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Gamma-aminobutyric acid (GABA), the major inhibitory 
neurotransmitter in both vertebrates and invertebrates, plays 
a key role in modulation of neuronal activity. GABA activity 

is mediated by two distinct receptors, the ionotropic GABAA and 
the metabotropic GABAB. The GABAA receptor is a chloride ion 
channel that mediates fast synaptic inhibition, while the GABAB 
receptor (GABABR) is a G protein-coupled receptor (GPCR) that 
produces prolonged and slow synaptic inhibition via second mes-
sengers and modulation of calcium (Ca2+) and potassium (K+) 
channels1. GABABR is an obligatory heterodimer comprising 
GABAB1R and GABAB2R subunits2–4. GABA binds to a large Venus 
flytrap (VFT) domain in the extracellular portion of GABAB1R5,6, 
whereas GABAB2R activates the coupled G protein and enhances 
ligand affinity via interactions with GABAB1R4,7–11. During mam-
malian embryonic development, GABABR plays important roles in 
neuronal proliferation, migration and network formation12–15, while 
in adults it inhibits neuronal differentiation and controls stem and 
progenitor cell proliferation16,17.

Although GABAB receptors have been extensively studied in 
mammals, Drosophila and Caenorhabditis elegans18–21, little is known 
of their function in non-bilaterian animals. Cnidaria are the phylo-
genetic sister group to Bilateria and one of the earliest-branching 
metazoan taxa to possess a nervous system22. Other early metazo-
ans, such as Placozoa and Porifera, contain genes related to sensory 
transmission yet lack neurons and synapses, while Ctenophora har-
bour a nervous system of unclear homology to the cnidarian and 
bilaterian systems23–25. Moreover, this lineage is lacking most of the 
classical neurotransmitters found in Bilateria, including GABA26. 
The cnidarian diffuse nervous system contains three primary types 
of neuronal cell: sensory neurons, ganglion neurons and cnidocytes 

(the stinging cells that characterize the phylum)27–30. Their phylo-
genetic position and simple nerve-net structure make Cnidaria an 
attractive model for the exploration of basic neurogenic processes.

Among cnidarians the sea anemone Nematostella vectensis has 
become an important model system, with a published genome30–32. 
During its simple life cycle, an embryo develops into the larval stage 
of a swimming planula, which metamorphoses into a primary polyp 
that eventually gives rise to the mature polyp33. Despite its relatively 
simple body plan, analysis of the Nematostella genome has revealed 
an unexpected complexity and extensive conservation of verte-
brate genomic content and organization32. This similarity is also 
reflected in a conserved neuronal gene repertoire, which includes 
orthologous genes associated with cholinergic, glutamatergic and 
aminergic neurotransmission27,34–37. Genes putatively related to 
GABA signalling were identified in Nematostella using large-scale 
phylogenetic analysis34. GABA itself was shown to accumulate early 
in Nematostella planulae at the aboral pole and in ectodermal neu-
rons36. Nevertheless, the role of GABA during development or in 
neurogenesis is unknown, and the receptors that mediate GABA 
signalling remain uncharacterized.

Here, we identified four putative GABAB1R genes in Nematostella 
containing extracellular domains with a predicted three-dimensional 
(3D) structure similar to mammalian GABAB1R, including con-
served residues that mediate agonist binding. Using baclofen, a clin-
ically employed GABAB1R-specific agonist, we elucidated the role of 
GABA-mediated signalling during early Nematostella development. 
We found that baclofen inhibited neurogenesis, reversibly arresting 
planula-to-polyp transformation. These results suggest a conserved 
role for GABA signalling in the control of neuronal network for-
mation in the sea anemone, and open new avenues for the study 
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of molecular mechanisms underlying basic metamorphic processes 
across evolution.

Results
GABAB receptors play a role in planula-to-polyp transforma-
tion. The morphogenetic transition of Nematostella planulae into 
primary polyps occurs 7–12 days post fertilization (dpf). During 
this transition, the planulae cease active swimming, settle and the 
four tentacle buds elongate. Since GABA was found to accumu-
late in early Nematostella planulae36, we tested the effect of GABA 
on planula-to-polyp transformation. We found that the addition 
of GABA (10−3 M) at 3 dpf, in the early planula stage, prevented 
metamorphosis of >85% of the planulae while about 80% of con-
trol planulae metamorphosed by 8 dpf (Fig. 1a). A lower GABA 
concentration (10−4 M) reduced the rate of metamorphosis but did 
not inhibit the process, probably due to natural GABA degradation  
(Fig. 1a). Arrested planulae continued to develop to the late planula 
stage, developing primary mesenteries, pharynx and initial tentacle 
buds similarly to untreated planulae, but their development was 
much slower (Fig. 1b).

To identify which GABA receptor family is involved in the 
inhibiton of transformation, we tested the effects of GABAAR and 
GABABR agonists. The GABAAR agonist muscimol (10−4 M) dem-
onstrated toxic and lethal effects, preventing further development 
of early planulae, while the GABAB1R agonist baclofen (10−4 M), 
a highly specific stereo-GABAB1R agonist, yielded physiological 
effects similar to GABA but inhibited metamorphosis to a greater 
degree (Fig. 1a). Additionally, CGP-7930, a GABAB2R positive allo-
steric modulator38, prevented metamorphosis in >60% of planulae, 
with affected planulae presenting a morphology similar to that of 
GABA- or baclofen-treated planulae (Fig. 1b). Agonist-treated 
planulae did not transform into primary polyps, their tentacle buds 
did not develop and their body structure, marked by F-actin, dis-
played a pattern similar to that of control (untreated) late planulae 

before metamorphosis (Fig. 1b and Extended Data Fig. 1). Treated 
and control planulae exhibited a similar apical tuft, an organ that 
characterizes the planula stage and is lost during metamorphosis 
(Extended Data Fig. 1). Because oralization and tentacle induction 
are controlled by the Wnt pathway39,40, we tested the expression of 
specific Wnt ligands characterizing the oral pole of Nematostella 
planulae41. We found that expression levels and localization did not 
change following baclofen treatment (Supplementary Fig. 1), sug-
gesting that Wnt ligand expression does not mediated the inhibitory 
effect of GABABR signalling.

