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Plasticity in the Nervous System of Adult Hydra. Ill. Conversion of
Neurons to Expression of a Vasopressin-like Imnmunoreactivity

Depends on Axial Location

Osamu Koizumi® and Hans R. Bode

Developmental Biology Center and Department of Developmental and Cell Biology, University of California at Irvine, Irvine,

California 92717

The nervous system of hydra consists of a nerve net that
extends throughout the animal. Becasue of the tissue dy-
namics of hydra, the nerve net is in a steady state of pro-
duction and loss of neurons. Neurons are continuously pro-
duced in the body column and are constantly lost by sloughing
at the extremities and into developing buds. Consequently,
every neuron is continuously displaced towards an extrem-
ity. A subset of the neurons of the nerve net, termed vaso-
pressin-like-immunoreactive (VLI*) neurons, has been iden-
tified with an antiserum against vasopressin. This subset
has a specific regional distribution in that it is found in the
head, peduncle, and foot of an adult hydra. The VLI* neurons
in the head and peduncle are ganglion cells, while those in
the foot include a newly described sensory cell. How is the
regional distribution of the subset maintained when every
neuron is continually changing location? Removal of the neu-
ron precursors indicates the VLI* neurons can arise by con-
version from VLI- neurons of the body column. In the normal
animal they probably arise by conversion as well as by dif-
ferentiation. Conversion of VLI- to VLI* neurons is due to a
change in axial position, or region, instead of a maturation
process.

The freshwater coelenterate hydra has a simple body plan. It is
basically a tube made up of two epithelial layers, with a head
at one end and a foot at the other. Concomitantly, the nervous
system is also simple. It consists of a loose net of neurons that
extends throughout the animal (e.g., Hadzi, 1909; Lentz and
Barnett, 1965) and is intermingled among the epithelial cells of
both layers. Morphologically, the nerve cells making up the net
are bipolar and multipolar neurons (e.g., Epp and Tardent, 1978),
which are referred to as ganglion cells (e.g., Kinnamon and
Westfall, 1982). In addition, there are sensory neurons whose
neurites connect these cells with the nerve net.

The net is composed of a mosaic of subsets of neuron phe-
notypes, each with a particular regional distribution. Some of
these subsets have been defined in histological and ultrastruc-
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tural studies, notably, distributions of multipolar and bipolar
neurons as well as sensory cells (Davis, 1972; Epp and Tardent,
1978; Westfall and Kinnamon, 1978; Kinnamon and Westfall,
1982). However, the use of antisera against neuropeptides and
monoclonal antibodies that recognize neurons has provided the
clearest demonstration of these subsets and their individual re-
gional locations (Grimmelikhuijzen et al.,, 1980, 198la—c,
1982a,b; Dunne et al., 1985; Koizumi and Bode, 1986; Yaross
et al., 1986; Koizumi et al., 1988). The number of subsets is
still unclear, because it is unlikely that the antibodies accu-
mulated so far define all the subsets.

An interesting aspect of the nerve net is that it is in a steady
state of production and loss of neurons (Bode et al., 1986, 1988).
This is a consequence of the tissue dynamics of the animal. The
two epithelial layers are in a steady state in which production
of cells in the body column is balanced by the loss of cells at
the extremities by sloughing, as well as by budding, the asexual
mode of reproduction (Campbell, 1967a,b; David and Camp-
bell, 1972; Otto and Campbell, 1977). A consequence is that
every epithelial cell is continuously displaced towards either
head or foot and is eventually lost.

The nerve net is in a similar state. Because the processes of
the neurons are intertwined among the epithelial cells, each
neuron is displaced towards an extremity along with, and at the
same rate as, the epithelial cells. Thus, neurons are also contin-
uously lost with the epithelial tissue by sloughing at the extrem-
ities or into buds (Yaross et al., 1986). The steady state is main-
tained as new neurons arise by differentiation constantly and
are added to the net throughout most of the animal (David and
Gierer, 1974).

