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Table II. Growth of Caenorhabditis elegans in suspension culture

Time 1lculture 10 1 culture

(days)
Population number pH of Population number pH of
(nematodes/ml) medium (nematodes/ml) medium

0 3,750 5.20 8,800 5.51

2 7,900 5.29 15,000 5.49

4 18,500 5.60 26,000 5,61

7 76,000 6.50 90,000 6.07

medium consisting of 39, gistex, 3%, soy-peptone, 19,
dextrose, 19, bacto-casitone and 500 pg/ml haemoglobin
(Merck, Federal Republic of Germany) was chosen for
large scale cultivation of Caenorhabditis elegans.

Burcrer and Hansen?® first reported on the mass
culturing of axenic nematodes in deep medium using
continuous aeration. Cultures were performed in glass
washing bottles. A 500 ml culture of C. élegans in a
medinm containing 39, yeast extract, 3%, soy-peptone,
0.7% dextrose, MEM vitamins® 100 xsolution (Grand
Island Biological Co., Grand Island, New York) and
HLE reportedly yielded a nematode population of over
100,000 nematodes per ml and a wet weight of 5 g of
nematode tissue. The large scale cultivation technique
reported here is applicable to quantities up to 10 1 and
over. It combines the effect of constant acration and
stirring in glass ware (spinner flasks) that has originally
been designed for the axenic and semi-continuous culture
of suspended cells. :

A typical experiment is set up as follows. Nematodes
are grown up in 100 ml of medium divided over five
250 ml screw-capped Erlenmeyer flasks, When the total
yield 1s at least 2 X 104 nematodes, the cultures are trans-
ferred into a small spinner flask containing 1 1 of culture
medium including 1 ml of antifoam emulsion M-30 (Serva,
Federal Republic of Germany). Antibiotics are routinely
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added to preventcontamination: penicillin Gat 1,000 U/ml,
streptomycinat 1 mg/mland fungizone (amphotericin B) at
10 pg/ml. Sufficientairflow isbubbled through the medium,
whichis mixed slowly by a magnetically driven stirrer mech-
anism. The air is sterilized first by passage through a
1 inch in-line filter holder equipped with a 0.22 pm pore
size membrane. When the population is near its maxi-
mum, ie. when at the end of the exponential growth
phase the population growth rate at first slows down,
it is transferred into fresh medium in a 10 1 capacity
spinner flask and grown up until harvest. As with thin
film cultures, the pH of the medinm rises constantly
with increasing nematode number and thus must be
frequently checked. Any rise above pH 6.5 is readily
followed by subsequent death of a significant part of the
nematode population. Fatal rise of the pH can be over-
come by the use of moderately acid medium (e.g. pH 5.2
with acetic acid) and by acidifying as needed, or by
passage of the air through an acetic acid solution prior
to bubbling through the medium.

Population growth of C. ¢legans and coincident changes
of the pH of the medium are represented in Table II.
It was not attempted to correct for the rise in pH in the
1 1 culture; but in the 10 1 culture the air was bubbled
first through a 259, solution of acetic acid. The total
number of nematodes obtained from the 10 1 culture was
near 1 billion. These were harvested and washed 3 times
in 459%, (w/w) sucrose solution yielding a wet weight of
almost 40 g of very clean nematode tissue. This was
obtained in less than 6 weeks, starting from some 50
WOrms.

This is the first report, to my knowledge, of the cultiva-
tion of nematodes in conditions and with yields that are
remarkably comparable with those reported for cells
and bacteria. There is probably no restriction to further
cultivation of suitable free-living nematodes in large
capacity fermentators.

9. J. Buecuer and E. L. Hansen, J. Nematol. 3, 199 (1971).
10 W, R. Lowgr, E. L. Hansen and E. A. Yarwoop, J. exp. Zool.
161, 29 (1966).
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Summary. Under certain conditions, continuous availability of *H-thymidine in steady-state cell systems results in a
linear increase of the fraction of labelled cells, the equation of which can be used to determine cell cycle parameters of

the system investigated.

