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Abstract

The small freshwater cnidarian Hydra has been the subject of scientific inquiry for over 300 years due to its remarkable
regenerative capacities and apparent immortality. More recently, Hydra has been recognized as an excellent model system
within neuroscience because of its small size, transparency, and simple nervous system, which allow high-resolution imag-
ing of its entire nerve net while behaving. In less than a decade, studies of Hydra’s nervous system have yielded insights
into the activity of neural circuits in vivo unobtainable in most other animals. In addition to these unique attributes, there is
yet another lesser-known feature of Hydra that makes it even more intriguing: it does not require its neural hardware to live.
The extraordinary ability to survive the removal and replacement of its entire nervous system makes Hydra uniquely suited
to address the question of what neurons add to an extant organism. Here, I will review what early work on nerve-free Hydra
reveals about the potential role of the nervous system in these animals and point towards future directions for this work.
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Introduction

How and why the first nervous systems evolved remain
deep, unanswered questions. Because nervous systems likely
emerged around 560 million years ago (Budd and Jensen
2017), we must rely on indirect information from fossils
and extant organisms to infer when and how neuron-based
integrative systems may have evolved and what new capaci-
ties they might have afforded non-neural animals. Tradi-
tionally, these questions mostly have been addressed with
phylogenetic studies, where the neurological “parts list”
(genes, molecules) from different extant phyla are compared
to determine when and where certain neural components
appeared, and hypothesizing about what new function each
part might have bestowed upon the organism (Burkhardt
and Jékely 2021). While this general approach has taught
us much, to directly address the question of what a nerv-
ous system contributes to an organism, ideally one could

>4 Alison Hanson
alison.hanson @nyspi.columbia.edu

Department of Biological Sciences, Neurotechnology
Center, Columbia University, New York, NY, USA

Department of Psychiatry, New York State Psychiatric
Institute, Columbia University, New York, NY, USA

both add and remove that system from a living animal and
observe the resultant effects. Fortunately, evolution has left
us with at least one such organism in which this remarkable
feat is possible—the small freshwater polyp, Hydra.

Hydra is a metazoan belonging to the phylum Cnidaria
(Glauber et al. 2010), the sister group to all bilaterians, and
possesses one of the most “primitive” known nervous sys-
tems in the form of a diffusely distributed nerve net (Hadzi
1909; Burnett and Diehl 1964; Lentz and Barrnett 1965;
Lentz 1968; Dupre and Yuste 2017) (Fig. 1A). The Hydra
body is a tubular structure composed of two tissue layers: the
ectodermal epithelium on the outside and endodermal epi-
thelium on the inside, with an acellular layer, the mesoglea,
sandwiched in between (Campbell and Bode 1983; Glauber
et al. 2010) (Fig. 1B). Three cell lineages continually create
the Hydra body: ectodermal epithelial cells, endodermal epi-
thelial cells, and interstitial stem cells (i-cells) (Fig. 1C). The
ectodermal and endodermal epithelial cells are both fully
differentiated epitheliomuscular cells that also act as stem
cells in the body column where they continually self-renew
(David and Campbell 1972; Buzgariu et al. 2015). As the
epitheliomuscular cells are displaced to the apical or basal
poles of the animal, they stop cycling and terminally dif-
ferentiate (Campbell 1967; Diibel et al. 1987).
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The i-cells are located in between the ectodermal epi-
thelial cells and function as multipotent stem cells that give
rise to four cell types: neurons, nematocytes (stinging cells),
gland cells, and germ cells (David and Gierer 1974; David
and Murphy 1977; Campbell and Bode 1983; Bode 1996).
Importantly, each of the three cell lineages appear to be truly
independent, with no evidence of any lineage being able to
replace another (Marcum and Campbell 1978a; Buzgariu
et al. 2015). For example, if the i-cells of an animal are
removed, neither the ectodermal or endodermal epithelial
cells can replace the i-cells or their products (Marcum and
Campbell 1978a). Given that i-cells produce all neurons, if
the i-cells of the animal are removed, so too are the neurons
and nerve net they continually construct. Thus, if a method
existed by which i-cells of Hydra could be removed without
disrupting the ectodermal or endodermal epithelial cells, a
“nerve-free” Hydra consisting of only epithelial cells could
be created.

Early attempts at specifically eliminating i-cells from
Hydra employed X-irradiation (Brien and Reniers-Decoen
1955), y-irradiation (Clarkson and Wolpert 1967), and nitro-
gen mustard (Burnett and Diehl 1964), all of which signifi-
cantly damaged epithelial cells in addition to i-cells, making
it difficult to interpret results. It wasn’t until the late 1970’s
that several methods for specifically eliminating i-cells
were discovered, including chemical treatments (colchicine
(Campbell 1976), hydroxyurea (Bode et al. 1976; Sacks and
Davis 1979)), genetic manipulation (Sugiyama and Fujisawa
1978a; Terada et al. 1988), and low-dose y-irradiation (Frad-
kin et al. 1978). Colchicine induces phagocytosis of i-cells

by endodermal epithelial cells via an unknown mechanism
(Campbell 1976), while hydroxyurea kills i-cells in the
S-phase of the cell cycle (Bode et al. 1976). The thermosen-
sitive Hydra strain (Sf-1) eliminates i-cells after heat-shock
(Terada et al. 1988), and low-dose y-irradiation induces
DNA damage in i-cells (Fradkin et al. 1978).

Regardless of the method used to eliminate i-cells, it
takes several weeks for the animal to become “nerve-free”
as its terminally differentiated neurons are gradually lost
through tissue displacement (Fig. 2A). After several weeks,
however, each method produces a surprisingly viable ani-
mal consisting of only ectodermal and endodermal epithelial
cells and no i-cells or neurons (Bode et al. 1976; Campbell
1976; Fradkin et al. 1978; Sacks and Davis 1979; Terada
et al. 1988). It is important to note these animals are also
devoid of nematocytes (stinging cells), gland cells, and germ
cells as i-cells also produce those cell types. Thus, these
methods eliminate all cell types derived from i-cells, not just
neurons. Once neurons have been removed from Hydra, it is
then possible to perform a “nervous system transplantation”
and add them back (Saffitz et al. 1972; Marcum and Camp-
bell 1978b; Sugiyama and Fujisawa 1978b; Lee and Camp-
bell 1979). This is done by grafting normal Hydra tissue
of either the same, or a different, strain onto the nerve-free
animal and allowing the i-cells to migrate into the nerve-free
tissue (Fig. 2B). Once the i-cells have been “transplanted”
into the nerve-free tissue, they can re-create a new nerve net
composed of neurons from either the same, or a different,
Hydra strain.
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Fig.1 Hydra anatomy. A The basic body plan of Hydra. B The two
tissue layers of Hydra are depicted with endodermal epithelial cells
on the interior, ectodermal epithelial cells on the exterior, and an
acellular mesoglea in between. Ganglion neurons are found at the
base of the epitheliomuscular cells while sensory neurons protrude
from both the endoderm and ectoderm. Interstitial-cells (I-cells) are
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located between ectodermal epithelial cells. Not shown are gap junc-
tions between extensions of the endodermal and ectodermal epithelial
cells within the mesoglea. C The three stem cell lineages of Hydra
are shown with the unipotent endodermal and ectodermal epithelial
cells and multi-potent I-cells that produce four cell types: germ cells,
gland cells (Gld), nematocytes (Nem), and neurons
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The astonishing ability to both remove and replace an
entire nervous system in a living animal makes Hydra
uniquely suited to address the question of what neurons
currently add to the organism. Traditionally, nervous sys-
tems are often thought to have arisen to coordinate behav-
ior and move multicellular bodies (Parker 1919; Mackie
1970, 1990; Keijzer et al. 2013; Jékely et al. 2015). How-
ever, these early nerve-free studies in Hydra indicate
its nerve net is likely playing many other non-canonical
roles. While most studies were performed decades ago
with outmoded methods, they still have much to teach us
about what kind of animal exists both with and without
a nervous system. That is, what kind of body, sensation,
information integration, behavior, learning, and memory
does each type of animal possess? In short: what does a
nervous system add to a living animal, here, now? I will
first review what the earlier work with nerve-free Hydra
has revealed about the potential role of the nervous system

A

in the various processes outlined above. I will then sum-
marize these findings and discuss what they imply about
the overall role of the “primitive” nerve net in Hydra. The
review will end with a discussion of future directions for
this work using modern methods.

