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Table 4. Habitat differences in species richness within Silwood Park. Mean species richness in six habitats 
sampled at seven spatial scales from 0.01 to 10,000 mZ. 

Area (mz)  
Habitat  

0.01 0.1 1 10 100 1,000 10,000 

Grassland 3.5 5.3 9.3 13.4 20.3 31.7 70.5 
Woodland 2.0 2.5 3.8 6.8 10.5 27.1 71.5 
Built 3.7 7.2 8.4 12.7 31.1 73.3 123.2 
Bracken 1.3 1.6 2.0 2.5 4.4 10.7 n.a. 
Heath 1.4 2.0 3.1 5.3 11.5 49.0 65 
Fallow 4.4 7.4 10.3 14.3 24.1 40.7 83.7 

Table 5. The slopes, z, of the scale-to-scale transitions within each of the habitats in Silwood Park. None 
of the bracken patches was sufficiently large to calculate a slope for the transition to 10,000 m2. 
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Habitat 
0.01-0.1 0.1-1 1-10 

Grassland 0.196 0.238 0.150 
Woodland 0.081 0.1 73 0.242 
Built 0.297 0.054 0.1 74 
Bracken 0.064 0.058 0.094 
Heath 0.171 0.192 0.233 
Fallow 0.244 0.141 0.119 

intermediate scales (hectare to square kilo- 
meter) where whole new habitats are added 
as sample area is increased. At the largest 
spatial scales (10's to 1000's km2), z is 
relatively small (0.1 < z < 0.4), reflecting 
the low turnover-with-distance that charac- 
terizes the British flora (24). These results 
raise important questions about the way 
that population dynamics creates spatial 
patterns (30). and about the way that spatial 
patterns (e.g., underlying heterogeneity in 
substrate) affect population dynamics. 
They also direct attention to the need to 
develop a more mechanistic understanding 
of coexistence at small scales (a diversity) 
and of distance-dependent turnover in spe- 
cies composition at landscape scales (y 
diversity). 
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Lack of Replicative Senescence  
in Cultured Rat  

Oligodendrocyte Precursor Cells  
Dean C. Tang,*? Yasuhito M. Tokumoto, James A. Apperly,  

Alison C. Lloyd, Martin C. Raff  

Most mammalian somatic cells are thought t o  have a limited proliferative 
capacity because they permanently stop dividing after a finite number of 
divisions in culture, a state termed replicative cell senescence. Here we show 
that most oligodendrocyte precursor cells purified from postnatal rat optic 
nerve can proliferate indefinitely in  serum-free culture i f  prevented from dif- 
ferentiating; various cell cycle-inhibitory proteins increase, but the cells do not 
stop dividing. The cells maintain high telomerase activity and p53- and Rb- 
dependent cell cycle checkpoint responses, and serum or genotoxic drugs induce 
them t o  acquire a senescence-like phenotype. Our findings suggest that some 
normal rodent precursor cells have an unlimited proliferative capacity i f  cul- 
tured in  conditions that avoid both differentiation and the activation of check- 
point responses that arrest the cell cycle. 

Classical replicative cell senescence in cul- 
tured human fibroblasts (I) is thought to de- 
pend on a cell-division counting mechanism. 
which is based on a progressive shortening 
and uncapping (2) of telomeres with pro- 
longed proliferation, because it can be avoid- 
ed by overexpression of the catalytic subunit 
of telomerase (3-5). Although proliferating 
rodent cells in culture tend to maintain telo- 

merase activity and long telomeres (3-5). 
they also often permanently stop dividing and 
acquire a senescence-like phenotype. It has 
been suggested that this telomere-indepen- 
dent arrested state, which can also occur in 
human cells, may reflect a cell cycle check- 
point response to inappropriate culture con- 
ditions, rather than an intrinsic limitation im- 
posed by a cell-division counting mechanism 
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(3-5). In this view, normal rodent cells might 
be able to proliferate indefinitely under ap- 
propriate culture conditions. 

