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Taurine is a sulfur-containing amino acid that is widely expressed throughout the

human brain, heart, retina, and muscle tissues. Taurine deficiency is associated with

cardiomyopathy, renal dysfunction, abnormalities of the developing nervous system,

and epilepsy which suggests a role specific to excitable tissues. Like vertebrates,

invertebrates maintain high levels of taurine during embryonic and larval development,

which decline during aging, indicating a potential developmental role. Notwithstanding its

extensive presence throughout, taurine’s precise role/s during early brain development,

function, and repair remains largely unknown in both vertebrate and invertebrate. Here,

we investigated whether taurine affects neurite outgrowth, synapse formation, and

synaptic transmission between postnatal day 0 rat cortical neurons in vitro, whereas

its synaptogenic role was tested more directly using the Lymnaea soma-soma synapse

model. We provide direct evidence that when applied at physiological concentrations,

taurine exerts a significant neurotrophic effect on neuritic outgrowth and thickness of

neurites as well as the expression of synaptic puncta as revealed by immunostaining

of presynaptic synaptophysin and postsynaptic PSD95 proteins in rat cortical neurons,

indicating direct involvement in synapse development. To demonstrate taurine’s direct

effects on neurons in the absence of glia and other confounding factors, we next

exploited individually identified pre- and postsynaptic neurons from the mollusk Lymnaea

stagnalis. We found that taurine increased both the incidence of synapse formation

(percent of cells that form synapses) and the efficacy of synaptic transmission between

the paired neurons. This effect was comparable, but not additive, to Lymnaea

trophic factor-induced synaptogenesis. This study thus provides direct morphological

and functional evidence that taurine plays an important role in neurite outgrowth,

synaptogenesis, and synaptic transmission during the early stages of brain development

and that this role is conserved across both vertebrate and invertebrate species.

Keywords: taurine, neural development, synapse, vertebrate, invertebrate, molluska, synaptic transmission

and plasticity
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INTRODUCTION

Taurine, 2-aminoethanesulfonic acid, is an abundant, free

amino acid in human and most animal brains (Huxtable,

1989) and is also present in the heart, retina, and muscle

tissues (Ripps and Shen, 2012). Humans obtain taurine either

from the diet or from biochemical synthesis (Jacobsen and

Smith, 1968). Its biosynthesis is derived from cysteine in which

cysteine dioxygenase and cysteinesulfinic acid decarboxylase

form hypotaurine. Hypotaurine is then converted by hypotaurine

dehydrogenase to form taurine (Vitvitsky et al., 2011). As

a structural analog of the inhibitory neurotransmitter γ-

aminobutyric acid (GABA), taurine mimics GABA action by

activating GABAA receptors (El Idrissi and Trenkner, 2004;

Jia et al., 2008), and transport of taurine into neurons

occurs via Slc6a6/TauT, the same family of proteins that

contribute to GABA transport (Smith et al., 1992; Uchida

et al., 1992; Tomi et al., 2008). Taurine has been shown

to play a role in many physiological processes including

osmoregulation (Solis et al., 1988), membrane excitability

changes (Galarreta et al., 1996), and neuronal development

where it acts as a putative neurotrophic factor (Chen et al.,

1998; Rak et al., 2014). Taurine is also neuroprotective, as

it regulates calcium homeostasis (Chen et al., 2001), acts as

an antioxidant (Martincigh et al., 1998), and functions as a

modulator of inflammation (Marcinkiewicz and Kontny, 2014).

Some of the neuroprotective pathways by which taurine acts

have also been identified. For example, taurine activates the PI3-

K/Akt pathway to increase cell survival during oxidative stress

(Das et al., 2011) and downregulates Bax (pro-apoptotic Bcl-

2-associated protein) and caspase-3 in traumatic brain injury

(Niu et al., 2018).

As one of the most abundant organic molecules in the

central nervous system (CNS), taurine has been deemed a

key regulator of neurodevelopment for decades. As Sturman

et al. (1985) showed in their seminal article, taurine-deficient

kittens displayed developmental abnormalities, indicating its

vital role in proper CNS development. In the developing

nervous system, taurine acts as a trophic factor (Sturman,

1993; Chen et al., 1998; Rak et al., 2014) and is present at a

concentration three times higher in the immature brain than

the adult nervous system; some studies suggest a concentration

up to the 1–9 mM range (Benitez-Diaz et al., 2003; Albrecht

and Schousboe, 2005; Furukawa et al., 2014). The addition of

taurine increases stem cell proliferation in the developing mouse

hippocampus as well as expression of synaptic proteins in rat

hippocampal primary culture, presumably contributing to the

overall connectome of the mouse brain (Shivaraj et al., 2012).

These studies, in addition to the fact that taurine concentration

in the brain decreases with age, suggest that taurine plays a

major role in the proper development of neurons and networks

(Banay-Schwartz et al., 1989). However, it remains unknown

if taurine acts to regulate multiple developing steps including

neural morphogenesis, synaptogenesis, synaptic transmission,

and plasticity and if taurine’s effects in developing brains are

species-specific (e.g., mouse vs. rat or vertebrate vs. invertebrate)

or brain region-specific (e.g., hippocampus vs. cortex).

Like vertebrates, taurine is present in the nervous system

of many invertebrates (Allen and Garrett, 1971; McCaman and

Stetzler, 1977). Specifically, in marine invertebrates, taurine’s

robust role in osmoregulation is well characterized (Lange,

1963; Allen and Garrett, 1971; Gilles, 1972; Smith and Pierce,

1987; Miles et al., 2018). Other potential roles of taurine in

invertebrates have been suggested such as an H2S scavenger in

hydrothermal vent invertebrates (Koito et al., 2018), a source

of energy for marine prokaryotes (Clifford et al., 2019), and

a regulator of temperature tolerance in the fish Preccottus

glehnii (Karanova, 2009). Similar to vertebrates, taurine has

been found in high concentrations in some invertebrate larvae

species during development and metamorphosis (Welborn and

Manahan, 1995). However, little research is carried to explore

taurine’s developmental and physiological roles in the nervous

system of invertebrates.

Considering the above evidence, we first asked the question:

Does taurine morphologically affect the development of

molecular components such as the cytoskeletal and synaptic

proteins in vertebrate neurons? To answer this question, we

studied the effects of taurine on primary neurons derived

from postnatal rat cortex, a brain region and species severely

understudied in this context. Our results indicate that taurine

increases the number of neuritic branches and the thickness

of neurites. Taurine also significantly regulates the expression

and/or puncta localization of presynaptic/postsynaptic markers

in developing neurons, with a more robust effect on the

presynaptic markers. We next asked the questions: Does

taurine affect synapse formation, synaptic transmission, and

plasticity between central neurons? Does it affect the pre- or

postsynaptic machinery? Because direct cell-cell interactions

between defined sets of pre- and postsynaptic neurons cannot

be studied in vertebrates in the absence of glial and other

confounding factors such as GABA and their receptors, we

exploited the invertebrate Lymnaea stagnalis model where this

could easily be achieved using soma-soma synapse culture and

electrophysiological methods. Using this model, we, for the

first time, demonstrate that taurine promotes synapse formation

and synaptic transmission in invertebrate neurons of Lymnaea

stagnalis brains, and taurine’s actions do not involve the

modulation of postsynaptic machinery, indicating a presynaptic

origin. This study, together with previous knowledge about

taurine’s effects on hippocampal neurons, clearly demonstrates

that taurine is a critical neuro-morphogenic and synaptogenic

factor in different brain regions across both vertebrate and

invertebrate species, and taurine-mediated effects are cell- or

synaptic site-specific.

MATERIALS AND METHODS

Animals and Cell Culture
All animal procedures followed the standards established by the

National Institute of Health Animal Use Guidelines in Canada

and the US and have been approved by the Institutional Animal

Care and Use Policy at the University of Calgary and Saint

Louis University.
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Rat Cortical Neuronal Cell Culture
The culture of cortical neurons was made using Sprague-Dawley

rat pups on the day they were born (postnatal day 0, P0). Rat

frontal cortices were removed and enzymatically dissociated with

papain (50 µg/ml). To create a single-cell suspension, glass

pipettes of decreasing size were used to triturate. Dissociated

cortical neurons were then diluted in culture media and plated at

an appropriate density onto culture dishes with glass coverslips

coated with poly-D-lysine (30 µg/ml) and laminin (2µg/ml).

After cells settled for 30 mins, 2 ml of culture medium was

added to each culture dish. The culture medium included

neurobasal medium, 2% B27, L-Glutamine (200 mM), 4% FBS,

and penicillin-streptomycin (Invitrogen). Cortical neurons were

kept in culture medium and maintained at 37◦C in an airtight

modular incubator chamber (Billups-Rothenberg) circulated

with medical air and 5% carbon dioxide. Fifty percent of the

culture medium was removed and replaced every 3–4 days.

Control cells for each experiment were incubated in the same

environment (37◦C, 5% CO2) as treatment cells.

Lymnaea Ganglion Dissection and Cell Culture
L. stagnalis were kept at room temperature in a well-aerated

aquarium filled with filtered pond water at 20–22◦C on a 12-h

light/dark regimen and were fed romaine lettuce. For cell culture

experiments, ∼2–3-month-old L. stagnalis were used while

∼4–6-month-old animals were used to make brain-conditioned

medium (CM, containing trophic factors). Details of Lymnaea

cell culture procedures and CM preparations are described in

previous publications (Syed et al., 1990; Ridgway et al., 1991;

Xu et al., 2009). In brief, deshelled snails were anesthetized for

10 mins in Listerine solution (ethanol, 21.9%; and methanol,

0.042%) diluted to 10% in normal saline (NaCl 51.3 mM, KCl

1.7 mM, CaCl2 4.0 mM, MgCl2 1.5 mM, and HEPES 10 mM),

adjusted to pH 7.9. To make trophic factor-containing CM,

the central ring ganglia (Figure 5A) were incubated in defined

medium (DM; L-15; Invitrogen; special order) containing NaCl

40 mM, KCl 1.7 mM, CaCl2 4.1 mM,MgCl2 1.5 mM, and HEPES

10.0 mM (12 ganglia/6.5 ml DM) for at least 3 days before

removing ganglia and collecting CM. To culture L. stagnalis

neurons, the central ring ganglia were first treated for 21 mins

with the proteolytic enzyme trypsin (2 mg/ml) dissolved in DM.

The central ring ganglia were then incubated for 15mins in a DM

solution containing trypsin inhibitor (2mg/ml) and subsequently

pinned on a dissection dish containing high osmolarity DM (D-

glucose, 20 mM). A dissection microscope was used to visualize

L. stagnalis brains, and fine forceps were used to remove a thin

layer of the sheath surrounding the ganglia. With gentle suction

through a Sigmacote-treated, fire-polished pipette attached to

a microsyringe filled with high osmolarity DM, individual cells

were removed from the ganglia. Once isolated, well-defined

pre- and postsynaptic cells were juxtaposed in a soma-soma

configuration and plated on poly-L-lysine coated culture dishes

containing medium as described previously (Meems et al., 2003).