What kind of animal exists
with and without a nervous system?

As mentioned, nerve-free Hydra research reached its pinna-
cle in the late 1970’s after the first breakthrough by Richard
Campbell, who discovered the double colchicine method
for eliminating i-cells (Campbell 1976). This discovery was
quickly followed by three other methods (hydroxyurea (Bode
et al. 1976; Sacks and Davis 1979), genetic manipulation
(Sugiyama and Fujisawa 1978a; Terada et al. 1988), and
low-dose y-irradiation (Fradkin et al. 1978)) also capable of
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Fig.2 Removal and replacement of interstitial cells of Hydra. A
Treatment of normal Hydra with colchicine (Campbell 1976),
hydroxyurea (Bode et al. 1976), and gamma irradiation (Fradkin et al.
1978) results in an interstitial cell- (i-cell) and nerve-free animal after
several weeks. The genetically modified strain, Sf-1, also produces an
i-cell- and nerve-free animal several weeks after heat shock (Sugiy-
ama and Fujisawa 1978a; Terada et al. 1988). B To replace i-cells, the
top half of an i-cell- and nerve-free animal is grafted onto the bot-
tom half of a vitally stained normal animal of the same, or differ-

i-cell- and nerve-free Chimera
Strain 1 _—
24 -48 hrs \

Discard

ent, strain. The two halves remain grafted for 24-48 h to allow the
i-cells to migrate from the normal tissue into the i-cell- and nerve-
free tissue. After 24-48 h, the bottom half of the animal is cut off
and the top half of the animal consisting of the original i-cell- and
nerve-free tissue with donor i-cells is allowed to regenerate, forming
a new nerve net derived from the donor i-cells (Saffitz et al. 1972;
Marcum and Campbell 1978a, b; Sugiyama and Fujisawa 1978b; Lee
and Campbell 1979). Black dots represent i-cells
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producing viable nerve-free Hydra. Importantly, no matter
which method was used to remove i-cells, each study pro-
duced essentially the same results, indicating the findings
were due to loss of i-cells, not an artifact of any particular
method. Here, I will summarize the findings of these studies
and what they tell us about what kind of Hydra exists both
with and without i-cells. For simplicity I will use the term
“nerve-free” when talking about i-cell-free animals, keeping
in mind these animals also lack nematocytes, gland cells,
and germ cells.

What kind of body?

To begin, what kind of Hydra body gets built and how is it
maintained with and without neurons? This will include a
discussion of differences in morphology, development, and
regeneration in normal and nerve-free animals and what
these differences can tell us about the potential role of the
nervous system in these processes.

As shown in Figs. 1A and 3A, normal adult Hydra pos-
sess a tubular body with a dome-shaped hypostome (head)

with long equal length tentacles, narrow body column,
peduncle (stalk), basal disc (foot), and budding region above
the peduncle where typically 2—4 buds are attached in a bud-
ding animal (Campbell and Bode 1983). Regardless of the
method used, when i-cells (thus neurons) are removed, the
morphology of the body is significantly altered (Fig. 3B),
resulting in the following abnormalities: irregularly spaced,
short, straight, skinny, supernumerary tentacles of variable
lengths devoid of nematocytes; large, flat hypostomes; swol-
len gastric regions; narrow longer peduncles; small basal
discs; and buds that remain attached to parents for days or
weeks resulting in animals with up to 6 or 7 attached buds
(Campbell 1976; Fradkin et al. 1978; Marcum and Camp-
bell 1978a; Sugiyama and Fujisawa 1978a; Sacks and Davis
1979). The hypostomes in i-cell-free animals may be flat,
in part, due to loss of gland cells (i-cell products) that are
known to be concentrated in the sub-hypostomal region
of normal Hydra (Wood 1979). A significant number of
nerve-free animals also possess more striking abnormali-
ties such as secondary hypostomes and basal discs, and buds
that are attached to their parents via their peduncles instead

Fig.3 Morphology of Hydra with and without neurons. A Normal
Hydra with characteristic morphology, including a dome shaped
hypostome, long regularly spaced tentacles of equal length, narrow
body column, and one attached bud. B Nerve-free Hydra produced by
the double colchicine method with abnormal morphology, including
irregularly spaced, short, straight, skinny, supernumerary tentacles of
variable lengths; large, flat hypostomes; swollen gastric regions; nar-
row long peduncles; small basal discs; and multiple attached buds.
A detached bud with the same abnormal morphology is on the bot-
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tom left. Nerve-free Hydra produced by the hydroxyurea method
also shows abnormal numbers of irregularly spaced, short, straight,
skinny, supernumerary tentacles of variable lengths C-E; animals
with two heads (arrows) D-E; and animals with secondary basal discs
(bb), buds attached via their peduncles instead of their basal discs (b),
and buds with secondary tentacles off the sides of their bodies (bd) E.
A and B adapted with permission from Fig. 1A and G, respectively
in (Campbell 1976). C-E adapted with permission from Fig. 2A-C,
respectively in (Sacks and Davis 1979)
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of their basal discs (Sacks and Davis 1979) (Fig. 3C-E).
Importantly, when i-cells (thus neurons and nematocytes)
are added back to the animal via grafting (Fig. 2B), the
morphology of the animal is rescued and returns to normal
(Fradkin et al. 1978; Marcum and Campbell 1978a; Sugiy-
ama and Fujisawa 1978a). This suggests the epithelial cells
were not damaged by the methods used and that i-cells (and
their products, including neurons) play a critical role in cre-
ating and maintaining the normal Hydra body.

Nerve-free animals also show abnormalities in various
developmental processes, including growth and budding
rates, induction, regeneration, and maintenance and reversal
of tissue polarity. Nerve-free Hydra initially grow and bud
at a faster rate than normal animals if they are hand fed (this
will be discussed further in Sect. “What kind of behavior?”
below), but after several months, growth and budding rates
significantly decline and start to exhibit “erratic” patterns
where the growth rate stabilizes for a period of time then
sporadically increases again (Sacks and Davis 1979). Nerve-
free buds also remain attached to the parent much longer
than normal animals do and often do not detach (Fig. 3B),
leading to the formation of secondary hypostomes (Camp-
bell 1976; Marcum and Campbell 1978a; Sugiyama and
Fujisawa 1978a; Sacks and Davis 1979) (Fig. 3D-E). When
i-cells (thus neurons) are added back to these animals, they
resume normal growth and budding rates (Marcum and
Campbell 1978a; Sugiyama and Fujisawa 1978a), suggest-
ing i-cells (and their products, including neurons) play a role
in regulating these processes.

