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Cell division can be induced within 24 hr 
after the addition of fresh medium to several 
different cell types in the resting phase 
(1-7). Human fibroblasts respond in the 
same fashion if stimulated soon after the cells 
reach the resting phase (5) .  However, when 
the cells are kept for a few days in the 
resting phase before stimulation, fewer cells 
enter the division cycle and eventually the 
whole cell population fails to divide. The 
present work investigates the physiological 
and structural changes associated with the 
delay between stimulation and initiation of 
cell division. 

Materials and Methods. Cell culture. The 
WI-38 human embryonic diploid line was 
maintained in Eagle's essential medium sup- 
plemented with 10% calf serum as described 
by Hayflick (8). Cultures were considered to 
be in the resting phase when cell division 
had virtually ceased following proliferation in 
the same medium after a 1:2 split (9).  For 
each experiment, cells were pooled and dis- 
tributed evenly into culture flasks. 

Biochemical analyses. Deoxyribonucleic 
acid (DNA) synthesis was measured adding 
0.1 pC/ml of tritium-labeled thymidine (3H- 
TdR) to the cultures whiich were treated with 
trichloroacetic acid (TCA) 24 hr later as 
described by Levine et al. (10). The acid 
precipitate was dissolved in 1 ml.of soluene 
(Packard Co.) added to 1 2  ml of Liquifluor 
(Packard Co.) and the radioactivity was 
measured in a liquid scintillation spectrome- 
ter. Quenching corrections were made when 
necessary. Protein determinations were per- 
formed by the method of Lowry et al. (1 1) 
and acid phosphatase measurements were 
made according to De Mars (12). Enzyme 
activity is expressed as micromoles of p-nitro- 
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FIG. 1. "H-TdR incorporation during 24-hr periods 
in the control cultures (+-); and after medium 
changes (0 - - -) in cultures kept 1, 9, and 17 days in 
resting phase. Each arrow indicates a medium 
change. 

phenol produced per hour. In  all measure- 
ments, each value represents the mean of 
duplicate samples. 

Electron microscopy. Cell monolayers 
grown in 30 ml plastic Falcon flasks were 
fixed in situ with glutaraldehyde ( 5 %  in ca- 
codylate buffer) for 1 hr; treated with osmi- 
um tetroxide (2% in cacodylate buffer) for 30 
min; and dehydrated with 50, 75, 95741, and 
finally absolute ethanol. The monolayer was 
detached from the plastic substrate with pro- 
pylene oxide (13) and included in Epon 812 
(14). To stain acid phosphatase, the Gomori 
technic (15) was used following fixation with 
glutaraldehyde. After staining, the cell layer 
was dehydrated, detached, and included as 
described above. The ultrathin sections were 
made with a MT2 Sorvall microtome and 
stained with uranyl acetate for 20 min and 
lead citrate for 5 min (16). Cultures used for 
electron microscopy and enzyme studies 
were not labeled with 3H-TdR. 

Results. Figure 1 shows the results of an 
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FIG. 2. Morphology of human fibroblasts on day: (a) 1; (b) 6 ;  and ( c )  20 after reaching 
resting phase ; x 18,000. 
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FIG. 3. Acid phosphatase stain in cells kept 20 days in resting phase; Same experiment as Fig. 2 ;  
X 18,000. 

experiment where medium changes were per- 
formed on three groups of cultures that had 
been maintained 1, 9, and 17 days in the 
resting phase. Medium was changed once in 
the first group; twice in the second group; 
and each second day during 6 consecutive 
days in the third group, starting on day 17 
after the cells had attained the resting phase. 
3H-TdR was added after each medium 
change. As shown in Fig. 1 only the second 
stimulation significantly increased the 3H- 
TdR incorporation in cultures kept 9 days in 
resting phase. In  the last group, only the 
third stimulation increased 3H-TdR incorpo- 
ration which nevertheless did not reach the 
same level as observed in the other two 
groups. 

Cells kept in the nondividing stage were 
observed under electron microscopy before 
and after medium change. Figure 2 shows the 
morphology of cells on days I ,  6, and 20 
after reaching resting phase. A progressive 
accumulation of cytoplasmic vacuoles filled 
with unidentified material could be seen. The 

vacuoles finally filled the whole cytoplasm 
(Fig. 2c). The Gomori stain revealed an in- 
crease in acid phosphatase mainly around the 
vacuoles but also inside them (Fig. 3 ) .  The 
increase in acid phosphatase activity was also 
observed with Eight microscopy (Fig. 4a). 