In brief, somas of isolated cells were manually severed from their

axons via a conventional intracellular electrode attached to a

micromanipulator. Two isolated somata were then juxtaposed

and cultured overnight in the absence or presence of taurine

or CM, depending on the experiment. The cells used in this

study are the visceral dorsal 4 (VD4, presynaptic) and the left

pedal dorsal 1 (LPeD1, postsynaptic) neurons (Figure 5B).

VD4 neurons contain neurotransmitter acetylcholine (ACh),

and LPeD1 neurons express nicotinic ACh receptors (nAChR).

VD4 and LPeD1 neurons in vivo form cholinergic synapses

that control cardiorespiratory behavior in L. stagnalis

(Buckett et al., 1990).

Immunocytochemistry and Confocal
Microscopy
Immunostaining was performed to examine morphological

changes in the neuronal cytoskeletal and synaptic proteins of

cortical neurons cultured for 3 days and 10 days, respectively.

Neurons were fixed with 4% paraformaldehyde and 15% picric

acid for 1 h at room temperature. Permeabilization of fixed

cultures was performed by incubation for 1 h in incubationmedia

containing 5% goat serum and 0.1% Triton X. Cells were then

incubated with primary antibodies rabbit anti-synaptophysin

(1:500, Abcam) and mouse anti-PSD95 (1:2,000; NeuroMab) to

study the development of synaptic proteins. Primary antibodies

were applied at 4◦C overnight. Following 3× wash with

1× PBS, secondary antibodies AlexaFluor 488 goat anti-rabbit

IgG (1:200; Invitrogen) and AlexaFluor 546 goat anti-mouse IgG

(1:200; Invitrogen) were applied for 1 h at room temperature.

Mouse anti-β-tubulin (1:500; Invitrogen) was used to study the

development of cytoskeletal proteins. Preparations were washed

3× in 1× PBS and mounted with MOWIOL mounting media. A

Zeiss confocal microscope (LSM 510 Meta, Zeiss, Germany) was

used to take fluorescence images. Image acquisition parameters

such as exposure times, gain settings, laser intensity, pinhole size,

etc., remained the same between control and treated cultures.

ImageJ Neurite Tracing and Synaptic
Puncta Analysis
ImageJ was used to analyze phase contrast and

immunofluorescent images of cortical cells. The ImageJ

plugin NeuronJ was employed to measure neurite growth in

phase-contrast images of cortical neurons 3 days in culture

as previously described (Meijering et al., 2004; Pemberton

et al., 2018). NeuronJ was programmed to output total neurite

outgrowth (µm) and the number of neurites per phase-contrast

image. Therefore, after counting the total number of cell

bodies per image, the average neurite length was calculated

by dividing the total neurite outgrowth by the total number

of cell bodies. Using β-tubulin fluorescently stained day three

cortical neurons, ImageJ was used to determine total β-tubulin

intensity (IntDen output; the product of area and mean gray

value) per image. From the same β-tubulin fluorescently stained

neuronal images, primary neurites extending from pyramidal

neurons were identified. The thickest part of each neurite was

measured to compare the average neurite thickness. Using this

method, 30–40 primary neurites were measured for thickness in

each treatment.

Cortical neurons were cultured taurine-free or with

50 µM or 1 mM taurine, fluorescently labeled with the

presynaptic marker synaptophysin and the postsynaptic marker
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PSD95 after 10 days in culture, and imaged. Synaptophysin

and PSD95 fluorescent intensity were measured in ImageJ as

described for β-tubulin above. The ImageJ plugin SynapCountJ

was used to measure the number of synapses (colocalization

of synaptophysin and PSD95) per area of traced neurite as

previously described (Mata et al., 2016). Synaptic puncta

parameters were measured with the ImageJ plugin SynQuant

(Wang et al., 2020). To look at synaptophysin (presynaptic)

and PSD95 (postsynaptic) puncta measurements in entire

fields of view (many neuronal networks taken together),

uncropped fluorescent images were analyzed by SynQuant,

and the number of synaptophysin and PSD95 puncta was

outputted. To focus on neurites directly, primary neurites

extending from pyramidal neurons were identified. A

50 µm × 20 µm square was placed on the start of primary

pyramidal neurites (directly extending from the cell body)

and cropped to create a 1,000 µm2 area of a zoomed-in

neurite. With this method, 13–22 neurites were measured per

treatment. These neurite images were analyzed by SynQuant

to measure number, intensity, and area of synaptophysin and

PSD95 puncta.

Electrophysiology
Intracellular recording techniques were used to investigate

neuronal excitability and synaptic physiology between the

paired Lymnaea neurons. Glass microelectrodes (1.5 mm

internal diameter; World Precision Instruments) were pulled

using a vertical pipette puller (Model 700C, David Kopf

Instruments). The electrodes were backfilled with a saturated

solution of K2SO4 to yield a tip resistance ranging from

30 to 60 megaohms. Neurons were viewed under an inverted

microscope (Axiovert 200 M; Zeiss) and impaled by Narishige

micromanipulators (MO-202, Narishige). Electrical signals

were amplified with a Neuro data amplifier (Neuron Data

Instrument Corp) and recorded with the Axoscope program

(Axon Instruments).

Using the Lymnaea synapse model in combination

with intracellular recording techniques, we asked the

following questions: Does taurine affect synapse formation

(synaptogenesis), synaptic transmission, and synaptic plasticity

between Lymnaea neurons? Does taurine exhibit synergistic

actions with trophic factors to affect synaptic properties in

invertebrate neurons? Does taurine act on the presynaptic or

postsynaptic site?

Synaptogenesis Experiments
To evaluate the effects of taurine on synapse formation,

presynaptic visceral dorsal 4 (VD4) and postsynaptic left pedal

dorsal 1 (LPeD1) cells in L. stagnalis were paired and cultured

in the absence or presence of 1 mM taurine (Sigma-Aldrich)

in DM (no trophic factors) or CM (with trophic factors)

overnight. Intracellular recordings were made the next day to

monitor the development of synapses by recording postsynaptic

potentials (PSPs) in the LPeD1 cell following the presynaptic

stimulus. Current injection-induced action potentials in the

presynaptic VD4 neuron triggered 1:1 PSPs in the postsynaptic

LPeD1 neuron, indicating the formation of functional synapses.

The current injection was made using a built-in current injector

(Dual Channel Intracellular Recording Amplifier IR-283; Cygnus

Technology, Delaware Water Gap, PA, USA). Averages of

four successive PSPs measured from treated and untreated

control groups were compared to determine the effects of

taurine on the incidence and strength of synapse formation.

The percentage of synapse formation was determined as the

number of pairs that exhibited quantifiable transmission of

stimuli between cells out of the total number of pairs that

were treated.

Synaptic Transmission Experiments
To evaluate the effects of taurine on synaptic transmission

at established synapses, VD4-LPeD1 neurons were cultured

in the absence or presence of taurine (1 mM) in DM or

CM overnight. Electrophysiological recordings were collected as

described above to determine baseline synapse strength. Average

amplitudes of PSPs were measured from control or treatments

and compared to determine the effects of taurine, CM, or their

combination on the strength of the synaptic transmission. The

membrane potential of the LPeD1 neuron was maintained at

−100mV by current injection to enable a comparative evaluation

of synapse strength.

Synaptic Plasticity (Post-tetanic Potentiation)

Experiments
VD4-LPeD1 neurons were soma-soma juxtaposed and cultured

in the absence (control) or presence of treatment overnight.

Induced action potentials in the VD4 neuron triggered

1:1 PSPs in the postsynaptic LPeD1 neuron. Following a tetanic

stimulation (a tetanic burst at 10 Hz), the PSP amplitude

post-tetanus (pPSP) was substantially potentiated. The increase

in the pPSP/PSP ratio is defined as (PTP; as shown in

Figures 6, 7), which underlies short-term synaptic plasticity.

The pPSP/PSP values were recorded in neurons cultured in the

absence (control) or presence of taurine (1 mM) in DM or

CM. The tetanic stimulation was generated by injecting a square

depolarizing current pulse in a duration of about 2 s into the

presynaptic cell to elicit 12–16 action potentials, a well-defined

stimulation paradigm for inducing consistent PTP as described

in previous studies (Luk et al., 2011).

ACh Puffing Experiments
To further elucidate if taurine’s action on synapse development

and synaptic transmission involves the regulation of postsynaptic

nAChRs, the transmitter ACh (1 µM) was pressure-applied

(15 Psi, 100 ms duration) onto LPeD1 neurons to mimic

transmitter release through a glass pipette (∼2 µm tip in

diameter) which was connected to a PV800 Pneumatic Picopump

(World Precision Instruments). Intracellular recordings were

made on LPeD1 cells (held at −100 mV) to monitor the

membrane potential change in response to the puffed ACh. The

pipette containing ACh was placed at a distance of about two

soma-lengths from LPeD1 to avoid mechanical disturbance.

ACh (A-2661), taurine (T8691), and all other chemicals were

purchased from Sigma Aldrich (Saint Louis, MO, USA).
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Statistical Analysis
ImageJ was used to analyze morphological structures of neurites

and synapses in cortical neurons with phase-contrast images

and immunofluorescent-labeled β-tubulin, synaptophysin,

and PSD95. Mini Analysis software (Synaptosoft) was used

to measure the amplitudes of PSPs. RStudio was used to run

statistical significance tests. Data were statistically analyzed using

Fisher’s exact test, student t-tests, one-way analysis of variance

(ANOVAs), and Tukey’s HSD Post hoc tests as appropriate.

Values were considered statistically significant at the level

of p < 0.05. The data are presented as mean ± S.E.M. Each

experiment was replicated a minimum of three times; the actual

number of replicates for each experiment is described in the text

or listed in the corresponding figure legend. All graphs/figures

were made using GraphPad Prism 8.4.2 and Adobe

Photoshop 2020.

RESULTS

Taurine Promotes Neuritic Growth in Rat
Cortical Neurons
Taurine has been shown in previous studies to promote

neurogenesis and neural progenitor cell (NPC) proliferation in

both developing and adult mouse brains (Hernandez-Benitez

et al., 2012). However, less is known about the effect of taurine on

the development of neural processes such as dendrites and axons.