Normal apical and basal Hydra tissue has strong induc-
tive properties (Browne 1909; Webster 1971). That is, if
hypostomal (head) tissue of Hydra is transplanted onto the
body column of another Hydra, a second axis (head) will
be induced, whereas if foot tissue is transplanted onto the
body column, a second foot will be induced. If body column
tissue is grafted onto the body column of another Hydra,
no induction will occur and it will be resorbed. These same
capacities were tested in nerve-free Hydra with unusual
findings (Marcum and Campbell 1978a). Most often, the
expected results were obtained. There were, however, some
noticeable outliers. When transplanting normal hypostomal
tissue onto the body column of a nerve-free animal, two out
of five animals did not produce a second axis. In the same
study, when normal body column tissue was grafted onto a
nerve-free body column, a second axis was induced in one
out of five animals. In a separate study (Sugiyama and Fuji-
sawa 1978a), when either normal or nerve-free hypostomal
tissue was grafted onto the hypostome of a nerve-free ani-
mal, instead of the tissue being resorbed (as normal), a foot
was formed. Additionally, when either normal or nerve-free
hypostomal tissue was grafted onto the foot of a nerve-free
animal, the tissue was resorbed instead of forming a sec-
ond axis (as normal). Thus, while nerve-free Hydra seem to

maintain most inductive capacities, they also exhibit some
interesting, unexplained abnormalities.

Nerve-free Hydra also display abnormal regenerative
capacities. While nerve-free animals can regenerate a head
and foot and maintain proper polarity like normal Hydra,
they do so more slowly and less precisely (Marcum and
Campbell 1978a; Sacks and Davis 1979; Miljkovic-Licina
et al. 2007). The heads regenerated in nerve-free animals
take a day longer to form and exhibit more variance in ten-
tacle number, length, and spacing, as seen in the morphology
of the adult animals described above (Sacks and Davis 1979;
Miljkovic-Licina et al. 2007) (Fig. 3B-E). One of the most
stringent tests of regenerative capacity is the ability of the
animal to reverse its polarity in “polarity reversal” experi-
ments (Marcum et al. 1977). Here, the head and foot are cut
off the body column of one animal leaving just the body
column. Then, a vitally stained foot from another animal is
grafted onto the head end of the body column while a vitally
stained head is grafted onto the foot end of the same body
column such that the head and foot ends of the original body
column have been reversed. At 12-h intervals the grafted tis-
sue is removed and the original body column is allowed to
regenerate. The resulting animals are scored in terms of their
final polarity. Three possibilities exist: no polarity reversal
(the head and foot regenerate in the same orientation as the
original body column), mixed polarity (heads form at both
ends or in the middle of the body column), or reversed polar-
ity (the head and foot regenerate in reverse orientation from
the original body column). When put to this test, nerve-free
Hydra were surprisingly able to reverse their polarity with
essentially the same kinetics as normal animals, but only
rarely produced mixed polarity animals that are typically
found with normal Hydra (Marcum et al. 1977). Thus, again,
the nerve-free animals performed nearly, but not precisely,
like normal Hydra.

Overall, these initial studies were quite shocking as they
revealed Hydra can build and maintain its body quite well
without neurons. While not normal in all aspects, the dif-
ferences in morphogenesis of the nerve-free animals were
mostly quantitative, not qualitative. This challenged the
prevailing view at the time in which neurons were thought
to be essential for Hydra development by secreting critical
morphogens (Schaller et al. 1996). Given these surprising
results, a series of chimera experiments were performed to
further clarify whether the epithelial cells or the i-cells (and
their products, including neurons) ultimately control Hydra
development (Marcum and Campbell 1978b; Sugiyama and
Fujisawa 1978b; Lee and Campbell 1979). This was done
by transplanting the i-cells of one Hydra strain into nerve-
free Hydra of another strain (see Fig. 2B) and determining
whether the resulting chimeric animal resembled the i-cell
or epithelial cell strain. The results were equivocal, leading
to the conclusion that epithelial cells and i-cells must jointly
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control Hydra development with epithelial cells likely func-
tioning as the mechanical components, or “effectors,” which
are normally “patterned” by neurons (Marcum and Campbell
1978b). How neurons might pattern epithelial cells during
Hydra development will be discussed in more detail in the
discussion section below.

What kind of sensation?

Normal Hydra perceive light (Passano and McCullough
1962, 1965; Plachetzki et al. 2012), chemicals (Ewer and
Fox 1947; Loomis 1955; Lenhoff 1961), mechanical stimula-
tion (Mast 1903; Wagner 1905; Rushforth et al. 1963; Badhi-
wala et al. 2021), temperature (Mast 1903; Schroeder and
Callaghan 1981; Bosch et al. 1988; Tzouanas et al. 2021),
and gravity (Ewer 1946). While the precise mechanisms of
most of these sensory modalities are not known, two main
cell types are thought to be involved: sensory neurons and
nematocytes, both derived from i-cells. Nematocytes or
cnidocytes (stinging cells) are unique to Cnidaria and are
one of the most complex cell types known (Hessinger and
Lenhoff 1988; Kass-Simon and Scappaticci 2002). There are
four types of nematocytes in Hydra (stenotele, desmoneme,
and atrichous and holotrichous isorhiza) (Hessinger and
Lenhoff 1988). Each nematocyte contains a different kind
of encapsulated cyst (nematocyst) that is filled with barbed
tubules and other substances (e.g., toxins), depending on
the type of nematocyst. Upon either mechanical or chemical
stimulation of hair-like projections (cnidocils) on the nema-
tocyte membrane, nematocysts are discharged for defense,

A

Tubule

After
discharge

Second
phase

Before First
discharge phase

Fig.4 Nematocyte and battery cell complex anatomy. A Schematic of
the stenotele nematocyte discharge process. Mechanical and chemical
stimulation of the cnidocil on the nematocyte cell surface (not pic-
tured) causes nematocyst discharge in two phases. In the first phase,
the stylet is rapidly ejected. In the second phase, the stylet opens and
spines and tubule are fully ejected. Figure adapted with permission
from (Szczepanek et al. 2002). B Diagram of battery cell complex

@ Springer

prey capture, or locomotion (Fig. 4A) (Hufnagel et al. 1985;
Kass-Simon and Scappaticci 2002). Nematocytes are most
highly concentrated in “battery cell complexes” in the tenta-
cles of the animal where the four different nematocyte types,
along with sensory and ganglion neurons, are embedded in a
large epitheliomuscular cell (Hufnagel et al. 1985; Hufnagel
and Kass-Simon 1988; Kass-Simon and Scappaticci 2002)
(Fig. 4B). It is thought nematocytes directly sense their
external environment via mechanoreceptors and chemore-
ceptors on their cnidocil, in addition to receiving input from
surrounding sensory neurons (Kass-Simon 1988; Scappat-
icci et al. 2010). The battery cell complexes are thought to
be the primary environmental sensors for the organism, but
nematocytes and sensory neurons are also found throughout
the Hydra body. Nematocytes are located almost exclusively
in the ectoderm (Anderson and Bouchard 2009), while sen-
sory neurons protrude from both the ectoderm and endoderm
of the animal to sense the external and gastric environments,
respectively (Lentz and Barrnett 1965).

The most well-studied sensory modalities in Hydra
are mechanosensation and chemosensation leading to
prey capture. Both sensory neurons and nematocytes are
thought to be involved in this process whereby mechano-
receptors on both cell types respond to mechanical stim-
ulation by moving prey (Anderson and Bouchard 2009;
Scappaticci et al. 2010). The mechanoreceptor response
can be sensitized by the presence of chemicals released
by wounded prey, such as reduced glutathione, which can
alter the threshold for triggering nematocyst discharge
(Watson and Hessinger 1989; Scappaticci et al. 2010).

with cnidocytes and neurons embedded in a giant epitheliomuscular
cell. Stenotele cnidocytes (S) are found in the center surrounded by
isorhiza (I) and desmoneme (D) cnidocytes and neural sensory cells
(SC), which form synapses with neural ganglion cells (G) that also
connect all cnidocytes. Figure adapted from Fig. 1A in (Plachetzki
et al. 2012) (http://creativecommons.org/licenses/by/4.0/)
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More recently, light has also been shown to regulate the
firing of nematocytes (Plachetzki et al. 2012). Phototaxis
towards light had been well-established in Hydra since
its original discovery by Trembley (Trembley et al. 1744;
Wilson 1891), but how an animal without eyes was able
to detect light remained a mystery until 2012, when an
opsin (Hmops2) was shown to be expressed in sensory
neurons of battery cell complexes (Plachetzki et al. 2012).
In addition to opsin, co-expression of other phototrans-
duction components found in bilaterians (e.g., cyclic
nucleotide gated ion channel (Plachetzki et al. 2010) and
Arrestin (Dolph et al. 1993; Krupnick et al. 1994)) was
demonstrated, suggesting the basic machinery for convert-
ing light into an electric signal is highly conserved. Ulti-
mately, this work demonstrated nematocytes fired more
under dim versus bright light, which was hypothesized to
be due to prey casting shadows over the tentacles of the
animal (Plachetzki et al. 2012).