The continuous change of location of each neuron coupled
with the constant pattern of the mosaic of subsets of neurons
poses a problem. How is the mosaic of subsets maintained in
the context of constant change of location? Earlier studies have
shown that there are two means to achieve this end. In one, the
epidermal sensory cells of the tentacles are maintained by new
differentiation (Yaross et al., 1986). In the other, the epidermal
sensory cells of the hypostome, and a subset of the ganglion
cells of the tentacles, are maintained at least in part by the
conversion of the phenotype of the neuron as it is displaced
from one region to another (Koizumi and Bode, 1986; Koizumi
et al., 1988).

It is of some importance for an understanding of the extent
of the plasticity of neuron phenotype in hydra to determine the
fraction of subsets that can arise by conversion. We report here
the results of the examination of a subset of neurons identified
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Figure 1. Schematic of hydra indicating the regions and the distri-
bution of neurons expressing VLI.

with an antiserum against the neuropeptide vasopressin. This
subset arises by conversion in both the head and the foot adding
to the number of subsets of neurons that are only metastably
differentiated. Further, vasopressin recognizes a population of
sensory neurons in the foot that has not been previously de-
scribed.

Materials and Methods

Animal culture and histological methods. Hydra vulgaris were used for
most experiments, and Hydra oligactis for a few. Hydra vulgaris (for-
merly Hydra attenuata) were originally obtained from Pierre Tardent
(Zurich) and have been in continuous culture at the University of Cal-
ifornia at Irvine since 1981. The Hydra oligactis are a Swiss male strain
kindly provided by Lynne Littlefield, who has maintained them at the
University of California at Irvine since 1981. Stock cultures of both
species were maintained as described by Dunne et al. (1985). Animals
were starved 24 hr before use.

Procedures used for the elimination of interstitial cells and neuron
differentiation intermediates with nitrogen mustard or hydroxyurea, as
well as the toluidine blue staining method for determining the number
of interstitial cells remaining after treatment with nitrogen mustard or
hydroxyurea, have been described previously (Koizumi and Bode, 1986;
Koizumi et al., 1988).

Immunocytochemistry. The procedure for staining whole-mounts of
hydra with an antiserum against vasopressin was adapted from the

procedure described by Grimmelikjuijzen et al. (1982a). Animals were
relaxed in a 2% urethane (Sigma) solution in hydra medium (Dunne et
al., 1985) for 1-3 min. Thereafter, they were fixed in 10% formalin for
30 min followed by a 20-min fixation in Lavdovsky’s fixative (Dunne
et al., 1985). Then they were washed twice in PBS and exposed to
blocking serum (Dunne et al., 1985) overnight. These animals were
exposed to an anti-vasopressin antiserum (Immunonuclear) diluted 400 x
in PBS containing 0.3% Triton, 2% neonatal calf serum (Irvine Scien-
tific), and 0.1% sodium azide for 45 min, and then washed 30 min with
PBS. The second stage was a 50 x dilution of a biotinylated goat anti-
rabbit IgG (Vector) in PBS containing 0.05% Tween 20 and 0.1% sodium
azide (PBST) for 30 min. Following a 30-min PBS wash, they were
incubated with a 10 x dilution of florescein isothiocyanate—streptavidin
(Zymed) in PBST for 30 min. After a final 30-min wash in PBS, they
were mounted in 70% glycerol in 0.1 m Tris (pH, 9.0) containing 5%
n-propyl gallate and observed with a Zeiss photomicroscope equipped
with fluorescent optics.

To be sure that the antiserum recognized vasopressin or a related
molecule, the antiserum was preincubated overnight with 1, 10, 100 ug
of vasopressin and then subsequently used to stain whole-mounts. At
all three concentrations, the staining was abolished.

Results

Regional distribution and phenotype of neurons expressing a
vasopressin-like immunoreactivity

The only cell types that stain with an antiserum against vaso-
pressin in Hydra vulgaris are neurons. Grimmelikhuijzen et al.
(1982a) had shown this in histological sections, and we have
confirmed and extended their findings with immunocytochem-
istry on whole-mounts. Because the antiserum binds to vaso-
pressin, or more accurately, some neurons in hydra express a
vasopressin-like immunoreactivity (VLI), neurons that stain with
the serum will be referred to as VLI*.

VLI*+ neurons are found in the ectoderm of specific regions
of the animal. They occur in large numbers in the head, in the
foot, and in the lower peduncle, which is the basal eighth of the
body column. Only very small numbers of VLI* neurons are
found in the rest of the body column. A summary of the regional
distribution is shown in Figure 1. It is similar to that described
by Grimmelikhuijzen et al. (1982a).

