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unambiguously isolated SWNT would have 
zero neighbors, whereas a nanotube that is 
clearly part of a large bundle or rope would 
have multiple neighbors. The small range of 
neighbor numbers for some samples reflects 
the general difficulty in unambiguously de- 
termining this number using STM imaging 
alone (similarly, because of finite tip radius, 
sample curvature, and electronic differences 
between sample and substrate, using STM 
imaging alone it is generally difficult to ac- 
curately determine the diameter of a given 
nanotube). Samples 1 through 7 in Table 1 
form a natural grouping: these samples were 
metallic both before and after oxygen dosing. 
The next two samples, 8 and 9, started out as 
modest band-gap semiconductors and they 
remained so. The last group, samples 10 
through 17, started out as small band-gap 
semiconductors and became metallic upon 
oxygen dosing. Both isolated tubes and tubes 
with neighbors can be found in this last 
category. An interesting and suggestive 
(but not conclusive) observation is that all 
of the "intrinsically" metallic nanotubes we 
observed (samples 1 through 7) had nano- 
tube neighbors; we have been unable to 
find an isolated SWNT that remains metal- 
lic upon inert gas cleaning. 

Our transport and STS measurements can 
be interpreted within a consistent picture of 
oxygen-induced changes in the electronic be- 
havior of SWNTs. The increases in N ( Q  sum-
marized in Table 1 agree with the oxygen- 
induced increases in conductivity we have gen- 
erally measured for films or ensembles of nano- 
tubes. If Table 1 is representative of SWNTs in 
general, it indicates that SWNT film conductiv- 
ity might decrease by as much as 50% if all of 
the oxygen adsorbates could be removed. In 
contrast, gas adsorption studies on thin metal 
films generally exhibit conductivity increases 
as adsorbates are removed, due to surface-sen- 
sitive scattering processes (23). The STS data 
also illuminate the change in sign of the TEP. 
Inhinsically metallic, oxygen-free S m T s  are 
suggested to have a small negative TEP, where- 
as oxygen-exposed small band-gap SWNTs 
may behave asp-type, degenerately doped semi- 
conductors with a relatively large S magnitude. 
For a sample that is a collection of SWNTs 
comprising both metals and semiconductors, 
the overall effects of oxygen doping on S are 
complex, as one must take into account not only 
changes in S of individual tubes but also asso- 
ciated changes in tube conductivity that affect 
the multichannel weighted average of S. 

The likelihood of charge transfer from 
adsorbed oxygen to SWNTs deserves careful 
investigation. Oxygen is known to have good 
charge transfer to planar defected graphite, 
especially in the presence of catalytic metal- 
lic particles, which has made graphite the 
material of choice for fuel cell electrodes. 
Graphitic microstructures (24) and fibers (18) 

can both become hole-doped in the presence of 
adsorbed oxygen because of oxygen's electron 
affinity. The SWNT observations may be due 
to similar effects. However, a key to charge 
transfer between oxygen and graphite is the 
presence of defects (24, 25). If, as some studies 
suggest, curvature plays only a small role in 
adsorption and charge transfer (26), any oxy- 
gen-induced charge transfer in SWNTs could 
indicate the presence of on-tube defects, mak- 
ing oxygen sensitivity an ideal way to deter- 
mine the concentration of defects in carbon 
nanotubes. In addition, the possibility that oxy- 
gen may also adsorb on the inside of nanotubes 
with open ends should not be overlooked. 
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Relative quiescence is a defining characteristic of hematopoietic stem cells, 
while their progeny have dramatic proliferative ability and inexorably move 
toward terminal differentiation. The quiescence of stem cells has been con- 
jectured t o  be of critical biologic importance in  protecting the stem cell com- 
partment, which we directly assessed using mice engineered t o  be deficient in 
the GI checkpoint regulator, cyclin-dependent kinase inhibitor, p21cip1'waf' 
(p21). In the absence of p21, hematopoietic stem cell proliferation and absolute 
number were increased under normal homeostatic conditions. Exposing the 
animals t o  cell cycle-specific myelotoxic injury resulted in  premature death due 
t o  hematopoietic cell depletion. Further, self-renewal of primitive cells was 
impaired in serially transplanted bone marrow from p21-'- mice, leading t o  
hematopoietic failure. Therefore, p21 is the molecular switch governing the 
entry of stem cells into the cell cycle, and in its absence, increased cell cycling 
leads t o  stem cell exhaustion. Under conditions of stress, restricted cell cycling 
is crucial t o  prevent premature stem cell depletion and hematopoietic death. 

