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Taurinehasbeen suggested tomodulate nociceptive information at
the spinal cord level. In this study, the pharmacological properties
of taurine were investigated in adult rat substantia gelatinosa (SG)
neurons using whole-cell patch-clamp method. We found that
taurine seemed to have higher e⁄cacy than glycine on glycine
receptors in SG neurons. An increase in chloride conductance
was responsible for taurine-induced currents. Taurine at 0.3mM

activated glycine receptors, whereas at 3mM activated both gly-
cine and g-aminobutyric acid A receptors.The currents activated
by coapplication of taurine and glycine are cross inhibitive. Alto-
gether these results show that taurine might represent another
important neurotransmitter or modulator in SG neurons, which
may be involved in antinociception. NeuroReport 19:333^337
�c 2008Wolters Kluwer Health | LippincottWilliams &Wilkins.
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Introduction
Taurine, a structural analog of glycine and g-aminobutyric
acid (GABA), is one of the most abundant free amino acids in
the mammalian central nervous system [1]. Its concentration
ranges among different species and regions from B3 to 9 mM
[2] and it seems to play important roles in a variety of
physiological processes. Growing evidence indicates that
taurine is involved in the regulation of nociceptive informa-
tion at the spinal cord level. It has been demonstrated that
injection of formalin into the hind paws of rats can evoke a
significant release of taurine in the spinal cord [3], and that
taurine can reduce formalin-induced licking activity and
inhibit writhing responses induced by acetic acid [4].
Concentration of taurine in the spinal cord increased
following sciatic nerve stimulation at C-fiber strength [5].

At the spinal cord level, neurons in lamina II (substantia
gelatinosa, SG) of the spinal dorsal horn are known to play
important roles in processing nociceptive input from finely
myelinated Ad-primary afferents and unmyelinated C-primary
afferents from the periphery [6]. Although glycine and GABA
have generally been considered to be major components of the
inhibitory pathway in the spinal cord, taurine might also be
involved in modulating nociceptive transmission. The precise
role of taurine, however, remains unclear in this setting. In this
study, we used whole-cell patch-clamp recording to clarify
whether taurine has effects on SG neurons and whether the
glycinergic system or the GABAergic system is its major target.

Materials and methods
Animals and solutions
This study was approved by the Animal Care and Use
Committee at Niigata University School of Medicine. As
described earlier [7,8], adult (6–8 weeks) male Wistar rats

were anesthetized with urethane (1.5 g/kg intraperitone-
ally). Transverse spinal cord slices (500–600mm in thickness)
were prepared from lumbar segments of the spinal cord
using a vibrating microslicer (DTK-1500, Dosaka Co. Ltd,
Kyoto, Japan). The slice was placed on a nylon mesh in a
recording chamber, perfused with 361C Krebs solution
(containing, in mM: NaCl 117, KCl 3.6, CaCl2 2.5, MgCl2
1.2, Na2HPO4 1.2, NaHCO3 25, glucose 11) at a flow rate of
10 ml/min and bubbled with a gas mixture of 95% O2 and
5% CO2. The recording electrode was a fire-polished glass
pipette with a resistance of 5–10 MO. The pipette solution
contained (in mM): Cs2SO4 110, CaCl2 0.5, MgCl2 2,
ethyleneglycol-bis (b-aminoethyl ether)-N,N,N0,N0-tetraace-
tic acid 5, hydroxyethylpiperazineethanesulfonic acid 5,
tetraethyl ammonium chloride 5, adenosine triphosphate 5.
All the drugs used in this experiment were purchased from
Sigma-Aldrich (St Louis, Missouri, USA). Drugs were
applied through the bathing solutions. The washout time
was at least 5 min after each drug application.

