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SUMMARY

N-Isopropyl-a- (2-methylhydrazino) -p-toluamide inhibited the incorporation of thymi-

dine-3H, deoxycytidine-3H, formate-14C, adenine-8-14C, and 4-amino-5-imidazolecarbox-

amide-2-14C into DNA, and the utilization of orotic acid-6-14C and leucine-1-14C for the
synthesis of RNA and protein, respectively, in L5178Y lymphoma cells. The site of the

drug-induced blockade of the formation of DNA did not appear to reside at the level of
thymidine kinase (ATP:thymidine 5’-phosphotransferase, EC 2.7.1.21), thymidine mono-

phosphate kinase (ATP: thymidine monophosphate phosphotransferase, EC 2.7.4.9), or
DNA nucleotidyltransferase (deoxynucleosidetriphosphate: DNA deoxynucleotidyltrans-

ferase, EC 2.7.7.7). Furthermore, treatment of cells with N-isopropyl-a- (2-methylhydra-
zino) -p-toluamide did not influence the rate of loss of thymine-3H from prelabeled DNA.
Possible metabolic alterations which might explain the observed results are discussed.
The inhibitions of the syntheses of nucleic acids and proteins that were measured were

followed by a period during which most of the cell death occurred; this period corre-
sponded with the development of a metabolic imbalance that was characterized by an

accumulation of RNA and protein and an increase in cell volume.

INTRODUCTION

Certain derivatives of methylhydrazine
have shown considerable antineoplastic ac-
tivity both in transplanted rodent neo-
plasms (1-4) and in the treatment of
Hodgkin’s disease in man (5, 6). The bio-
chemical basis for this growth-inhibitory
activity is unknown, although the findings

of Rutishauser and Bollag (7) that 1-
methyl-2-benzylhydrazine phosphate mark-

edly prolongs the duration of the inter-
phase in Ehrlich ascites carcinoma cells,
and that this phenomenon is accompanied
by chromatid breaks, which occur appar-
ently either during or after the synthesis of
DNA, suggest that nucleic acid metabolism
is involved. This possibility gains support
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from the observation that several cytotoxic
derivatives of methylhydrazine possess the
ability to degrade DNA in vitro; the mech-

anism of this degradation appears to in-
volve the autoxidation of the methyihy-

drazine derivative to hydrogen peroxide
(8). That such autoxidation can occur in
intact cells is consistent with the observa-

tions of several laboratories engaged in the
study of the metabolism of N-isopropyl-a-
(2-methylhydrazino) -p-toluamide (MIII)

in rodents (3, 9, 10).

On the basis of results in vitro, however.
Weitzel et al. (11) suggest that cytostatic
methylhydrazine derivatives may liberate
in vivo, in addition to hydrogen peroxide,

formaldehyde, azomethine, and N-h y-
droxylmethyl derivatives; thus, growth-in-
hibitory effects conceivably could result
from both oxidation and alkylation of cellu-
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lar constituents. That N-demethylation of

this class of compounds does indeed occur
in vivo was shown independently by Kreis

and Yen (12) and by Baggiolini et al. (13);

the metabolic form of the drug that is
demethylated to yield the one-carbon frag-
ment has not been identified.

The present study was designed both to
elucidate some of the metabolic effects pro-

duced by the cytotoxic methylhydrazine

derivative MIII and to determine the role
of such biochemical alterations in the proc-
ess of drug-induced cell death.

MATERIALS AND METHODS

L5178Y ascites cells were grown in adult

male C57BL X DBA F1 mice (Cumber-
land View Farms, Cumberland, Tennessee)

weighing 20-25 g. Transplantation was
carried out by collecting ascites fluid from
donor mice bearing a 7-day growth of
lymphoma L5178Y; the fluid was centri-

fuged for 2 mm in a clinical centrifuge
(1600 g), supernatant peritoneal fluid was

decanted, a 10-fold dilution with isotonic

saline � made, and 0.1 ml (approxi-
mately 1.2 X 106 cells) of the cell suspen-
sion was inoculated intraperitoneally into
each animal. MIII was dissolved in iso-
tonic saline just prior to use, and was in-

.iected intraperitoneally into mice bearing
5-6-day implants of the neoplastic cells.
The toxicity of MIII to L5178Y cells was
evaluated by injecting mice bearing 5-day
implants of lymphomatous cells with a sin-
gle intraperitoneal dose of MIII. Cells were
removed quantitatively fi’om the peritoneal
cavities at selected intervals after exposure

to the drug and the numbers were deter-

mined with a Coulter model A particle
counter.

