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presents little obstruction to passage of fluor- 
ine from maternal to fetal circulation. The 
fact that concentrations of fluolrine in ma- 
ternal and cord blood are almost the same 
was considered by Held ( 2 )  to imply that the 
placenta passively permits fluorine transfer 
to the fetus. Our finding that fluorine con- 
centration in the placenta is higher than in 
either maternal or cord bloiod suggests, how- 
ever, that the placenta plays a more active 
role. 

Summary. Samples of the blood from 
pregnant women shortly before delivery, pla- 
centas at  full term and cord blood, were ana- 
lyzed for fluorine. All subjects drank from 
the same water source which contained about 
0.55 ppm fluolrine. The results suggest that 
the placenta plays an active role in accumu- 
lation of fluorine and its transfer to the fetus. 

We are indebted to Miss Pearl Weiskopf for sta- 
tistical analysis and to Natan Portuguese for tech- 
nical assistance. 
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This is the third of a series of publications 
from this Department on the physiological 
role of carbon dioxide in multiplying human 
cells in vitro. The following are solme of the 
justifications for carrying out such studies : 
a) while many compounds are known to have 
arisen through C 0 2  fixation in the hetero- 
trophic organisms, the physiological signifi- 
cance of many such reactions remains ob- 
scure; b) the importance of C 0 2  in the proc- 
ess of differentiation has been reported( 1) ; 
c) there are speculations that C02 may act 
as a physiological regulator of cell multipli- 
cation(2), and d)  very few reports are based 
on study with intact human cells. 

* Supported by research grants of U.S.P.H.S. 

Our first report described C02 as an essen- 
tial for propagation of human cells in vitro 
(3).  A subsequent paper demonstrated the 
role of C02  in RNA and protein synthesis as 
shown by virus formation in human cell cul- 
ture (4). The present report describes the 
fixation of C1400a by human cells and recov- 
ery of most of the fixed C14 in the nucleic 
acids and their derivatives. Under the de- 
scribed experimental conditions, the synthe- 
ses of nucleic and oxaloacetic acids are the 
only demonstrable essential COn fixation re- 
actioas of these human cells. 

Materials and method. Nutrient media. 
The tris (hydroxymethyl) aminomethane buf- 
fered medium was used exclusively, unless 
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otherwise specified. in all experiments. This 
medium consisted of 1 0.F dialyzed equine 
serum in Eagle's basal medium(5) with cer- 
tain modifications ( 4 ) .  So bicarbonate was 
added and any absorbed C 0 2  was minimized 
by exposing the medium to an alkaline trap 
for a t  least 24 hours before each experiment. 

Nzrinan cell cziltures. The HeLa ( 6 )  and 
the conjunctival cells ( 7 ) derived respectively 
from malignant and normal human tissues 
were used. Stock cultures were p rq~aga ted  
and checked a t  regular intervals for possible 
contamination by the pleuropneumonia-li ke 
organism as described previously ( 8 ) . 

In all experiments, 
the cells were grown directly on glass surface 
of culture tubes (18 >( 150 mm) containing 
1 ml of nutrient medium and tightly closed 
with rubber stoppers. The culture was in- 
cubated a t  36 c' on a roller drum of about 1 2  
revolutions per hour. The gentle agitation 
of nutrient medium in a closed system pre- 
sumably facilitated the equilibration of nie- 
tabolites. 

Incorporution of C' substrates.  Twenty- 
four or 48 hours after addition of P4 labelled 
substrates, 2 of a series of replicate cultures 
were selected a t  random for cell enumeration. 
The  remaining cultures were rinsed twice 
with about 20 nil of 0.85.F SaC'1. The cells 
were then dissolved in 0.85% S a C l  contain- 
ing 0.027h sodium lauryl sulphate. Cell so- 
lutions from 5 to 10 cultures were pooled and 
then fractionated by the method of Schmidt- 

Cell culture utethod. 

'I'hannhaiiser-Schneider ( 10). 1;raction 1 
(acid solubles), 2 (lipids), 3 (RNA),  4 
(DNA) and 5 (proteins) were obtained. CL4 
activities of these fractions were determined. 
I t  should be emphasized that any bicarbo- 
nate-C14 present in fraction 1 is presumably 
expelled as CO? during the processing of this 
fraction for counting. I n  certain experiments 
the C" activities of the purines and pyrimi- 
dines were determined following hydrolysis 
of whole cells with 7 N perchloric acid( 11) 
and chromatographic separation using isopro- 
panol-HU as solvent ( 12 ) . 

CO,  depletion technic.  This was accom- 
plished through use of an  alkaline trap in- 
stalled in the gaseous phase of the culture 
sys tem ( 3 ) . 

Resu l t s .  C " 0 ,  fixation in to  cell fractions.  
'The results of 5 representative experiments 
are presented in Table I; more than 90% of 

activity resided in the acid soluble and 
nucleic acid fractions. Such results were con- 
sistently observed in 10 experiments, al- 
though there were considerable quantitative 
variations from experiment to experiment. 
No consistent difference between conjunctival 
and HeLa cells nourished in serum of equine 
or human origin have been observed. 