For analysis of cell cycle parameters in cell renewal
systems, a method introduced by QUasSTLER and SHER-
MAN 2 is usually employed. The method is based on flash
labelling of DNA-synthesizing cells by 3H-thymidine
(*H-TdR) and subsequent autoradiographic observation
of the percentage of labelled mitoses (PLM-method). If
wavelike oscillations of labelled mitoses are observed,
the experiment gives information about the duration of
all phases of the cell cycle. However, if clearcut second
waves of labelled mitoses are not obtained, due to strong
variations in cell cycle parameters, the available informa-
tion may be limited to the premitotic gap (4,), the mitotic

time (Z») and DNA-synthesis time (¢;), while the cell cycle
time (%) cannot be measured. Serious problems may arise
from early reutilization of 3H-TdR labelled DNA in the cell
system under investigation, as demonstrated for granulo-
cytopoiesis®. In this situation, a cohort of flash-labelled
cells cannot be produced, waves of labelled mitoses are not
observed and the method fails to give any results. In order

1 This research was supported by the Deutsche Forschungsgemein-
schaft.

2 H. QuasTtLERr and F. G. Suerman, Expl Cell Res. 77, 420 {1959).

2 D. GereckE and R. Gross, Blut 37, 43 {1975).
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to overcome these limitations of the PLM-method, an al-
ternative approach for the determination of cell cycle
parameters in steady-state cell systems employing contin-
uous labelling with *H-TdR was theoretically developed
and subsequently verified by experiment in mouse granu-
locytopoiesis.

Theory. Cell renewal systems can be subdivided into a
proliferating cell compartment containing all cells in the
cell cycle, and a non-proliferating cell compartment con-
taining the cells which have irreversibly left the cycling
stage. An influx from morphologically unidentified stem
cells into the recognizable proliferating compartment
may exist (Figure 1). For the following calculations, 6
assumptions are made: a) the system is in a steady-state,
b) a possible influx into the proliferating cell compart-
ment is small compared with the efflux from that com-
partment, c) the system does not contain a significant
proportion of Ge-cells, d) the transit time through the
non-dividing cell pool has a defined minimum value,
which exceeds the cycle time of the proliferating cells,
e) cell death does not occur within the compartments,
1) cell cycle time parameters show no variations.

PROLIFERATING NON-PROLIFERATING

CELL MIGRATION
OR CELL LOSS

STEM
CELLS

COMPARTMENT COMPARTMENT

Fig. 1. Flow diagram of a cell renewal system.
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Time of continuous availability of *H-thymidine

Fig. 2. Theoretical linear increase of the fraction of labelled cells in a
steady state cell system during continuous availability of 3H-TdR
(for explanation of symbols see text).
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Fig. 3. Labelling of bone marrow granulocytopoiesis in the mouse
during continuous availability of 3H-TdR. Each experimental point
represents the mean value of 6 animals.
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The following symbols are used:

N, total number of cells within the cell system.

Ny, number of cells in the proliferating compartment.

Nnyp, number of cells in the non-proliferating compartment.

¥, flow rate of cells from proliferating to non-proliferating com-
partment {cells/unit time).

t;, DNA synthesis time.

tgs, Ppremitotic gap.

tm, mitotic time.

t,, cell cycle time.

tnp, transit time through non-dividing cell pool.

v, fraction of labelled cells within the cell system.

t, running time of continuous availability of 3H-TdR.

If continuous availability of ®H-TdR is provided to
the proliferating cell pool starting at ¢ = 0, all proliferat-
ing cells will be labelled after #—¢;. As long as the transit
time through the non-proliferating compartment is con-
siderably longer than #-7;, the further increase of the
fraction of labelled cells within the whole cell system will
be linear until labelled cells start to leave the non-
proliferating pool. For the time interval defined by /s <
t <tpp, the linear equation describing the fractional
increase of labelled cells during continuous availability
of SH-TdR will be derived. In order to simplify the calcu-
lation, it is assumed that {;, +{» = 0, which means that
the flow of labelled cells into the non-proliferating cell
compartment starts immediately as soon as *H-TdR
becomes available.

The general expression for a linear function with the
slope m and going through point p,(¢;; ¥,) is given by

t—1) 0

In our example, the slope m is given by the fractional in-
crease of labelled cells F/N within the cell system. Com-
plete labelling will be achieved at t=1t,,, so that #; =fyy,
and y,=1. Entering these expressions into equation I,
we obtain

r
y—1= ~N (t— tap)
and

y— oy =

F F
y:*N,"t—I—l—’l’\?'tnp (II)

The flux T of cells in the system can be expressed either
by the output of the proliferating compartment FF =
N/t or by the flow of cells through the nonproliferating
compartment F = Nyp/tsy. In substituting F in equation
IT by these terms, we arrive at

Np -t Nop
Y="x., TN
and

Np-t N,
YN, TN
or

Ny (t )
y="§ - t0+1

Equation III describes the linear increase of the fraction
of labelled cells for a cell renewal system in steady state
during continuous availability of 3H-TdR for the time
interval f.—#; <¢ <inp. Discussion of this linear function
shows that it has interesting intersections with the
abscissa and the ordinate. Thus, for