Also, no studies have examined taurine’s effects on neuritic

development in brain regions such as the vertebrate cortex. To fill

this knowledge gap, we first investigated whether taurine affects

neuronal growth of developing rat cortical neurons. To this end,

rat cortical cells from day 0 pups were cultured either in the

absence or presence of taurine at physiological concentrations of

50 µM and 1 mM for 3 days. Phase-contrast images (Figure 1)

were taken on day 3 to evaluate the effect of taurine on cells and

the development of neuritic processes. We found that neurons

cultured in taurine at concentrations of 50 µM and 1 mM

exhibited healthy cell bodies with neuritic processes that formed

complex networks. Figure 1A provides representative phase-

contrast images of cultures treated without (control) and with

taurine at 50 µM and 1 mM. To further define the effects of

taurine on neuritic morphogenesis, we conducted neurite tracing

and counting analyses using ImageJ neurite tracing methods

(Meijering et al., 2004; Imaninezhad et al., 2018; Pemberton et al.,

2018). Specifically, we counted and measured the number of

neurites and the total neurite outgrowth (the neuritic lengths

measured in each image). The total number of cell bodies was also

counted and used to calculate the average length of a neurite per

cell. Figures 1B–E show quantitative data and statistical analyses.

Overall, our ANOVA statistical data revealed that compared to

controls, taurine treatment at both concentrations significantly

increased the total neurite outgrowth (p < 0.001) per image (but

not per cell), the total number of cells (p < 0.05), and the total

number of neurites (p < 0.01) in cultures.

To further confirm and define the positive effects of taurine

on the morphogenesis observed in our phase-contrast study, we

next performed an immunocytochemical study on fluorescently

labeled neurites with an antibody against cytoskeletal protein

β-tubulin, a microtubule protein component that exists in all

neurites and plays essential roles for neuritic formation, growth,

and network function. Figure 2A shows representative images of

β-tubulin-stained day 3 cortical neurons. These cultures revealed

robust expression of the cytoskeletal protein in both control

and taurine (50 µM and 1 mM)—treated neurons. Consistent

with our phase-contrast images, these fluorescent images

revealed extensive neuritic processes (indicated by arrows) and

interconnections (asterisks; Figure 2A). Next, we used ImageJ

to analyze β-tubulin immunofluorescent images and conducted

statistical analyses to determine if taurine treatments affect

cytoskeletal expression (measured by the fluorescent intensity)

and subtle changes of neurite thickness. Our data showed that

taurine treatment at both concentrations significantly increased

the thickness of neurites (p < 0.001) but did not affect the

intensity of β-tubulin protein expression in neurons cultured

for 3 days in treatment (Figures 2B,C). Intriguingly, though,

neurons cultured in 1 mM taurine demonstrated significantly

increased β-tubulin intensity compared to controls after 6 days

in culture, suggesting that taurine may increase β-tubulin protein

expression over developmental time (data not shown).

Neuritogenesis and cytoskeletal development are essential

steps toward the functional development of cell-cell contacts

(synapses), synaptic transmission, and plasticity. Next, we asked

the question: Does taurine play a role in enhancing the synaptic

properties of neurons?

Taurine Regulates the Expression and
Punctualization of Synaptic Machinery
Proteins in Cortical Neurons
To directly examine the role of taurine in synapse development,

we asked whether taurine affects the development of molecular

machinery at the synaptic sites of rat cortical neurons. To

test this, neurons treated with taurine at the above-mentioned

concentrations were maintained in culture for 10 days to allow

the establishment of synaptic networks. Neurons were then fixed

and stained with synaptic markers synaptophysin (presynaptic

vesicle membrane-associated protein) and postsynaptic

density protein 95 (PSD95, postsynaptic membrane-associated

scaffolding protein). Figure 3A shows representative images

of neurons treated with and without 50 µM or 1 mM taurine.

Both synaptophysin and PSD95 exhibited puncta expression

and distribution in neurites. To quantify taurine’s effect on

these synaptic proteins, we measured synaptic parameters

including fluorescent intensity, number of individual puncta,

and number of overlapped puncta (synapses) of synaptophysin

and PSD95 in the entire image area. Our results revealed that

taurine at 1 mM, but not 50 µM, significantly increased the

expression of presynaptic synaptophysin protein compared to

control (Figure 3B). Taurine at 1 mM also caused an increase

in PSD95 expression, but this increase was not statistically

significant (Figure 3C). Consistently, our data showed that

the number of synaptophysin puncta, but not PSD95 puncta

were increased significantly by taurine at 1 mM, but not 50 µM

(Figures 3D,E). However, our data did not reveal a significant
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FIGURE 1 | Taurine exposure promotes rat cortical neuronal growth and increases the number of neurites and cells in culture. Rat cortical neurons were cultured

either in the absence (control) or presence of taurine at different concentrations. (A) Phase-contrast images were taken on day 3 in culture. (B) Taurine treatment

significantly increased the total neurite outgrowth in phase-contrast images. The total neurite outgrowth for control was 21,634.2 ± 1788.7 µm, for 50 µM taurine

was 39,775.7 ± 2,056.3 µm, and for 1 mM taurine was 47,714.8 ± 1,222.5 µm (p = 0.0007 for control vs. 50 µM taurine, p = 0.00009 for control vs. 1 mM taurine,

and p = 0.04 for 50 µM vs. 1 mM taurine). (C) Taurine treatment also significantly increased the number of cell bodies per image compared to controls. The cell body

count was 21.7 ± 1.9 for control, 36.7 ± 3.2 for 50 µM taurine, and 44.3 ± 4.1 for 1 mM taurine (p = 0.03 for control vs. 50 µM taurine, and p = 0.005 for control

vs. 1 mM taurine). (D) However, calculating the average neurite length revealed a nonsignificant difference between control and taurine treatments. Average neurite

length for control was 1,004.7 ± 69.3 µm, for 50 µM taurine was 1,102.7 ± 120.1 µm, and for 1 mM taurine was 1,090 ± 76.1 µm (p = 0.724). (E) The number of

neurites was significantly increased when cortical neurons were cultured with taurine at both concentrations. Number of neurites in control was 740 ± 84.9, 50 µM

taurine was 1,337 ± 34, and 1 mM taurine was 1,718.3 ± 55.6 (p = 0.001 for control vs. 50 µM taurine, p = 0.00007 for control vs. 1 mM taurine, and p = 0.01 for

50 µM vs. 1 mM taurine; n = 3 images per treatment; the statistical test was one-way ANOVA in all cases). *Indicates a significance level of p < 0.05 vs. control;

**p < 0.01, ***p < 0.001, ****p < 0.0001, and # indicates a significance level of p < 0.05 vs. 50 µM taurine.

difference in the number of overlapped puncta of synaptophysin

and PSD95 (number of synapses; Figure 3F). Thus, our data

analyses indicate that taurine at a higher concentration of

1 mM selectively enhances the expression of presynaptic

synaptophysin protein and the number of synaptophysin

puncta.

To gain further insight into the effect of taurine on synaptic

machinery, we next focused on analyzing neurites (cropped

50 µm × 20 µm section of neurites extending from pyramidal

neurons; see ‘‘Materials and Methods’’ section for detailed

description) using the SynQuant plugin in ImageJ (Wang et al.,

2020). This method allows for the identification of puncta

and the detailed quantification of the puncta intensity and

area (Figure 4A). Our data showed that although the average

number of synaptophysin and PSD95 puncta per neuritic area

was not significantly different between taurine treatments

and controls (Figures 4D,E), the intensity (Figure 4B) and

area (Figure 4F) of synaptophysin puncta were significantly

increased by taurine at 1 mM compared to controls. Again,

taurine at 50 µM did not affect synaptophysin puncta

as compared to controls. Interestingly, taurine at 50 µM

decreased the intensity (Figure 4C) and area (Figure 4G) of

PSD95 puncta, while 1 mM taurine increased PSD95 puncta

intensity and area compared to controls, though not to a

significant degree. These data indicate that taurine increased

the expression and probably the size (reflected by the area)

of individual presynaptic puncta, but not the postsynaptic

puncta. Taken together, our data indicated that taurine

plays an important role in promoting synaptic machinery

development by selectively acting on synaptic proteins to

enhance protein expression and puncta development in

cortical neurons.

While these data provide the first direct morphological

evidence that taurine promotes growth and development of

synaptic structures in cortical neurons, direct measurements of

neural activity and synaptic properties at the level of single

pre-and postsynaptic neurons in vertebrates are not feasible here;

we thus opted to use an invertebrate model where this could
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FIGURE 2 | β-tubulin-labeled cortical neurons reveal an increase in the thickness of neurites after taurine treatment. After 3 days in taurine-rich (50 µM or 1 mM) or

-free media, cortical neurons were stained with the cytoskeletal marker β-tubulin and imaged. (A) Representative images demonstrate the extensive outgrowth of

cultures in all treatments and control. Arrows indicate examples of extensive neuritic processes while asterisks show robust interconnections. (B) Taurine at both

50 µM and 1 mM concentrations significantly increased the average thickness of primary neurites compared to control. The average neurite thickness for control

was 1.6 ± 0.09 µm, for 50 µM taurine was 2.3 ± 0.1 µm, and for 1 mM taurine was 2.4 ± 0.2 µm (p = 0.0004 for control vs. 50 µM taurine, and p = 0.0002 for

control vs. 1 mM taurine). (C) The intensity of β-tubulin was not significantly changed by any concentration of taurine. Specifically, the β-tubulin intensity of control

was 663.3 ± 136.2, for 50 µM taurine was 694.3 ± 96.3, and for 1 mM taurine was 692.5 ± 58.3 (p = 0.971; n = 4 images per treatment and number of neurites

analyzed was 40, 39, and 30 for control, 50 µM taurine, and 1 mM taurine, respectively; the statistical test was one-way ANOVA in all cases). ***Indicates a

significance level of p < 0.001 vs. control.

be done in functionally defined, individual large neurons in

the absence of glia and confounding factors including taurine’s

analogous transmitters GABA and glycine.

Taurine Regulates Neural Excitability and
Synaptic Activity Between Two Lymnaea

Neurons That Form Functional Synapses
in vitro
To accurately monitor the effects of taurine on the functional

development of synapses between identified individual neurons,

we first determined if taurine indeed has a functional impact

on neuronal excitability and transmission in Lymnaea neurons

whose synapses have been established. To test this, L. stagnalis

visceral dorsal 4 (VD4, presynaptic, acetylcholine-containing

neuron) and left pedal dorsal 1 (LPeD1, postsynaptic) cells

were paired in the soma-soma configuration (Figure 5B) and

were first allowed to develop proper excitatory cholinergic

synapses overnight in CM (contains Lymnaea brain secreted

neurotrophic factors, but devoid of taurine). The next day,

intracellular recordings were made from both neurons. In one

experimental paradigm, we tested if taurine could regulate

neuronal action potential firing and synaptic transmission

between VD4 and LPeD1. In another experimental paradigm,

we examined if taurine affects the resting membrane potentials

of VD4 and LPeD1 cells. To elicit neuronal activity, we

selectively injected depolarizing currents into the presynaptic

VD4 neuron to induce action potentials in VD4. Current

injection into the postsynaptic LPeD1 neuron brought its

membrane potential close to threshold potentials to increase

the likelihood of action potential firing in LPeD1 in response

to presynaptic excitatory neurotransmitter (ACh in this case).
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FIGURE 3 | Taurine enhances the expression of presynaptic protein and presynaptic puncta in rat cortical neurons. Cortical neurons were cultured with 50 µM

taurine, 1 mM taurine, or without taurine (control) for 10 days to allow for the development of mature networks. On day 10, cells were fixed and stained with

antibodies against the presynaptic vesicle protein synaptophysin and the postsynaptic receptor density protein PSD95. Images were acquired using confocal

microscopy and whole networks (entire fluorescent images) were analyzed for synaptic protein intensity, puncta, and colocalization. (A) Representative

immunofluorescent images show the staining of synaptic proteins of control, 50 µM, 1 mM taurine-treated cortical neurons. (B,C) The addition of 1 mM taurine to

culture media significantly increased the intensity of synaptophysin expression while not significantly altering PSD95 intensity. Specifically, the fluorescent intensity of

synaptophysin in control was 257.6 ± 20.7, in taurine at 50 µM was 417.3 ± 110, and in taurine at 1 mM was 551.1 ± 39.6 (p = 0.02 for control vs. 1 mM taurine).