In the head, VLI* neurons are found both in the hypostome
(Fig. 2a), which is the dome of tissue at the apex of the animal,
and in the ring of tentacles directly below the hypostome (Fig.
2b). In these two regions as well as in the lower peduncle (Fig.
2¢), the processes emanating from the cell bodies of VLI* neu-
rons each have a preferred orientation. In the hypostome, the
processes are oriented in a radial manner from the apex down
the sides of the dome (Fig. 2a), while in the tentacles most of
the processes are parallel to the tentacle length (Fig. 2b). Those
in the lower peduncle are parallel to the body axis (Fig. 2¢). The
neurites of the very large number of VLI* neurons in the basal
disk have no discernible orientation, but instead exhibit a netlike
pattern (Fig. 2d).

The VLI* neurons are of two types. All of those in the hy-
postome, in the tentacles, and in the lower peduncle are ganglion
cells. They are both bipolar and multipolar neurons and are
characterized by neurites that are often branched (Fig. 3a). Their
cell bodies are located near the base of the ectoderm close to
the mesoglea, the basement membrane separating the ectoderm
and endoderm (e.g., Diehl and Burnett, 1964; Lentz and Barnett,
1965). Figure 3b is a tangential view of such a neuron in the
peduncle.

Some of the VLI* neurons in the basal disk are not ganglion
cells. They are sensory cells, whose most prominent feature is
a long stained sensory hair that extends from near the base of
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Figure 2. VLI* neurons in several regions of adult hydra. In this and all subsequent figures, the VLI* neurons were visualized with immunocy-
tochemistry in whole-mounts. a, Hypostome: apex is the area devoid of stained neurons in the upper central area. b, Tentacle: mid-tentacle region
is running left to right. ¢, Peduncle: the body axis runs from lower left to upper right. d, Basal disk: bottom of basal disk is at the bortom. Magnification,

370x.

the ectoderm to the apical surface (Fig. 3¢). The cell body, which
is not as brightly stained, is oval in shape and located near the
base of the ectoderm.

Staining of a second species, Hydra oligactis, showed the same
pattern of staining as well as the same stained neuron phenotypes
in each region (data not shown).

VLI* neurons can arise by conversion from VLI~ neurons

In the context of the dynamic nerve net of hydra, in which every
neuron is continuously displaced towards one of the extremities,
the constant spatial pattern of the VLI* subset could arise by
new differentiation of VLI* neurons or by conversion of VLI~
to VLI* neurons. This possibility was tested directly by elimi-
nating the neuron precursors from the animal and subsequently
determining if there were temporal changes in the regional dis-
tribution of the VLI* subset in two circumstances. The general
scheme of the experiment is shown in Figure 44.

Neurons arise by differentiation from stem cells among the
interstitial cells (David and Murphy, 1977). Because all inter-
stitial cells are in the mitotic cycle (Campbell and David, 1974),

this population of cells can be eliminated by treating animals
with nitrogen mustard (Diehl and Burnett, 1964) or with hy-
droxyurea (Sacks and Davis, 1979). The treatment also elimi-
nates all neuron-differentiation intermediates. Two groups of
animals were treated, one with hydroxyurea, and the other with
nitrogen mustard. To be sure that each of the two treatments
was effective, some of the animals of each group were stained
as whole-mounts with toluidine blue, and the number of re-
maining intersitial cells was determined. A few days after the
end of treatment (3 d for hydroxyurea, 7 d for nitrogen mustard),
most of the animals were devoid of interstitial cells (Table 1).
By the time they were analyzed for VLI* neurons, almost all of
the animals were devoid of interstitial cells.

