nature communications

Article

https://doi.org/10.1038/s41467-024-52941-y

Coordinated cellular behavior regulated by
epinephrine neurotransmitters in the

nerveless placozoa

Received: 10 January 2024

Accepted: 25 September 2024

Minjun Jin"?>34, Wanqing Li"*3*, Zhongyu Ji"3, Guotao Di"3, Meng Yuan'3,
Yifan Zhang™?, Yunsi Kang"® & Chengtian Zhao ® 23

Published online: 04 October 2024

M Check for updates

Understanding how cells communicated before the evolution of nervous

systems in early metazoans is key to unraveling the origins of multicellular life.
We focused on Trichoplax adhaerens, one of the earliest multicellular animals,
to explore this question. Through screening a small compound library tar-
geting G protein-coupled receptors (GPCRs), we found that Trichoplax exhi-
bits distinctive rotational movements when exposed to epinephrine. Further
studies suggested that, akin to those in humans, this basal organism also uti-
lizes adrenergic signals to regulate its negative taxis behavior, with the
downstream signaling pathway being more straightforward and efficient.
Mechanistically, the binding of ligands activates downstream calcium signal-
ing, subsequently modulating ciliary redox signals. This process ultimately
regulates the beating direction of cilia, governing the coordinated movement
of the organism. Our findings not only highlight the enduring presence of
adrenergic signaling in stress responses during evolution but also underscore
the importance of early metazoan expansion of GPCR families. This amplifi-

cation empowers us with the ability to sense external cues and modulate
cellular communication effectively.

In single-celled organisms (such as protozoa), the movements often
rely on either the beating of motile cilia (ciliates) or the organization of
pseudopodia (Amoebae). Communication between individuals is
relatively less extensive in these cases. In contrast, all the cells are
present in a precisely controlled microenvironment in the multicellular
organisms and each one needs to detect and respond to cues from
their environment. These cues, or cell signals, are generated through
cell-cell communication, which is not only essential for the proper
functioning of individual cells but also allows the coordinated cellular
behavior among groups of cells'”. In vertebrates, the nervous system
typically controls coordinated cellular behaviors, such as locomotion.
It remains an enigma of how coordinated cellular behavior is regulated
in the basal metazoan before the successful evolution of the central

nervous system or even neurons, which will certainly help us to find
clues of how multicellular organisms evolved from a group of single-
celled organisms.

The emergence of the nervous system marks a significant mile-
stone in the evolutionary history of life**. Traditionally, four phyla
(Placozoa, Porifera, Cnidaria, and Ctenophora) are classified as early
diverging metazoans (Fig. 1A). Recent chromosome and gene linkage
analyses have revealed that ctenophores are the sister group to all
other animals®”. Interestingly, ctenophores evolved a unique nerve net
that is fundamentally different from the nervous networks found in
cnidarians and bilaterians. It is hypothesized that the nervous system
may have evolved independently in ctenophores and cnidarians/
bilaterians®'°. Noticeably, both Placozoa and Porifera lack neurons,
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and some researchers propose that the neural cell types may have
been lost during evolution*". Remarkably, despite lacking neurons,
both Placozoa and Porifera demonstrate complex behaviors under
specific conditions. For instance, sponges exhibit “deflation” move-
ments upon sensing amino acids", while the placozoan Trichoplax

exhibits social feeding behavior®.
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Trichoplax adhaerens, the first identified species within the phy-
lum Placozoa, possesses one of the simplest known body plans'>, It is
primarily composed of six distinct cell types, including an upper and
lower layer of ciliated epithelial cells and a middle layer of fiber cells
that form connections with multiple cells (Fig. 1B)**. Among the six cell
types, lipophilic cells and gland cells play important roles as secretory
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Fig. 1| Coordinated and uncoordinated cellular movement in Trichoplax.

A Phylogenetic tree of the main animal groups and GPCR family classification of
pre-bilaterian animals. The number of receptors in each family of GPCRs is shown
on the right”=’, Brown: Rhodopsin family; Yellow, Adhesion family; Green, Gluta-
mate family; Blue, Frizzled family. B Diagram showing the structure of Trichoplax.
SS, shiny sphere; EC, epithelial cell; GC, gland cell; CC, Crystal cell; LC, lipophilic
cell; FC, fiber cell. C Representative images showing different morphology of the
same individual stained with bright cresol blue and neutral red at three distinct
regions. The movement of this individual was shown in Supplementary Movie 1.
D Phenotypic diversity of Trichoplax adhaerens. E Chemotaxis analysis of Tricho-
plax. The left image shows the initial distribution of approximately 20 individuals in

the 5 mm petri dish. The right image shows the accumulation of Trichoplax (arrows)
near the algae food 72 h later, N=3 independent experiments. F Representative
images showing the synchronized crinkling and flattening morphology of three
individuals when they encounter each other. Their movements are shown in Sup-
plementary Movie 2. G Frequency of feeding behavior of Trichoplax cultured in less
or extra food conditions. “Single” indicates that each individual was cultured
separately, while “Multiple” refers to groups of animals cultured together. ns, not
significant, Unpaired Mann-Whitney-test. Bottom: percentages of time spent in
synchronized versus asynchronized feeding behavior among animals cultured
together. N =3 independent experiments. Source data are provided as a Source
Data file. 100 pm in panel (C); 500 um in panel (D) and 1 mm in panel (E and F).

cells, with the ability to release lipophilic granules and enzymes that
aid in the external digestion of algae'®"”. Another noteworthy cell type
is the crystal cells, which contain calcium carbonate crystals and are
believed to have gravity-sensing capabilities's.

