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Stern Cell Differentiation in Hydra
CHARLES N. DAVID

Department of Molecular Biology, Albert Einstein College of Medicine,
Bronx, New York 10461
INTRODUCTION

Two obvious features distinguish multicellular organisms from most microbial Systems:
the variety of different cell types they contain
and the ordered spatial array in which these
cells occur. Both features arise during embryonic development by virtue of cell differentiation and cell communication—the two topics
of this Symposium. Although development of
some (mosaic) embryos is highly determmate,
the majority of embryos remain remarkably
undetermined with regard to cell differentiation until well into development. Such embryos
have a high capacity to regenerate excised or
missing parts, indicating that the determination
of cells for particular pathways of differentiation occurs late and is strongly inffuenced by
the environment, in particular, by Signals
emanating from neighboring cells. Despite a
long tradition in embryology, little is known
about these signals. At the least, however, they
appear to transmit Information about the presence or absence of neighboring cells and thus a
cell's position in a larger cell mass (the embryo). Still less is known about the relationship between such "positional" signals and the
choice of particular pathways of cellular
differentiation.
In seeking to investigate such problems,
several laboratories in recent years have turned
to the simple metazoan hydra. As a model
System, hydra has several advantages. It has
a simple, cylindrical body column consisting of
two cell layers and only five basic cell types.
Furthermore, hydra regenerate well, which is
presumptive evidence for the occurrence of intercellular communication. Finally, as I hope
to show here, hydra possess undetermined stem
cells capable of differentiating into either of
two major classes of cell—nerve cells and
nematocytes. The type of differentiation depends on the position of the stem cell in the
animal in direct analogy to the Situation in
embryos. It should, however, be clearly understood that this work involves adult hydra propagated asexually in the laboratory, not hydra
embryos.
In the following, I will concentrate on interstitial cells and their differentiation into nerve
434

cells and nematocytes. The differentiation pathways in vivo have been worked out in detail
(9-11, 16, 17, 20, 23), and recent experiments
using cell culturing techniques have added extensive Information about the stem cells and
their differentiation potential (C. N. David
and S. Murphy, in preparation). I shall also
review the relationship between the control of
stem cell differentiation and the control of
morphogenesis. Although I shall consider morphogenetic controls only briefly, recent progress in this area has been remarkable (13). In
particular, evidence for the involvement of
low-molecular-weight, diffusible substances in
the morphogenetic "gradients" of hydra is accumulating rapidly, including direct isolation
of putative morphogens (21, 22). An explicit
theory for the establishment and maintenance
of morphogen gradients has also been presented (15). Together with extensive data
gathered from transplantation and regeneration experiments (18, 19, 25-28), these results
promise, for the flrst time, an adequate molecular explanation for the control of morphogenesis in hydra.
HYDRA GROWTH AND
MORPHOGENESIS

Hydra is a small (5 to 10 mm) freshwater polyp. It consists of two concentric
cylinders of epithelial cells (endoderm and
ectoderm) enclosing a central gastric cavity.
The tissue is specialized at the proximal end
to form a basal disk (hold-fast) and at the
distal end to form a hypostome (mouth structure), surrounded by a whorl of six tentacles.
The gastric region, which makes up most of
the body column, is relatively unspecialized.
Hydra grow asexually by budding off young
animals from the proximal gastric region. Although hydra tissue grows constantly, mature
animals do not increase in size since tissue is
lost in the form of buds and, to a lesser extent,
lost from the tips of tentacles and the basal
disk ( 3 , 4). Both morphogenesis of buds and
continuous renewal of hypostome and basal
disk result from localized cell differentiation
and tissue movement and not from localized
cell proliferation (2, 7).

STEM CELL DIFFERENTIATION IN HYDRA
CELL PROLIFERATION A N D
DIFFERENTIATION

Mature hydra contain about 120,000 cells
( 1 ) . About 20% of these are epithelial and
gl and cells, which constitute the principal
structural dement of hydra tissue. Most of the
remaining cells are interstitial cells and their
dirYerentiated derivatives, nerves and nematocytes (Fig. 1 and 2). Interstitial cells are
cytologically undifferentiated cells occurring
simgly, in pairs, or in larger Clusters of 4, 8, or
16 cells. Clusters arise by a series of synchronous divisions (16) with incomplete cytokinesis, leaving daughter cells connected by
cytoplasmic bridges (23).
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Nematocyte differentiation involves proliferation of interstitial cells to form Clusters of
8 and 16 cells, followed by differentiation of a
nematocyst capsule in each cell (8, 16, 20).
After capsule differentiation, cell Clusters separate to single cells, which migrate to the tentacles from the site of their differentiation in
the body column. By comparison, nerve cell
differentiation appears to occur from the pool
of Single or paired interstitial cells. The time
course of nerve and nematocyte differentiation
has been determined by labeling interstitial cell
precursors with [3H]thymidine and following,
by autoradiography, the appearance of labeled,
newly differentiated cells (9). Nematoblasts,

