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Abstract. The processing of the information coming from the external
environment, including the interactions between molecular and cellular key-
players involved in, is perhaps the “hard problem” in the cybernetic approach to
the nervous system. As a whole, this information shapes the behavioral activity
of an organism. The problem is faced considering the information processing
flow in action from the lower organisms’ nervous elements to the higher
cognitive levels of man. The cnidarian Hydra is the first organism of the
zoological scale in which a nervous system is encountered. It is composed by
isolated nerve cells scattered throughout the animal body constituting a diffuse
nerve net for the input-output activity. In this paper is reported, for the first time
in Hydra nerve net, the histochemical indication of a NADPH-diaphorase
(NADPH-d) activity as putative marker of nitric oxide synthase (NOS) activity.
The identification and the tentative localization of nitric oxide (NO) in Hydra is
discussed in the light of the emerging role that such a signaling molecule exerts
in sensory (visual particularly) and motor neural systems.

1 Introduction

Comparative Neurobiology’s main goal regards the solving of cutting-edge queries on
the evolution of the nervous system. In particular, how does a simple nervous system,
without centralization and with a rough isotropic distribution of its elements, generate
and modulate a periodic behavior according to the environmental issues and
demands? Also, are the key-elements of neurotransmission and signaling pathways
already expressed and localized, at different cellular levels, in so-called simple animal
model and hence phylogenetically conserved in higher organisms?

Local circuits, or networks, in the central nervous system are responsible for
considerable information processing and integration in which sensory information is
transformed into appropriate motor outputs. The output of a network depends not only
on its inputs, but also on various modulatory mechanisms that modify the neural
signal at any level within the network [1].

The neural net of the diploblastic fresh-water coelenterate Hydra (Cnidaria,
Hydrozoa), with a great economy of specialized structures, enables Hydra to produce
its periodic shortening-elongation behavior, which has a high biological significance
for its survival, being linked to osmoregulation and locomotion related to feeding.
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Hydpra is the first known metazoan among animal phyla having a nervous system;
it belongs to Cnidaria, an early-diverging metazoan phylum [2]. Since a couple of
century Hydra has been a suitable model for experimental studies on the evolution of
developmental mechanisms [3].

Cnidaria (and Hydra among them) nerve nets share with the nervous systems of
organisms at higher levels in the zoological phylogenetic scale many basic synaptic
features, including transmission and conduction mechanisms, and neurotransmitter
types [4]. A major difference with bilaterian nervous systems is that Hydra nerve net
seems to be strongly peptidergic [5]. In fact cnidarians produce large amount of
neuropeptides that may function as neurotransmitters, neuromodulators and also as
neurohormones in the control of developmental processes. Although Hydra nervous
system is primitive, many neurons co-express more than one neuropeptide for
signaling like in higher animals [6]. Nevertheless, data collected by multidisciplinary
approaches indicate that several neurotransmitters like glycine, endocannabinoids,
and glutamate (AMPA and NMDA receptors) have early evolved in Hydra as part of
phylogenetically old behavioral control systems [7].

On the contrary, a minor body of evidence is available about the existence and the
role of nitric oxide (NO) in cnidarian nervous systems. The free radical nitric oxide
(NO), although it is not reported as classical neurotransmitter, is an important
intracellular and intercellular signaling molecule involved in various physiological
processes in vertebrates and invertebrates [8-9]. In particular it is involved as neural
messenger modulating the processing of sensory signals [10]. Several studies have
provided strong indications that NO signaling pathway is widespread throughout the
phylogenetic scale from invertebrates, including few species of cnidarian (see section
3), to higher vertebrates and mammals. NO appears to modulate the response to
“olfactory” stimuli in Hydra [11], but initial studies on different cnidarians, including
Hydra itself [12-13], have failed to confirm the presence of nitric oxide synthase
(NOS, the enzyme responsible for synthesising NO) in any of their neurons. Evidence
for the nNOS expression in cnidarians is an essential element to prove NO as an
ancestral neurotransmitter.

Here, we apply, for the first time to the Hydra nerve net, the NADPH-diaphorase
(NADPH-d) staining method to verify the presence and the distribution of putative
nitric oxide synthase (NOS) assessing the location of nitric oxide (NO) activity.

