living portion of Millepora colonies (the
coenosarc) is restricted to the superficial
layers of the skeleton (6). Individual pol-
yps are sealed off from the inner part of
the skeleton by a series of complete
tabulae, and, although a system of organ-
ic filaments occupies minute canals in
the outer layers of the skeleton, these
filaments degenerate below the surface,
leaving the canals open (Fig. 1B). Oxy-
gen produced by zooxanthellae would
have no direct access to the internal
skeleton and therefore would not be
trapped inside.

On the other hand, the architecture of
the Millepora skeleton is such that it
could easily trap gas produced internal-
ly, which may explain why this is the
only coral in which this phenomenon has
been found to date. The central region is
occupied by large, open pores. This is
surrounded by the coenosteum, in which
the polyps are located. The coenosteum
is highly porous but has little communi-
cation with the surrounding seawater. In
addition, it has a dense peripheral rim.
The Millepora skeleton therefore has a
very high porosity but relatively low
permeability. In contrast, scleractinian
skeletons have higher permeabilities,
and any gases produced inside them can
easily diffuse into the surrounding sea-
water.

Millepora skeletons collected for de-
tailed morphological analysis showed
phenomenally high incidences of infesta-
tion by boring algae (Fig. 1C). Infesta-
tion was highest near the periphery, and
in fresh specimens it is evidenced by an
intense green rim just below the surface,
but algal borings were present through-
out the colonies (Fig. 2). Borehole diam-
eters were variable (between about 6 and
20 wm). It is likely that photosynthesis
by these algae produced the O,, causing
N, to come out of solution in the internal
water to equilibrate with the O,. The
origins of the trace gases are uncertain,
but the CO; is probably respiratory.

How much, if any, of this O, escapes
to the surrounding seawater is unknown.
Much of it could be used by the endoliths
in nighttime respiration. By midmorning,
however, significant amounts of gas are
usually present in the skeletons. Con-
servative rough estimates of the amount
of gas trapped inside Millepora colonies
by late afternoon (7) suggest that the
reservoir of O, at —10 m is at least 300
ml per square meter of colony vertical
projection area.

This gas has been found in Millepora
heads on the Great Barrier Reef from
Lizard Island in the north at least as far
south as the fringing reefs of the central
region, and it is likely that the phenome-
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non is even more widespread. There are
wider implications to the findings: if en-
dolithic algae in coral heads can produce
large quantities of O,, their contribution
in other substrates may be considerable.
Boring algae are ubiquitous in shallow
marine carbonates and are especially
abundant in tropical regions (8). It is
possible that they could affect the O, and
CO; concentrations of overlying waters
and hence influence measurements of
reef productivity. Future investigators of
reef dynamics who are engaged in analy-
ses of dissolved gases should make every
effort to assess the contribution by endo-
lithic algae.
NIGEL BELLAMY

MICHAEL J. RIsK*
Australian Institute of Marine Science,
Private Mail Bag No. 3,
Townsville Mail Sorting Office,
Queensland 4810
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Proliferative Capacity of Murine Hematopoietic

Stem Cells in vitro

Abstract. Large numbers of granulocytes can be collected repeatedly from the
supernatant medium of long-term cultures of mouse bone marrow cells. A constant
relationship was found between the number of adherent hematopoietic stem cells
and the lifetime cell production per culture. The data indicate that there is a limit to
the proliferative capacity of normal and of irradiated stem cells. A similar limitation
was found in the production of marked granulocytes from clonal cultures of “beige’’
C57 (bg/bg’) stem cells placed in limiting dilutions into stromal culture layers.