In addition, Trichoplax harbors other unidentified functional cells,
including those characterized by shiny spheres (Fig. 1B)". It is con-
ceivable that Trichoplax may possess additional cell types that require
further investigation'*'>?, For instance, a recent study with phyloge-
netics and comparative single-cell genomics shows that even the
peptidergic gland cells contain multiple sub-cell types capable of
expressing genes associated with neuronal pre-synaptic activity,
reminding the key events in neuronal development®.

One of the typical features of Trichoplax is the lack of a nervous
system, resulting in different parts of the animals moving relatively
independently. Interestingly, Trichoplax also demonstrates coordi-
nated cellular movement, and this coordination gradually decreases as
the animals grow in size. This suggests an intriguing trade-off between
cell movement and body size”. Coordinated cell movement is essential
in certain situations. For example, when searching for food, Trichoplax
exhibits chemotaxis, where all its cells can coordinate their movement
towards the food source”**. The feeding behavior may be regulated by
peptidergic signaling, as treatments of Trichoplax with several pep-
tides can induce the contractility and movements of the animals,
resembling feeding behavior”>**. Moreover, the epithelial cells dis-
play ultrafast contractility, which may facilitate both locomotion and
feeding”. It remains an enigma how cells coordinate with each other
during synchronized movement in Trichoplax.

In this study, through screening compounds targeting GPCR
proteins, we demonstrated that epinephrine, a neurotransmitter
commonly associated with the fight-or-flight response in vertebrates,
participates in the regulation of coordinated cell movement in animals.
Despite the absence of conventional neural systems, Trichoplax intri-
guingly employs a unique signaling pathway downstream of epi-
nephrine to govern synchronized cellular motions effectively. Our
findings not only highlight the evolutionarily conserved role of epi-
nephrine in stress responses of the metazoans but also reveal distinct
regulatory mechanisms at play.

Results
Trichoplax exhibits both coordinated and uncoordinated cel-
lular movements
Although Trichoplax is a simple organism mainly consisting of two thin
layers of cells, it exhibits remarkably dynamic and complex cellular
movements. To provide a clearer depiction of this phenomenon, we
randomly marked three regions of the organism, allowing us to
monitor gross morphology over time. Notably, in addition to overall
changes, the shape of each labeled region can readily shift, implying
that these three labeled regions constantly manifest distinct move-
ment patterns (Fig. 1C and Supplementary Movie 1). Consequently,
each part of the organism can move relatively independently, leading
to the formation of diverse morphologies (Fig. 1D).

Intriguingly, Trichoplax also demonstrates synchronized cellular
movement. For instance, as previously reported, these organisms

exhibit a pronounced tendency to move toward food sources™*.
When placed randomly in the culture dishes, around 35% of the ani-
mals (n=60) accumulated on the algal agarose located in the central
region 72 hours later (Fig. 1E). Interestingly, when multiple individuals
encounter one another, they display synchronized feeding behaviors
characterized by alternating flattening and crinkling motions (Fig. 1F, G
and Supplementary Movie 2). Noticeably, these behaviors are syn-
chronized only when two animals are in close proximity and become
asynchronous once they separate (Supplementary Movie 2). In addi-
tion, the feeding frequency remains similar between single and
grouped individuals, but it significantly changed with the amount of
food supplied (Fig. 1G). Overall, these findings suggest that coordi-
nated and synchronized cellular movements occur both within indi-
vidual Trichoplax and among different individuals. This raises the
question: how do these organisms regulate coordinated cellular
movement in the absence of a nervous system?

Response of Trichoplax to different compounds

targeting GPCRs

The coordinated cellular movements require the communication
between diverse cells. In vertebrates, GPCRs are essential molecules
that play a large variety of functions during cell communication.
Interestingly, while GPCRs are rarely observed in single-celled organ-
isms, they exhibit significant expansion in the basal metazoans,
particularly within the rhodopsin GPCR family (Fig. 1A). It is plausible
that these GPCRs fulfill important roles in cell-cell communication
with the evolution of multicellular organisms. Considering this, we
performed a small compound library screening with 348 compounds
targeting GPCRs.

By adding these compounds directly into the medium containing
Trichoplax and following with behavior analyses, we observed five
types of behaviors after treatments (Fig. 2). About 87 compounds had
no detectable effects on the movement of Trichoplax (Type |, Fig. 2).
Most of the compounds (196 out of 348) induced the initial crinkling at
2 min after treatments, while the animals changed to normal move-
ments shortly (Type Il, Fig. 2). Treatments of 24 compounds resulted in
final death of the animals (Type IlI, Fig. 2). Some compounds caused
rounding of the animals without clearly movement (Type IV, Fig. 2).
Interestingly, we found 17 compounds caused animal rounding and
then followed by in situ rotational movements (Type V, Fig. 2). Strik-
ingly, most of these 17 compounds are listed as targeting compounds
for the adrenergic receptors (Supplementary Data 1).

