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Cells can release the free amino acid taurine through volume-regulated anion channels (VRACs), and it has been hypothesized that
taurine released from glial cells is capable of inhibiting action potential (AP) firing by activating neuronal glycine receptors (GlyRs)
(Hussy et al., 1997). Although an inhibitory GlyR tone is widely observed in the brain, it remains unknown whether this specifically
reflects gliotransmission because most neurons also express VRACs and other endogenous molecules can activate GlyRs. We found that
VRACs are absent in neurons of the rat supraoptic nucleus (SON), suggesting that glial cells are the exclusive source of taurine in this
nucleus. Application of strychnine to rat hypothalamic explants caused a depolarization of SON neurons associated with a decrease of
chloride conductance and could excite these cells in the absence of fast synaptic transmission. This inhibitory GlyR tone was eliminated
by pharmacological blockade of VRACs, by cellular taurine depletion, by metabolic inactivation of glia with fluorocitrate, and after
retraction of astrocytic processes that intercalate neuronal somata and dendrites. Finally, GlyR tone varied inversely with extracellular
fluid tonicity to mediate the osmotic control of AP firing by SON neurons. These findings establish taurine as a physiological gliotransmitter and show that gliotransmission is a spatially constrained process that can be modulated by the morphological rearrangement of
astrocytes.

Introduction
Changes in extracellular osmolality cause proportional changes
in the electrical activity of magnocellular neurosecretory neurons
in the supraoptic nucleus (SON) to regulate the release of vasopressin (VP; an antidiuretic hormone) and oxytocin (OT; a natriuretic hormone in rodents) and thus promote body fluid
homeostasis (Bourque, 2008). Specifically, hyperosmotic conditions excite SON neurons to promote VP/OT secretion and reduce blood osmolality, whereas hypo-osmotic conditions inhibit
electrical activity and basal hormone secretion to elevate osmolality. Previous studies have shown that the excitation of SON
neurons during hypertonicity is mediated by the intrinsic osmosensitivity of these cells (Oliet and Bourque, 1993a) and by excitatory synaptic inputs from other osmosensitive neurons (Leng et
al., 1989). However, recent work has suggested that taurine release by astrocytes might contribute significantly to the inhibition
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of SON neurons via the activation of chloride flux through glycine receptors (GlyRs) under hypo-osmotic conditions (Hussy et
al., 2000). Although this form of signaling could play an important role in the SON and other brain regions, the existence of
taurinergic gliotransmission remains controversial.
The hypothesis that taurinergic gliotransmission might contribute to the osmotic control of SON neurons was developed
around three main observations. First, it is well established that
taurine is a potent agonist at GlyRs (Lynch, 2004), including
those expressed on SON neurons (Hussy et al., 1997). Second,
pharmacological blockade of GlyRs with strychnine can excite
SON neurons during extracellular recordings in vivo, and this
effect is augmented by lowering plasma osmolality (Hussy et al.,
1997). Third, it has been shown that hypotonic solutions stimulate taurine release from isolated SON in vitro and that this effect
is reduced by the glia-specific toxin fluorocitrate (FC) (Deleuze et
al., 1998). Although these observations are consistent with the
existence of taurinergic gliotransmission, important factors complicate this interpretation. For example, a recent study reported
that the activation of chloride channels (GABAA receptors) may
have a depolarizing effect on VP neurons in the rat SON (Haam et
al., 2012). If this is the case, the excitatory effects of locally applied
strychnine observed in this nucleus would have to be caused by a
blockade of GlyRs on local interneurons, rather than those on VP
neurons themselves. Another factor confounding the taurinergic
gliotransmission hypothesis is that two other agonists of GlyRs,
namely glycine and ␤-alanine (Mori et al., 2002; Lynch, 2004), are
present in the extracellular fluid (Shibanoki et al., 1993), and it is
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not known whether GlyRs are functionally activated by taurine or
these other molecules in situ. Finally, it is well known that both
neurons and glial cells can potentially release taurine (Olson and
Li, 2000), making it difficult to establish whether any observable
GlyR tone is mediated specifically by an agonist released from
glial cells.
