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Abstract

Chemical neurotransmission is a highly specialized feature of the nervous system, but many neurotransmitters and receptor
architectures are evolutionarily much older than neurons themselves. This Mini Review considers the possibility that neuronal
signaling developed largely through the recruitment and reorganization of pre-existing systems for metabolism, nutrient sensing,
environmental chemical detection, and intercellular communication. Glutamate, glycine, GABA, and catecholamines illustrate
different forms of evolutionary continuity. Importantly, conservation of a signaling molecule does not necessarily imply conservation
of its receptor or physiological function. Ancient chemical sensing mechanisms may have been progressively incorporated into
increasingly organized forms of cell-to-cell communication and, eventually, synaptic transmission. From this perspective, the nervous
system did not create chemical signaling de novo, but transformed ancient molecular components into rapid, directional, and plastic

information-processing systems.
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Chemical neurotransmission is usually regarded as a highly specialized property of the nervous system. Glutamate, glycine, gamma-
aminobutyric acid (GABA), acetylcholine and monoamines are therefore commonly described as neurotransmitters, as though their
biological significance began with the appearance of neurons and synapses. From an evolutionary perspective, however, the order may
have been almost the reverse. Many neurotransmitters are metabolically ancient molecules, and several molecular architectures now

used as neurotransmitter receptors existed before nervous systems appeared.

In an earlier article, we considered the central nervous system as an information-processing system in which synaptic transmission
is supplemented by extrasynaptic transmission and by more diffuse forms of chemical communication [1]. Extending this view, we
propose here a simple evolutionary perspective: neuronal chemical communication was probably constructed largely by recruiting and
reorganizing molecular systems that originally served metabolism, nutrient sensing, environmental recognition and more primitive forms
of intercellular communication.
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An important distinction is necessary at the outset. Evolutionary continuity of a ligand, continuity of a receptor, and continuity of a
physiological function are not the same thing. The same chemical substance can act as a signal in distantly related organisms while being
detected by unrelated receptors. Conversely, homologous receptor structures can evolve different ligand preferences and physiological
functions. This distinction is useful when considering the evolutionary origin of neurotransmission. This conceptual framework is
summarized in Figure 1.

Figure 1: Simplified schematic overview of the proposed evolutionary transition from ancient metabolites and chemical sensing to
intercellular communication and specialized neurotransmission. Representative molecules shown are glutamate, glycine, GABA, and
dopamine, the latter serving as an example of a catecholamine. The key idea is that continuity of the ligand, continuity of the receptor,

and continuity of function are not always the same.

Glutamate provides perhaps the clearest example. Long before becoming the major excitatory neurotransmitter of the vertebrate
brain, glutamate was a central molecule in amino-acid and nitrogen metabolism. Comparative studies suggest that glutamatergic signaling
is evolutionarily ancient and may have originated in metabolic and cellular stress-response systems [2]. Glutamate receptor-like proteins
occur in plants [3], and a functional prokaryotic glutamate receptor has been demonstrated in Synechocystis [4]. Thus, the coupling of

amino-acid recognition to changes in membrane ion conductance clearly predates the vertebrate nervous system.

A similar conclusion can be drawn from pentameric ligand-gated ion channels. In vertebrates, this receptor superfamily includes

nicotinic acetylcholine, GABA and glycine receptors. Structurally related ligand-gated channels are also present in prokaryotes [5]. An
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efficient molecular mechanism coupling extracellular chemical recognition to rapid changes in membrane potential therefore existed
before the appearance of neurons. Evolution did not have to create every element of neurotransmission from the beginning; it could

modify and recombine pre-existing molecular modules.

Glycine is particularly instructive because it demonstrates how the same ancient molecule can acquire different functions in
different biological contexts. Glycine is one of the simplest amino acids and is metabolically much older than the nervous system. In
the mature vertebrate central nervous system it is mainly known as an inhibitory transmitter. However, in neonatal rat hippocampal
neurons, strychnine-sensitive glycine receptors are transiently functional, and glycine can depolarize immature neurons because of the
developmental intracellular chloride gradient [6]. More generally, both GABA and glycine can exert depolarizing effects in the developing

brain before becoming predominantly inhibitory during maturation [7].

