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Abstract
In Xenopus laevis, axial elongation beyond the tailbud stage requires gamma-aminobutyric acid (GABA). However, the role of
GABA synthesized during early development in this process remains unclear. In this study, by treating embryos with
allylglycine (AG), an inhibitor of GABA synthesis, we observed a significant reduction in axial elongation. This inhibition
was rescued by exogenous GABA, demonstrating that GABA synthesis via glutamate decarboxylase (GAD) is essential for
axial elongation after the tailbud stage. Our findings suggest that GABA-dependent elongation functions independently of
mechanisms like convergent extension, which are crucial during early development.

Figure 1. AG treatment inhibits axial elongation, and GABA rescues this inhibition:

(A-E) Effects of AG and GABA treatments on embryos from St. 18 to 38. Scale bars: 1 mm. (A) Control embryo. (B) Embryo
treated with 20 mM GABA. (C) Embryo treated with 0.1 mM AG. (D) Embryo treated with 0.3 mM AG. (E) Embryo treated
with 0.3 mM AG and 20 mM GABA. (F) Quantification of AG-induced elongation inhibition. Embryos with body lengths
≥90% of the mean control length were classified as Normal, those with lengths between 75% and 89% as Level 1, and those
<75% as Level 2. (G) Body lengths of St. 38 embryos. Data are presented as mean ± SD, with all measurements plotted.
Statistical analyses were performed using one-way ANOVA followed by Tukey’s test. ***P ≤ 0.001 compared with control.
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Description
In Xenopus laevis, a well-established vertebrate model organism, early embryos measure approximately 1.3 mm in length but
elongate to about 2 mm during the early tailbud stage through convergent extension (Shindo, 2018). Subsequently, the body
axis continues to elongate without external nutritional input. However, the mechanisms driving elongation during the tailbud
stage remain largely unexplored.

GABA, synthesized via the decarboxylation of L-glutamate by glutamic acid decarboxylase (GAD), is known as an inhibitory
neurotransmitter in both vertebrate and invertebrate nervous systems (Owens and Kriegstein, 2002). Transcriptomic studies
have revealed that in amphibian embryos, GAD is expressed from early developmental stages—stage (St.) 10 in X. laevis
embryos and St. 22 in the closely related X. tropicalis (Owens et al., 2016; Session et al., 2016). In situ hybridization has
shown overlapping expression of GAD and GABA receptor genes in neural regions, with metabolomic analyses detecting
GABA nearby (Kaeser et al., 2011; Furukawa et al., 2019).

Previous research demonstrated that treating X. laevis embryos with pentylenetetrazole (PTZ) and picrotoxin (PTX),
competitive inhibitors of the GABA receptor GABAA, inhibits axial elongation (Furukawa et al., 2019). However, whether
GABA synthesis during early development contributes to body axis elongation remains unclear. This study focuses on the role
of GABA synthesis during early embryogenesis and its effects on elongation. Elevated GABAergic activity during the tailbud
stage suggests a crucial role in tail elongation, whereas inhibition of the GABAA receptor during other stages has no
significant impact. The tail-forming region becomes fate-determined at approximately St. 18 (Tucker and Slack, 1995).

To investigate GABA's role in embryonic development, St. 18–38 embryos were treated with allylglycine (AG), a GAD
inhibitor, to block GABA synthesis. AG's structural similarity to L-glutamic acid makes it a commonly used GAD inhibitor
and a known agent for inducing seizures (Horton et al., 1978; Taberner, 1977). Using established evaluation criteria (Furukawa
et al., 2019), embryos were categorized as "Normal" if body length was ≥90% of controls, "Level 1" if 75–89%, and "Level 2"
if <75%.

Results showed significant elongation inhibition in AG-treated embryos compared to controls, primarily affecting posterior
development (Figure 1C, 1D). In embryos treated with 0.3 mM AG, 68% exhibited Level 1 elongation inhibition, 16% Level
2, and several failed to reach St. 38 (Figure 1F). Treatment with GABA alone did not significantly affect elongation (Figure
1B, 1F). However, co-treatment with AG and GABA rescued elongation inhibition (Figure 1E, 1F, 1G). Embryos treated with
0.3 mM AG had significantly shorter body lengths than controls (P ≤ 0.001) (Figure 1G).

In conclusion, AG inhibits axial elongation by suppressing GABA synthesis via GAD, indicating that GABA synthesis during
early development is essential for axial elongation post-tailbud stage. This process appears distinct from gastrulation-
associated elongation mechanisms and is likely linked to secondary neurulation during the tailbud stage (Beck, 2015). These
findings suggest that GABA-induced axial elongation operates independently of established mechanisms such as convergent
extension.

Methods
AG and GABA treatments of embryos

X. laevis embryos were obtained via in vitro fertilization, as detailed in a previous study (Ohata et al., 2014). AG powder
(58.95 mg; #A1648, Tokyo Chemical Industry Co., Japan) was dissolved in 300 μl of ultrapure water to prepare a 1 M stock
solution. Similarly, GABA powder (103.12 mg; #G0048, LKT Labs, USA) was dissolved in 1 ml of 0.1× Steinberg’s solution
(SS) to create a 1 M stock solution. Each stock solution was diluted with 0.1× SS to the desired concentration for experiments.
To prevent embryos and explants from adhering to plastic plates, Poly-HEMA-coated plates were prepared. A 12% Poly-
HEMA solution (#18894, Polysciences, USA) was diluted to 4% with ethanol. Then, 500 μl of the 4% solution was evenly
spread on φ40-mm plastic plates, removed immediately, and allowed to dry. AG and GABA treatments were conducted in
these Poly-HEMA-coated plates with 5 ml of the respective solution. Embryos were exposed to the solutions from St. 18 to 38.

Body length measurement

Embryos were photographed under a stereomicroscope (#EZ4 HD, Leica, Germany). Body length was measured as the
straight-line distance from the head apex to the tail tip using ImageJ software (version 1.52a, National Institutes of Health,
USA).

Statistical analysis

Data are presented as the mean ± standard deviation (SD), and all measurements were plotted. Statistical analyses were
performed using one-way ANOVA followed by Tukey’s test. P < 0.05 was considered significant. Statistical analyses were
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performed with EZR (Jichi Medical University, Japan; Kanda, 2013), which is a graphical user interface for R (The R
Foundation for Statistical Computing, Austria). More precisely, it is a modified version of R commander (version 1.68)
designed to add statistical functions frequently used in biostatistics.
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