Some of the treated animals were stained for VLI* neurons
12-13 d after assaying for the absence of interstitial cells in
hydroxyurea-treated animals, or similarly, 9-12 d for the nitro-
gen mustard-treated animals. In both cases the spatial distri-
bution of VLI* neurons in all treated animals examined was the
same as in normal animals. There were large numbers of VLI*
neurons in the lower peduncle (Fig. 5¢) and foot (Fig. 5d) com-
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Figure 3. Phenotypes of VLI* neurons. a, Face-on view of ganglion
cells, which are bipolar and multipolar neurons. Arrows indicate cell
body. b, Tangential view of a ganglion cell in the peduncle. The arrow
points to the cell body, which is located at the base of the ectoderm;
the arrow tip is located at the apical surface of the ectoderm. ¢, Tangential
view of the ectoderm of the bottom of the basal disk. Arrows point to
the stained processes of VLI* sensory cells. Magnification, 560 x.

pared to the far fewer numbers in the body column (Fig. 6e).
Many of the VLI* neurons had processes extending from the
base to the apex of the ectoderm, indicating that they were
sensory cells (Fig. 5¢). The numbers of VLI neurons in the
hypostome (Fig. 5a) and tentacles (Fig. 5b) were substantial and
more than those found in the body column, though less than
those found in these regions in normal animals (Fig. 2a,b).

Because tissue displacement continues despite either treat-
ment (Yaross et al., 1986) and the tissue in the tentacles, lower
peduncle, and foot turned over completely in this period of time
(Yaross et al., 1986; H. R. Bode and L. Gee, unpublished ob-
servations), the VLI* neurons observed in these regions were
not those present before the beginning of treatment. Instead,
they most likely arose by conversion from VLI neurons for two
reasons: (1) because most of the animals were devoid of neuron
intermediates shortly after the end of the treatment, they could
not have arisen by differentiation; and (2) there are too few VLI*
neurons in the body column for those in the extremities to have
arisen by displacement from the body column.

The conversion of VLI~ to VLI* neurons can be demonstrated
more directly by making use of hydra’s extensive capacity for
regeneration. Decapitated animals regenerate a head by reor-
ganizing the apical end of the body column into a head. This
process does not require cell division (Hicklin and Wolpert,
1973; Cummings and Bode, 1984) and, in effect, abruptly con-
verts epithelial cells and neurons of the body column into those
of the head. Removing the foot results in foot regeneration with
processes analogous to head regeneration. By removing the neu-
ron precursors and removing either the head or the foot of the
animal, one can determine if the regenerated extremities contain
substantial numbers of VLI* neurons.

The experiment is shown in Figure 4, B and C. After deter-
mining that the neuron precursors had been eliminated in a
majority of the treated animals, either the head or the foot was
removed from groups of animals. The missing extremities were
allowed to regenerate, and the animals were then stained with
the anti-vasopressin antiserum.

The results are most dramatic for the lower peduncle and
basal disk. More than 90% of the regenerated feet and lower
peduncles contained VLI* neurons (Table 1). Large numbers of
VLI* neurons appeared both in the foot and in the lower pe-
duncle (Fig. 6¢). Further, many of the VLI* neurons in the
ectoderm of the regenerated foot were sensory cells (Fig. 6d).
Conversion of neuron phenotype also took place during head
regeneration, though the number of VLI* neurons formed was
less than at the basal end. More than 80% of the heads of
hydroxyurea-treated animals, and >95% of the heads of nitro-
gen mustard—-treated animals, contained VLI* neurons (Table
1). Examples are shown in Figure 6a for the hypostome and
Figure 64 for the tentacles.

Because most of these animals were devoid of neuron pre-
cursors, the majority of the VLI* neurons could not have arisen
by differentiation. Thus, they most likely arose by conversion
from VLI~ neurons as the regenerating apical end formed a head
and while the basal end of the body column was reorganized
into the foot and lower peduncle. Because the body column
contains a very small number of VLI* neurons, a few could have
been part of the body column that was displaced into either
head or foot during the reorganization.

To determine the fractions of VLI* neurons in the head due
to displacement and conversion, respectively, the experiment
was repeated with the variation that hydra were treated with
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the body column. A4, Control animals.
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removed. See text for details. NM, ni-
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nitrogen mustard. After determining that the interstitial cells
had been eliminated, animals were decapitated. Half were stained
immediately for VLI* neurons, while the other half were allowed
to regenerate heads (which occurred in 8-12 d) and then were
stained with the antiserum. The number of VLI* neurons was
counted in the upper quarter of the freshly decapitated animals,
as well as in the head of the regenerated animals. The regenerated
heads contained about twice as many VLI* neurons as the upper
quarter of the body column (Table 2). The differences are prob-
ably greater because the head usually regenerates from the apical
sixth of the column (Bode and Bode, 1980). Hence, the numbers
of VLI* neurons that became part of the head due to tissue
reorganization and displacement are closer to two-thirds of the
values measured in the apical quarter. Thus, at least half of the
VLI+ neurons in the regenerated head arose by conversion of
VLI- to VLI* neurons.

