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SUMMARY

The proliferative capacity of gland cells in Hydra attenuata was investigated. The results
indicate that both gland cell proliferation and interstitial cell differentiation to gland cells
contribute to the maintenance of the whole population. On the basis of [3H]thymidine in-
corporation and nuclear DNA measurements, gland cells consist of at least three different
populations. One population consists of rapidly proliferating cells with a cell cycle of about 72 h.
These cells are distributed throughout the body column. In the lower gastric region there is a
population of non-cycling cells in Gz while in the upper gastric region there is a population of non-
cycling cells in Gi. About half the G\ population becomes a new antigen, SEC 1, which is typical of
mucus cells.

INTRODUCTION

Gland (zymogen) cells are interspersed singly between the more numerous and
larger epithelial cells in the endoderm of Hydra. They are presumed to secrete
proteolytic enzymes for the extracellular digestion of the prey (Beutler, 1924;
Haynes & Burnett, 1963). This cell type is club-shaped, tapering to a narrow base
that extends towards the mesogloea and contains vacuoles or granules of different
size and content (Rose & Burnett, 1968). In many ways gland cells resemble the
zymogen cells in the pancreas of vertebrates (Gauthier, 1963; Lentz, 1965).
Secretion has been observed to be of the apocrine type: a portion of the granular part,
mainly in the apical region of the cell, is pinched off into the gastric cavity after
feeding. The basal portion of the cell then goes through resynthesis of the granules
and another round of excretion (Bouillon, 1966; Kessler, 1975).

Gland cells exhibit a graded distribution along the body column of Hydra with a
maximum density in the subhypostomal region. This cell type, which represents
25 % of all endodermal cells, is scarce in the head of the animal and absent in the
lower two-thirds of the peduncle and in the foot (Burnett, 1959; Campbell, 1967a;
Bodega/. 1973).

More than one type of gland cell has been described (von Strelin, 1929; Semal van
Gansen, 1954); these may, however, be different developmental stages of the same
type (Hess, 1961). Rose & Burnett (1968) described one type of zymogen cell with
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granules of different sizes; the diameter of the granules increasing further down the
body column.

From observations on the morphology of cells in histological sections gland cells
have been reported as being derivatives of interstitial cells (Lentz, 1965). On the
other hand gland cells in specified conditions have been observed to assume the
appearance of interstitial cells (Burnett et al. 1966; Davis, 1973). This poses the
question of whether they are an independent population or whether they are derived
from another cell type, i.e. interstitial cells, by differentiation. In terms of the
maintenance of gland cell populations, three major hypotheses have been proposed.

(1) Gland cells are proliferating cells and capable of self-renewal. This was
suggested first by Tannreuther (1909), who observed mitotic figures in gland cells.
Mitoses in gland cells were also observed by Burnett (1959, 1961), Diehl & Burnett
(1964) and Corff (1973), and by Campbell (1965, 1967a), who found an even
distribution of mitoses over the body axis. Additional support for the hypothesis that
gland cells are autoreproductive came from Smid & Tardent (1984), who found no
interstitial to gland cell differentiation in recombination experiments between
labelled ectoderm and unlabelled endoderm.

(2) Gland cells are interstitial cell products. McConnell (1931) observed mitotic
figures not only in gland cells but also in the basal reserve cells, large interstitial cells
in the endoderm of Hydra, and proposed that these cells were the precursors of gland
cells in Hydra. This hypothesis was also favoured by several authors, mostly because
of morphological similarities between these two cell types (e.g. see Burnett, 1959;
Bouillon, 1966; Haynes & Davis, 1969).

(3) Gland cells proliferate but require an interstitial cell input. On the basis of
histological data, Kessler (1975) was able to follow the life-cycle of gland cells. Her
data, as well as those of Bouillon (1966) and others (McConnell, 1929; Semal-Van
Gansen, 1954; Rose & Burnett, 1968), suggest that gland cells go through renewed
cycles of cell division as well as synthesis and discharge of their vacuolar content. In
addition she found interstitial cells migrating across the mesogloea and acquiring the
morphology of gland cells. She concluded from these findings that interstitial cells
differentiate into gland cells and that these then go through several rounds of division
and synthesis of their vacuolar content and finally die. Further support for a role of
the multipotent interstitial cell in gland cell replenishment comes from work by
Marcum & Campbell (1978), Fradkin et al. (1978) as well as Sugiyama & Fujisawa
(1978). When interstitial cells and consequently their derivatives are removed by
different means, gland cells are often removed as well. Sometimes, however, they
persist or decrease slowly with time (Marcum & Campbell, 1978).