In this study, we used a combination of approaches to address
these issues. Our results provide compelling evidence for the existence of taurinergic GlyR-dependent gliotransmission in the rat
SON and reveal that this form of communication plays an important physiological role that relies on a spatially intimate relationship between neurons and surrounding astrocytes.

Materials and Methods
All procedures involving animals were performed according to protocol
1190 approved by the Facility Animal Care Committee of McGill
University.
Electrophysiology in superfused hypothalamic explants. Acute hypothalamic explants were prepared from adult male Long–Evans rats (80 –160
g) as described previously (Ghamari-Langroudi and Bourque, 2001) and
superfused (⬃1 ml/min) with warm (31–33°C) oxygenated (95% O2/5%
CO2) artificial CSF (ACSF; pH 7.35) comprising (in mM) 104 NaCl, 26
NaHCO3, 1.23 NaH2PO4, 3 KCl, 1 MgCl2, 2 CaCl2, 10 D-glucose, and
mannitol added to the desired osmolality. Intracellular recordings were
made via pipettes filled with 2 M potassium acetate (100 –130 M⍀).
Steady-state voltage– current ( V–I) relationships were measured in the
absence and presence of 1 M strychnine, and membrane conductance
was determined as the inverse of the slope of the V–I plot between ⫺70
and ⫺60 mV. Reversal potential (EREV) was determined from the intersection point of V–I plots recorded in different conditions. We believe
that the EREV for chloride (ECl) is unaffected by our particular recording
conditions (2 M K acetate, high-resistance sharp electrode, very low holding current). In an attempt to quantify this, we measured timedependent changes in IPSP reversal potential in a subset of neurons. No
significant change was observed between the first and fifth minute
(⫺1.5 ⫾ 1.3 mV; n ⫽ 3; p ⬎ 0.05) or between the 5th and 25th minute
(⫹0.3 ⫾ 0.3 mV; n ⫽ 3; p ⬎ 0.05). Extracellular recordings of AP firing
were made from preparations superfused with ACSF containing 4 mM
KCl and 1 mM CaCl2 using micropipettes with lower resistance (15–20
M⍀) again filled with 2 M potassium acetate, and the voltage signal was
bandpass filtered between 600 and 1500 Hz. Basal activity was determined as the average rate of firing observed during 3 min before application of strychnine. Changes in firing rate were calculated as the
difference between basal activity and the average rate of discharge during
the last 30 s of the strychnine application. Neurons with unstable baseline
activity were excluded from the analysis.
Whole-cell patch-clamp recordings in slices. Coronal (transverse) hypothalamic slices (300 m thick) were prepared from adult male Long–
Evans rats (80 –160 g) as described previously (Trudel and Bourque,
2010) and perfused at 1.5 ml/min (31–33°C) with oxygenated (95%
O2/5% CO2) ACSF comprising (in mM) 114 NaCl, 26 NaHCO3, 1.23
NaH2PO4, 3 KCl, 1 MgCl2, 2 CaCl2, 10 D-glucose, and 0.01 bicuculline.
Whole-cell voltage-clamp recordings from SON neurons were performed using pipettes filled with a solution comprising (in mM) 110
K-gluconate, 10 HEPES, 10 KCl, and MgCl2 (access resistance, 5.5–17.5
M⍀). Current–voltage analysis was performed on cells held at ⫺60 mV
using a 1 s voltage ramp command applied from ⫺130 to ⫺45 mV.
Membrane conductance was determined as the slope of the I–V curve.
Volume-regulated anion channel recording in isolated neurons and glia.
