
polarization slows the inherent rate of 
discharge, this cell increased its rate of 
spontaneous firing when it was hyperpo- 
larized. Such behavior seems paradoxi- 
cal but may be related to excessive inac- 
tivation of inward current at a low rest- 
ing potential, which is then relieved by a 
hyperpolarizing pulse. 

Spike electrogenesis was blocked by 
the addition of 4 mM MnC12 to the bath 
(Fig. 2, A-C), suggesting that these ac- 
tion potentials are ca2+  spikes. Calcium 
spike electrogenesis appears to be a fre- 
quent correlate in cells that exhibit se- 
cretory behavior, cells as diverse as 
Aplysia bag cells (5) and rat pituitary 
cells (1). A gradual inactivation of the 
repolarizing current after a local depolar- 
izing response (Fig. 2E) appeared when a 
depolarizing pulse of constant current 
and constant duration was repeated at a 
rate of 1 Hz. The depolarizing local 
potential elicited by the first pulse repo- 
larized rapidly, and then the slope of the 
repolarization phase diminished step- 
wise with each of about six pulses, after 
which the repolarization phase became 
extinguished. The repolarization phase 
could be reactivated either by condition- 
ing pulses of hyperpolarizing current or 
by a rest period. The process of inactiva- 
tion of the repolarization phase was 
greatly accelerated in the presence of 
MnC12 (Fig. 2F). This suggests that a 
Ca2+-activated K+ gate may be involved 
in this process (17) or that the local 
response consists of a fast and a slow 
potential, the latter being dependent on 
readily available calcium. These two 
time-related phenomena-the switch- 
ing of membrane potential and the inacti- 
vation of repolarization of the local re- 
sponse-may be examples of a dynamic 
electrophysiological state that exists in 
certain cells (12). 

Although spike electrogenesis was 
long held to be peculiar to nerves and 
muscle, new investigations reveal the 
presence of electrogenesis in cells that 
are clearly not nerve or muscle. Our 
findings demonstrate the presence of a 
mechanism for spike generation, impli- 
cate calcium ions as the major charge 
carrier, and provide evidence for other 
forms of electrical activity in these lung 
tumor cells. 
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Divalent Cation Ionophores Stimulate Resorption and 
Inhibit DNA Synthesis in Cultured Fetal Rat Bone 

Abstract. Two divalent cation ionophores, A23187 and Ionomycin, which are 
selective for calcium, stimulated the resorption of fetal rat long bones in organ 
culture at 0.1 to 1 micromolar but not at higher concentrations. Both agents inhibited 
DNA synthesis at concentrations that stimulated resorption. These results might 
explain the differences in ionophore effects on bone previously reported, and they 
imply that cell replication is not required for osteoclast formation in fetal rat long 
bone cultures. 

Dziak and Stern (I) have shown that, 
like parathyroid hormone (PTH), the di- 
valent cation ionophore A23187 stimu- 
lates resorption in cultured fetal rat long 
bones, enhances intracellular calcium 
entry, and increases adenosine 3'3'-mo- 
nophosphate (cyclic AMP) in cells isolat- 
ed from fetal rat calvaria. Dietrich and 
Paddock (2) found that both A23187 and 
PTH inhibited the incorporation of triti- 
ated proline into collagen in cultured 
newborn rat calvaria. However, in cul- 
tured newborn mouse calvaria, Ivey et 
al. (3) found that A23187 acts only as an 
inhibitor of bone resorption and has no 
effects on the accumulation of cyclic 
AMP in the medium. Differences be- 
tween the action of PTH and A23187 
have also been described in the rat. 
Hahn et al. (4) showed that calcitonin did 
not inhibit resorption stimulated by 
A23187 in fetal rat long bones, while 
Dietrich and Paddock (2) found that de- 
spite the similarities of their effects on 
collagen synthesis in fetal rat calvaria, 
A23187, unlike PTH, inhibited noncolla- 
gen protein synthesis and incorporation 
of tritiated thymidine into DNA. We 
have used 19-day fetal rat long bone 
cultures to compare the effects of PTH, 
A23 187, and Ionomycin (5). Ionomycin, 
which is a divalent cation polyether iono- 
phore previously untested on bone, is 
more selective for calcium than is 
A23 187. 