Whole-cell patch-clamp recordings
SG neurons were identified by their location. Under a
binocular microscope and with transmitted illumination,
lamina II was clearly discernible as a relatively translucent
band across the dorsal horn. At a temperature of 361C, blind
whole-cell patch-clamp recordings were made from lamina
II neurons in voltage-clamp mode. Axopatch 200A (Axon
Instruments Inc., Union City, California, USA) was used for
voltage-clamp recordings. The membrane potential was
held at 0 mV throughout the experiment, except when the
reversal potential was examined.
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Data analysis
Data were sampled and analyzed using a Digidata 1320A
interface and a computer installed with Clampex and
Clampfit software (version 8.0.1; Axon Instruments) and
GraphPad Prism (version 5.0; GraphPad Software Inc., San
Diego, California, USA) software. To determine the EC50

and Hill slope (nH), plots were fitted to the logistic equation:
Y ¼ Ymin þ ðYmax � YminÞ=ð1þ 10ðlog EC50�XÞnH Þ: Y¼value of
the currents; X¼log [(agonist concentration)] and Hill slope
(nH)¼slope of the concentration–response relationship.
Ymin¼minimal agonist-induced current and Ymax¼maximal
agonist-induced current. All statistical results are shown as
means7SEM. Differences in mean amplitude were tested
with the Student’s t-test. Statistically significant differences
were assumed if Po0.05 for all data.

Results
Concentration–response relationship and reversal
potential of taurine-induced currents (ITau) in substantia
gelatinosa neurons
To determine the action of taurine, taurine concentrations
ranging from 0.01 to 30 mM were applied to SG neurons in
the presence of bicuculline to block the GABAA receptors
(GABAARs) (Fig. 1a). As taurine most likely activates
glycine receptors (GlyRs), the effects of glycine were also
investigated here. Figure 1b indicates a concentration-
dependent response activated by taurine. The curves were
fitted using the Hill equation; the EC50 for taurine was
0.5 mM (Hill slope: 1.1) and EC50 for glycine 0.6 mM (Hill
slope: 2.0). The maximal amplitude of current activated by
10 mM taurine and 10 mM glycine (151.174.9 and
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Fig.1 Current response of SGneurons to taurine (Tau) and glycine (Gly), the reversal potential of ITau. (a) Examples of ITau and IGly at various concentra-
tions. (b) Concentration^response relationships for ITau (n¼7) and IGly (n¼5).The EC50 values for taurine and glycine were 0.5 and 0.6mM, respectively.
The amplitude of ITau was much larger than that of IGly at every tested concentration.Vertical bars indicate SEM. (c) ITau in the absence and presence of
bath-appliedpropofol (20mM). (d) The reversal potential of ITauwas investigatedby application of the taurine (0.3mM) atdi¡erentholdingpotentials (VH).
Plots of the I^V relationship of the ITau revealed a reversal potential at around �70mV (n¼5). The bars under each trace indicate the drug application
period. I^Vrelationship, current^voltage relationship; IGly, glycine-induced current; ITau, taurine-induced current; SG, substantia gelatinosa.
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96.778.1 pA, respectively) differed significantly (Po0.05,
Fig. 1b). In all cases, the amplitude of ITau was larger than
that of glycine-induced currents (IGly) when the two drugs
were applied at the same concentrations. Thus, taurine
seems to show more efficacy than glycine on GlyRs in SG
neurons. It has been proved that propofol, intravenous
anesthetic, can improve taurine efficacies and can convert it
into full agonist at GlyRs [9]. If taurine performed a full
agonist of GlyRs in SG neurons, its efficacy on GlyRs should
not be further improved by propofol. We compared the peak
amplitude elicited by taurine (3 mM) in the absence and
presence of propofol (20 mM). Figure 2c indicated that
perfusion propofol caused no effect on amplitude of ITau

in the presence of bicuculline. ITau remained 96.572.1%
(P¼0.15, n¼7) of the control. The result provided further
evidence for the hypothesis that taurine acted as a full
agonist of GlyRs in SG neurons. To determine the ion
responsible for ITau in SG neurons, the reversal potential of
ITau was investigated by application of taurine (0.3 mM) at
different holding potentials. Plots of the current–voltage
relationship of ITau (Fig. 1d) revealed a reversal potential at
around �70 mV, which was close to the theoretical chloride
equilibrium potential calculated from Nernst equation in
our experimental conditions, which indicated that an
increase in chloride conductance was responsible for ITau.

