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Modulating neural activity with electrical or chemical stimulus can be used for fundamental and applied re- Commons Attribution

search. Typically, neuronal stimulation is performed with intracellular and extracellular electrodes that deliver
brief electrical pulses to neurons. However, alternative wireless methodologies based on functional materials
may allow clinical translation of technologies to modulate neuronal function. Here, we show that the organic
semiconducting oligomer 4-[2-{2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-5-yl)thiophen-3-yl}ethoxylbutane-
1-sulfonate (ETE-S) induces precise behaviors in the small invertebrate Hydra, which were dissected through
pharmacological and electrophysiological approaches. ETE-S-induced behavioral response relies on the pres-
ence of head neurons and calcium ions and is prevented by drugs targeting ionotropic channels and muscle
contraction. Moreover, ETE-S affects Hydra’s electrical activity enhancing the contraction burst frequency. The
unexpected neuromodulatory function played by this conjugated oligomer on a simple nerve net opens intrigu-
ing research possibilities on fundamental chemical and physical phenomena behind organic bioelectronic in-
terfaces for neuromodulation and on alternative methods that could catalyze a wide expansion of this rising
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technology for clinical applications.

INTRODUCTION

Recent years have seen major developments of neuroelectronic in-
terfaces aiming to connect the central and peripheral nervous
systems to technologies for functional restoration as therapies of
neuronal disorders, motor dysfunction, and limb loss. Through
varying levels of invasiveness, several types of biomedical devices
have been developed to access different forms of neural informa-
tion, from implantable devices to engineered tissues (1, 2). Ultrathin
flexible electronics of disparate geometries and coatings aiming to
mimic tissue topography replaced the first generation of stiff and
noncompliant neural probes, overcoming mechanical mismatch
between neural probes and neuron targets, which can negatively
affect native tissue and device performance (3, 4). Bioresorbable
and transient electronics, with tunable degradation properties, ob-
viated potential adverse effects of chronic implants and the need for
follow-up procedure (5). Despite the giant technological advances
and the deployment of many devices in the clinical environment,
there are still challenges to bridge the gap between the full potential
of neuroelectronic interfaces and their translation into broad clini-
cal practice (6). Major existing issues are related to methods that
enable natural integration of electronic components into neuronal
tissue, the timescale of activity, the long-term stability for extended
recordings, which would ideally cover the entire adult life of
animals, and the availability of models to test in vivo neurostimula-
tion or neuromodulatory action of bioelectronic interfaces (7, 8).
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Despite the differences in complexity between the vertebrate and
the invertebrate nervous systems, invertebrate models have been
proven useful to extract fundamental insights to understand not
only basic mechanisms related to neurotransmission and neurore-
generation but also basic principles of bioelectronic communica-
tion, neuroscience, and behavior. Millimeter-sized model
organisms have also several advantages such as easy manipulation,
availability to perform experiments with large numbers of individ-
uals, possibility to dissect anatomical regions, allowing behavioral
interrogation in precise location, and absence of ethical concerns,
which is an important issue for preclinical testing. Invertebrates
have also been largely used for the discovery of neuromodulatory
compounds (9, 10). A major obstacle for the discovery of neuroac-
tive compounds is the inability to predict how small molecules will
alter complex behaviors. Behavioral profiling in simple animal
models may reveal conserved functions of bioactive molecules
and predict the mechanisms of action of compounds designed for
other purposes (11). The small freshwater polyp Hydra vulgaris is an
attractive animal model for neuromodulation because of its limited
behavioral capacity, simple body anatomy, transparency and plastic-
ity of the epithelia, and a nervous system with hundred to thousand
neurons (depending on the animal size). Recently, the bioactivity of
two organic nanoparticles (NP), based on poly(3-hexylthiophene)
(P3HT) and {Poly[2,6-{4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-
b;3,4-b']dithiophene}-alt-4,7(2,1,3-benzothiadiazole)]} polymers,
was demonstrated in Hydra (12, 13). While both NPs were able to
optically modulate tissue regeneration, P3HT-NP could modulate
the animal behavior and enhance the expression of genes involved
in the light transduction, suggesting a seamless interface between
the polymer NP and the living organism (12). The light-mediated
neuromodulatory function played by P3HT-NP in Hydra was also
successfully translated to a rat model of retinitis pigmentosa, where
P3HT-NP could mediate light-evoked stimulation of retinal
neurons and persistently rescue visual functions (14).
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Beside nanostructured and injectable devices, many other geom-
etries and architectures based on organic electronic materials have
been proposed to deliver a variety of signals for neuromodulation
(15), e.g., electrical, physical/piezoelectric, or biochemical stimuli
(7, 16), up to built-in conductive devices, produced by the tissue
itself starting from chemical inputs. In this latter case, recent

pioneering studies demonstrated that the thiophene-based conju-
gated oligomer 4-[2-{2,5-bis(2,3-dihydrothieno[3,4-b][1,4]dioxin-
5-yl)thiophen-3-yl}ethoxy]butane-1-sulfonate (ETE-S) could poly-
merize in plants, forming conducting wires integrated into the plant
structure due to the presence of endogenous peroxidase enzymes
(17-19). In an attempt to translate this phenomenon to an
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Fig. 1. ETE-S induces a specific behavioral response in Hydra vulgaris. (R) Molecular structure of ETE-S. (B) Schematic representation of Hydra body and (C) longi-
tudinal section showing the bilayer structure throughout the animal. (D) Images of polyps with straight tentacles in normal condition or performing tentacle writhing
following ETE-S treatment. pETE-S does not induce any behavior. (E) Images showing that each tentacle moves independently from the others (the frames are extracted
from movie S2; acquisition time, 1 s); the arrows show the gradual contraction of a single tentacle. (F) Images of Hydra spontaneous contractions/elongation cycles. Scale
bars, 500 um [(E) and (F)]. (G) Temporal dynamic of tentacle writhing at different ETE-S concentrations. SD of mean from four independent replicates (n = 80) is shown as a
colored halo. The different sigmoidal shape curves were fitted by means of the Boltzmann function (Eq. 1 in Methods). (H) ETE-S modulation of body rhythmic contrac-
tions. The number of spontaneous contraction/elongation events was monitored over 10 min and compared to untreated individuals (n = 20). Unpaired t test (two tailed)
was used to compare the different conditions. ***P < 0.001. (I) The contraction pattern was video recorded and transformed into a diagram assigning numerical scores to
diverse polyp shapes [shown in (F)]. Experiments were performed in triplicate (n = 30). (J) Temporal dynamic of ETE-S-induced tentacle writhing in the presence of Ca**
inhibitors. Polyps were pretreated 10 min with the test inhibitors and the behavior monitored for 10 min. SD of mean from three independent replicates (n = 30) is shown
as a colored halo. (K) Modulation of the contraction behavior by Ca®*. Animals treated as in (J) were monitored for the number of contraction/elongation cycles over 10
min after ETE-S addition. Statistical analysis was performed using one-way analysis of variance (ANOVA) and Dunnett’s a posteriori test; ***P < 0.001.
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animal, we found that Hydra could also polymerize ETE-S resulting
in electronically conducting and electrochemically active microme-
ter-sized domains fully integrated within the animal tissue. The po-
lymerization was detectable in a specific cell type expressing an
endogenous peroxidase as soon as 1 hour after incubation, offering
alternative paradigms for in situ production of self-standing elec-
trodes that may be used to stimulate and recording electrical activity
(20). Recently, in animal models where the native environment is
not suitable to promote an efficient ETE-S polymerization
because of the lack of peroxidase enzymes, other strategies using
ETE analogs and injectable gels have been developed promoting
in vivo fabrication of electronic structures triggered by endogenous
metabolites (21).