Bone resorption was assessed by mea- 
suring the release of previously incorpo- 
rated 45Ca (6). DNA and protein syn- 
thesis were assessed by measuring the 
incorporation of tritiated thymidine and 
tritiated amino acids, respectively. Long 
bone shafts labeled in utero with 45Ca 
were cultured in 0.5 ml of modified BGJ 
medium (Gibco) supplemented with 5 
percent fetal calf serum (Gibco) that was 
treated with dextran-coated charcoal to 
reduce endogenous bone resorbing activ- 
ity (7). During the last 2 hours of culture, 
1.5 pCi of tritiated thymidine or tritiated 
amino acid mixture (New England Nu- 
clear) was added to each dish. At the end 
of the experiments bones were extracted 
in 5 percent trichloroacetic acid (TCA). 
The radioactivity from the 45Ca was 
counted in the medium and TCA extract; 
the 3H was counted in the TCA extracts 
and the bones after they were digested 
with NCS (Amersham). The 3~ counts 
were divided by the total 45Ca counts of 
each bone to normalize for differences in 
fetal bone size. In most experiments, 
bones from the fetuses of a single litter 
were used to minimize variation caused 
by any nonuniformity of 45Ca labeling. 
In some experiments the activity of the 
lysosomal enzyme p-glucuronidase was 
measured in the medium (8). For his- 
tologic studies the bones were placed in 
Millonig's fixative for 2 to 4 days and 
then dehydrated and embedded in meth- 
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Fig. 1. Effects of van- 200 

ous concentrations of 
(A) A23187 and (B) - iso 
Ionomycin in cultures 
of fetal rat long bones 8 120 

on 45Ca release (O), B loo - 
p-glucuronidase in L , 
the medium (O), 'H- 
labeled amino acid 
incorporation into 2 40 

bone (A), and 
[3H]thymidine incor- o 
poration into bone 
(0). In (A), 45Ca re- 
lease is significantly 

1 
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increased over control (P  < .01) at 0.1 pM to 1.0 pM but is significantly below control (P  < .01) 
at 10.0 pM, p-glucuronidase concentration is significantly increased over control (P  < .01) at 
0.03 pM to 3 pM,  [3H]thymidine incorporation is significantly inhibited compared to control (P  
< .01) at 0.1 pM to 10 pM, and [3H]amino acid incorporation is significantly inhibited over 
control (P < .01) at 0.3 to 10 pM. In (B), 45Ca release is significantly increased over control only 
at 1 pM (P  < .01) as is p-glucuronidase concentration in the media (P < .01); [3H]thymidine 
incorporation is significantly inhibited (P < .01) compared to control from 0.3 pM to 10 pM. 
Values are means + standard error for 6 to 20 determinations. 

acrylate. Undecalcified sections (3 pm) 
were stained with a mixture of hematox- 
ylin and crocein, and fuchsin. Statistical 
significance was determined by Stu- 
dent's r-test. 

After 48 hours of treatment. A23187 
increased 4 5 ~ a  release over a concentra- 
tion range of 0.1 to 1.0 pM with maxi- 
mum resorption occurring at 0.3 pM 
(Fig. 1A). This response was biphasic, 
and higher concentrations (10 pM) inhib- 
ited 45Ca release. A23 187 decreased 
[3H]thymidine incorporation in a dose- 
dependent manner. Incorporation of 
amino acids was also inhibited at con- 
centrations of 0.3 pM and greater, but 
this inhibition was less than that for 

thymidine. Ionomycin also increased 
45Ca release, but this effect was signifi- 
cant only at 1 pM (Fig. 1B). Like 
A23187, Ionomycin caused a dose-de- 
pendent inhibition of thymidine incorpo- 
ration. The effect of Ionomycin on amino 
acid incorporation was not determined. 
At maximally effective concentrations 
both ionophores increased bone resorp- 
tion and inhibited thymidine incorpo- 
ration to a similar degree. The decrease 
in thymidine incorporation produced by 
the ionophores appeared to be due to 
inhibition of DNA synthesis and not to 
alterations in uptake of the label, be- 
cause the radioactivity from the [3H]thy- 
midine in the TCA extractable pool was 