(111)

Ny
t = 0 it follows that y = '
and for
y = 0 it follows that ¢ = — f.
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In other words, the fraction of proliferating cells within
the total cell system can be obtained by extrapolation of
the linear function to the ordinate; and the cell cycle time
can be estimated by extrapolation to the abscissa. Fur-
thermore, as stated above, for ¢ = #,,, the fraction of
labelled cells is equal to 1. Thus, the intersection of
the linear function with the 1009, level will yield fup.
These properties of equation III are shown graphically
in Figure 2. Since, in continuous labelling experiments,
the entrance of labelled cells into the non-proliferating
compartment does not start immediately at ¢ = 0 as
assumed above, but only after #;, -+¢n, the linear function
with the properties of equation I1I can be obtained by
shifting all experimental data by the value of f;,+n to
the left.

For the sake of simplicity, in the above calculations
variations of cell cycle parameters were disregarded. Con-
sidering such variations, equation III remains valid for
the observation period (fo— #s) maz < ¢ < fnp min, if fc is re-
placed by the arithmetic mean of #. Accordingly, the in-
tersections of the equation will then yield the mean
values of the cell cycle parameters.

Expevimental vesults. The theory outlined above was
applied to mouse granulocytopoiesis. & Balb/c mice
(24-28 g) were injected with 3H-TdR (1 pCi/g body
weight) at 8-h intervals to ensure that all cells produced
within the experimental period were labelled. Previous
experiments had shown that significant numbers of
labelled granulocytes do not appear in the circulation up
to 50 h after the first injection of 3H-TdR (= minimum
transit time through the non-dividing marrow pool).
Hence, animals were killed at 10, 20, 30, 40 and 50 h,
femoral marrow was removed and processed for auto-
radiography. The percentage of labelled granulocytic
marrow cells was scored after adequate exposure time
and Giemsa staining by evaluating 500 cells irrespective
of their stage of maturation.

The results obtained are shown in Figure 3. Each point
on the graph represents the mean value of 6 animals. A
linear increase of the percentage of labelled granulocytic
marrow cells was observed between 10 and 50 h, con-
firming the theory developed above. Extrapolation of the
experimental curve to the abscissa and to the 1009, level
gave values for £, of 14 h and for ¢, of 66 h, respectively.
The relative size of the proliferating pool, obtained from
the ordinate at f = 0, was 189,. From the initial part of a
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PLM-experiment, t5,+ ¢, for marrow granulocytopoiesis
was estimated to be 2 h. In correcting for ¢;, + ?» in the
way described above, the final estimates wete & = 16 h,
tup = 64 h and relative size of proliferating cell pool =
209, (dotted line, Figure 3).

Discusston. The method introduced here for determina-
tion of various kinetic parameters of proliferating cell
systems is generally applicable under steady state con-
ditions as long as the minimum transit time through the
non-proliferating cell compartment considerably exceeds
the value of f — #;. Compared to the PLM-method, this
alternative approach shows a number of advantages.
Because of the linear relationship described by equation
III, only 2 samples taken from the cell system under in-
vestigation during continuous availability of *H-TdR
are needed to obtain estimates for the cycle time, the
proliferating fraction and the transit time through the
non-proliferating pool. If, in addition, the percentage of
labelled cells 1 h after injection of 3H-TdR is determined
(flash labelling index), calculation of DNA synthesis time
is also possible. Thus, 3 biopsies may give as much in-
formation as a complete PLM experiment requiring be-
tween 10 and 20 tissue samples. Moreover, in some sit
uations, where PLM experiments fail to give clearcut re-
sults, the continuous labelling method remains appli-
cable. Whenever second waves of labelled mitoses are
not observed after flash labelling, it seems worthwile to
investigate the cell system in question under continuous
availability of 3H-TdR in order to find out whether a
linear increase of the percentage of labelled cells can be
demonstrated, which allows application of the theory
developed above. Early reutilization of labelled DNA, a
process which may lead to a failure of PLM experiments,
does not interfere with the continuous labelling method.
Thus, in mouse granulocytopoiesis, a plateau curve of
labelled mitoses at 1009, was observed after a single in-
jection of SH-TdR due to tracer reutilization, and in-
formation about cell cycle parameters was restricted to
g5 +tm in that experiment?. By a continuous labelling ex-
periment, however, it was possible to obtain information
about the cell cycle time of the proliferating cells and the
proliferating cell fraction in this renewal system, as de-
monstrated in the experimental part of this communica-
tion.

4 D. GErECKE, unpublished observation.
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