaglandins 8:377-385 

5. Partridge HC, Alcorn D, Michelangeli VP, Kemp BE, Ryan 
GB, Martin JJ (1981) Functional properties of hormonally 
responsive cultured normal and malignant rat osteoblastic 
cells. Endocrinology 108:213-219 

6. Dziak RM, Hard D, Migasaki KT, Brown M, Weinfeld N, 
Hausmann  E (1983) Prostaglandin E 2 binding and cyclic 
AMP production in isolated bone cells. Calcif Tissue Int 
35:250-257 

7. Reith EJ (1983) A model for transcellular transport of cal- 
cium based on membrane fluidity and movement of calcium 
barrier within the more fluid microdomains of the plasma 
membrane. Calcif Tissue Int 35:129-134 

8. Goormaghtigh E, Chalelatin P, Casper J, Puysschart  JM 
(1980) Evidence of a complex between adriamycin deriva- 
t ives and cardiol ipin:  poss ible  role in cardiotoxici ty .  
Biochem Pharmacol 29:3003-3010 

9. Burks JK, Peck WA (1977) Bone cells, biochemical and bi- 
ological studies after enzymatic isolation. Science 146:1476- 
1477 

10. Burks JK, Peck WA (1978) Bone cells: a serum-free medium 
supports proliferation in primary culture.  Science 199: 
542-544 

11. Peck WA, Kohler G, Barr S (1981) Calcium-mediated en- 
hancement of the cAMP response in cultured bone cells. 
Calcif Tissue Int 33:407-416 

12. Peck WA, Kohler G (1980) Hormonal and nonhormonal de- 
sensitization in isolated bone cells. Calcif Tissue Int 32: 
95-103 

13. Murphree SA, Cunningham LS, Hwang KM, Sartorelli AC 
(1976) Effects of adriamycin on surface properties of sar- 
coma 180 ascites cells. Biochem Pharmacol 25:1227-1231 

14. Gosalvez M, Van Rossum GD, Bianco MF (1979) Inhibition 
of sodium-potassium activated ATPase and ion transport by 
adriamycin. Cancer Res 39:257-261 

15. Karczmar GS, Tritton TR (1979) The interaction of adria- 
mycin with small unilamillar vesicle liposomes. Biochim 
Biophys Acta 557:306-319 

16. Murphree SA, Tritton TR, Smith PL, Sartorelli AC (1981) 
Adriamycin-induced changes in the surface membrane of 
sarcoma 180 ascites cells. Biochim Biophys Acta 649:317- 
324 

17. Azuma J, Sperelakis N, Hasegawa H, Tamimoto T, Vogel S, 
Ogura K, Awata N, Sawamura A, Harado H, Ishiyama T, 
Morita Y, Yamamura J. (1981) Adriamycin cardiotoxicity: 
possible pathogenic mechanism. J Molec Cell Cardiol 
13:381-397 

18. Solie TN, Yuncker C (1978) Adriamycin-induced changes in 
translocation of sodium ions in transporting epithelial cells. 
Life Science 22:1907-1920 

19. Caroni P, Villani F, Carafoli E (1981) The cardiotoxic anti- 
biotic doxorubicin inhibits the Na+/Ca 2§ exchange of dog 
heart sarcolemmal vesicles. FEBS Lett 130:184-186 

20. Choudhury SR, Deb JK, Choudhury K, Neogy RK (1982) 
Inhibit ion of uridine t ranspor t  through sarcoma-180 cell 
membrane by anthracycline antibiotics. Biochem Pharmacol 
31:1811-1814 

21. Lo TM, Boyle MDP (1979) Relationships between the intra- 
cellular cAMP level of tumor cells and their sensitivity to 
killing by antibody and complement. Cancer Res 39:3151- 
3162 

22. Unverferth DV, Fertel DRH, Talley RL, Magorien RD, Bal- 
cerzak SP (1981) The effect of first-dose doxorubicin on the 
cyclic nucleotide levels of the human myocardium. Toxicol 
Appl Pharmacol 60:151-154 

23. Young DM, Fioravant i  JL, Olson HM, Prieur DJ (1975) 
Chemical and morphological alteration of rabbit bone in- 
duced by adriamycin. Calcif Tissue Int 18:47-63 


