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one of which is chondroitin sulfuric acid (9). 
The absence of activity in cartilage is of fur- 
ther interest because of the recent demonstra- 
tion of the uptake of S36 by epiphyseal car- 
tilage ( 10) and its incorporation into chon- 

9. Soda, T. ,  Die Methoden der Fermentforschung, 
Academic Press, N. Y., 1945, v2, 1695. 

10. Dziewiatkowski, D. D., Benesch, R. E., and 
Benesch, R., J .  Biol. Chem., 1949, ~178, 931. 

droitin sulfate( 11) .  
Szcmmary. Using p-nitrophenyl sulfate as 

substrate no sulfatase activity could be dem- 
onstrated in costal cartilage at varying stages 
of differentiation or in bone providing no red 
blood cells or marrow elements were present. 
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Demonstration of the incorporation of C14 

into individual blood cells was first accom- 
plished by Boyd, et al. (1) who showed by 
means of autoradiograms that the alpha car- 
bon atom of glycine is taken up most rapidly 
by rat lymphocytes. The polymorphonudear 
leukocytes incorporated C14 from glycine less 
rapidly than the lymphocytes and the circulat- 
ing erythrocytes were considerably less avid 
in the utilization of the glycine carbon. The 
most obvious explanation for this difference 
in C14 content of the different cell types at 
2 5  hours after injection appears to be the 
difference in their rate of formation (synthe- 
sis employing the alpha carbon of glycine as 
a precursor) and disappearance from the 
peripheral blood. 

In the light of these results, it appeared of 
interest to study hematopoiesis in leukemic 

*This work was supported by grants from the 
National Cancer Institute and the Biology and 
Medicine Division of the Atomic Energy Com- 
mission. We are indebted to Dr. G. Andrew of 
the Oak Ridge Institute of Nuclear Studies and Dr. 
J. H. Burchenal, Sloan-Kettering Institute for Cancer 
Research, for examination of certain blood smear 
au toradiograms. 
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animals using the autoradiographic technic. 
If we assume that precursors of the various 
types of blood cells and the mature blood cells 
are exposed Ito the same order of concentra- 
tion of a labeled compound, preferential incor- 
poration by neoplastic cells suggests (1) a 
difference in the rate of synthesis (if the 
labeled compound or a degradation product is 
a metabolite) or ( 2 )  qualitative metabolic 
differences between the formed normal or 
neoplastic ceIls. 

As a first approach to the study of hemato- 
poiesis in experimental leukemia utilizing the 
autoradiographic teohnic, C14-labeled sodium 
formate has been employed. Formate has 
been reported to be a precursor of the 2- and 
8carbon atoms of desoxyribose nucleic acid 
(DNA) and ribose nucleic acid (RNA) 
guanine and adenine and the 5-methyl oar- 
bon of DNA thymine(2). Also, formate 
carbon has been shown to appear in the alpha 
carbon of serine and in glycogen(3), in the 
methyl group of methionine, and the methyl 
groups of choline( 4). 
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4. Welch, A. D., and Sakami, W. J., Fed. Plot., 

J .  Am. Chem. Sot., 1951, v73, 1521. 

1950, v9, 245. 



850 FORMATE CARBON INTO LEUKEMIC BLOOD CELLS 

Experimental. Transplanted Ak-4 leu- 
kemia in Akm strain mice has been used in 
the present experiments. In this leukemia the 
number of abnormal forms in the differential 
counts parallels the rise in the total leukocyte 
count (5,6). “The immature cells character- 
istic of Ak-4 leukemia were unlike the lympho- 
cytes of normal mice. The young forms most 
closely resembling prolymphocytes were the 
largest cells observed and were often two or 
three times the size of neutrophils. The shape 
of the prolymphocytes varied from round to 
oval.” With Wright’s stain, the cytoplasm 
ranged from grey-blue to a darker intense blue 
and was usually coarse, uneven, and vacuo- 
lated. The appearance of the chromatin 
varied, sometimes slightly clumped, more 
typically very clumped and pyknotic ( 5) .  
Burchenal(5) further observed in the ad- 
vance stages of this disease an occasional 
elevation of mature polymorphonuclear cells. 
However, because of the staining reactions, 
general morphology, and complete lack of 
intermediate myeloid forms, the lterm “pro- 
lymphocyte” was believed most applicable to 
these leukemic cells. 