The fluorescence intensity of PSD95 in control was 311.9 ± 30.5, in taurine at 50 µM was 297.1 ± 59.5, and in taurine at 1 mM was 431.9 ± 44.3 (p = 0.108). (D,E)

The number of presynaptic synaptophysin and postsynaptic PSD95 puncta in a fluorescent image was measured by the ImageJ plugin SynQuant. The only

significant change in puncta number occurred after 1 mM taurine treatment for synaptophysin puncta. Specifically, the number of synaptophysin puncta in control

was 692.8 ± 63.3, in taurine at 50 µM was 832.3 ± 63.3, and in taurine at 1 mM was 881.7 ± 20.7 (p = 0.03 for control vs. 1 mM taurine). The number of

PSD95 puncta in control was 226.8 ± 35.3, in taurine at 50 uM was 287.5 ± 95.6, and in taurine at 1 mM was 260.2 ± 11.8 (p = 0.743). (F) SynapCountJ, an

ImageJ plugin, was utilized to determine synapses (per µm2) via colocalization of synaptophysin and PSD95 in traced neurites. There was no significant difference in

the number of synapses between any treatments. Control cell number of synapses (per µm2) was 0.55 ± 0.07, 50 µM taurine was 0.59 ± 0.08, and 1 mM taurine

was 0.56 ± 0.05 (p = 0.904; n = 4 images for control and 50 µM taurine-treated neurons; n = 6 images for 1 mM taurine-treated neurons; the statistical test was

one-way ANOVA in all cases). *Indicates a significance level of p < 0.05 vs. control.
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FIGURE 4 | In neurites, a higher concentration of taurine (1 mM) increases presynaptic puncta intensity and area while keeping postsynaptic puncta unaffected.

Puncta parameters in neurites were examined by zooming in on a 1,000 µm2 primary neurite extending from a pyramidal neuron and using the ImageJ plugin

SynQuant. (A) Representative fluorescent images show an example of the 1,000 µm2, zoomed-in neurite from a 50 µM taurine-treated neuron. (B) The intensity of

synaptophysin puncta in the cropped, neurite image was measured and showed a significant increase in 1 mM taurine-treated neurons. The intensities of

synaptophysin puncta in control was 159.7 ± 4.0, 50 µM taurine was 163.6 ± 3.7, and 1 mM taurine was 203.4 ± 2.4 (p < 0.00001 for control vs. 50 µM taurine,

and p < 0.00001 for 50 µM taurine vs. 1 mM taurine). (C) The intensity of PSD95 puncta was significantly decreased in neurites cultured in 50 µM taurine. The

intensities of PSD95 puncta in control was 116.2 ± 4.0, in 50 µM taurine was 97.6 ± 3.6, and in 1 mM taurine was 117 ± 2.9 (p = 0.002 for control vs. 50 µM

taurine, and p = 0.0001 for 50 µM taurine vs. 1 mM taurine). (D,E) The number of presynaptic synaptophysin and postsynaptic PSD95 puncta did not differ

significantly between any treatments. Specifically, the number of synaptophysin puncta was 22.8 ± 2.3 for control, 25.3 ± 2.6 for 50 µM taurine, and 22.3 ± 2.4 for

1 mM taurine (p = 0.684). The number of PSD95 puncta was 7.9 ± 1.3 for control, 8.6 ± 1.5 for 50 µM taurine, and 9 ± 1.2 for 1 mM taurine (p = 0.852). (F) The

area of synaptophysin puncta was measured and resulted in a significant increase for 1 mM taurine-treated neurons. The area of synaptophysin puncta for control

was 3.8 ± 0.2 µm2, for 50 µM taurine was 4.3 ± 0.2 µm2, and for 1 mM taurine was 5.8 ± 0.3 µm2 (p < 0.00001 for control vs. 1 mM taurine, and p = 0.00002 for

50 µM taurine vs. 1 mM taurine). (G) Taurine treatment at 50 µM decreased the PSD95 puncta area, leading to a significant increase in puncta area of 1 mM

taurine-treated neurites compared to 50 µM treatment. The area of PSD95 puncta was 5.3 ± 0.7 µm2 for control, 4.4 ± 0.3 µm2 for 50 µM taurine, and

6.4 ± 0.5 µm2 for 1 mM taurine (p = 0.01 for 50 µM taurine vs. 1 mM taurine; n = 13, 15, and 22 cropped, neurite images analyzed The area of PSD95 puncta for

control was 50 µM taurine, and 1 mM taurine, respectively; the statistical test was one-way ANOVA in all cases). **Indicates a significance level of p < 0.01 vs.

control, *****p < 0.00001, and # indicates a significance level of p < 0.05 vs. 50 µM taurine, ###p < 0.001, ####p < 0.0001, and #####p < 0.00001.

Figure 5C shows that current injection-induced, presynaptic

action potentials triggered the firing of action potentials on

the postsynaptic cells (see inserts, synchronizing the firing).

Next, we added taurine to test if it could affect the firing

activity in either or both neurons. Our results showed

that upon application of taurine at 2.5 mM, spontaneous

firing activities in the postsynaptic LPeD1 cells were quickly

prevented in all cells examined (n = 4), while firings in

the presynaptic VD4 neurons remained active in three out

of four cells with one cell eventually stopping firing after

taurine application. Interestingly, while the spontaneous firing

of the postsynaptic neurons stopped after taurine addition, it

still exhibited 1:1 postsynaptic potential (synaptic transmission)

in response to presynaptic action potentials for as long as

VD4 action potentials remained (see Figure 5C). Furthermore,

our data showed that when cells were held at resting

membrane potential (no current injection applied in either cell),

taurine only caused a small membrane hyperpolarization in

VD4 cells and significantly larger membrane hyperpolarization

in LPeD1 cells (student t-test, p < 0.05; Figure 5D),

regardless if LPeD1 was quiescent or actively firing at rest

(Figure 5E). Overall, these results indicate that taurine can

induce an inhibitory or hyperpolarizing change in membrane

excitability; also, these results indicate that taurine-induced

effects are cell-specific, with there being more pronounced

effects on the postsynaptic LPeD1 cell than that of presynaptic

VD4 cell. Our data further indicate that taurine’s effects on

membrane excitability do not exclude the normal synaptic

transmission and plasticity between two synaptic neurons.

Together, these studies strongly suggest that taurine does indeed

regulate neuronal excitability and synaptic activity in Lymnaea

neurons.

Taurine Increases the Incidence of
Synaptogenesis and Enhances Synaptic
Strength Between Cultured Pre- and
Postsynaptic Neurons From Invertebrate
Lymnaea
We next examined if taurine could functionally regulate the

formation of synapses (synaptogenesis), synaptic transmission,

and plasticity using L. stagnalis central neurons. Such

information is important for our understanding of taurine’s

roles in the development and function of invertebrate nervous

systems, an area that remains under-explored. Also, results

from L. stagnalis synapse studies help answer the question
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FIGURE 5 | Acute exposure of Lymnaea central neurons to taurine alters the excitability of two synapse-forming neurons. (A) L. stagnalis central ring ganglion was

dissected. (B) To examine whether acute exposure to a high concentration of taurine affects neuronal excitability and/or synaptic transmission, well defined

L. stagnalis pre- and postsynaptic VD4-LPeD1 neuronal pairs were cultured and allowed to form synapses (n = 4). (C) Intracellular recordings revealed that

presynaptic action potentials elicited electrical activities in postsynaptic neurons, and these were quieted after exposure to taurine at 2.5 mM. Interestingly, the

postsynaptic potentials (PSPs) remained throughout the presence of taurine, indicating that taurine can selectively modulate neural excitability change while allowing

the synaptic transmission to occur between two synaptic neurons. (D) At rest, taurine caused a significantly larger hyperpolarizing membrane potential change

(∆mV) in LPeD1 neurons (7.14 ± 0.5 mV) than that in VD4 neurons (2.37 ± 1.6 mV; student t-test, p = 0.049; n = 3). Negative direction and Y-axis values indicate a

hyperpolarizing action of taurine on the resting membrane potentials of VD4 and LPeD1. (E) The hyperpolarization in LPeD1 neurons occurred in either quiescent or

actively firing LPeD1 cells. The dotted lines indicate basal membrane potential levels. *Indicates a significance level of p < 0.05.

of whether the role of taurine is evolutionally conserved

between vertebrate and invertebrate nervous systems. With

our above and previous evidence that taurine promotes the

development of synaptic machinery in mammalian neurons

(Shivaraj et al., 2012), we hypothesized that taurine would

promote the functional development of synapses between L.

stagnalis neurons, and its effect may be pre- or postsynaptic

site-specific.