Rotational movement of Trichoplax after epinephrine
treatments

The screening results suggested that adrenergic signals may partici-
pate in the regulation of rotational movements of Trichoplax, pro-
moting us to further test the role of epinephrine on placozoa
movements. We introduced epinephrine directly to the culture med-
ium containing Trichoplax. Following the treatment, the animals were
transiently crinkled and then exhibited a nearly circular shape at
~2.5mins post-treatment (Fig. 3A, B and Supplementary Movie 3). We
observed sustained rotational movement in the treated animals for an
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Fig. 2 | Small molecular screening in Trichoplax. A Screening results showing the
typical phenotype and compounds in each group. The relative number of com-
pounds in each group is shown on the right. B Representative images showing the

phenotypes of the animals treated with different types of drugs at different time
points as indicated. Time, min: sec. Scale bars, 100 pm.

extended duration ranging from several minutes to over one hour.
Further analysis on circularity and surface area showed that the ani-
mals changed their shapes from irregular to circular after treatments
(Fig. 3C). Moreover, the trajectories of the individual cells on the edge
sides of the organisms exhibited a circular movement pattern, in
contrast to the random pattern observed in control animals (Fig. 3D).
The rhythmic circular movement was further demonstrated by mea-
suring the angles of the animals, which showed that the epinephrine
treatment caused the rotational movements of the animals at a fre-
quency of ~ 2 Hz (2 rotations per minute) (Fig. 3E). The average velocity
of individual cells, as measured by the moving distance of the edge,
was also significantly increased after treatment (Fig. 3F). Finally, we
recorded the trajectories of the animals during a one-hour treatment
with a lower concentration of epinephrine, which showed that the
treated groups displayed a tendency towards localized circular
movement (Fig. 3G). Together, these results confirmed our screening
results and demonstrated that epinephrine treatments can cause
rotational locomotion of Trichoplax.

Epinephrine is a small-molecule neurotransmitter that is widely
utilized in vertebrates. With the emergence of multicellular animals,
small molecule neurotransmitters have also evolved to mediate cell-
cell communication®®*. For example, nitric oxide (NO) has been
shown to regulate cilia activity in ctenophores, while L-glutamate,
glycine, and GABA are involved in regulating feeding behavior in
placozoa®*?. We further asked whether the rotational movement
observed in Trichoplax is a specific effect of epinephrine or a general
response to neurotransmitter stimulation. To address this, we further

treated Trichoplax with several small molecule neurotransmitters,
including Glycine, Serotonin (5-HT), Histamine, Acetylcholine (Ach),
Tyramine, GABA, and Dopamine. Treatments with Tyramine, Hista-
mine, or 5-HT caused crinkling of the placozoa, and prolonged expo-
sure or high concentration of these neurotransmitters ultimately led to
animal death (Supplementary Fig. 1, Supplementary Movies 4 and
Supplementary Data 2). In contrast, incubation with Glycine, Ach, or
GABA had minimal effects on the animal’s shape (Supplementary Fig. 2,
Supplementary Movies 5 and Supplementary Data 2).

As previously reported, the higher concentration of glycine
(10 mM/L) also resulted in animal death®. Interestingly, dopamine
treatment caused the animals to assume a rounded shape (Supple-
mentary Fig. 2D and Supplementary Movie 5). We further treated the
animals with octopamine, a common catecholamine frequently used in
invertebrates®. The treated animals did not exhibit any noticeable
rotational movements (Supplementary Fig. 3). Altogether, none of these
neurotransmitter treatments induced rotational movement in the pla-
cozoa (Summarized in Supplementary Data 2). In contrast, treatments
with epinephrine analogs such as Isoprenaline and Methoxamine can
induce rotational movements (Supplementary Fig. 3 and Supplemen-
tary Movies 6). These results provide strong evidence that the rotational
behaviors exhibited by the animals are specific responses to epinephr-
ine signals, distinguishing them from other neurotransmitters.

Identification of potential adrenergic receptors in Trichoplax
We hypothesize that epinephrine is more likely to regulate coordi-
nated cilia beating via the adrenergic receptors. By searching the
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F Velocity of individual cells in the animals of ASW or epinephrine treated groups.
Data are presented as mean + SE, N =3 independent experiments. Unpaired Mann-
Whitney-test. Source data are provided as a Source Data file. G Motion trajectories
of the animals treated with ASW or low concentration of epinephrine for one hour.
Scale bars, 100pm.

T. adhaerens genome, we identified six candidate adrenergic receptor-
like proteins, and homologs of these receptors were also present in
other basal metazoans (Supplementary Fig. 4). By plotting several
published RNA-seq transcriptome database® 3, we found that
Tad 60482 and Tad 60646 exhibited relatively higher expression level
in Trichoplax (Supplementary Fig. 5A). Further real-time quantitative
PCR (qPCR) analysis proved that Tad 60482, Tad 60646, Tad 3759 and
Tad 61720 are expressed at a higher level than other genes in Tricho-
plax (Fig. 4A).

Next, we conducted RNA interference (RNAi) experiments tar-
geting each of these genes. We applied a gene knockdown strategy
based on spike silica nanoparticles (SSN)-mediated RNAi approach®-°,
These silica nanoparticles contain virus-mimetic spikes that are posi-
tively charged. Upon incubation with siRNA/shRNA, these spikes have
the ability to bind to siRNA/shRNA molecules and facilitate their
transportation into cells through docking and endocytosis, resembling
the mechanism employed by coronaviruses (Supplementary Fig. 5B)*.
With this approach, we were able to knockdown the expression of
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these adrenergic receptor-like genes (Fig. 4B). With the exception of
Tad 60646, the expression levels of Tad 60482, Tad 3759 and
Tad 61720 showed significant downregulation in the treated groups
(Fig. 4B). Subsequently, we treated the knockdown groups with epi-
nephrine and observed that the rotational movement was largely
preserved in the Tad 60646, Tad 3759 and Tad 61720 knockdown
groups (Supplementary Fig. 5C). Interestingly, the rotational move-
ment was significantly diminished when gene Tad 60482 was knocked
down (Fig. 4C-E).