The question of the extent of self-renewal and whether the gland cells are capable
of maintaining their own population is addressed in this paper. Gland cells are
characterized with respect to their cell cycle parameters and proliferation rate. The
results indicate that gland cells proliferate at a rate that is not sufficient for
maintenance of the total population. A low rate of interstitial cell differentiation to
gland cells occurs, however, and appears to be sufficient, together with gland cell
proliferation, to maintain the gland cell population.
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MATERIALS AND METHODS

Mass culture
Hydra attenuata (Pall.) were used in all experiments. Cultures were maintained at 18°C in

plastic trays with a volume of about 1 litre. The hydra used were large animals obtained by culture
at a population density of about 1-2 hydra per ml. Hydra were fed freshly hatched Artemia nauplii
once daily and the culture solution was exchanged after 6h (Lenhoff & Brown, 1970).

Maceration and cell determination

For quantitatively preparing single cell suspensions from hydra tissue the maceration technique
was used (David, 1973). Cell identification and quantification was also done according to David
(1973). For the terminology of morphological regions in hydra we referred to Campbell & Bode
(1983).

Pulse and continuous labelling of Hydra cells
Hydra were labelled with [me<Ay/-3H]thymidine (30Cimmol~'; Amersham, England). The

compound was used at a concentration of either 25 or SO^Ciml"1 depending on the experiment.
The label was administered by injecting about 0-1-0-2/il into the.gastric cavity of individual hydra
using a 10-/̂ 1 Hamilton syringe fitted with a tip of finely drawn polyethylene tubing. Continuous
labelling was achieved by repeated injections of radioactive thymidine at intervals of about 12 h
(David & Campbell, 1972). The cells were then spread on gelatin-coated microscope slides and
dried overnight. For autoradiography the dried slides were washed briefly to remove excess
maceration fluid and then covered with Kodak NTB-2 autoradiographic emulsion, exposed for 10
days at 4°C and developed. Autoradiographs were analysed using bright field and phase-contrast
microscopy. The labelling index (labelled cells/total cells) was determined by counting at least 250
gland cells per sample. To minimize errors due to variability between animals 3-5 hydra were used
for each sample.

Determination of the amount ofDNAper nucleus
In order to identify G\ (2M), 5 phase and Gz (4M) cells the relative amount of DNA per nucleus

was determined microfluorometrically using the DNA-specific fluorochrome DAPI (Leeman &
Ruch, 1982). Macerated cells were spread on gelatin-coated microscope slides and after drying
were stained with O-S/zgml"1 DAPI (4',6-diamidino-2-phenylindole dihydrochloride) for at least
2h in Mcllvain's buffer at pH7 (Coleman & Maguire, 1982). The fluorescence intensity of single
cell nuclei was measured photometrically with a Leitz MPS 40 photomultiplier attached to a Leitz
Dialux 20 microscope fitted with a Leitz epifluorescence attachment and filterblock A (excitation
wavelength 340-380 nm; barrier filter 430 nm). The diaphragm of the photomultiplier was always
adjusted to the size of the nucleus. Hydra nerve cells served as a In standard (David & Gierer,
1974).

The fractions of cells in the different cell cycle phases
From the DNA measurements the fraction of cells in the different phases of the cell cycle was

calculated according to Weijer etal. (1984) by fitting respective plots with theoretical curves.
These were derived by summing a set of Gaussian distributions whose means corresponded to the
DNA content of various cell cycle stages and whose areas were proportional to the number of cells
in each particular stage. G\ and Gi were modelled as single Gaussian distributions; since the DNA
content is not constant during 5 phase, it was broken down into 8 subclasses and a Gaussian
distribution constructed for each. All Gaussian distributions had the same coefficient of variation
(15%).

Cell cycle analysis
The cell cycle was calculated according to David (1983) and Bosch & David (1984). For

estimation of the length of G\ and Gz periods DNA measurements were done in conjunction with
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continuous labelling with [3H]thymidine. After labelling and subsequent maceration of the tissue
the fluorescence intensity of gland cells was measured using the DAPI stain. These measured cells
were mapped and after autoradiography checked for incorporation of label.