2 Hydra’s Nerve Net and Neurobehavioral Issues

Hydra is a sessile diblastic organism with radial symmetry. It has a coelenteron and,
at the distal end, a mouth (hypostome) surrounded by tentacles. It is characterized by
a simple neural net (46), by limited types of sensory input channels and output
effectors and by a behavior showing periodically repetitive phases of body
shortenings and elongations. Two cell-layers (ectoderm and endoderm) constitute the
animal. They are separated by an acellular supporting mesoglea, and are composed by
epitheliomuscular cells, i.e. epithelial cells containing myofibrils on the face near the
mesoglea [2]. Due to the myofibril arrangement, the ectoderm and the endoderm act
like an agonist/antagonist system, running respectively the animal shortening and
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elongation. The ectoderm plays also an ionic active transport in order to balance the
ion loss while the endoderm has also the digestive function.

The Hydra nerve net triggers, maintains and modulates the animal's behavior, in
particular its periodicity [14]. At first glance, the nervous system has the
configuration of a simple bidimensional isotropic network, which lies between the
ectoderm and the endoderm [15], and does not have a concentration of neuron bodies
in ganglia, nor arrangement of neuronal processes in specific pathways (Fig. 11).

Fig. 1. Location and distribution sketches of nerve cells in Hydra. (i) Longitudinal section sho-
wing the ectodermal and the endodermal layers, and the arrangement of the nerve net (modified
from ref. 20). (ii) Topography of ectodermal nerve cells: A - Ganglion cells, B - Nerve ring and
distinctive neurons, C — Sensory cells (modified from ref. 19).

The nervous elements are made of ganglion and sensory neurons with different
distribution and concentration (70% of the net neurons lie at the ectodermal side of
the mesoglea) [16-17]. Several distinct neuronal subtypes, with different functional
properties and with constant and specific location in the animal, can be recognized
morphologically and immunochemically [18-19]. A thin nerve ring (consisting of four
different subsets of neurons) connected to the nervous net has been observed between
the hypostome and the tentacle zone [19]. In the ectoderm the sensory neurons are
found in the tentacles and around the mouth, while in the endoderm they are along the
body column; they have a putative receptive function [19-20] (Fig. 1ii). Ganglion
cells have a more regular distribution pattern spread over the whole animal and are
converted to sensory cells when the neurons move from the body column to the
hypostome. However, both the ganglion and the sensory neurons may be
multifunctional neurons, having from one to four distinct features of a sensory-inter-
moto-neurosecretory neuron [19].

The periodic (shortening/elongation) behavior of Hydra is exhibited even under
absolutely constant environmental conditions and it involves two neuromuscular
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pacemaker groups that are in a mutual inhibitory interaction [21]. The behavior is
completely absent in nerve-free preparations where neurons are experimentally lost.

Hydra responds to light by body contractions and tactic movements [22], showing
extraocular photoreception [23-24] since it does not have conventional visual
structures; single or clustered photosensitive cells have not yet been identified as well
[25]. Our previous studies proved a photo-modulation of the bioelectric correlates of
the animal’s behavior [25-26]. Hydra’s behavioral action spectrum has been
elucidated, indicating red blindness [22, 25] and two opposite peaks of two opposite
responses around 450 nm and 550 nm (corresponding to the max and min duration of
the behavioral sequence in undisturbed conditions) [25]. By polyclonal antibodies
against squid rhodopsin, we identified an opsin-like protein likely localized in
epidermal sensory nerve cells [27], though a possible location in ecto/endodermal
epithelial cells or ectodermal ganglion cells cannot be excluded. Molecular insights
into Hydra opsin(s) and their possible light-inducible and clock-controlled
expressions are ongoing [28].

3 Nitric Oxide: A Ubiquitous Ancient Signaling Molecule

NO is a short-lived molecule with a high diffusion coefficient that crosses cell
membranes readily, thus spreading quickly around its site of generation [29]. It is
generated by the enzyme NO synthase (NOS). Two major forms of NOS are known:
the constitutive (cNOS) and the inducible ones (iNOS). cNOS accounts for the
isoforms found in neuronal and endothelial cells (nNOS and eNOS) while iNOS has
its localization in macrophages (mNOS). All isoforms of NOS use arginine as
substrate, form citrulline and NO and require nicotinamide adenine dinucleotide
phosphate (NADPH) as electron donor. The primary structure of brain NOS [30]
reveled binding consensus sequences for calmodulin (CaM), FMN, FAD and NADPH
displaying a close homology only with cytochrome P-450 reductase (CPR). NOS and
CPR are unique in possessing all these binding sites in the same polypeptide to
constitute an electron transport chain. The activity of cNOS is regulated by Ca**/CaM
signal. The CaM-complex bent to the enzyme aligns the domini allowing the electrons
flux from the reductase domain to the oxygenase one. The iNOS is always active due
to its permanent link to the Ca**/CaM complex, having for it a high affinity. Inside its
target cells, NO can activate soluble guanylate cyclase (sGC) and thereby increase the
level of the second messenger guanosine 3’,5’-cyclic monophosphate (cGMP) [30].
Due to the low homology between known invertebrate and mammalian NOS
isoforms, the use of mammalian anti-NOS antisera in invertebrate preparations can
provide contradictory results [31]. On the contrary, NADPH-d activity has been
widely used as a marker for nNOS activity in vertebrate and invertebrate preparations:
this technique remains one of the most suitable procedures to screen for NOS-
containing cells. The use of NADPH-d histochemical technique (that catalyzes the
NADPH-dependent conversion of a soluble salt in an insoluble visible one) as a
marker for nNOS in paraformaldehyde fixed tissues is definitely accepted [32] and is
producing a large data collection indicating various signaling function for NO in
central nervous and peripheral tissues of the major bilaterian invertebrate groups [33].
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Nitric oxide (NO) is thought to play essential roles in signaling from the early
stages of the evolution of life [33]. It has been largely identified in mammals in which
it supports important functions as neurotransmitter and neuromodulator [34], as well
as in major invertebrate phyla such as mollusks, annelids, arthropods and cnidarians
[7, 12, 33], and in basal eukaryotes such as fungi and plants [35].