High levels of production of mature blood cells regenerative cell pool (1-3). Once cells embark 
are needed to replace their rapid turnover, yet it on a path of high proliferation, they appear to 
has been hypothesized that the proliferative ac- have longevity limited to 1 to 3 months (4). It 
tivity of hematopoietic stem cells (HSCs) is has therefore been hypothesized that hemato- 
highly restricted in order to prevent susceptibil- poietic tissue is organized so that stem cells are 
ity to myelotoxic insult or consumption of the relatively quiescent, but their more dfferentiat- 
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ed offspring have extremely robust proliferative 
potential (5).The precise role of stem cell qui- 
escence in the maintenance of the stem cell pool 
is unclear, and the molecular mechanisms gov- 
erning it are not well defined. 

Although it has been hypothesized that the 
quiescence of stem cells is protective, it poses 
practical problems for bone marrow transplan- 
tation (BMT) and stem cell gene therapy. Cur- 
rent methods for expanding the number of stem 
cells often involve the use of recombinant cy- 
tokines. However, these molecules have pro- 
differentiative as well as proliferative effects, 
and expansion often occurs at the expense of 
multipotentiality. Alternative strategies include 
the disruption of the dominant antiproliferative 
tone, which must be mediated proximately by 
molecular checkpoints in the cell cycle machin- 
ery. Cyclin-dependent kinase inhibitors (CKIs) 
participate in the sequential activation and in- 
activation of cyclin-dependent kinases, process- 
es that are central to progression through the 
cell cycle (6, 7). We and others have postulated 
that perturbation of these regulatory circuits 
may result in changes in stem cell proliferation, 
and indirect evidence has been generated 
through demonstration that antisense p27'p1 
augments retroviral transduction of primitive 
hematopoietic cell populations (8). Targeted 
disruption of the gene encoding p21c'p'fwafl 
(hereafter p21) in mice has resulted in cells that 
are impaired in their ability to achieve cell cycle 
arrest after irradiation (9, lo), and antisense p21 
has been shown to release human mesenchymal 
cells from Go (11). Therefore, p21 plays a role 
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in at least some cell types in the transition out of 
the cell cycle and maintenance in Go.However, 
in hematopoiesis, levels of p21 have not been 
shown to be increased in CD34+ cells (12, 13), 
and p 2 1 1  mice have not been noted to have 
an altered hematologic profile (9, 10). Further, 
bone marrow progenitor cells from p21-I- 
mice paradoxically have decreased proliferative 
ratios in response to cytokines (14, 15). Yet we 
noted high levels of p21 rnRNA when we as- 
sessed the quiescent stem cell-like fraction of 
bone marrow mononuclear cells. We therefore 
hypothesized that p21 plays distinct roles in 
subcompartments of the hematopoietic cascade, 
augmenting progenitor cell proliferation while 
inhibiting stem cell proliferation. 

The direct impact of p21 on the stem cell 
compartment was assessed using mice engi- 
neered to be deficient in p21 (16). The cell 
cycling status of stem cells was determined 
using the RNA dye pyronin Y (PY) as a mea- 
sure of quiescence among the lineage negative 
(linP) (1 7) and Hoechst 33342 (Ho) low-stain- 
ing bone marrow cells (18). Cells from p21 -IP 

animals consistently demonstrated a smaller 
fraction in the PY low portion of the continuum 
(Fig. 1) (P = 0.005, n = 6), which suggests that 
p21 does fhnction to impede the entry of stem 
cells into the active cell cycle. Independently, 
rhodamine (Rho), a mitochondria1 dye, and Ho 
were used to define the population of cells with 
low levels of metabolic activity and exclusion 
of Ho, corresponding to a quiescent stem cell 
pool (19). The ~ h o ' ~ " M o ' ~ ~  population of lin- 
Sca-1+ cells was also smaller in the p2 1 
animals (P  = 0.07, n = 3), confirming this 
observation. 