In  our first experiments, 4 leukemic mice 
of about 2 to 3 months of age were injected 
intraperitoneally with 4.0 pc each of 
HC1*OONa. These mice were in the sixth 
day of the disease (transplanted Ak-4 
leukemia) and had total leukocyte counts of 
the order of 100,000. Blood was taken di- 
rectly from the heart of injected mice at 6 
hours and the packed cells were washed twice 
with inactive heparinized mouse plasma. This 
washing was necessary to remove active sera 
whiclh would cause confusing background in 
the final autoradiogram. The cells were then 
diluted with inactive mouse plasma (5: l )  
prior to making smears in a darkroom. Smears 
were made directly on Eastman NTB plates, 
emulsion thickness 10 p, air dried, and exposed 
for 6 weeks( 1). After exposure, the cells were 
fixed with methyl alcohol land the NTB plates 
were developed 2 or 20 minutes (the latter 

5 .  Burchenal, J. H., Biedler, J. L., Nutting, J., and 

6 .  Skipper, H. E., Riser, W. H., JT., and Nolan, 
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to bring out beta tracks) in full strength 
D-19 at  20OC. The plates were then cleared 
in 10% sodium thiosulfate and the cells 
stained with Wright’s stain. 

In  this first study, the autoradiograms which 
resulted from injection of 4.0 pc per mouse 
were faint even after 6 weeks’ exposure. These 
autoradiograms were examined by an arbitrary 
technic which entailed counting silver grains 
immediately surrounding the individual cells 
and comparing with the background. An 
eyepiece reticle which divided a given field at 
970X into 10 1.1 squares was placed in the 
microscope. Then, centering a given cell a t  the 
intersection of a +square area, the silver 
grains in the 4 squares ( 2 0  p x 20 p )  were 
counted while focusing up and down in order 
to observe grains in different planes. The 
background was counted in 26 different fields 
where there were no cells and the average 
number of grains per mm2 determined. This 
average was subtracted from the values ob- 
tained around the cells examined giving a net 
count in the area immediately around the 
respective cells. The difference between back- 
ground and prolymphocyte grain counts was 
statistically significant, (Table I). These 
counts showed the prolymphocytes to have on 
an average about 7 times as many silver grains 
(net particles per mmz) in the area im- 
mediately around the cell as did the small 
lymphocytes. The small lymphocytes and 
polymorphonuclears had grain counts slightly 
but not significantly above background. 

In a second series of experiments, mice with 
advanced Ak-4 leukemia were injected I.P. 
with 100 microcuries each of CI4-formate and 
blood smears made at  one hour. After vary- 
ing periods of exposure, the NTB plates were 
developed, stained, and examined. With this 
level of carbon 14, the autoradiograms were 
so pronounced at one week after development 
that i t  was relatively simple to classify cells 
as grossly positive or negative with regards 
to their radioactivity. In  NTB plates exposed 
for a period greater than 2 weeks, there were 
so many silver grains associated with the 
cells that they interfered with the morpho- 
logic classification. In  view of this, it wits 
decided to use cell diameter in addition to 
morphology in classification. The polymor- 
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TABLE I. Grain Crounta Immediately Around B l d  Celk from a Mouse Injected with 
HC14OONa (4 p c )  . 

Avg net 
Xo. of fields Avg count count 

counted Range of counts per mm2 U per mm2” 

Background 26 2,500-27,400 13,400 5,000 
Prdymphs 12 24,900-90,000 48,000 15,500 +35,400 
L P P b  17 2,7OO-2,0,6OO 18,800 7,000 +5,400 
Pdys 13 5,40-31,400 19,000 8,300 + 5,600 
Erythrocytes 12 2,70 0-18,400 11,600 4,000 -1,800 

* Average net munt per mm2 = average counta--backgr,ound. 

TABLE 11. Per Cent Positive Blood Cell Autoradiogram9 Observed in Mice with Advanced Ak-4 Leu- 

r% posritive autoradiogram- 

kenlia at One Hour after Injection of CI4-Formate (100 p c ) .  

(-Diff ercntial count-, 

2 1 Blood 45,000 20 18 11 51 0 89 36 2 
2 14 13 9 53” 0 100 50 5” 
3 18 20 10 52 0 94 50 1 
4 19 21 10 52 0 90 35 2 
3 - - - - 0 82 78 6 

3 l a n d 4  B l o d  64,000 16.5 19 14 78 0 82 78 6 
- 

* T’his value included 10 “unidentified)2 negative wells in the range of 6-9 1.1 diamekr. 
Note: All observations are on randm fielde and include G o u t s  of 100 cell6 or more. The classifi- 

cation “ ‘large’ lymph" includes lymphoid cells of 10-22 ,U (difficult to classify mrpholo@cally be- 
cause of the presence of silver grain6 in the nuclear track emulsion). A large percentage of these cells 
are believed to be leukemic. 