While the ETE-S polymerization in Hydra was evident, a ques-
tion that remined unanswered was whether the ETE-S oligomer was
inducing any physiological or behavioral response as ETE-S enters
the biocatalytic machinery of Hydra. Furthermore, investigating the
effect of monomers is utmost importance for neural interfaces
based on polymers. Long-term stable recordings indeed suffer not
only from mechanical and structural disparities between the devices
and target tissue but also from stability in the highly oxidant cell
environment and from the immune response evoked in the im-
planted tissue. While these issues are fairly considered, the possibil-
ity that polymer degradation products may present unexpected
bioactivity is underestimated.

Here, we report that within a few seconds from the addition of
ETE-S, an unexpected and peculiar behavior was induced in Hydra,
consisting in the elicitation of a tentacle-writhing activity and in the
modulation of the body column spontaneous contractions. These
behaviors were found to be calcium dependent, relying on the pres-
ence of head neurons and modulated by several drugs targeting
neurons and muscle cells, suggesting possible mechanisms of intra-
cellular transduction of the ETE-S signal. The induced behavior was
specific to the ETE trimer as the corresponding polymer p(ETE-S)
or 3,4-ethylenedioxythiophene (EDOT) trimers did not induce any
response in Hydra. Electrophysiological recordings in a whole-
animal configuration showed that ETE-S induced the modulation
of the Hydra's electrical activity interfering with precise neural net-
works. Together, our results, spanning from behavioral pharmacol-
ogy to electrophysiology, show that organic semiconducting
molecules could modulate neuronal functions in a simple animal
model, pushing toward innovative approaches and wireless solu-
tions for minimally invasive stimulation in vivo.

RESULTS AND DISCUSSION

ETE-S induces a specific behavioral response in Hydra
vulgaris

The Hydra polyp has a very simple structural anatomy; the body is
shaped as a hollow tube composed of two epithelial layers, ectoderm
and endoderm, separated by an acellular matrix (Fig. 1). An inter-
stitial cell lineage composed of stem cells and a few derivative cell
types lies interspersed between these two layers. The nervous system
is composed of sensory cells, exposed to the external or gastric en-
vironment, and ganglion cells, forming a two-dimensional lattice,
also known as nerve net. Initial toxicological evaluation of ETE-S
in Hydra showed that a treatment with ETE-S within the 10- to
50-pug/ml range is fully biocompatible and does not cause morpho-
logical alterations up to 24 hours of continuous incubation (fig. S1),
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confirming our previous data on ETE-S biocompatibility (20). Un-
expectedly, immediately after addition of ETE-S to the culture
medium hosting the polyps, the tentacle writhing, a behavior
usually elicited by live prey, was observed. While untreated polyps
soaked in bare Hydra medium (HM) exhibited a normal behavior
with outstretched and motionless tentacles (Fig. 1D and movie S1),
ETE-S addition induced in a few seconds tentacle contractions and
bending along the major axis, one independently from the others
(Fig. 1E and movie S2). The graph of Fig. 1G reports the temporal
dynamic of the tentacle-writhing behavior at different doses. The
feature of the responses elicited at any dose are identical, i.e., all
the polyps begin the tentacle writhing immediately and the activity
ends by a progressive tentacle relaxation back to the normal behav-
ior. The relationship between the ETE-S concentration and the ki-
netics of the induced response is described with a sigmoidal
function with the time constant (t;,,) decreasing with increasing
ETE-S concentration, i.e., the behavioral response lasts for shorter
time in higher dose. This suggest that in higher doses, more ETE-S
is binding at the Hydra and therefore the induced behavioral re-
sponse saturates faster.

In addition to the tentacle writhing, the continuous periodic al-
ternation of body contractions and elongations (22, 23) was also
modulated by ETE-S, as shown in Fig. 1F. A strong reduction in
the frequency of these events, defined as the number of full-body
contractions that occurred within 10 min, was observed (Fig. 1H).
The contraction pattern was video recorded and transformed into a
diagram of polyp shapes, with numerical scores assigned to diverse
shapes (Fig. 1F), ranging from 10 (full extension) to 0 (full contrac-
tion). The graph of Fig. 1I shows the prolonged contraction of the
body column observed in polyps treated with ETE-S along the first
10 min of treatment, followed by an active extension over the follow-
ing 15 min, shown by the mean contraction profile higher compared
to untreated polyps. Overall, these results indicate a clear modula-
tion of the animal contractile behavior.

As Hydra is able to polymerize ETE-S (20), to investigate
whether the bioactive compound was the ETE-S oligomer per se
or the resulting polymer in the animal, an in vitro polymerized
ETE-S (pETE-S) was tested (18, 19). The treated polyps did not
show any behavior in response to the polymer (Fig. 1, D and G,
and movie S3), signifying the bioactivity of the thiophene oligomer
and in agreement with our previous results indicating that the
polymer was detectable only after longer incubation time (1 hour
onwards) (20). Spectroscopic analysis (fig. S2) performed on
treated polyps 10 min after incubation confirmed this hypothesis
as detecting a considerable enhancement of the 500-nm absorbance
peak (indicating ETE-S polymerization) only in the presence of ex-
ogenous H,0O,.