Determination of the population doubling time
Ten hydra each of about the same size were selected from the mass culture and grown separately

in Petri dishes. They were fed regularly. Each day all animals from one dish were collected
(including newly formed buds), macerated and the number of gland cells and epithelial cells were
determined.

Monoclonal antibody production
The protocol used for generating monoclonal antibodies to Hydra cells is a modification of the

procedure described by Oi & Herzenberg (1980). Preparations of about 1-5X106 dissociated Hydra
cells (Gierer et al. 1972) were suspended in 0-25 ml phosphate-buffered saline-(PBS) including
100 jUg MDP (muramyldipeptide; Institut Pasteur, Paris, France) and injected into the peritoneum
of a 8- to 10-week-old Balb/C female mouse 24 days and 3 days before fusion. For fusion the mouse
spleen was removed, dissociated, and cocentrifuged with the mouse myeloma P3X6AG 8563 cells
in the presence of polyethylene glycoll (PEG) (Galfre et al. 1977). After HAT selection, the
hybridomas were screened by incubating culture supernatant on whole mounts of Hydra or on
macerations of Hydra cells as described below. Hybridomas producing monoclonal antibodies to
cells of interest, were cloned by limiting dilution and stored in liquid nitrogen.

Monoclonal antibody SEC 1 was produced against strain 105 of Hydra magnipapillata
(Sugiyama & Fujisawa, 1977). However, SEC 1 exhibits the same binding pattern in// , attenuata,
so that experiments could be done with the latter species.

Monoclonal antibody visualization
Hybridomas were screened for the production of monoclonal antibodies that bound to specific

cell types of Hydra using indirect immunofluorescence on macerates and on Lavdowsky's fixed
whole hydra (whole mounts).

Whole mounts. Intact hydra were placed in a few drops of medium in a Petri dish. After
relaxation the animals were fixed by flooding the Petri dish with Lavdowsky's fixative. After a
fixation time of at least 5 h the animals were washed for half an hour in PBS with 0-1 % bovine
serum albumin (BSA) and placed in wells of a microtitre plate (Costar). They were incubated for
1 h in 50 (A of culture supernatant followed by another 1 h incubation in a mixture of fluorescein
isothyocyanate (FITC)-labelled goat anti-mouse immunoglobulin (Ig)G/lgM (Tago, Burlingame,
Ca), diluted 50 times in PBS containing 0-1 % BSA and 0*1 % azide. Whole mounts were placed
on microscope slides, mounted in PBS/glycerol (1:9, v/v) and observed with a Leitz Dialux 20
microscope equipped with an epifluorescence attachment and filterblock 12 (excitation wavelength
450-490 nm; barrier filter 515 nm).

Macerated cells. Preparations of macerated cells were spread on gelatin-coated slides and dried
overnight. Cells were postfixed in 0-5 % glutaraldehyde in PBS for 0-5 h, washed in PBS for 0-5 h
and incubated for 0-5 h in a 50 mM-phosphate buffer (pH7) containing 20% foetal calf serum,
0-4M-glycine and 0-1 % Tween 80. Slides were then covered with the primary antibody (culture
supernatant) and placed in a humid chamber for 90min. Cells were incubated in FITC-labelled
goat anti-mouse IgG/lgM for 1 h, washed 5min in PBS, then covered with PBS/glycerol
(1:9) including lOjUgml"1 p-phenylenediamine (Johnson & deNogueira Aranjo, 1981) (Sigma
Chemicals Co.) to reduce bleaching and observed as above.

DNA measurements in conjunction with antibody staining
Macerates of hydra were postfixed for 0-5 h in 0-5 % glutaraldehyde, rinsed briefly in PBS and

incubated in DAPI for 2 h as described above. After a 5 min wash in PBS the slides were incubated
in 20% foetal calf serum, 0-4M-glycine, 0-1 % Tween 80 in 50 mM-phosphate buffer at pH7 and
processed thereafter as described above for monoclonal antibody visualization, except that all
incubations were done in the dark. Since DAPI and FITC have very different excitation and
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emission maxima, signals of the same cells could be monitored without interference by switching
from filterblock A to 12.

Grafting procedure
Axial grafts were produced by stringing proximal halves of Evans Blue-stained and

[3H]thymidine-labelled hydra as well as distal untreated halves onto a nylon fishline (Rubin &
Bode, 1982). Sleeves of polyethylene tubing were then strung onto both ends of the fishline to
maintain the cut surfaces in close contact. After 1-2 h the grafts were taken off the fishline. The
grafts were fed daily until use.