The effects of GABA, baclofen and CGP-7930 were revers-
ible—removal of these compounds at 7 dpf restored metamorphosis 
and enabled the planulae to develop into primary polyps (Fig. 1a). 
However, addition of GABABR antagonists such as saclofen, pha-
clofen or CGP 54626 had no detectable effect on planula develop-
ment or metamorphosis rate. These results suggest that a GABABR 
homologue, which is resistant to known antagonists, mediates the 
effect of GABA on planula-to-polyp transformation.

Characterization of Nematostella GABAB receptors. We identified 
eight candidate GABABR homologues in Nematostella (Methods) 
containing the conserved extracellular N-terminal GABA-binding 
VFT domain and the seven transmembrane domains character-
istic of GPCRs42 (Extended Data Fig. 2). However, the intracel-
lular C-terminal domains, which were suggested as non-essential 
for functional GABABR heterodimers42–45, show low similarity in 
Nematostella homologues. This suggests that GABABR C termini 
can differ dramatically between mammals and cnidarians without 
affecting essential functions.

To test whether the identified GABABR homologues exhibit 
neuronal-related expression, we quantified their single-cell expres-
sion by searching the recently published Nematostella cell-type 
expression atlas46 (Supplementary Fig. 3). Indeed, five of the 
homologues (MH194577, MH194579, v1g244104, v1g239821 and 
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Fig. 1 | GABA and a specific GABABR agonist and modulator cause reversible inhibition of Nematostella metamorphosis. a, Percentage of planulae that 
transformed into polyps as a function of time (dpf) in controls (NM (Nematostella medium), DMSO) and in planulae treated with GABA (10−3, 10−4 M), the 
GABAB1R agonist baclofen (10−4 M) or the positive GABAB2R allosteric modulator CGP-7930 (10−5 M). Controls and agonists (circles) were added at 3 dpf. 
At 7 dpf, agonists were removed in half of the samples (rectangles). The results are presented as the average percentage transformation ±s.e.m. Asterisks 
indicate significant differences from the control (P < 0.05, t-test). b, Planula development and metamorphosis under control conditions and following 
treatment with GABA, baclofen or CGP-7930. Note that treated planulae were smaller and failed to metamorphose, whereas control planulae transformed 
into primary polyps as early as 7 dpf. Four days after removal of compounds, planulae recovered and transformed into primary polyps (wash, 11 dpf).  
Scale bar, 100 µm.
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v1g206093) were expressed in neuronal cell clusters, including in 
larval neurons. Conversely, the expression of v1g243252, mainly in 
adult digestive filaments, together with its divergent protein archi-
tecture (Extended Data Fig. 2), suggested that this homologue does 
not mediate the observed phenotypes.

We compared the extracellular domains of Nematostella and 
bilaterian homologues (Fig. 2 and Supplementary Fig. 2). Only four 
sequences presented both the homologous 3D scaffold structure 
and the conserved residues needed for agonist binding, while the 
other four sequences either lacked essential structural and bind-
ing residues or included an insertion predicted to interfere with 
agonist binding. In vertebrate GABAB1R, the extracellular VFT 
domain consists of two lobe-shaped domains (LB1 and LB2) that 
close following ligand binding. This structure is stabilized by two 
conserved disulfide bridges that are essential for GABA binding6. 
MH194577–79, MH355581 and v1g244104 contain correspond-
ing cysteines while v1g239821, v1g206093 and v1g243252 do 
not; the latter are thus predicted not to bind GABA (Fig. 2 and 
Supplementary Fig. 2). Similarly, MH194577–79 and MH355581 
contain residues that are similar to critical GABA-binding-site posi-
tions in human GABAB1R5,6, whereas in v1g244104 an arginine that 
corresponds to Ser153 will interfere with agonist binding, suggest-
ing that v1g244104 will not bind GABA or its analogues (Fig. 2). All 
Nematostella GABABR homologues contain two conserved tyrosine 
residues corresponding to Tyr250 and Glu349 that can support ago-
nist binding (Fig. 2) while His170 is not conserved in Nematostella, 
suggesting that it is dispensable. Taken together, four Nematostella 
homologues (MH194577–79 and MH355581) contain functional 
GABA/baclofen-binding sites, suggesting that they are functional 
GABAB1R homologues.

We also analysed the conservation of GABAB1R residues shown 
to mediate specific antagonist binding to human GABAB1R. Gly64, 
Ser154 and Val159 are conserved in all Nematostella homologues, 
but Ser131 is conserved only in MH194577 and is substituted by 
alanine in MH355581. Residues in Nematostella homologues that 
correspond to Met312 are not conserved, as was the entire LB1 loop 
(Fig. 2). Comparison of the extracellular domain of human GABAB1R 
bound to the antagonist CGP 54626 (ref. 5) with the corresponding 
predicted 3D structure in Nematostella revealed that the first and 
fifth loops in the predicted LB1 are longer than the corresponding  

loops in human GABAB1R (Fig. 3). These loops most probably  
will substantially reduce the binding pocket in Nematostella homo-
logues and, since GABAB1R antagonists are larger than agonists, will 
probably prevent antagonist binding in Nematostella, consistent 
with our results.

