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Glycine as a signaling molecule and chemoattractant in 
Trichoplax (Placozoa): insights into the early evolution of 
neurotransmitters
Daria Y. Romanovaa,b,*, Andreas Heylandc,*, Dosung Sohnd,*,  
Andrea B. Kohnd, Dirk Fasshauera, Frederique Varoqueauxa and  
Leonid L. Morozd,e    

The origin and early evolution of neurotransmitter 
signaling in animals are unclear due to limited comparative 
information, primarily about prebilaterian animals. Here, 
we performed the comparative survey of signal molecules 
in placozoans – the simplest known free-living animals 
without canonical synapses, but with complex behaviors. 
First, using capillary electrophoresis with laser-induced 
fluorescence detection, we performed microchemical 
analyses of transmitter candidates in Trichoplax adhaerens 
– the classical reference species in comparative biology. 
We showed that the endogenous level of glycine (about 
3 mM) was significantly higher than for other candidates 
such as L-glutamate, L-aspartate, or gamma-aminobutyric 
acid. Neither serotonin nor dopamine were detected. 
The absolute glycine concentrations in Trichoplax were 
even higher than we measured in ctenophores (Beroe) 
and cnidarians (Aequorea). We found that at millimolar 
concentrations of glycine (similar to the endogenous 
level), induced muscle-like contractions in free behaving 
animals. But after long incubation (24 h), 10−3 M of 
glycine could induce cytotoxicity and cell dissociation. 
In contrast, micromolar concentrations (10−5–10−4 M) 
increased Trichoplax ciliated locomotion, suggesting that 
glycine might act as an endogenous signal molecule. 

However, we showed than glycine (10−6 M) can also be a 
chemoattractant (a guiding factor for food sources), and 
therefore, act as the exogenous signal. These findings 
provide an evolutionary base for the origin of transmitters 
as a result of the interplay between exogenous and 
endogenous signaling systems early in animal evolution. 
NeuroReport 31: 490–497 Copyright © 2020 Wolters 
Kluwer Health, Inc. All rights reserved.
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Introduction
Understanding the fundamental principles of neural 
organization and deciphering the signaling mechanisms 
in the brain is a substantial challenge [1], which also 
makes the reconstruction of the early evolution of neu-
rotransmitter systems very difficult [2,3]. It is well estab-
lished that nerve cells in bilaterian animals communicate 
at chemical synapses by releasing specific molecules into 
the cleft between them. Various low molecular weight 
transmitters, among them amino acids such as glutamate, 
aspartate or glycine, are being used. These molecules 
bind to specific receptors on the surface of the receiving 
cell and thus transmit the signal. It is unclear when in 
the evolution of animals these endogenous metabolites 
started to be used for signaling. This shifts attention to 
nonbilaterian animals such as cnidarians (polyps and jel-
lyfishes), poriferans (sponges), ctenophores (comb jellies), 

and placozoans as key reference species in this endeavor 
[1,4]. However, little is known about the (neuro)  trans-
mitter organization in these groups of animals.

Cnidarians do have the complement of neurotransmit-
ters, which is generally similar to low-molecular-weight 
chemical neurotransmitters in bilaterians [5,6]. In con-
trast, ctenophores lack most of the canonical neurotrans-
mitter candidates (except glutamate), and independent 
origins of neurons and synapses might explain a remark-
ably different neural organization and signaling in this 
lineage [7,8]. The complement of endogenous intercel-
lular signal molecules in nerveless sponges is ambiguous 
[9], mostly unknown, but pharmacological data show 
that many bilaterian neuroactive molecules can change 
sponge behaviors [10,11]. Thus, low-molecular-weight 
transmitters might be recruited for neuronal functions in 
the common ancestor of Cnidaria and Bilateria [7,12].
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Placozoa, and Trichoplax in particular, is likely the 
most prominent reference species and critical com-
parative neurobiology model [13], sister to the clade 
of Cnidaria+Bilateria [14–16]. These flat, disk-shaped 
organisms have the simplest known organization among 
all free-living animals, with only three cell layers and six 
major cell types [17]. However, Trichoplax shows quite 
complex behaviors [18–20], including social interactions 
[21]. It was suggested that peptides are prominent trans-
mitter candidates in early metazoans [2], and an array 
of peptides as putative signal molecules have been pre-
dicted [22] from the sequenced genome [23]. Some of 
these endogenous peptides are indeed prominent regu-
lators of Trichoplax behaviors and can induce three main 
locomotory patterns [24], which are different modes of 
gliding via ventral cilia.

