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We have investigated the properties of nerve cell precursors in hydra by analyzing the differentiation and prolifera- 
tion capacity of interstitial cells in the peduncle of Hydra oligactis, which is a region of active nerve cell differentiation. 
Our results indicate that about 50% of the interstitial cells in the peduncle can grow rapidly and also give rise to 
nematocyte precursors when transplanted into a gastric environment. If these cells were committed nerve cell precur- 
sors, one would not expect them to differentiate into nematocytes nor to proliferate apparently without limit. Therefore 
we conclude that cycling interstitial cells in peduncles are not intermediates in the nerve cell differentiation pathway 
but are stem cells. The remaining interstitial cells in the peduncle are in G1 and have the properties of committed nerve 
cell precursors (Holstein and David, 1986). Thus, the interstitial cell population in the peduncle contains both stem cells 
and noncycling nerve precursors. The presence of stem cells in this region makes it likely that these cells are the 
immediate targets of signals which give rise to nerve cells. © 1990 Academic Press, Inc. 

INTRODUCTION 

Mul t ipo ten t  in te r s t i t i a l  s t em cells in h y d r a  cont in-  
ously d i f ferent ia te  nerve  cells, nema tocy t e s  and  g land  
cells (David and Gierer ,  1974; Bode and David,  1978; Da-  
vid et al., 1987). Nerve  cell d i f fe rent ia t ion  occurs pri-  
m a r i l y  in head  and foot  regions  of h y d r a  and  is s t imu-  
la ted  by head and  foot  r egene ra t ion  or by t r e a t m e n t  
wi th  a neuropept ide ,  the  head  ac t iva to r  (Schaller ,  1976; 
Hols te in  et al., 1986). The  n a t u r e  of the  t a r g e t  cell which 
d i f f e ren t i a t e s  ne rve  cells in r e sponse  to r e g e n e r a t i o n  
s ignals  or H A  t r e a t m e n t  is p re sen t ly  not  known. I t  could 
be a mul t ipo ten t  s t em cell or an a l r eady  commi t t ed ,  cy- 
cling nerve precursor .  

Recent ly  He imfe ld  and Bode (1984) and Bode et al. 
(1990) have  sugges ted  t h a t  the  nerve  cell d i f fe rent ia t ion  
p a t h w a y  conta ins  cycling in te rmed ia tes .  Evidence  for  
th is  hypothes i s  was  based  on the  obse rva t ion  t h a t  some 
cells hav ing  the m o r p h o l o g y  of typical  nerve  p recu r so r s  
( H e i m f e l d  and  Bode, 1984; H o l s t e i n  and  David ,  1986) 
could be labeled wi th  [3H]thymidine.  

To inves t iga te  th is  hypo thes i s  in more  detai l  we have  
ana lyzed  the p rope r t i e s  of in te r s t i t i a l  cells p r e sen t  in 
t i ssue which d isp lays  extens ive  nerve  cell d i f ferent ia-  
tion. The peduncle of the  s ta lked  h y d r a  H y d r a  oligactis 
is well  sui ted for  such e x p e r i m e n t s  since it is a si te of 
act ive nerve  cell d i f fe ren t ia t ion  (Bode et al., 1990) and  
s ince it  con t a in s  h i g h e r  n u m b e r s  of  i n t e r s t i t i a l  cells,  
which  are  p u t a t i v e  ne rve  cell p r e c u r s o r s ,  t h a n  o t h e r  
species. In  the  p re sen t  e x p e r i m e n t s  we have  de t e rmined  
the  d i f ferent ia t ion  and  p ro l i fe ra t ion  capac i ty  of in te r -  
s t i t ia l  cells in peduncles  of H y d r a  oligactis both  in si tu 

and by exp lan t ing  t h e m  f r o m  the peduncle  into a gas t r i c  
e n v i r o n m e n t  which can suppor t  s t em cell pro l i fe ra t ion .  