0' 
6 1 2  24 48 

Time (hours) 

1158 

not significantly altered by any concen- 
tration of ionophore tested. The changes 
are also not likely to be the result of 
variations in the specific activity of the 
precursor pool, since addition of unla- 
beled thymidine (0.1 mM) did not signifi- 
cantly alter the inhibitory effects. 

The stimulation of 45Ca release by the 
ionophores was accompanied by parallel 
increases in P-glucuronidase activity in 
the medium (Fig. 1). This effect was lost 
at the higher conce?trations which 
caused less bone resorption. 

The ionophore A23187 did not stimu- 
late bone resorption as rapidly or to as 
great an extent as did PTH (Fig. 2) but 
did decrease thymidine incorporation 
within 12 hours. Thymidine incorpo- 
ration in the presence of PTH decreased 
at 6 hours and increased at 12,24, and 48 
hours; however, these effects were not 
statistically significant. A23187 also de- 
creased amino acid incorporation, but 
significant inhibition was not reached 
until 48 hours (data not shown). His- 
tologic examination of bones cultured for 
48 hours further reflected the difference 
between ionophores and FTH (Fig. 3). 
Control and PTH-treated bones showed 
abundant cellularity in the marrow cavi- 
ty, whereas bones treated with iono- 
phores showed marked loss of all cellular 
elements except for osteoclasts, which 
were increased. As they increased re- 
sorption, PTH, A23187, and Ionomycin 
also decreased the quantity of mineral- 
ized matrix present in the sections. 

These results confirm that calcium 

Fig. 2 (left). Comparison of the effects of PTH (0.04 pA4) and A23187 (0.3 pM) on (A) bone 
resorption and (B) [3Hlthymidine incorporation at various times. In (A), 45Ca release is 
significantly different from control (P  < .01) for PTH (D) at 24 and 48 hours and for A23187 (0) 
only at 48 hours. In (B), [3Hlthymidine incorporation into bone is not significantly altered by 
FTH (0) at any time, whereas with A23187 (0) it is decreased significantly (P  < .01) at 12,24, 
and 48 hours. Values are means + standard error for 12 to 20 determinations. Fig. 3 (right). 

' Histologic sections of bones cultured for 48 hours with (A) control medium, (B) PTH, 0.04 pM, 
(C) A23187, 0.3 pM, and (D) Ionomycin, 1.0 pM. Arrows point to osteoclasts. Scale bar, 100 
Pm. 
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ionophores can increase resorption in 
fetal rat long bones cultured in vitro. We 
believe this resorption, like that pro- 
duced by PTH, is osteoclast mediated, 
since PTH, A23187, and Ionomycin all 
increase formation of multinucleated gi- 
ant cells in bone and increase release of 
p-glucuronidase, an enzyme produced 
by activated osteoclasts (9). However, 
there are important differences between 
the action of calcium ionophores and 
PTH. For example, PTH had small ef- 
fects on thymidine incorporation, where- 
as A23187 and Ionomycin markedly in- 
hibited DNA synthesis. In addition, un- 
like PTH, both ionophores did not stimu- 
late bone resorption at high concentra- 
tions. The ,effects of the ionophores on 
thymidine incorporation are similar to 
those observed by Dietrich and Paddock 
(2) in rat calvaria but differ from the 
effect of A23187 on lymphocyte cultures 
where DNA synthesis is increased (10). 