To test the roles of the identified GABAB1 receptors, we per-
formed genetic perturbations using a recently published method for 
short hairpin RNA knockdown in Nematostella47,48. We quantified 
the effects of shRNA knockdown by quantitative PCR along planula 
development and metamorphosis at 2–7 dpf. While the RNA lev-
els of the tested genes were initially reduced, by 4 dpf and subse-
quently they had returned to control levels (Supplementary Figs. 4 
and 5), showing that this method is not applicable for genes such as 
GABAB1R that are expressed and function after 4 dpf.

Transcriptome analysis following GABABR activation. To 
identify genes and pathways involved in GABABR signalling 
and baclofen-mediated inhibition of metamorphosis, we took a 
whole-transcriptome RNA-sequencing approach. We analysed 
samples from planulae at different time points (2, 24 and 48 h after 
the addition of baclofen) at 4–6 dpf, just before metamorphosis 

Residues important for agonist and antagonist binding       
Residues important for agonist binding

Residues important only for antagonist binding

Residue predicted to be important for agonist binding

Disulfide bridge

Fig. 2 | Sequence comparison of the extracellular regions in bilaterian and 
putative Nematostella GABAB1R homologues. Identical residues are shaded 
black, and conservatively substituted residues grey. Residues involved 
in both agonist and antagonist binding are shaded red, those involved 
in agonist binding per se are magenta, those predicted to be involved in 
agonist binding are Bordeaux and those involved in antagonist binding 
per se are shaded orange. Cysteines that were shown to form disulfide 
bridges (S) that stabilize the VFT domain and are critical for GABA 
binding (Cys103–129 and Cys259–293) are shaded green. The γ-amino 
group of agonists, including GABA and baclofen, form hydrogen bonds 
with Tyr250 in LB2 and with His170 and Glu349 in LB1. All Nematostella 
GABABR homologues contain a tyrosine residue in the corresponding 
position to Tyr250, and present a conserved tyrosine residue that 3D 
modelling showed could substitute for Glu349. His170 is not found in 
any Nematostella GABAB homologue and is predicted to be dispensable 
for agonist binding. Secondary structure elements of human GABAB1R 
are displayed above the alignment: α-helices are shown as cylinders 
and β-strands as arrows, shaded purple and cyan in the LB1 and LB2 
subdomains of the extracellular VFT domain, respectively. Bilaterian 
sequence accession numbers: human (Hs), NP_068703; rat (Rn), 
AAD19657; mouse (Mm), AAH56990; Drosophila (Dm), AAF53431; C. 
elegans (Ce), ACE63490; and Nematostella (Nv) sequences: Nv_GABAB1a, 
MH194577; Nv_GABAB1b, MH194578; Nv_GABAB1c, MH194579;  
Nv_GABAB1d, MH355581.
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begins (Fig. 4a). Because the effect of baclofen on planulae is revers-
ible (Fig. 1), we also sampled planulae 2 and 24 h after removal of 
baclofen. In all treatments, >10,000 transcripts displayed signifi-
cant yet corresponding changes in expression during development. 
Among these, the expression of 7,543 genes changed similarly 
during planula development (4–6 dpf) in both control and with 
baclofen treatment, while the expression of 3,852 genes changed 
only with baclofen treatment (Supplementary Table 1). To examine 
the effects over time we conducted non-metric multidimensional 
scaling analysis (nMDS) of the transcriptomic data, showing clear 

differences between control and baclofen-treated planulae (Fig. 4b). 
Removal of baclofen had a dramatic effect within 2 h and, after an 
additional 24 h, the transcriptome of washed planulae further dif-
fered from both baclofen-treated and control planulae (Fig. 4b).

To demonstrate the specific effect of baclofen treatment, we 
compared expression at different time points using MA plot (mean 
of normalized counts versus log2 fold changes) analysis (Fig. 4c,d), 
revealing three transcript groups. In the first, expression did not 
significantly differ between control and treated animals. In the  
second and largest group, transcript levels changed significantly 
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Fig. 3 | Three-dimensional visualization of the human and Nematostella GABABR extracellular region bound to baclofen. a, The crystal structure of 
the extracellular VFT domain of the human GABAB1b receptor (PDB ID 4MS4). b, A model of the corresponding extracellular domain in Nematostella 
(GABAB1a MH194577), built with SWISS-MODEL using the human GABAB1bR structure as template. c, The GABA-binding pocket in human GABAB1bR. 
Residues participating in agonist binding are shown as red sticks, baclofen as yellow spheres and disulfide bridges as small green spheres. d, The predicted 
GABA-binding pocket in Nematostella GABAB1aR. Conserved residues corresponding to GABA-binding sites in the human GABAB1bR structure are shown as 
red sticks. Residues His170 and Glu349 in the human protein do not have corresponding residues in the Nematostella binding pocket. A longer loop in the 
Nematostella LB1 subdomain, which contains Met312 and is predicted to prevent binding of human GABAB1bR antagonists, is shaded dark blue.
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during development (at 24 and 48 h) in both groups, suggesting that 
baclofen treatment did not have a general inhibitory effect by inhib-
iting, for example, cell proliferation. The third group contained 
transcripts whose levels changed significantly following baclofen 
treatment.