Nevertheless, we know nothing about low-molecu-
lar-weight transmitters in these animals. Here, using a 
combination of direct microchemical analyses and behav-
ioral assays, we show that glycine is the most abundant 
endogenous molecule, which can act in a concentra-
tion-dependent way to control contractility, activate loco-
motion and be a potential chemical cue for food.

Material and methods
Animal culture
We used three different species of Placozoa: Trichoplax 
adhaerens, H1; Trichoplax sp., H2 [13]; Hoilungia hongkon-
gensis, H13 [25]. We cultured animals in large (15–20 cm) 
glass dishes with 35 ppm artificial seawater (artificial sea-
water [ASW], pH 8.0) at 24 ± 2°C using rice grains as a 
food source, and the detailed protocol has been described 
elsewhere [26]. For experiments, animals (up to 1 mm) 
were transferred to sterile Petri dishes and washed with 
ASW three times. For control comparative microchemical 
tests, we collected ctenophore, Beroe abyssicola, and the 
hydrozoan jellyfish, Aequorea victoria, from plankton at 
Friday Harbor Laboratories (University of Washington). 
These animals were maintained in running seawater at 
ambient temperature before experiments.

Amino acids microanalysis using capillary 
electrophoresis with laser-induced fluorescence 
detection
All protocols were similar to our previous assays 
[7,27,28]. Briefly, the capillary electrophoresis, coupled 
with the ZETALIF detector (Picometrics, France), was 
used for the assay of amino acids. In this work, a heli-
um-cadmium laser (325 nm) from Melles Griot, Inc. 
(Omnichrome Series56, Carlsbad, California, USA) was 
used as the excitation source. All solutions were prepared 
with ultrapure Milli-Q water (Milli-Q filtration system, 
Millipore, Bedford, Massachusetts, USA) to minimize the 
presence of impurities. Borate buffer (30 mM, pH 9.5) was 
used for sample preparation. A 75 mM o-Phthalaldehyde 
(OPA)/β-mercaptoethanol stock solution was prepared by 

dissolving 10 mg of OPA in 100 μL of methanol and mix-
ing with 1 mL of 30 mM borate and 10 μL of β-mercap-
toethanol. Stock solutions (10 mM) of amino acids were 
prepared by dissolving each compound in the borate 
buffer. All experiments were conducted using a 75 cm 
length of 50 μm inner diameter × 360 μm outer diameter 
fused silica capillary (Polymicro Technologies, Arizona, 
USA). A 30 mM borate/30 mM sodium dodecyl sulphate 
electrolyte (adjusted to pH 10.0 with NaOH) was used as 
a separation buffer for amino acid analysis. The precol-
umn derivatization method was used. One microliter of 
OPA was added to a 0.5-mL PCR tube. The total volume 
of the sample, OPA, and internal standard inside the tube 
was 20 μL. For separation steps, the capillary inner wall 
was successively washed with 1 M NaOH, Milli Q water, 
and separation buffer by applying pressure (1900 mbar) 
to the inlet vial. Then, the sample was loaded using elec-
trokinetic injection (8 kV for 12 s). The separation was 
performed under a stable 20 kV voltage at 20°C. In all 
capillary electrophoresis tests, once an electropherogram 
was acquired, peaks were assigned based on the electro-
phoretic mobility of each analyte, and the assignments 
were confirmed by spiking corresponding standards into 
the sample [27,28]. Five-point calibration curves (peak 
area vs. concentration) of analytes were constructed for 
quantification using standard solutions. All chemicals for 
buffers were obtained from Sigma-Aldrich, and standard 
amino acids were purchased from Fluka.