Starting on day 21, medium was changed 
daily in the remaining cultures and duplicate 
samples were fixed at  different days thereaf- 
ter for examination by electron and light mi- 
croscopy. Twenty four hours after changing 
the medium the acid phosphatase decreased 
considerably in the cytoplasm of these cells 
as shown under light microscopy (Fig. 4b). A 
pronounced decrease in the number of vacu- 
oles was also seen 24 hr after the first medi- 
um change (Fig. Sa). Cultures fixed in the 
following days revealed that the cytoplasmic 
changes disappeared progressively. Four days 
after initiating the medium renewals occa- 
sional empty vacuoles were still seen but 
most cytoplasm was occupied by the endo- 
plasmic reticulum (Pig. 5b) . 

Figure 6 illustrates the amount of acid 
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FIG. 4. Acid phosphatase stain under light microscopy in cells kept 20 days in resting phase (a) ;  
and in sister cultures 24 hr after medium change (b) ; same experiment as Figs. 2 and 3 ;  X700. 



716 CHANGES IN RESTING PHASE 

FIG. 5. Morphology of human fibroblasts: (a) 24 h r ;  and (b) 4 days after medium changes in 
cultures kept for 2 0  days in the resting phase; X18,OOO. 
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TABLE I. Amount of Acid PhoBphatase Found in Human Fibroblasts Kept  for  19 Days in 
Resting Phase (firnolea of p-nitrophenol produced/hr/eulture) . 

Expt. I Expt. I1 

24 hr after 4 hr after 
Before medium change medium change Before medium change medium change 

4.2 X l o 4  2.4 x 1 0 9  3.3 x 1073 1.1 x l o r 3  

phosphatase (pmoles of p-nitrophenol pro- 
duced) found on days 1, 6, 12, and 14 after 
another group of cultures had reached resting 
phase. A significant increase in acid phos- 
phatase was seen on days 12 and 15, which is 
in agreement with the histochemical obser- 
vation. A quantitative assay of the enzyme 
was also undertaken on cultures kept for 19 
days in resting phase, before and after medi- 
um change. Four hours after a medium 
change a significant decrease in the amount 
of acid phosphatase was observed (Table I ) .  

Discussion. The experiments described 
above show that the induction of DNA syn- 
thesis by medium renewal in nondividing hu- 
man fibroblasts, is delayed when the cells are 
kept for several days in the resting phase. I t  
was also found by Van't Hof (17)  that the 
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FIG. 6. Acid phosphatase assayed quantitatively at 
different days after human fibroblasts had 
reached resting phase. 

initiation of DNA synthesis in pea root mer- 
istems is increasingly delayed with extended 
time in stationary phase. 

Our results also show a progressive ac- 
cumulation of cytoplasmic vacuoles in cells 
kept in resting phase. The vacuoles are asso- 
ciated with lysosomes as shown by the in- 
creased acid phosphatase activity. The en- 
zyme however, is mainly increased outside 
the vacuoles. The increase in acid phos- 
phatase was confirmed by light microscopy 
and with a quantitative enzymic assay. Medi- 
um renewals could reverse these changes. A 
decrease in acid phosphatase was observed as 
soon as 4 hr after the first medium changes. 
Then the vacuoles disappeared progressively. 
Finally the cytoplasm of the cells became 
normal with occasional empty vacuoles. The 
morphologic changes and the decrease in acid 
phosphatase, preceded the stimulation of 
DNA synthesis after medium change. The 
findings with acid phosphatase suggest the 
involvement of lysosomes in the cytoplasmic 
changes that follow the medium renewal. 

Lysosomes have been previously impli- 
cated in the control of cell division (18-20). 
In the present experiments, the mobilization 
of lysosomal enzymes could facilitate the di- 
gestion of the content of the vacuoles and 
thus supply energy needed for cell division. 
The delay in DNA synthesis could be due to 
the time needed for the latter process to 
occur. The delay could also be due to the 
time needed for the cell metabollism to switch 
from metabolic pathways needed for secre- 
tion to those needed for cell division. In  fact, 
i t  has been shown that human fibroblasts 
have an increased production of collagen 
(21)  in the resting phase and the structural 
changes we observed are compatible with an 
increased excretion in nondividing cells. Re- 
gardless of the eventual association between 
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the structural changes and the initiation of 
DNA synthesis, the phenomenon described 
herein provides an excellent model to study 
the factors controlling the release of acid 
phosphatase from lysosomes. 
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