Conversion of VLI~ neurons to VLI* neurons is a
position-dependent effect
The conversion of VLI~ neurons to VLI* neurons as they are

displaced from the body column into an extremity suggests the
VLI- neurons are responding to a cue associated with their new

days, are the times between the initial
analysis for interstitial cells and the fi-
nal analysis for interstitial cells and for
VLI* neurons.

position and consequently undergoing conversion. This has
clearly been demonstrated for the subset of neurons in hydra
defined by an antiserum against FMRFamide (Koizumi and
Bode, 1986). An equally plausible explanation is that the con-
version is a result of maturation of some neurons. They would
undergo this conversion simply as a consequence of a temporal
component of their development.

To determine if the effect was a position-dependent process,
aregeneration experiment was carried out. Under the conditions
in which the stock cultures are maintained, the tissue in the
upper quarter of the gastric region (that part of the body column
between the head and the budding zone) of H. oligactis is nor-
mally displaced into the head, while the rest of the body column
is displaced in a basal direction into buds or toward the foot.
Thus, neurons in the upper quarter would never end up in the
foot. Consequently, one would not expect these neurons to de-
velop into the sensory cells of the foot by a maturation process.

Animals were treated with nitrogen mustard to eliminate the
interstitial cells, and then bisected in the gastric region a little
less than one-quarter of the distance from the head. The upper
part was allowed to regenerate a foot and stained with the an-
tiserum; 14 of 16 animals regenerated feet, and of these, 12 of

Table 1. VLI in regenerates of interstitial cell-depleted H. vulgaris
Fraction of animals
without Fraction of regenerates
interstitial cells with VLI* neurons (%)
Initial Final Tent- Hypo- Ped- Basal
Treatment Regenerate N % N % N acle some uncle disk
Nitrogen mustard Head 38 100 97 100 97
Peduncle and foot 22 100 33 100 100 97 94
Control 11 82 41 100 9 100 89 100 100
Hydroxyurea Head 15 93 12 83 92 100 100
Peduncle and foot 29 100 15 100 100 100 93
Control 33 67 21 100 18 100 94 94 88

Initial analysis for interstitial cells was carried out 3 d after end of hydroxyurea (FU) treatment or 7 d after end of nitrogen mustard (NM) treatment. The final analysis
was carried out 9-12 d after the initial analysis for NM-treated controls, 8—12 d for NM-treated head or basal disk (foot) regenerates, 12-13 d for HU-treated controls,
12 d for HU-treated head regenerates, and 13 d for HU-treated foot regenerates. N, number of samples.
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Figure 5. Maintenance of VLI* neurons in several regions in the absence of neuron differentiation from interstitial cells. Animals were stained
9-13 d after analysis indicated the absence of interstitial cells. a, Hypostome: apex is in the upper central area. b, Tentacle. ¢, Peduncle: body axis
runs from lower left to upper right. d, Basal disk: bottom of the basal disk is at the bottom. e, Ectoderm of bottom of basal disk showing stained
processes of sensory cells. Magnification: a—d, 370x; ¢, 600x.
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Figure 6. VLI* neurons in regenerated heads and feet of animals devoid of interstitial cells. a, Hypostome: apex is in the center. b, Tentacle
emerging from head at left. ¢, Basal disk and lower peduncle. 4, Tangential view of basal disk: ectoderm of bottom of basal disk with stained sensory
cells is toward the lower right. e, Basal end of an animal shortly after bisection in the upper quarter of the gastric region of the body column. f,
Regenerating foot of an animal bisected as in e with a few stained sensory cells. Magnification: @ and b, 370x; ¢, 190x; d, 45)x; e and f, 600x,
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Table 2. Comparison of the number of VLI* neurons in the upper
body column and in regenerated heads of H. vuigaris

Upper quarter of the Regenerated
body column head
VLI* VLI*
Experiment N neurons N neurons
1 20 84 t54 25 18.0 £+ 6.6
2 21 11.3 + 4.2 30 17.8 = 6.6

N is number of samples; the error is the SD. Using the ¢ test, the two means in
both experiments were shown to be significantly different (p < 0.01).