To test the above postulate, Lymnaea VD4 and LPeD1 cells

were paired in the soma-soma configuration (Figure 5B)

in the absence or presence of taurine overnight at 1 mM, a

concentration that consistently promoted the development

of rat cortical neurites and synaptic structures in the above

experiments. The next day, intracellular recordings from

both cells were made to determine synapse formation and

synaptic transmission (representative recordings are shown
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FIGURE 6 | Taurine enhances the development and strength of functional synapses between L. stagnalis central neurons but does not affect the postsynaptic

response of exogenously applied transmitter. (A,B) Representative recordings show the responses of cell pairs cultured without taurine (control) and with 1 mM

taurine. Asterisks denote peaks of PSPs. (C) Quantification of the incidence of synapse formation (reflected by the percent of cell pairs exhibiting 1:1 ratio of

presynaptic action potential: postsynaptic cell PSPs) demonstrated that taurine enhances synaptic incidence. Specifically, 53% of control pairs formed synapses

while 100% of 1 mM taurine-treated pairs formed synapses (n = 15 for control and n = 10 for 1 mM taurine; Fisher’s exact test, p = 0.02019). (D) Statistical analyses

of the efficacy of synaptic transmission (the mean amplitudes of PSPs) showed taurine significantly enhances synaptic transmission strength. The control PSP was

4.74 ± 0.54 mV and 1 mM taurine was 9.78 ± 0.79 mV (n = 8 for control and n = 10 for 1 mM taurine; student t-test, p < 0.00001). (E) Post-tetanic potentiation

(Continued)
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FIGURE 6 | Continued

(PTP) ratio of postsynaptic potential before and after tetanic stimulation (PSP

to pPSP ratio) was not significantly different between control neurons and

neurons treated with taurine. The control PTP ratio was 2.58 ± 0.32 and

1 mM taurine was 2.7 ± 0.25 (n = 8 for control and n = 10 for 1 mM taurine;

student t-test, p = 0.7684). The dotted line in B indicates an example of PTP

in which the pPSP after high-frequency stimulation is higher than PSP before

high-frequency stimulation. (F) To determine if taurine-induced increases in

Lymnaea synaptogenesis and transmission involves the promotion of

expression or function of postsynaptic transmitter receptors, LPeD1 cells

were cultured in the absence or presence of taurine overnight. Intracellular

recordings were made the next day and ACh (1 µM) was pressure-injected

onto the cell bodies of LPeD1 while neurons were held at −100 mV. There

was no significant difference between membrane potential responses in

taurine-free (15.34 ± 1.46 mV; n = 17) and taurine-treated (12.99 ± 1.32 mV;

n = 10) neurons (student t-test, p = 0.2393). (G) Examples of raw traces of

postsynaptic membrane potential response to exogenously applied ACh in a

neuron cultured in the absence or presence of taurine (1 mM). *Indicates a

significance level of p < 0.05, and *****p < 0.00001.

in Figures 6A,B). Calculating the percentage of cell pairs

forming functional synapses demonstrated that taurine

significantly increased the incidence of synapse formation

between cultured neurons (Figure 6C). The efficacy of

synaptic transmission measured by the mean amplitudes

of peak PSPs in response to presynaptic current injection-

induced action potentials was also significantly increased in

neurons cultured in taurine compared to neurons without

taurine exposure (Figure 6D). Specifically, our data showed

that neurons cultured in the absence of taurine (control)

could form synapses in 53% (eight out of 15) of neurons,

while all (100%, 10 out of 10) pairs of neurons cultured

in 1 mM taurine formed synapses that exhibited robust

PSPs (Fisher’s exact test, p = 0.02). In cell pairs that formed

synapses in the absence of taurine, the mean PSP amplitude

was significantly smaller than those detected in taurine-

treated neurons (p < 0.00001). These data indicate that

taurine exerts synaptogenic effects by promoting not only

the incidence of synaptogenesis (the increased percent of

neuronal pairs that could form synapses) but also the efficacy

of synaptic transmission (a single action potential induced

a larger postsynaptic response) between individual pre- and

postsynaptic neurons.

To further determine the possible role of taurine in synaptic

plasticity, we also compared the amplitude of PSP to single

presynaptic action potentials before and after a train of

high-frequency action potential activity (tetanic stimulation,

10 Hz) in neural pairs cultured with or without taurine. A larger

amplitude of action potential-triggered PSP after high-frequency

stimulation (pPSP) than PSP before high-frequency stimulation

(Figure 6B, indicated by the dotted line) is defined as PTP, a form

of short-term synaptic plasticity. Our data showed that taurine

did not affect the synaptic plasticity between single neurons

(Figure 6E; p = 0.7684).

Now the question remains: Does taurine affect synaptic

transmission by acting on the presynaptic transmitter release

(ACh in this case) or postsynaptic nicotinic ACh receptor

(nAChR) expression/response in Lymnaea neurons? To help

answer this question, we conducted a functional analysis of

postsynaptic nAChR response to exogenously applied ACh to

mimic transmitter-receptor response in vitro (see ‘‘Materials

and Methods’’ section). To this end, LPeD1 neurons were

cultured either in the absence or presence of taurine at 1 mM

overnight to allow for the expression of nAChRs. The next

day, neurons were impaled with intracellular sharp electrodes,

and ACh (1 µM) was pressure-injected onto LPeD1 cell

bodies to monitor the change in membrane potentials (see

‘‘Materials and Methods’’ section and Figures 6F,G). Our

results showed that neurons cultured in the presence of taurine

did not exhibit a significant membrane potential change in

response to ACh application compared to control neurons.

Specifically, the mean amplitude of ACh-induced membrane

potential in cells cultured in the absence of taurine was

15.33 ± 1.46 mV (n = 17) and in the presence of taurine was

12.99 ± 1.32 mV (n = 10), which was not statistically different

(p = 0.2393). These data indicate that taurine-mediated increases

in synaptogenesis and synaptic transmission does not involve

the promotion of postsynaptic receptor expression/function and

most likely involves action on the presynaptic site. However,

this experiment cannot rule out the possibility that taurine may

also regulate the clustering of postsynaptic receptors to the

synaptic sites.

Taurine Effects on Synaptic Formation,
Transmission, and Plasticity Are
Comparable to Trophic Factors in Neurons
From Invertebrate Lymnaea
Because taurine is considered a trophic factor during neuronal

development (Sturman, 1993; Chen et al., 1998), we chose to

study synaptic properties of L. stagnalis neurons that underwent

taurine treatment in the presence of trophic factors to deduce

if synergistic or additive effects exist. L. stagnalis cells were

paired in the soma-soma configuration in the presence of

medium containing L. stagnalis derived neurotrophic factors

from Lymnaea brain CM, with (CM + taurine; 1 mM) or without

taurine overnight. As described above, intercellular recordings

(Figures 7A,B) were made from pre- and postsynaptic cells

to determine synapse formation, synaptic transmission, and

synaptic plasticity. While all (100%, five out of five) pairs of

L. stagnalis cells formed functional synapses in the presence

of CM + taurine, only 87.5% (7 out of 8) paired cells formed

functional synapses when cultured in CM alone (Figure 7C;

Fisher’s exact test, p = 1). The mean PSP amplitude was

not significantly different between cell pairs that formed

synapses in CM alone or CM + taurine (Figure 7D; student

t-test, p = 0.4107), while the PTP ratio of PSP before and

after tetanic stimulation was increased in cell pairs cultured

in CM + taurine as compared to cell pairs in CM alone

(Figure 7E; student t-test, p = 0.4069). Synapse formation,

synapse transmission, and synaptic plasticity were increased

in the presence of taurine, though not to a statistically

significant degree, indicating that taurine may act via the same

or additional pathways as L. stagnalis derived neurotrophic

factors present in CM.
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FIGURE 7 | Taurine nonsignificantly increases L. stagnalis neuron synapse formation, transmission, and plasticity in medium rich with trophic factors. L. stagnalis

neurons were paired in a soma-soma configuration and cultured in medium containing L. stagnalis derived neurotrophic factors in Lymnaea brain conditioned

medium (CM) alone or CM plus 1 mM taurine (CM + taurine). Intracellular recordings were made from the cell pairs. (A,B) Representative recordings show the

responses of L. stagnalis cell pairs cultured in CM alone or CM + taurine. (C) Incidence of synapse formation was calculated as the percentage of cell pairs forming a

1:1 ratio of presynaptic action potential to postsynaptic PSP; cells cultured in CM + taurine formed strong synapses in all the pairs (100%) examined, while 87.5% of

the pairs formed synapses in CM alone (n = 5 for CM and n = 8 for CM + taurine; Fisher’s exact test, p = 1). (D) Average peak amplitudes of PSPs of cells cultured in

CM + taurine was increased compared to cells cultured in CM alone. PSP in CM cultured cells was 7.40 ± 0.74 mV while PSP in CM + taurine cultured cells was

8.75 ± 1.44 mV (n = 7 for CM and n = 5 for CM + taurine; student t-test, p = 0.4107). (E) The ratio of postsynaptic potential before and after tetanic stimulation (PTP

ratio) was larger in pairs cultured in CM + taurine than those cultured in CM alone, although this was not significant. PTP ratio for CM was 2.69 ± 0.46, and PTP ratio

for CM + taurine was 4.05 ± 1.43 (n = 7 for CM, and n = 5 for CM + taurine; student t-test, p = 0.4069). The dotted line in (A) shows the increase in pPSP after

high-frequency stimulation.

In summary, our L. stagnalis synapse study is supportive of

our hypothesis that taurine plays an evolutionarily conserved

role vis-à-vis synaptogenesis and synaptic transmission in both

invertebrate and vertebrate neurons. Besides, our Lymnaea data

also indicate that the effects of taurine were comparable to,

but not significantly different from trophic factor effects on
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synaptogenesis, synaptic transmission, and synaptic plasticity

between individual L. stagnalis neurons.

DISCUSSION

Early neuronal development relies on many specific

events, namely proliferation, migration, differentiation,

and synaptogenesis, to achieve proper development of the

nervous system. These steps rely on cellular cues such as

neurotransmitter release, electrical activity, and binding of

molecular ligands (Nguyen et al., 2001; Owens and Kriegstein,

2002; Munno and Syed, 2003; Spitzer, 2006; Batool et al.,

2019). As one of the most abundant amino acids in the

human body, it is no surprise that taurine has been linked

to a variety of physiological functions including neuronal

development (Huxtable, 1989; Kilb and Fukuda, 2017).

Therefore, we sought to investigate the role of taurine in

developing neurons of vertebrate and invertebrate brains. Our

data provide the first direct evidence that taurine is a neuroactive

substance that specifically impacts neuritic development and

synaptic machinery expression and/or assembly, especially

the presynaptic machinery. Using an invertebrate model, we

demonstrated that acute exposure to taurine regulates neuronal

excitability changes between two cultured Lymnaea neurons

that form mature synapses. With more potent action on the

postsynaptic neuron. Chronic (overnight) exposure to taurine

at physiological concentrations enhances both the incidence

and efficacy of synaptic transmission between two Lymnaea

neurons, indicating taurine’s bona fide synaptogenic function

in neurons. Consistent with the cortical neuron synapse data,

the chronic action of taurine in Lymnaea synapse development

is of presynaptic origin. Together, these data demonstrate that

taurine’s morphogenic and synaptogenic functions are conserved

in both invertebrate and vertebrate species, and taurine’s effects

are cell- and synaptic site-specific.