Altogether, it seems the battery cell complexes lining the
tentacles may be able to receive and integrate mechanical,
chemical, and light information to tightly regulate the dis-
charge of nematocytes, which are energetically expensive
single-use cells (Anderson and Bouchard 2009). In addition
to mechanosensation in its tentacles leading to prey capture,
Hydra also displays a robust response to mechanical stimula-
tion along its entire body column, although it does exhibit
some regional specificity (Badhiwala et al. 2021). If the foot
is removed, no significant difference in mechanosensation is
observed, whereas removal of the head results in a signifi-
cant reduction in mechanosensory response. If both head and
foot are removed, mechanosensation is even more signifi-
cantly reduced, but not absent. These results suggest Hydra
is mechanosensitive throughout its body but requires both
its head and foot for maximum mechanosensory response.
Which mechanoreceptors and what cell types participate in
this process are unknown.

Hydra is also thermosensitive (Tzouanas et al. 2021). It
responds to acute positive changes in temperature by first
elongating then contracting in a reproducible manner. It is
not known why Hydra exhibits this particular thermosensi-
tive response. The thermoreceptors and cell types contribut-
ing to this response also remain to be discovered. Finally,
there is evidence from one early study that Hydra also senses
gravity (Ewer 1946). While observing a tank of Hydra in his
classroom, Ewer noticed all buds would migrate up the side
of the tank to the surface of the water. He determined this
was a gravity response, not due to effects of oxygen, carbon
dioxide, or pH. To date, no evidence of a gravity sensing
organ, or statocyst, has been reported in Hydra, although an
unusual statocyst was discovered in the Hydrozoan Cory-
morpha palma (Campbell 1972).

As can be seen, normal Hydra, with its full comple-
ment of neurons and nematocytes, has a very rich sensory

repertoire providing it with access to an extensive out-
side world—one in which it can effectively “see,” “taste,”
“smell,” “touch,” detect temperature, and even sense “up”
from “down.” What kind of sensory world remains for Hydra
without i-cells (thus neurons)? Only one early study has
addressed this question (Campbell et al. 1976). Nerve-free
Hydra was found to no longer respond to bright light, shrimp
extract, or mild mechanical stimulation. It did respond to
both strong mechanical stimulation and direct electrical
stimulation of the body column (Campbell et al. 1976), how-
ever, suggesting some mechanosensation exists within the
epithelial cells themselves. Regrettably, the other sensory
modalities were not tested. This study suggests nerve-free
Hydra has a significantly impoverished sensory repertoire
with much less access to the external world. It is no longer
able to “see,” “taste,” or “smell,” and has a significantly
reduced ability to “feel” mechanical stimulation.

What kind of information integration/coordination?

After a Hydra body with sensory receptors is built, how
is external information integrated with the animal’s own
internal state and communicated organism-wide to create a
unified whole? Is nerve-free Hydra less integrated than nor-
mal animals? While it is unknown how Hydra, which lacks
a central nervous system, might integrate various external
inputs with its own internal state, it has been hypothesized
that a spontaneous low frequency neural network—rhythmic
potential 1 (RP1)—might serve this function (Hanson 2021).
Since the early work of Passano and McCullough it has
been known that normal Hydra exhibits ongoing, rhythmic,
spontaneous neural activity, even in the absence of behavior
(Passano and McCullough 1962, 1963, 1965). What such
“cryptic” neural activity is doing remains a mystery. In nor-
mal Hydra, RP1 is active even when the animal is at rest, and
changes its firing frequency in accord with both the internal
state of the animal and external input, suggesting it might
serve as the ultimate integrator of electrical information in
the system (see (Hanson 2021) for further review). Thus,
in the single early study in which the electrophysiological
properties of nerve-free Hydra were investigated, it was no
surprise to find that normal Hydra “sporadically” produced
spontaneous electrical potentials with a mean frequency of
one per several minutes, while nerve-free animals failed
to produce a single spontaneous electrical pulse in 10 h of
recording from an extracellular electrode inserted into the
body column of the animal (Campbell et al. 1976). While
this is only one, relatively cursory, study, the result suggests
the nervous system is required to generate spontaneous elec-
trical activity in the animal. What such spontaneous electri-
cal activity might be doing will be addressed further in the
discussion section below.
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In addition to the loss of spontaneous electrical activity in
nerve-free animals, the speed of electrical communication in
nerve-free Hydra was also significantly reduced (Campbell
et al. 1976). When Hydra was placed in a chamber with
recording electrodes in both its head and foot and a stimulat-
ing electrode at various points along its body column, the
conduction velocity in normal tissue was 5.7 cm/s and in
nerve-free tissue only 1.8 cm/s. Importantly, the conduction
velocity was rescued when i-cells were transplanted back
into nerve-free animals suggesting the slowed conduction
was due to i-cell loss, not due to epithelial cell damage. This
nearly five-fold decrease in electrical conduction in nerve-
free Hydra, suggests information integration and propaga-
tion is significantly reduced in these animals. Electrical
conduction in nerve-free tissue is not zero, however, indi-
cating the epithelial tissue alone can still propagate electrical
information body-wide, albeit at a significantly reduced rate.
Electrical conduction is inhibited when nerve-free Hydra are
treated with heptanol (a gap junction inhibitor), suggesting
the electrical signal is mediated by gap junctions between
epithelial cells (Takaku et al. 2014).

What kind of behavior?

Once a Hydra body is built, sensors added, and external
and internal information integrated, what kind of coordi-
nated movement can be generated both with and without
neurons? Despite possessing a simple nerve net, normal
Hydra can perform some quite complex behaviors, including

Fig.5 Hydra behavior. Hydra exhibits both simple and complex
behaviors that have been quantified using machine learning (Han
et al. 2018). Hydra also spends a significant amount of time “resting”
or “silent,” not engaged in any behavior A. Simple Hydra behaviors
include elongation B, tentacle swaying C, body swaying D, bending
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somersaulting end over end and moving like an inchworm
(Leeuwenhoek 1703; Trembley et al. 1744; Passano and
Mccullough 1963; Han et al. 2018) (Fig. 5). It also executes
an elaborate feeding response in which it catches multiple
prey (Artemia nauplii in the lab) with its tentacles, brings
the captured prey towards its mouth (which opens with
prey capture), and, finally, inserts the prey into its gastric
cavity (Lenhoff 1961). In addition to these more complex
movements, Hydra also performs several simple behaviors,
including full body contraction, elongation, body swaying,
bending, egestion, and tentacle swaying (Han et al. 2018).
All these behaviors can occur spontaneously or in response
to an external stimulus, except for the feeding response,
which only occurs in response to food or a small-molecule
stimulus (Loomis 1955; Lenhoff 1961).