FIG. 1. Interstitial cells, nerve cells, and nematocytes. (a) Pair of large interstitial cells typical of the
Population containing stem cells. (b and c) Clusters of four and eight interstitial cell precursors to differentiating nematoblasts. (d) Desmoneme nematocytes at a late stage of differentiation (just prior to
Splitting of Clusters) in which capsules are almost completed and nuclei are pycnotic. (e) Nerve cell.
Ali micrographs are of dissociated (macerated) cell preparations; interstitial cells are held together by
cytoplasmic bridges. Dissociation procedure simultaneously fixes cells, thus maintaining in vivo morphology and facilitating identification. Phase contrast. X 1,180. Modified from David (6).
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lation, is about 3,600 (based on an average
stem cell cycle time of 24 h [5] and a doubling
time for the population of about 3.5 days [7]).
This estimate is in rough agreement with the
abundance of single and paired interstitial cells
in hydra, suggesting that these populations
may contain the stem cells. However, there are
no cytological criteria to distinguish stem cells
from other interstitial cells.
A C L O N A L ASSAY F O R STEM CELLS
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the first detectable stage of differentiation, appear 12 h after labeling and fully differentiated
nematocytes appear 72 to 96 h after labeling.
Fully differentiated nerve cells appear by 18 h
after labeling. Since both nerves and nematocytes have 2n postmitotic nuclear deoxyribonucleic acid content, the lag following [3H]
thymidine labeling must include cell division
as well as differentiation.
The pathways of nerve and nematocyte differentiation are summarized schematically in
Fig. 2. Continuous differentiation of nerves
and nematocytes in hydra requires the existence of a self-renewing population of interstitial stem cells to maintain a supply of
precursors. From a detailed kinetic analysis of
the rates of differentiation and the turnover of
intermediate pools, David and Gierer (9) calculated that 1,760 stem cells per hydra per day
enter the nematocyte line and 550 enter the
nerve line. The number of stem cells per hydra
required to support this flow of differentiated
cells, as well as growth of the stem cell popu-

To develop a direct assay for the stem cell,
we have modified a technique introduced by
Till and McCulloch (24) to characterize stem
cells of the hemopoietic System. Stem cells have
the capacity to proliferate more stem cells
(self-renewal) and the capacity to give rise to
daughter cells for differentiation. Thus, given
the proper environment, single stem cells can
found clones containing daughter stem cells
and differentiated products. Till and McCulloch used Iethally X-irradiated mice as hosts to
provide a suitable environment for cloning injected hemopoietic stem cells. The injected
stem cells settled in the spieen and other
lymphatic tissues where they gave rise to easily
detectable nodules of growing cells after 1 to 2
weeks. In an analogous experiment, we have
attempted to clone hydra stem cells in inactivated host animals. We have used nitrogen
mustard treatment instead of X-irradiation.
Like X-irradiation, nitrogen mustard kills actively proliferating cells but does not seriously
impair the metabolism and function of nonproliferating or slowly proliferating cells.
Hydra survive for several weeks after nitrogen
mustard treatment, although the rapidly proliferating stem cells are inactivated within several days and phagocytized by the tissue. Thus,
1 week after treatment, hydra consist of a shell
of epithelial cells devoid of interstitial cells
and differentiating nematoblasts (12).
To introduce live cells into such host tissue,
we have taken advantage of the fact that suspensions of hydra cells reaggregate to produce
solid masses of cells which regenerate normal
hydra structures under appropriate conditions
(14). Cells prepared from nitrogen mustardtreated hydra also reaggregate and regenerate,
since extensive cell division is not required.
However, like nitrogen mustard-treated hydra,
such regenerates die after 2 to 3 weeks. If live
cells are mixed into suspensions of nitrogen
mustard-treated cells, mixed regenerates are
formed in which the live cells continue to
proliferate and differentiate. Since nitrogen
mustard-treated (host) interstitial cells are
eliminated after about 1 week, simple staining
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of such mixed regenerates with toluidine blue
reveals only interstitial cells derived from the
added live cells. If limiting numbers of live
cells are added, then individual clones of interstitial cells appear randomly scattered
through the ectoderm of the host regenerate
(Fig. 3). Control regenerates, to which no
live cells are added, contain no clones; increasing numbers of live cells per regenerate lead to
increasing numbers of clones. An average of
one clone ( = one stem cell) per regenerate is
obtained when 150 live cells are added. Since
50% of all cells are lost at various stages before regenerates are firmly established, an
estimate of 1 stem cell per 75 total cells
(1.3%) is more nearly correct. This estimate
approaches the value of 3.5% (3,600 stem
cells per hydra) derived from population
studies on whole animals (9).
DIFFERENTIATION POTENTIAL OF
STEM CELLS

Are stem cells multipotent, i.e., capable of
differentiating both nerves and nematocytes, as
suggested in Fig. 2, or are there distinct populations of stem cells determined for one or
another type of differentiation? To answer this
question, we have used the clone assay to
analyze the differentiated products of individual stem cells. Nerves and nematocytes differentiated in clones were distinguished from
residual nerves and nematocytes of the nitrogen mustard-treated host by labeling with
[3H]thymidine at 8 to 10 days of growth. After
labeling, regenerates were incubated for 2 days
to allow time for differentiation of nerves and
nematocytes. Cell preparations were made of
each regenerate for autoradiography and then
quantitatively scored for labeled interstitial
cells, differentiating nematocytes and nerves.
To be certain that the regenerates examined
contained only single clones, we conducted the
FIG. 3. Two stages
in g r o w t h o f a stem cell
experiment under conditions where fewer than c l o n e . Top: 4-day c l o n e c o n t a i n i n g 16 c e l l s — p r i 20% of all regenerates had clones. The results m a r i l y l a r g e i n t e r s t i t i a l c e l l s i n p a i r s . Bottom: 10of one such experiment in Table 1 show that d a y c l o n e c o n t a i n i n g a b o u t 150 c e l l s i n c l u d i n g a
each clone contained nematocyte precursors, v a r i e t y of i n t e r s t i t i a l cell C l u s t e r s a n d d i f f e r e n t i a t differentiated nematocytes, and nerve cells, as i n g n e m a t o b l a s t s . Host i n t e r s t i t i a l c e l l s w e r e e l i m i ated
by p r e t r e a t m e n t s
with
nitrogen
mustard.
well as stem cells. Thus, individual stem cells nWhole
are capable of throwing off both major classes t o l u i d i n me o ub lnute; . fixed w i t h alcohol a n d s t a i n e d w i t h
of differentiated products. This result suggests
that the stem cell population is homogeneous
in terms of differentiation potential and that R E G I O N A L C O N T R O L O F N E R V E A N D
NEMATOCYTE DIFFERENTIATION
spatial patterns of differentiation in hydra
must be explained in terms of "positional inNerve and nematocyte differentiation in
formation" influencing the determination of hydra
do not occur uniformly throughout the
individual stem cells for the nerve or nema- body column,
but are localized in specific retocyte pathway.
gions: nematocyte differentiation in the gastric
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TABLE 1. Composition of stem cell clones"
Interstitial cell Clusters6