We next compared control and baclofen-treated planulae at 
4–6 dpf (2–48 h into the transcriptome experiment, respectively;  
Fig. 4a) using Gene Ontology (GO) enrichment analysis 
(Supplementary Table 2). While most downregulated processes 
(89% of the enriched GO terms) and upregulated processes (59%) 
were shared between baclofen-treated and control planulae, among 
the downregulated process we found no terms related to ‘cell pro-
liferation’ or ‘cell death’. These findings suggest that baclofen treat-
ment did not have a major effect on cell proliferation, nor arrest 
planula development.

Finally, to understand how cell-type identity programmes were 
affected by baclofen treatment, we searched for cell-specific tran-
scription factors (TFs) as defined in the Nematostella cell-type 
expression atlas46 (Fig. 4e). The majority of TFs affected by baclofen 
treatment were linked to progenitor/undifferentiated cells, includ-
ing SoxC, Hes and Myc, followed by those associated with neuronal 
cell programmes such as NeuroD1, FoxL2 and AshA. Overall, our 
analysis indicates that baclofen has a central effect on neuronal dif-
ferentiation programmes.

Autoregulation of GABA biosynthesis. Since baclofen is not metab-
olized in the cell, we postulated that prolonged baclofen-mediated 

activation of the GABABR pathway would reduce GABA biosyn-
thesis. Therefore, we tested for changes in expression of putative 
homologues relevant to this pathway. Accordingly, expression 
of the presynaptic glutamate transporter homologues EAAT1, 
EAAT3 and EAAT5, as well as that of four homologues of glu-
tamic acid decarboxylases (GADs), which produce GABA, was 
downregulated in baclofen-treated planulae (Fig. 5a,b). Enzymes 
that degrade or re-uptake GABA from the synaptic cleft, such as 
GABA-transaminase (GABA-T), GABA transporter 1 (GAT1) 
and inhibitory vesicle transporters (vGATs), were upregulated 
by baclofen. A second GABA transporter homologue, GAT2, was 
downregulated in baclofen-treated planulae. Interestingly, tumour 
susceptibility gene 101 (TSG101), required for the endosomal 
transport complex and involved in GABABR degradation in verte-
brates49–51, was upregulated following the addition of baclofen and 
downregulated following its removal. Three GABAA receptor sub-
units were also downregulated 48 h after baclofen treatment, as was 
one GABABR (v1g239821). However, expression levels of the other 
GABAB subunits remained constant. The downregulation of GABA 
synthesis pathways and upregulation of GABA degradation path-
ways implies that GABA levels are reduced in baclofen-treated plan-
ulae. Indeed, we found strong GABA reduction in treated planulae 
(Fig. 5c,d). This suggests that, in the presence of functional GABA 
signalling and GABA regulatory pathways in Nematostella, baclofen 
activates a GABABR-dependent signalling pathway and triggers a 
specific autoregulation response that includes inhibition of GABA 
synthesis and enhanced GABA removal and degradation.
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Fig. 4 | Transcriptomic analysis of control and baclofen-treated planulae. a, Schematic description of the experiment. Triplicate samples of control, 
baclofen-treated and baclofen-treated/washed planulae were taken at 4–6 dpf, 2, 24 or 48 h following baclofen addition. Twenty-four hours after the 
addition of baclofen, half of the treated planulae were washed and samples were taken 2 and 24 h post wash. b, nMDS analysis demonstrating the effect of 
baclofen (b) and baclofen wash (bw) on the planula transcriptome, relative to controls (c) (k = 2 nMDS dimensions, stress = 0.08; see Methods). c,d, MA 
plot representation of gene expression fold changes at 24 versus 2 h (c) and 48 versus 2 h (d). Blue dots denote genes with significant time-dependent 
expression changes, regardless of baclofen treatment, and red dots denote genes for which baclofen significantly modulated the time-dependent 
effect (significant interactions, see Methods). Black dots denote genes with non-significant changes in expression. Negative log (fold change) values 
indicate inhibition. e, Cell-type-specific TFs affected by baclofen treatment, ordered by treatment/control log (fold change). TFs linked to progenitor/
undifferentiated cells were mostly affected by baclofen (46% at 24 h, 36% at 48 h), followed by those associated with neuronal cell programmes (17% at 
24 h, 18% at 48 h). Colours indicate the cell type in which the TF is expressed46.
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GABA signalling inhibits planula neurogenesis. Next, we exam-
ined the effect of GABABR activation on early planula nervous system 
development. Transcriptomic analysis revealed significant downreg-
ulation of suggested proneural TFs, such as NvSoxB(2)52,53, NvAshA54, 
NvAth-like55–57, NvNeuroD1 (ref. 46), NvOtxB58, NvSoxC55 and NvBrn2 
(ref. 46), of two neuron-specific RNA-binding proteins, NvElav1  
(ref. 59) and NvMsi (ref. 60), and of other neuronal genes in baclofen- 
treated planulae (Fig. 4e and Supplementary Table 1). Spatial expres-
sion analysis of key neurogenic TFs in control and baclofen-treated 
planulae revealed that while their expression levels decreased, their 
expression patterns did not change (Fig. 6a,b). An exception to this 
downregulation trend was NvSoxB1 (ref. 52), which was initially 
downregulated in baclofen-treated planulae and then upregulated to 
an expression level similar to that of control (Fig. 6a,b).