Taurine has been previously shown to promote neurogenesis

and NPC proliferation in both developing and adult mouse

brains. However, less is known about the effect of taurine on

the development of neural processes. In embryonic day 18 (E18)

rats, the addition of taurine on day 2 in the culture at 20 µM

and 100 µM increased both the neurite length and the number

of neurites in day 3 primary hippocampal cells, but not to a

significant degree (Shivaraj et al., 2012). In our study, we added

taurine at physiological concentrations of 50 µM and 1 mM

on day 0 in culture, used postnatal rats (P0), and examined

the effects on another brain region, cortical neurons in vitro

after 3 days in culture. We found a significant enhancement

in overall neuritic growth and the number of neurites. The

difference in the observed taurine effects on neurites may be

attributed to the following factors: difference in brain regions,

age of rats during dissection, or taurine treatment protocol (day

0 vs. day 2 exposure). It is interesting that our data also revealed

a significant increase in the thickness of primary neurites that

were labeled by fluorescent staining of β-tubulin, which has

not been reported previously. This increase in the thickness of

primary neurites will lead to an increase in neuronal surface

area for housing ionic channels/receptors and an increase in

the efficiency of neural conductivity and synaptic transmission.

Furthermore, our study found that taurine increased the number

of cells in culture. This finding is consistent with a previous study

showing that taurine treatment caused a significant increase

in the number of cells and the length of neurites in primary

cultured cochlear spiral ganglion cells (Rak et al., 2014). The

increase in spiral ganglion cells was attributed to taurine-

mediated neurotrophic effects of higher rates of cell survival of

both neurons and glial cells (Rak et al., 2014). In our study,

the overall number and length of neurites were increased by

taurine, yet the length of neurites per cell was unaffected,

further implying that the main function of taurine is enhancing

neuronal survival in dissociated cell cultures. While these results

suggest a neurotrophic role for taurine in cell survival, it is not

known if the increase in cell density we observed is also due

to other factors such as a higher rate of adhesion or glial cell

proliferation. However, a study by Shivaraj et al. (2012) found

that taurine did not affect the number of differentiated glial

cells in their hippocampal culture using a specific fluorescent

marker of glial fibrillary acidic protein. Nevertheless, it would be

interesting to study these possibilities in our future cortical cell

culture experiments.

Our data are in fact in agreement with the study by Shivaraj

et al. (2012) showing that 100 µM taurine increased synapsin

1, a presynaptic marker, and PSD95 expression in primary

mouse hippocampal neurons. Unfortunately, their study only

provided evidence of protein level increases using western

blotting methods. It, therefore, remains unknown whether

taurine affects the level of clustering of synaptic proteins at the

single neuron-, neurite-, or network-levels. We took advantage

of well-established methods such as SynQuant (Wang et al.,

2020) and SynapCountJ (Mata et al., 2016) to analyze different

synaptic parameters in entire images (networks) and primary

neurites. We found that taurine not only regulated synaptic

protein expression in networks but also their intensity in synaptic

puncta along neurites. Intriguingly, taurine was more effective

at promoting the expression of presynaptic synaptophysin

protein than the postsynaptic PSD95 protein. More intriguingly,

our exogenous transmitter ACh puff experiments strongly

implicate a presynaptic working mechanism in Lymnaea synapse

development. Our findings are thus consistent with a previous

study revealing that taurine selectively acts on the presynaptic

NMDA receptors (via glycine-binding sites) to potentiate

NMDR-induced facilitation of axon excitability and field EPSP

in rat hippocampal slices (Suarez and Solis, 2006). It is important

to note here that synaptophysin is a ubiquitous, presynaptic

marker of all types of synapses, while PSD95 is restricted mainly

to glutamatergic synapses. Therefore, a possibility exists that

taurine’s presynaptic effects are not restricted solely to a single

type of synapse, as it may affect both inhibitory and excitatory.

Together, these data indicate that taurine has neurotrophic

and synaptogenic effects on developing vertebrate neurons, and

taurine effects are more selective on the presynaptic sites.

Our data also revealed that taurine’s effects are more robust

and consistent at a higher concentration of 1 mM. It is important

to note that concentrations of taurine have been revealed to

vary widely between different brain regions and even between
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pre- and postnatal animals (Palkovits et al., 1986; Miller et al.,

2000). Therefore, the differences in the efficacy of taurine at

various physiological concentrations seen in the data presented

here and previous studies, particularly the E18 hippocampal

culture by Shivaraj et al. (2012), is not entirely surprising.

While our experiments focused on the effects of physiological

levels of taurine on neurons, a recent study demonstrated that

chronic exposure to extremely high concentrations of taurine

(50 mM) induced cell apoptosis (Serdar et al., 2019), indicating

that physiological levels and length of exposure are important

factors in taurine’s effects during early neural development.

Also, the concentration effects of taurine have been found in

taurine’s actions on the regulation of neuronal excitability. For

example, taurine has been reported to induce dose-dependent

effects on immature hippocampal neurons in both excitatory and

inhibitory directions (Chen et al., 2014; Winkler et al., 2019); it

enhances neuronal excitability in the immature neocortex (Sava

et al., 2014), while it exhibits a dominant, inhibitory effect on

neuronal activity in the mature CNS (Kilb and Fukuda, 2017).

Also, taurine at mM concentrations inhibits neuronal activity

during anoxia in turtle central neurons via both glycine and

GABAA receptors (Miles et al., 2018). Consistently, our data

indicate that taurine at mM concentrations could also negatively

regulate neuronal firing activity in Lymnaea neurons (Figure 5C)

in a cell-specific manner.

In Lymnaea, a previous study focusing on taurine’s effect

on electrically regulated ionic currents revealed that taurine

at mM concentrations decreased Na+ currents (hence may

reduce firing), yet at low concentrations (100 nM to 100 µM)

increased Na+ currents (Vislobokov et al., 1991). It is not

known if the concentration-dependent effects of taurine on L.

stagnalis neurons contributed to our observed synapse formation

and neuronal activity regulation. For example, the increase of

Na+ current by lower concentrations of taurine may increase

cell excitability and subsequently cause intracellular calcium

transients, which is the causal factor of neurotrophic factor-

induced synaptogenesis between Lymnaea neurons (Xu et al.,

2009), while high concentrations of taurine may inhibit Na+

currents and reduce neural excitability as seen in our acute

exposure experiments (Figure 5C). It is, however, important

to note that taurine immediately and completely abolished

action potential firing in the postsynaptic but not presynaptic

neurons (Figure 5C), suggesting that inhibition of sodium

currents alone may not be sufficient to explain the selective

action of taurine on the postsynaptic neurons. It is well known

that taurine is an agonist of GABAA and glycine receptors,

activation of which can counterbalance the neuronal excitability

(Herbison and Moenter, 2011; Komm et al., 2014; Kilb and

Fukuda, 2017; Ochoa-de la Paz et al., 2019). Thus, taurine

may reduce cell excitability potentially via GABAA receptors

that are expressed in L. stagnalis central neurons (Harvey

et al., 1991; Darlison et al., 1993). Despite the unknown

mechanism, our studies, together with others, clearly indicate

that taurine acts as an active neuromodulator that is involved

in regulating neuronal membrane excitability. The selective

inhibition of postsynaptic excitability leads to a less likelihood

of synchronized firing of action potentials between pre- and

postsynaptic neurons that form excitatory synapses (such as the

cholinergic synapses in our study, Figure 5C). More importantly,

our data indicate that the hyperpolarization of postsynaptic

neurons did not exclude the ability for presynaptic neurons

to release transmitter and communicate with the postsynaptic

neurons. These reveal novel insights into the role of taurine

as a neuromodulator and neuroprotector to aid the interplay

between membrane excitability and synaptic transmission,

achieving optimal homeostasis of network activity in the

nervous system.

Our data show that there is a conserved role of taurine

between vertebrates and invertebrates to increase synapse

development. Specifically, our data, for the first time,

revealed the positive effect of taurine on the percentage

of neurons that could form functional synapses and the

robustness of synaptic transmission between individual

partner neurons. While taurine’s effect on the formation

of functional synapses in invertebrate neurons is novel,

increases in synaptic transmission have been reported in rat

hippocampal slices after treatment with taurine (Galarreta et al.,

1996). The effect of taurine on synapses is conserved between

vertebrates and invertebrates, further providing evidence that

L. stagnalis is a good model for studying the roles and cellular

mechanisms of taurine on synapses that prove challenging in the

mammalian brain.

Taurine has previously been linked to synaptic plasticity,

particularly long-term potentiation (LTP), with conflicting

results. The addition of taurine mitigated synaptic plasticity

impairment in one study (Yu et al., 2007) but failed to alter

late-LTP induction in another (Suarez et al., 2016). As a

compound with structural similarities to GABA and a partial

agonist of GABAA receptors, taurine begs the question of

whether it can act on GABA receptors to induce synaptic LTP,

as LTP is a previously established characteristic of GABAergic

synapses (Gaiarsa et al., 2002; Ochoa-de la Paz et al., 2019).

Interestingly, one study reported the ability of taurine to

induce LTP in rat hippocampal slices, and the action was

independent of GABAA and glutamate receptor activation

but relied on the presence of calcium (del Olmo N. et al.,

2000; del Olmo N. D. et al., 2000). While taurine’s effects

have been linked to LTP, we sought to determine if taurine

affects short-term PTP in L. stagnalis central neurons. The

addition of taurine alone did not alter synaptic plasticity PTP

in L. stagnalis neurons. However, when taurine was added

in combination with trophic factor-rich Lymnaea brain CM,

synaptic plasticity increased more than Lymnaea trophic factors

alone, although it did not reach a significant level. These findings

might be the result of taurine’s ability to reduce neuronal

excitability in concentration-dependent manners as mentioned

above. Nevertheless, it is important to note that although

synaptic plasticity did not increase significantly between the

two individual central neurons we recorded from, this does

not mean that synapses among many neurons together cannot

exhibit synaptic plasticity after addition of taurine. We found

that synaptic puncta and synaptic strength were increased after

the addition of taurine, and a possibility still exists that the

effect of many neurons within a network increasing synaptic
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abilities can exhibit a combined effect of synaptic plasticity within

the network.

Taken together, our results demonstrate taurine as a

stimulator of neuritogenesis and a regulator of synapses in

vertebrates and invertebrates, and these effects are cell-specific.

The discovery of the conserved developmental and synaptogenic

actions of taurine in the L. stagnalis nervous system will open

research avenues exploring the cellular, molecular, and synaptic

mechanisms of taurine’s actions using L. stagnalis and other

invertebrate models. Particularly, these models accelerate our

ability to study molecular mechanisms underlying taurine effects

on growth and synapse development between single neurons

in vitro in the absence of confounding factors including glia

and taurine’s analogous transmitters GABA and glycine. Such

knowledge is fundamental for future efforts in targeting taurine

as a therapeutic agent.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation, to any

qualified researcher.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional

Animal Care and Use Policy at the University of Calgary

and the Institutional Animal Care and Use Policy at Saint

Louis University.

AUTHOR CONTRIBUTIONS

BM, FX, and NS designed the study. BM,WZ, and FX performed

all experiments. BM and FX performed data analysis, created the

figures and wrote the manuscript. BM, WZ, NS, and FX revised

and edited the manuscript.