Clone
no.
la

"Stem cells"
1
2
12
24
8
28
9
8
4
36

"Nematocyte precursors"
4
8
16
14
11
2
5
3
5
1
6
2
10
1
2

Nematocytes
2
45
3
38

Nerves
20
21
17
39

3a
8a
9b
18 regenerates containing
no stem cell clone
0
0
0
0
0
0
0
"Stern cell clones were prepared, labeled with [3H]thymidine to distinguish clone cells from host cells,
and analyzed for labeled cells by autoradiography as described in the text. Four of 22 regenerates were
found to contain clones. All interstitial cells in each clone were labeled and are scored in the table
along with labeled nematocytes and nerve cells. No interstitial cells, labeled or unlabeled, were found
in the other 18 regenerates. These regenerates also contained no labeled nematocytes or nerves cells.
Control regenerates to which no live cells had been added contained no interstitial cells and no labeled
nematocytes or nerve cells.
& The assignment of function, i.e., "stem cells" and "nematocyte precursors," to particular classes of
interstitial cells is described in the text and has been justified in detail elsewhere (9).

region, and nerve differentiation primarily in
the hypostome and basal disk. In the case of
nematocyte differentiation, this has been demonstrated by use of a staining procedure which
is highly specific for cells at a late stage of
differentiation (8). This stain demonstrates the
presence of Clusters of differentiating nematocytes throughout the gastric region, but not in
the hypostome or basal disk and the immediately subjacent tissue (Fig. 4b). The boundary
between these "clear zones" and regions of
nematocyte differentiation is remarkably sharp.
The interstitial cell precursors to differentiating nematocytes are also localized exclusively in the gastric region. The hypostome and
basal disk contain few interstitial cells and no
Clusters of 4 or more cells, whereas Clusters of
4, 8, and 16 interstitial cells are abundant in
the gastric region. Figure 4a shows the hypostome and distal gastric region stained for
interstitial cells with toluidine blue. There is a
clear boundary between the regions of high
and low interstitial cell density. A similar
Situation obtains near the basal disk as well.
These results indicate that the regional control
of nematocyte differentiation certainly occurs
before the four-cell stage and probably at the
level of stem cell determination.
A specific stain is not available to identify
differentiating nerve cells. However, newly
differentiated nerves can be distinguished from
pre-existing cells by [3H]thymidine labeling.
Using this technique, David and Gierer (9)
have shown that new nerve cells appear at a
rate two to six times greater in the hypostome
and basal disk than in the gastric region (Table
2). Thus, the distribution of nerve cell differen-

tiation is essentially the inverse of the regional
distribution of nematocyte differentiation.
Together with the finding that interstitial
stem cells are multipotent, the above results
suggest that control leading to regional localization of nerve cell and nematocyte differentiation in the hydra body column is exercised
at the level of stem cell determination. Table
2 summarizes quantitatively the number of
stem cells determined for nerve and nematocyte differentiation per day in the hypostome,
gastric region, and basal disk of Standard
hydra.
ROLE OF MORPHOGENETIC CONTROL
MECHANISMS IN STEM CELL
DETERMINATION

Hypostome and basal disk are dominant
regions which control the morphogenesis and
differentiation of tissue in the body column.
The essential properties of these regions, summarized below for hypostomes, have been deduced from a variety of regeneration and
tissue transplantation experiments (18, 19, 2528). Basal disks display analogous properties.
1. Activation. Small pieces of hypostome
transplanted to sites in gastric regions activate
host tissue surrounding the implant to participate in the differentiation of a "lateral" hypostome at that site. The activation is restricted to tissue immediately surrounding the
hypostomal transplant.
2. Inhibition. Hypostomes inhibit the differentiation of hypostomes in adjacent tissue.
Certain types of transplants form lateral hypostomes in hosts without hypostomes (decapi-
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FIG. 4. Localized control of nematocyte differentiation in region subjacent to hypostome. (a) Toluidine blue staining of interstititial cells. (b) Thiolacetic acid-Pb~* staining specific for a late stage of
nematocyte capsule differentiation. Clusters of 8 and 16 stained capsules stand out as dark beads
against weakly stained background tissue. Micrographs show about one-fifth of body column starting
at base of tentacles. Hypostome and adjacent areas contain few interstitial cells and no differentiating
nematocytes. Although the size of "clear zones" varies from animal to animal, the boundary between
the two regions is usually quite sharp.