The resu l t s  indicate  t h a t  mos t  in te r s t i t i a l  cells in the 
peduncle  are  pos tmi to t i c  G1 cells s imi l a r  to nerve  pre-  
cursors  which have  been descr ibed previous ly  (Hols te in  
and  David,  1986). A f rac t ion  of the  peduncle  cells, how- 
ever, have  S and G2 nuclear  D N A  conten t s  and can be 
l abe led  w i th  [3H] thymidine .  W h e n  t r a n s p l a n t e d  to a 
gas t r i c  env i ronment ,  these  cells g row rap id ly  and recon- 
s t i tu te  an in te r s t i t i a l  cell popula t ion  typica l  of the  gas-  
t r ic  region. In pa r t i cu la r ,  these  p ro l i f e ra t ing  cells give 
r ise  to i n t e r m e d i a t e s  in the  n e m a t o c y t e  d i f fe rent ia t ion  
pa thway .  Thus,  they  exhib i t  the  p rope r t i e s  of mul t ipo-  
t en t  s t e m  cells in hydra .  Since in a region of act ive nerve  
cell d i f fe ren t ia t ion  only in t e r s t i t i a l  cells wi th  the  prop-  
e r t ies  of s t em cells or  pos tmi to t i c  nerve  cell p recur so r s  
were  presen t ,  our  da t a  do not  suppor t  the idea of cycling 
n e r v e  p r e c u r s o r s .  R a t h e r ,  t h e y  s u g g e s t  t h a t  c o m m i t -  
m e n t  to nerve  cell d i f fe rent ia t ion  occurs  d i rec t ly  a t  the  
level of s t em cells. 

MATERIALS AND METHODS 

A n i m a l  culture. All e x p e r i m e n t s  were  ca r r i ed  out  us- 
ing a ma le  s t r a in  of H. oligactis or iginal ly  collected f r o m  
Lake  Zfirich in Swi tze r land  in 1979 by Dr.  Lynne  Li t t le -  
field and  kindly provided by  Dr.  P ie r re  T a r d e n t  1983. 
The an ima l s  were  cu l tured  in M-solution,  ad jus ted  to 
p H  7.8 (Sug iyama  and Fu j i sawa ,  1977). Budless h y d r a  
w e r e  used  in all  e x p e r i m e n t s .  A n i m a l s  we re  se lec ted  
f r o m  the  cul ture  22 hr  a f t e r  the  l as t  feeding. 

Ident i f icat ion o f  cell types by maceration.  The  cell 
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TABLE 1 
CELL COMPOSITION OF THE LOWER PEDUNCLE OF Hydra oligactis 

Number of cells/ 
proximal peduncle 

Epithelial cells 1400 _+ 360 
Nerve cells 346 +_ 34 
Interstitial cells, total 57 _+ 10 

Small interstitial cells 44 + 11 
Large interstitial cells i3 + 4 

Nests of four interstitial cells (4s) 1 _+ 1 

nylon fish line which fits inside PE-10 polyethylene- 
tubing (Clay-Adams, Becton-Dickinson) was used for 
grafting. 

Nitrogen mustard treatment. Animals were treated 
with 0.01% nitrogen mustard  (NM) as described by 
Diehl and Burnett  (1964) and fed once thereafter.  Tissue 
from treated animals was free of interstitial cells after 6 
days. 

RESULTS AND DISCUSSION 

composition of hydra tissue was determined in macer- 
ated preparations (David, 1973) as described previously 
(Holstein and David, 1990). 

Determination of  cell size. The cell size of interstitial 
cells and their nuclei was analyzed by measuring the 
area of cells in macerated preparations as described by 
Holstein and David (1990). Since the cells are effectively 
flat under the coverslip (thinner than 4 #m), the area of 
a given cell is a good approximation of its volume. 

Determination of  nuclear DNA content. The fluores- 
cence of nuclei of interstitial cells was measured with a 
Leitz Dialux microscope fitted with a Leitz epifluores- 
cence at tachment using filter block A (365/450 nm) as 
described by Holstein and David (1990). 

Labeling with [SH]thymidine and autoradiography. 
Hydra were labeled with [methyl-3H]thymidine (44 Ci/ 
mmole, Amersham) by injecting the isotope into the 
gastric cavity using a polyethylene needle (David and 
Campbell, 1972) as described (Holstein and David, 1990). 

Grafting procedures. Tissue grafting was done accord- 
ing to procedure of Rubin and Bode (1978). Because of 
the very small diameter of peduncle and head pieces, 

Cellular Composition of  the Peduncle 

The peduncle in hydra is defined as the region be- 
tween the lowest bud and the basal disc. The cellular 
composition of the peduncle is different from the gastric 
tissue: it has a high concentration of nerve cells, reduced 
numbers of interstitial cells, and no differentiating ne- 
matocytes (Bode et al., 1973). Many of the interstitial 
cells in this tissue exhibit the morphology of nerve cell 
precursors (Bode et al., 1990). 