Long-term cultures of mouse bone
marrow cells maintain stem cell differen-
tiation and undergo extensive self-re-
newal (/). Hematopoiesis is established
on the flask bottom, where a stromal
network supports the formation of large,
confluent, granulopoietic aggregates (2).
As they mature, the flat, spread granulo-
cytes round up and become suspended in
the culture medium. If the system’s lon-
gevity is tested by repeated harvesting
of the nonadherent cells, one observes
three phases which resemble those first
seen by Hayflick (3) in serially subcul-
tured, diploid human fibroblasts. A typi-
cal example, shown in Fig. la, displays

an initial lag phase, a middle plateau
phase, and a terminal senescent phase.
The plateau is affected by the frequency
of feeding. Twice weekly feedings elicit
higher cell production early on when
compared to the once weekly feeding
mode. Yet, the terminal phase invariably
occurs and thus appears unrelated to
nutritional factors. Senescence in vitro
has been interpreted as expression of a
general biological limit to the division
capacity of somatic cells (4). Despite the
obvious relevance of this concept for
cellular regeneration, and although a
large amount of work has been conduct-
ed in the area (5), very few reports have

1619



confirmed the phenomenon in other than
diploid fibroblastic cells (6). We now
present evidence that mouse hematopoi-
etic stem cells undergo senescence in
vitro. The evidence is based on irradia-
tion experiments and on presentation of
presumed clonal cultures of unirradiated
bone marrow cells.

We chose to irradiate because this
would reveal any limit to the absolute
number of stem cell divisions if there
were only a few hematopoietic stem cells
present and if these were undergoing
extensive self-renewal.

Thirty-two primary mouse (C3H) bone
marrow cultures were set up in 25-cm’

culture flasks as described (2). After 21
days they were divided into four groups
which received 50, 300, or 550 rad from
a cesium-137 gamma irradiation source
(122 rad/min), or no treatment. The cul-
tures were fed with a mixture of fresh
(two-thirds) and conditioned (one-third)
cell-free medium (2) either once or twice
weekly. At each feeding, the cells sus-
pended in the medium were harvested,
counted, and assayed for colony-forming
units by the spleen colony technique (7).
Figure 1 shows cell yields from one
harvest each week. In this system, more
than 90 percent of the cells in the super-
natant are viable granulocytes (2) with an

Table 1. Adherent and nonadherent colony-forming units (spleen) (CFU-S) and cell harvests.
The total accumulated number of suspended cells and CFU-S per flask, collected weekly (see
Fig. 1), is given in the (b) columns. The (a) column shows the adherent CFU-S which survived
the irradiation and which are the ultimate precursors of the offspring shown under (b). Values in
(a) are estimated from a replicate experiment with actual CFU-S survival of 470 = 20 (50 rad),
128 = 18 (300 rad), 0.9 = 0.3 (550 rad), and 0.7 = 0.4 (800 rad). The linear regression of the log-
transformed values yielded an intercept of 1.84 (indicating a shoulder curve) and a D, of 102 rad
(where D, is the dose that reduced survival to 37 percent on the exponential part of the curve).

Nonadherent CFU-S

Nonadherent cells

Dose Aéi}l;%rfesnt (from week 2) (from week 1)
(rad) 1 day after «
irradiation Ix 2X (ioﬁ) (%8(6)
(a) (b) (b) (b) (b)
0 488 19,614 17,702 133.8 133.9
50 551 16,484 15,274 143.5 150.2
300 47 2,643 1,738 42.4 65.5
550 4 310 155 18.3 21.2
Doublings per surviving CFU-S*

0 5.3 5.2 18.1 18.1
S50 4.9 4.8 18.0 18.1
300 5.8 5.2 19.8 20.4
550 6.3 5.3 22.1 22.3

*In (b/a)/In 2.

exponential disappearance function of
1.8 days half time (8). Since harvesting
intervals exceeded the natural disappear-
ance time, the cell removal per se did not
impose significant manipulation of the
cultures. Figure 1 therefore represents
essentially unperturbed hematopoiesis
during the postirradiation period.