14 contained VLI* foot sensory cells. An example is shown in
Figure 6f. Because neurons of the upper quarter of the gastric
region would not normally form this type of neuron during the
course of their development or history, the formation of the
neuron is due to a position-dependent effect and not to a mat-
uration process.

Discussion

Plasticity of neuron phenotype in hydra

That the phenotype of a neuron can be plastic, and hence a
neuron’s differentiated state only metastable, is a phenomenon
for which examples have been accumulating. Changes have been
induced experimentally iz vitro (e.g., Patterson and Chun, 1977)
and have been observed at specific stages of development in a
number of species (e.g., Sulston and Horvitz, 1977; Alley and
Barnes, 1983; Landis and Keefe, 1983; Thorn and Truman,
1989) as well as in adults (e.g., Katz et al., 1983). Similar changes
have also been observed in hydra (Koizumi and Bode, 1986;
Koizumi et al., 1988).

Unlike other animals, these changes occur continuously in
the adult hydra, and probably occur in many types of its neurons.
This is undoubtedly due to the tissue dynamics of the animal,
which result in the nervous system being in a steady state of
production and loss of neurons (Bode et al., 1986, 1988). A
consequence of this condition is that every neuron is constantly
changing its location in the animal by displacement.

An important question concerns how widespread neuron phe-
notype plasticity is in this nervous system. Are all neurons meta-
stably differentiated, or only some of them? Of the subsets, each
defined by binding to a specific antibody, that have been ex-
amined so far, two are plastic and one is not. A subset of the
epidermal sensory cells restricted to the tentacles in Hydra oli-
gactis arises only by differentiation and cannot be replaced by
conversion (Yaross et al., 1986). In contrast, neurons exhibiting
FMRFamide-like immunoreactivity (FLI*) in the head and low-
er peduncle of Hydra attenuata can arise by conversion from
neurons that do not express this activity (Koizumi and Bode,
1986). Furthermore, a subset of ganglion cells of the hypostome
in Hydra attenuata defined by a monoclonal antibody is con-
verted into a subset of epidermal sensory neurons restricted to
the hypostome and defined by a second monoclonal antibody
(Koizumi et al., 1988).

The results presented here add another subset of neurons
whose phenotype can change. Some of the VLI~ neurons dis-
placed from the upper body column into the head, or from the
lower middle body column into the peduncle, are converted
into VLI* neurons. All of these neurons are bipolar and mul-
tipolar ganglion cells. This conversion involves the appearance
of a VPL

A second conversion occurs that involves more widespread
changes. When either VLI~ or VLI* ganglion cells of the lower
peduncle are displaced onto the basal disk, many of them are
converted into a VLI* sensory cell type in the ectoderm that is
found only in the foot. This conversion involves a number of
changes. Most prominent among them is the elaboration of a
cilium, which implies the synthesis of a number of molecules
necessary for its construction.

This foot sensory cell differs from the epidermal sensory cell
of the head and the sensory cell of the endoderm in two ways.
The latter have elongated cell bodies and relatively short cilia
(Epp and Tardent, 1978; Westfall and Kinnamon, 1978; West-
fall and Rogers, 1990), whereas the foot sensory cell has an oval
cell body and a cilium that extends from the basal side to the
apical edge of the ectoderm. Although Grimmelikhuijzen et al.
(1982a) described VLI* processes running from the base to the
apex of the cilium, this article presents, to our knowledge, the
first observation of sensory cells in the foot.