A third type of cell cycle arrest occurs dur- 
ing normal animal development, when many 
precursor cells permanently stop dividing and 
terminally differentiate. Most oligodendrocyte 
precursor cells (OPCs) in the developing central 
nervous system, for example, stop dividing and 
terminally differentiate into oligodendrocytes 
that myelinate axons (6, 7), although some 
OPCs persist into adulthood (8, 9). OPCs puri- 
fied from embryonic rat optic nerve and cul- 
tured in serum-free medium containing platelet- 
derived growth factor (PDGF) and thyroid hor- 
mone (TH) stop dividing and terminally differ- 
entiate on a schedule that closely resembles that 
in vivo (10). If TH is omitted from the culture 
medium, however, most OPCs continue to di- 
vide and do not differentiate (10-12). We have 
therefore investigated whether the OPCs in 
these conditions can proliferate indefinitely. 

We purified OPCs from postnatal day 7 
(P7) rat optic nerve (11). We cultured them in 
serum-free medium containing PDGF with- 
out TH, passaged them when they reached 
near confluence (12), and periodically stained 
them for senescence-associated P-galactosi- 
dase (SA-P-Gal), a putative marker of repli- 
cative cell senescence (13). In eight out of 
eight experiments, we were able to culture 
these cells for more than 6 months (the long- 
est cultures for >20 months), without ever 
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observing a SA-P-Gal+ cell (14). Cells cul- 
tured for 5, 120, and 480 days all expressed 
high and comparable levels of telomerase 
activity (15). Moreover, >97% of 480-day 
cells were diploid when analyzed by flow 
cytometry after propidium iodide staining 
(14). 

To determine whether only a small sub- 
population of P7 OPCs can divide indefinite- 
ly, we plated 60 or 100 purified P7 OPCs in 
T-25 culture flasks and counted the number 
of clones that developed after 20 and 30 days. 
More than 60% of the cells formed clones, 
and <20% of the cells in most clones died or 
differentiated (Table 1). We randomly picked 
10 clones after 16 days and replated the cells 
from each clone in separate flasks; in each 
case, we could propagate the cells for up to 
60 days, which is as long as we followed 
them, suggesting that most P7 OPCs may be 
able to proliferate indefinitely. 

Cells can escape replicative senescence by 
acquiring mutations that inactivate p53- and 
Rb-dependent cell cycle checkpoint respons- 
es (3-5, 16). To determine whether such 
responses were maintained in our long-term 
OPCs, we tested several stimuli that activate 
checkpoint responses that lead to either cell 
cycle arrest or apoptosis, including x-irradia- 
tion and treatment with the DNA intercalator 
adriamycin or the proteosome inhibitor N- 
acetyl-Leu-Leu-Norleu-AL (ALLN) (1 7). All 
three treatments induced rapid apoptosis in 
420-day OPCs (Fig. I., A and B). To test 
whether the responses were p53-dependent, 
we infected the OPCs with a retroviral vector 
(pBabep~ro-p53''~) encoding a dominant- 
negative form of p53 (dn-p53) (18). We es- 
timated infection efficiency by using a green 
fluorescence protein (GFP)-encoding retro- 
viral vector (pBird) (19). About 50% of the 

Fig. 1. Apoptosis and p21 induc- A B 
tion in OPCs cultured in PDGF - 
without TH for 420 days. (A and 5 40 8 
B) Apoptosis induced by x-irradi- .z 30 .- , 6O 

VI 

ation or the proteosome inhibi- & 2o 3 40 

tor ALLN (A) or by adriamycin o a 
(B). The response was partially 2 'O 

a 20 
r: 

inhibited in cultures infected o o 
with a retrovirus encoding a x-irradiation ALLN Adriamycin 
dominant-negative p53 (dn- 
p53). The results are shown as C x-ray ALLN ADR D 
the mean + SEM of three exper- C! 

iments. The results in (A) were 2 5 @ g @ z B z  
obtained by flow cytometry 5 $ % % '& 2 
analysis after propidium iodide '5 % 4 %. 4 %-8 - -3 p21 

- "5w staining, whereas those in (B) . ------- 
were obtained by counting py- ~ 2 1  
knotic nuclei after Hoechst dye Actin 
staining. The inhibition with dn- wr, Actin 
p53 in all three cases is statisti- 
cally significant (P < 0.01, Student's t test). (C) Western blotting showing induction of p21 by 
x-irradiation (x-ray), ALLN, or adriamycin (ADR) and inhibition by dn-p53. The cells were analyzed 
24-hours after treatment. Untreated OPCs that were infected with either the control (pBabepuro) 
or dn-p53 (pBabep~ro-pS3~'~) vector had low levels of p21, similar to  the levels in uninfected 
OPCs (74). (D) Western blotting showing induction of p21 by oncogenic Ras in OPCs 5 days after 
infection with pBird or pBird-RasVq2 (Ras-V12). 

cells were probably infected with the dn-p53 
vector, and apoptosis was decreased by about 
50% (Fig. 1, A and B), suggesting that most 
of the dn-p53-infected cells were resistant to 
the three agents. Thus, long-term OPCs retain 
at least some p53-dependent checkpoint 
responses. 