Various functions for NO-cGMP pathway have been proved in learning and
memory [36], feeding [11, 37], olfaction [38], and regulation of smooth muscle tone
[39]. Unexpectedly, NO supplies both sensory and motor modalities for the same
behavior but exerted with different strategies. In gastropod feeding, NADPH-d
labeling was reported in peripheral putative sensory cells in the herbivorous Aplysia
and in central motoneurons in the predatory Pleurobranchaea californica [40].

Among sensory systems [10], NO plays a crucial control at every level of vision
processing [41]. In the vertebrate retina NO/cGMP signaling modulates ion channel
functions of photoreceptors [42]. In lower vertebrates NO provides signals in the
earliest stages of retinal development [43]. In invertebrates, NADPH staining of the
visual structures of insects indicates that NO is generally implicated in visual
development and processing [10, 44] while it is a necessary key-player in visual
learning tasks in Octopus [36]. Recently, it was reported that the NOS/cGMP pathway
mediates the entrainment of light responses of the circadian clock in mammals [45].

4 Materials and Methods

About fifty specimens of Hydra vulgaris were used for all experiments. Stock cultures
were maintained in a medium containing CaCl, 1 x 10-3 M and EDTA 1.25x 10-5M
at constant 17+1 °C under a 600 Ix 12:12 h light/dark cycle. Animals were fed twice a
week with Artemia salina nauplii and washed 4 h after the meal. Experimental
animals were starved three weeks before the fixative procedure. To move the
specimens during each step, before of xylene, a plastic cell strainer was used (BD
Falcon). Whole animals were relaxed in a medium solution of 2% ethyluretane (Carlo
Erba Reagents) for two minutes and fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (Sigma), pH 7.4 for two hours at 4°C. After, were rinsed thoroughly
in phosphate buffer at pH 7.4 (PB) for one hour at room temperature and the last five
min. in 0.3% Triton-X 100 in PB. Subsequently, were incubated at 37°C for one hour
in the dark in a solution of 1 mg/ml B-NADPH (Sigma), 0.4 mg/ml (2-2'-
benzothiazolyl)-5-styryl-3-(4'-phthalhydrazidyl)-tetrazolium chloride (BSPT) (Sigma)
as substrate in 200 pl of N,N-dimethylformamide (ICN Biomedicals), 0.3% Triton-
X100 in PB. After incubation, the (whole) animals were rinsed consecutively in PB,
in H20, each for half hour at room temperature, dehydrated in ascending alcohol and
finally transferred in xilene for half hour and collected on a coverglass. When the
excess of xylene was evaporated the specimens were covered with dense DPX
(Aldrich). For the observation at the microscope, the specimens protruding the
coverglass were inserted in the hole (¢ 12 mm) of a plastic slide, in order to protect
them by damage and to leave the free surface of the coverglass to the observation.
The slides were observed with a Zeiss Axioskop 2 brightfield microscope and the
images were photographed by using a digital camera (Leica DFC 320). Contrast and
brightness were adjusted using Adobe PhotoShop 7.0 software (Adobe System).
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Fig. 2. Nerve net of Hydra visualized by NADPH-d labeling in three different whole-mounts
preparations. (a, b) General views. BC, body column; F, foot; H, head; T, tentacles. Note the
NADPH-d reactivity distribution (dark staining) with a network-like arrangement. Arrows point
to NADPH-d reactivity near the base of tentacles. (¢) High magnification of the body column
region. Note the marked labelling of nerve fibres. Bars, a) 100 um, b) 50 pm, c¢) 20 pm.
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5 Results and Discussion

As stated before, the enzyme NOS can be localized by NADPH-d histochemistry.
Here we have applied this technique to whole-mount preparations of Hydra and
revealed a possible NO distribution within the nerve net. The salt substrate BSPT
employed in this study enabled to reveal a more precise localization of the diaphorase
reaction, because yields a formazan precipitate with osmiophilic and solvent resistant
properties which are different from the classic nitroblue tetrazolium salt (NBT) [46].
This substrate is frequently used in the histological procedures for ultrastructural
studies of the nervous system [47]. We used hydra whole-mounts because histological
sections were less suitable for our purpose due to the thin animal’s thickness.