tated hydra), but are inhibited from doing so change rapidly and are independent of cell
if the host hypostome is present. The inhibition differentiation and morphogenesis. By 4 h, a
extends from hypostomes far down the body regenerating hypostome has the same level of
activation and inhibition as a normal hycolumn.
Levels of activation and inhibition can postome (26), although cell differentiation and
morphogenesis of the new hypostome require
TABLE 2. Stem cell determination in hypostome, 24 to 48 h. This temporal sequence of events
suggests that levels of activation and Inhibition
gastric region, and basal disk"
may, in fact, be the signals effecting changes
No. of stem cells determined
in cell differentiation and morphogenesis.
Although the mechanisms of activation and
Region
Nerve line
Nematocyte line
inhibition are still largely unknown, it appears
Hypostome
90
0
likely that they are mediated by activating and
Gastric region . . .
16
100
inhibitory molecules ("morphogens") which
Basal disk
30
0
are expected to be of low molecular weight
" Vahles are expressed per 1,000 epithelial cells and freely diffusible in tissue. Both the kinetics
to normalize for difTering sizes of the three re- of inhibition decay (1.8) and the "diffusion" of
gions. Large "Standard" hydra contain about inhibition through tissue (28) are consistent
22,000 epithelial cells in the body column: 2,400 with the hypothesis that inhibition is mediated
in the hypostome, 17,600 in the gastric region, by a low-molecular-weight molecule. Furtherand 1,800 in the basal disk (including proximal more,
Schaller (21, 22) has recently isolated
peduncle) (1). The results in the table were cal- and purified
from hydra a small peptide
culated on the basis of 1,760 stem cells per day
initiating nematocyte differentiation and 550 stem (molecular weight, 900) that significantly accells per day initiating nerve differentiation in a celerates hypostome regeneration when added
Standard hydra (9).
to regenerating pieces and appears to be the
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postulated activator involved in hypostome events are not reproduced in the environment
of the adult hydra. In experimental terms, this
morphogenesis.
The localization of nerve cell differentiation suggests that it may be impossible to grow
in hypostome and basal disk and of nemato- entire hydra from the progeny of a single stem
cyte differentiation in the body column closely cell.
The technique outlined in this paper for culparallels the localization of morphogenetically
dominant regions in hydra. This suggests that turing hydra cells in inactivated (nitrogen
the same control mechanisms may be involved, mustard-treated) host tissue—essentially a
namely, activating and/or inhibitory morpho- feeder layer technique—promises to be exgens. Further parallels between these processes tremely useful. It now makes possible a variety
occur during regeneration. As noted above, of experiments on (i) the effects of isolated
changes in levels of activation and inhibition morphogens on stem cell determination in
occur rapidly at regenerating sites. If these vitro, (ii) the timing of cell determination relachanges are, in fact, responsable for increas- tive to phases of the stem cell cycle, and (Iii)
ing stem cell determination to nerve cells, a the effects of unusual combinations of cell
rapid increase in newly differentiated nerve types in host aggregates on the determination
cells is expected during hypostome regenera- of stem cells. Such experiments will signifition. Bode et al. (1) have measured such an cantly enhance our understanding of the
increase starting 24 h after cutting. Inhibition mechanisms Controlling stem cell determinaof nematocyte determination at the regenerat- tion. It even appears possible that a true cell
ing site is also expected. However, as a result culture could be developed by successive selecof the 4- to 6-day lag between determination tion steps from culture medium to nitrogen
of stem cells and completion of nematocyte mustard hosts (to rescue and propagate surdifferentiation (Fig. 2), changes in nematocyte vivors) and back to culture medium.
differentiation might be correspondingly delayed. Recently, we have shown the persistACKNOWLEDG MENTS
ence of Clusters of differentiating nematocytes
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after cutting (C. N. David and S. Murphy, from the National Institute of General Medical Sciunpublished data). Thus, there are marked ence and Career Development Award FRA-132 from
parallels in the spatial distribution, as well as the American Cancer Society.
temporal changes, during regeneration which
LITERATURE CITED
strongly implicate identical or closely related
Systems in the control of morphogenesis and 1. Bode, H., S. Berking, C. N. David, A. Gierer,
H. Schaller, and E. Trenkner. 1973. Quantitathe control of stem cell determination.
CONCLUSION

Stem cells in hydra appear to be an excellent model system for elucidating in detail the
relationship between morphogenetic gradients
and cell determination. However, not all cell
determination is the result of such extracellular
environmental factors. There is reason to believe that certain determinative events in embryogenesis are mediated by factors present in
the cytoplasm of fertilized eggs and are probably mechanistically quite different from the
determination of stem cells in the adult hydra.
In hydra there is also evidence for such a class
of cell determination. Stem cells, although
capable of differentiating a variety of cell
types, including germ cells in sexual animals,
do not appear to give rise to all cell types, e.g.,
epithelial and gland cells. One suspects that
events or factors unique to the fertilized egg
may lead to determination of epithelial and
gland cells, as well as interstitial stem cells,
early in embryonic development and that these

2.
3.
4.
5.
6.
7.
8.
9.

tive analysis of cell types during growth and
morphogenesis in hydra. Wilhelm Roux Arch.
Entwicklungsmcch. Org. 171:269-285.
Campbell, R. D. 1967. Tissue dynamics of steady
State growth in Hydra Iiitotalis. T. Patterns of
cell division. Dev. Biol. 15:487-502.
Campbell, R. D. 1967. Tissue dynamics of steady
State growth in Hydra littoralis. II. Patterns of
tissue movement. J. Morphol. 121:19-28.
Campbell, R. D. 1967. Tissue dynamics of steady
State growth in Hydra littoralis. III. Behavior of
specific cell types during tissue movements. J.
Exp. Zool. 164:379-391.
Campbell, R. D., and C. N. David. 1974. Cell
cycle kinetics and development of Hydra
attenuata. II. Interstitial cells. J. Cell Sei. 16:
349-358.
David, C. N. 1973. A quantitative method for
maceration of Hydra tissue. Wilhelm Roux
Arch. Entwicklungsmcch. Org. 171:259-268.
David, C. N., and R. Campbell. 1972. Cell cycle
kinetics and development of Hydra attenuata.
I. Epithelial cells. J. Cell Sei. 11:557-568.
David, C. N., and D. Challoner. 1974. Distribution of interstitial cells and differentiating
nematocytes in nests in Hydra attenuata. Am.
Zool. 14:537-542.
David, C. N., and A. Gierer. 1974. Cell cycle
kinetics and development of Hydra attenuata.