To establish the biodistribution of the ETE-S into Hydra tissues,
confocal microscopy was performed on animals treated with ETE-S
for 10 min (fig. S3). On the basis of the ETE-S absorption and fluo-
rescence spectra (17, 24), we excited the samples with a A = 405-nm
laser and collected the emission in the range 410 to 488 nm. Fluo-
rescence signal was detected only in treated animals, and it was en-
hanced at higher ETE-S concentration, especially at the head/
tentacle junction region. This suggests that more trimer may bind
to the Hydra body and agrees with the behavioral response, as the
tentacle writhing lasts for shorter time when higher ETE concentra-
tion is used.
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As it may be argued that the induction and sustainment of the
behavioral response over long periods could be due to the degrada-
tion or leaching of the trimer from polymerized structures, spectro-
scopic analysis was performed on the medium incubated 24 hours
with polymerized Hydra structures. The results showed that no
ETE-S trimer is released in the solution as the ETE-S characteristic
absorption peak at 350 nm was not present (fig. S4).

The ETE-S—induced behavioral response was also significantly
inhibited by H,0, (figs. S5 and S6), possibly also because of the
faster polymerization of ETE-S, depleting the free bioactive oligo-
mer. This effect could indicate peroxidase enzymes as transducers
of the ETE-S signaling. On the other side, a large number of studies
has demonstrated that the H,O, can regulate the neurotransmission
acting both as an intracellular signal and as a diffusible messenger
(25), so we cannot rule out the possibility that H,O, may act as
direct neuromodulator in the transduction of ETE-S stimuli.

Furthermore, we found that ETE-S—treated polyps did not
respond to a subsequent ETE-S stimulation, performed 1 hour
after treatment, suggesting desensitization of a putative target mem-
brane receptor. This observation, together with the absence of effect
on normal behaviors (feeding and pinching response) 24 hours after
treatment (fig. S7), suggests the occurrence of a neurostimulation
process evoked by ETE-S.

ETE-S-induced behaviors are calcium dependent and rely
on head neurons

Modulation by calcium

To investigate the role of Ca** ions in the ETE-S—induced behaviors,
both tentacle writhing and body rhythmic contraction were moni-
tored in Ca**-free medium or by pretreatment with Ca>" chelators,
such as EGTA. The results shown in Fig. 1J indicate that in the
absence of extracellular Ca®*, the tentacle-writhing activity was
strongly inhibited within the first 5 min of treatment, reducing to
60% and to 10% (respectively in Ca**-free medium and EGTA) the
percentage of polyps that still exhibit tentacle writhing. Next, we
pharmacologically blocked Ca®" channels that are possibly involved
in the intracellular transduction of the ETE-S signaling, such as
voltage-dependent L-type Ca?" channels (VDCC) (26). After 5-
min pretreatment with the well-known organic inhibitor nifedipine
(27), whose activity in Hydra was previously demonstrated (28, 29),
only 55% of the polyps were moving and this percentage rapidly de-
creased to 20% at 10 min (Fig. 1J). Although with slower dynamics
compared to the chemical ion chelation, these data confirm the Ca®*
involvement in the ETE-S elicited response. In all tested conditions,
the polyps responded to ETE-S, but the kinetic profiles of the elic-
ited activities were drastically altered, almost halved in duration.
The occurrence of residual tentacle-writhing behavior in the pres-
ence of nifedipine or in Ca**-free medium could suggest the pres-
ence of dihydropyridine-insensitive VDCCs or other Ca**-
permeable channels and a role for internal Ca®" stores sufficient
to enable, albeit in a limited time interval, the movement of the ten-
tacles (26). The inhibitory effects observed in total Ca* absence or
in the presence of chemical chelators suggest a role for Ca** as a
secondary intracellular intermediate in the ETE-S—promoted
cascade of events, highlighting that both extracellular and intracel-
lular Ca** are fundamental to sustain the ETE-S response. The
graph of Fig. 1K shows that the frequency of the body rhythmic con-
tractions could be not further modulated in Ca®*-free medium or by
nifedipine, as the ETE-S alone was already completely preventing
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this behavior. Overall, these experiments indicate a strong depen-
dence of all ETE-S—induced behaviors on Ca®*. To explore alterna-
tive pathways that could possibly identify the target of the ETE-S—
induced response, next we tried to compare it with already charac-
terized behaviors.

Modulation by glutathione

In Hydra, the tentacle writhing normally observed during the
feeding response can be experimentally induced by reduced gluta-
thione (GSH), used in the micromolar range (30, 31). The behavior
is complex and consists of a tentacle-curling activity for an average
of 30 min, the opening of the mouth, and the reduction of the body
rhythmic activity. The modulation of this behavior represents a
robust assay to identify neuroactive compounds and receptors
(32, 33). Competition assays performed by monitoring the GSH-
induced feeding response in the presence of ETE-S (using equimo-
lar concentration of both compounds) showed a significant inhibi-
tion of the tentacle-writhing activity (Fig. 2B). The simultaneous
incubation with GSH and ETE-S, indeed, caused a decrease in the
percentage of polyps showing tentacle writhing. Fitted curves (fig.
S8) show their relative t,,, with that of GSH + ETE-S that unravels
an earlier inhibition. In addition, the GSH-induced mouth opening
was strongly inhibited by ETE-S, as shown by the complete mouth
closure observed in all animals after only 8 min of incubation
(Fig. 2C). These results may possibly indicate the same molecular
targets shared between ETE-S and GSH on which they could prob-
ably exert an antagonist modulatory activity. By decreasing 10 times
the ETE-S dose (0.5 ug/ml), the inhibitory effect was still significant,
confirming this hypothesis and suggesting a major ETE-S affinity
for a target molecule compared to GSH (fig. S9). The effect of the
Ca”" was also different between the two induced behaviors. In con-
trast to the ETE-S case (Fig. 1]), the GSH-induced tentacle writhing
was not modulated by the absence of extracellular calcium (fig. S10)
within the first 10 min of incubation. This demonstrates a specific
rather than general Ca** involvement in the ETE-S—
induced pathway.