The average cellular content of DNA and
RNA was determined by pentose analyses
(14), using deoxyadenosine and adenosine,

respectively, as the standards. The protein
content of the residue after extraction of
nucleic acids was determined by the biuret
reaction (15) with crystalline bovine serum
albumin serving as the standard. The aver-

age volume of the cells was estimated in
hematocrit tubes by measuring the volume
occupied by a known number of cells.

Drug-induced metabolic effects were

measured by administering a single intra-
peritoneal dose of MIII to mice bearing 6-

day growths of L5178Y ascites cells. At se-

lected time intervals thereafter, either 200
�sg of thymidine-3II (6.6 X 10’ cpm4sg),
100 j�g of orotic acid-6-14C hydrate (1.6 X
l0� cpm/1sg), 125 �g of DL-leuCine-l-14C

(1.7 X 1Q� cpm/p.g), 660 j�g of deoxycyti-

dine-3H (1.1 X 10� cpm/�g), 90 �ag of
formate-14C (11.8 X 10� cpm/j.sg), 50 �ug of
adenine-8-14C (2.7 X 10� cpm/p.g), or 90
/Lg of 4-amino-5-imidazolecarboxamide-2-
14C (1.5 X 10� cpm/1.tg) were administered
by intraperitoneal injection to each mouse

and were allowed 1 hr for metabolic utili-
zation. Sodium nucleates were isolated by

the method of Tyner et al. (16). In experi-
ments involving the incorporation of thymi-
dine, orotic acid, deoxycytidine, and
forniate into nucleic acids, the sodium
nucleates were hydrolyzed with 70% per-
chloric acid for 1.5 hr (17), desalted on

charcoal columns and the desired purine
and pyrimidine components of the nucleic
acids were purified and analyzed as de-
scribed by Danneberg et al. (18). When

adenine and 4-amino-5-imidazolecarbox-
amide were employed as the isotopic sub-
strates, the sodium nucleates were hy-

drolyzed with 0.4 N KOIl at 37#{176}for 1 hr
to separate the RNA from DNA. The DNA
was precipitated subsequently by acidifica-
tion and isolated by centrifugation. Purines
were liberated by hydrolyzing with 10%
trichioroacetic acid for 0.5 hr at 90#{176},and
were purified and analyzed as described
previously (19, 20), except that radioac-
tivity was measured in a Packard Tri-Carb
liquid scintillation spectrometer. After ex-
posure of the cells to leucine-14C, residual
protein was isolated and analyzed as pre-

viously descril)ed (21).
Enzyme extracts were prepared and the

activities of thymidine kinase (ATP:
thymidine 5’-phosphotransferase, EC
2.7.1.21), thymidine monophosphate kinase
(ATP: thymidine monophosphate phospho-

transferase, EC 2.7.4.9), and thymidine
monophosphate nucleotidase (5’-ribonucleo-

tide phosphohydrolase, EC 3.1.3.5) were as-

sessed by methods previously described
(22). The activity of DNA nucleotidyl-

transferase (deoxynucleosidetriphosphate:
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DNA deoxynucleotidyltransferase, EC
2.7.7.7) was assayed by the method of

Mantsavinos and Canellakis (23), except
that radioactivity was determined by scin-

tillation spectrometry.

RESULTS

The growth-inhibitory effects of MIII
on L5178Y lymphoma cells were measured
by quantitatively determining the number

of ascites cells in the peritoneal cavities of
mice bearing 5-day implants of the neo-

plasm at selected intervals of time after a
single intraperitoneal injection (300 mg/
kg) of this agent (Fig. 1). That such an

00
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Fia. 1. The effects of M1H on the growth of

lymphoma L5178Y ascites cells

Mice bearing 5-day implants of tumor were
given a single intraperitoneal dose of 300 mg of
MIII per kilogram. At selected time intervals

thereafter, ascites cells were harvested quantita..

tively from the abdominal cavities and the num-
bers were determined with a Coulter model A
particle counter. Each point represents the mean

value of results from 3-4 determinations, each

representing the pooled cells from 2 animals.

exposure to MIII is capable of causing cell
death is shown by the marked decrease in
the number of cells present in the abdomi-
nal cavities; tumor-bearing mice given this
quantity of MIII survived approximately
3 days longer than did similar untreated
tumor-bearing animals.