Mouse astrocyte cultures were prepared by triturating hippocampi removed from anesthetized postnatal day 0 –2 mice in glia growth medium
comprising MEM supplemented with 1% penicillin, 0.6% glucose, and
10% horse serum (Invitrogen). Cultured astrocytes were replated onto
Petri dishes 30 min before recording. Acutely isolated neurons were obtained from blocks of SON (⬍1 mm 3) obtained from anesthetized Long–
Evans rats (80 –160 g) and incubated in an oxygenated (100% O2) PIPES
solution containing 20 mM NaCl, 5 mM KCl, 1 mM MgCl2, 20 mM PIPES,
1 mM CaCl2, 10 mM D-glucose, pH 7.3, 0.5 mg/ml Protease-X, and 0.5
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mg/ml Protease-XIV at room temperature for 30 min. Blocks rinsed in
the enzyme-free PIPES solution were triturated, and the suspension was
plated onto Petri dishes. For whole-cell patch clamp, electrodes (3–5
M⍀) were filled with a solution comprising (in mM) 110 CsCl, 1 MgSO4,
10 HEPES, and 1 EGTA; the pH was adjusted to 7.35 with NaOH and
osmolality to 280 mOsm/kg with mannitol. Cells were superfused with a
solution (pH 7.4) consisting of (in mM) 110 CsCl, 2 CaCl2, 1 MgSO4, and
10 HEPES; mannitol was added to 300 mOsm/kg. Hypo-osmotic stimuli
were applied by switching to HEPES lacking mannitol (250 mOsm/kg).
Chemicals and drugs. Strychnine HCl (Sigma-Aldrich) was dissolved in
distilled water as a 1 mM stock and kept at 4°C. 4-[(2-butyl-6,7-dichloro2-cyclopentyl-2,3-dihydro-1-oxo-1 H-inden-5-yl)oxy] (DCPIB; Tocris
Bioscience) was dissolved in DMSO at 5 mM concentration and kept at
⫺20°C. These stocks were added directly to the ACSF as required for each
experiment. Taurine (Sigma-Aldrich) was dissolved in ACSF at the concentration required. In taurine depletion experiments, guanodinoethane sulfonate (GES; Toronto Research Chemicals) was dissolved in ACSF (1 mM). For
metabolic inactivation of glia, ACSF containing 65 M DL-fluorocitrate was
prepared by precipitation of the barium salt of fluorocitric acid (SigmaAldrich). Synaptic blockade was achieved by adding 10 M (⫺)-bicuculline
methochloride (Sigma-Aldrich) and 2 mM kynurenic acid (Sigma-Aldrich)
to the ACSF.
Immunohistochemistry. Coronal sections (50 m thick) obtained using a
vibratome were stained using antibodies against GlyRs (mAb4a mouse
monoclonal antibody; Synaptic Systems) diluted 1:200 in PBS. Sections were
then incubated in a fluorescent secondary antibody (Invitrogen; diluted
1:500), mounted in SlowFade Gold Antifade reagent (Invitrogen), and observed under a confocal laser-scanning microscope (Leica).
Electrophoresis and Western blotting. Equal amounts of SON tissue
were triturated and homogenized in a HEPES-based buffer containing
protease inhibitor (Roche) and 1.0% Triton X-100 (Sigma-Aldrich) and
incubated at 4°C for 30 – 60 min. After centrifugation at 13,000 rpm for
15 min, protein concentration in the supernatant was measured using the
Dc protein assay (Bio-Rad) and Ultrospec 2100 pro UV/visible spectrophotometer. Dithiothreitol (DTT) (Sigma-Aldrich) and a loading buffer
containing bromophenyl blue (Sigma-Aldrich) were added to the supernatant and incubated at 80°C for 5 min. Samples were loaded onto a
NuPAGE 4 –12% Bis-Tris gel (Invitrogen), and proteins were separated
by electrophoresis at 150 V for 1 h. Proteins were transferred to a PDVF
membrane in transfer buffer (192 mM glycine, 25 mM Tris-HCl, 20%
methanol, pH 8.3) at 70 V for 1 h. Membranes were blocked with Tris
buffer containing 1% casein at 4°C overnight and incubated with the
mAb4a antibody at 1:500 for 1 h and with HRP goat anti-mouse secondary antibody (1:5000; Cedarlane Laboratories Limited) for 30 min. Detection was performed using an enhanced chemiluminescence kit
(PerkinElmer Life and Analytical Sciences). Membranes were stripped by
incubation with 100 mM glycine at pH 2.8 for 30 min and probed with
mouse anti-GADPH antibody (1:5000; Abcam) for normalization. The
intensity of the bands was quantified using ImageJ analysis software (version 1.46; NIH).