Pharmacological testing and imaging
For experiments, we used animals  ranging from 200 to 
800 µm in size. Before pharmacological tests (unless it is 
specified separately), animals were maintained for 2–5 h 
in sterile Petri dishes with ASW and washed two to three 
times to remove any remains of food traces. Final concen-
trations of glycine (10−3, 10−4, 10−5, 10−6 M) were prepared 
in 35 ppm ASW (pH 8.0), and animals were imaged using 
either stereo or inverted Nikon microscopes. The testing 
of potential chemosensation to glycine was performed as 
described [26]. About 130 individuals were tested, and 
each set of video images was analyzed using ImageJ 
(NIH), calculating for velocity, animal area, and perime-
ter with at least 3–6 replicates.

Results
Endogenous glycine present at micromolar 
concentrations in Trichoplax
In order to search for potential low molecular weight neu-
rotransmitters in T. adhaerens, we performed microchem-
ical analyses of amino acids and other compounds by 
sampling individual animals (200–600 µm in size, Fig. 1a). 
We used capillary electrophoresis, as it is the most direct 
and sensitive technique to quantify endogenous analytes 
with attomole detection limits [29].

Surprisingly, we found that the endogenous level of gly-
cine was higher (2.6–3.1 mM) than any other amino acid 
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measured in T. adhaerens (Fig. 1a and b). We also detected 
gamma-aminobutyric acid (GABA, 50–60 µM) and several 
other metabolites, but no serotonin, dopamine, or octopa-
mine. Both relative and absolute glycine concentrations 
in Trichoplax are even higher than those we measured in 
representatives of two other nonbilaterian lineages with 
nervous systems (Fig. 1a and d): ctenophores (B. abyssi-
cola, Lobata) and cnidarians (A. victoria, Cnidaria). The 
unusually high concentration of glycine suggests that this 
molecule might not only be an intermediate metabolite 
but also serve as an intercellular messenger/transmitter 
in placozoans.

Glycine induced contractions and activation of ciliated 
locomotion in Trichoplax
Ultrasmall sizes of most of the cells in Trichoplax (usually 
less than 5 µm) prevents direct single-cell measurements, 
and therefore, behavioral assays that track the move-
ments of the animals are the predominant pharmacolog-
ical tests for placozoans [24]. Under control conditions 
without food, animals usually maintain steady exploratory 
locomotor activity by gliding over the substrate, which 
is significantly reduced in the presence of food such as 
algae or grains of rice, in agreement with previous obser-
vations [18,21,24,26]. Because the endogenous glycine 

Fig. 1

Electropherograms and endogenous concentration profiling of Trichoplax adhaerens. (a) Electropherograms of Trichoplax and Trichoplax spiked 
with standards. (b) Concentration profile of Trichoplax (n = 5). Electropherograms of the ctenophore Beroe (c) and the hydrozoan jellyfish 
Aequorea (d) showing different patterns of endogenous molecules detected under the same experimental conditions. All samples were loaded 
using electrokinetic injection (8 kV for 12 s) and then analyzed under a stable 20 kV voltage at 20oC in 50 μm ID and 360 μm OD capillary with 
30 mM borate/30 mM SDS, pH 10.0. Identified peaks are marked with relevant analytes. GABA, gamma-aminobutyric acid; ID, inner diameter; i.s., 
internal standard in all cases; OD, outer diameter. See the text for details.
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concentration in Trichoplax is in the millimolar range, we 
applied in a pilot experiment 1 mM glycine (10−3 M) into 
the ASW medium of Petri dishes, where 16 animals of H1 
and nine animals of H2 haplotypes were kept.