To further define this issue, we injected 
-1- or +/+ mice with 200 mg of the antime- 
tabolite 5-fluorouracil (5-FU) per kilogram of 
body weight (200 m a g )  to selectively lull 
cycling cells (20, 21). Marrow was harvested 1 
day after 5-FU injection, and long-term co- 

, ,  , p21+I+, , , , , ,  , , , , , , I  

culture or cobblestone area-forming cell 
(CAFC) assays were performed. These assays 
linearly correlate with in vivo repopulating po- 
tential (22, 23) and were used here as a stem 
cell assay instead of competitive repopulation 
assays, given the lack of a congenic mouse 
strain with a 129/SV background. A significant 
reduction in CAFCs was noted after a pulse of 
5-FU in the -1- group as compared with the 
+/+ group controls (60.5% versus 10.8%, P = 
0.0019) (Fig. 2A). 

When the animals were given 5-FU weekly 
as a challenge to assess the relative restriction 
on the cell cycle entry of primitive cells, the 
survival percentage in the -1- group was 
much lower than in littermate +/+ controls 
(10% versus 70% in 1 month, P = 0.0054) 
(Fig. 2B). To exclude the possible influence of 
toxicity to other tissues, we repopulated the 
hematopoietic system of lethally irradiated 
+/+ hosts with either +/+ or -1- bone mar- 
row cells. One month after transplantation, we 
challenged the reconstituted animals with an 
identical protocol of sequential 5-FU treatment. 
A similar relative survival pattern was observed 
in mice carrying the -1- hematopoietic sys- 
tem, demonstrating markedly increased mortal- 
ity as compared with those with a +/+ hema- 
topoietic system (P = 0.0089). Therefore, death 
was due to hematopoietic and not other tissue 
sensitivity to the antimetabolite treatment. 
Thus, p21 reshicts the entry of stem cells into 
the cell cycle and protects hematopoietic cells 
from destruction by cell cycle-dependent my-
elotoxic agents. 

We next sought to determine whether the 
lack of p2 1 resulted in an increase in stem cell 
number in the basal state or in a decline due to 
more rapid depletion. The relative number of 
stem cells present in wild-type versus p 2 1 I P  
mice was directly measured by limit-dilution 
CAFC assays. A significant increase in primi- 
tive cells in the p2 1-IP animals (Table 1, P = 

p21-I-
0 0 

0 200 400 600 800 1000 0 200 400 600 800 1001 Fig. 1. Distribution of Go versus C, in the lin- bone marrow mononu- 
HOECHST HOECHST clear cell population defines an increased cycling fraction in p21-/- 

mice. Mouse bone marrow cells were stained with lineage antibodies, 
PY (RNA dye), and Ho (DNA dye). Lin- cells were gated by means of a stringent parameter. Cells residing in Go appear at the bottom of the Go/G, 
peak, and C, cells are the upper part as indicated (A). The average Go% in lin- HoLoW cells from six experiments is shown in the graph (B). Data represent 
the mean t- SE, n = 6, P = 0.005. One or two  littermates of each genotype were analyzed in  each experiment. 
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Table 1. Comparison of CAFCs scored at week 5 
between p21+/+ and p21-I- mice (per l o 5  bone 
marrow mononuclear cells) demonstrates in-
creased numbers of stem cells. Each pair was 
pooled from two or three -I-or +I+littermate 
mice in each experiment. Each data point was 
generated from three to five limiting dilutions, and 
data were analyzed with the paired t test. 

Experiment number p2 l t /+  p211-

I 

Mean 
P value, paired t test 

Table 2. Comparison of CFCs between p21+/+ 
and p 2 1 1  mice (per l o 4bone marrow mononu- 
clear cells) indicates no difference in progenitors. 
Data represent colony-forming ability at day 10. 
Each pair was pooled from two or three I -or 
+I+littermate mice in each experiment. Each data 
point was generated from at least four replicates, 
and data were analyzed with the paired t test. 