When neurons are removed, most spontaneous behavior
is lost, and the animal mostly lies motionless on its side
as it can no longer attach its foot to the dish like normal
Hydra (Campbell 1976; Campbell et al. 1976; Marcum and
Campbell 1978a). In time-lapse movies, however, some
spontaneous behavior was observed in nerve-free Hydra,
including fluid expulsion from its mouth several times a day
(Campbell et al. 1976; Marcum and Campbell 1978a). This
causes collapse of the animal followed by re-extension, col-
umn pulsing, tentacle bending, and “annulations” (rings)
along the body column. All these spontaneous movements
were “more pronounced” after eating (Marcum and Camp-
bell 1978a). Not only does nerve-free Hydra lack most
spontaneous behavior, it also lacks most stimulus-evoked

tentacle swaying

E, and full body contraction F. Complex Hydra behaviors include an
elaborate feeding response G and somersaulting H. Figure adapted
from Fig. 1E-L in (Han et al. 2018) (http://creativecommons.org/
licenses/by/4.0/)
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behavior, including the ability to detect, capture, and ingest
prey (Campbell 1976; Campbell et al. 1976; Marcum and
Campbell 1978a). Thus, nerve-free Hydra can only survive
a few weeks in the lab unless it is manually force-fed shrimp,
and subsequently “burped” by manually forcing the undi-
gested particles out of its gastric cavity (Campbell 1976;
Tran et al. 2017). Clearly, the nerve-free animals would not
survive long in the wild, but with hand-feeding in the lab,
they have been kept alive for over two years, and could likely
be kept alive indefinitely if continually manually fed (Camp-
bell 1976; Fradkin et al. 1978). While nerve-free Hydra no
longer responds to food, light, or mild mechanical stimula-
tion, it does respond to strong stimulation. Pinching nerve-
free Hydra with forceps and direct electrical stimulation of
the body column can both induce whole-body and tentacle
contraction followed by re-extension of the animal (Camp-
bell et al. 1976).

What kind of learning and memory?

Having constructed a body that can sense, integrate, and
move, what kinds of things can Hydra learn and remember
both with and without neurons? Learning and memory are
understudied in basal organisms, especially Cnidaria (see
Cheng 2021 for a recent review). While very few studies
have been published on this topic, normal Hydra have been
shown to exhibit both habituation and sensitization. In 1905
Wagner showed normal Hydra stopped contracting after
frequent repeated mechanical stimulation, but did not stop
contracting when the interstimulus interval was increased
(Wagner 1905). These results suggested Hydra habituated
to the more frequent mechanical stimulus, but dishabituation
was never formally tested so it was unclear if the animal
simply became fatigued. These results were corroborated
50 years later by Rushforth and colleagues when they also
found Hydra stopped contracting in response to repeated
mechanical stimulation (Rushforth et al. 1963). In their
study, however, dishabituation was demonstrated by show-
ing the animal began contracting again when they switched
to a light stimulus. These studies established that normal
Hydra do exhibit habituation, the most rudimentary form of
learning. In addition to habituation, Wagner showed normal
Hydra are also capable of sensitization (Wagner 1905). After
Hydra initially habituated to a repeated mechanical stimulus
and stopped contracting, it subsequently responded to the
same stimulus by exhibiting “escape” behavior in which it
moved away from the site of stimulation. No studies on asso-
ciative learning in normal Hydra have been published to date
(Cheng 2021). At present, no studies on learning or memory
have been published with nerve-free Hydra. Whether the
ability of Hydra to both habituate and sensitize depends on
neurons, or if epithelial animals might retain these capaci-
ties, remain interesting and open questions.

Discussion: what nerve-free hydra suggest
about neuronal function

Time to take stock. What do these findings in Hydra imply
about the kind of animal that exists with and without neu-
rons? Further, what do the discrepancies between the two
kinds of animals (Fig. 6) tell us about the role of the nervous
system in Hydra? Normal Hydra build reproducible tubu-
lar bodies with dome-shaped hypostomes and very tightly
regulated numbers of tentacles and buds. These bodies have
remarkable regenerative capacities that reliably recreate
this structure efficiently and precisely. The construction
of these bodies also involves the synthesis of sensors that
allow the animal to see (Passano and McCullough 1962,
1965; Plachetzki et al. 2012), taste (Ewer and Fox 1947,
Loomis 1955; Lenhoff 1961), touch (Mast 1903; Wagner
1905; Rushforth et al. 1963; Badhiwala et al. 2021), smell
(Ewer and Fox 1947; Loomis 1955; Lenhoff 1961), detect
temperature (Mast 1903; Schroeder and Callaghan 1981;
Bosch et al. 1988; Tzouanas et al. 2021), and sense up from
down (Mast 1903; Schroeder and Callaghan 1981; Bosch
et al. 1988; Tzouanas et al. 2021), providing access to a
rich external world. Internally, these animals have ongoing
low-frequency spontaneous electrical activity, even while at
rest, and conduct electrical information body-wide at a speed
of 5.7 cm/s (Campbell et al. 1976). These low-frequency
oscillations may serve both to integrate electrical informa-
tion in the animal (Hanson 2021) and produce spontane-
ous and stimulus-evoked behaviors that allow the animal to
capture prey, eat, locomote, contract, elongate, bend, and
sway (Han et al. 2018). In addition to executing both simple
and complex behaviors, these animals exhibit rudimentary
learning in the form of habituating and sensitizing to nox-
ious stimuli (at least) (Wagner 1905; Rushforth et al. 1963;
Cheng 2021). Evidently, a Hydra with neurons is a rather
sophisticated creature, capable of surviving indefinitely in
favorable conditions.

When neurons are removed, however, a very different ani-
mal emerges (Fig. 6). This Hydra’s body is swollen, with a
flat hypostome; short, irregularly spaced tentacles of vari-
able number; a long skinny stalk; and foot no longer capa-
ble of adhering to its substrate. These bodies are awkward,
variably shaped, with abnormal numbers of attached buds
(Campbell 1976; Fradkin et al. 1978; Marcum and Camp-
bell 1978a; Sugiyama and Fujisawa 1978a; Sacks and Davis
1979). While these bodies can regenerate, they do so more
slowly and less precisely (Marcum and Campbell 1978a;
Sacks and Davis 1979; Miljkovic-Licina et al. 2007). These
animals also lack the sensory capacities of normal Hydra
and can no longer see, taste, or feel light touch, but can
sense strong mechanical and electrical stimulation (Camp-
bell et al. 1976). Internally, they lack spontaneous electrical
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NORMAL HYDRA NERVE-FREE HYDRA

BODY *  Normal morphology, * Slightly abnormal
development, and morphology, development,
regeneration and regeneration

SENSATION * Photosensation * Only sensitive to strong

* Chemosensation

* Mechanosensation
* Thermosensation
* Gravisensation

mechanical and electrical
stimulation

* Not sensitive to light, shrimp
extract, or mild mechanical
stimulation (other sensory
modalities not tested)

INFORMATION INTEGRATION

Spontaneous electrical activity:

Spontaneous electrical activity:

* Low frequency (one spike |
per several minutes)

Conduction velocity:

None observed

Conduction velocity:

e 57cm/s e 1.8cm/s
BEHAVIOR Complex: Complex:
* Feeding, somersaulting, inch |* None observed
worming
Simple: Simple:

* Contraction, elongation,
body swaying, bending,
egestion, tentacle swaying

* Contraction, re-extension,
fluid expulsion from
hypostome, column pulsing,
tentacle bending

LEARNING AND MEMORY * Habituation

* Sensitization

* Unknown

Fig.6 Summary of differences between Hydra with and without neu-
rons. Top left figure shows the morphology of normal Hydra as com-
pared to the morphology of nerve-free Hydra on the top right. Both

activity, but can conduct electrical information body-wide
at 1.8 cm/s (Campbell et al. 1976). This lack of internal
electrical activity correlates with a lack of most (but not
all) spontaneous behavior (Campbell 1976; Campbell et al.
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figures adapted from Fig. 1A and 1G, respectively, with permission
from (Campbell 1976)

1976; Marcum and Campbell 1978a). These animals can still
perform coordinated whole-body contractions when stimu-
lated strongly but can no longer detect and capture prey and
so cannot feed themselves (Campbell 1976; Campbell et al.
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1976; Marcum and Campbell 1978a). It is unknown if these
animals can learn or remember. Without being force-fed in
the lab, nerve-free Hydra only survive a few weeks (Camp-
bell 1976) and would certainly not last long in the wild.
Clearly, these creatures are quite different than those that
contain neural hardware.

