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The use of metabolic inhibitors as cancer 
chemotherapeutic agents and as immunosup- 
pressants has been accompanied by cytotoxic 
effects upon replicating normal host cells of 
the hematopoietic and gastrointestinal sys- 
tems (1-3). Previous studies in this labora- 
tory with S-iodo-2’-deoxyuridine (4) have 
demonstrated the perturbation of the cell ki- 
netics of rat spleen and ileal crypt cells as- 
sociated with reduced DNA synthesis. These 
changes have occurred in the absence of ei- 
ther cytoarchitectural organ changes, weight 
loss, diarrhea, anemia or leukopenia. The 
present experiments deal with the effects of 
sublethal doses of nitrogen mustard (HNz), 
methotrexate (MTX) and hydrocortisone 
(HC) upon the cell replication kinetics of 
ileal crypt cells and spleen lymphocytes in 
the 3-week-old male rat. The clinical states, 
the respective organ histology and the hemo- 
grams were also followed. 

Methods. Three-week-old male Wistar rats 
were caged individually and fed Purina check- 
ers ad libitum. Methotrexate, HN2 and HC 
were injected ip once daily for 5 days in the 
following doses: MTX, 0.5 mg/kg body 
weight; HN2, 0.4 mg/kg body weight; and 
HC, 100 mg/kg body weight. Four hours 
after the last dose, tritiated thymidine 
(3HTdR), 1.0 pCi/g body weight, was ad- 
ministered and the animals were sacrificed at 
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frequent intervals thereafter. Autoradiographs 
of spleen and ileum were made using NTB-3 
emulsion and storing the slides in the cold 
for 30 days. They were stained with Dela- 
field’s hematoxylin. Mitotic labeling, inter- 
phase labeling and mitotic index were deter- 
mined. The animals were weighed daily and 
the percentages of body weight change were 
recorded at the end of the experiment. At 
the time of sacrifice complete blood counts 
were done using a Coulter counter, Model S. 
The generation time ( T , )  was determined 
from the mitotic labeling curve by measuring 
the interval between the initiation of labeling 
in successive cycles. The DNA synthesis time 
(DNAS) was estimated as the intewal be- 
tween the ascending and descending limbs of 
the mitotic labeling curves at the 50% inter- 
cepts. Appropriate untreated age controls 
were also studied. 

Results. All of the animals remain free olf 
diarrhea and hemorrhagic phenomena. The 
controls increase their body weights by al- 
most 25%. Those treated with HC have 
weight gains of about 2276 but those which 
received HN2 and MTX show only slight 
increments (Table I). Following HN2 there 
is a sharp decrease in the white blood count 
(WBC) from a control value of 10,4010 to 
3400 cells/mm3. Methotrexate produces a 
significant fall in the red blood count (RBC), 
hemoglobin (Hb) and hematocrit (HCT) , 
Hydrocortisone does not alter the blood sig- 
nificantly. Histologically, the ileum is nor- 
mal after HN2 and HC; MTX produces flat- 
tening of the villi without necrosis. With HC 
there is vacuolization of the hepatwytes and 
loss of stainable RNA (5). After each of the 
drugs there is a reduction in the density of 
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1. Ileum, control. 3HTdR, 1 pCi/g body 
weight. (.) individual rat. (0) mean for the group. 
These symbols are used in all the figures. [Repro- 
duced from Post and Hoffman (17) with the per- 
mission of Academic Press]. 

spleen lymphocytes and a concomitant gnu- 
soidal congestion with erythrocytes. 

The T ,  for ileum in the normal control rat 
is about 9 hr and the DNAS is about 6 hr 
(Fig. 1) (17 ) .  Three complete cycles are 
visualized and there is 100% metaphase la- 
beling in the first cycle. Nitrogen mustard 
causes disruption of the cyclic pattern of 
ileal cell replication so that the T, and DNAS 
cannot be determined (Fig. 2) .  Metaphase 
labeling never reaches loo%, The shaded 
areas in this figure and in the following ones 
represent the patterns of the untreated con- 
trols. Following MTX the changes in the mi- 
totic labeling curve are similar to those after 
HN2 (Fig. 3) .  Hydrocortisone produces a 
lengthening of the T ,  in ileal crypt cells to 
about 11 hr but DNAS is about 7 hr (Fig. 

2. Ileum, after HN,. The 
control. 

shaded background 



446 ANTIMETABOLITES AND CELL REPLICATION 

FIG. 3. Ileum, after MTX. The control rat is the 
shaded portion. 

4).  After the first cycle the curve loses its 
regular wave-like character. 

The spleen lymphocytes of the 3-week-old 
control animal have a generation time of 
about 1 2  hr and the DNAS is about 8 hr 
(Fig. 5 )  (18). Following HN2 the control 
pattern of the mitotic labeling curve is al- 
tered so that the T ,  and the DNAS are not 
measurable (Fig. 6). Methotrexate and HC 
produce similar changes in the mitotic label- 
ing curves (Figs. 7, 8) .  

The interphase labeling rates (LI) and 
the mitotic indices (MI) of spleen and ileal 
cells were measured 2 hr after the injection 
of 3HTdR. The spleen lymphocytes after 
HN2 and after MTX exhibit marked reduc- 
tions in the labeling index from a control 
value of 51.5% to 17.4 and 19.5%, respec- 
tively. Hydrocortisone has little effect on this 

parameter. The M I  after HN2 falls to 0.8% 
from a control value of 2.5%, while after 
MTX the MI is 1.2%. Hydrocortisone pro- 
duces a drop in the M I  to 1.6%. 