The cells were irradiated before the
cultures had attained plateau phase lev-
els of at least 4 million suspended cells.
Recovery was established by a rise near
or above this mark 3 or 4 weeks after
irradiation. Although this characteristic
was acquired by all irradiated cultures,
the production levels and the duration of
time they were maintained varied in-
versely with the irradiation dose: the
terminal phase commenced after 22, 12,
and 10 weeks in cells that received 50,
300, and 550 rad, respectively, and after
22 weeks in control flasks. Could this
shift from apparent recovery to failure be
caused by stromal degradation, loss of
adherent stem cells, or insufficient feed-
ing? The supporting stromal layers
showed no early degradation, although
rarefaction occurred late in the terminal
phase. The concentration of hematopoi-
etic stem cells (that is, the colony-form-
ing units) in the supernatant suspension
was decreased in irradiated flasks (see
Table 1), thus ruling out increased loss of
stem cells from the productive under-
layer. More frequent feeding led to high
cellularity initially and improved the he-
matopoietic recovery; however, it did
not inhibit or delay the terminal phase.
According to these data, hematopoiesis

Table 2. Effect of overlaying stromal cultures with fresh marrow cells in limiting dilutions. Stromal cultures that were free of *‘spontaneous’
hematopoiesis (13) were overlaid at 5 weeks with limiting dilutions of fresh marrow cells carrying the ‘‘beige’” C57B1 (bg/bg’) giant lysosome
marker, or with mutation-free C57B1 marrow, or with a mixture of both types of cells. The cells with supernatant media from *‘positive’* cultures
were harvested, counted, and evaluated for donor type every week. Based on the Poisson expectation of ‘‘negative’ cultures (I5), X\ is an
estimate of the number of stem cells per flask which gave rise to hematopoiesis.

Overlaid per flask

Flasks with hematopoiesis

Hematopoiesis in individual flasks

Cells Week 3 Week 6 T;;me TC‘;TI Stelrln
after ce
CFU-S* Donor type overlay Szzt doub-
C57B1 bglbg’® x/n At x/n A (week) (10% lingsi
1000 0.1 0/6 0.0 1/6 0.2 C57 (100 percent) 6to7 6.1 19.2
1000 0.1 2/12 0.2 3/12 0.3 Beige (96 percent) 4t05 3.7 18.5
Beige (100 percent) 7t09 33 18.3
Beige (91 to 100 percent) 6to 19 22.4 21.1
2000 0.2 1/10 0.1 0/10 0.0 C57 (99 percent) 4 1.0 16.6
2000 0.2 0/10 0.0 3/10 0.4 Beige (83 to 96 percent) Sto9 3.2 18.3
Beige (87 to 97 percent) 6t09 2.9 18.1
Beige (90 to 100 percent) 4t09 13.9 20.4
1000 1000 0.2 3/10 0.4 2/10 0.2 C57 (97 to 99 percent) 4t07 6.8 19.4
2000 2000 0.4 3/10 0.4 0/10 0.0 0
4000 4000 0.8 8/10 1.6 2/10 0.2 Beige (99 percent) 4to7 1.8 17.5
Beige (91 to 100 percent) 6to 15 16.4 20.6
C57 (96 to 100 percent) 4t06 6.8 19.4
0/20 0.0 0/20 0.0 0
*The content of CFU-S was 10 per 10° cells in C57B1 marrow and 12 per 10° cells in bg/bg’ marrow., tEstimate for “‘stem cells per flask,”” where A = —In[(n — x)/

nl, n is the number of flasks in a group, and x is the number of positive flasks.
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in vitro appears to be subject to a prolif-
erative limitation. :

Such limitation entails a novel inter-
pretation of late hematopoietic radiation
damage. Cellular senescence, being a
more recent concept, was not considered
when the radiobiological theories were
formulated. If valid, the notion of limited
division applies to unirradiated cells in
such a way that no more than a certain,
though perhaps large, amount of termi-
nal offspring is generated by each stem
cell. Usual challenges might not burden
the system with sufficient stress to make
it apparent, whereas radiation would ex-
pose this limit as a function of stem cell
depletion and thus of radiation dose.
Elkind and Whitmore (9) showed that an
irradiated culture could be restored to its
previous growth rate and cellularity by
one surviving cell which retained repro-
ductive competence. That irradiated
cells can survive with their reproductive
competence intact is borne out by obser-
vation of large clones in regenerating
cultures (10) and of endogenous spleen
colonies representing up to 20 divisions
(11). If this is the case, and if there is a
limit to the number of divisions, then the
remaining proliferative life-span would
naturally be restricted to the theoretical
maximum of cell output per surviving
stem cell.