Furthermore, we also monitored the modulation of the ETE-S
behavior in the presence of a known modulator of the GSH-
induced feeding response, i.e., diminazene (34). The rationale
behind this experiment relies in the capability of this compound
to block the Hydra Na" channel (HyNaC) currents and in vivo to
cause a delay of the GSH-induced feeding response, indicating a
clear involvement of these peptide-gated channels in the feeding re-
sponse. Despite belonging to the degenerin/epithelial sodium
channel family, these Hydra channels differ from vertebrate homo-
logs, as they are highly permeable to Ca>" but are gated by RF-amide
(Arg-Phe-NH,) neuropeptides instead of that by small molecules
(35-37). They are expressed in epithelial cells at the base of the ten-
tacles and in the peduncle and have been suggested playing a role in
neuromuscular transmission mediating Ca®* fluxes to depolarize
muscle cells and activate muscle contraction. The graphs of Fig. 2
(D and E) show that both ETE-S—induced behaviors were signifi-
cantly impaired when performed in the presence of diminazene.
The tentacle behavior could start (Fig. 2D), but as soon as 5 min
after incubation, it was prevented in 65% of polyps, and after 13
min, it was completely blocked. The spontaneous rhythmic contrac-
tion behavior was also prevented by diminazene (Fig. 2E), and the
strong inhibition inferred by ETE-S did not change in the presence
of diminazene. These data suggest that epithelial HyNaC channels
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Fig. 2. Modulation of the GSH-induced feeding response by ETE-S. (A) Scheme of the experiment. Tentacle writhing and mouth opening represent two distinct
behaviors of the feeding response, which is activated by the prey and chemically by reduced GSH. GSH (10 pM) and ETE-S (10 uM) (corresponding to 5.5 pg/ml)
were coadministered to living polyps and the behavior monitored for 30 min. (B) Temporal dynamic of the GSH-induced tentacle writhing in the presence of ETE-S.
The fit to the mean values was performed by the Boltzmann function (fig. S8). (C) Temporal dynamic of the GSH-induced mouth opening in the presence of ETE-S. (D)
Hydra polyps were coincubated with ETE-S and diminazene, and the tentacle-writhing activity was monitored at regular intervals. The data are representative of three
independent biological replicates and SD of mean from n = 30 is shown as a colored halo. (E) Modulation of the contraction behavior by diminazene. Animals treated as in
(D) were monitored for the number of contraction/elongation cycles over a 10-min period from the ETE-S addition. Statistical analysis (n = 20) was performed using one-

way ANOVA and Dunnett's a posteriori test; ***P < 0.001 compared to untreated polyps.

may be involved in the direct elicitation or in the intracellular trans-
duction of the ETE-S signaling.

Modulation by inhibitor of muscle contraction

With the aim to further dissect the mechanism underlying ETE-S
signal transduction, MgCl, was used, shown in marine invertebrates
to prevent muscle contraction (38). In Hydra, MgCl, has been used
as anesthetic and muscle relaxant, preventing body contraction in
response to pinching and the GSH-induced mouth opening by in-
hibiting ectodermal radial myofibril contraction (39, 40). We found
that MgCl, while at 1% completely prevents the ETE-S—induced
tentacle writhing (Fig. 3B and movies S4 and S5), at 0.5% allows
the behavior to initiate, and then progressively stops it. A similar
effect was observed on the body contraction behavior (Fig. 3C),
where the combined presence of MgCl, and ETE-S has a stronger

Tommasini et al., Sci. Adv. 9, eadi5488 (2023) 18 October 2023

effect in reducing the contraction frequency compared to the MgCl,
alone but not respect to ETE-S alone. This evidence supports the
hypothesis that the ETE-S—-induced behaviors are active events
driven by contractile processes. To date, the molecular mechanism
of myofibril control through the nervous system in Hydra is not de-
ciphered yet. However, several pieces of evidence support the pres-
ence of neuromuscular junctions, i.e., gap junctions are found
connecting neurons and epitheliomuscular cells (41) and Hydra
contractions are greatly reduced in animals chemically depleted of
neurons (42), suggesting neuron necessity to initiate and to coordi-
nate the muscle activity.

We investigated whether neurons could represent the cellular
target of the ETE-S signal by using nerve-free polyps, produced
by chemical depletion. First, we evaluated potential toxicity of

50f13

¥202 ‘vT Afenige uo ezofelez ap pepsioniun e BI0'80us 195 MAMM//SA)Y WOy Papeo JUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

A
MgCl,
(10 min)
B & ETES 4 ETES+05%MgCl, - ETES+1%MgCl, © D @ Nerve-free  -# Wild-type
g 1008 /_E\ 2001 %110--
2 90} -—s—a—a ¢ 21004
£ o % 90
£ 801 5 150+ 2 80
3 N o)
o 70¥ & 7S 2, g 70
8 oo} = g § 601
g 50l g 100} £
2 501 A =) o 50+
2 g £
g 40+ &= g 40+
3 a0l ' S sl @ 307
@ = S 8 201
2 201 g 20
5 € S 10
2 1E a
2 e SR [E) 0
1 ) 1 1
0 2 4 Min 6 8 10 0.5% MgCl, ETE-S MgCl, + ETE-S 0 5 Min 0 5
E F -% Amputated heads -~ Whole animals 800+ Decapitated bodies
! W 1 0017—.—1—»:— g—a—
i 901 n
80+ L
\ \ 6001
Untreated 70l
| 60+
e \ = J e 501 400+

Nerve-

XV .