Nitrogen mustard treatment
Hydra were treated for lOmin with 0-01 % freshly prepared nitrogen mustard (2,2-dichloro-iV-

methyldiethylamine • HC1; Sigma Chemical Co.) (Diehl & Burnett, 1964). To stop the treatment,
hydra were washed four times with culture medium. Since feeding accelerates the progressive
elimination of interstitial cells from tissue hydra were fed daily until regeneration was initiated at
day 4 by cutting off the distal half of the animal. At this time less than 2 % of the original interstitial
cell complement was present in such animals.

RESULTS

Proliferative fraction of the gland cell population

Pulse and continuous labelling experiments with [3H]thymidine yield extensive
information about cell proliferation. Figs 1 and 2 show that gland cells are labelled at
the time of administration of the [3H]thymidine pulse; therefore the gland cell
population includes proliferating cells. About 70% of the cells become labelled in
approximately 65 h (Fig. 1). Labelling the remaining 30% of the population takes
about 200 h. Therefore, there appear to be two different gland cell populations: one
rapidly cycling population and a 'slow' population, which either has a prolonged cell
cycle or no longer participates in proliferation.

The continuous labelling data are also compared with those of epithelial cells
(Fig. 1A), which show a higher initial rate of labelling. In contrast to gland cells,
100% labelled cells are found after about 100 h.

In order to see whether there are regional differences in gland cell proliferation,
the labelling indices were determined separately in upper and lower gastric regions.
Fig. IB shows that the labelling index for the lower gastric region is about 5—10%
below that of the upper gastric region. Thus, the cells in the lower gastric region have
a longer cell cycle or a larger fraction no longer participates in the cell cycle. A drop in
the rate of labelling was observed at about the same time in both regions, i.e. at 65 h.

The pulse labelling data (Fig. 2) show a trend toward higher labelling indices with
time. Although the data points are scattered, there appears to be little or no change in
the labelling index for the first 20-30 h but thereafter the labelling index increases
steadily. The increase is about 6% per day and is due, at least partially, to
differentiation of gland cells from interstitial cells (see Table 1 and Discussion).

Characterization of the nuclear DNA content of gland cells

The nuclear DNA content of gland cells was determined using the DNA-specific
fluorochrome DAPI (Leeman & Ruch, 1982). Fig. 3A shows the distribution of
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nuclear DNA content of gland cells in the gastric region. From these data the fraction
of cells in the different phases of the cell cycle was calculated as described in
Materials and Methods. About 68% of all cells have a DNA content of 4n and are
thus in the G2 period of the cell cycle: 17 % are in the 5 phase; 15 % of all gland cells
have a DNA content similar to nerve cells (2n) and are thus in the G\ phase of the cell
cycle. The presence of such a substantial number in In cells of the gland cell
population is unusual since other proliferating cell types in Hydra do not have a
detectable Gx phase (Campbell & David, 1974).

Fig. 3B-E shows the nuclear DNA content of gland cells in different parts of the
gastric region and in the hypostome. Differences in the distribution of In gland cells
are obvious (Fig. 3B-E). This population is almost completely absent in the lower
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Fig. 1. Labelling index of gland cells in hydra continuously labelled with [3H]thymidine.
Hydra were injected twice daily at 12-h intervals with 25juCi of [3H]thymidine and
cultured as usual; 5 hydra were sampled for each time point; hydra to be sampled were
labelled with [ H]thymidine for 1 h before preparing macerations. Averages and standard
deviations from at least three experiments. A. Labelling index for the gastric region of
hydra. Gland cells (O) and epithelial cells ( • ) . B. Gland cell labelling index for the upper
half (O) and lower half of the gastric region ( • ) of hydra.
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Fig. 2. Labelling index of gland cells in hydra pulse-labelled with [3H]thymidine. Hydra
were injected once at the beginning of the experiment with 50/iCi of [3H]thymidine and
cultured as usual. The gastric region of hydra was macerated for each time point.
Averages and standard deviations from four independent experiments.

gastric region of Hydra. The fraction of 2n cells increases further up the body
column. In the subhypostomal region 2« cells constitute about 27 % of total gland
cells while in the hypostome >80 % of the gland cells are 2n.