To test this prediction, we repeated
the above experiment using identical
techniques and doses. Twenty cultures
were irradiated and 1 day later the num-
ber of stem cells in the adherent layer
was asayed by the spleen colony tech-
nique (7). The remaining flasks showed
the same overall course of recovery as
before. Table 1 shows the adherent colo-
ny-forming units that survived the irra-
diation as well as the total number of
cells and colony-forming units that were
harvested in the supernatant culture me-
dia during the first experiment. One
could now calculate how many doublings
per surviving stem cell were necessary to
generate this output. The true cell pro-
duction was underestimated since not all
generated cells were harvested. Also,
since the spleen colony assay detects
only one out of five colony-forming units
(7), the surviving stem cells were under-
estimated. However, actual numbers are
less important than the remarkable
closeness of values in each of the treat-
ment groups and the controls. This sup-
ports the limited division concept and
suggests that the postirradiation pattern,
as it changes from apparent recovery to
failure, may reflect no unique late radia-
tion effect but the inherent limited nature
of cellular regeneration in this system. It
may be due to chance variation that the

26 MARCH 1982

most divisions per stem cell were calcu-
lated for the cultures which had received
the highest doses of radiation. Still, this
serves to strengthen the argument that
the exhibited late effects of radiation are
not attributable to reproductive damage
(12).

We then conducted a further study
using unirradiated cells, thus excluding
the possibility of stromal degradation as
a contributory factor. We prepared stro-
mal layers [from C3H mouse marrow
without hydrocortisone (/3)] and §
weeks later, when the cultures showed
no trace of hematonoiesis, we overlaid
them with limiting dilutions of fresh mar-
row cells. Some flasks received C37B1
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Fig. 1. Cells harvested in supernatant medium
of primary, long-term cultures of bone mar-
row cells. There were four flasks in each
group. The solid lines refer to flasks with cells
fed once weekly and the broken lines to flasks
with cells fed twice weekly by replacement of
the supernatant phase with celi-free (one-third
conditioned, two-thirds fresh) medium. Only
one cell harvest per week is shown. Cultures
were terminated at 25 or 33 weeks of age
when the adherent stromal layers disintegrat-
ed. (a) Untreated cultures; (b to d) cultures
from the same batch irradiated at 21 days
(arrow) with the doses shown.

(bg/bg’) marrow which carries the so-
called beige mutation, characterized by
the presence of easily recognizable, giant
lysosomes in all granulocytes (/4). Other
cultures received C57B1(+/+) marrow,
or mixtures of both donor types. The
presence or absence of hematopoiesis
was determined. Any hematopoiesis that
could be verified by microscopic (phase
contrast) examination, were it one small
colony (at least 32 cells) or a fully pro-
ductive flask with confluent colonies and
millions of suspended granulocytes, was
judged as positive. The fraction of flasks
with positive hematopoiesis corre-
sponded closely to expectations based
on assays of colony-forming units in the
inoculate, when A\ as an estimate for
“‘stem cells per flask’® was estimated
according to Poisson statistics (/5). As
shown in Table 2, cells in individual
flasks remained hematopoietic for some
time once they were found to be posi-
tive, and the cells in the supernatant
media were harvested weekly, counted,
and microscopically evaluated for donor
type. A single donor type, either beige or
C57B1, contributed all of the granulo-
cytes in four hematopoietically active
cultures with mixed marrow overlays.
The donor type remained the same
throughout the active phase which could
last for up to 14 weeks. We consider it
likely that in each flask a single stem cell
accounted for the course of hematopoie-
sis. As indicated by the N\ values, the
seeding efficiency in vitro was similar to
that of the spleen colony assay in vivo
(7). That the stromal layers did not con-
tribute to hematopoiesis is implied by the
exclusively beige-type granulocytes in
cultures which had received only beige
marrow. This technique, we believe,
might also be applicable to species other
than the mouse.