Notably, the circularity of the Tad 60482 knockdown animals
resembled that of the untreated control, in contrast to the increased
circularity observed in the other groups (Fig. 4D and Supplementary
Fig. 5C). Furthermore, we performed a knockdown analysis of
Tad 60482 using a commercial transfection reagent, FUGENE6, which
has been successfully used for gene silencing in placozoa®. Similarly,
the rotational movement upon epinephrine treatment was greatly
inhibited in the knockdown animals (Supplementary Fig. 5D-F). Thus,
both gene silencing methods suggest that Tad 60482 encodes the
major receptors for epinephrine signaling in Trichoplax.

To explore which cell types are capable of expressing the
Tad 60482 gene, we plotted a recently published single-cell tran-
scriptome database”. The results indicated that Tad 60482 exhibited a
broad expression profile across various cell types, encompassing
lipophilic cells, gland cells, and epithelial cells (Fig. 4F, G). The wide
expression pattern of this adrenergic receptor was further validated
through in situ hybridization of Tad 60482 (Fig. 4H). Thus, while we

cannot completely exclude the involvement of other potential recep-
tors, including Tad 60646, our findings strongly suggest that
Tad 60482 plays a significant role in the regulation of rotational
movement in Trichoplax following epinephrine treatments.

Calcium and redox signaling function downstream of adrenergic
receptors to regulate coordinated ciliary movement

We aimed to identify the primary signaling pathway that controls the
epinephrine-regulated rotational movements. In vertebrates, calcium
and cAMP are two major intracellular signals that regulate cellular
physiology downstream of adrenergic receptors. To investigate their
potential involvement, we first examined the effects of Forskolin and
Caffeine, two commonly used cAMP-elevating drugs in vertebrates, on
the movement of Trichoplax. Upon treatment, the animals either dis-
played no response or exhibited crinkling at high concentrations of
these chemicals (Supplementary Fig. 6A, B, and Supplementary
Movies 7). Furthermore, supplementing the medium with cAMP had
no impact on the movement of the organisms (Supplementary Fig. 6C
and Supplementary Movie 7).

Next, we incubated Trichoplax in seawater with low concentra-
tions of calcium and magnesium. After short-term incubation, the
organisms’ movement slowed down while still maintaining their reg-
ular shape. Strikingly, the rotational movement of the animals was
completely blocked after epinephrine treatments (Supplementary
Fig. 7 and Supplementary Movies 8). Similarly, the use of EGTA to
chelate intracellular calcium ions also resulted in the blockade of
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epinephrine-regulated rotational movements (Fig. 5SA-C and Supple-
mentary Movies 8). Altogether, although we cannot exclude the
involvement of cCAMP in the rotational movements due to the potential
non-functionality of Forskolin and Caffeine, our findings suggest that
calcium signaling plays a vital role in regulating rotational movements
in Trichoplax following epinephrine treatments.

Being a basal metazoan without muscle and neuronal cells, the
placozoa moves primarily by means of cilia in the ventral epithelia
(Fig. 1B). Using high-speed video microscopy, we further analyzed the
ciliary beating pattern. In the absence of epinephrine, the cilia typically
exhibited beating patterns in various directions, corresponding to the
random movements observed in the animals (Fig. 5D, E and Supple-
mentary Movie 9). In contrast, following the rotational movements of
the animal after treatments, most cilia beat in the same direction
(Fig. 5D, E and Supplementary Movie 9). These results suggested that
epinephrine treatments can regulate the beating direction of cilia, thus
the movement of Trichoplax. We have shown previously that redox
signals are essential for the coordinated movements of cilia in both
Chlamydomonas and zebrafish®,

To further investigate the requirement of redox signals for the
coordinated ciliary beating in the placozoa, we treated the animals
with several compounds regulating the redox signaling pathway.
Although treatments with oxidants such as T-booth and hydrogen
peroxide did not elicit a noticeable response in the movements of the
animals at lower concentrations, these treatments were able to com-
pletely inhibit the rotational movements induced by epinephrine
activation (Supplementary Fig. 8A). Similarly, increasing the reduced
state using compounds like Tempol or dithiothreitol (DTT) also
inhibited the epinephrine-regulated rotational movements (Supple-
mentary Fig. 8A).

The redox state of the cilia is at least partially regulated by CYB5D1
protein through its heme binding activity*. We found placozoa also
possesses a CYB5D1 homolog with a high degree of conservation
(Supplementary Fig. 8B). Knockdown of Tad cyb5dl has relatively
minor effects on the movement of Trichoplax, while the rotational
effects of epinephrine treatments were significantly diminished in
these knockdown animals (Fig. 5SF-1 and Supplementary Movie 10).
Together, these data demonstrated that calcium and ciliary redox
signaling mediated the epinephrine-induced coordinated cellular
movement in Trichoplax.