Fig. 4 shows the fraction of 2n gland cells compared with the total number of gland
cells in the different regions of Hydra. Owing to its distribution this subpopulation
does not seem to be identical to the 'slow' population of gland cells, which is more
pronounced in the lower body column of Hydra.

The doubling time of gland cells

Fig. 5 shows that the doubling time of the gland cell population in three
independent experiments is about 83 h (calculated using linear regression). As
expected this doubling time is comparable to the doubling time of epithelial cells
(Fig. 5).

Table 1. Differentiation of gland cells from [3H]thymidine-labelled interstitial cells
Days
after
grafting

2
3
4

Gland

Unlabelled

410-
423
394

cells

Labelled

0
7

12

SEC

Unlabelled

65
58
63

1 cells

Labelled

0
0
0

[3H]thymidine labelled proximal halves were grafted to unlabelled distal halves. The table shows
average number of labelled and unlabelled gland cells and SEC 1+ cells in the distal third of grafted
animals. Such pieces contain an average of 475 gland cells and 2350 interstitial cells. The labelling
index of interstitial cells in the distal half at day 2 was 23 %, in the proximal half 83 %. At least four
animals were analysed individually on each day.
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Fig. 3. Nuclear DNA content of gland cells as determined by microfluorometric
measurements on single nuclei using the DNA-specific dye DAPI. Nuclei of nerve cells
(2n) were used as reference to determine the position of G\ and Gz (arrows). Data are
expressed as relative fluorescence intensities (arbitrary units). Gland cells in: A, the
gastric region; B, the head region; C, the upper third, D, middle third, and E, lower
third of the gastric region of hydra.

Continuous labelling of G/ and G2 gland cells

In order to estimate the turnover times of the G\ and Gz populations, nuclear
DNA measurements were done in conjunction with continuous labelling by [3H]-
thymidine. For these experiments macerates of continuously labelled animals were
first stained with DAPI and the DNA content of. individual gland cell nuclei was
determined. Each measured cell was mapped on the microscope slide and, after
subsequent autoradiography, scored for [3H]thymidine incorporation. Fig. 6A
shows that labelled cells appear first in the Gz population and increase rapidly until
about 60 h after the onset of [3H]thymidine administration. The remaining 30% of
the Gz population is labelled more slowly in agreement with the labelling data from
Fig. 1A.
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The first labelled G\ cells appear about 50 to 60 h after the onset of [3H]thymidine
labelling. The fact that G\ cells begin to appear at about the same time at which the
rate of labelling of G% cells decreases (Fig. 6A) suggests that these cells arise from Gz
cells. Thus Gz and mitosis appear to take at least 50 h.

The upper and lower gastric regions were also investigated separately to identify
regional differences in the turnover of Gz cells (Fig. 6B). Although the rate of
labelling of Gi cells was similar in both pieces up to 40 h, the rate dropped thereafter
to different extents in the different regions. Gz cells in the upper gastric region were
completely labelled within 3 days; cells in the lower gastric region were labelled
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Fig. 4. The distribution of gland cells in Hydra. The total gland cell number was
determined using macerates of the defined regions. After determination of the fraction of
cells in the different phases of the cell cycle by microfluorometry the number of G\ gland
cells, as well as the fraction of G\ gland cells, was calculated for the different regions.
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Fig. 5. T h e doubling time of gland cells compared with that of epithelial cells. Increase
in gland cell number in three independent experiments ( A , O , • ) and epithelial cell
number in one experiment ( A ) .
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much more slowly. Thus the Gz population, which turns over slowly, resides in the
lower gastric region.

G\ cells were labelled at the same rate and to the same extent in the upper as
compared to the whole gastric region (data not shown). Since G\ cells are scarce in
the lower body region reliable data could not be obtained for this region.

Evidence for differentiation from interstitial cells to gland cells

To investigate whether gland cells can arise by differentiation of interstitial cells,
labelled interstitial cells were introduced into unlabelled tissue by grafting. Proximal

20 40 60 80
Time (h)
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100 120