In all cases, local application of 1 mM glycine induced 
contractions of the animals immediately after the appli-
cation (Fig. 2a and b); animals reduced the surface area 

of their disk-like body for several minutes and returned 
to their flat shapes and adhered to the substrate in the 
presence of glycine. In further experiments, we noted 
that long-term incubation (overnight or 24 h) of animals 
with 1 mM glycine induced the dissociation of animals 
into smaller fragments or even individual cells (Fig.  2c 
and d). The state might resemble a severe injury. The 

Fig. 2

Glycine (1 mM) induces short-term (several seconds) contractions and folding of Trichoplax (a and b) with subsequent behavioral recovery. 
(c-f) Long-term (24) incubation of animals in the presence of 1 mM glycine leads to fragmentation of animals and cell dissociation. Scale: 100 µm.
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process was irreversible after the washing. It seems that 
prolonged millimolar concentration of glycine can be 
cytotoxic.

In the next set of experiments, we applied lower concen-
trations of glycine to the medium. Micromolar concentra-
tions of glycine induced either one (10−5 M) or two (10−4 
M) contractions of Trichoplax. The contractions usually 
occurred at the peripheral areas of the animals (Fig. 3a) 
in a ring-like manner, after which animals flattened 
(Fig.  3b), increased their locomotion activity and the 
speed of gliding (Fig. 3c and f). All placozoan haplotypes 
(H1, n = 9; H2, n = 64; and H13, n = 9) showed the same 
initial contractive responses and long-term activation of 
gliding.

Glycine as a chemoattractant in Trichoplax
In the presence of food (rice grains or algae), animals 
reduce their movements [18,21], while active locomo-
tion is more prominent in animals deprived of food (as 
in Fig. 3), and it is significantly increased after one day 
of starvation. Active locomotion is perceptible as stochas-
tic-like movements without any particular direction [26] 
and can be described as an exploratory behavior. Fig. 4a 

and b shows that 10−6 M of glycine induced explorato-
ry-like behavior and activate locomotion (n = 33, H2). In 
contrast, to control animals, which are predominantly 
moving close to their algal/food substrate with frequent 
clockwise or anticlockwise rotation (sometimes for more 
than 30–60 mins at the same place), animals significantly 
reduced their rotation patterns and can glide at greater 
distances with different and changeable vectors of their 
movements in the presence of 1 µM glycine.

These observations suggest that Trichoplax might sense 
glycine as an extracellular cue in their microenvironment. 
To test directly that glycine can act as a chemoattract-
ant, we performed experiments with a localized source 
of glycine and compared it with the control (Fig. 4c and 
d). Specifically, we prepared agar embedded with 1 mM 
glycine and placed a small block into the experimental 
arena; the control treatment was agar made with seawa-
ter (Fig. 4a). We then placed individual animals (one by 
one) Trichoplax in the arena and filmed its movement 
over 30 mins using time-lapse photography and quan-
tified their trajectories (Fig.  4). In all trials, Trichoplax 
moved toward the glycine source (Fig.  4a and d). This 
suggests  the role of glycine as a specific chemosensory 

Fig. 3

(a) A view of partially contracted Trichoplax (induced by 100 µM of glycine) with dynamic changes of cell density; the arrow shows a higher density 
of cells at the perimeter of the animal. (b) Relative changes of the surface areas of Trichoplax following application of 100 µM of glycine. 1 – con-
trol; 2 – first contraction (within 10 s); 3 – relaxation (60–100 s); 4 – second contraction (2 mins) with subsequent relaxation and flattering during 
locomotion (5). (c) Glycine (10 µM) activate locomotion (n = 10); (d) the locomotory tracks under control conditions in Petri dishes without food; 
(e) in the presence of 10 mM of glycine.
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Fig. 4