FUNDING

This work was supported by the National Science Foundation

(1916563) and the Saint Louis University Start-up Fund

to Dr. FX, the Sigma Xi Grants-In-Aid of Research

(G2017031593402535) to Ms. BM, and the Canadian Institute of

Health Research (CIHR, 64030-60-28350-10015088-00000) to

Dr. NS.

REFERENCES

Albrecht, J., and Schousboe, A. (2005). Taurine interaction with neurotransmitter

receptors in the CNS: an update. Neurochem. Res. 30, 1615–1621.

doi: 10.1007/s11064-005-8986-6

Allen, J. A., and Garrett, M. R. (1971). Taurine in marine invertebrates. Adv.

Marine Biol. 9, 205–253. doi: 10.1016/s0065-2881(08)60343-0

Banay-Schwartz, M., Lajtha, A., and Palkovits, M. (1989). Changes with aging in

the levels of amino acids in rat CNS structural elements. II. Taurine and small

neutral amino acids. Neurochem. Res. 14, 563–570. doi: 10.1007/bf00964919

Batool, S., Raza, H., Zaidi, J., Riaz, S., Hasan, S., and Syed, N. I. (2019). Synapse

formation: from cellular and molecular mechanisms to neurodevelopmental

and neurodegenerative disorders. J. Neurophysiol. 121, 1381–1397.

doi: 10.1152/jn.00833.2018

Benitez-Diaz, P., Miranda-Contreras, L., Mendoza-Briceno, R. V., Pena-

Contreras, Z., and Palacios-Pru, E. (2003). Prenatal and postnatal contents

of amino acid neurotransmitters in mouse parietal cortex. Dev. Neurosci. 25,

366–374. doi: 10.1159/000073514

Buckett, K. J., Peters, M., and Benjamin, P. R. (1990). Excitation and inhibition

of the heart of the snail, Lymnaea, by non-FMRFamidergic motoneurons.

J. Neurophysiol. 63, 1436–1447. doi: 10.1152/jn.1990.63.6.1436

Chen, W. Q., Jin, H., Nguyen, M., Carr, J., Lee, Y. J., Hsu, C. C., et al. (2001).

Role of taurine in regulation of intracellular calcium level and neuroprotective

function in cultured neurons. J. Neurosci. Res. 66, 612–619. doi: 10.1002/jnr.

10027

Chen, R., Okabe, A., Sun, H., Sharopov, S., Hanganu-Opatz, I. L., Kolbaev, S. N.,

et al. (2014). Activation of glycine receptors modulates spontaneous

epileptiform activity in the immature rat hippocampus. J. Physiol. 592,

2153–2168. doi: 10.1113/jphysiol.2014.271700

Chen, X. C., Pan, Z. L., Liu, D. S., and Han, X. (1998). Effect of taurine on human

fetal neuron cells: proliferation and differentiation. Adv. Exp. Med. Biol. 442,

397–403. doi: 10.1007/978-1-4899-0117-0_49

Clifford, E. L., Varela, M. M., De Corte, D., Bode, A., Ortiz, V., Herndl, G. J., et al.

(2019). Taurine is a major carbon and energy source for marine prokaryotes in

the north atlantic ocean off the iberian peninsula. Microb. Ecol. 78, 299–312.

doi: 10.1007/s00248-019-01320-y

Darlison, M. G., Hutton, M. L., and Harvey, R. J. (1993). Molluscan ligand-

gated ion-channel receptors. EXS 63, 48–64. doi: 10.1007/978-3-0348-

7265-2_3

Das, J., Ghosh, J., Manna, P., and Sil, P. C. (2011). Taurine suppresses doxorubicin-

triggered oxidative stress and cardiac apoptosis in rat via up-regulation of

PI3-K/Akt and inhibition of p53, p38-JNK. Biochem. Pharmacol. 81, 891–909.

doi: 10.1016/j.bcp.2011.01.008

del Olmo, N., Galarreta, M., Bustamante, J., Martin del Rio, R., and Solis, J. M.

(2000). Taurine-induced synaptic potentiation: role of calcium and interaction

with LTP. Neuropharmacology 39, 40–54. doi: 10.1016/s0028-3908(99)

00078-7

del Olmo, N. D., Galarreta, M., Bustamante, J., Martin del Rio, R., and

Solis, J. M. (2000). Taurine-induced synaptic potentiation: dependence on

extra- and intracellular calcium sources. Adv. Exp. Med. Biol. 483, 283–292.

doi: 10.1007/0-306-46838-7_31

El Idrissi, A., and Trenkner, E. (2004). Taurine as a modulator of excitatory

and inhibitory neurotransmission. Neurochem. Res. 29, 189–197.

doi: 10.1023/b:nere.0000010448.17740.6e

Furukawa, T., Yamada, J., Akita, T., Matsushima, Y., Yanagawa, Y., and Fukuda, A.

(2014). Roles of taurine-mediated tonic GABAA receptor activation in the

radial migration of neurons in the fetal mouse cerebral cortex. Front. Cell.

Neurosci. 8:88. doi: 10.3389/fncel.2014.00088

Gaiarsa, J. L., Caillard, O., and Ben-Ari, Y. (2002). Long-term plasticity at

GABAergic and glycinergic synapses: mechanisms and functional significance.

Trends Neurosci. 25, 564–570. doi: 10.1016/s0166-2236(02)02269-5

Galarreta, M., Bustamante, J., Martin del Rio, R., and Solis, J. M. (1996). Taurine

induces a long-lasting increase of synaptic efficacy and axon excitability in the

hippocampus. J. Neurosci. 16, 92–102. doi: 10.1523/jneurosci.16-01-00092.1996

Gilles, R. (1972). Osmoregulation in three molluscs: acanthochitona discrepans

(Brown), glycymeris (L.) and Mytilus edulis (L). Biol. Bull. 142, 25–35.

doi: 10.2307/1540243

Harvey, R. J., Vreugdenhil, E., Zaman, S. H., Bhandal, N. S., Usherwood, P. N.,

Barnard, E. A., et al. (1991). Sequence of a functional invertebrate

GABAA receptor subunit which can form a chimeric receptor with a

vertebrate α subunit. EMBO J. 10, 3239–3245. doi: 10.1002/j.1460-2075.1991.tb

04887.x

Herbison, A. E., and Moenter, S. M. (2011). Depolarising and hyperpolarising

actions of GABA(A) receptor activation on gonadotrophin-releasing hormone

neurones: towards an emerging consensus. J. Neuroendocrinol. 23, 557–569.

doi: 10.1111/j.1365-2826.2011.02145.x

Hernandez-Benitez, R., Ramos-Mandujano, G., and Pasantes-Morales, H. (2012).

Taurine stimulates proliferation and promotes neurogenesis of mouse adult

Frontiers in Synaptic Neuroscience | www.frontiersin.org 16 July 2020 | Volume 12 | Article 29



Mersman et al. Taurine’s Role in Central Neurons

cultured neural stem/progenitor cells. Stem Cell Res. 9, 24–34. doi: 10.1016/j.

scr.2012.02.004

Huxtable, R. J. (1989). Taurine in the central nervous system and the mammalian

actions of taurine. Prog. Neurobiol. 32, 471–533. doi: 10.1016/0301-

0082(89)90019-1

Imaninezhad,M., Pemberton, K., Xu, F., Kalinowski, K., Bera, R., and Zustiak, S. P.

(2018). Directed and enhanced neurite outgrowth following exogenous

electrical stimulation on carbon nanotube-hydrogel composites. J. Neural Eng.

15:056034. doi: 10.1088/1741-2552/aad65b

Jacobsen, J. G., and Smith, L. H. (1968). Biochemistry and physiology of taurine

and taurine derivatives. Physiol. Rev. 48, 424–511. doi: 10.1152/physrev.1968.

48.2.424

Jia, F., Yue, M., Chandra, D., Keramidas, A., Goldstein, P. A., Homanics, G. E.,

et al. (2008). Taurine is a potent activator of extrasynaptic GABA(A)

receptors in the thalamus. J. Neurosci. 28, 106–115. doi: 10.3410/f.1099073.

555272

Karanova, M. V. (2009). [Composition of free amino acids in blood

and muscle of gobi Perccottus glehni at the period of preparation

and completion of hibernation]. Zh Evol Biokhim Fiziol 45, 59–67.

doi: 10.1134/S0022093009010062

Kilb, W., and Fukuda, A. (2017). Taurine as an essential neuromodulator during

perinatal cortical development. Front. Cell. Neurosci. 11:328. doi: 10.3389/fncel.

2017.00328

Koito, T., Saitou, S., Nagasaki, T., Yamagami, S., Yamanaka, T., Okamura, K.,

et al. (2018). Taurine-related compounds and other free amino acids in

deep-sea hydrothermal vent and non-vent invertebrates.Marine Biol. 165:183.

doi: 10.1007/s00227-018-3442-8

Komm, B., Beyreis, M., Kittl, M., Jakab, M., Ritter, M., and Kerschbaum, H. H.

(2014). Glycine modulates membrane potential, cell volume and phagocytosis

in murine microglia. Amino Acids 46, 1907–1917. doi: 10.1007/s00726-014-

1745-8

Lange, R. (1963). The osmotic function of amino acids and taurine in the mussel,

mytilus edulis. Comp. Biochem. Physiol. 10, 173–179. doi: 10.1016/0010-

406x(63)90239-1

Luk, C. C., Naruo, H., Prince, D., Hassan, A., Doran, S. A., Goldberg, J. I.,

et al. (2011). A novel form of presynaptic CaMKII-dependent short-term

potentiation between Lymnaea neurons. Eur. J. Neurosci. 34, 569–577.

doi: 10.1111/j.1460-9568.2011.07784.x

Marcinkiewicz, J., and Kontny, E. (2014). Taurine and inflammatory diseases.

Amino Acids 46, 7–20. doi: 10.1007/s00726-012-1361-4

Martincigh, B. S., Mundoma, C., and Simoyi, R. H. (1998). Antioxidant chemistry:

hypotaurine-taurine oxidation by chlorite. J. Phys. Chems. A 102, 9838–9846.

doi: 10.1021/jp982575c

Mata, G., Heras, J., Morales, M., Romero, A., and Rubio, J. (2016). ‘‘SynapCountJ:

A tool for analyzing synaptic densities in neurons,’’ in Proceedings of the

9th International Joint Conference on Biomedical Enginerring Systems and

Technologies (BIOSTEC 2016) (Rome: BIOSTEC), 41–55. doi: 10.1007/978-3-

319-54717-6_3

McCaman, R., and Stetzler, J. (1977). Determination of taurine in individual

neurones ofAplysia californica. J. Neurochem. 29, 739–741. doi: 10.1111/j.1471-

4159.1977.tb07793.x

Meems, R., Munno, D., van Minnen, J., and Syed, N. I. (2003). Synapse

formation between isolated axons requires presynaptic soma and redistribution

of postsynaptic AChRs. J. Neurophysiol. 89, 2611–2619. doi: 10.1152/jn.00898.