Fig. 6. Labelling index of G\ and Gz gland cells in hydra continuously labelled with
[3H]thymidine. Hydra were injected twice daily at 12-h intervals with 25/iCi of
[3H]thymidine during the experiment and cultured as usual. Five hydra were sampled for
each time point; hydra to be sampled were labelled l h before preparing macerations.
Determination of nuclear DNA content in conjunction with autoradiography as described
in Materials and Methods. Averages and standard deviations from three independent
experiments. A. Labelling indices of G\ ( • ) and Gz (O) gland cells from the gastric
region of Hydra. B. Labelling indices of Gz gland cells in the upper (O) as well as lower
gastric region (A) of Hydra.
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halves of [3H]thymidine-labelled hydra were grafted to unlabelled distal halves. In
such grafts interstitial cells actively migrate into the unlabelled tissue (Tardent &
Morgenthaler, 1966; Heimfeld & Bode, 1984). Grafts were incubated for 2-4 days,
after which the distal third was excised, macerated and analysed for labelled
interstitial cells and labelled gland cells. The results are shown in Table 1. After
2 days, about 25% of the interstitial cell population is labelled due to migration of
labelled cells from the proximal half. Essentially no labelled gland cells are present in
the distal pieces after 2 days. However, the number of labelled gland cells increases
markedly between 2 and 4 days in the distal pieces. This increase is not due to
migration of labelled gland cells, since excision of the labelled proximal half does not
affect the result. Rather the appearance of labelled gland cells appears to be the result
of differentiation from labelled interstitial cells that migrated into the distal half. By
day 4 distal pieces contain about 12 labelled gland cells. This corresponds to about
3 % of the gland cell population. Since the precursor interstitial cell population is
about 25 % labelled on day 2 and the differentiation occurred over a period of 2 days,
the rate of differentiation corresponds to about 6 % of the gland cell population per
day.

Evidence for a subpopulation of gland cells in the upper gastric region

In the course of screening cell-type-specific monoclonal antibodies to Hydra cells,
we isolated an antibody (SEC 1) that stains a subset of the gland cells. Most stained
gland cells are morphologically indistinguishable from gland cells (Fig. 7). However,
some stained cells exhibit cytoplasmic inclusions that are similar to those in mucus
cells. Since the monoclonal antibody also stains a subpopulation of mucus cells in the
hypostome, it appears likely that these cells represent intermediates in a differ-
entiation pathway from gland cells to mucus cells.

SEC 1-positive cells constitute about 10% of the total gland cell population. They
are located exclusively in the upper gastric region and in the hypostome (Fig. 8) in a
pattern that is remarkably similar to the distribution of G\ gland cells (Fig. 3). To
investigate whether SEC 1 cells are the same as 2n gland cells, the nuclear DNA
content of SEC 1 gland cells was determined. Fig. 9 indicates that about 70 % of the
SEC 1 gland cells have In nuclear DNA content while the remaining 30% have 5
phase and Gz nuclear DNA levels. Although most SEC 1 gland cells have In DNA
content, these cells constitute only about 30% of all G\ gland cells in the upper
gastric region (Fig. 9).

The presence of some SEC 1 cells with S phase and Gz DNA contents suggests
that a portion of the SEC 1 population is actively proliferating. This was confirmed
by pulse-labelling with [3H]thymidine: about 10% of the SEC 1 population was
labelled by a single thymidine pulse.

The presence of large numbers of G\ cells in the SEC 1 population suggests that
these cells might be differentiation products of interstitial cells. (Nerve cells and
nematocytes, which are major differentiation products of interstitial cells, have G\
DNA levels (David & Gierer, 1974).) To test this possibility newly differentiated
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Fig. 7. Comparison of SEC 1+ and SEC 1 gland cells. Phase-contrast micrographs of
macerates with corresponding immunofluorescent image. A. Typical SEC 1~; and
B,C, SEC 1+ gland cells; D, SEC 1+ gland/mucus cell intermediate. Bar, 25/xm.

gland cells were scored for SEC 1 antigen in the experiment shown in Table 1. No
labelled SEC 1 cells were observed, indicating that these cells, unlike gland cells, do
not arise from interstitial cells.

Further evidence that SEC 1 cells do not arise from interstitial cells was obtained
in regeneration experiments with nitrogen-mustard-treated hydra. Nitrogen mustard
treatment rapidly eliminates interstitial cells from hydra tissue (Diehl & Burnett,
1964); such treatment does not inhibit regeneration. To investigate the role of
interstitial cells in formation of SEC 1 cells, proximal halves of nitrogen-mustard-
treated hydra were isolated and allowed to regenerate. Although such pieces do not
contain SEC 1 cells at the onset of regeneration, SEC 1 cells are regenerated within 5
days (Fig. 8). Since interstitial cells are absent in nitrogen-mustard-treated tissue,
the newly formed SEC 1 gland cells cannot arise from interstitial cells. In view of
their morphological similarity to gland cells (Fig. 7), it appears more likely that
SEC 1 cells arise from gland cells that are still present in nitrogen-mustard-treated
tissue.
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DISCUSSION