Widespread distribution of NADPH-d is associated with diffuse nerve fibers but
not with identified cell body groups (Fig. 2). Consistent staining patterns are regularly
diffused along the body column (Fig 2c) while no marked zones are showed in the
tentacles with few exceptions represented at the base of tentacles closer to the head
(Fig 2a, b). Similarly, no remarkable labeling was observed in the head (nerve ring
neurons included) and foot (peduncle and pedal disk included) regions.

In a first instance, the identification of a sharp cellular localization to NADPH-d
labeling becomes hazy. This kind of uncertainty is already known for whole-mount
preparations of Hydra. In fact, Arg-vasopressin-like immunoreactive peptides have
been identified in nerve cell subsets throughout the Hydra body but with no clear
identification of the cell and tissue layer types [48].

Therefore, the attribution of the reactivity pattern to the ectoderm or the endoderm
is rather difficult. Our results could fit the distribution pattern and the fiber
arrangement of the ectodermal ganglion cells showed in Fig lii, although in our
experiments no striking labeling is present along the tentacles. According to the latter,
it is difficult to report a localization of ectodermal sensory cells for NOS activity
because that type of nerve cells is mostly present in tentacles. On the contrary, due to
the higher percentage of sensory cells in the endoderm of the body column, the
localization of NO activity in such cells cannot be excluded at all. Notably, the
distribution pattern found by us has some similarities with the spatial pattern of the
CC04" neurons reported as ectoderm ganglion cells in H. viridissima [49].

Nevertheless, our data prove that the distribution of NADPH-d activity in Hydra,
being restricted to the nerve net only, is certainly indicative of the NO presence at
neural level.

Accordingly, the identification of NO-sensitive neural elements is needed to
delineate the function of NO in Hydra nerve net and its possible involvement in signal
processing of motor and/or sensory information. So far, in Cnidaria NO has the
following multifunctional roles in effector systems [7]: 1) control of the tentacles’
movements in the GSH feeding response of Hydra [11]; 2) activation of the slow
swimming in Aglantha [50]; 3) modulation of the peristaltic muscle contractions in
Renilla [51]; and 4) triggering of the nematocyst discharge in Aiptasia [13]. Only
items 2 and 3 reported histochemical evidence for NO.

A role of NO in sensory signals should be deepened also in Hydra. The already
proposed olfactive task [11] would need further evidences and, presently, cannot be
entirely confirmed by our data as tentacles are barely stained. Moreover, an
involvement in photosensitive issues seems fascinating. We noted that the distribution
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of NADPH-d showed here resembles to some extent the fluorescence pattern of the
opsin-like protein identified by us [27]. As part of our research on Hydra
phototransductive processes, searching for putative second messengers of the signal
cascade we have obtained by immunohistochemistry early results on the presence of
c¢cGMP (unpublished data). By comparison with data showed here, it could be
interesting verify if putative photosensitive cells, being likely multifunctional, use
cGMP as effector belonging - or not - to the cGMP/NO signal transduction pathway.

A role of NO in the developmental dynamics of neurons and in the mechanisms
controlling nerve net formation could be hypothesized too. As known in Hydra,
neurons are continuously renewed and differentiated from interstitial undifferentiated
cells [19]. As a result of a steady state of production/loss, neurons are continuously
displaced changing their location (with the exception of nerve ring neurons) [20]. The
displacement provides metastable cell phenotypes as many neurons switch their
typology, undergoing morphological and immunochemical transformations [19-20].
So NO as small highly flowing molecule could intervene to modulate the complex
signaling belonging to those dynamics. This role occurs in lower vertebrates where
nNOS expression is indicative of neuroprotective potential effects after neuronal
damage [52] and during development of the nervous system [53].

Finally, our data set in a primitive nervous system (likely the oldest one) the
histochemical presence of NO acting as ancestral neural messenger with yet unknown
physiological tasks. Next investigations and experimental approaches will be
hopefully addressed to reveal and clarify the role of that intriguing signaling system.
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