Building bodies

What do these findings tell us about the overall role of the
nervous system in these animals? First, the picture is not
entirely straightforward. These studies demonstrate the
Hydra nervous system plays some role in the morpho-
genesis of the organism. While nerve-free Hydra can sur-
prisingly build a near-normal body without neurons, they
exhibit numerous morphological abnormalities, in addi-
tion to alterations in growth and budding rates (Marcum
and Campbell 1978a; Sugiyama and Fujisawa 1978a; Sacks
and Davis 1979), induction (Marcum and Campbell 1978a;
Sugiyama and Fujisawa 1978a), regeneration (Marcum and
Campbell 1978a; Sacks and Davis 1979; Miljkovic-Licina
et al. 2007), and reversal of tissue polarity (Marcum et al.
1977). These aberrations are, however, mostly quantitative
rather than qualitative. Thus, as was proposed in the 1970’s,
it is likely the neurons are needed for “fine-tuning” or “pat-
terning” the morphogenesis of the organism (Marcum and
Campbell 1978a). Precisely how neurons might fine-tune the
epithelial cells remains unknown. Two general possibilities
exist: (i) by secreting molecules, and (ii) by influencing the
non-neural bioelectric signaling in the epithelial cells that
is known to be important for large-scale patterning of other
species (Levin et al. 2017; Levin and Martyniuk 2018).

At the time nerve-free Hydra were first created, neurons
were thought to produce a morphogenetic gradient along the
body column to establish the apical and basal poles of the
animal by secreting “morphogenetic substances” (Schaller
et al. 1996). A model was proposed in which short-range
molecules dubbed “head activator”/“foot activator” were
thought to be inhibited by long-range molecules dubbed
“head inhibitor”/“foot inhibitor” to establish the ante-
rior—posterior axis. It was thought the activators were small
neuropeptides and inhibitors were small molecules, all
secreted by neurons. This model was never validated exper-
imentally, so that over time, the role of neurons in secret-
ing neuropeptides or small molecules to guide development
was replaced by the discovery of the classical molecular
morphogen gradients (e.g., Wnt, BMP (De Robertis 2008))
produced by epithelial cells (Hobmayer et al. 2000; Broun
and Bode 2002; Reinhardt et al. 2004; Rentzsch et al. 2007;
Lengfeld et al. 2009; Nakamura et al. 2011; Vogg et al.
2019). However, whether neurons play a role in secreting
these molecules, or affecting their expression in epithelial
cells, remains to be determined.

Interestingly, when neurons are removed, epithelial cells
upregulate expression of neural-specific genes, including
several “neurotransmission” genes, suggesting epithelial
cells are highly plastic and can compensate for the loss of
neurons in nerve-free Hydra (Wenger et al. 2016). These
findings support the hypothesis that “proto-neural” epithe-
lial cells may have operated as both mechanical effectors
and pattern generators (Mackie 1970; Arendt 2008) and
can regain this “multifunctional” state when neurons are
removed. Whether this multifunctional state of epithelial
cells in nerve-free Hydra resembles the function of proto-
neural epithelial cells that existed over 500 million years
ago, or is specific to this unique context, cannot be known.
Nevertheless, it is an interesting model worth further investi-
gation to determine what kinds of adaptations the nerve-free
epithelia are capable of when neural hardware disappears.

In addition to potentially secreting morphogens to guide
development, more recent work has demonstrated neurons
also secrete anti-microbial peptides (AMPs), thereby regu-
lating which microbes constitute the microflora (holobiont)
of Hydra (Klimovich and Bosch 2018). While the history of
developmental biology has largely focused solely on emer-
gence of the host organism’s cells and tissues, it is becom-
ing increasingly clear that most embryos consist of multiple
species of microbes in addition to the host’s cells (Carrier
and Bosch 2022). Thus, development entails the host organ-
ism’s cells in concert with its associated microbes, which
often change throughout the course of morphogenesis. The
microbiome of Hydra is quite dynamic during development,
for example, consisting of a highly diverse community of
microbes in newly hatched polyps (e.g., Bacteroidetes,
B-proteobacteria, Actinobacteria), which becomes progres-
sively less varied over time resulting in a stable configura-
tion consisting mostly of Curvibacter in the adult animal
(Franzenburg et al. 2013). When microbes are removed from
Hydra, as in germ-free animals, significant developmental
abnormalities are seen, such as reduced budding rate (Rahat
and Dimentman 1982) and increased size (He and Bosch
2022), suggesting its symbionts are required for normal
morphogenesis.

If neurons secrete AMPs, which shape Hydra’s microbial
community, then the loss of neurons should alter the micro-
biome, and, consequently, the morphogenesis of the ani-
mal. Indeed, nerve-free Hydra exhibits a dramatic ten-fold
change in the composition of its microbial community from
B-proteobacteria to Bacteroidetes, which likely has impor-
tant developmental consequences (Fraune et al. 2009). On
top of secreting AMPs themselves, neurons may also affect
the secretion of AMPs by epithelial cells as loss of neurons
results in upregulation of AMPs within epithelial cells, sug-
gesting neurons may normally inhibit epithelial cell AMP
secretion (Wenger et al. 2016). It is worth noting that in all
studies to date, nerve-free Hydra have been grown in Hydra
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media containing the antibiotic Rifampicin (Campbell 1976;
Fradkin et al. 1978; Sugiyama and Fujisawa 1978a; Sacks
and Davis 1979) because in the initial colchicine studies,
nerve-free Hydra died after several weeks due to an apparent
bacterial infection (Campbell 1976). Addition of Rifampicin
to the Hydra media in these studies likely also altered the
microbiome, which may have contributed to the altered mor-
phology of the animals. Overall, then, the nervous system
of Hydra appears to sculpt the composition of its resident
microbes, which likely influences what kind of body ulti-
mately gets built.

Along with secreting molecules to control developmental
processes, neurons also likely contribute to the non-neural
bioelectric signaling in the epithelial cells of the animal.
Accumulating evidence supports an important role for non-
neural bioelectric circuits in guiding morphogenesis (Levin
et al. 2017; Levin and Martyniuk 2018). Nerve-free ani-
mals likely have significantly altered bioelectric signaling
and may have to rely solely on slower conduction through
gap junctions in cells comprising two-dimensional epithelial
sheets (as will be further discussed in Sect. “Integration and
coordination” below). It is possible the nervous system—
which acts faster and more long-range via its neural pro-
cesses—may guide and fine-tune the non-neural bioelectric
signaling in the epithelial cells to help pattern the animal
(Fields et al. 2020). How the nervous system impacts non-
neural bioelectric signaling is virtually unknown, and is an
area likely to yield important insights into how the nervous
system might be guiding developmental processes “top-
down” (Pezzulo and Levin 2016).