The effects of high concentrations of 
ionophores on DNA and protein synthe- 
sis in bone could explain the inhibition of 
resorption observed by Dziak and Stern 
(I) and ourselves, as well as the inhibi- 
tory effects found by Ivey et al. (3) in 
mouse calvaria. Alternatively, these in- 
hibitory effects on resorption could be 
due to a toxic action of the ionophores 
on mitochondria1 function or adenosine 
triphosphate production (11). Feldman et 
al. (12) have recently shown that, in 
response to PTH, cultures of newborn 
mouse calvaria incorporate preexisting 
mononuclear precursors into functioning 
osteoclasts. Our results suggest that in 
cultures of fetal rat long bone, function- 
ing osteoclasts can form without DNA 
synthesis and that divalent cation iono- 
phores, like PTH, activate osteoclasts by 
stimulating precursor f ~ s i o n  through an 
effect which is probably mediated by an 
increase in intracellular calcium. The ab- 
sence of any stimulatory effect on re- 
sorption by calcium ionophores in mouse 
calvaria could represent a species or 
tissue-specific difference from the rat 
long bone in the mechanism of osteoclast 
activation, particularly if mouse calvaria 
cultures were more dependent on cell 
replication for measurable osteoclastic 
bone resorption to occur. 

Although our data do not rule out the 
possibility that ionophores cause an ear- 
ly initial stimulation of osteoclast precur- 
sor cell multiplication before inhibiting 
DNA synthesis, we expected that such 
an effect would also stimulate resorption 
in mouse calvaria. Moreover, in lympho- 
cytes the mitogenic response produced 
by A23187 is not seen for 24 to 48 hours 
after treatment (10). It is also possible 
that multiplication of only a selected 
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population of osteoclast precursors is 
necessary for resorption and that these 
cells are resistant to the inhibitory ef- 
fects of calcium ionophores; however, 
this hypothesis seems unlikely because 
A23187 inhibited thymidine incorpora- 
tion within 24 hours but did not produce 
resorption until 48 hours. At this time, 
A23187 at 1.0 pM could still stimulate 
resorption, yet had reduced thymidine 
incorporation below our limit of detec- 
tion. Thus, our results call into question 
the concept that cell replication is impor- 
tant for the stimulation of osteoclastic 
bone resorption by hormones, at least 
for fetal rat long bones. Not only did 
stimulation of resorption occur when 
DNA synthesis was inhibited by iono- 
phores, but PTH had little stimulatory 
effect on thymidine incorporation in this 
system. We have also observed that the 
ability of PTH to stimulate bone resorp- 
tion is not diminished in the presence 
of other inhibitors of DNA synthesis 
(13). 

JOSEPH A. LORENZO 
LAWRENCE G. RAISZ 

Division o j  Endocrinology and 
Metabolism, University of Connecticut 
Health Center, Farmington 06032 

References and Notes 

1. R.  Dziak and P. H. Stern, Biochem. Biophys. 
Res. Commun. 65, 1343 (1975); Calrif. Tissue 
Res. 22, 137 (1976); Endocrinology 97, 1281 
11979 \.- -,. 

2. J. W. D~etrich and D. N. Paddock, Endocrinol- 
ogy 104, 493 (1979). 

3. J. L. Ivey, D. R. Wright, A. H. Tashjian, Jr., J. 
Clin. Invest. 58, 1327 (1976). 

4. T. J .  Hahn et al., Abstracts, 60th Annual Meet- 
ing of the Endocrine Society, Washington, D.C. 
(1978). n. 320. 

5. c.-M.'L~U and T. E. Hermann, J. Biol. Chem. 
253, 5892 (1978). 

6. L.  G. Raisz, J. Clin. Invest. 44, 103 (1965); P. H. 
Stern and L. G. Raisz, in Skeletal Research: An 
Experimental Approach, D. J. Simmons and A. 
S. Kunin. Eds. (Academic Press. New York. 
1979), p. 21. 