STEM CELL DIFFERENTIATION IN HYDRA
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

III. Nerve and nematocyte differentiation. J.
Cell Sei. 16:359-375.
Davis, L. E. 1969. Differentiation of neurosensory
cells in hydra. J. Cell Sei. 5:699-726.
Davis, L. E. 1971. Differentiation of ganglionic
cells in hydra. J. Exp. Zool. 176:107-128.
Diehl, F., and A. L. Burnett. 1964. The role of
interstitial cells in the maintenance of hydra. I.
Specific destruetion of interstitial cells in normal, sexual and non-budding animals. J. Exp.
Zool. 155:253-259.
Gierer, A. 1974. Hydra as a model for the development of biological form. Sei. Am. 231:
44-54.
Gierer, A., S. Berking, H. Bode, C. N. David, K.
Flick, G. Hansmann, C. Schallcr, and E.
Trenkner. 1972. Regeneration of hydra from
reaggregated cells. Nature (London) New Biol.
239:98-101.
Gierer, A., and H. Meinhardt. 1972. A theory of
biological pattern Information. Kybernetik 12:
30-39.
Lehn, H. 1951. Teilungsfolgen und determination
von I—Zellen für die cnidenbildung bei hydra.
Z. Naturforsch. 66:388-391.
Lentz, T. L. 1966. The cell biology of hydra.
North-Holland Publishing Co., Amsterdam.
MacWilliams, H., and F. Kafatos. 1974. The
basal inhibition in hydra may be mediated by a
diffusing substance. Am. Zool. 14:633-645.
MacWilliams, H., F. Kafatos, and W. H. Bossen.
1970. The feedback inhibition of basal disk
regeneration in hydra has a continuously variable intensity. Dev. Biol. 23:380-398.

441

20. Rieh, F., and P. Tardent. 1969. Untersuchung
zur Nematocylen-Differenzierung bei Hydra attenuata. Rev. Suisse Zool. 76:779-789.
21. Schaller, C. 1973. Isolation and characterization
of a low molecular weight substance activating
head and bud formation in hydra. J. Embryol.
Exp. Morphol. 29:27-38.
22. Schauer, C, and A. Gierer. 1973. Distribution of
the head-activating substance in hydra and its
localization in membranous particles in nerve
cells. J. Embryol. Exp. Morphol. 29:39-52.
23. Slautterback, D. B., and D. W. Fawcett. 1959.
The development of the cnidoblasts of hydra.
An electron microscope study of cell differentiation. J. Biophys. Biochem. Cytol. 5:441-452.
24. Till, J. E„ and E. A. McCuiloch. 1961. A direct
measurement of the radiation sensitivity of
normal mouse bone narrow cells. Radiat. Res.
14:213-222.
25. Webster, G. 1966. Studies on pattern regulation
in hydra. IL Factors Controlling hypostome
formation. J. Embryol. Exp. Morphol. 16:105122.
26. Webster, G. 1966. Studies on pattern regulation
in hydra. III. Dynamic aspects of factors Controlling hypostome formation. J. Embryol. Exp.
Morphol. 16:123-141.
27. Webster, G., and L. Wolpert. 1966. Studies on
pattern regulation in hydra. I. Regional differences in the time required for hypostome formation. J. Embryol. Exp. Morphol. 16:91-104.
28. Wolpert, L., M. R. B. Clarke, and A. Hornbruch.
1972. Positional signalling along hydra. Nature
(London) New Biol. 239:101-103.

Alton, Tom, 490
Aly, Raza, 110
Arbuthnott, J. P., 267
Artenstein, Malcolm S., 406

Author Index

Jacobson, Allan, 490
Johnson, Kent J., 327
Jones, Garth W., 137
Kaprai, Frank A., 263
Kenny, George E., 32, 97
Kohlweiss, Lily A., 227
Lane, Charles D., 490
Lennette, Edwin H., 399
Lillehoj, E. B , 344
Loesche, W. J., 132
Lüderitz, Otto, 307
Lynn, W. S„ 202
McCabe, William R., 336
McCall, Charles E., 215
McGuire, W. G., 464
McPherson, Richard A., 55
Maibach, Howard, 110
Mergenhagen, S. E., 320
Mitchison, G. J., 453
Montie, Diane B., 278
Montie, Thomas C , 278
Myrvik, Quentin N., 227
NafT, George B., 219
Newell, Peter C , 426
Newton, Austin, 442
Osley, Mary Ann, 442
Paplanus, Samuel H., 76
Pavlovskis, Olgerts R., 252
Pier, A. C , 388
Podborny, Cynthia M., 37
Pollack, Matthew, 252
Randall, Eileen L., 39
Ribble, John C , 110
Richard, J. L., 388
Rietschel, Ernst T., 307
Robbins, John B., 400
Robertson, Janet N., 188
Rosenstreich, D. L., 320
Russell, W. J., 22
Ryan, Kenneth J., 5, 76
Sanders, W. Eugene, Jr., 106
Sanford, Jay P., 302
Savage, Dwayne C , 120
Senyk, George, 12
Shands, J. W., Jr., 330
Shapiro, L.5 419
Shinefield, Henry R., 110
Siegel, R. W., 464
Silverman, Philip M., 484
Smith, R. J., 453
Sonneborn, T. M., 421
Spitznagel, John K., 209

Benjamin, Denis R., 89
Berry, L. Joe, 315
Blanchard, G. C , 22
Boling, E. A., 22
Bonventre, P. F., 272
Boris, Marvin, 110
Brooks, John B., 45
Callahan, Lynn T.f III, 252
Campbell, T. Colin, 372
Carter, Philip B., 182
Chu, F. S., 359
Ciegler, Alex, 343, 344
Clyde, Wallace A., Jr., 143
David, Charles N , 434
Davis, Charles E., 55
DeChatelet, Lawrence R., 215
DiLuzio, Nicholas R., 206
Donaldson, David M., 223
Dorner, Friedrich, 242
Douglas, R. Gordon, Jr., 409
Duncan, Charles L., 283
Duncan, James L., 257
Dworkin, M., 419
Eichenwald, Heinz F., 110
Ellner, Paul D., 37, 73
Englefield, Patricia M., 188
Epstein, Paul, 484
Farling, S. R., 22
Finkelstein, Richard A., 105, 236
Fisher, Mike W., 416
Formal, S. B., 165
Foy, Hjordis M., 97
Freter, Rolf, 154
Galanos, Chris, 307
Ganguly, R., 147
Gemski, P., Jr., 165
Giannella, Ralph A., 170
Gibbons, R. J., 127
Goldschmidt, Millicent C , 6
Hadley, W. Reith, 12
Hamilton, Pat B., 381
Hanson, Richard S., 475
Harpold, Donna, 227
Hayes, Johnnie R., 372
Hentges, David J., 116
Hill, Harry R., 84
Hirsh, David, 508
Holmes, Randall K., 296