Sensory repertoire

In addition to influencing morphogenesis, neurons are also
clearly critical for functions traditionally associated with
nervous systems: sensation, information integration, and
behavioral coordination. Hydra with neurons have more
access to their external world and can see (Passano and
McCullough 1962, 1965; Plachetzki et al. 2012), taste (Ewer
and Fox 1947; Loomis 1955; Lenhoff 1961), touch (Mast
1903; Wagner 1905; Rushforth et al. 1963; Badhiwala et al.
2021), smell (Ewer and Fox 1947; Loomis 1955; Lenhoff
1961), detect temperature (Mast 1903; Schroeder and Cal-
laghan 1981; Bosch et al. 1988; Tzouanas et al. 2021), and
sense up from down (Mast 1903; Schroeder and Callaghan
1981; Bosch et al. 1988; Tzouanas et al. 2021), whereas
Hydra without neurons can no longer see, taste, or smell,
and have a significantly reduced ability to detect mechani-
cal stimulation (Campbell et al. 1976). It is important to
note that nerve-free Hydra is not totally devoid of sensory
input from the external world, however, as it does respond
to strong mechanical stimulation. This finding implies epi-
thelial cells possess mechanoreceptors themselves and can
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transduce a mechanical stimulus received in one part of the
animal (e.g., the foot) into a body-wide electrical signal to
generate a whole-body behavioral response (e.g., whole-
body contraction). It remains unclear if the nerve-free epi-
thelial tissue might also be sensitive to other external stimuli
as only one study has been reported thus far in which no
response to “bright light,” “mild mechanical stimulation,” or
shrimp extract was detected, but the details of those methods
are lacking so it is unclear how thoroughly those responses
were tested (Campbell et al. 1976). In addition, no studies
on sensitivity to temperature or gravity in nerve-free Hydra
have been reported, so it remains unclear if epithelial tissue
can detect either kind of external information.

Further delineating what types of sensory information
nerve-free Hydra can detect will shed light not only on the
kinds of external worlds pre-neural metazoans may have per-
ceived, but also the non-neural mechanisms they may have
employed. Sensory perception is ubiquitous in living sys-
tems, including non-neural organisms such as bacteria (Nara
et al. 1991; Manson 1992; Grebe and Stock 1998; Lyon
2015; Persat et al. 2015), placozoa (Pearse 1989; Srivastava
et al. 2008), sponges (Maldonado 2006; Leys et al. 2019),
protists (Ginger et al. 2008), fungi (Corrochano et al. 2016;
Aleklett and Boddy 2021), and plants (Chaiwanon et al.
2016), all of which sense various aspects of their external
and internal environments. The non-neural mechanisms by
which these organisms perceive their various stimuli are, for
the most part, poorly understood. Nerve-free Hydra could
contribute to this growing body of research in which the
non-neural tissue could be probed to gain insight into both
the kinds of stimuli to which it might be sensitive and the
non-neural cellular and molecular mechanisms that might
underly such sensitivities.

For now, the existing evidence indicates neurons provide
Hydra with a more diverse set of sensory inputs that allows
the animal to sense and respond to a much wider array of
stimuli in its external environment. Whether each input is
mediated by neurons or sensitive nematocytes remains an
open question.

Integration and coordination

It is unclear how external inputs are integrated with the
internal state of the animal; however, spontaneous electri-
cal low frequency oscillations (SELFOs) have been proposed
as potential electrical information integrators in the system
(see Hanson 2021 for further review). Such SELFOs might
serve two main functions: (i) to integrate all the “bottom-
up” electrical information in the system to generate a unified
“self’/“world” model, and (ii) to coordinate the system “top-
down” by serving as a “biological clock” that is sensitive
to both internal and external stimuli. If this is the case, a
Hydra with such a SELFO would thus possess an integrated
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self/world model and a biological clock that could keep all
its otherwise autonomous parts (i.e., individual cells) coor-
dinated in time to allow the organism to act as one, unified
whole.

No such SELFO was found in the one electrophysiologi-
cal study of nerve-free Hydra performed to date (Campbell
et al. 1976), suggesting these animals may lack such an elec-
trical information integrator and organism-wide coordinator.
However, the epithelial cells of the animal may be able to
compensate for the loss of neurons and generate spontaneous
low frequency electrical activity, as is found in other non-
neural species, like plants (Fromm and Lautner 2007; Masi
et al. 2009; Baluska and Mancuso 2013; Canales et al. 2018)
and fungi (Slayman et al. 1976; Olsson and Hansson 1995;
Adamatzky 2018). The function of SELFOs in these species
is also unknown, but a role in organism-wide integration and
communication has been proposed (BaluSka and Mancuso
2013; Canales et al. 2018; Adamatzky 2018). Further studies
are needed to firmly establish whether nerve-free Hydra pos-
sesses any non-neural spontaneous low-frequency electrical
activity as is observed in these other non-neural species.
If no such spontaneous low frequency electrical activity is
present in nerve-free Hydra, it may be these animals lack an
ultimate electrical information integrator leading to a less
coordinated animal, as will be discussed further below.

Along with generating spontaneous electrical activity,
the nervous system provides much faster electrical conduc-
tion organism-wide, as evidenced by the 5.7 cm/s versus
1.8 cm/s conduction velocity in normal and nerve-free ani-
mals, respectively (Campbell et al. 1976). This likely allows
much faster information propagation from sensors to the
potential integrator (i.e., SELFO) and from the integrator
(i.e., SELFO) to the effectors; in this case, epitheliomuscu-
lar cells. While animals without neurons can only conduct
electrical information from neighbor-to-neighbor in two-
dimensional epithelial sheets, likely through gap junctions
(Lepault et al. 1980), animals with neurons can skip over
many epithelial cells and transmit information more long-
range via neural processes. In this way, animals with neurons
can both receive and send electrical information from distal
parts of the animal nearly five times faster than animals that
rely solely on slow epithelial conduction. Thus, in addition
to generating spontaneous electrical activity, which might
serve as an organism-wide electrical information integra-
tor and coordinator, neurons also seem to enhance speed of
electrical information propagation throughout the animal.

These two features: spontaneous electrical activity, and
increased speed of electrical conduction, likely enable much
more efficient organism-wide coordination in Hydra with
neurons. Nerve-free Hydra may still generate a SELFO,
and still clearly conduct electrical information body-wide
(Campbell et al. 1976), but the significantly reduced rate of
information propagation likely limits the amount of whole

animal coordination. This appears to be the case, as normal
Hydra exhibit much more complex behavior than nerve-
free animals. Hydra with neurons execute multiple complex
movements, including inchworming, somersaulting, and an
elaborate feeding response (Leeuwenhoek 1703; Trembley
et al. 1744; Lenhoff 1961; Passano and Mccullough 1963;
Han et al. 2018). Each of these behaviors requires the coor-
dination of its various body parts in space over minutes-long
timescales. In contrast, the most complex movement nerve-
free Hydra displayed was a simple whole-body contraction
in response to strong mechanical stimulation (Campbell
et al. 1976). These findings indicate the slow epithelial
electrical conduction velocity in nerve-free animals is suf-
ficient to coordinate at least some simple whole-body behav-
ior. To generate more complex whole-body movements in
space over longer timescales, however, neurons appear to be
required, at least in Hydra.

Learning and memory

While very little work has been done on learning and mem-
ory in Hydra, the existing data suggest animals with neu-
rons can habituate and sensitize to noxious stimuli (Wagner
1905; Rushforth et al. 1963; Cheng 2021) demonstrating
these metazoans are capable of at least these elementary
forms of learning. Whether normal Hydra is capable of
more advanced forms of associative learning remains to be
determined. To date, no studies on learning and memory
in nerve-free Hydra have been published, so it is entirely
unknown whether habituation and sensitization in these ani-
mals depends on neural hardware. Likewise, no studies on
associative learning in nerve-free Hydra have been reported,
so it remains to be seen whether epithelial tissue itself might
be capable of this more advanced form of learning.