Experiment number p21+I+ p21-I-

1 66.65 50.00 
2 76.25 35.00 
3 60.00 45.00 
4 55.00 80.00 
5 5 1.84 56.50 
6 42.33 35.67 
7 32.67 35.00 
Mean 54.96 48.17 
P value, paired t test 0.4189 0.4189 

Table 3. Comparison of total mononuclear cell 
number per bone marrow harvest between p21"' 
and p21-I- mice indicates no difference in cellu- 
larity. Each data point represents the mean from 
one to  three -1- or +/+ littermate mice in each 
experiment. The total cell number ( X  l o 7  per fe- 
mur pair) was counted from each harvest, and 
data were analyzed using the paired t test. 

Experiment number p21+I+ p211-

1 
2 
3 
4 
5 
6 
Mean 
P value, paired t test 

0.0393, n = 7) was noted. Thus, p21 provides a 
dominant negative effect, which is sufficient to 
inhibit stem cell cycling. In the absence of p2 1, 
the inhibition is alleviated, leading to an expan- 
sion of the primitive cell pool under resting 
conditions. In contrast, no significant differenc- 
es in colony-forming cells (CFCs), bone mar- 
row cellularity, or white blood cells were noted 

Table 4. Comparison of blood cell counts between p21+/+ and p21-I- mice (n = 10, mean + SD) 
indicates no significant difference in mature cell populations. Blood was collected by tail bleeding. All the 
blood counts were performed and analyzed using the t test for two samples with the same variance. 
WBCs, white blood cells; RBCs, red blood cells; PLTs, platelets. 

WBCS( x  1031~1) RBCS ( x  106/pl) PLTS ( x  1031~~)  

p2l  +I+ 5.38 + 2.95 
p21-I- 7.48 -t 1.83 
P value 0.0670 

0 

0 10 20 3? 40 
Days during 5-FU weekly adm~nistration 

Fig. 2. Response of p21-I- mice t o  5-FU treatment in vivo demonstrates a higher cycling status 
and increased sensitivity t o  toxic injury. (A) CAFC reduction after a 5-FU pulse. A single i.v. injection 
of 5-FU at the dose of 200 mglkg was performed, and cells for LTC with limiting dilution were 
obtained 1 day after the injection. CAFCs were counted at week 5. They axis values = [(CAFCs 
from untreated mice - CAFCs from 5-FU-treated mice)/(CAFCs from untreated mice)] X 100%. 
Data represent the mean from three independent experiments. Three littermates from each 
genotype were used in each experiment, and three t o  five limiting dilutions were applied for each 
sample. Student's t test was used t o  analyze the data (n = 3, P = 0.0019). (B) Survival outcome 
after sequential 5-FU treatment. 5-FU was administered i.p. weekly at a dose of 150 mglkg, and 
the survival rates of the groups were defined. Results were analyzed with a log-rank nonparametric 
test and expressed as Kaplan-Meier Survival curves (n = 10, P = 0.0054). 

(Tables 2 through 4), implying that p21 has a 
differentiation stage-specific function in HSCs. 
The paradoxic pro-proliferative effect of p2 1 in 
more mature progenitors observed by others 
may balance the inhibitory influence of p2 1 on 
stem cells (14, 15). This apparent dichotomy 
may reflect the complex biochemical role p2 1 
has been noted to play as either a requisite 
participant in the formation of the cyclin-cy- 
clin-dependent kinase complex that is necessary 
for the movement of the cell through late G, 
into S, or as a CKI, inhibiting entry into S phase 
(24). We speculate that p21 plays a central role 
in determining the known differences in sensi- 
tivity to proliferative stimuli between stem cells 
and progenitor cells and that the opposing effects 
of p21 are selectively manifest based on the 
differentiation status of the hematopoietic cell. 