515

516
Stevens, Paul, 64
Swanson, John, 124
Tainer, J. A., 202
Takeuchi, Akio, 174
Terrana, Benedetto, 442
Thurston, J. R., 388
Turner, S. R., 202
Waldman, R. H., 147
Walker, W. Allan, 158

Wang, Patsy, 215
Ward, Michael E., 188
Ward, Peter A., 200, 327
Watt, Peter J., 188
Wennerstrom, David, 278
Wheeler, Thomas G., 6
Wilcox, Michael, 453
Wright, Barbara E., 500
Wright, George G., 292
Young, Lowell S., 64

Subject Beta-toxin
Index

Adhesins
enteropathogenic bacteria, 137
Adhesive properties
enteropathogenic bacteria, 137
Adjuvant icity
cellular basis, 320
Aerial hyphae
of N. crassa, 464
Aerobic gram-negative bacilli
epidemiology, 302
host factors, 302
pathogen icity, 302
Aflatoxin toxicity
role of metabolism, 376
Aggregation of dictyostelium
cellular communication during, 426
biochemical analysis, 427
genes required, 430
Alpha-toxin
staphylococcal, 267
Aminoglycosides
assay by radioenzymatic techniques, 64
Anabaena
spacial control of differentiation, 453
Anthrax toxin, 292
Antibacterial antibodies
normal ly occurring, 147
Antibody formation
effects of mycotoxins, 389
Antigen-antibody interaction
on gut surface, 160
Antimicrobial action
PMN, 209
Arachidonic acid
oxidation product of, 202
Arachidonyl acetate
oxidation product of, 202

staphylococcal, 268
Biochemical differentiation
use of mutants in analysis, 500
Bioluminescence
bacteriurea detection, 37
Blastocladiella emersonii
germination, 485
interactions, with environment, 484
life cycle, 484
sporulation, 484
Blue-green algae
spatial control of differentiation, 453

Caenorhabcutis elegans
development, 508
gene expression, 508
Caulobacter crescentus
life cycle, 442
model for development, 442
Cell differentiation and communication
introduction, 419
patterns, problems, and probes, 421
Cell-mediated hypersensitivity, 229
Cell-mediated immunity
Iocal, 147
System ic, 147

Cellular interaction
macroscopic aspects, 426
Chemotactic factors of host origin, 200
Chemotaxins
nonpeptide, 202
Cholera
pathogenic mechanism, 165
Cholera enterotoxin, 236
chromosomal genes, 298
control of toxinogenesis, 298
Cholera-like diarrhea, 170
Circulating Polysaccharide
determination by immunoelectroosmophoresis,
97
determination by rocket electrophoresis, 97
Clostridia! enterotoxemia, 289
Clostridia! toxins
role in pathogenesis, 283
Clostridia! wound infections
three categories, 286
Clostridium botulinum
botulinum toxin, 285
pathogenesis, 285
Clostridium species
pathogen icity, 283
Clostridium tetani
nonspasmogenic neutrotoxin, 285
pathogenesis, 283
tetanolysin, 284
tetanospasmin, 283

Bacillus anthracis
toxigenicity, 292
Bactec
evaluation, 39
Bacteremia
radiometric detection, 39
Bacterial cell concentrations
determined by electronic impedance, 6
Bacterial interference
in S. aureus colonization, 110
Bacterial lipopolysaccharide
lipid A component, 307
Bacterial sporogenesis
gene expression during, 475
Bacterial succession in dental plaque
role in disease, 132
Bacteriuria
detection by bioluminescence, 37
electrical impedance measurement for, 6
Beta-lysin, 223

517

518
Clotting system
effect by endotoxins, 327
Colonization of skin surfaces
S. aureus, 110
Commensal Neisseria organisms
relation to gonococci, 188
Complement and immunity
relationship of mycotoxins, 391
Complement System, 219
effect of endotoxins, 327
source of leukotactic factors, 200
Computer applications
hospital epidemiology, 76
Computer data in the clinical microbiology laboratory, 73
Corynebacterium
diphtheriae
bacteriophage, 272
toxin production, 272
Data entry, 73
Delta-toxin
staphylococcal, 268
Dental plaque
bacterial succession, 132
Development
C. crescentus as model, 442

Organization of pathways, 446

roles of transcription and translation, 445
temporal and spatial patterns, 443
Developmental mutants
use in analysis of biochemical differentiation,
500
Diarrhea
cholera-like, 170
pathogenesis, 170
Diarrheal disease
pathogenesis, 165
Dictyostelium
cellular interaction during aggregation, 426
Dictyostelium discoideum
carbohydrate metabolism, 502
messenger RNA, 490
sporulation, 490
Diphtheria
pathogenesis and biochemistry, 272
Diphtheria toxin, 297
control of toxinogenesis, 297
host-cell interaction, 272
phage conversion, 297
Dysentery
pathogenesis, 165
Eicosapentaenoic acid
oxidation product of, 202
Electron capture gas-liquid chromatography
identification of anaerobes, 45
Electronic impedance
early detection of microbial metabolism, 12
use in detecting bacteriuria, 6
Endotoxic lipopolysaccharides
action on B lymphocytes, 320
effect on macrophages, 320
effect on T cells, 320