Some biochemical effects produced by
MIII in these neoplastic ascites cells were

estimated by measuring the rate of in-
corporation of thymidine-3H, orotic acid-

6_1IC and leucine-1-14C into DNA, RNA,
and piotein, respectively (Table 1); ex-

posure of the cells to MIII (300 mg/kg)
caused a pronounced inhibition of thymi-
dine incorl)Oratiofl into DNA thymine,
which reached a maximum of about 70%

when the thymidine�H was administered
from I to 3 hr after MIII. By 24 hr after

TABLE 1
Incorporation of thyinidine-’H, orotic acid-6-’4C and

DL-leuclne-1-’4C into DNA, RNA, and protein,

respectively, of MIH-treated L5178Y

ascites cells

Mice bearing 6-day implants of L5178Y lymphoma

cells received a single intraperitoneal dose of 300 mg

of MIII per kilogram of body weight. At selected
time intervals after dosage with the drug, either
thymidine-’H (6.6 X 10’ cpm/�sg) at a level of 200

/2g per animal, orotic acid-6-’4C hydrate (1.6 X 10�
cpm4tg) at a level of 100 /.Lg per animal or DL-leucine-
1-’4C (1.7 X 10� cpm/,�g) at a level of 125 /2g per

animal was administered and 1 hr was allowed for

metabolic utilization. Each figure represents the
mean value (± the standard error) obtained with
3-28 mice.

Time
after

MIII

cpm/�mole X 10� cpm/mg

ResidualDNA RNA
(hr) thymine uracil protein

0 125.5±6.9 18.0±1.0 5470±260
1 46.2 ± 4.9 9.8 ± 1.4 5580 ± 460
3 44.8 ± 4.0 7.6 ± 1.3 3870 ± 600

12 86.2 ± 6.3 16.6 ± 0.9 2830 ± 620
24 161.0 ± 9.6 23.0 ± 5.7 5750 ± 850

the drug, inhibition of this pathway ap-
peared to be relieved completely. The de-
gree of inhibition of thymidine utilization

for DNA formation induced by MIII in-
creased in a linear fashion with respect to

the quantity of (Irug to which the cells were

exposed (Fig. 2). The rates of incorpora-

tion of orotic acid into RNA uracil and of
adenine and 4-amino-5-imidazolecarbox-

amide into RNA purines also were de-
pressed by MIII (Tables 1 and 5); how-

ever, the synthesis of RNA appeared to re-
cover from the inhibition within 12 hr after
the drug (Table 1). Retardation of the
fixation of leucine into residual protein also
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Fic. 2. The effect of ta vying concen t rations of Miii on the incorporation of th ymidine-’H into

DNA

Mice bearing 6-day implants of L5178Y iymphoma cells received a single intraperitoneal close of

MIII. Three hours after dosage with the drug, thymidine-’H (6.6 X 10’ cpm/pg), at a level of 200 pg

per animal was administered and 1 hr was allowed for metabolic utilization. Each point represents the

mean value, expressed as percentage inhibition, obtained with 4 mice.

TABLE 2

Thymidine kina.se, thyisi idylate kina.se, thyin idylate nucleolidase and DNA nucleotidyltransferase activities of

MIH-treated L5178Y ascites cells

- Six-day growl us of L5178Y lymphoma cells from untreated mice or from those treated intraperitoneally

3� �ir previously with 300 mg of MIII per kilogram of body weight were used as the enzyme source. Each
value represents the mean value of 2 determinations.

m,.imoles/hr/mg

Thvmidine

Thvrnidine n�ono- DNA

TI vnuidine nionophosphate )hosphate nucleot iclyl-

Cell-f ree ext iacl kinase kinase nucleotidase transferase

Ij,,treate&1 19.1 97.2 6.3 0.12

Untreated + 1 X 10� �t MIII 15.0 92.6 7.5 0.10’

Pretreated (300 mg of MIH/kg� 23 .7 106.7 7 .2 0. 12

‘The concentralion of MIII in this assay was 1 X l0� �t.
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occurred; however, the onset of inhibition
of protein synthesis was more delayed than

that of the nucleic acids, and only slight
inhibition of leucine incorporation was pro-
duced by MJH at periods when DNA and
RNA formation were inhibited markedly.
The maximum decrease in the utilization of

leucine-14C for the synthesis of proteins
occurred when the isotope was administered
12 hr after the MIII.