Despite the common conception that learning and mem-
ory depend on sophisticated nervous systems, there is ample
evidence of both habituation and associative learning in
numerous non-neural organisms, including bacteria, pro-
tists, fungi, and plants (Baluska and Levin 2016; van Duijn
2017). Thus, in addition to habituation and sensitization, it
is likely that Hydra with neurons can perform associative
learning, if appropriately tested. Moreover, it is likely that
nerve-free Hydra can also exhibit some form of learning,
such as habituation to strong mechanical stimulation, the
one pronounced stimulus-evoked behavior reported in these
animals (Campbell et al. 1976). Testing associative learning
in nerve-free Hydra may be more challenging given their
paucity of behavior, but with creative experimental setups
these capacities can plausibly be assessed. Certainly, much
more work needs to be done to determine what neurons
may, or may not, add to the organism’s ability to learn and
remember.
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Summary

Taken together, the work on nerve-free Hydra suggests the
nervous system plays many roles in the animal, including
contributing to the efficient and precise building of its body
with its full complement of sensors; integrating its external
inputs with its internal state; and generating and coordinat-
ing its movement through space and time. The role of the
nervous system in learning and memory in these animals
remains to be determined.

Future directions

While the studies of nerve-free Hydra summarized here
provide much insight into the potential role of the nervous
system, relatively little work has been done in this area, the
bulk of which was performed in the 1970’s with dated meth-
ods. This leaves many future experiments to be done using
modern tools. One major advance would be the ability to
generate nerve-free Hydra without eliminating i-cells, which
produce nematocytes, gland cells, and germ cells in addition
to neurons. To date, all methods used to produce nerve-free
Hydra eliminate all four of these cell types (Bode et al. 1976;
Campbell 1976; Fradkin et al. 1978; Sugiyama and Fujisawa
1978a; Sacks and Davis 1979), making it difficult to deter-
mine which cell types are contributing to which process.
If a method could be developed to remove or replace only
neurons in Hydra, the distinct role of the nervous system in
these animals could be deciphered more clearly. Although
the currently available techniques to eliminate neurons from
Hydra are not specific to neurons, the ability to remove and
replace the entire nervous system still provides a unique
preparation worth further investigation with more advanced
methods.

There are many new tools available today to study nerve-
free Hydra in a more comprehensive manner than was pos-
sible in the 1970’s. In terms of the nervous system, there are
now transgenic Hydra lines that allow visualization of both
the structure (green fluorescent protein [GFP] expressed in
all neurons (Siebert et al. 2019)) and function (fluorescent
genetically encoded calcium indicator [GCaMP] expressed
in all neurons (Dupre and Yuste 2017)) of the entire Hydra
nervous system at single-cell resolution using light micros-
copy. Similarly, there are also transgenic Hydra lines that
allow visualization of both the structure (GFP expressed
in all ectodermal cells and red fluorescent protein [RFP]
expressed in all endodermal cells (Glauber et al. 2013))
and function (GCaMP expressed in all ectodermal cells
and RCaMP expressed in all endodermal cells (Szyman-
ski and Yuste 2019)) of all epithelial cells of the animal
at single-cell resolution with light microscopy. In addition
to the structure and function of the epithelial cells, voltage
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dyes are now available that would allow visualization of the
non-neural bioelectric signaling potentially occurring in the
epithelial tissue of the animal (Levin et al. 2017).

Using these tools, numerous interesting questions can be
asked in three main contexts: during nerve net removal, in
nerve-free animals, and during nerve net reconstruction. For
example, what happens to the structure and function of the
nerve net while neurons are being removed from the animal
over time and how does that correlate with changes in mor-
phology, sensation, electrical activity, behavior, and learning
at different time points when different numbers of neurons
are present? Is there a critical number of neurons at which
each aspect of the animal becomes abnormal or is there a
more linear relationship between neural number and loss of
the normal Hydra phenotype? What about when neurons
are added back into the animal? Is there similarly a critical
number of neurons required to rescue the abnormal epithe-
lial phenotype in all aspects? Is the structure and function
of the re-established nerve net the same as that found in the
animal prior to removing its nervous system? These are just
a few questions that can begin to be addressed.

The same kinds of questions can be asked about epithelial
cells. Such as, what happens to the structure and function of
epithelial cells as neurons are removed, while they are miss-
ing, and when they are replaced? Most intriguing is whether
non-neural bioelectric signaling can be found in nerve-free
Hydra using voltage dyes and how it might change in the
presence and absence of neurons. These kinds of experi-
ments could give important insights into how neurons might
influence non-neural bioelectric signaling in Hydra. In addi-
tion to these studies, it is now possible to do whole animal
single cell RNA sequencing (Siebert et al. 2019), opening
the possibility of sequencing Hydra at different timepoints
during neuron removal and replacement to determine how
gene expression changes body-wide in epithelial tissue.
This would yield important information about what kinds of
molecular adaptations the epithelial tissue makes when neu-
rons are removed and replaced and provide further insight
into whether epithelial cells may return to a more multifunc-
tional proto-neural state when neurons are missing (Mackie
1970; Arendt 2008).

In addition to studies of whole animals of a single strain,
Hydra also allows two other kinds of unique experiments.
First, Hydra permits the generation of chimeric animals via
grafting (Fig. 2B). Thus, all the above experiments could be
performed in both single strains and with chimeric Hydra
composed of two different strains (Saffitz et al. 1972; Mar-
cum and Campbell 1978b; Sugiyama and Fujisawa 1978b;
Lee and Campbell 1979). At present, the number of strains
is limited by the strains of currently available transgenic
animals; however, transgenic animals of different strains
could be created to allow multiple combinations. Even with-
out transgenic animals, the ability to transplant a nervous
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system of one strain into epithelial tissue of another provides
a unique opportunity to investigate how much the nervous
system of one strain contributes to the overall phenotype of
the animal in a more rigorous and quantitative way than has
been done thus far.

Another remarkable feature of Hydra is its ability to
rebuild itself after being dissociated into single cells (Gierer
et al. 1972; Lovas and Yuste 2021). This unusual capac-
ity allows the investigation of how a body gets built using
epithelial cells only, epithelial cells in combination with
neurons from the same strain, and with different combina-
tions of epithelial cells and neurons from different strains.
Reaggregation experiments could also be performed with all
the transgenic animals listed above, allowing one to focus on
different aspects of the animal from the structure and func-
tion of the nervous system to the structure and function of
the epithelial cells. Additionally, the role of microbes (Kli-
movich and Bosch 2018) and non-neural bioelectric signal-
ing (Levin et al. 2017; Levin and Martyniuk 2018) could
also be probed in the context of building a Hydra from dis-
sociated single cells both with and without neurons.

Clearly, there are many future directions for this work,
many more than can be outlined here, that will provide excit-
ing new insight into the myriad roles the nervous system
might play in Hydra.

Conclusion

What nervous systems add to animals remains unclear in
large part because we don’t have access to the life forms
that were present over 500 million years ago when neurons
likely evolved. Fortunately, at least one extant organism, the
small freshwater cnidarian Hydra, survives both the removal
and replacement of its entire nervous system allowing direct
observation of what kind of animal emerges both with and
without neural hardware. To date, much has been learned
from the early studies of nerve-free Hydra, mostly conducted
in the 1970’s. The main results thus far indicate the nerv-
ous system plays many roles in the animal, including con-
tributing to precisely building the Hydra body with its full
complement of sensors, integrating external input with its
internal state, and generating and coordinating movement.
While this early work has been revealing, much future work
remains to be done with modern methods to further deter-
mine the numerous roles of the nervous system in Hydra.
Significant technological advancements have been made in
the last half-century, and recently more particularly, includ-
ing the ability to generate transgenic Hydra lines that have
allowed whole-animal high-resolution imaging of its entire
nerve net and epithelial tissue. These new tools, in combina-
tion with the ability to remove and replace neurons, provide
a powerful platform to paint an even fuller picture of what

neurons add to a living animal. Insights gained about the
function of the primitive nerve net in Hydra are likely to illu-
minate the role of nervous systems in more complex organ-
isms, including humans, as these fundamental processes are
likely highly conserved across species.
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