Characterization of gland cell populations

On the basis of the results of continuous labelling experiments (Fig. 1A), gland
cells consist of two kinds of cells: rapidly dividing cells, which are completely
labelled by about 65 h, and a second population, which is labelled much more slowly.
This latter population is not homogeneous but rather consists of cells with G\ and
cells with Gz DNA content (Fig. 6). These three populations and their inter-
relationships are shown schematically in Fig. 10.

Regeneration

J
Fig. 8. Whole mounts of hydra stained with SEC 1 monoclonal antibody. Normal steady
state animal (left) and nitrogen-mustard-treated regenerate (right). Bracket indicates
region used for regeneration of distal structure.
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Fig. 9. Nuclear DNA content of total (A) and SEC 1+ gland cells (B) as determined by
microfluorometric measurements on single cell nuclei using the DNA-specific dye DAPI.
Nuclei of nerve cells (2n) were used as reference to determine the position of G\ and G2

(arrows). Data are expressed as relative fluorescence intensity (arbitrary units).

The rapidly labelled population comprises about 70 % of all gland cells or about
650 cells per animal. It is completely labelled by about 65 h. These cells are present
in both the upper and lower gastric region (Figs IB, 6B) and appear to be cycling
cells that are maintaining the gland cell population.

The slowly labelled population in Fig. 1 is not homogeneous but consists of two
kinds of cells: G\ cells and G2 cells. Gt cells are located in the upper gastric region and
constitute about 15% of total gland cells or 190 cells (Fig. 3). They are labelled
between 50 and 140h under conditions of continuous labelling with [3H]thymidine
(Fig. 6A). Because G\ cells first become labelled at about the time the rapidly
proliferating population is completely labelled, it appears that they arise from this
population.

Direct evidence that G\ cells are not part of the proliferating population can be
deduced from the continuous labelling results in Fig. 6A. These results indicate that
the turnover of G2 gland cells is 2 days; for G\ gland cells approximately 4 days. If G\
is part of the cell cycle, then there must be twice as many more G\ than G2 cells.
DNA measurements presented in Fig. 3 show that this clearly is not the case. Hence,
as shown in Fig. 10, G\ is an independent population of non-dividing cells, which
arise from proliferating cells and turn over slowly. As shown below, about 30% of
these cells exhibit a new antigen (SEC 1), which also distinguishes them from the
population of proliferating gland cells.

G% cells that are part of the slowly labelled population are localized in the lower
gastric region (Fig. 6B). There appear to be about 190 such cells since the total size
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INTERSTITIAL CELLS

75 cells/day

'Excess'
20 cells/day

LOWER GASTRIC
REGION

40 cells/day

G2

(190)

GLAND CELLS (650)

UPPER GASTRIC
REGION

50 cells/day

C, (>30%SECl+)
(190)

Fig. 10. Flowchart of gland cell populations. Numbers in parentheses indicate size of
populations. 'Excess' means gland cells produced over and above growth requirements.

of the slow population is 380 cells and the G\ cells constitute about 190 of these cells.
This population becomes labelled between 3 and about 8 days under condition of
continuous labelling. It appears to consist of cells that have exited from the
proliferating population (Fig. 10). Possibly these cells are actively removed from the
tissue, although it appears more likely that they are simply diluted out by continuing
tissue growth.

Duration of the gland cell cycle

The continuous labelling experiments (Fig. 1) indicate that about 70% of the
gland cell population is rapidly proliferating. Since the G\ population observed in the
DNA profile (Fig. 3) does not participate in the cell cycle, the gland cell cycle
consists of S, Gz and M only, and thus is similar to that of other proliferating cell
types inHydra (David & Campbell, 1972; Campbell & David, 1974). The minimum
duration of Gz and M can be estimated from Fig. 6A as the time to the first
appearance of labelled G\ cells, i.e. 50 h. The maximum Gz duration can be estimated
as the time at which the rapidly proliferating population is completely labelled (about
65 h; Figs 1, 6A). Thus the duration of Gz appears to vary significantly as it does for
other proliferating cell types in Hydra.