phonuclear cells were easily classified since 
they gave uniformly negative autoradiograms. 
Non-radioactive leukemic blood smears on 
NTB plates carried through the development 
and staining procedure showed that normal 
lymphocytes ranged from about 6 to 9 p in 
diameter. Prolymphocytes (leukemic cells) 
ranged in size from about 10-18 p in diameter. 
There were a small percentage of cells in the 
lymphocytic series which were intermediate in 
size ( 10-12 p )  and which could not be un- 
equivocally classified as normal large lympho- 
cytes or leukemic cells. It was therefore con? 
sidered most practical for $this initial work to 
report these autoradiograms on the following 
basis: 

Polporphonuclears - Identifiable by morphology 
Lymphocytes - 6-9 p diameter 
‘Large’lymphocytes - 10-12 p ’’ 
Prolymcphcytm - 12-169 ” 

I t  is believed that on the basis of the morph- 
ology of these “large” lymphocytes, a goodly 
percentage may be leukemic cells. In  any 

Tme Criterion 

event, under this classification, little oppor- 
tunity prevails for mistaking the prolympho- 
cytes (leukemic cells) and the normal lympho- 
cytes. 

Five observers have now studied a large 
number of autoradiograms of leukemic mouse 
blood taken at one hour after I.P. injection 
of 100 pc of HC1400Na. The agreement on 
the per cent of active cells of various types 
has been good. The results of these observa- 
tions are given in T,able 11. Seven additional 
smears on NTB emulsion made from blood 
taken from mouse No. 2 were examined by two 
different observers as were duplicate smears 
from four additional leukemic mice. The 
additional results obtained were in good agree- 
ment with tho& reported in Table 11. These 
autoradiograms were progressively darker 
with increased exposure and on 20-minute 
development in full strength D-19, beta tracks 
were in evidence. Typical autoradiograms are 
shown in Fig. 1 and 2. 

The possibility of ohemical fogging in these 
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FIG. 1. A positive autor,adiogram of a leukemic prulymphocy-te &owing the peripheral concen- 
tration of silver grains obliterating the outline of the cell. Blood taken from u leukemic mouse 

1 hr after injection of 100 pc of C14-formate. 

studies has received considerable attention. 
In  no instance have we observed chemical 
fogging in control smears, from normal or 
leukemic mice, made in the same manner and 
exposed and developed under the same con- 
ditions. To date 65 control smears have been 
made on blood from 18 leukemic mice and 49 
control smears have been made on blood from 
11 normal mice. 
Discussion. From the results obtained, it 

appears that at one hour after injection of 
C14-formate into mice with Ak-4 leukemia 
most (approximately 90%) of the prolympho- 
cytes (leukemic cells) contain considerable 
amounts of the active atom, while the more 
mature cells are relatively inactive. A small 
percentage of 'the cells classed as normal 

lymphocytes were active though generally 
much less so than the prolymphocytes. In no 
instance in these one-hour experiments have 
we seen positive polymorphonuclear leuko- 
cytes, erythrocytes, or thrombocytes. These 
observations could be explained on the basis 
of the very rapid mitotic division and accom- 
panying synthetic activity which must be ex- 
istent in .the leukemic hematopoietic tissue. 
Such an assumption would require the accom- 
panying conclusion that there has been an 
almost complete turnover of leukemic cells 
within the period of these experimen.ts while 
very few normal lymphocytes, polymorphs, or 
erythrocytes have been produced. A second 
and perhaps more reasonable conclusion which 
might be drawn from these data is the exist- 
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JUG. 8. A positive autoradiogram of a leukemic prolymphocyte and a negative polymorphonu- 
clear leukocyte. Negative erythrocytes appear as shadows in the background. Blood from 0 

leukemic mouse 1 hr  after injection of 100 pc of Ol4-fomate. 

ence of a profoundly different rate of forinate 
metabolism in formed leukemic and normal 
cells. 