We further tested a transgenic mOrange-expressing line under 
the control of NvElav1 promotors59. The addition of baclofen 
reduced NvElav1 gene expression, resulting in a less organized 
neural net that lacked longitudinal neurons along the mesenteries, 
yielding a less dense mesh-like structure, specifically at the oral pole  
(Fig. 6c,d). In untreated planulae, Elav1-positive neurons are 
elongated in the ectoderm of the oral pole, creating a ‘crown-like’ 
structure not seen in baclofen-treated planulae. Because the cni-
darian nervous system also includes the stinging cells known as 
cnidocytes, we also analysed genes specifically expressed during 
cnidogenesis (Fig. 6a). Expression of mini-collagen 3 (NvNcol-3), a 
structural protein in the stinging capsule, was markedly reduced in 
baclofen-treated planulae, as was that of NvPaxA, a member of the 
homeodomain TF family required for cnidocyte development61–64.

The substantial downregulation of key positive regulators of 
neural differentiation following baclofen treatment indicated that 
activation of GABABR signalling inhibits neurogenesis. Thus, we 
expected to find fewer differentiated neurons in baclofen-treated 
planulae. To test this hypothesis, we performed immunostaining 
with anti-FMRFamide neuropeptide antibodies36,65. We compared 
untreated planulae at 4 and 5 dpf to those treated with baclofen 

(24 or 48 h). In the early stages, FMRFamide-like immunoreactive 
positive neurons were found in the ectodermal layer (Fig. 6e–h). 
As the planulae grew, these neurons formed a net throughout 
the ectoderm and endoderm with high density in the oral region  
(Fig. 6i). We detected FMRFamide-like immunoreactive neurons 
in the ectoderm layer in both control and baclofen-treated planu-
lae. Far fewer of these FMRFamide-like immunoreactive neurons 
were observed 24 h after baclofen treatment (Fig. 6f,h). Following 
neural differentiation at 5 dpf, control planulae exhibited neurites 
connecting the neurons in both the ectoderm and endoderm, as 
well as the presence of basi-epithelial neurites connecting ectoder-
mal neurons (Fig. 6i,k). By contrast, in 5-dpf planulae following  
48 h of baclofen treatment, only a few neurons developed neurites 
(Fig. 6j,l,m). These results are also supported by transcriptomic 
analysis of RFamide (Fig. 6n). Hence, we conclude that the GABABR 
signalling pathway inhibits neuron formation and nervous system 
development in Nematostella.

Discussion
In this study, we have demonstrated that sustained activation of 
GABABR by either a specific agonist or a positive allosteric modu-
lator is sufficient to inhibit planula-to-polyp transformation in a 
reversible and non-toxic manner, while removal of these modula-
tors facilitated continuation of the Nematostella developmental 
plan. Metamorphosis inhibition was previously shown to co-occur 
with inhibition of apical organ formation66,67. Here, activation 
of GABABR signalling did not affect the apical tuft, but inhibited 
metamorphosis. Interestingly, in the ascidian Ciona, GABA was 
shown to positively regulate metamorphosis via GABABR by induc-
ing GnRH secretion68. GABA may also regulate metamorphosis in 
marine snails, bivalves and sea urchins, although receptors mediat-
ing these effects have not been characterized nor have additional 
GABA signalling components been implicated69–71.

In contrast, we identified four Nematostella GABABR homo-
logues with all the conserved features of a functional GABAB1R.  
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Our analysis suggested these proteins have smaller GABA-binding 
pockets that do not accommodate the larger antagonists for mam-
malian GABABR and, indeed, the latter had no effect on Nematostella 
metamorphosis. Interestingly, in the freshwater cnidarian Hydra, 

GABABR agonists and antagonists were shown to affect the feed-
ing response, although the receptors responsible for this pheno-
type remain to be characterized72,73. Differences in ligand binding 
were also found elsewhere, despite the high conservation between 
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vertebrate and invertebrate GABAB1R homologues. For example, 
baclofen had no effect in Drosophila melanogaster or C. elegans, 
while highly effective antagonists of mammalian GABAB1R had no 
effect in Drosophila19,74.

We also showed a functional connection to broader GABA regu-
lation pathways. Baclofen affected the expression of diverse GABA 
metabolism enzymes, reducing GABA biosynthesis and transport 
and increasing GABA removal and degradation, suggesting a func-
tional autoregulated GABA signalling system in Nematostella. The 
finding that several GABAA receptors were also downregulated fol-
lowing baclofen application supports cross-talk between GABAB 
and GABAA signalling, as suggested in mammalian systems75.

In mammals, GABABR activation promoted quiescence of neu-
ral stem cells and inhibition of neurogenesis13,16,17. Our results show 
significant downregulation of neural-related TFs, suggesting a spe-
cific neural effect of GABABR signalling in Nematostella. However, 
a direct effect of GABA on neuronal progenitors remains to be 
demonstrated, as knockdown technologies are efficient only at early 
post-fertilization stages and do not persistently reduce genes that 
are expressed and function at late developmental stages, such as 
GABAB1R. Other mechanisms, such as inhibition of cell prolifera-
tion, increased cell death or specific inhibition of tentacle elonga-
tion, could also interfere indirectly with neurogenesis. However, our 
data do not support any of these alternatives. GABABR signalling 
might inhibit planula cell differentiation, similar to how GABABR 
regulates blood progenitor maintenance in Drosophila76 or indi-
rectly changes the expression of participating TFs. However, since 
our findings show downregulation of specific TFs expressed in pro-
genitor/undifferentiated cells, it is tempting to speculate that activa-
tion of GABABR in Nematostella affects neurogenesis by specifically 
and directly inhibiting the differentiation of undifferentiated cells 
into neurons.