Polyps showing tentacle writhing (%)

Amputation  Amputated
heads

2001

Amputation Decapitated
bodies

Contraction frequency (% of control) @)

Pinching Contraction 0 5

o
i

ETE-S

15 Untreated

Min

Fig. 3. ETE-S—induced behavior is inhibited by myorelaxant and requires head neurons. (A) Scheme of the experiment. Polyps were pretreated 10 min with the
indicated dose of MgCl,, then ETE-S (10 pg/ml) was added to the medium, and the induced behaviors were monitored for other 10 min. (B) MgCl, inhibits the ETE-S—
induced tentacle writhing. The number of animals showing tentacles writhing was recorded every minute and compared to those treated with ETE-S in the absence of
MgCl,. (C) Polyps treated as in (A) for the condition of 0.5% MgCl, dose were video recorded for 10 min and body contraction/elongation events (orange bar) compared to
polyps treated with 0.5%MgCl, alone (gray bar) and ETE-S alone (blue bar). One-way ANOVA followed by Dunnett's test was performed for statistical analysis; ***P < 0.001
compared to untreated polyps (n = 20). (D) The treatment with ETE-S, at 10 ug/ml, does not trigger tentacle-writhing behavior in nerve-free polyps. These polyps (inset
images) are still able to contract, as shown in movie S6 and (E) after pinching with a forceps, nerve-free polyps show active longitudinal contraction. (F) Polyps were
amputated, and dissected heads and bodies exposed to ETE-S. The tentacle-writhing activity of isolated heads was longer compared to activity of whole animals, while (G)
decapitated bodies were not affected by ETE-S; the contraction frequency was not significantly different from untreated samples (n = 20). Unpaired t test (two tailed) was

used for statistical analysis, and no significant differences were detected.

ETE-S on these modified polyps, obtained by colchicine treatment
that caused the depletion of the fast-cycling cells, i.e., stem cells and
all derivatives, including neurons. No effect was observed on the
morphology of polyps at any dose tested, while in normal polyps,
doses higher than 50 pg/ml were toxic (fig. S1) suggesting a direct
interaction of ETE-S with neurons and nematocytes. When treating
nerve-free polyps with ETE-S, we could not detect any behavioral
modulation (Fig. 3D), indicating that neurons and not the myofi-
brils within the epitheliomuscular cells are the direct transducers
of the ETE-S signal. It must be noted that in these animals, the spon-
taneous contraction behavior is abolished, but longitudinal contrac-
tions in response to pinching are still possible (Fig. 3E and movie
S6) (40).

The anatomical dissection of Hydra into fully functional heads
and bodies (able to regenerate missing parts in a couple of days)
lastly allowed us to determinate a physical location of the ETE-S—
targeted cells. Amputated heads under ETE-S treatment showed a
tentacle-writhing activity identical to that observed in whole
animal, which, interestingly, lasted longer compared to whole
polyps (Fig. 3F), suggesting a feedback control unit into the rest
of the organism. On the contrary, ETE-S was not able to modulate

Tommasini et al., Sci. Adv. 9, eadi5488 (2023) 18 October 2023

the rhythmic body contractions in decapitated bodies (Fig. 3G),
suggesting that the main targets perceiving and transducing the
ETE-S signal to other body regions are located on the head, while
the gastric and peduncle regions may negatively modulate these
responses.

ETE-S induces modulation of Hydra electrical activity

In the past, Hydra spontaneous and photic behaviors have been as-
sociated to extracellular recorded electrical signals, named contrac-
tion burst (CB), detected during animal longitudinal contractions,
tentacle pulses (TPs) occurring during tentacle contractions, and
rhythmic potentials (RP) associated to radial contractions and to
a spontaneous electrical activity in the absence of a clear behavior
(43-47). Recently, thanks to breakthrough in Ca®" imaging (i.e.,
transgenic technology producing animals with cells firing in re-
sponse to calcium fluxes), these behaviors have been associated to
specific neuronal populations (networks) firing simultaneously and
located in distinct anatomical regions (48). Three major networks
structurally and functionally nonoverlapping were identified: an ec-
todermal CB network underlying longitudinal contractions and two
RP networks (one in the ectoderm and one in the endoderm) active
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during elongations in response to light and radial contractions, re-
spectively. Beside neuron activity, epitheliomuscular cells contrib-
ute to the Hydra behavior. These cells, containing myofibrils
orthogonally oriented in the ectoderm and endoderm, are excitable,
connected through gap junction, and propagate action potentials
(42, 49).

To evaluate the relationship among the neuronal and the epithe-
liomuscular activity and discover whether the ETE-S effect on the
Hydra behavior could be attributable to neuronal and/or muscular
targets, we performed electrophysiological recordings in both
normal and nerve-free polyps. Thanks to the soft and deformable
Hydra epithelial tissues, we were able to carefully suck a small
body portion into a glass suction microelectrode and to register
its bioelectric activity (Fig. 4A and Methods). The 20-min-long re-
cordings (Fig. 4B) were in agreement with those registered and an-
alyzed by others (22, 23, 44, 50). The traces showed high-amplitude
electrical events (CBs) occurring at more or less regular intervals
conducted by the longitudinal myofibrils of the epitheliomuscular
cells and associated to the body contraction behavior (22, 48). The
smaller ones (RPs) triggered by the circular myofibril contraction
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and responsible for the elongation behavior (44, 48, 51) and those
related to the TP from (52) were not visible in our traces either in
control or in treated animals, probably because of the recording
configuration. Figure 4C and fig. S11 show that following ETE-S ad-
dition, the rhythmic activity of Hydra increased, the intercontrac-
tion burst interval (IcBI), i.e., the time interval between the
beginning of each two adjacent CB, became shortener and conse-
quently, Hydra CB frequency increased. The differences of IcBI
mean values between control and ETE-S groups were significant
when comparisons were assessed by means of unpaired ¢ test
(table S1 and Fig. 4D). On the contrary, the recording traces in
nerve-free Hydra showed the absence of the high-amplitude electri-
cal events, strengthening the current evidence that the Hydra neural
networks drive its rhythmic behavior (50, 53). The trace profile, in
fact, appeared flat except for rarely small-amplitude spikes probably
associated to artifacts or to cellular electrogenesis processes not as-
sociated to the animal rhythmic activity (Fig. 4E). When adding
ETE-S, an upward deflection was detected within few seconds
(Fig. 4F and fig. S12), showing that ETE-S could affect the whole
contractile machinery and not just the neuronal function.