Evolutionary conserved roles of epinephrine in placozoa
Finally, we sought to determine the physiological functions of the
coordinated cilia beating upon epinephrine treatments. We first
examined whether endogenous epinephrine signals were indeed pre-
sent in Trichoplax. By enzyme-linked immunosorbent assay (ELISA), we
confirmed that adrenergic signals are present in the cellular lysis of
Trichoplax to activate alpha-adrenergic receptors (Fig. 6A). In humans,
epinephrine is a well-known hormone involved in the body’s stress
response. We postulated that epinephrine may play similar roles in
Trichoplax. To test this hypothesis, we designed an electric shock
device by putting the positive and negative electrodes next to the
animals (Fig. 6B). By giving a small amount of shock, we noticed that
the animals initially displayed rotational movements and then gradu-
ally moved away from the shock center, similar to those treated with
low concentrations of epinephrine. (Figs. 6C, D, 3G and Supplementary
Movie 11). Notably, the concentration of adrenergic signals was sig-
nificantly increased after electric shock (Fig. 6E). These results suggest
that adrenergic signals are released in response to electric shock,
directing the animals to exhibit negative taxi behavior.

The rotational movement of the animals following epinephrine
treatments could be attributed to the direct addition of epinephrine to
the culture medium, saturating the surrounding environment with
epinephrine signals. Notably, when we introduced a small quantity of
epinephrine exclusively to one side of the animal, we observed a rapid

negative taxi behavior from the injection area (Fig. 6F and Supple-
mentary Movie 12). These findings strongly support the notion that the
basal metazoan Trichoplax may employ epinephrine as a negative taxi
signal to modulate their cellular behavior, similar to the role of epi-
nephrine in stress responses of vertebrates.

Treatment of unicellular organisms with epinephrine

Since epinephrine can regulate the negative taxis behavior of placo-
zoa, we further asked whether epinephrine can also regulate the
swimming behavior in single-celled organisms. We examined the
effects of epinephrine on the swimming of Euplotes vannus, one of the
most complicated ciliated protozoan®. Upon epinephrine treatments,
the swimming pattern remained unchanged (Supplementary Fig. 9A).
Similarly, the swimming behavior of the unicellular green alga Chla-
mydomonas reinhardtii also showed no response to epinephrine sig-
nals (Supplementary Fig. 9B, C). By searching the genomes of E. vannus
and C. reinhardtii, we failed to find any conventional adrenergic
receptors. Choanoflagellates are among the closest unicellular rela-
tives of metazoans. Similarly, no adrenergic receptor-like genes are
present in the genomes of choanoflagellates. Thus, the roles of epi-
nephrine signals during stress response are more likely to be func-
tional in metazoans.

Discussion

As one of the basal multicellular animals, placozoans lack distinct
organs, tissues, or specialized cell types such as neurons or muscles.
The cells within these animals appear to have less interconnection, and
each cell is capable of movement through simple contractile
mechanisms or by using cilia. This individual cell mobility allows the
entire animal to exhibit diverse shapes (Fig. 1D). Intriguingly, under
specific conditions like locating a food source, all the cells in the
organism can move collectively in a coordinated manner. This sug-
gests the presence of a mechanism regulating cell-cell communication
to enable such coordinated movements.

In vertebrates, GPCRs play a crucial role in facilitating cell-cell
communication, enabling cells to perceive and respond to signals from
their extracellular environment. Throughout the course of evolution,
from single-celled organisms to multicellular organisms, the GPCR
family has undergone significant expansion, concomitant with the
evolution of intricate cellular communication mechanisms in multi-
cellular organisms. Considering this, we performed behavioral analysis
on Trichoplax by screening a GPCR small compound library. Notably,
these small compounds were originally designed to target GPCRs in
vertebrates. Due to the structural differences between vertebrate and
placozoan GPCRs, many compounds were likely to have minimal or no
effects on the animals’ movements, which was confirmed by our
screening results.

Interestingly, our results demonstrated that epinephrine signals
are at least conserved in regulating coordinated cellular movements in
this nerveless animal. Treating Trichoplax with epinephrine induced
rotational movement, which could be blocked by knocking down one
of the adrenergic receptors. We further showed that calcium and
redox signals are also involved in the regulation of rotational move-
ment downstream of adrenergic receptors. Although we cannot rule
out the possibility of epinephrine binding to non-adrenergic receptors,
our data suggest the presence of an adrenergic signaling pathway in
Trichoplax. Ligand binding to adrenergic receptors likely enhances
intracellular calcium levels, which subsequently modulate ciliary
beating through the mediation of redox signals (Fig. 6G). Despite the
absence of neuron synapses, the placozoa can still use neuro-
transmitters such as epinephrine to regulate cell-cell communication
directly.

Strikingly, the function of epinephrine signals appears to
be exclusive to metazoans, given that unicellular organisms like
Euplotes, Chlamydomonas, and even choanoflagellates lack the
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Fig. 6 | Adrenergic signals regulate negative taxi behavior in Trichoplax.