Glycine activates locomotion and exploratory behavior in Trichoplax. (a) Control locomotory tracts of seven animals (indicated by numbers; animal 
positions are at the top). In the presence of algae (Tetraselmis marina, pink dots), animals are closely associated with the food source and have a 
slower speed, dominant rotation patterns, and shorter gliding trajectories. (b) Administration of glycine (1 µM) induces exploratory-like behaviors 
with reduced localized rotation patterns, higher velocity (as in Fig. 3), and longer gliding trajectories around food particles. (c) A representative 
example of the directional movement toward the source of glycine (agar block with 1 mM glycine is shown as a black spot at the left vs. a control 
block of agar; see text for details). (d) The distance to the glycine source (mm on Y axes) is shown as a function of time for all five individuals 
tested. Of note, one of the animals (number 4) was originally positioned closer to the source and was mostly stayed at this location during the 
experiment. The paths were quantified by calculating the distance between the glycine source and the individual (d1) relative to the distance 
between the control source and the individual (d2). Data were normalized by calculating the difference between d1 and d2. Insert shows the 
average distance to the Gly source at 10 mins intervals (n = 5). Scale bar: 2 mm.



Copyright © 2020 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

496  NeuroReport  2020, Vol 31 No 6

molecule capable to induce coordinated and directed 
locomotion in the animal.

Discussion
Using capillary electrophoresis microchemical assays, 
we identified glycine as the most abundant amino acid 
in Trichoplax. This situation is not typical for some other 
nonbilaterian animals. Indeed, by performing the same 
assays on selected ctenophores (Beroe) and cnidarians 
(Aequarea), we found that both relative amount and the 
endogenous concentrations of glycine were lower than 
in Trichoplax. Of note, the concentration of glycine in 
Trichoplax resembles that of that in rat astrocytes (3–6 mM 
glycine) [30]. Moreover, the concentration of glycine in 
the synaptic cleft is estimated to be around 1 mM [31]. 
Thus, the observed glycine concentrations in Trichoplax 
are in a range observed for cells that are known to com-
municate using glycine as a transmitter.

L-glutamate was the most dominant metabolite in Beroe, 
consistent with the proposed role of glutamate as a neu-
romuscular transmitter in ctenophores [7]. In the jelly-
fish Aequorea, both taurine and GABA were dominant 
analytes; it also consistent with the proposed transmitter 
role of these two molecules in Cnidaria and the role of 
taurine as a major osmolyte [32–34]. Our behavioral and 
pharmacological tests suggested that glycine can be an 
endogenous signal molecule in placozoans, involved in 
the control of locomotion, exploratory-like, and feeding 
behaviors.

We noted that glycine could act as a chemoattractant 
[26], and therefore serves as an exogenous signal and 
environmental cue in search of food. These findings pro-
vide interesting insights into the origin of transmitter 
systems as a result of the interplay between exogenous 
and endogenous signaling systems early in animal evolu-
tion and cross-kingdom signaling similarly as described 
during the development of marine larva and metamor-
phosis [35]. For example, the early ecologically relevant 
development of receptors for glycine can be viewed as a 
preadaptation for subsequent recruitment of glycine as 
an endogenous signaling molecule and neurotransmitter.

Our screening of the Trichoplax genome [23] and availa-
ble transcriptomes [9] does not reveal any conventional 
ionotropic glycine receptors. Thus, the observed rela-
tively high sensitivity of contractive (more likely fiber) 
cells and locomotory ciliated cells in Trichoplax might be 
explained either by the presence of orphan G-protein-
coupled receptors, which are abundant in the genome, 
and noncanonical ionotropic receptors. We identified 12 
ionotropic glutamate receptors (iGluR) encoded in the 
Trichoplax genome, and these receptors possess potential 
glycine-binding sites as it was reported for N-methyl-D-
aspartate-like receptors across species [36]. Moreover, it 
was also shown that iGluRs in ctenophores are gated by 
glycine [37]. Thus, their placozoan homologs should be 

expressed in oocytes and studied as potential candidates 
for endogenous glycine-gated receptors. We might also 
hypothesize that initial recruitment of iGluRs toward 
glycine sensing might contribute to evolutionary devel-
opment glycine (neuro)transmitter functions and, even-
tually, specific ionotropic glycine receptors in the course 
of evolution of bilaterian neural systems. In conclusion, 
Trichoplax and related placozoans are attractive and per-
spective model systems to decipher early origins of neu-
ral signaling in Metazoa and mechanisms of recruitments 
of low-molecular-weight transmitters in particular.﻿﻿﻿﻿‍
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