In the experiments described here, we have used the 
stalked hydra H. oligactis as a source of peduncle tissue 
because in this species the peduncle is larger than in 
other species. To exclude any possible contribution of 
gastric cells to the experimental observations, we have 
only used the proximal half of the peduncle. Table 1 
shows the cellular composition of this tissue. There are 
large numbers of nerve cells and small interstitial cells, 
but very few large interstitial cells and practically no 
precursors in the nematocyte differentiation pathway 
(4s). The total number of interstitial cells in these lower 
peduncles varied from 50 to 500 depending on the condi- 
tion of the hydra culture. Such fluctuations in the ani- 
mals have also been reported by Bode et al. (1990). All 

FIG. 1. Size and morphology of interstitial cells in the peduncle. (A) large interstitial cells. (B) and (C) small interstitial cells. Micrographs are 
from macerated cell preparations, phase contrast, bar indicates 10 ttm. 
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FIG. 2. Size distr ibution of large and small  inters t i t ia l  cells in the 
peduncle. Shaded bars: small  interst i t ia l  cells. Open bars: large inter- 
sti t ial  cells. The measurements  of large and small in ters t i t ia l  cells do 
not reflect their  relative proportions in tissue. 

the experiments reported here involved animals with 
cell numbers as shown in Table 1. 

Size and Morphology of Interstitial Cells in Peduncles 

Figure 1 shows examples of the morphology of inter- 
stitial cells in peduncle tissue. Both large interstit ial  
cells having a nucleus with a prominent nucleolus (Fig. 
1A) and small interstitial cells with condensed hetero- 
chromatic nuclei and no discernible nucleoli (Fig. 1B, 
1C) are present. Figure 2A demonstrates that  the visual 
impression of size differences between large and small 
interstitial cells can be confirmed by quantitative size 
measurements in macerates. Small interstit ial  cells in 
the proximal peduncle have an average area of 79 #m 2, 
while large interstitial cells in this tissue have an aver- 
age size of 130 ttm 2 (Fig. 2). Since small interstit ial  cells 
are about half the size of large interstitial cells, they 
could be mitotic products of these cells. Since their size 
and nuclear morphology are similar to nerve cells, these 
small interstitial cells are likely to be the direct precur- 
sors to nerve cells (Holstein and David, 1986; Bode et al., 
1990). 

Cell Cycle Parameters of Interstitial Cells in the Peduncle 

We have shown previously that  nerve cell precursors 
induced by head activator t reatment  are arrested in G1 
of the cell cycle (Holstein and David, 1986). Therefore 
we measured the DNA content of the interstitial cells in 
the peduncle of H. oligactis (Fig. 3A). About 60-70% of 
the interstitial cells in peduncles had a G1 nuclear DNA 
content typical of nerve cell precursors. The remaining 
cells had S/G2 nuclear DNA contents and thus appeared 
to be in cycle. Consistent with this finding, 18% of the 
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FIG. 3. Nuclear DNA content of total  inters t i t ia l  cells from the pe- 

duncle determined by microfluorometry. (A) 0 days, (B) 3 days, (C) 5 
days af ter  graf t ing to NM head. Nuclei of nerve cells (G1 DNA con- 
tent,  David and Gierer, 1974) were used as a reference to determine 
the positions of G1 and G2. Abscissa: DAPI fluorescence in arb i ta ry  
units. 

interstitial cells in the peduncle could be pulse labeled 
with [SH]thymidine (see also Fig. 6). 

On the basis of their nuclear morphology, G1 nuclear 
DNA content and size, it appears that  most small inter- 

NM hydro ~ ~heod 

peduncle 
live hydro 

graft y f,ed 

/ / f  day 0 day 5 

FIG. 4. Graf t ing procedure used to measure the growth and differ- 
ent iat ion of peduncle inters t i t ia l  cells t ransplanted  to a gastric envi- 
ronment.  Heads from 6-day nitrogen mustard  (NM)-treated animals  
(free of in ters t i t ia l  cells) were grafted onto the proximal peduncle of 
normal hydra; the grafts  were fed daily. 
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FIG. 5. Growth and differentiation of interstitial cells in peduncles grafted to NM heads. Epithelial cells (m) and nerve cells ($), total 
interstitial cells (ls + 2s) (e) and nematocyte precursors (4s) (&). 

stitial cells in peduncles are nerve precursors similar to 
those described previously (Holstein and David, 1986). 
The function of peduncle intersti t ial  cells which have 
S/G2 nuclear DNA contents and can be labeled with 
[3H]thymidine is unclear. These could be cycling stem 
cells or cycling intermediates in the nerve cell differen- 
tiation pathway (Heimfeld and Bode, 1984; Bode et al., 
1990). 

Interstitial Cells f rom the Peduncle Proliferate in a 
Gastric Environment 

To test the differentiation and proliferation capacity 
of in ters t i t ia l  cells f rom peduncle tissue, we t rans-  
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FIG. 6. [SH]Thymidine pulse labeling index of total interstitial cells 
growing in peduncles grafted to NM heads. Abscissa: days after graft- 
ing. 

planted them to a nonpeduncle environment, in this case 
the gastric region. If these cells are committed precur- 
sors to nerve differentiation, then they should differen- 
tiate into nerve cells following transplantat ion to a non- 
peduncle environment. On the other hand, if they are 
stem cells, they should grow exponentially and reconsti- 
tute the normal intersti t ial  cell composition of gastric 
tissue, including differentiating nematoblasts.  