Since baclofen activation of GABABR inhibited pro-neuronal 
gene expression and neurogenesis, we suggest the involvement of 
GABABR signalling in neurogenesis is evolutionarily conserved 
between Nematostella and higher organisms. The decreases in 
NvElav1- and FMRFamide-like immunoreactive neuron popula-
tions and neurite development in baclofen-treated planulae sup-
port such inhibition of neuronal developmental programmes. We 
also found that genes related to cnidocyst synthesis and regula-
tion were downregulated following baclofen treatment, in accord 
with previous findings in Hydra suggesting that GABABR plays a 
role in cnidocyst discharge72. Unlike the sustained transcriptomic 
downregulation of neuron-related genes following the addition of 
baclofen, NvSoxB1 expression quickly recovered to control levels. 
In Bilateria the two SoxB family subgroups, SoxB1 and SoxB2, 
serve antagonistic functions, controlling both neuron stem cell 
maintenance and neuron differentiation77. In vertebrates, SoxB1 
genes maintain cells as proliferative precursors and prevent neu-
ral differentiation78–80 while SoxB2 expression counteracts and 
represses SoxB1 activity to promote neural differentiation81. In 
Nematostella, classification of SoxB subgroups remains unclear82–84. 
While little is known of NvSoxB1 (refs. 52,85), NvSoxB(2) was shown 
to be required for neuronal progenitor cell development, including 
that of cnidocytes53,86. Our results support these findings, because 
baclofen caused downregulation of NvSoxB(2), of downstream 
genes involved in neurogenesis and of cnidocyte synthesis-related 
genes. Thus, our findings imply that the continuation of planula 
development to primary polyps is strongly related to the neurogen-
esis programme.

Our study thus highlights Nematostella as a new model sys-
tem for investigation of GABA signalling, and opens up new 
avenues for comparative studies of GABA signalling function 
and evolution. Furthermore, the rapid and simple developmen-
tal cycle of Nematostella and the ease of high-throughput screen-
ing of modulators establish Nematostella as an exciting and simple 

model organism for further exploration of the extended GABA  
signalling pathway.

Methods
Sea anemone culture. Anemones were cultured in Nematostella medium (NM), 
composed of 12.5 ppt artificial sea water (Red Sea) maintained at 18 °C in the 
dark. Anemones were fed five times per week with freshly hatched Artemia brine 
shrimps87. Mature sea anemones were induced to spawn as described previously88. 
Embryos were raised at 21 °C in the dark, and planulae or polyps were collected for 
experiments.

Pharmacological treatments. Treatments were performed in triplicate, with each 
plate containing approximately 100 planulae. The GABABR agonists GABA (10−4, 
10−3 M, Sigma-Aldrich), baclofen (10−4 M, Sigma-Aldrich) or CGP-7930 (10−5 M, 
Sigma-Aldrich)38 were added at 3 or 4 dpf. Baclofen and GABA were dissolved in 
water using NM as control, whereas CGP-7930 was dissolved in DMSO using NM 
with 10−5 M DMSO as control. Planulae were raised in the dark at 21 °C. To remove 
agonists, the medium was replaced five times. To assess the rate of metamorphosis, 
primary polyps were counted daily. The effect of GABABR antagonists on 
metamorphosis was tested using Phaclofen (10−4, 10−3 M, Sigma-Aldrich) and the 
high-affinity antagonist CGP 54626 (10−7, 10−5 M, Cayman). Muscimol (10−4 M, 
Sigma-Aldrich) was used to test whether GABAAR played a role in metamorphosis.

Identification and cloning of Nematostella GABABR. To identify Nematostella 
homologues of human GABABR, the human GABAB1bR (NP068703) and 
GABAB2R (CAA09942) sequences served as queries in a blastp search of all 
Nematostella proteins in the NCBI RefSeq database. In addition, we also searched 
for Nematostella homologues with the N-terminal extracellular region and 
the transmembrane regions of the human queries separately, using both the 
blastp and tblastn options. Putative homologues identified served as queries 
against the UniProt database to confirm homology. This search identified eight 
candidate GABABR homologues in Nematostella, seven of these genes appearing 
in a large genomic survey of chemical-transmission-related genes34. Four genes 
(v1g244104, v1g239821, v1g206093 and v1g243252) had full sequences, and the 
full-length sequences of the three previously identified34 partial Nematostella 
GABAB1R homologues (v1g86565, v1g158857 and v1g87697) and a newly 
identified homologue (v1g210496) were PCR amplified using the following 
primers (with NCBI identifiers): 5′, ATGTCAAGTGTCGGAGCTATTG and 
3′, TCACTCTTTTGATTGCATCGGAC for NvGABAB1a (MH194577); 5′, 
AGACCAAAGGCCGACTCACAA and 3′, TGACAAACCGATATACCGCGA 
for NvGABAB1b (MH194578); 5′, ATGTTCATTAATTTCTTGTGGCCTGT 
and 3′, CCTTAGTTAATAAATTTATTTGCGAGA for NvGABAB1c 
(MH194579); and 5′, CAGAATGAACTGGCACAAGC and 3′, 
ACGCATGCAAAAATACAATATCTTTT for NvGABAB1d (MH355581), followed 
by sequencing.