C'b activities of purines and pyrimidines .  
Following hydrolysis and chromatographic 
separation of the purines and pyrimidines of 
cells grown in NaHCI W3 containing-medium 
for 48 hours, CI4 activity was regularly de- 
tected in spots formed by guanine, adenine, 

TAETlE I. Fixa tioii of CI4O, iiito Various Fractioiis of Conjunctival a i d  HeLa Cells. 

C" :ictjvitics$ in  t h e  following fractions Duratioii of 11 ulti1ilic;itioii 
Esp." ex]'. (111.)  i i i t l r s  t 1 2 3  4 5 

1 "4 1.52/ 96, 193/ 06 151, LB5Q 64, 16 l630,1lci0 126,130 

3 "4 32"/1(i5, 3:12/1c;r; 370,  330 0, 0 887, 429 28'1,156 
4 24 11 2/81 Id 322 

) 24 1 1 ,5/7fi 1 :;?!I 14 335 132 102 
48 1 ( i2/7t i  S 7 ; ;  13 300 253 105 

2 24 2?3/180, 292/180 280,231 0, 0 410, 340 114,165 

191 123  
48 187/8 1 L'(i 560 27Ci '7s 

r <> 

+ The (wiijiiiictival cells wrrc iisetl i n  Esp. 1, 2, 4; Rclla in  E h y .  3, 5. Fivc pcLc ( 5  pnioles) of 
NaHC"O,/lO in1 media was used i n  all esperinients. In Exp. 4 and 5,  iiutrieiil media were niodi- 
ficd by use of doixblc coiicriitratioris of amino acids and inclusioii of non-essential amino acids 
a t  0.2 mM. 

t T)rnoniinator and iiunicrator reprcscntcd No. of cells, in thousands, per culture a t  0 and 24 
lir (or  0 and 48 hr) resprctirely. 

$ Expressed as  counts/min./million cells ; ;Lr:Ltjoii ilito R S A  aiicl DNA iiot attempted in 
Xsp .  I, 2, and 3. 

Q R,esiilts of replicate scts of cultures. 
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TABLE 11. Miiltiplicatioii of C0,-Depleted Cells in Presence of Iiitcnniecliate Metabolites. 
~~ 

Exp. 1 Exp. 2 Exp. 3 
Cell iiiullber, t in thousands, pen vulture on day 

Metabolites added" 7 14 7 14 7 14 

None 65, 7 7 :  19) 18 31, 29 0, 0 17)  26 0, 0 
Ricarboiiatc 649,643 555,550 225,247 217, 184 394, 278 452,732 

Oxaloacetate 80, 95 21, 16 72, 78 8, 7 63, 40 5, 7 
Ribosides 314,297 101,104 217,235 250,232 73, 78 14, 18 

Ribosides, oxaloncctatc 851, 745 702,850 488,405 525 194,365 170,398 

* Bicarboiiate-5 mM, no alkaline trap ; ribositles-:iilenosiiic guil11Osille, uridine and cyti 
dine a~ 10 pg/nil, aiid oxaloacetate at 5 mhl. 

t Zero day counts were 61, 42, a i d  30 i11 Exp. 1, 2 and 3 reuprctively. 
$ R8esults of rep1ic:ite culture. 

cytosine, uracil and thymine. Total activity 
of the purines was somewhat higher than the 
pyrimidines. For example, CI4 activity, ex- 
pressed as cpm per million cells as 1665, 1143 
and 669 for cell hydrolysate, the purines and 
the pyrimidines respectively in one experi- 
ment. In  a second experiment, they were 
1450, 799 and 584. 

CO, substitution study. Since the preced- 
ing data suggested that most olf the CO2 was 
utilized for synthesis of the purines and pyri- 
midines, experiments were designed to deter- 
mine if these bases were effective substitutes 
for CO, in supporting cell multiplication. A 
combination of adenine, guanine, cytosine 
and uracil (with or without thymine) a t  con- 
centration of 0.1-10 pug per ml media was 
found ineffective as CO2 substitute. Adeno- 
sine, guanosine, cytidine and uridine a t  simi- 
lar concentrations were partially effective ; 
evidence of partial degeneratioln was invari- 
ably present in all experiments. If oxaloace- 
tate was added, in addition, cell multiplica- 
tion occurred a t  a rate a t  least equal to that 
in the presence of C02. Oxaloacetate, with- 
out the ribosides, was ineffective. Malate, 
with or without the ribosides, was also inef- 
fective. Results of 3 representative experi- 
ments are presented in Table 11. Occasion- 
ally, the accumulation of acid metabolites oc- 
curred at such rapid rate that great difficulty 
was encountered in maintaining the p H  of 
the media a t  7.2-7.8. Such difficulty may be 
readily remedied by replacing glucose in the 
nutrient medium with galactose. Experiment 
1 was performed with the glucose medium, 
and 2 and 3 ,  the galactose medium. The fol- 
lowing metabolites were ineffective substi- 

tutes for CO, in supporting the multiplica- 
tion of the conjunctival cells: 1) the deoxy- 
ribosides at 19 pg per ml; 2 )  glycine, serine, 
alanine, aspartic acid, asparagine and glu- 
tamic acid a t  0.2 m M ;  3) oleic acid a t  10 pg 
per ml; 4 )  creatine a t  0.1 mM;  5 )  uridine a t  
10 pg per ml, or 6) adenosine at 10 pg per ml. 