To determine whether the inhibition of

the synthesis of DNA induced by MIII is

manifest at the level of the enzymes that
phosphorylate thymidine or on the poly-
merization process, thymidine kinase, thy-
midine monophosphate kinase, thymidine
monophosphate nucleotidase, and DNA

nucleotidyltransferase activities were as-

sayed in extracts prepared from cells ex-
posed to the methylhydrazine derivative
and in extracts to which MIII was added;
the results are presented in Table 2.
Neither the addition of MIII (either
1 )< 10�’M or 1 X 10’i�i) to cell-free ex-



TABLE 4
Incorporation of fornzale-’4C and deoxycytidine-’H into the nucleic acid-s of M1H-treated L5178Y

ascites cells
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tracts nor the preparation of these extracts
from cells treated in vivo 3 hr previously

with 300 mg of MIII per kilogram, caused

a decrease in the activities of these en-

TABLE 3
Retention of thyinine-’H residues in DNA of

MIH-treated L5178Y ascites cells

Mice bearing 6-day implants of L5178Y lymphoma

cells received thymidine-’H (6.6 X 10’ cpm/,.tg) at a

level of 32 pg per animal. Two hours later a single

intraperitoneal dose of 300 mg of MIH per kilogram

of body weight was given, and cells were collected

at various time intervals thereafter. The total radio-

activity incorporated into the cold 0.4 iu perchloric
acid insoluble fraction of the cell population was

determined. Each figure represents the mean value
obtained with 3 mice.

Time

after
MIII

cpm/106 cells X 10’ Total cpm X 10�

MIII- MIH-

(hr) untreated treated untreated treated

3 1.27 1.28 8.60 6.84

24 0.92 0.98 6.57 6.65

48 0.84 0.87 6.48 6.86

72 0.45 0.72 5.10 6.62

zymes. Thus, blockade of the incorporation

of thymidine-3II into DNA cannot be ac-
counted for by MIII-induced inhibition of
these enzymes.

Since Berneis et al. (8) reported that
MIH caused degradation of DNA in vitro,

through the intermediate production of

hydrogen peroxide, the possibility existed
that the drug induces a depolymerization
of DNA in vivo that interferes with syn-
thesis by reducing the ability of DNA to
function effectively as a primer. To deter-

mine whether extensive breakdown of DNA
occurs in drug-treated cells, the DNA of
intact L5178Y cells was prelabeled with

thymidine-’II; the retention of this label
in the DNA of untreated and MIII-treated
cells was then compared. The results in
Table 3 show that no preferential loss of
thymine-’II occurred from the DNA of
MIII-treated cells. That the more rapid

decrease in the specific radioactivity of

DNA from the untreated population is

attributable to dilution by newly synthe-
sized cells is consistent with the relative
stability of the total quantity of radio-

activity present in the entire neoplastic

population.

To l)robe further for the site of the meta-
holic lesion induced by MIII on the DNA
biosynthetic pathway in L5178Y cells,
other isotopic substrates that can trace the

formation of DNA through both the purine
and pyrimidine nucleotide synthetic routes
were employed (Tables 4 and 5). The re-

sults indicated that a similar degree of in-
hibition of the synthesis of DNA was
induced by MIII regardless of the meta-

bolic pathway monitored, suggesting that
a site of blockade common to all these

isotopic tracers may he involved in the

Mice bearing 6-day implants of L5178Y lymphoma cells received a single intraperitoneal dose of 300

mg of MIH per kilogram of body weight. Three hours after dosage with the drug, either formate-”C

(11.8 X 1O� cpm/pg) at a level of 90 pg per animal or deoxycytidine-’H (1.1 X 10’ cpm/pg) at a level of 660

pg per animal was administered, and 1 hr was allowed for metabolic utilization. Each figure represents the

mean value (± the standard error), obtained with 3-4 mice.

Isotopic

substrate

cpm/,�mole X 102

MIII

DNA

thymine

N.A.’
cytosine

NA.
adeni tie

NA.
guanine

Formate-’4C

Deoxycytidine-’H

-

+

-

+

76.7 ± 2.7

31.5 ± 5.1

6.0 ± 0.4

3.1 ± 0.4

3.3 ± 0.3

1.9 ± 0.3

124.7 ± 10.8

37.6 ± 5.7

11.9 ± 1.0

4.0 ± 0.3

a Nucleic acid (mixed DNA and RNA).