Wy & Wy Wiy Wy
i 2 : ? \
B 4 @
\> { \) \) {
* *%* *% *% *¥k

3
T
;8 ©

v Hydra medium

| ‘_—Jﬂ""‘

b

YETE-S

Fig. 4. ETE-S induces modulation on Hydra electrical behavior. (A) Phase-contrast photomicrographs of a Hydra polyp in contact with a glass microelectrode. (B)
Representative voltage-recording trace demonstrating that the CB activity did not change after injection of 10 pl of Hydra medium (n = 3). (C) ETE-S—induced modulation
of Hydra rhythmic activity, measured as intercontraction burst intervals (IcBI). CB activity registered 10 min before (black trace) and after (gray trace) injection of 10 pl of
ETE-S shows the increase in the CB burst frequency (n = 5; fig. S7). (D) Box plots depicting mean (black box), median (thin horizontal bar), the 25th and 75th percentiles
(shaded boxes), and whiskers showing the 5th and 95th percentiles of the IcBI values, in control and ETE-S groups of five different polyps. Paired t test was used for
statistical analysis, differences were significant for *P < 0.05; **P < 0.01. (E) Representative recording trace from nerve-free Hydra 10 min before and 10 min after injection
of 10 pl of Hydra medium (n = 2). (F) Electrical activity of nerve-free polyps in the presence of ETE-S. Recordings acquired 10 min before (black trace) and after (gray trace)
injection of ETE-S shows an upward deflection in 2 to 10 s (inset; n = 5; fig. S8). All the traces were registered across different animals. The XY scale in (C), (E), and (F) is the
same as in (B). Scale bar, 100 um (A).
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ETE-conjugated oligomers act as neuromodulatory
compounds

To investigate whether the induced behavioral response is specific
to the structure of the ETE-S we incubated Hydra polyps with other
conjugated oligomers, the ETE-N and EEE-S. ETE-N has the same
backbone as ETE-S but a different side chain based on trimethylam-
monium, while EEE-S has a different backbone, pure EDOT trimer,
and same sulphonate side chain as ETE-S (54, 55) (Fig. 5A).
Preliminary toxicological tests showed full biocompatibility for
both compounds within the first 3 hours of incubation, a period
largely extending the time necessary for behavioral studies (i.e.,
the first 30 min). Longer incubation times were still fully safe for
EEE-S while resulting slightly toxic for ETE-N, mirroring the
ETE-S toxicological profile (fig. S1). Behavioral experiments per-
formed at the same doses used for ETE-S showed for ETE-N, but
not for EEE-S, the elicitation of the tentacle writhing and the inhi-
bition of the spontaneous contraction/elongation activity (Fig. 5, B
and C, and movies S6 and S7). In addition, a strong inhibition of the
behavioral response in Ca®*-free solution, in the presence of EGTA,
and in the presence of VDCC inhibitors (nifedipine) was observed,
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similarly to ETE-S (Fig. 5D). These results highlight an important
role played by the oligomer backbone in the induction of precise
behavioral response and strongly suggest specific neuromodulatory
action played by these compounds rather than representing generic
responses to chemical stimulation. The ETE-N-induced tentacle-
writhing activity lasted even longer than the ETE-S—induced
behavior, possibly because of different binding/affinity for putative
neuroreceptors that can be related to its cationic charge.
Neuromodulation refers to interfacing and intervening with the
nervous system through electrical, electromagnetic, chemical, or
optogenetic methodologies with the goal of long-term activation,
inhibition, modification, and/or regulation of neural activity. It en-
compasses implantable and nonimplantable technologies, electrical
or chemical, for the purpose of improving quality of life and func-
tioning of humans (15, 56, 57). Here, we report the neuromodula-
tory function of organic semiconducting compounds on a simple
nerve net. Beside the capability to polymerizate into microsized
conductive domains that seamlessly integrate into the animal
tissues (20), ETE-S induced a precise behavioral response, which
was thoroughly dissected with behavioral profiling and

&% ETE-S & ETE-N {1} EEE-S

——- Boltzmann fit

10 15
Min
@ ETE-N + EGTA

@ ETE-N + Nifedipine

20 25 30
& ETE-N

ETE-N w/o Ca?*

Contraction frequency (% of control)

o=
Untreated EEE-S ETE-N ETE-S

Fig. 5. Stucture-dependent neuromodulatory effect of thiophen-based oligomers. (A) Chemical structure of ETE-S, ETE-N, and EEE-S. (B) Temporal dynamic of ten-
tacle-writhing behavior induced by 10 pug/ml of ETE-S, compared to ETE-N and EEE-S. Data are the average of three independent experiments, each performed with 10
polyps. The different sigmoidal shape curves were fitted by means of the Boltzmann function (Eq. 1 in Methods). (C) Modulation of the spontaneous contraction/elon-
gation events occurring in ETE-S—treated polyps were monitored over 10 min and compared to those occurring in untreated individuals or treated with same dose of EEE-
Sand ETE-N (n=12). Unpaired t test (two tailed) was used to test comparison between different condition. ***P < 0.001. (D) Temporal dynamic of ETE-N-induced tentacle
writhing in the presence of Ca®* inhibitors. Polyps were pretreated 10 min with the test compound before ETE-S addition to the medium (10 pg/ml) and the induced
behavior monitored for 10 min. Data are the average of three independent experiments, each performed with 10 polyps. SD of mean from n = 30 is shown as a
colored halo.
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pharmacological and electrophysiology approaches. ETE-S elicits
tentacle-writhing activity and negatively modulates the spontane-
ous body column contraction events. We found that the ETE-S—
induced behavioral response relies on the presence of neurons
and Ca>" channels, as it was completely blocked in the absence of
Ca®" or in the presence of Ca** channel inhibitors (nifedipine and
diminazene, blocking, respectively, VDCC and HyNaC). Similari-
ties with the GSH-induced feeding response unraveled also other
potential ETE-S targets, such as those mediating the GSH-
induced response; however, to date they have not been identified.
The electrophysiological recordings clearly indicated that ETE-S in-
terferes with the Hydra electrical activity may be playing multiple
effects on the Hydra contractile machinery, i.e., accelerating the
CB activity in the ectodermal myofibril system and in tentacles as
it results from the increase in the IcBls, and inhibiting the elonga-
tion behavior regulated by RP activity. It must be underlined that by
using this electrophysiological configuration, i.e., recording the
bulk potential generated by neurons and epitheliomuscular cells,
it was not possible to dissect the contributions of the different neu-
ronal networks or of epitheliomuscular cells to these outputs. The
recordings on nerve-free polyps allowed us to shed light on this
aspect. The abrupt upward voltage deflection registered in these

Ectoderj;:-rf i
[

Longitudinal * ¢

myofibrils

Circular
myofibrils

Endoderm

polyps, indeed, represented the hidden ETE-S effect onto the myo-
fibrillar system in the absence of interference of the neural activities.
In the presence of neurons, the profoundly different electrical
profile of CBs indicates an interaction of ETE-S with the CB
neural networks and a modulation of effector myofibrillar system.
To date, other than during prey capture, the tentacle-writhing activ-
ity can be exogenously induced by GSH (30, 31) while other envi-
ronmental perturbations such as changes of pH, temperature, light,
osmolarity, pressure (58—60), or the presence of toxicants (61, 62)
do not induce such behavior. Only one exception has been docu-
mented up to now: the exposure of Hydra to metal-based
quantum rods (29). Investigating the specificity of the ETE-S olig-
omer, we found that by changing the backbone to a pure EDOT
backbone, no behavioral response was induced while oligomers
with ETE backbone but bearing different side chains induced a
similar response as ETE-S. This reveals a unique feature of ETE-
based oligomers to target neuronal activity, rather than reflecting
a more general response of the polyp to the changing sensory
environment.