Nitrogen mustard has no effect on the LI 
of the ileum but causes a fall in the MI  from 
8.4 to 2.0%. Methotrexate, on the other 
hand, effects a rise in the LI of ileal cells 
from 55.7 to 67.9% with an accompanying 
fall in the MI  to 3.876. After HC the LI  re- 
mains a t  the control levels while the M I  
drops to 5.3% (Table 11). 

HOURS AFTER H'TDR 

FIG. 5. Spleen, control. "TdR, 1 pCi/g body 
weight. (Reproduced from Post and Hoffman (18) 
with the permission of New Engl. J. Med.) 

Discussion. The data show profound alter- 
ations in the cell cycle kinetics of ileal and 
spleen cells after sublethal amounts of HN2, 
MTX and HC. However, the animals remain 
in good physical appearance although their 
weight gains are minimal after HN2 and 
MTX. They do not exhibit signs of diarrhea 
or of hemorrhage, as evidence of damage to 
either the gastrointestinal or the hematopoi- 
etic systems. Each drug affects the hemogram 
differently, yet each one causes remarkably 

TABLE 11. Labeling and Mitotic Indices (%). 

Ileum Spleen 

Interphase Mitotic Interphase Mitotic 
labeling index labeling index 

Control 55.7 8.4 51.5 2.5 
HN, 58.3 2 .o 17.4 0.8 
MTX 67.9 3.8 19.5 1.2 
HC 53.7 5.3 46.2 1.6 

FIG. 4. Ileum, after HC. The shaded background 
is Fig. 1.  
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FIG. 6. Spleen, after HN,. The shaded portion is 
the control rat. 

similar changes in the replication cycle of 
the spleen lymphocyte. Nitrogen mustard 
produces a moderate leukopenia while MTX 
causes anemia. Hydrocortisone has little ef- 
fect on the blood count. All three drugs ap- 
pear to have a greater effect on the spleen, 
inducing loss of lymphocytes and sinusoidal 
congestion along with the changes in cell ki- 
netics. On the other hand, except for the flat- 
tening of the villi observed after MTX, the 
changes in the ileal cell replication occur in 
the absence of significant histological abnor- 
mali t ies. 

Of interest is the fact that although each 
agent has acted as a cytotoxin the mecha- 
nism of action of each of these compounds is 
different. Nitrogen mustard is an alkylating 
agent that accomplishes its cytotoxic action 
by producing crosslinking of the DNA 

FIG. 7 .  Splelen, after MTX. The background is 
Fig. 5 .  

strands and thus interrupting replication of 
the DNA ( 1 ,  6) .  Hampton ( 7 )  has shown 
that in the mouse ileum HN2 (2.5 mg/kg), 
produces arrest of cell replication in DNA 
synthesis (S) or in the postsynthetic state 
(G2) and that i t  also causes ribosomal de- 
pletion and cell loss. Ehrlich ascites tumor 
cells treated with HN2 in vivo are also 
blocked in G2 (8). Wheeler and ce-workers 
(9) using cultured Hep KO. 2 cells indicat- 
ed that in low but toxic doses HN2 does not 
interfere with the progression of cells through 
GI and into S, but does retard their advance- 
ment to mitosis, thus acting as a block in S 
and/or in G2. The data in the present experi- 
ments indicate that DNA synthesis in the 

FIG. 8. Spleen, after HC. The control is the shaded 
portion. 

spleen is reduced and there is a decrease in 
mitosis. In  the ileum however, the unchanged 
LI with a diminished MI suggests that there 
is a block in GB, confirming the conclusions 
of other investigators (7-9). 

Methotrexate blocks DNA synthesis by in- 
hibiting the catalytic action of dihydrofolate 
reductase in the conversion of deoxyuridylic 
acid to thymidylic acid. Therefore, the maxi- 
mum lethal effects of MTX are manifested 
among replicating cells (10, 11). The effects 
of MTX on the coexistent ileal and spleen 
cells of the rat are similar to those of HN2. 
DNA synthesis and mitosis are sharply re- 
duced in the spleen. In the ileum increased 
LI and the falling M I  point to a block in 
G2. 
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Glucosteroids have been reported to alter 
the cell cycle. During regeneration, and dur- 
ing growth HC depresses DNA synthesis in 
the rat liver (5, 12, 13). Hoffman et  al. ( 5 )  
also showed that mitosis and polyploidization 
after CC4 injury are reduced. Inhibition of 
mitosis in the hematopoietic system has also 
been reported for cortisone and prednisolone 
( 14, 15). Kollmorgen and Griffin ( 16) dem- 
onstrated that 6 hr after addition of hydro- 
cortisone the doubling time of HeLa Chessen 
cells changes from 18 to 35 hr. They showed 
that the block is in the postmitotic state 
(GI). When the cells are returned to the 
control medium doubling time reverts to 18 
hr. In the present experimental design there 
are alterations of the mitotic labeling curves 
of the ileal crypt cell and the spleen lympho- 
cyte, more marked in the latter. These 
changes are associated with a smalI reduc- 
tion in the MI, but they do not permit pre- 
cise localization of a cycle block. 

Conclusion. Cell replication is perturbed 
in the rat ileal crypt cells and spleen lym- 
phocytes following 5 days of HN2, MTX or 
HC. At the dosage levels employed HN2 
produces leukopenia, MTX causes anemia 
and HC does not affect the blood count. His- 
tologically there is a loss of spleen lympho- 
cytes following the administration of each of 
the drugs. Methotrexate also causes flatten- 
ing of the intestinal villi without evidence of 
necrosis. 
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