The expansion of stem cells under normal 
homeostatic conditions may or may not reflect 
a capacity to self-renew under conditions of 
stress. The cytokine milieu dramatically chang- 
es during stress, including the elaboration of 
cytokines such as granulocyte-macrophage col- 
ony-stimulating factor (GM-CSF), granulocyte- 
CSF (G-CSF), and interleuhn-3 (IL-3) with 
strong pro-differentiatwe properties. We hy- 
pothesized that the outcome of enhanced pro- 
liferation of the stem cell compartment under 
such conditions will markedly differ from nor- 
mal homeostasis, and we directly assessed stem 
cell self-renewal capability using a serial trans- 
plantation approach (25-28). Bone marrow 

from 10 male animals of each genotype was 
individually transplanted into lethally irradiated 
female mice. Two to 4 months after engraft- 
ment, 1 X 10' to 2 X 1Oh bone marrow mono- 
nuclear cells from the transplanted recipients 
were used as donor cells for a lethally irradiated 
host, and the same procedure was repeated 
sequentially. Recipient animals began to die 
after the third serial transplant, and marked 
differential survival in the group was noted 
(Fig. 3A). No -1- transplanted animals sur- 
vived after the fifth transplant, whereas the 
+'+ transplanted animals had a 50% survival I 
month after that transplant. To confirm the pau- 
city of stem cells in -1- transplanted mice. we 
used two different doses of cells from the fourth 
transplant to rescue lethally irradiated hosts. 
The two irradiation protection experiments at 
different doses confirmed the significantly 
poorer ability of cells from the -,!- group to 
rescue irradiated mice (Fig. 3B). We observed 
an approximately 100% contribution from the 
original donor p2 1 or p2 1+ + cells in hosts 
examined after each transplant by means of 
semiquantitative Y chromosome-specific (Sry) 
polymerase chain reaction (PCR) and p21 
genotyping PCR (Fig. 3C). 

To evaluate whether the transplantation data 
could be affected by altered homing of stem 
cells in the absence of p21, we directly mea- 
sured the localization of ex vivo fluorescently 
labeled p21- - and p21f 'bone marrow cells 
with carboxy fluorescein diacetate succinimidyl 
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Fig. 3. Animal survival af- 
ter serial BMT demon- 
strates reduced self-re- 
newal of hematopoietic 
potential. Male mice 
were used as marrow do- 
nors. Female recipient 
mice were lethally irradi- 
ated with 10 Gy of 
whole-body irradiation at 
5.96 Gy/min. Two million " 7 " 

B Serial BMT nucleated cells were in- 

1 2 0 ~  jected intravenously into the lateral tail veins of warmed recipient mice. Recipient mice were 
monitored daily for survival for more than 1 month. The mice were killed after 2 t o  4 months, 

loo-. 1 and bone marrow cells were prepared from those mice and injected into new female irradiated s 
80- recipients. This process was repeated an additional four times. (A) Cumulative survival after serial 

> . . .. BMT. Each group included 10 mice initially. The donor marrow from the previous transplant was 2 60- injected into a new recipient individually, and therefore the actual recipient number was reduced 
40- ...... - p21+/* during the serial transplantation. The ratio between the actual number of surviving animals at 

. -- p21-I- 0 each BMT and the total number at first BMT is plotted as survival % ( y  axis value). Numbers 
20- above the bars indicate % survival. (B) Radiation protection of the marrow from the fourth BMT. 

0, Five X lo5 mononuclear cells from the fourth BMT mice were transplanted into the lethally 
0 10 20 30 40 irradiated recipients described as above, and survival data were analyzed using a Log-rank 

Days after BMT nonparametric test and expressed as Kaplan-Meier Survival curves (n = 6 for each group, P = 
0.002). Similar results were obtained at lower doses (lo5) of donor cells (n = 10 for each group, 

P = 0.008, curve not shown). (C) Donor contribution monitored by PCR. The contribution of the original donor cells was monitored by a PCR-based 
semiquantitative analysis for a Y chromosome-specific sequence (Sry), using an aliquot of marrow sample from each transplant. DNA was prepared 
from donor cells collected at the fourth transplant, and 200 ng was used for the PCR analysis. Two percent agrose gel was used to  display the PCR 
products. The left gel shows the positive controls, which were mixed with male and female DNA at the ratios indicated. The complete contribution 
from donor cells was further confirmed by p21 genotyping PCR, shown in the right gel. Similar results were obtained from the first, second, and third 
transplants (data not shown in figure). 