A Detection of adrenergic signals through ELISA analysis. PBS solution was used as a
negative control, while zebrafish brain extracts were used as a positive control.
R.salina: Rhodamonas salina, P.caudatum, Paramecium caudatum, E.vannus,
Euplotes vannus. two-tailed Unpaired ¢ test. B A homemade device for electrical
stimulation of Trichoplax. C, D The morphology and motion trajectories of Tri-
choplax after electric stimulation. E ELISA analysis shows the increased con-
centration of adrenergic signals after electric stimulation. Unpaired Mann-Whitney-
test. F Time-lapse images showing the negative taxi behavior following local

epinephrine stimulation. G A proposed signaling pathway downstream of adre-
nergic signals regulating negative taxis in Trichoplax. H Expression analysis of
genes that are potentially involved in the synthesis of adrenergic signals. The top
panels show the clusters of different cell types from scRNA-seq analysis in different
haplotypes of Trichoplax as indicated. The bottom panels show relative gene
expression levels in different clusters. The expression of the following genes (H1)
was plotted: PAH/TH_like: Tad 32954; DDC likel: Tad 31153; DDC like2: Tad 60611;
DBH _likel: Tad 55459; DBH _like2: Tad 55460. The homologous genes in other
strains were identified using BLAST search. Scale bars, 100pm.

conventional adrenergic receptors. In contrast, homologs to adre-
nergic receptors are present in the genomes of ctenophores and
poriferans (Supplementary Fig. 4). It will be interesting to test the
effects of epinephrine on the behavior of these basal metazoans.
Taken together, our data suggest that the expansion of the GPCR
family represents a pivotal breakthrough for multicellular organisms
in their endeavor to orchestrate effective cell-cell communication
mechanisms.

In addition, it is intriguing to elucidate which specific cell types
within Trichoplax possess the ability to secrete adrenergic signals.
Through exploration of the Trichoplax genome, we identified several
genes implicated in the synthesis of monoamine neurotransmitters,
notably phenylalanine hydroxylase (PAH), dopa decarboxylase (DDC),
and dopamine hydroxylases (DBH)-like genes (Supplementary Fig. 10).
Remarkably, upon plotting several published single-cell tran-
scriptomes across various haplotypes of placozoa (H1, H2, H13, and
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H23)*°, we unveiled a significant enrichment of these genes in fiber
cells (Fig. 6H). This unique cell type, characterized by multiple axon-
like processes and interactions with other cell types, is involved in the
regulation of animal contractility and innate immunity (Fig. 1B)*. The
noteworthy expression of these genes in fiber cells strongly suggests
the potential capability to secrete adrenergic signals, thereby reg-
ulating cell-cell coordination and animal movements. It remains
unclear how fiber cells secrete adrenergic signals to their surround-
ing cells.

Genomic analysis suggests that essential components for tight
junctions are not present in the Trichoplax genome, and active zones
similar to those in synapses may not form in placozoa”*’. Several
recent studies suggest that many cells can send signaling molecules
directly to their target cells via a novel filopodium-based structure
named cytoneme***, A notable feature of fiber cells is the presence of
multiple long filopodia connecting neighboring cells (Fig. 1B). It is
possible that these adrenergic signals are secreted to target cells via
this structure. Actually, essential components for vesicle secretion,
including SNAP25 and Synaptotagmin, are expressed in fiber cells
(single cell analysis)™. Further investigation will be needed to elucidate
the underlying mechanism.

Finally, the formation of the monoaminergic system has long been
recognized as an innovation for bilaterians”’. Moreover, Trichoplax
lacks tyrosine hydroxylase (TH), a pivotal enzyme in catecholamine
synthesis”?. In contrast, our ELISA results intriguingly revealed the
presence of bioactive molecules in Trichoplax capable of activating
adrenergic receptors. We think this molecule belongs to the epi-
nephrine or epinephrine-like transmitter category, while the exact
chemical composition of this molecule remains unknown. The
unknown structure of this molecule may explain why regular mass
spectrometry methods failed to detect the presence of monoamine in
basal metazoans®.

This also raises the possibility of the existence of non-
canonical or specific enzymes responsible for synthesizing these
molecules in basal animals. Moreover, it remains unknown whe-
ther this non-canonical pathway is due to convergent evolution
specific to placozoa or is also present in other basal metazoans.
Interestingly, despite the absence of the TH enzyme, several
studies have documented the presence of monoamine molecules
in cnidarians*®™*2, The synthesis pathway of these monoamines in
basal metazoans requires further investigation.

In summary, our findings from both local delivery and electric
shock experiments strongly support the notion that epinephrine sig-
nals can regulate the negative taxi behavior of placozoa, akin to their
role as fight-or-flight neurotransmitters in humans. The expansion of
GPCR families has bestowed multicellular organisms with remarkable
capabilities to perceive external signals and modulate cell-cell com-
munication, representing a significant advancement in their evolu-
tionary development.

Methods

Ethics statement

This study involved the use of single-cell organisms and Trichoplax
adhaerens, which are not subject to animal welfare regulations because
they lack complex nervous systems. All zebrafish studies were con-
ducted according to standard animal guidelines and approved by the
Animal Care Committee of the Ocean University of China
(OUC2012316).

Animals

Trichoplax adhaerens were obtained from Drs. Leo Buss and Carolyn
L. Smith and maintained in the natural seawater of Qingdao (pH 8.25,
30 ppt). We grew T. adhaerens in glass Petri dishes (200 mm dia-
meter and 30 mm high) with 200 ml of sterilized natural seawater at
constant and controlled temperature (23 °C) and humidity (60%)

with a photoperiod of 14 h/10 h light/dark cycle in an environmental
chamber (Ningbo Jiangnan RXZ-B). T. adhaerens were fed with red
algae (Rhodamonas salina).