After hydroxyurea or nitrogen mustard treatment, only neu-
rons and epithelial cells remain in the ectoderm. Thus, it is
possible that the VLI* neurons found in the ectoderm arose
from epithelial cells instead of from VLI~ neurons. This is highly
unlikely for the following reasons: hydra consisting only of
epithelial cells and completely devoid of neurons as well as all
other cell types of the interstitial cell system have been main-
tained for periods of 1-6 yr on a number of occasions (e.g.,
Marcum and Campbell, 1978; Heimfeld and Bode, 1985; Lit-
tlefield and Bode, 1986). The epithelial cells continue to pro-
liferate, and the animals reproduce quite normally. Never have
neurons been observed to reappear in such animals, indicating
that conversion of epithelial cells into neurons does not occur.
Such neuron-free tissue is permissive for neuron differentiation
because reintroduction of interstitial cells promptly leads to
neuron differentiation from the interstitial cells (e.g., Heimfeld
and Bode, 1984).

Changes in VLI expression involve a position-dependent
process

The alteration of neuron phenotype that occurs ir vivo after
experimental manipulation is often clearly attributable to changes
in the environment. This has been shown for neurons whose
location in the embryo or animal has been experimentally al-
tered (Coulombe and Bronner-Fraser, 1986; Schotzinger and
Landis, 1988) or whose target tissue has been altered (e.g., Loer
and Kristan, 1989a,b), or if the precursor does not reach the
appropriate location (Copenhaver and Taghert, 1988, 1989).

The simplest explanation for the position-dependent changes
in hydra observed here and previously (Koizumi and Bode,
1986; Koizumi et al., 1988) is also that they respond to a new
set of local environmental cues when they are displaced from
one region to another. Two experiments in which one can ma-
nipulate the extremity into which a neuron is displaced provide
very strong evidence for this viewpoint.

When animals are bisected in the middle of the body column,
the lower half regenerates a head at the apical end. The tissue
that formed the head in the regenerate is normally displaced
towards the foot, but never towards the head, in intact animals.
Among the neurons of the regenerated head are epidermal sen-
sory neurons, which are found only in the head (Koizumi and
Bode, 1986). Thus, neurons destined to be part of the foot
formed neurons specific for the head.

Conversely, when an animal is bisected close to the head, the



basal end of the upper half forms a foot. Normally, this foot-
forming tissue would be displaced into the head. VLI* foot
sensory cells were found in such a regenerating foot. Again,
neurons destined to be part of the head formed foot-specific
neurons.

Such changes of displacement direction can occur in normal
animals. Displacement of tissue in apical and basal directions
implies a region in the body column in which little or no dis-
placement occurs in either direction. The presence of this region,
the stationary zone, has been demonstrated (Campbell, 1967b;
Otto and Campbell, 1977). The axial location of the stationary
zone depends on the rate of food intake (Otto and Campbell,
1977). In well-fed animals, the stationary zone is near the head,
while in poorly fed animals it is near the middle of the body
column. Hence, by reducing the food intake suddenly and se-
verely, a neuron destined to be displaced into the foot can change
directions and end up in the head.

Thus, there is nothing truly fixed about the displacement des-
tiny of a neuron, and experimental manipulation can change
both the final location and the phenotype of a neuron. The
simplest view is that the differentiated state of many neurons
in hydra is only metastable and changes with alterations in the
environment, in this case the regional position of a neuron.

A position-dependent process is not sufficient to explain
conversion

The FLI* and VLI* subsets of neurons, which are known to be
nonoverlapping subsets (Grimmelikhuijzen, 1983), have similar
distributions in the head. Both subsets consist primarily of gan-
glion cells and are found along the entire length of the tentacles.
Because a sizeable fraction of the neurons in the tentacles arise
by displacement of neurons from the body column, the question
arises as to how an FLI-VLI- neuron differentiates to become
a member of one of the two subsets, or a member of an as yet
undefined subset. As both have the same distribution, a posi-
tion-dependent mechanism will not distinguish between the two
subsets. An additional mechanism is required.

A simple explanation would be that the neurons were deter-
mined to become, for example, FLI*, in the body column before
displacement onto the tentacle. The above-described ability of
a neuron to undergo unexpected differentiations corresponding
to experimentally induced changes in location makes this ex-
planation unlikely.

A plausible mechanism that would influence an FLI-VLI-
neuron in one or the other direction is based on lateral inhi-
bition. An example consistent with such a mechanism is the
regular spacing, and the results of perturbation of the regular
spacing, observed for dopaminergic cells in the developing frog
retina (Reh and Tully, 1986). The possibility of lateral inhibition
influencing phenotype decision is under investigation.
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