Because p53 transcriptionally activates 
the cyclin-dependent kinase inhibitor (CKI) 
p21lCipl (p21) (1 7), we used Western blot- 
ting to examine whether the three agents 
increased the level of p21 in long-term (420- 
day) OPCs. Induction of p2 1 by these agents 
was indeed observed, and the increase was 
partially inhibited in cultures infected with 
the dn-p53 vector (Fig. IC), suggesting that 
the p53 expressed by long-term OPCs is tran- 
scriptionally active. 

Most normal cells activate a checkpoint 
response when excessively stimulated to pro- 
liferate (3, 5, 21-23). Overexpression of on- 
cogenic RasVI2 (21) or Raf (18), for example, 
induces many normal cells to undergo cell 
cycle arrest, with or without other features of 
replicative senescence; in contrast, most im- 
mortalized cell lines respond by enhanced 
cell proliferation (3, 5, 16, 21-23). When 
450-day OPCs were infected with a retroviral 
vector that coexpressed GFP and RasVI2 
from separate promoters (pBird-RasVI2) 
(19), the GFP+ cells arrested, as indicated by 
a decrease in the incorporation of bromode- 
oxyuridine (BrdU) (Fig. 2, A to C). Overex- 
pression of RasVI2 also increased the level of 
p2 1 protein (Fig. ID) and decreased cell pro- 
liferation assessed in clonal cultures (Fig. 2, 
D to F), although it did not result in a senes- 
cence-like phenotype (cell flattening or ex- 
pression of SA-(3-Gal activity) (14). 

Long-term OPCs also displayed contact in- 
hibition of proliferation. When cultured to con- 
fluence and assessed by flow cytometry after 
staining with propidium iodide, for ex-mple, 
about 90% of the cells were in the GI  phase of 
the cell cycle, compared with about 60% in 
subconfluent cultures (14). Moreover, the con- 
fluent cells predominantly expressed the hypo- 
phosphorylated, active form of the Rb protein 
(Fig. 3A). Because contact inhibition of prolif- 

Table 1. Clonal analysis of P7 OPCs. Purified P7 
OPCs were plated in a T25 flask and cultured 
without passaging in PDCF. 

Number of Number of 
cells clones 

per flask formed 

Number of 
clones 

per flask 
with >80% 
cells alive 

Day 20 
60 41 (68%) 
100 62 (62%) 

Day 30 
60 41 (68%) 
100 63 (63%) 

www.sciencemag.org SCIENCE VOL 291 2 FEBRUARY 2001 869 



eration is usually Rb-dependent (24), these re- 
sults suggest that the long-term OPCs maintain 
at least some Rb-dependent checkpoint re- 
sponses. We also examined whether overex- 
pression of the CKI p16IINK4a (p16) would 
arrest the cell cycle, because such an arrest 
usually requires functional Rb (25). We infect- 
ed 330-day OPCs with retroviral vectors encod- 
ing either wild-type p16 or a point mutant 
(p16P48L) that lacks Cdk-binding activity 
(26), both of which were tagged with a hem- 
agglutinin (HA) epitope. Wild-type p16, but not 
the mutant form, strongly inhibited BrdU incor- 
poration (Fig. 3B). Because the infection efi- 
ciency assessed by HA antibody staining was 
-30%, it seems likely that most OPCs that 
overexpressed p16 did not incorporate BrdU. 