7. J. A. Lorenzo and L. G. Raisz, Calcif. Tissue 
In!. 28. 149 (Abstr.) (1979). 

8. A. J. Barrett, in Lysosomes: A Laboratory 
Handbook, J. T. Dingle, Ed. (North-Holland, 
Amsterdam, 1972), p. 46. 

9. G. Vaes, Exerpta Med. Int. Cbngr. Ser. 159, 3 18 
(1978). 

10. W. C.  Greene, C. M. Parker, C. W. Parker, 
Cell. Immunol. 25, 74 (1976); V. C. Maino, N. 
M. Green. M. J. Crumnton. Nature (London) 

11. P. Jensen and H. R. Rasmussen, Biochim. 
Biophys. Acta 468, 146 (1976). 

12. R. S. Feldman, N. S. Krieger, A. H. ~ash j i an ,  
Jr.. Endocrinoloev 107. 1137 (1980). 

13 J .  A. Lorenzo aYnh L. G Ra~sz ,  Clrn Res. 29, 
413 (Abstr ) (1981) 

14. We thank P Sherl~ne and B Kream for helnful 
comments and H. Simmons for technical as&- 
ance. Bovine PTH (1-84) was obtained from the 
NIH Hormone Distribution Prograrn. A23187 
was purchased from Calbiochem-Behnng Corp., 
La Jolla, Calif. Ionomycin was a gift from E. R. 
Squibb & Sons, Inc., Princeton, N.J. Supported 
by NIH grants AM 18063 and AM 07290. 

November 1980; revised 22 January 1981 

DNA Sequence of Two Closely Linked 
Human Leukocyte Interferon Genes 

Abstract. A single recombinant lambda bacteriophage isolated from a human 
genome library contains two closely related human interferon genes of the leukocyte 
or a type. The two genes are separated by 12 kilobase pairs and are oriented in the 
same direction with respect to transcription. Comparisons of the DNA sequences of 
these two genes and interferon complementary DNA clones indicate that the two 
interferon genes lack intervening sequences. 

The human interferon multigene fam- 
ily consists of approximately ten leuko- 
cyte interferon (LeIF, IFN-a) genes (1- 
3) that have approximately 85 to 95 per- 
cent DNA sequence homology in their 
protein coding regions, and at least one 
fibroblast interferon (FIF, IFN-P) gene 
that is only about 50 percent homologous 
with the LeIF genes ( 4 6 ) .  The study of 
related gene families allows comparative 
analysis of nucleotide and amino acid 
sequences, which can help to identify 
features of importance for gene expres- 
sion and protein function and can help 
elucidate modes of evolution of related 
genes. We therefore have determined the 
nucleotide sequence of eight distinct 
LeIF complementary DNA (cDNA) 
clones ( I )  and initiated DNA sequence 
analysis of LeIF genes isolated from a 
library of bacteriophage lambda clones 
containing overlapping fragments of the 

human genome. We now report the DNA 
sequences of two linked LeIF genes. 

The phage X Charon 4A recombinant 
library of the human genome constructed 
by Lawn et al. (7) was screened for 
leukocyte interferon genes (7, 8) with 
a radioactive probe derived from the 
cDNA clone LeIF A (9). Restriction 
endonuclease digestion and hybridiza- 
tion by the blot technique revealed that 
the recombinant designated hHLeIF2 
contains an insert of 19 kilobase pairs 
(kb) of human DNA which, upon diges- 
tion with either of the restriction endo- 
nucleases Eco RI, Xba I ,  or Hind 111, 
produces two fragments that hybridize to 
LeIF cDNA sequences. Subsequent 
analysis revealed two distinct LeIF 
genes in this 19-kb segment of the human 
genome (see below). A map indicating 
the location of the cleavage sites of 
several restriction endonucleases is pre- 

0036-807518110605-1159$00.5010 Copyright O 1981 AAAS 1159 