Chemotactic analysis

For chemotaxis assays, algae were concentrated by centrifugation and
suspended in low melting-point agarose (~10°cells/10 pL). We drop-
ped 300 L of low-melting-point agarose containing algae in the center
of a5 mm petri dish. After the agar cooled and solidified, 20 mL of ASW
was added. The dish was kept at room temperature for 1-2 hours.
About twenty Trichoplax were placed at varying distances from the
algae pellet in the dish. The temperature was maintained at 25 °C, and
pictures were taken after three days.

Cell movement analysis

We used bright cresol blue and neutral red to label different parts of
the Trichoplax and placed the labeled Trichoplax in 3.5mm petri
dishes. The behavior of the animals was recorded using WT-1000GM
software under a Zeiss stereomicroscope (Stemi 508) equipped with a
CCD camera (Weitu HD200C). Time-lapse images were recorded at
1-second intervals.

Pharmaceutical treatments

The GPCR compound library was purchased from Target Molecule
Corporation (L1500). Thirty minutes prior to treatment, the animals
were transferred from culture Petri dishes to confocal Petri dishes
containing 1 ml of ASW (11 mM CaCl,, 10 mM KCl, 40 mM MgCl,, 15 mM
MgSOy4, 435 mM NaCl, 2.5 mM NaHCO;, 7 mM Tris base and 13 mM Tris-
HCI). Once the animals acclimated to the new environment, we
removed excess liquid, resulting in a volume of 400 pl. Next, we dis-
solved 2.5 pl of each compound in 100 pl of ASW and added them to
the Petri dishes, achieving a final concentration of 50 uM for each
compound. The behavior of the animals was recorded using WT-
1000GM software under a Zeiss stereomicroscope (Stemi 508)
equipped with a CCD camera (Weitu HD200C). Time-lapse images
were recorded for at least 7 min (1 min before adding the sample to
6 min after sampling) at 1-second intervals. The experiments were
repeated at least three times for each drug. For behavioral analysis of
the animals in low concentrations of calcium and magnesium (LCM-
ASW), these experiments were repeated with ASW containing 0.55 mM
Ca? and 2.775mM Mg?" The behavioral analysis of the animals fol-
lowing treatments with various neurotransmitters—glycine, serotonin
(5-HT), histamine, acetylcholine (Ach), tyramine, GABA, and dopamine
—was conducted in a similar manner. In most cases, we treated the
animals with both high and low concentrations (Supplementary
Data 2). The typical concentrations for behavior analysis are as follows:
Epinephrine (60 mM), Supplementary Fig. 1: Tyramine (10 mM), His-
tamine (1mM), 5-HT (10 mM); Supplementary Fig. 2: Glycine(1mM),
Acetylcholine(10 mM), GABA (30 mM) and Dopamine(30 mM); Sup-
plementary Fig. 3 Isoprenaline(100 mM), Methoxamine(10 mM) and
Octopamine(120 mM); Supplementary Fig. 6: Forskolin(1l mM), Caf-
feine (20 mM) or cAMP(0.1 mM).

Behavior analysis

For analyzing the behavior of the animals after drug treatments, we
primarily utilized the ImageJ program. Briefly, the time-lapse sequences
of the Trichoplax movement were imported into the Fiji ImageJ software.
First, we analyzed the area and roundness of the animals. Subsequently,
the animals’ positions and motion paths were determined using the
MTrack2 and Manual Tracking plugins, respectively. The motion angle
was measured using the (PAT-GEOM v1.0) plugin®. The velocity of the
animals was assessed by measuring the distance moved by a fixed cell on
the edge. All behavioral data, including area, roundness, trajectory,
velocity, and angle, were subjected to analysis using GraphPad Prism 9.
All experiments were repeated at least three times.
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Identification of potential adrenergic receptors and genes
involved in monoamine synthesis

For identification of potential adrenergic receptors, we first used the
human adrenergic receptor gene (ID number: P35348/P35368/P25100/
P08913/ P18089/ P18825/ PO8588/ P07550/ P13945) to BLAST candidate
genes within the basal metazoans. This included species such as
Nematostella vectensis (GCF_932526225.1), Amphimedon queenslandica
(GCF_000090795.2), Mnemiopsis leidyi (AGCPOO000000), Trichoplax
adhaerens (ABGPO0000000), Euplotes vannus (EVDB, http://evan.
ciliate.org), Chlamydomonas reinhardtii (GCF_000002595.2), Monosiga
brevicollis (GCF_000002865.3), Salpingoeca_rosetta (GCF_000188695.1).
Genes with BLAST alignment E-values less than le™ were selected as
candidates. We then further BLASTed these hits against the human
genome to eliminate genes whose top five hits did not include adre-
nergic receptor genes. Additionally, we used human Frizzled family
genes, another GPCR family, as the outgroup for phylogenetic analysis.
The protein sequences were aligned using MAFFT**, Mega 11 was used to
construct the maximum likelihood and Bayesian phylogenetic trees.
The Maximum Likelihood Tree’s robustness was tested with 1000
ultrafast bootstrap replicates. Trees were visualized and annotated in
Adobe lllustrator. Similarly, human genes related to monoamine
synthesis, including DBH (ID:NP_000778.3), DDC (ID:NP_000781.2), PAH
(ID:NP_000268.1), and TH (ID:NP_000351.2), were used to blast candi-
date genes within basal metazoans. The identified genes were further
blasted back to the human genome database to eliminate false ortho-
logues. The Maximum Likelihood Tree’s robustness was tested with
1000 ultrafast bootstrap replicates. Finally, the maximum likelihood
method was used to construct the phylogenetic tree.