Statistics. All values in this study are reported as mean plus or minus
the SEM. Statistical differences between mean values were tested using
Student’s one-tailed, two-tailed, or paired t test, as appropriate, with SigmaStat 2.03 software (SPSS). Comparisons of linear regression parameters were
performed using Prism 5 software (GraphPad Software). Differences between values were considered to be significant when p ⬍ 0.05.

Results
Although our study was designed to examine the regulation of VP
neurons, we did not formally identify all of the SON neurons
recorded as VP or oxytocin secreting. However, 70% of SON
neurons in Long–Evans rats are known to express VP, and all of
our recordings were obtained from cells located in the most
ventral part of the nucleus, which is composed almost exclusively of VP neurons (Rhodes et al., 1981). Many of the cells we
recorded from were identified as putative VP-secreting neurons because they displayed spontaneous phasic firing (Poulain and Wakerley, 1982).
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Neuronal GlyRs mediate inhibitory tone
To determine whether strychnine can excite SON neurons in the
absence of fast synaptic connectivity, we first examined the effects
of bath-applied strychnine (1 M) during noninvasive single-unit
extracellular recordings obtained from SON neurons in superfused explants of rat hypothalamus under conditions of synaptic
blockade (2 mM kynurenic acid and 10 M bicuculline). To increase the physiological relevance, we performed these experiments at a slightly hypotonic (275 mOsm/kg) ACSF that is similar
to the plasma osmolality of an animal experiencing systemic
hypotonicity where strychnine-sensitive excitation is potentiated in vivo (Hussy et al., 1997). Application of strychnine under
these conditions caused a significant increase in AP firing rate
(⫹1.04 ⫾ 0.3 Hz; p ⫽ 0.005; n ⫽ 15; Fig. 1a), indicating that the
excitatory effect of GlyR blockade persists in the absence of fast
network synaptic activity. We also examined the effects of strychnine during intracellular voltage recordings. As expected, the
strychnine-mediated excitation was associated with a significant
depolarization of the membrane potential whether fast synaptic
transmission was blocked (DNQX, APV, and gabazine; ⫹2.9 ⫾
0.46 mV; n ⫽ 3; p ⫽ 0.024) or not (⫹1.79 ⫾ 0.66 mV; n ⫽ 22; p ⫽
0.013; Fig. 1b,c).
To determine the mechanism of the strychnine-induced depolarization, we performed steady-state V–I analysis (Fig. 1d).
The depolarizing effect of strychnine was accompanied by a decrease of membrane conductance (from 6.87 ⫾ 0.65 to 5.90 ⫾
0.53 nS; n ⫽ 6; p ⫽ 0.012). The EREV of strychnine’s effect on
membrane potential (⫺58.7 ⫾ 4.3 mV; n ⫽ 6) was equivalent to
ECl, as indicated by the EREV of spontaneous inhibitory postsynaptic potentials observed in the same conditions (⫺57.2 ⫾ 1.5
mV; n ⫽ 14). Strychnine-induced changes in membrane conductance (⌬G) and EREV were not significantly different when measured in the presence of 10 M bicuculline (⌬G: ⫺0.71 ⫾ 0.20 nS,
n ⫽ 5, p ⫽ 0.58; EREV: ⫺57.3 ⫾ 7.0 mV, p ⫽ 0.87, n ⫽ 5),
confirming that GABAA receptors do not participate in the above
effect.