The duration of the S phase can be estimated from the pulse-labelling index, which
is 17 % of the total gland cells. Since only 70 % of total cells are actively cycling (see
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above), the pulse-labelling index must be corrected for these non-cycling cells. The
corrected labelling index is 17/70 = 24 %. Taking into account the age distribution of
cycling cells (Bosch & David, 1984), this results in an 5 phase of about 14 h, which is
quite similar to estimates of 5 phase for epithelial cells (David & Campbell, 1972).

From the values for G2, M and 5 phase, the cell cycle for proliferating gland cells
can be calculated. The average cell cycle time is 12—1A h, while the fastest cells in the
population only take about 64 h. These values are significantly shorter than the 83 h
doubling time of the gland cell population (Fig. 5). Hence, gland cells appear to
proliferate more rapidly than simple population growth requires. These 'excess' cells
presumably contribute to the production of the non-cycling G\ and G2 gland cell
populations.

Maintenance of the gland cell population by proliferation and differentiation

Maintenance of the gland cell population requires proliferation of the cycling cells
sufficient to match population growth (doubling time 83 h; Fig. 5) and to replace the
non-cycling G\ and G2 gland cell populations. Turnover of the G\ population (190
cells; Fig. 10) occurs in 4 days and thus requires an input of about 50 cells per day.
Turnover of the Gz population (190 cells; Fig. 10) occurs in about 5 days and thus
requires an input of about 40 cells per day. Hence maintenance of the total gland cell
population requires about 90 cells per day over and above the requirements of
population growth.

As discussed above, the proliferative fraction of the gland cell population divides
rapidly enough to match tissue growth and produces an excess of about 10% or 65
cells per cell generation, or about 20 cells per day. This excess production is,
however, significantly smaller than the level of 90 cells per day required to replace the
G\ and Gz populations. Thus, the gland cell population appears unable to maintain
itself without some further source of cells.

The results in Table 1 and Fig. 2 indicate that gland cells arise from interstitial
cells at a rate of about 6% of the gland cell population per day. The result is in
agreement with observations on H. magnipapillata showing that about 7 % of the
gland cell population is daily replenished from interstitial cells by differentiation
(Fujisawa, personal communication). Although earlier experiments indicated no
differentiation from interstitial cell to gland cell in H. attenuata (Smid & Tardent,
1984) more recent experiments show, that in this species gland cell differentiation
also occurs (Tardent, personal communication).

The rate of gland cell differentiation corresponds to about 75 new gland cells per
day. Together with the small number of excess cells produced by gland cell
proliferation, it appears that the input into the gland cell population is sufficient to
match the daily 'output' of about 90 cells. Thus the gland cell population appears to
be maintained by a combination of cell proliferation and cell differentiation from
interstitial cells.

The cell flow scheme in Fig. 10 shows interstitial cells differentiating to the
proliferating population of gland cells. This appears to be the most reasonable
interpretation of the data. However, it should be noted that we have no direct
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evidence, except in the case of the SEC 1-positive cells (Table 1), to show that
interstitial cells do not enter the population of G\ or Gz gland cells.

The function of SEC 1 gland cells

The discovery of a small subpopulation of gland cells bearing a new antigen
(SEC 1) was unexpected since the gland cell population is quite homogeneous. The
localization of this subpopulation in the same regions as G\ cells suggested that the
occurrence of G\ cells might be associated with the occurrence of the SEC 1 antigen.
This simple explanation is not true since only about 30 % of G\ cells bear the SEC 1
antigen (Fig. 9).

On the basis of their morphological similarity (Fig. 7), SEC 1 cells appear to arise
from proliferating gland cells. They do not arise by differentiation from interstitial
cells since no SEC 1 cells were labelled in the experiment shown in Table 1 nor was
the differentiation of SEC 1 cells inhibited in interstitial cell-free tissue (Fig. 8).
Despite this clear evidence for differentiation from gland cells, some SEC 1 cells are
labelled by a [3H]thymidine pulse and are thus in the cell cycle. The simplest
explanation of this observation is that gland cells differentiating SEC 1 cells initiate
synthesis of the SEC 1 antigen during the final cell cycle prior to differentiation.

The excellent technical assistance of Frl. Karin Bauer is gratefully acknowledged. We also thank
Dr T. Fujisawa for sharing unpublished results, as well as Dr T. Holstein for critically reading
the manuscript and for help with the plates. This study was supported by the Deutsche
Forschungsgemeinschaft (DFG).
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