Any attempt to explain the present data on 
a biochemical level must take into considera- 
tion the level and activity of citrovorum factor 
coenzyme (thought to be involved in formate 
transfer) in normal and leukemic cells. Bethel1 
( 7 )  has observed that leukemic cells are con- 
siderably higher in citrovorum factor than are 
normal white blood cells. I n  view of the fact 
that: (a) formate is a precursor of nucleic 
acid moieties(2) and carbon atoms of certain 

7. Bethell, F. H., Reported at  the Second Folic 
Acid Antagonist Conference, Children’s Cancer Re- 
search Foundation, Boston, Massachusetts, March 
11, 1951. 

amino acids ( 3  ) and other important biochemi- 
cals( 3,4), (b) folic acid antagonists inhibit the 
conversion of folic acid to citrovorum factor 
(8) ; cause the build-up of 4-amino-5-car- 
boxamido-imidazole in bacteria (9) ; and in- 
hibit incorporation of formate into nucleic 
acids ( lo), (c) folic acid deficiencies inhibit 
incorporation of formate into proteins( I I ) ,  
(d) folic acid inhibitors preferentially affect 

~ ~~ ~~ 
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production of leukemic cells ( 5,6)  and increase 
the life span of leukemic mice ( 12,13 ) , (e) the 
anti-leukemic action of folic acid antagonists 
may be reversed by folic acid or citrovorum 
factor ( 14,15) , and partially reversed by DNA 
or B12( 16,17), certain possibilities pertinent to 
the present discussion would seem to exist. 
Certainly the present data indicate that leu- 
kemic cells are geared to a more active for- 
mate metabolism than are normal white blood 
cells. Since inhibition of formate metabolism 

12. Burchenal, J .  H., Burchenal, J. R., Kushida, 
M. K., Johnston, S. F., and Williams, B.  S., Cancer, 
1949, v2, 113. 

13. Skipper, H. E., Edwards, P. C., Bryan, C. E., 
Chapman, J .  B., Bell, M., and Hutchison, 0. S., 
Cancer, 19.50, v3, 348. 
14. Burchenal, J .  H., Kushida, M. S., Johnston, 

S. F., and Cremer, M. A., PROC. SOC. EXP. BIOL. 

15. Burchenal, J .  H., Babcock, G. M., Broquist, 
H. P., and Jukes, T. H., PROC. SOC. EXP. BIOL. AND 

MED., 1949, vil, 381. 
16. Skipper, H. E., Chapman, J .  B., and Bell, M , 

Cancer Research, 1951, vll, 161. 
17. Skipper. H. E., Bell, M.. and Chapman, J .  B., 
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via the citrovorum factor coenzyme preferen- 
tially inhibits proliferation of leukemic cells, 
i t  might be suggested that these malignant 
cells are utilizing their supplies of this coen- 
zyme to capacity while normal blood elements 
possess a marginal reserve of this formylating 
system. If this were true, folic acid antago- 
nists might provide specific anti-leukemic 
action in v im even though the antagonist 
concentration in the malignant and normal cell 
was of the same order because of differential 
demands on the formylating system. 

Further studies are under way in an attempt 
to determine the significance of this difference 
in formate incorporation by normal and 
leukemic cells. 

Summary. At one hour after injection of 
100 pc of C14-formate into mice with advanced 
Ak-4 leukemia, it has been shown by means 
of blood smear autoradiograms that about 
90% of the leukemic cells are highly active as 
compared to about 5% of the more mature 
lymphoid elements. No active polymorphonu- 
clears, erythrocytes, or thrombocytes were ob- 
served within one hour. 
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The chloride ion has been considered to be 
confined for the most part to the extracellular 
fluid. It has been accepted, nevertheless, that 
the chloride ion penetrates certain cell walls, 
in particular the wall of the erythrocyte, the 
gastric mucosa, the small intestine, the colon 
mucosa, the liver cell to be excreted in the 
bile, the cells of sweat and salivary glands, 
and of the kidney tubule. Precisely how 
much of the chloride is included in the intra- 
cellular water has not been appreciated until 
i t  was shown recently that inulin was distrib- 

*This investigation was supported in part by re- 
search grants from the National Institutes of Health, 
Public Health Service, and the Public Health Re- 
search Institute of the City of New York. 

uted through a volume of fluid which more 
closely approximated the anatomical extracel- 
Mar  volume than did the larger “chloride 
space”(1). When the volume of fluid in 
which inulin is distributed is taken to be the 
measure of extracellular fluid, the difference 
then between the chloride contained in this 
body of fluid and the total chloride in the 
body ‘represents intracellular chloride. 

Bromide is distributed in tissues in much 
the same manner as chloride(2-4) and has, 

1. Berger, E. Y., Dunning, M. F., Steele, J .  M., 
Jackenthal, R., and BTodie, B.  B., Am. J .  Physiol., 
1950, v162, 318. 

2. Nencki, M., and schoumow-Simanowsky, E. 
O., Arch. f .  Exp. Path. itnd Pharm., 1894, v34, 313. 