Domain predictions and 3D structural analysis. Putative Nematostella GABABR 
genes were translated into proteins using the ExPASy online translate tool (http://
web.expasy.org/translate). Sequence conservation was visualized using the ExPASy 
online boxshade tool (http://www.ch.embnet.org/software/BOX_form.html). 
Conserved domains in Nematostella GABABR proteins were identified using the 
consensus predictions of three different databases: the NCBI Conserved Domain 
Database (https://www.ncbi.nlm.nih.gov/cdd), InterPro (http://www.ebi.ac.uk/
interpro) and SMART (http://smart.embl-heidelberg.de). To identify predicted 
transmembrane regions, we used a consensus of predictions from the servers 
TMHMM (http://www.cbs.dtu.dk/services/TMHMM), TOPCONS (http://topcons.
net) and SignalP4.1 (http://www.cbs.dtu.dk/services/SignalP). Coiled-coil domains 
were predicted using a consensus of SMART (http://smart.embl-heidelberg.de), 
pcoils (https://toolkit.tuebingen.mpg.de/#/tools/pcoils) and Paircoil2-MIT (http://
cb.csail.mit.edu/cb/paircoil2) predictions.

We generated 3D models of the extracellular regions of NvGABABR proteins 
with SWISS_MODEL (https://swissmodel.expasy.org)89, using the crystal structure 
of the extracellular domain of human GABABR (PDB ID 4MS4) as template5. The 
C-terminal regions were excluded from the analysis because of low similarity. The 
following protein data bank (PDB) crystal structures were used for binding site 
analysis: 4MS3, structure of the extracellular domain of human GABABR bound 
to the endogenous agonist GABA; 4MS4, structure of the extracellular domain 
of human GABABR bound to the agonist baclofen; and 4MR7, structure of the 
extracellular domain of human GABABR bound to the antagonist CGP 54626. 
Visualization of the 3D models was realized using the PyMOL Molecular Graphics 
System (https://pymol.org).

RNA extraction, sequencing and bioinformatics analysis. Having observed 
no morphological differences following baclofen treatment at 3 and 4 dpf, 
transcriptome experiments were conducted at 4 dpf, just before the start of 
metamorphosis (Fig. 4a). Baclofen-treated (10−4 M) and control planulae were 
tested in triplicate at 200 planulae per sample. Samples were taken for RNA 
extraction from controls and after the addition of baclofen at 2, 24 and 48 h.  
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In addition, samples of planulae treated with baclofen for 24 h were washed, and 
collected 2 and 24 h later. Samples were frozen in TriReagent (Sigma-Aldrich) at 
−80 °C. Total RNA was extracted using TriReagent (Sigma-Aldrich) according to 
the manufacturer’s instructions. RNA was further purified using the RNA Clean 
& Concentrator TM-5 kit (Zymo Research), and genomic DNA residues were 
removed by DNase treatment (Ambion). RNA quality and concentration were 
determined using an Agilent 2200 TapeStation.

Groups of 24 samples were prepared for multiplex sequencing using the 
NEB Ultra Directional RNA kit according to the manufacturer’s instructions. 
Samples were sequenced using 50-base pair single-end reads in two lanes on 
an Illumina HiSeq2000 and a TruSeq v,3 flow chamber at the Life Sciences 
and Engineering Infrastructure Centre of the Technion, Haifa, Israel. Illumina 
reads data were quality filtered and adaptor trimmed using Trimmomatic, with 
>95% read survival. Filtered reads (about 12–18 million reads for the different 
samples) were mapped and quantitated versus the N. vectensis genome (NCBI 
genome GCA_000209225.1), using STAR (v.2.4.2a)90. In total, 72–75% of the 
reads per sample mapped uniquely and 80–85% of these mapped to unique 
loci. Differential expression analysis was conducted using generalized linear 
models in DESeq2 (ref. 91). Specifically, after excluding the six wash samples, 
we used the design ‘~ time+treatment+batch+time*condition’, which considers 
the additive effect of three factors, and the interaction between the time and 
treatment (denoted by an asterisk). For testing of all 24 samples, the interaction 
term was omitted. DESeq2 normalization was verified using MA plots, and 
is represented as fragments per kilobase million (FPKM). Comparisons with 
adjusted P < 0.05 were considered significant. Expected factor-dependent trends 
were verified using nMDS graphs in Vegan (https://github.com/vegandevs/
vegan) with nMDS stress values ≤ 0.1, which is considered a close representation 
of pairwise dissimilarity between objects in a lower dimensional space. Heat 
maps were generated using shinyheatmap (http://shinyheatmap.com)92. Illumina 
results were deposited in the SRA database with accession no. SRP140400. 
Functional enrichment was conducted with GoSeq93, using the Wallenius bias 
method, to allow corrections for gene-length biases on differentially expressed 
significance. A GO non-canonical database for GoSeq was first built using 
the Ensembl Nematostella database, v.45 (metazoa.ensembl.org), and KEGG 
Nematostella (https://www.genome.jp/kegg/kegg2.html). For the TF analysis 
portrayed in Fig. 5e, only TFs with significant expression changes (adjusted 
P < 0.05) were initially selected. Then, only TFs showing cell-type-specific 
expression (fold change >1.5 in any cell cluster, as defined in ref. 46) were 
considered. TFs are assigned (colour coded) to the cell cluster with maximum 
fold change expression.