Fluorescence in situ hybridization

For fluorescence in situ hybridization (FISH) analysis, we used the -
FISH rainbow method as previously discussed®. All the probes and
detection reagents were purchased from Spatial-FISH company (Kit:
SPRFK002001). The sequences for detecting Tad 60482 gene expres-
sion were listed in Supplementary Table 1. Staining images were
acquired with an LSM900 (Zeiss) confocal microscope.

Recording of ciliary movement

The animals were placed in a confocal petri dish filled with 1 ml of ASW.
To label the cilia, a cellmask (Thermo Fisher) was added at a ratio of
1:500. Following a 30-minute incubation period, the medium was
exchanged with fresh seawater, and incubation continued for an
additional 10 min. The ciliary beating was then recorded using a
spinning-disk confocal imaging system (Andor). Cilia movement was
captured at a rate of 50 frames per second, and playback was set at 15
frames per second. Image processing was performed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA). For each
cilium, the beating direction was analyzed frame-by-frame, and the
results were graphed using Adobe Illustrator.

Gene knockdown strategy

For gene knockdown analysis, we employed a short hairpin RNAs
(shRNAs) mediated knockdown approach. Initially, approximately
30 animals were selected from the culture medium and incubated
in fresh seawater for 2h. These animals were subsequently
transferred into a 24-well plate, with each well containing
approximately 390 pl of seawater. Around 2-4 pg of shRNA (single
or mixture of three targeting shRNA) were then incubated with
10 pl of 10 pg/pl homemade spike silica nanoparticles (SSN) for
15 min at room temperature. Afterward, the mixture was added to
each well containing the animals and incubated for 24 hours in
darkness. Following the incubation period, the animals were
transferred back into regular seawater and fed with algae for
another 6 to 12 hours. Subsequently, either qPCR analysis or drug
treatment experiments were performed. In some instances, we

extended the incubation time of SSN, which led to an improve-
ment in the transfection efficiency. The design and synthesis of
shRNA were conducted as previously described®, and sequences
were listed in Supplementary Table 2.

For FUGENE®6 transfection experiments, 6 1l FUGENE6 (Promega)
was mixed with 2-4 pg shRNA at RT for 15 min before transfection, The
other conditions were similar to the above SSN transfection experiment.

Gene expression analysis

Total RNA was isolated using RNA isolation Kit-BOX2 (Vazyme) from
around 20 animals. Reverse transcription was performed using the
HiScript IlI 1st Strand cDNA Synthesis Kit (Vazyme), and the ChamQ
Universal SYBR qPCR Master Mix (Vazyme) was used to monitor DNA
synthesis. The expression of the Trichoplax efla gene (Tad
XP_002117044.1) was used as an internal control. Each experiment was
repeated at least three times.

Electric shock and ELISA experiment

To test Trichoplax’s response to electrical stimulation, we developed a
homemade device. This device utilized the Arduino UNO R3 micro-
controller to generate a stable rectangular pulse with a specific dura-
tion and duty cycle. The pulse duration and delay were set to 50 ms
through a program that continuously cycled on the controller. To
control the voltage of electrical stimulation at ~100 mV, we employed
a potentiometer as a voltage divider. Metal electrodes were then
positioned on both sides of the Trichoplax, maintaining a distance of
around 1mm. For the control group, the electrodes remained dis-
connected from the controller. The process of behavior recording was
similar to the one mentioned earlier.

Regarding ELISA analysis, we collected six batches of 80 indivi-
duals in each group. Epinephrine content was measured using an
epinephrine alpha-receptor ELISA kit from MLbio (ML485270V). We
also utilized PBS, Rhodamonas salina (food of Trichoplax), Para-
mecium caudatum, and Euplotes vannus as negative controls and
zebrafish brain extracts as positive controls. For brain dissection, adult
zebrafish were first euthanized using tricaine in ice-cold water, and
then their skulls were removed with tweezers in 1X PBS to expose the
brain. The dissected brain tissue was homogenized using ultrasonic
disruption, and the homogenized tissue was stored at —80 °C for
further analysis.

RNA-seq analysis

The scRNA-seq data was downloaded from Mendeley Data: 10.17632/
bbpkbx968s.2. Seurat 5.0.1 was used to cluster cells with the para-
meters (dims = 1:10, resolution = 0.5) after data cleaning in R 4.3.2. The
Uniform Manifold Approximation and Projection (UMAP) method was
then used to visualize clustering distances. Markers were identified
using the FindAllMarkers function and subsequently used for cluster
annotation.

We checked the quality of the RNA-seq reads for each sample
using Fqtrim v0.9.7 and aligned the reads with the reference genome
using STAR v2.7.6a. FeatureCounts was used to report read counts and
transcripts per million (TPM) were calculated using R software.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The reanalysis of the scRNA-seq data and gene phylogenetic trees are
available at Figshare (10.6084/m9.figshare.26798683). Data support-
ing the findings of this work are available within the paper and the
Supplementary Information files/Source Data file. Additional data that
support the findings of this study are also available from the corre-
sponding author upon request. Source data are provided in this paper.
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Code availability

All code to generate the single-cell atlases is available at Figshare
(10.6084/m9.figshare.26798683). Unless otherwise specified, scripts
are based on R version 4.3.2 and Python version 3.2.2.
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