2002

Meijering, E., Jacob, M., Sarria, J. C., Steiner, P., Hirling, H., and Unser, M.

(2004). Design and validation of a tool for neurite tracing and analysis in

fluorescence microscopy images. Cytometry A 58, 167–176. doi: 10.1002/cyto.a.

20022

Miles, A. R., Hawrysh, P. J., Hossein-Javaheri, N., and Buck, L. T. (2018).

Taurine activates glycine and GABAA receptor currents in anoxia-tolerant

painted turtle pyramidal neurons. J. Exp. Biol. 221:jeb181529. doi: 10.1242/jeb.

181529

Miller, T. J., Hanson, R. D., and Yancey, P. H. (2000). Developmental changes

in organic osmolytes in prenatal and postnatal rat tissues. Comp. Biochem.

Physiol. A Mol. Integr. Physiol. 125, 45–56. doi: 10.1016/s1095-6433(99)

00160-9

Munno, D.W., and Syed, N. I. (2003). Synaptogenesis in the CNS: an odyssey from

wiring together to firing together. J. Physiol. 552, 1–11. doi: 10.1113/jphysiol.

2003.045062

Nguyen, L., Rigo, J. M., Rocher, V., Belachew, S., Malgrange, B., Rogister, B.,

et al. (2001). Neurotransmitters as early signals for central nervous system

development. Cell Tissue Res. 305, 187–202. doi: 10.1007/s004410000343

Niu, X., Zheng, S., Liu, H., and Li, S. (2018). Protective effects of taurine against

inflammation, apoptosis, and oxidative stress in brain injury. Mol. Med. Rep.

18, 4516–4522. doi: 10.3892/mmr.2018.9465

Ochoa-de la Paz, L., Zenteno, E., Gulias-Canizo, R., and Quiroz-Mercado, H.

(2019). Taurine and GABA neurotransmitter receptors, a relationship

with therapeutic potential? Expert Rev. Neurother. 19, 289–291.

doi: 10.1080/14737175.2019.1593827

Owens, D. F., and Kriegstein, A. R. (2002). Developmental neurotransmitters?

Neuron 36, 989–991. doi: 10.1016/s0896-6273(02)01136-4

Palkovits, M., Elekes, I., Lang, T., and Patthy, A. (1986). Taurine levels in discrete

brain nuclei of rats. J. Neurochem. 47, 1333–1335. doi: 10.1111/j.1471-4159.

1986.tb00761.x

Pemberton, K., Mersman, B., and Xu, F. (2018). Using ImageJ to assess neurite

outgrowth inmammalian cell cultures: research data quantification exercises in

undergraduate neuroscience lab. J. Undergrad. Neurosci. Educ. 16, A186–A194.

Rak, K., Volker, J., Jurgens, L., Scherzad, A., Schendzielorz, P., Radeloff, A., et al.

(2014). Neurotrophic effects of taurine on spiral ganglion neurons in vitro.

Neuroreport 25, 1250–1254. doi: 10.1097/wnr.0000000000000254

Ridgway, R. L., Syed, N. I., Lukowiak, K., and Bulloch, A. G. (1991). Nerve growth

factor (NGF) induces sprouting of specific neurons of the snail, Lymnaea

stagnalis. J. Neurobiol. 22, 377–390. doi: 10.1002/neu.480220406

Ripps, H., and Shen, W. (2012). Review: taurine: a ‘‘very essential’’ amino acid.

Mol. Vis. 18, 2673–2686.

Sava, B. A., Chen, R., Sun, H., Luhmann, H. J., and Kilb, W. (2014). Taurine

activates GABAergic networks in the neocortex of immature mice. Front. Cell.

Neurosci. 8:26. doi: 10.3389/fncel.2014.00026

Serdar, M., Mordelt, A., Muser, K., Kempe, K., Felderhoff-Muser, U., Herz, J.,

et al. (2019). Detrimental impact of energy drink compounds on developing

oligodendrocytes and neurons. Cells 8:1381. doi: 10.3390/cells8111381

Shivaraj, M. C., Marcy, G., Low, G., Ryu, J. R., Zhao, X., Rosales, F. J., et al. (2012).

Taurine induces proliferation of neural stem cells and synapse development

in the developing mouse brain. PLoS One 7:e42935. doi: 10.1371/journal.pone.

0042935

Smith, K. E., Borden, L. A., Wang, C. H., Hartig, P. R., Branchek, T. A., and

Weinshank, R. L. (1992). Cloning and expression of a high affinity taurine

transporter from rat brain.Mol. Pharmacol. 42, 563–569.

Smith, L. H., and Pierce, S. K. (1987). Cell volume regulation by molluscan

erythrocytes during hypoosmotic stress: Ca2+ effects on ionic and organic

osmolyte effluxes. Biol. Bull. 172, 407–418. doi: 10.2307/1541553

Solis, J. M., Herranz, A. S., Herreras, O., Lerma, J., and Martin del Rio, R. (1988).

Does taurine act as an osmoregulatory substance in the rat brain?Neurosci. Lett.

91, 53–58. doi: 10.1016/0304-3940(88)90248-0

Spitzer, N. C. (2006). Electrical activity in early neuronal development.Nature 444,

707–712. doi: 10.1038/nature05300

Sturman, J. A. (1993). Taurine in development. Physiol. Rev. 73, 119–147.

doi: 10.1152/physrev.1993.73.1.119

Sturman, J. A., Moretz, R. C., French, J. H., andWisniewski, H. M. (1985). Taurine

deficiency in the developing cat: persistence of the cerebellar external granule

cell layer. J. Neurosci. Res. 13, 405–416. doi: 10.1002/jnr.490130307

Suarez, L. M., Munoz, M. D., Martin Del Rio, R., and Solis, J. M. (2016). Taurine

content in different brain structures during ageing: effect on hippocampal

synaptic plasticity. Amino Acids 48, 1199–1208. doi: 10.1007/s00726-015-

2155-2

Suarez, L. M., and Solis, J. M. (2006). Taurine potentiates presynaptic NMDA

receptors in hippocampal Schaffer collateral axons. Eur. J. Neurosci. 24,

405–418. doi: 10.1111/j.1460-9568.2006.04911.x

Syed, N. I., Bulloch, A. G., and Lukowiak, K. (1990). In vitro reconstruction of

the respiratory central pattern generator of the mollusk Lymnaea. Science 250,

282–285. doi: 10.1126/science.2218532

Tomi, M., Tajima, A., Tachikawa, M., and Hosoya, K. (2008). Function of taurine

transporter (Slc6a6/TauT) as a GABA transporting protein and its relevance to

Frontiers in Synaptic Neuroscience | www.frontiersin.org 17 July 2020 | Volume 12 | Article 29



Mersman et al. Taurine’s Role in Central Neurons

GABA transport in rat retinal capillary endothelial cells. Biochim. Biophys. Acta

1778, 2138–2142. doi: 10.1016/j.bbamem.2008.04.012

Uchida, S., Kwon, H. M., Yamauchi, A., Preston, A. S., Marumo, F., and

Handler, J. S. (1992). Molecular cloning of the cDNA for an MDCK

cell Na(+)- and Cl(-)-dependent taurine transporter that is regulated by

hypertonicity. Proc. Natl. Acad. Sci. U S A 89, 8230–8234. doi: 10.1073/pnas.89.

17.8230

Vislobokov, A. I., Mantsev, V. V., Kopylov, A. G., and Gurevich, V. S. (1991).

[The effect of taurine on the electrically controlled ion channels of the

somatic membrane of pond snail neurons]. Fiziol Zh SSSR Im I M Sechenova

77, 37–42.

Vitvitsky, V., Garg, S. K., and Banerjee, R. (2011). Taurine biosynthesis by neurons

and astrocytes. J. Biol. Chem. 286, 32002–32010. doi: 10.1074/jbc.m111.

253344

Wang, Y., Wang, C., Ranefall, P., Broussard, G. J., Wang, Y., Shi, G., et al.

(2020). SynQuant: an automatic tool to quantify synapses from microscopy

images. Bioinformatics 36, 1599–1606. doi: 10.1093/bioinformatics/

btz760

Welborn, J., and Manahan, D. (1995). Taurine metabolism in larvae of

marine invertebrate molluscs (Bilvalvia, Gastropoda). J. Exp. Biol. 198,

1791–1799.

Winkler, P., Luhmann, H. J., and Kilb, W. (2019). Taurine potentiates the

anticonvulsive effect of the GABAA agonist muscimol and pentobarbital in

the immature mouse hippocampus. Epilepsia 60, 464–474. doi: 10.1111/epi.

14651

Xu, F., Hennessy, D. A., Lee, T. K., and Syed, N. I. (2009). Trophic factor-induced

intracellular calcium oscillations are required for the expression of postsynaptic

acetylcholine receptors during synapse formation between Lymnaea neurons.

J. Neurosci. 29, 2167–2176. doi: 10.1523/jneurosci.4682-08.2009

Yu, S. S., Wang, M., Li, X. M., Chen, W. H., Chen, J. T., Wang, H. L., et al.

(2007). Influences of different developmental periods of taurine supplements

on synaptic plasticity in hippocampal CA1 area of rats following prenatal

and perinatal lead exposure. BMC Dev. Biol. 7:51. doi: 10.1186/1471-

213x-7-51

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Mersman, Zaidi, Syed and Xu. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with

these terms.

Frontiers in Synaptic Neuroscience | www.frontiersin.org 18 July 2020 | Volume 12 | Article 29


	Taurine Promotes Neurite Outgrowth and Synapse Development of Both Vertebrate and Invertebrate Central Neurons
	INTRODUCTION
	MATERIALS AND METHODS
	Animals and Cell Culture
	Rat Cortical Neuronal Cell Culture
	Lymnaea Ganglion Dissection and Cell Culture

	Immunocytochemistry and Confocal Microscopy
	ImageJ Neurite Tracing and Synaptic Puncta Analysis
	Electrophysiology
	Synaptogenesis Experiments
	Synaptic Transmission Experiments
	Synaptic Plasticity (Post-tetanic Potentiation) Experiments
	ACh Puffing Experiments

	Statistical Analysis

	RESULTS
	Taurine Promotes Neuritic Growth in Rat Cortical Neurons
	Taurine Regulates the Expression and Punctualization of Synaptic Machinery Proteins in Cortical Neurons
	Taurine Regulates Neural Excitability and Synaptic Activity Between Two Lymnaea Neurons That Form Functional Synapses in vitro
	Taurine Increases the Incidence of Synaptogenesis and Enhances Synaptic Strength Between Cultured Pre- and Postsynaptic Neurons From Invertebrate Lymnaea
	Taurine Effects on Synaptic Formation, Transmission, and Plasticity Are Comparable to Trophic Factors in Neurons From Invertebrate Lymnaea

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