To confirm the presence of an inhibitory GlyR tone in VP
neurons, we performed a subanalysis of the cells displaying phasic
firing. We found that strychnine application caused a significant
increase in intraburst firing rate (⌬, ⫹39.2 ⫾ 12.7%; p ⫽ 0.008;
n ⫽ 14), which indicates that GlyR-dependent tone is inhibitory.
Moreover, 11 of 12 phasically active neurons studied by intracellular recording exhibited hyperpolarizing spontaneous IPSPs at
voltages near AP threshold. Thus, GlyRs are tonically activated in
SON neurons exposed to hypotonic ACSF. The blockade of these
intrinsic GlyRs is sufficient to cause neuronal depolarization and
excitation, including the VP-releasing population.
This finding is somewhat surprising, because a previous study
using perforated patch-clamp recordings in hypothalamic slices
reported that ECl lies above AP threshold in rat VP neurons
(Haam et al., 2012). It is possible that the use of hypotonic ACSF
could have altered ECl in some of our experiments. However,
strychnine still excited SON neurons under isotonic conditions
(see Fig. 7), and additional recordings performed in isotonic
ACSF revealed ECl values equivalent to those observed in hypotonic conditions (our unpublished data). Recent work has shown
that trauma caused by tissue slicing can alter chloride homeostasis in hippocampal neurons (Dzhala et al., 2012). Therefore, it is
possible that results obtained from hypothalamic slices fail to
reflect the polarity of chloride-dependent signaling in SON neurons in vivo. In contrast, our recordings were made from acute
hypothalamic explants where the integrity of the SON remains
relatively intact and where chloride homeostasis might better re-
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Figure 1. GlyRs mediate direct inhibitory tone on SON neurons. a, Excerpts of single-unit
extracellular recordings showing the effect of bath applying 1 M strychine on spontaneous AP
firing rate in an SON neuron in a hypothalamic explant superfused with hypo-osmotic ACSF (275
mOsm/kg) containing 2 mM kynurenic acid and 10 M bicuculline. b, Traces show strychnineinduced changes in membrane voltage (bottom) and AP firing rate (Freq; top) measured by
intracellular recording from an SON neuron in a hypothalamic explant. c, Excerpts taken from
the cell in b before (1) and during (2) the application of strychnine. d, Steady-state V–I plot
measured from an SON neuron in the absence (control) and presence of strychnine. The arrow
points to the reversal potential (EREV).

flect conditions in situ. Indeed, our results are in agreement with
what has been observed in vivo for VP neurons (Hussy et al.,
1997). Therefore, we believe that ECl normally lies negative of AP
threshold in situ, allowing taurine to inhibit both VP- and OTsecreting neurons.
GlyR tone is mediated by taurine
To determine whether taurine is the agonist that specifically mediates tonic GlyR inhibition in the SON, we examined the effects
of taurine depletion on basal firing rate and strychnine-mediated
excitation (275 mOsm/kg ACSF). Taurine depletion was
achieved by treating explants for 4 h with the selective taurine
transport inhibitor GES (40 M) (Huxtable et al., 1979). Because
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that taurine efflux through these channels
plays a key role in the protective regulatory volume decrease response that
follows hypotonicity-induced swelling
(Olson and Li, 2000; Pasantes-Morales et
al., 2000). To determine whether VRACs
mediate the taurine efflux responsible for
tonic GlyR tone in the SON, we examined
the effects of bath applying the selective
VRAC inhibitor DCPIB (butanoic acid)
(He et al., 2012). The excitatory effect of
strychnine on SON neurons was eliminated in the presence of 40 M DCPIB
(⫺0.005 ⫾ 0.26 Hz; p ⫽ 0.98; n ⫽ 8; Fig.