Strychnine and bicuculline sensitivity of ITau and interac-
tion between ITau and IGly in substantia gelatinosa neurons
The pharmacological properties of ITau in SG neurons were
investigated with the selective GlyR antagonist, strychnine,
and the GABAAR antagonist, bicuculline. ITau (taurine
concentration of 0.3 mM) was inhibited to 8.071.6% of the
control by 2 mM strychnine (Po0.01, n¼12), but was
unaffected by 20 mM bicuculline (100.175.3% of the control,
P¼0.94, n¼12, Fig. 2a). When taurine was applied at 3 mM
(Fig. 2b), bicuculline (20 mM) reduced ITau to 76.576.4%
(Po0.05, n¼7) and coapplication of bicuculline and strych-
nine (10 mM) virtually abolished ITau (down to 5.071.5%,
Po0.01, n¼7). On the basis of these results it seems that
taurine at 0.3 mM acts mainly on GlyRs, but at a higher
concentration of 3 mM, it can also activate GABAARs. As
glycine and taurine were reported to be released in response
to hind paw formalin injection [3], the interaction between
taurine and glycine was examined in SG neurons. Our
experiments showed that 0.3 mM taurine and 1 mM glycine
elicit currents similar in amplitude (P¼0.43, Fig. 2c). We
compared peak amplitudes of currents induced by the
application of either 0.3 mM taurine or 1 mM glycine, and by
the simultaneous application of both agonists. The ampli-
tude of the response to coapplication of taurine and glycine
was 73.576.9% of that observed with taurine alone (Po0.05,
n¼6) and 70.577.4% of that observed with glycine alone
(Po0.05, n¼6), suggesting cross inhibition between ITau and
IGly.

Discussion
We provide the first evidence that taurine seems to have
higher efficacy than glycine and performed a full agonist of
GlyRs in SG neurons. Our results showed that a higher
concentration of glycine was needed to evoke the amplitude
similar to that evoked by taurine and the maximal currents
activated by taurine were much larger than those of glycine
(Fig. 1). The conclusion was also strengthened by the

observations that propofol did not further improve the
efficacy of taurine on GlyRs in SG neurons (Fig. 1c). It has
often been assumed that taurine is a partial agonist of GlyRs
in hippocampal CA1 area [10] and the sacral dorsal
commissural neurons [11]. Taurine has also been shown to
be a full agonist of GlyRs in cultured embryonic hippo-
campal neurons [12] and dopamine neurons in ventral
tegmental area [13]. Furthermore, it has been reported that
taurine ranged from a full agonist to a partial agonist as the
glycine EC50 increases for a1 and a2 homomers expressed in
oocytes [14]. Together, these results indicate that taurine
might activate GlyRs as either a partial or a full agonist
depending on the region and preparation.

Glycine and GABA, two important neurotransmitters, are
always the focus of attention when the issue of inhibition in
SG neurons is addressed. An indirect evidence supports the
notion that the action of taurine on the spinal cords of adult
animals is inhibitory [4,15]. In our study, the reversal
potential of ITau was close to the theoretical chloride
equilibrium potential (Fig. 1d), which indicates that chloride
contributes to the ITau in SG neurons. We propose that
taurine lowers the excitability of the membrane mainly
through activation of GlyRs resulting in hyperpolarization
of neurons.

Taurine has been proposed to be a possible inhibitory
neurotransmitter and/or neuromodulator in the substantia
nigra [16], olfactory bulb [17] and hippocampal area [18,19]
and activate GlyRs and/or GABAARs. Our study showed
that taurine at 0.3 mM activates GlyRs in SG neurons, and
taurine at 3 mM can also activate GABAARs, consistent with
findings in rat hippocampal CA1 neurons [18]. Therefore,
taurine can act on both GlyRs and GABAARs of SG neurons,
although activation of GlyRs is likely to be the main
mediator of the effect of taurine on this structure.