Discussion. Our present study of the sig- 
nificance of C 0 2  fixation may be compared 
with similar studies of the bacteria, particu- 
larly those of Wilson and his associates ( 13, 
14, 15), Griffin and Racker( 16) and Tuttle 
and Scherp ( 17) .  When Brucella abortus 
were grown in the presence of ClfO2, most 
of the activity was found associated with gly- 
cine and other amino acids. Only 6% of 
C1402 fixed was recovered in the nucleic acids 
of the Brucella and almost all this activity 
was found in the pyrimidines. No substitutes 
capable of replacing COr have yet been 
found for Brurella. With Neisseria menin- 
gitis, no substitute far COr has been found, 
although a combination of guanine, uracil, 
cytosine, casein hydrolysate and the B vita- 
mins was partially effective. In  the case of 
Neisseria gonwrheae, again only a partial 
substitute for C02  may be found in a combi- 
nation of hypoxanthine, uracil and oxalo- 
acetate. Our results with human cells dif- 
fered significantly in that most of the C W 2  
fixed by the cells was recovered in the nucleic 
acids and their purine and pyrimidine deriva- 
tives, and that a combination of the ribosides 
and oxaloacetate was found completely eff ec- 
tive as a substitute for CO, in supporting cell 
growth. These findings are in general agree- 
ment with Geyer and Niemark who showed 
that cell extract was an effective substitute 
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for C 0 2 ( 9 ) ;  their results suggested a re- 
lationship between C 0 2  and biosynthesis in 
these cells. Of interest was a recent abstract 
reporting on recovery of C'I4 activity in the 
purines, pyrimidines and certain amino acids 
of mouse cells grown in presence of C1402 
( 2 2 )  * 

The completeness of CO, depletion in our 
experiments may be questioned. Since our 
previous report (3) showed that C02-depleted 
cells continued to oxidize glucose- 1 -Cli to 
C1302, a very low level of C 0 2  must still be 
present. That  different levels of CO. deple- 
tion may give rise to different results is 
shown by the several reports using various 
methods of depletion. For instance, Eagle, 
replacing the bicarbonate component of his 
nutrient medium by tris found that a massi1Te 
culture multiplied adequately in a closed 
system( 18).  Swim and Parker found condi- 
tions described by Eagle inadequate if an 
open tissue culture system was used (19)  : 
presumably, endogenous C 0 2  cannot accuniu- 
late. Gwatkin and Siminovitch( 20), work- 
ing with small cell populations in an open 
system, found osalcacetate an adequate sub- 
stitute for CO?. By use of an alkaline trap 
in a closed system, a method first used by 
Harris for chick tissue ( 2  1 ), the ribosides and 
oxaloacetate were both essential. If a prac- 
tical method for further depletion of C 0 2  is 
available. it  should not be too surprising if 
some other metabolites may also be found 
essential. 

The  syntheses oi the purines, pyrimidines 
and oxaloacetate from COa are some of the 
many well established COz fixation reactions 
in lower forms of life. Our data are signifi- 
cant, not in demonstration of the existence 
of similar reactions in human cells, but more 
in the following findings: 1) these COa fixa- 
tion reactions are essential for survival and 
multiplication of human cells; 2 )  among a 
large number of COs fixation reactions. the 
syntheses of the purines, pyrimidines and ox- 
aloacetate are the only ones demonstrated 
essential, and 3 )  synthesis of the nucleic 
acid precursors is quantitatively the most sig- 
nificant C 0 2  fixation reaction. 

Summary. Over 90% of CI4 fixed by 
HeLa or conjunctival cells growing in a tris- 

buffered nutrient medium containing 5 micro- 
curies of NaHC1403 per 10 ml was recovered 
in the acid soluble and nucleic acid fractions. 
Most of this activity was found associated 
with the purines and the pyrimidines of sue% 
cells. The  ribonucleosides were partially ef- 
fective as a substitute for C 0 2  in supporting 
cell multiplication. A combination of ribo- 
sides and oxaloacetate provided conditions as 
good as or better than COz for multiplication 
of Cop-depleted conjunctival cells. It may 
be concluded that, under the described ex- 
perimental conditions, the chief functions of 
C02  in human cells are to prolvide specific 
precursors for syntheses of the purines, the 
pyrimidines and oxaloacetate. 
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