3a,b). Moreover, the basal firing rate of
SON neurons recorded in the presence of
DCPIB (3.49 ⫾ 1.08 Hz; n ⫽ 8) was significantly greater than that observed in
control neurons (1.79 ⫾ 0.23 Hz; n ⫽ 28;
p ⫽ 0.032; Fig. 3b), confirming that taurine efflux through VRACs is responsible
for tonic GlyR tone in this nucleus.
Previous work has shown that neurons
in the SON do not undergo swellinginduced regulatory volume decrease
(Zhang and Bourque, 2003), a feature that
may be important for their osmosensory
properties (Zhang et al., 2007; Bourque,
Figure 2. Taurine depletion abolishes GlyR tone in SON. a, Excerpts from single-unit extracellular recordings illustrate
2008). Therefore, we hypothesized that
basal firing rates of SON neurons recorded in a control preparation and in an explant depleted of taurine by application of
GES (40 M; 4 h). b, Cumulative probability distributions of interspike intervals recorded from the cells shown in a. c, SON neurons do not express VRACs. To
Rate-meter plots of representative extracellularly recorded single-unit firing (normalized to baseline) illustrate the effects test this hypothesis, we compared the efof strychnine recorded in control, taurine-depleted, and taurine-reloaded preparations. d, Bar graphs show the mean fects of an acute hypotonic stimulus (⫺50
(⫾SEM) strychnine-induced changes in firing rate (excitation) measured in different conditions. *p ⬍ 0.05; ***p ⬍ 0.005. mOsm/kg) on cultured astrocytes and
acutely isolated SON neurons during
ns, Not significant.
whole-cell voltage-clamp recordings. In
contrast to the astrocytes, which displayed
GES also causes a reversible block of GlyRs (Sergeeva et al., 2002),
a pronounced and significant increase in membrane conductance
explants were subsequently washed with GES-free ACSF for ⬎1 h
(⌬G in hypotonic solution, ⫹5.92 ⫾ 2.10 nS; p ⫽ 0.02; n ⫽ 10;
before recording. Control experiments showed that neurons
Fig. 3c), SON neurons did not display a significant increase in
recorded under these conditions remain fully responsive to
membrane conductance when exposed to the hypotonic stimulus
taurine. SON neurons recorded after taurine depletion (Fig. 2a,b)
but, rather, a near-significant decrease, as expected from previous
displayed a significantly higher basal firing rate (2.69 ⫾ 0.44 Hz;
work (Oliet and Bourque, 1993b) (⌬G in hypotonic solution,
n ⫽ 16) compared with controls (1.79 ⫾ 0.23 Hz; n ⫽ 28; p ⫽
⫺0.90 ⫾ 0.40 nS; p ⫽ 0.05; n ⫽ 10; Fig. 3d). Moreover, bath
0.03), indicating that loss of tissue taurine had reduced a tonic
application of 40 M DCPIB suppressed the hypotonicityinhibitory tone. Moreover, the excitatory effect of strychnine
induced conductance in cultured astrocytes (⫺6.64 ⫾ 2.62 nS;
was eliminated in taurine-depleted preparations (Fig. 2c). In
p ⫽ 0.03; n ⫽ 10; Fig. 3c) but had no effect on hypotonicitycontrast to controls (1.57 ⫾ 0.34 Hz; n ⫽ 28; p ⫽ 0.00007), the
treated isolated SON neurons (⫺0.61 ⫾ 0.45; ns, p ⫽ 0.11; n ⫽
firing rate of SON neurons recorded in these conditions was
10; Fig. 3d). These results indicate that SON neurons do not
not affected by strychnine (⫺0.19 ⫾ 0.25 Hz; n ⫽ 11; p ⫽ 0.48;
express VRACs and suggest that taurine release in the SON is
Fig. 2d).
exclusively mediated by glial cells.