In situ hybridization and immunohistochemistry. Whole-mount in situ 
hybridization and immunohistochemistry were performed as previously 
described94,95. The following primary antibodies were used: anti-GABA (1:500, 
Abcam, no. ab86186), anti-mCherry (to detect mOrange; 1:200, Abcam, no. 
ab167453) and anti-FMRFamide (Merck Millipore, no. AB15348). The following 
secondary antibodies were used: donkey anti-mouse Alexa Fluor 488 (Jackson, 
no. 715-545-150), goat anti-rabbit rhodamine (Jackson, no. 711-295-152) and 
goat anti-rabbit Alexa Fluor 647 (Jackson, no. 111-605-144). F-actin labelling 
was performed using Alexa Fluor 488-conjugated phalloidin (2 U ml–1 66 nM, 
Sigma-Aldrich), and nuclear staining was performed with DAPI (1:1,000, 
Sigma-Aldrich).

Microscopy and imaging. In situ hybridization was visualized using a Zeiss Axio 
Imager 2 epifluorescence microscope equipped with an AxioCam MRm camera 
(Carl Zeiss). Immunofluorescence was visualized by confocal microscopy (Nikon, 
C1-SHS UMT). Planulae were visualized using a Nikon binocular (Multizoom Az-
100) or Nikon eclipse Ti microscope. Images were captured and quantified using 
NIS-element software (Nikon). Relative comparisons used the same settings and 
exposures for all captured images. All images were assembled without adjustment 
of contrast or brightness. For quantification of neurite numbers, an area of 
210 × 210 µm2 from eight planulae was analysed.

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

Data availability
Transcriptome datasets used in this study are available via the SRA database with 
accession no. SRP140400.
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Extended Data Fig. 1 | GABABR modulators inhibit planulae-to-polyp transformation. Confocal sections at 5 dpf (a-d) and 8 dpf (i-l) labeled with 
antibodies against phalloidin (green) and DAPI (blue). DIC images of the aboral/apical tuft at 5 dpf (e–h) and 8 dpf (m-p). Control planulae (a,i) and 
primary polyps (i, m) are shown, as are planulae treated with GABA (b, f, j, n), baclofen (c, g, k, o) or CGP-7930 (d, h, I, p). While at 5 dpf all planulae 
possessed an apical tuft (numbers are not shown), in 8 dpf control primary polyps after metamorphosis (m), the apical tuft was lost, whereas treated  
8 dpf planulae (n–p) still maintained it. The fraction of similar phenotypes from the total number of analyzed samples is given in the lower right-hand 
corner. Scale bars, 50 µm.
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Extended Data Fig. 2 | Schematic representation of predicted domains in putative Nematostella GABABR homologs in comparison to human GABAB1R. 
The eight Nematostella proteins contain a conserved signal peptide, an extracellular ‘Periplasmic Binding Protein type1 (PBP1) GABAB ligand-binding 
domain’ (the structural VFT module that in mammals binds GABA), predicted helical transmembrane domains, and coiled-coil domains. One Nematostella 
homolog (v1g206093) contained two extracellular domains, each corresponding to a separate predicted VFT module. These two domains are 26% 
identical in sequence, suggesting that they serve dissimilar functions (Supplementary Fig. 2). v1g243252 contains eight predicted TM helices and a ~300 
residue domain of unknown function (DUF4475) located after these TM domains. However, the intracellular C-terminal domains of the Nematostella 
homologs present low similarity to the corresponding regions of human sequences. Coiled-coil motifs found in the C-terminus of human GABABR were 
predicted in three Nematostella homologs. The mammalian GABABR C-terminal domain mediate processes such as trafficking out of the ER or modulation 
of receptor activity44, but it has also been suggested as non-essential for functional GABABR heterodimers42,43,45. GABABR C-termini therefore differ 
dramatically between mammals and cnidarians, suggesting they do not affect essential functions, and were excluded from the full comparison. Protein 
domains were predicted as detailed in Methods.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used.

Data analysis Conserved domains were identified using the consensus of three different databases: the NCBI Conserved Domain Database (https://
www.ncbi.nlm.nih.gov/cdd), InterPro (http://www.ebi.ac.uk/interpro) and SMART (http://smart.embl-heidelberg.de). To identify 
predicted transmembrane regions, we used a consensus among the servers TMHMM (http://www.cbs.dtu.dk/services/TMHMM), 
TOPCONS (http://topcons.net) and SignalP4.1 (http://www.cbs.dtu.dk/services/SignalP). Coiled-coil domains were predicted using a 
consensus of SMART (http://smart.embl-heidelberg.de), pcoils (https://toolkit.tuebingen.mpg.de/#/tools/pcoils) and Paircoil2-MIT 
(http://cb.csail.mit.edu/cb/paircoil2). 3D models were generated using Swiss-model (https://swissmodel.expasy.org) and were visualized 
using the PyMOL Molecular Graphics System (https://pymol.org).  Illumina reads were quality-filtered and adapter-trimmed using 
Trimmomatic, and inspected with Fastqc (www.bioinformatics.babraham.ac.uk).Filtered reads  were mapped and quantitated using STAR 
(version 2.4.2a) . Differential expression analysis was conducted using DESeq2. For more details see Methods.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Transcriptome datasets used in this study are available via the SRA database with accession no. SRP140400. 
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Sample size Not applicable

Data exclusions No data exclusions

Replication All replications were succesful

Randomization Not applicable

Blinding Not applicable

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used anti-GABA , anti-mCherry  , anti-FMRFamide 

Validation These antibodies are commonly used and were reported in previous publications.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Nematostella vectensis

Wild animals Not applicable

Field-collected samples Not applicable

Ethics oversight No ethical approval is needed  (invertebrate)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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