Despite recent breakthroughs achieved through Ca** imaging,
allowing to correlate neural or muscle activity to precise behaviors
(58-60, 63), the correlation between neural and epitheliomuscular
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Fig. 6. Mechanism of the ETE-S-induced neuromodulation. Central to the ETE-S neuromodulatory action are the neuronal cells (violet cells), showed as part of the
Hydra nerve net (left), on the ectodermal epithelium (middle) and interacting with an epitheliomuscular cells (pink cell, right panel). The three main neuronal networks
identified by Ca®* imaging are shown extending throughout the entire polyp: one CB (violet net), detected during animal longitudinal contractions, and two RP (green
and red nets) associated to radial contractions and spontaneous behavior (48). Muscle in Hydra consists exclusively of epitheliomuscular cells, generating movement by
exerting contractile force via their myofibrils, intercellular muscle processes running longitudinally in the ectoderm (red lines), and circumferentially in the endoderm (red
dots). Beside chemical synapsis, stimulus propagation in Hydra occurs also through electrical synapsis via gap junctions (GP, violet square), identified between neurons,
between epithelial cells (including nematocytes), and between the two (47). On the right panel, a possible structure of the neuro-epitheliomuscular junction is depicted
with the channels and the chemical modulators tested in this study. VDCC and HyNaC localization are hypothetical but realistic, as calcium channels in the vertebrate
synapse are located at both pre- and postsynaptic levels, and HyNaC in Hydra are expressed in epitheliomuscular cells, adjacent to RF-amide—producing neurons (34). The
possible mechanisms of action of ETE-S (yellow dots) involve the interaction with putative metabotropic and/or ionotropic receptors located on sensory neurons and
transduced to epitheliomuscular channels on the head. This signaling may modulate Ca®* fluxes causing cell depolarization, acceleration of the CB activity in the ecto-
derm, and in the tentacles and inhibition of the RP activity. The resulting behaviors consist in the tentacle writhing and in the inhibition of the pulsing behavior. Created
with Biorender.com.
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cell activity in Hydra in response to a physiological or environmen-
tal condition has yet to be ruled out. The only direct link between
neuron-muscle behavior was found in response to medium osmo-
larity (58). Ca** imaging showed simultaneous changes in the activ-
ity of CB neurons and ectodermal muscle in response to hypo-
osmolarity, consistent with the hypothesis that CB neurons activate
ectodermal muscle to generate CBs and contractile behavior. In case
of ETE-S, a similar activation mechanism of head CB neurons may
result in activation of epitheliomuscular cells. The differences in the
kinetics of the epitheliomuscular patterns, some propagating
quickly in tentacle epitheliomuscular cells and others slowly in
body column cells, suggest diverse molecular repertoire involved
in each behavior. ETE-S may act as a chemoreceptor ligand and
cause the modulation of precise behaviors through several possible
mechanisms: (i) ETE-S may act on RF-amide neurons and the signal
transduced to ionotropic receptors such as RF-amide—gated Na*
channels (HyNaC) located in adjacent epitheliomuscular cells
(34); this is supported by the modulation of the ETE-S response
by GSH and diminazene. (ii) A second concomitant possibility is
the triggering of VGCC controlling the contraction pulses and
TPs, which we identified by using nifedipine and EGTA. Last,
(iii) ETE-S action on metabotropic receptors located in the endo-
derm may explain the modulation of slow behaviors such as body
column elongation (64). Together, we propose a model of the mech-
anisms underlying ETE-S—induced neuromodulation (Fig. 6).

We believe that our results, with the limits imposed by behavio-
ral approach and whole-animal electrical recordings, provide im-
portant insights on how organic electronic materials can
selectively control neuronal activity. The organic chemistry
toolbox enables modification of the backbone and side chains (54,
55), offering unique opportunities to develop relationships between
structure and induced behavior and to rationally design compounds
for targeted neuromodulatory function. While pharmacological
techniques represent the oldest and most well-established means
for cell-specific neuromodulation, uncovering new modulators to
either enhance or diminish the activity of precise neural networks
represent a topic of increasing interest in bioelectronics, opening
interesting scenarios for the implementation of superior devices.
Semiconducting oligomers may be released in situ with miniatur-
ized drug delivery devices for direct neuromodulation activity or in-
tegrated in multimodal neuromodulation platforms merging
electrical, thermal, optical, and pharmacological stimuli. Last, the
simple and limited behavioral repertoire of Hydra and the function-
al conservation of the key neurotransmission mechanisms make
Hydra an amenable model to identify neuroactive compounds, sug-
gesting application in large-scale screening of innovative neurotech-
nologies to modulate the nervous system, thus decreasing the need
of human exposure for validation of certain tests.

MATERIALS AND METHODS

Synthesis of ETE-S trimer

A detailed description of the synthesis and characterization of the
ETE-S, ETE-N, and EEE-S trimers was recently published else-
where (55).

Animal culture
Hydra vulgaris were asexually cultured in Hydra medium (HM) (1
mM CaCl, and 0.1 mM NaHCO3, pH 7), according to the method
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of Loomis and Lenhoof (65). Polyps were fed three times per week
with freshly hatched Artemia salina nauplii and kept at 18°C with a
12:12-hour light:dark regime. For all the experiments, polyps
starved for 24 hours were selected from a homogeneous population.