Endotoxin
effect on serum mediators, 327
humoral protection against, 336
interaction with cells of lymphoreticular system,
320
lipid A moiety, 330
metabolic effects, 315
pathogenic mediator, 330
role in pathogenesis of gram-negative infections,
315
Enteric fever bacilli
spread from lumen, 182
Enteric infections
Penetration of epithel ium, 174
Enteropathogenic bacteria
adhesins, 137
adhesive properties, 137
nature of receptors, 138
Enterotoxin
choleragen, 236
E. coli, 242
lack in Salmonella, 170
P. aeruginosa, 252
staphylococcal, 269
Enterotoxins of Escherichia coli
transmissible plasmids, 298
control of toxinogenesis, 298
Epithelial mucosa
indigenous microorganisms, 120
Epithelium, gut
Penetration, 174
Erythrogenic toxin, 260
Escherichia coli
enteropathogenicity, 137
Escherichia coli enterotoxin
purification and partial characterization, 242
Escherichia coli P263
associated with diarrheal disease in pigs, 242
heat-labile enterotoxin, 242
Eukaryotic cells
interaction with N. gonorrhoeae, 124
Exfoliatin
from S. aureus, 263
mode of action, 264
production, 263
properties, 263
Gamma-toxin
staphylococcal, 268
Gas-liquid chromatography
electron capture, 45
identification of anaerobes, 45
septicemia and meningitis, rapid diagnosis, 55
Gastroenteritis, Salmonella, 170
Gastrointestinal ecosystem
autochthonous microbes, 120
Gastrointestinal tract
bacterial penetration, 182
Gene expression
during bacterial sporogenesis, 475
during development of C. elegans, 508
Genetic engineering
in development of vaccines, 296

519
Genital tract
gonococcal infection, 188
invasion of mucosa, 188
Gentamicin
raclioenzymatic assay, 64
Gingivitis
role of plaque bulk, 133
Gonococcal infection
pathogenesis, 188
Gonococcal vaccines, 406
Gonococcal virulence, 188
Gonococci
invasion of mucosal surfaces, 188
mechanism of attachment, 188
role of pili, 124
virulence, 188
Gram-negative bacilli
epidemiology, 302
host factors, 302
humoral protection against, 336

pathogen icity, 302
Gram-negative infection
endotoxin as pathogenic mediator, 330
Gut epithelhim
electron microscopy of penetration, 174
Penetration by bacteria, 182
penetration by S. typhimurium, 174
Haemophilus influenzae diseases
immunization-induced immunity, 400
"natural" immunity, 400
type b, 400

Haemophilus influenzae type b
Polysaccharide, 401
Heat-labile Opsonins, 206
Heterocyst pattern
in blue-green algae, 453
Horseradish peroxidase, 158
Hospital epidemiology
Computer applications, 76
Host-baeterium interactions
recapitulation, 154
Host defense mechanisms
heat-labile Opsonins, 206

recognition factors, 206
Host origin
chemotactic factors, 200
Host-parasite relationships
mycoplasma species, 144
Human globulin
control of P. aeruginosa infections, 416
Humoral immunity
to gram-negative infections, 336
Hydra
stem cell differentiation, 434
Hypersensitivity
Classification, 227

Identification of bacteria
by microcalorimetry, 22
Immediate hypersensitivity, 229
Immune complex reactions, 229
Immnnization-induced immunity
to H. influenza diseases, 400

Im munoelectroosmophoresis
determination of Polysaccharide levels, 97
Immunological injury, 227
Immunological reactions
Classification, 227
exaggerated, 227
pathological potential, 227
Immunoperoxidase
rapid viral diagnosis, 89
Impedance measurements
for detection of bacteriuria, 6
lndigenous intestinal flora
mucosal epithelia-associated, 120
resistance to invading microbes, 116
Influenza virus
vaccines, 409
Interactions among interactions, 154
Interactions of mycotoxins
with nucleic acid, 359
with proteins and enzymes, 363
with small molecular substances, 366
with subcellular components, 367
Intercellular differentiation, 421
Intestinal absorption of soluble proteins, 158
Intestinal antibody activity
site, 162
Intestinal flora
indigenous to mucosal epithelia, 120
invading microorganisms, 116
Intestinal lumen
spread of enteric fever bacilli from, 182
Intestine, small
macromolecular uptake, 158
Intracellular differentiation, 421
Intraleukocytic killing, 209
Invading microbial populations
resistance to, 116
Kallikrein
leukotactic factors, 200
Kinin system
effect of endotoxins, 327
Leucocidin
from staphylococci, 269
Leukotactic factors, 200
Linolenic acid
oxidation product of, 202
Lipid A component
endotoxicity, 307
immunogenicity, 307
of bacterial lipopolysaccharides, 307
structure, 307
Lipid metabolism
during mycotoxicoses, 381
Lipopolysaccharides
bacterial, 307
effect on serum mediators, 327
lipid A component, 307, 330
Liver microsomal system
general characteristics, 372
role in metabolism of aflatoxin Bi, 373
Livestock
effects of mycotoxins on resistance to disease,
388