TABLE 5

Incorporation of adenine-8J4C and 4-amino-#{246}-imidazolecarboxarnide-�-14C into the DNA and RNA purines

of MIH-treo..ted L5178Y ascites cells

Mice bearing 6-day implants of L5178Y lymphoma cells received a single intraperitoneal dose of 300 mg
of MIH per kilogram of body weight. Three hours after dosage with the drug, either adenine-8-’4C (2.7 x
1O� cpm/pg) at a level of 50 pg per animal or 4-amino-5-imidazolecarboxamide-2-’4C (1.5 X 1O� cpm/pg)

at a level of 90 pg per animal was administered, and 1 hr was allowed for metabolic utilization. Each figure

represents the mean value (± the standard error), obtained with 3-12 mice.

Isotopic

substrate

cpm/pmole X 102

MIH

DNA

adenine

DNA

guanine

RNA
adenine

RNA
guanine

Adenine-8�4C -

+

50.6±4.0
18.4 ± 2.2

7.4 ±0.7
3.1 ± 0.4

150.7 ±9.6
50.2 ± 5.6

13.7 ±1.0

7.2 ± 0.9

4-Amino-5-imidazole-

carboxamide-2-”C
-

+

18.9 ± 2.8

5.0 ± 0.7

15.7 ± 2.4

5.1 ± 1.1

59.3 ± 7.1

14.2 ± 1.2

28.1 ± 4.0

10.9 ± 1.0

inhibition of the formation of DNA caused
by this agent. The decrease in the rate of

synthesis of DNA would not appear to be
a result of the unavailability of a supply
of one or more of the deoxyribonucleotides

required for the formation of DNA, since
a mixture of deoxycytidine, deoxyadeno-
sine, and deoxyguanosine did not reverse
the MIII-induced inhibition of the incorpo-

ration of thymidine-’II into the DNA of
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Fic. 3. T1� effects of MIII on the average cellular content of i)NA, RN_I, and j)iott ill

Mice bearing 5-day implants of tumor were given a single intraperitoneal dose of 300 mg of MIII

per kilogram. At selected time intervals thereafter, ascites cells were collected from the abdominal

cavities; the average cell contents of DNA and RNA were determined by lentose analyses and of

residual protein by the biuret reaction. Each point represents the mean value of results from 3-4 de-

terminations, each representing pooled cells from 2 animals.
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Exposure of L5178Y lymphoma cells to

the methylhydrazine derivative MIII
caused pronounced inhibition of the syn-

thesis of DNA. The inhibition could be
detected by utilizing isotopic tracers that
monitored the formation of DNA through
both the purine and the pyrimidine deoxy-

ribonucleotide biosynthetic pathways, a
finding which suggested that either the site

of blockade by MIII was common to each
___________________________________ of the isotopic tracers employed, or the

24 48 72 96 (20 intracellular concentration of some essen-
HOURS tial metabolite was depressed to a level

that limited the formation of DNA. The

activities of thymidine kinase, thymidine
monophosphate kinase, thymidine mono-

phosphate nucleotidase, and DNA nucleo-

tidyltransferase were not depressed in cell-
free extracts prepared from MIII-treated

cells, nor were these enzymic activities

sensitive to the addition of MIII. These
results appear to eliminate these enzymes
as possible sites of MIII-induced blockade;
however, it is conceivable that some

metabolite of MIII is an active inhibitor

of one or more of these enzymes. Although
enzymic activities of cell-free extracts pre-
pared from MIll-treated cells were not
lower than those of normal cells, the pres-

ence of an inhibitory metabolite may have

been masked by dilution during prepara-

tion of the cell-free extracts.

The precise site of the metabolic lesion
which yields inhibition of the synthesis of
DNA, RNA and protein is unknown, and

depression of the rate of formation of these

i�olymers may well be due to blockade of
some event which leads to inhibition of cell
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L5178Y ascites cells; however, no direct
evidence to support this concept is avail-

able.