Evaluation of the ETE-S-induced behavior

Groups of 20 polyps were placed in a plastic multiwell and allowed
to equilibrate at room temperature in 300 ul of HM. Behavioral ex-
periments were carried out by adding ETE-S solution at concentra-
tion ranging from 75 to 10 pg/ml to each well containing the polyps,
and the behavioral activity was monitored using a stereo microscope
(Olympus SZX7). The temporal dynamic of ETE-S—induced behav-
ior was quantified by counting the number of polyps showing ten-
tacle activity at 1-min intervals from the beginning of the
experiment. Data were expressed as percentage of moving polyps.
The experiments were performed at room temperature and repeated
three times for each ETE-S concentration tested. Contraction/elon-
gation cycles were monitored on groups of 20 polyps by video re-
cording (JiusionHD 2MP USB Digital Microscope). The number of
spontaneous contraction/elongation events occurring in ETE-S—
treated polyps were monitored over 10 min and compared to
those occurring in untreated individuals. The same method was
used to assess bioactivity of ETE-N and EEE-S compounds.
Hydra anatomical dissection

Hydra polyps were bisected subhypostomally, and groups of 10 am-
putated heads or decapitated bodies were placed in HM and allowed
to regenerate for 24 hours before ETE-S addition and monitoring
behavioral responses (tentacle writhing and body contraction/elon-
gation cycles) as described above.

Effect of Ca®*

The role played by Ca** in the ETE-S—induced tentacle writhing was
evaluated by performing ETE-S treatment either in Ca**-free HM
or using Ca®" chelators. Groups of 10 polyps were placed in plastic
multiwells were pretreated 10 min with 300 pl of HM containing
EGTA (4 mM), or with HM containing nifedipine (20 pM), or
with Ca?**-free HM (namely, NaHCO3, 0.1 mM) for 1 hour. Follow-
ing the pretreatment, ETE-S was added to each group of polyps at a
final concentration of 10 ug/ml, and polyps were monitored by a
stereomicroscope. Control experiments were performed by adding
ETE-S (10 pg/ml) to the bathing medium, with no pretreatment.
Animal behavior was quantified counting the number of polyps
showing tentacle writhing at regular intervals. Data were expressed
as percentage of moving polyps. The experiments were repeated
three times for each tested condition. The same method was used
for ETE-N and EEE-S compounds.

Effect of H,0,

The modulation of H,0, on the behavioral response was dissected
by carrying out a pretreatment with H,O, excess. A stock solution
of H,O, 1 M in HM was freshly prepared before each experiment.
Each group of polyps was pretreated for 5 min with concentration of
H,0, ranging from 1 to 9 mM before ETE-S addition (10 pg/ml).
The experiments were repeated three times for each tested
condition.

Effect of GSH and other drugs

To prevent the use of oxidized GSH, aliquots of stock solution
(GSH, 2 mM) were stored at —20°C and defrost before each exper-
iment. Groups of 10 polyps were coincubated with an equimolar
dose of GSH and ETE-S (10 uM), or with excess/defect of 10
times among the two. The dynamics of tentacle writhing and
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mouth opening were quantified by counting the number of moving
polyps and the number of polyps with open mouth, at 1-min inter-
vals. All the data were expressed as percentages, and the experi-
ments were repeated three times for each tested condition. Polyps
treated with GSH (10 uM) alone were used for comparison. The
effect of nifedipine as modulator of the feeding response was
tested by pretreating the polyps with the drug before adding GSH.

The effect of diminazene, 300 uM as elsewhere reported (34), was
evaluated by coincubating the polyps with ETE-S, while in case or
MgCl, a 10-min pretreatment with 0.5 and 1% MgCIl, was per-
formed before ETE-S addition (10 pg/ml).

Electrophysiology

Instrumentation setup. Recordings were made by an EPC7 ampli-
fier (HEKA Elektronik) using Digidata 1200A and Clampex8 Soft-
ware for acquisition. Traces were analyzed with Clampfit10 and
Origin2020.

Glass suction microelectrode. Blunt micropipettes with a tip of 150
pum were pulled from a thick-wall borosilicate glass pipette (Sutter
catalog no. BF150-86-10) by using a P-1000 micropipette puller
(Sutter Instruments). To avoid damages to the animal during the
suction, the microelectrode tip border was heat rounded by
means of Narishige’s MF-79 microforge (Scientific Instru-
ment Lab).

Experimental procedure. Electrophysiological experiments were
performed on nonbudding polyps starved for 24 hours and sizing
approximatively 1 mm. All recordings took place at 18°C. A glass
suction Ag/AgCl microelectrode was gently attached on the
animal placed in the recording chamber (1 ml). A portion of the
middle part of the body column was sucked into the microelectrode
by means of a mild negative pressure applied by a flexible plastic
tube connected to the pipette through the electrode holder.
Another Ag/AgCl electrode was used as an indifferent one.
Animals were allowed to adapt for about 10 min before recordings.
Hydra medium was used both in the recording chamber and in the
glass micropipette.

Statistical analysis and fitting

Data were presented as means + SD. Two-tailed unpaired ¢ test was
performed for statistical significance of the mean differences, *P <
0.05; **P < 0.01; ***P < 0.001. For multiple comparisons, one-way
analysis of variance (ANOVA) and Dunnett’s post hoc test were
used, **P < 0.001.

Electrophysiological data were represented by box-and-whisker
plots, with the box depicting the mean, the median (Q,, thin hori-
zontal bar), the 25th (Q,) and 75th (Q3) quartile and the whisker
showing the 5th and 95th percentile. Paired ¢ test was performed
for statistical significance of the mean differences (f4¢ = t stat; P
value) after assessing the equal variance; *P < 0.05, **P < 0.01,
and **P < 0.001 were considered statistically significant (Origin
2020 and GraphPad 8).

The curves of graph Fig. 1G were fitted by the following Boltz-
mann equation

Amax - Amin

Y = Amin + T

(1)
where A, and A, represent the initial and final values of the
curves and k, expressed in minutes, their steepness. The f,, (the
time at which the behavioral response is inhibited in 50% of
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polyps) and the related slope factor, K, resulted to be respectively
21.09 + 0.26 and 3.07 + 0.3 at 10 pg/ml, 9.93 + 0.14 and 1.82 +
0.12 at 50 pg/ml, and 6.39 + 0.04 and 0.78 + 0.04 at 75 pg/ml.
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Table S1
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