To determine whether OPCs are capable 
of acquiring a senescence-like phenotype, we 
cultured young (5 day) and long-term (510 
day) OPCs in 15% fetal bovine serum (FBS), 
which has been shown to induce OPCs to 
express glial fibrillary acidic protein (27). 
Within 2 to 3 weeks, both young and long- 
term OPCs stopped dividing, as assessed by 
BrdU incorporation; >90% expressed SA-P- 
Gal activity, and some had a flattened mor- 
phology (Fig. 4). When young OPCs were 
washed after 3 weeks and cultured in serum- 
free medium containing PDGF and BrdU for 
another 5 days, no BrdU incorporation was 
seen, suggesting that the cells may have per- 
manently withdrawn from the cell cycle (14). 
We could also induce OPCs to adopt a senes- 
cence-like phenotype by treating them with low 
doses of genotoxic drugs that induce a senes- 
cence-like phenotype in other cell types (28). 
When treated with the DNA polymerase inhib- 
itor aphidicolin (0.25 kglml) or adriamycin (5 
nM) for 3 days, for example, about 20% of 
5 10-day OPCs became SA-P-GalC, whereas 
none did in vehicle-treated cultures (14). 

Because increases in CKIs, p53, and 
have been implicated in replicative 

cell senescence (3-5, 16, 21-23), we ana- 
lyzed these proteins in proliferating OPCs by 
Western blotting. All three CipIKip family of 
CKIs-p21, p27, and p57-increased with 
time in culture (Fig. 5, A and B). Of the four 
INK4 CKIs-pl5, p16, p18, and pl9-only 
p18 and p19 increased, and they then de- 
creased again (Fig. 5A); we could not detect 
p16 protein at any time (although we could 
detect it in late-passage rat Schwann cells) 
(Fig. 5C), and we could detect p16 mRNA 
only after a second round of reverse tran- 
scription-polymerase chain reaction (RT- 
PCR) amplification, and the level did not 
change with time in culture (14). p53 was 
barely detectable in OPCs cultured for 10 and 
90 days, but it increased greatly by 390 days 
(Fig. 5A). Because none of the antibodies to 

recognized the rat protein, we used 
RT-PCR to assess mRNA level (29) 
and found that it increased progressively 
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Fig. 2. Oncogenic Ras - 
(RasV12) induces cell cycle 
arrest and inhibits clonal 
expansion in long-term 
OPCs. (A to C) BrdU in- 

rn 
corporation 5 days after 
infection of 450-day 
OPCs. (A and B) Repre- 
sentative fluorescence 
micrographs showing 
OPCs infected with pBird 
(A) or pBird-RasV12 (B) 
and stained for BrdU after 
a Chour pulse with BrdU 
(72). In (A), many CFPC 
cells (green) are also 
BrdU+ (red), whereas in 
(B), most CFP+ cells are 
BrdU-. (C) Mean + SEM 
of counts from duplicate 
flasks for each condition 
from two separate exper- 
iments. ~ o i e  than 1000 
cells were counted for 
each condition. (D to F) g 20 
Clonal analyses of 510- + 
day OPCs. (D) and (E) 5 lo 
Representative fluores- CP E 
cence micrographs show- 0 
ing typical CFP+ clones 8 1 GFP+ GFP- GFP+ OFP- 2 

days after infection with PB" pwmd-&12 GFP- OFF=+ GPP- GFP+ 
either pBird (D) or pBird- 3 PBM ~ B M - R . ~ ~ ' ~  
RasVIZ (E). The cells were 
replated at clonal density 24 hours after infection and cultured for an additional 7 days before 
counting. (F) Results are shown as the mean + SEM of counts from duplicate flasks for each 
condition from two separate experiments. The numbers of clones counted are shown in 
parentheses. In (C) and (F), the differences between pBird-Rasv12-infected cells and all other 
conditions are statistically significant (P < 0.01. Student's t test). Bar, 10 km. 

(Fig. 5D). Thus, although the levels of sev- 
eral negative cell cycle regulators increased 
in OPCs with time in culture, the cells con- 
tinued to proliferate. 

To understand why long-term OPCs con- 
tinued to proliferate despite the high levels of 
negative cell cycle regulators, we analyzed 
various positive cell cycle regulators, includ- 
ing cyclins and Cdks, and compared OPCs to 
senescent rat fibroblasts. Cdk 2 and 4 and 
cyclins D l ,  D3, and E increased in OPCs 
between 10 days and 390 days (Fig. 5E), 
perhaps compensating for the increases in the 
negative cell cycle regulators. Senescent rat 
fibroblasts expressed lower levels of all of 
these proteins (Fig. 5E). 

Fig. 3. Rb-dependent checkpoint in 
long-term OPCs. (A) Hypophosphoryl- 
ation of pRb in confluent cells. The ar- 
row indicates hyperphosphorylated Rb 
protein. (B) Overexpression of wild- 
type p16 (p16), but not mutant p16 
(p16P48L), inhibits BrdU incorporation 
in 330-day OPCs. Results are shown as 
the mean + SD of 1000 to 1500 cells 
counted for each condition. *P < 0.01, 
Student's t test. 