The relatively transient effects on nucleic
acid and protein metabolism that have
been described largely precede the major
loss in lymphomatous cells from the ab-

dominal cavities of methylhydrazine-
treated animals (Fig. 1). To determine

changes in metabolic processes that accom-
panied cell death, the average DNA, RNA,
and protein contents of cells exposed to the
drug were measured. The results in Fig. 3

8

Fic. 4. The effect of MIII on the average vol-

ume of lymphoma L5178Y ascites cells

Mice bearing 5-day implants of tumor were

given a single intraperitoneal dose of 300 mg of

MIII per kilogram. At selected time intervals

thereafter, ascites cells were collected from the

abdominal cavities, and their average volume was

estimated in hematocrit tubes by measuring the

volume occupied by a known number of cells.

Each point represents the mean value of results

from 3-4 determinations, each representing the

pooled cells from 2 animals.

show that an imbalancing of metabolic

processes occurred after exposure of cells
to MIII. The average cellular content of

DNA deoxyribose remained constant in
cells isolated from untreated animals,

whereas a slight but not statistically sig-

nificant increase in DNA, 96-120 hr after

the drug, occurred in those cells treated

with MIII. The average cellular content of
RNA ribose of untreated lymphoma
L5178Y cells varied with growth as pre-
viously described (24); thus, a peak cellu-

lar content of RNA occurred 6 days after

tumor cell implantation. Subsequently, a

progressive decrease in the cellular RNA
content occurred; however, exposure of
these cells to l’vIIH prevented the decrease
in RNA content. The cellular content of
residual protein, which decreased only

slightly with increasing cell age, also was
sensitive to MIII, and a pronounced ac-

cumulation occurred. This drug-induced
imbalancing of metabolic processes was

accompanied by an increase in the average

volume of the neoplastic cells (Fig. 4).

DISCT.JSSION
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division. The observed alterations would

thus be considered secondary events. An
equally plausible hypothesis, however, is
that the drug interferes with the primer
function of DNA in the DNA nucleotidyl-
transferase reaction by a drug-induced
modification of the structure of preformed
DNA molecules. The evidence that this

class of agents causes chromatid breaks in
Ehrlich ascites carcinoma cells might be
indicative of this kind of lesion; in con-
trast to the alkylating agents, however, no
complete breaks in the structure of the

chromosomes are observed in the drug-

treated cells (7). These cytological findings
are not inconsistent with the present re-

sults which in(licate that MIII did not
influence the rate of loss of thymine-’II
from prelabeled DNA. Thus, minor altera-
tions in the structure of the DNA may be
produced by the methylhydrazine deriva-

tives, and these changes could be expressed
as a few lesions in the DNA chain; how-

ever, no extensive depolymerization of

DNA occurs in drug-treated cells. Such

structural alterations, if they occur, can

be envisioned to interfere with the primer
functions of DNA; thus, this concept not

only explains the decrease in the rate of
formation of DNA, but it also accounts

for the inhibition of the synthesis of RNA

in MIll-treated L5178Y cells, a process
which essentially parallels in duration the
inhibition of the biosynthesis of DNA. It
is of interest that the time course for drug-

mediated inhibition of the formation of
proteins does not correspond to that of the

nucleic acids; there is a lag in the appear-
ance of inhibition by MIII of the fixation

of isotopic leucine into residual protein.
and this inhibition reaches a maximum at
a time when the synthesis of the nucleic

acids is recovering from the effects of the
drug. No data are available to decide
whether these effects are attributable to

either distinct metabolic lesions in these
biosynthetic pathways or a single altera-
tion of a metabolic event.

Although some cell death occurred dur-

ing the period in which inhibition of the
synthesis of nucleic acids and proteins was

measured, maximum loss of cells occurred

after these biosynthetic processes had re-

covered from the inhibitory action of the

drug. Thus, it is difficult to implicate di-
rectly these effects in the phenomenon of

cell death. Rather, it would appear that

some additional secondary event is respon-
sible for the major decrease in the number
of cells in the abdominal cavities of MIII-

treated mice. The exact site of the lesior
responsible for the death of the lymphoma
cells is not evident from the available data;

however, an imbalancing of metabolic proc-
esses accompanied the major decrease in
cell number. This imbalance was charac-

terized by an accumulation of RNA and

protein and an increase in the average size
of the cells. Whether the relatively short-
lived inhibition of the synthesis of either
DNA, RNA, or protein is directly respon-

sible or whether such blockade triggers a
metabolic event responsible for the imbal-
ance remains to he elucidated.
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