Although one cannot rule out the pos-
sibility that irradiation led to dose-de-
pendent degeneration of the culture mi-
croenvironment and the eventual failure
of granulopoietic activity, such effects
are unlikely because clonal granulopoie-
sis continued for periods ranging from 1
to 14 weeks in a setting quite similar to
and indistinguishable microscopically
from that in the irradiated primary bone
marrow cultures. We attribute the vari-
ety in duration and yield to the heteroge-
neity of the stem cell population as ob-
served previously both in vitro and in
vivo (2, 16). A maximum of 21 doublings
was documented by clonal hematopoie-
sis, while 22 doublings were estimated
for irradiated mass cultures. One can
best explain these results by assuming
that murine hematopoietic stem cells un-
dergo limited duplication in vitro wheth-
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er they are irradiated or not and whether
they are grown in primary mass cultures
or in secondary, limiting-dilution over-
lays. If the same applies to stem cells in
vivo, it explains the previous observa-
tions of nonsustained recovery in repeat-
edly irradiated or busulfan-treated ani-
mals (I7), and is in agreement with re-
ports describing regenerative deficits af-
ter secondary challenge (/8). Although
the regenerative stem cell reserve may
be very large in vivo, if it is limited at all,
this needs to be understood in as far as it
applies to human beings, and the impli-
cations need to be made part of our
concepts of cancer treatment with radia-
tion, drugs, and bone marrow transplan-
tation.
URSULA REINCKE
EiLEeN C. HANNON
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Department of Radiation Therapy,
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Interspecies Variations in Mammalian Lens Metabolites as

Detected by Phosphorus-31 Nuclear Magnetic Resonance

Abstract. Multiple interspecies differences were detected between humans and
seven other mammals in 15 of the 24 metabolites measured in the intact crystalline

lens and lens perchloric acid extracts.

Generally, the number of statistically

significant metabolite differences among the various species, relative to the human,
increase in the following order: cat ~ dog > pig > rat > sheep > rabbit > cow.

We have reported that there are sub-
stantial metabolic differences between
the rabbit and human crystalline lens, as
measured by phosphorus-31 nuclear
magnetic resonance spectroscopy (*'P
NMR) (/). The differences appear to

Man
(Buffer Pi)

represent fundamental divergences in
the rate-limiting enzymatic processes
that regulate the intermediary metabo-
lism of the lens. Although reports of
interspecies differences in tissue metabo-
lite concentrations are not uncommon

Fig. 1. The *'P NMR spectra
of various intact mammalian
lenses during incubation in
modified Earle’s buffer (pH
7.4) at 37°C. In accordance
with the IUPAC convention,
the chemical shift scale is pre-
sented as positive downfield.
The resonance position of 85
percent orthophosphoric acid
corresponds to zero 8. Buffer
Pi denotes the buffer inorgan-
ic orthophosphate resonance;
SP, sugar phosphate; GPE,
glycerol 3-phosphorylethanol-
amine; GPC, glycerol 3-phos-

Pig Rat

phorylcholine; PCr, phospho-
creatine; ADP and ATP, ade-
nosine di- and triphosphates;
DN, the dinucleotides, princi-
pally nicotinamide adenine
dinucleotide; and NS, nucleo-
side diphosphosugars com-
posed of uridine diphospho-
glucose, diphosphogalactose,
and diphosphomannose. Peak
1 (rabbit) consisted principally
of a-glycerol phosphate; peak
2 (rat) represents predomi-
nantly phosphoryicholine; peak

Rabbit

\
6.08
\

3 (pig) denotes an elevated lev-
el of ribose-5-phosphate; peak
4 (sheep) reflects elevated ino-
sine S-monophosphate con-
tent. The intact lens *'P spec-
tral profiles were obtained
from single lenses in each in-
stance except for the rat; six
rat lenses were analyzed

T T T T

—20 8 20 0

20 0

"_2'0 j 6 simultaneously to provide suf-
ficient tissue mass. The buffer

Pi signal, which is discernible in the intact lens spectra for rat and human, is a manifestation of
the proportionately low tissue : buffer volume ratio in the detection volume of the spectrometer
receiver coil. We find that the enhancement of the buffer Pi signal is an inverse function of tissue
volume; this observation explains the presence of this peak in the lens spectra of the rat and
human and its apparent absence in the other mammalian lens spectra.
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