Does the unlimited proliferative capacity 
of OPCs depend on their acquiring immortal- 
izing mutations? Although we cannot exclude 
this possibility, we think it is unlikely for 
several reasons. (i) Both young and long-term 
cultured OPCs express telomerase activity 
and therefore apparently do not need muta- 
tions to maintain their telomeres. (ii) OPCs in 
our culture conditions do not undergo typical 
replicative senescence or crisis, with the out- 
growth of occasional colonies, as might be 
expected with mutation and then selection of 
immortalized cells. (iii) Our clonal analyses 
suggest that the majority of P7 OPCs have the 
ability to form clones in culture, most of 
which can apparently be propagated indefinite- 
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Fig. 4. Serum induces 
a senescence-like phe- 
notype in OPCs. Five- 
day (A and B) or 510- 
day (C and D) OPCs 
were cultured in either 
serum-free medium 5 d 
containing PDCF [(A) 
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and (C)] -or the same 
medium containin 
15% FBS I(B1 and  ID^ 
for either 2 Leeks ( ~ j  
and (B)] or 3 weeks I (C) 
and (D)]. BrdU was 
added for the final 4 
hours, and the cells 
were then stained for 
BrdU incorporation (72) 
and processed for SA- 
P-Gal activity (73). 
BrdU+ cells are stained 
red, and SA-P-Gal' 
cells are stained blue. Images in (A) and (C) were obtained with phase contrast optics, whereas those 
in (0) and (D) were obtained with differential interference contrast. Some of the blue cells have a 
flattened morphology (arrows). All the images are at the same magnification. In serum-free cultures at 
either age, there were no SA-P-Calf cells, and -40% of the cells were BrdU+; in serum-containing 
cultures at either age, >90% of the cells were SA-P-Gal+, and, by 3 weeks, none were BrdUf. Bar, 10 
F"'. 

Fig. 5. Changes in cell cycle 
regulators. (A) Western blots 
of p53 and CKls in OPCs. The 
results shown are from two 
blots that were sequentially 
probed, stripped, and reprobed 
for various proteins. (B) West- 
ern blot of p57 in OPCs. (C) 
Western blot of p16 in OPCs 
and Schwann cells. SC, rat 
Schwann cells at passage 22. 
(D) RT-PCR (upper two panels) 
and Southern blot (lower pan- 
el) analysis of plgARF mRNA 
levels in OPCs. CAPDH mRNA 
was analyzed as a positive con- 
trol (72). In the control lane, 
template RNA was omitted. (E) 
Western blots of cyclins and 
Cdks. The results are from two 
blots that were sequentially 
probed, stripped, and reprobed 
for the various proteins. We 
were unable to  detect Cdk6 in 
OPCs at any time in culture 
(74). SRF, senescent rat fibro- 
blasts. For Western blots, 100 
u~? of total protein was run in 
each lane, except for Schwann 
cells in (C) and all lanes in (E), where 60 p g  and 50 pg  were run, respectively. 

ly. (iv) The long-term OPCs maintain Rb- and 
p53-dependent checkpoint responses, which are 
often inactivated by mutations that immortalize 
other rodent cell types (3-5). (v) The long-term 
OPCs arrest in response to oncogenic Ras, 
which generally promotes proliferation o f  im- 
mortalized cells (21-23). (vi) The long-term 
OPCs can be induced to undergo rapid cell 
cycle arrest and to adopt other features o f  se- 
nescence if the culture conditions are altered. 

Our findings and those o f  Mahon et al. (30) 
raise the possibility that many types o f  normal 
rodent cells may be able to proliferate indefi- 

nitely in appropriate culture conditions. They 
also support the idea that suboptimal culture 
conditions, or "culture shock," can activate 
checkpoint responses i n  both rodent and human 
cells that lead to permanent cell-cycle arrest and 
a senescence-like phenotype (3, 4). Human 
cells without telomerase activity have, i n  addi- 
tion, a telomere-based mechanism that wi l l  stop 
proliferation eventually, even under optimal 
culture conditions (3-5). It might be best to 
reserve the phrase "replicative cell senescence" 
for this telomere-based arrest, as previously 
suggested (4). 
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