The dependence of the pharmacodynamic actions of
taurine on the location of the brain region and the neuronal
type has not been satisfactorily explained, but may be due to
different receptor subunit composition. GlyRs subunits
include the ligand-binding subunits a1–a4 and ab subunits
[20]. The a1 GlyRs expressed in Xenopus oocytes are much
more efficiently gated by taurine than a2 GlyRs, whereas
both a1 and a2 GlyRs are efficiently gated by glycine [21].
Given the differential interactions of taurine with the a1 and
a2 subunits of GlyRs, the effect of taurine may change as the
expression of GlyRs subunits changes in different regions of
the nervous system. In this study, the response to taurine
could be most likely explained by action on the a1 subunits
of GlyRs rather than on a2 subunits in SG neurons, possibly
indicating that GlyRs in SG neurons are composed of a1
subunits rather than a2 GlyRs. This speculation is in
agreement with the findings that GlyRs are mainly hetero-
pentamers of two of the main a1 subunits and three b
subunits in adult rat spinal cord [22]. Less information is
available regarding how taurine interacts with the subunits
of GABAARs. Our results, which showed that only taurine
of relatively higher concentrations activated GABAARs,
suggested that taurine is only a weak agonist of GABAARs
on SG neurons. The subunit composition of GlyRs and
GABAARs that interact with taurine in SG neurons awaits
further detailed investigation.

We also observed interactions between taurine and
glycine in SG neurons, in that currents activated by
coapplication of taurine and glycine were cross inhibitive
(Fig. 2c). Taurine has been speculated to act on GlyRs in two
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conformations: taurine in a cis conformation mediates the
agonistic action of GlyRs, whereas taurine in a trans
conformation mediates their antagonistic action. On the
basis of this model, the authors suggested that variations in
the ITau/IGly ratio reflect changes in the relative weight of
the binding constant for inhibitors versus the binding
constant for activators [23,24]. Thus, a more plausible
explanation would be that taurine might also act as an
antagonist by competing with glycine for the same binding
sites in SG neurons. Cross inhibition between taurine and
glycine should have important functional implications,
because it might represent an alternative means of limiting
excessive inhibition where they are released.

Taurine concentration has been reported to be almost the
same as glycine concentration in the rat spinal cord under
normal physiological conditions [25]. Furthermore, a study
showed that taurine-like immunoreactivity was most dense
and prominent in laminae I and II of the dorsal horn,

whereas the remaining laminae were only lightly stained
[26]. Specific distribution of taurine within the dorsal horn
might be the explanation that taurine acted as a partial
agonist of GlyRs in the sacral dorsal commissural neurons
[11] whereas it performed as a full agonist in SG neurons.
The particular localization of taurine to presumptive
inhibitory axon terminals raised the possibility that action
of taurine on SG neurons is probably of significant
importance for nociceptive processing. This is in line with
earlier evidence showing that large amounts of taurine
could be released in the spinal cord in response to electrical,
chemical or pain stimulation [3–5]. Therefore, taurine is very
likely to contribute to the modulation of nociceptive
transmission through its actions, mainly on GlyRs, in this
region. It has been demonstrated that the supplementation
of taurine in the diet diminishes neuropathic nociception
[27] and anterior cingulate cortex was proved to be the site
of taurine antinociceptive action [28]. This important finding
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makes taurine a possible therapeutic drug for the treatment
of neuropathic pain. Our results indicate that SG neurons
may represent another site of taurine antinociceptive action.
Further experiments are required to confirm this possibility.

Conclusion
Our study proved that taurine seemed to have higher
efficacy than glycine on GlyRs in SG neurons. An increase in
chloride conductance was responsible for taurine-induced
currents. Taurine at 0.3 mM activated GlyRs whereas taurine
at 3 mM activated both glycine and GABAARs. Altogether
these results show that besides the classical neurotransmit-
ters, such as glycine and GABA, taurine may be another
important neurotransmitter and/or modulator in SG
neurons, which may be involved in antinociception.
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