To t ransplant  peduncle cells to a gastric environment, 
we grafted heads of nitrogen mustard- t reated animals, 
which are devoid of intersti t ial  cells, onto lower pedun- 
cles of normal animals and fed the grafts  daily (Fig. 4). 
Such grafts  regenerate to normal animals with a typical 
gastric region within several days. In such grafts  the 
epithelial cells grew rapidly but the number of nerve 
cells did not change over the course of several days (Fig. 
5A). As a result the ratio of nerve cells to epithelial cells 
decreased dramatically from 0.30 at Day 0, which is typi- 
cal of peduncle tissue, to 0.09 at Day 5, which is typical of 
gastric tissue. 

Interst i t ial  cells present in the peduncle at the time of 
graft ing grew rapidly in the regenerated gastric envi- 
ronment  (Fig. 5B) beginning on Day 1. Regression analy- 
sis of the growth rate from tl to t5 indicates tha t  the cells 
had a doubling time of 1.2 days. Extrapolat ion of the 
growth curve to to indicates tha t  growth of the intersti-  
tial cell population star ted from about 30 cells at the 
time of grafting. Since the peduncle tissue contained 
about 60 total intersti t ial  cells on Day 0, this result  sug- 
gests tha t  about half of these peduncle cells were capa- 
ble of extensive proliferation. 

The rapid growth of intersti t ial  cells in the grafted 
peduncles was accompanied by a shift in the distribu- 
tion of nuclear DNA contents from primari ly G1 cells on 
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Day 0 to primarily S and G2 cells on Day 5 (Figs. 3A- 
3C). Consistent with this result, the pulse-labeling index 
increased from 0.2 on Day 0 to 0.6 on Day 4 (Fig. 6). The 
relatively slow change in both the nuclear DNA distri- 
bution and in the labeling index is due to the persistence 
of noncycling G1 cells for several days after grafting 
(Fig: 3B). 

Growth appears to occur from the S/G2 population 
since most G1 cells are postmitotic nerve precursors. 
S/G2 cells, however, constitute only about 30-40% of 
total peduncle inters t i t ia l  cells (Fig. 3A) whereas 
growth occurs from roughly 50% of peduncle interstitial 
cells (Fig. 5). This discrepancy could be due to errors in 
the estimates. However, it appears more likely tha t  
some "GI"  cells are not postmitotic nerve precursors 
but cycling cells in early S, i.e., part of the S/G2 popula- 
tion (Holstein and David, 1986). 

Interstitial Cells f rom the Peduncle Differentiate 
Nematocyte Precursors in a Gastric Environment 

The rapid exponential growth of interstitial cells in 
the grafted peduncles suggests that  these cells are stem 
cells capable of regenerating the typical interstitial pop- 
ulation of normal animals. If this is true, they should 
also give rise to intermediates in the nematocyte differ- 
entiation pathway, e.g., nests of four interstitial cells 
(4s; David and Gierer, 1974). Figure 5B shows that  4s 
first appeared on Day 1 and increased exponentially 
with a doubling time (1.2 days) identical to that  of the 
interstitial cell population. Since 4s are differentiation 
intermediates, which are produced from stem cells and 
which turn into 8s (David and Gierer, 1974), the exponen- 
tial increase in their numbers indicates tha t  they are 
continuously produced during growth of the stem cell 
population. 

Peduncle Tissue Contains Stem Cells and Postmitotic 
Nerve Cell Precursors 

In summary, our results indicate that  peduncle tissue 
contains two classes of interstitial cells: cells in G1 and 
cycling cells in S/G2. Essentially all G1 cells (70% of 
total) are small interstitial cells; S/G2 cells (30% of to- 
tal) are a mixture of large and small interstitial cells. 
The G1 cells have the properties of postmitotic nerve 
cell precursors which have been previously described 
(Holstein and David, 1986). The S/G2 cells are cycling 
and, following t ransplanta t ion  to a gastric environ- 
ment, support rapid exponential growth. Since these 
cells also give rise to nematocyte precursors, they are 
stem cells and not cycling nerve precursors. Although 
our results do not rigorously exclude low levels of cy- 

cling nerve precursors, the majority of cycling cells in 
peduncle tissue appear to be stem cells. 

Since we only observe stem cells and postmitotic 
nerve cell precursors in peduncles, it appears reasonable 
to assume that  stem cells are the immediate target of 
signals inducing nerve cell differentiation. 
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