520
Local immunity
cell-mediated, 147
mode of action, 147
Lumen, intestinal
spread of bacilli, 182
Lymph nodes
drainage, 182
Lymphoreticular system
interaction of endotoxin, 320
Macromolecular antigen breakdown
on gut surface, 160
Macromolecular complex C567, 200
Macromolecular penetration
Controlling mechanisms, 158
Macrophages
bactericidal mechanisms, 215
Meningitis
diagnosis by GLC, 55
Meningococcal vaccines, 406
Messenger ribonucleic acid
electrophoretic Separation, 490
of slime mold, 490
synthesis and processing, 491
Metabolie effects of endotoxin, 315
Mice
lethality of exotoxin, 252
Microbial identification
by microcalorimetry, 22
Microbial metabolism
detection by electronic impedance, 12
Microcalorimetric identification, 22
Mononuclear cells
bactericidal mechanisms, 215
Mucosal epithelia
indigenous microorganisms, 120
Mucosal surfaces
attachment of Streptococci, 127
Mucous membranes
colonization with S. aureus, 110
Murine toxin, plague, 278
Mycoplasma diseases
host-parasite relationships, 144
pathogenic mechanisms, 143
Mycoplasma gallisepticum
biology of, 144
Mycoplasma pneumoniae
biology of, 144
Mycoplasma pulmonis
biology of, 144
Mycoplasmata
rapid detection, 32
Mycotoxicoses
lipid metabolism during, 381
vitamin metabolism during, 381
Mycotoxin effects
nutritional modification, 348
hormonal modification, 349
Mycotoxin metabolism, 372
Mycotoxin-mycotoxin synergism, 344
Mycotoxin-non mycotoxin synergism, 347
Mycotoxins
interaction with Substrate macromolecules, 359
interaction with Substrate molecules, 359

interaction with nucleic acid, 359
introduction, 343
Mycotoxin synergism, 344
"Natural" immunity
to H. Influenza diseases, 400
Neisseria, commensal, 188
Neisseria gonorrhoeae
interaction with eukaryotes, 124
pathogenesis, 124
Neisserial vaccines
gonococcal, 406
meningococcae, 406
Nematode Caenorhabditis elegans
patterns of gene expression, 508
Neurospora crassa
vegetative and aerial hyphae, 464
New vaccines
introduction, 399
Nonculturable agents
rapid detection, 32
Nonoxidative mechanisms
of macrophages, 215
Nonpeptide chemotaxins, 202
Normal intestinal flora
indigenous to mucosal epithelia, 120
resistance to invading microbes, 116
Normal oral flora, 106
Nosocomial infection surveillance
computerized, 76
Opportunistic gram-negative bacilli
epidemiology, 302
host factors, 302
pathogen icity, 302
Opsonins, heat-labile, 206
Oral flora
aggregation, 132
Oral Streptococci
attachment to mucosal surfaces, 127
Oxidative mechanisms
of macrophages, 215
Pathogenic mechanisms Conference
introduction, 105
Patterns of cell differentiation, 421
Periodontal disease
role of plaque bulk, 132
calculus, 134
gingivitis, 133
Pili
role in cell interactions, 124
Plague murine toxin
biological activity, 278
structure, 278
Pneumococcal pneumonia
determination of Polysaccharide in, 97
Polyenoic hydrocarbon
oxidation product, 202
Polymorphonuclear leukocytes
mechanisms of killing by, 209, 215
Polysaccharide determination
by immunoelectroosmophoresis, 97
by rocket electrophoresis, 97

Polyvalent Vaccine
control of P. aeruginosa infections, 416
Precipiti n reaction
principles, 97

Properdin system, 219
Protein murine toxin
of Y. pestis, 278
Pseudomonas aeruginosa exotoxin, 252
Pseudomonas aeruginosa infections
human globulin for Controlling, 416

polyvalent Vaccine for Controlling, 416

Radioenzymatic assay
aminoglycosides, 64
Radiometrie detection of bacteremia
Bactec, 39
evaluation, 39
Rapid diagnostic techniques Conference
introduction, 5
Recognition factors
in host defense mechanisms, 206
Resistance to disease
effects of mycotoxins, 388
Resistance to invading microbes
indigenous intestinal flora, 116
Respiratory syncytial virus
vaccines, 409
Respiratory virus vaccines, 409
Reticuloendothelial system
in regulation of host environment, 206
Retrieval of Computer entries, 73
Rocket electrophoresis
determination of Polysaccharide levels, 97
Salmonella enteritis
pathogenesis, 170
Salmonella penetration of gut epithelium
electron microscopy, 174
Salmonella iyphimurium
penetration of gut epithelium, 174
Scakled-skin Syndrome, 263
Seitz filter technique
purification of /3-lysin by, 223
Septicemia
diagnosis by GLC, 55
Serum mediators
effect of endotoxins, 327
Shigella ftexneri
pathogenicity, 165
Shigellosis
pathogenesis, 165
Skin surfaces
colonization with S. aureus, 110
Slime mold dictyostelium
cellular interaction during aggregation, 426
Slime mold messenger ribonucleic acid
electrophoretic Separation, 490

Spatial control of differentiation
in Anabaena, 453
Spent culture media
analysis, 45
Sporogenesis
gene expression during, 475
Staphylococcal toxins
alpha, 267
beta, 268
delta, 268
enterotoxin, 269
gamma, 268
leueocidin, 269
Staphylococcus aureus
colonization of mueous membranes, 110
colonization of skin surfaces, 110
Staphylococcus aureus exfoljatin, 263
Stem cell differentiation
in hydra, 434
Streptococcal toxins, 257
Streptococci
attachment to mucosal surfaces, 127
interactions with other bacteria, 106
Streptolysin O, 257
Streptolysin S, 259
Systemic immunity
cell-mediated, 147
Target cell injury
by Immunoglobulins, 229
Throat
normal flora, 106
Toxinogenesis
genetic aspects, 296
Tuberculin skin test
history of, 227
Uracil incorporation
detection of mycoplasmata, 32
detection of nonculturable agents, 32
Urinary tract infection
Screening for bacteriuria, 6
Vaccines, new
introduction, 399
Vegetative hyphae
of N. crassa, 464
Vibrio cholerae
enteropathogenicity, 137
Viral diagnosis
immunoperoxidase, 89
Viral infections, 409
Vitamin metabolism
during mycotoxicoses, 381
Yersinia pestis
protein murine toxin, 278