Sca-1 staining 
Fig. 4. p21 -I- stem cell depletion is not due to  altered bone marrow homing. Donor bone marrow 
cells were stained with the cytoplasmic dye CFSE and intravenously injected into lethally irradiated 
mice. Bone marrow and the spleen were harvested 9 hours after injection, and nucleated cells were 
stained with Sca-I and lin antibodies and analyzed by flow cytometry. Two or three litterrnates of 
each genotype were analyzed in each experiment. Data shown are for bone marrow cells from one 
of two experiments with similar results. 

diester (CFSE) (29) after transplantation. The 
fraction o f  mononuclear cells or o f  lin-, Sca-l+ 
cells homing to either bone marrow, or the 
spleen was the same for the -1- and +I+ 
mice (Fig. 4). 

These functional i n  vivo parameters o f  stem 
cell function were corroborated with quantita- 
tive i n  vitro measures o f  h c t i o n  o f  the prim- 
itive cell compartment. CAFCs scored at week 
5 from -1- mice were completely exhausted 
after the third transplant, whereas detectable 
CAFCs were still noted in the +I+ group (Fig. 
5A). Although an absence o f  CAFCs after 4 
weeks was observed in both the +I+ and -1- 
groups from the fourth transplant, early CAFCs 
(scored at week 2 and 3) reflecting short-term 

repopulating cells (22,23), demonstrated a sig- 
nificant difference (Fig. 5B). The CAFCs i n  
-1- transplant recipients dampened to zero 
after 2 weeks, whereas the CAFCs in +I+ 
transplant recipients remained detectable at 3 
weeks. The levels o f  CAFCs in -1- mice were 
also significantly lower than in the +I+ group 
[all P values <0.05 (Fig. 5B)l. 

Stem cell quiescence is therefore critical for 
both protection from myelotoxic injury and 
preservation o f  the stem cell pool under condi- 
tions o f  stress. p21-'- animals exhibit in- 
creased stem cell numbers under homeostatic 
conditions, without the ability to appropriately 
self-renew when transplanted. The distinction 
i n  stem cell generation between these different 

0.01 

BMTl BMT3 

1 2 3 
Weeks in culture 

Fig. 5. CAFCs over the course of serial BMT 
confirm stem cell exhaustion. LTC with limiting 
dilution was performed on the donor cells of 
each transplant to  quantify the frequencies of 
hematopoietic progenitors and stem cells. Nor- 
mal untransplanted marrow was used as a con- 
trol to  ensure the quality of the stroma and the 
comparability of the experiments at different 
times. Data are represented as the mean -+ SD 
and graphed as log scales on t h e y  axis. All P 
values are less than 0.05 (-/- versus +/+). 
(A) CAFCs at week 5 from the first and third 
transplants. (B) CAFG at the indicated weeks 
from the fourth transplant. 

conditions may have several potential explana- 
tions. Telomere shortening with the demands o f  
transplantation leading to cell death is possible 
(30) as is enhanced apoptosis in the -1- state 
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(31),although the latter would be expected to 
effect basal as well as posttransplant cells. Dif- 
ferentiation of HSCs may be directly inhibited 
by p2 1, thereby enhancing differentiation in the 
-1- animals, but a pro-differentiative role for 
p21 has been described in all but terminally 
differentiated cells (13,32).Rather, we propose 
a model in which the dominant inhibitory tone 
of p2 1 on cell cycle entry blunts the response to 
inflammatory cytokines, maintaining cells in 
Go thereby precluding accomplishment of the 
differentiation program. Simply conceived, 
without the entry into the cell cycle, the differ- 
entiative effects of cytokines cannot proceed. 
This effect on the cell cycle, evident in regulat- 
ing the size of the stem cell pool under normal 
hoheostasis, is crucial in protecting stem cells 
from being consumed under conditions of 
stress. Therefore, cell cycle control is itself a 
critical determinant of stem cell pool persis- 
tence in vivo. 

The ability of a single molecule, p21, to 
dictate stem cell pool kinetics in vivo suggests 
that p21 may be an important target molecule in 
efforts to manipulate stem cell proliferation ex 
vivo. Relieving p21-enforced inhibition of the 
cell cycle in the absence of pro-differentiative 
cytokines ex vivo may permit direct analysis of 
whether stem cell proliferation is necessarily 
linked to differentiation and will assess the 
validity of the concept of stem cell expansion. 
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