This developmental example illustrates a broader evolutionary point. The informational meaning of a chemical signal is determined
not simply by the transmitter itself, but by the receptor, ionic gradients, intracellular machinery and surrounding cellular environment.
Moreover, glycine is also a co-agonist at NMDA receptors, and GPR158 has recently been identified as a metabotropic glycine receptor [8].

One chemically simple and evolutionarily ancient molecule has therefore been incorporated into several distinct signaling mechanisms.

GABA provides a complementary example across biological kingdoms. GABA acts as a major inhibitory neurotransmitter in the mature
mammalian nervous system, but it also functions as a signaling molecule in plants. Plant GABA signaling involves aluminium-activated
malate transporters rather than homologues of vertebrate GABA receptors [9]. Here, the signaling molecule is conserved but the receptor
mechanism is different. This strongly cautions against assuming that conservation of a ligand necessarily means conservation of the entire

signaling system.

Catecholamines offer another interesting case. Norepinephrine and epinephrine, important neurotransmitters and hormones in
vertebrates, can also be recognized by some bacteria through sensor systems such as QseC [10]. The bacterial sensor is not an ancestral
form of the vertebrate adrenergic G-protein-coupled receptor. Rather, the example demonstrates a more general principle: molecules

carrying biologically useful information can repeatedly be recruited as signals by unrelated receptor systems.

The evolutionary development of a nervous system, however, required more than chemical recognition. Once pre-existing chemical
signaling modules became organized into neuronal networks and synapses, information could also be represented by temporal patterns,
firing frequency, synaptic strength and plasticity. Previous mathematical analysis of frequency-dependent synaptic plasticity showed that
identical input frequencies do not necessarily produce identical changes in synaptic strength. Presynaptic input patterns, intracellular
calcium dynamics and other features of the neuronal environment can alter the resulting plasticity, suggesting that neural information
transfer may involve multiple interacting coding dimensions [11]. Numerical analysis also demonstrated that fluctuations in background

synaptic activity can regulate frequency-dependent synaptic plasticity [12].

These findings illustrate an important transition. Ancient chemical sensing can be regarded largely as the detection of biologically
relevant molecules. In a developed nervous system, however, the effect of the same chemical input depends strongly on spatial, temporal
and network context. The nervous system therefore did not merely inherit ancient ligand-receptor relationships; it embedded them in a

highly dynamic computational architecture.

From this viewpoint, the emergence of neurotransmission is better understood as modular evolution than as the sudden appearance
of a completely new communication system. Metabolites already existed. Molecular receptors and ion channels already existed.
Intracellular signaling pathways, secretory mechanisms and membrane transport systems also predated neurons. During evolution, these
elements could be progressively combined and specialized to produce increasingly rapid, directional and plastic forms of intercellular

communication [13].
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Synaptic transmission may therefore represent not the origin of chemical communication but one of its most highly organized forms.
More diffuse extrasynaptic and volume transmission may retain some features of older modes of cellular communication [1]. The
evolution of the nervous system was certainly not a simple linear progression from nutrient sensing to neurotransmission. Independent
recruitment, convergent evolution and extensive molecular diversification must all have occurred. Nevertheless, one general principle
appears useful: the nervous system was probably not the inventor of chemical signaling, but an extraordinarily sophisticated organizer of

molecular mechanisms that are considerably older than neurons themselves.

Seen in this way, the modern synapse is an evolutionary assembly of ancient biochemical components combined with newer
mechanisms for spatial organization, temporal coding and plasticity. Bridging these evolutionary layers may provide a useful framework

for understanding both the origins and the remarkable complexity of chemical signaling in the human nervous system.

Conclusion

The evolution of neurotransmission was probably not a simple linear progression from nutrient sensing to the modern synapse. Rather,
ancient metabolites, receptors, ion channels, and signaling mechanisms appear to have been repeatedly recruited and reorganized during
evolution. The same signaling molecule may be conserved while its receptor or physiological function changes. From this perspective,
synaptic transmission represents a highly specialized form of an older capacity for chemical recognition and cell-to-cell communication.
Understanding neurotransmission in this broader evolutionary context may help connect neuroscience with metabolism, comparative

biology, and cellular signaling.
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