To establish the specificity of this effect, we examined whether
To confirm that taurine of glial origin is responsible for tonic
reloading explants with taurine could restore the excitatory effect of
GlyR tone in situ, we examined the effect of the glia-specific metstrychnine. Taurine reloading was performed by bath application of
abolic inhibitor FC (65 M) (Paulsen et al., 1987) on the excit100 M taurine for 60 min, followed by a ⬎60 min wash with
atory action of strychnine in hypothalamic explants superfused
taurine-free ACSF. Indeed, the excitatory effect of strychnine was
with the hypotonic ACSF. As shown in Figure 3, e and f, the
reestablished after taurine reloading (⌬, 2.57 ⫾ 0.77 Hz; p ⫽ 0.03;
strychnine-induced excitation (⫹1.56 ⫾ 0.34 Hz; p ⫽ 0.00008;
n ⫽ 5; Fig. 2c,d), indicating that taurine is a specific mediator of the
n ⫽ 28) was eliminated in the presence of FC (⫹0.01 ⫾ 0.18 Hz;
tonic GlyR tone on SON neurons.
p ⫽ 0.95; n ⫽ 10), and in agreement with the existence of tonic
glia-mediated inhibition, the basal firing rate of neurons exposed
GlyR tone is mediated by glial cells
to FC (3.31 ⫾ 0.69 Hz; n ⫽ 10) was significantly greater than
Previous work has shown that both neurons and glia can release
untreated neurons (1.79 ⫾ 0.23 Hz; n ⫽ 28; p ⫽ 0.011). The
taurine via volume-regulated anion channels (VRACs) (Deleuze
complete metabolic arrest of astrocytes by FC is also likely to
et al., 1998; Olson and Li, 2000; Pasantes-Morales et al., 2000) and
interfere with the well described role of astrocytes in synaptic
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transmission, which may have contributed to the loss of strychnine-induced excitation. However, it is unlikely that this is
the case because this effect was also observed when the blockade of fast synaptic
transmission was achieved in the presence
of 2 mM kynurenic acid and 10 M bicuculline (⫺0.11 Hz; p ⫽ 0.81; n ⫽ 14; data
not shown). This indicates that the loss of
GlyR tone after metabolic inactivation of
glial cells was not caused by a secondary
change in synaptic activity through ionotropic AMPA and GABAA receptors.
Taurinergic gliotransmission is
spatially confined
To determine whether the activation of
neuronal GlyRs by glia-derived taurine
is a spatially restricted or a more diffuse
phenomenon, we compared the effect of
strychnine on SON neurons in explants
prepared from control (euhydrated) rats
and animals that had been provided with
2% NaCl as drinking fluid for 7 d. Previous
work has shown that chronic salt-loading
induces a retraction of the astrocyte processes that normally intercalate the somata
and dendrites of SON neurons (Tweedle
and Hatton, 1976), and this retraction impairs other forms of gliotransmission in the
SON (Oliet et al., 2001). As shown in Figure
4, strychnine-induced changes in membrane potential (⫹1.78 ⫾ 0.66 mV; p ⫽
0.013; n ⫽ 22) and conductance (⫺0.97 ⫾
0.25 nS; n ⫽ 6; p ⫽ 0.01) were absent in
explants prepared from salt-loaded (SL) rats
(⫺0.22 ⫾ 0.73 mV, p ⫽ 0.77, n ⫽ 10; and
⫹0.11 ⫾ 0.24 nS, n ⫽ 10, p ⫽ 0.67).
Electron microscopy has shown that the
retraction of astrocyte processes induced by
salt-loading recovers progressively when
animals are allowed to rehydrate over a 2
week period (Miyata et al., 1994). Therefore,
if the loss of GlyR tone in SL rats is caused
specifically by a loss of spatial proximity Figure 3. GlyR tone is mediated by VRACs in astrocytes. a, Rate-meter plots of extracellularly recorded AP firing show the effects
between as astrocytic processes and neu- of 1 M strychnine on SON neurons in the absence (control) and presence of DCPIB (40 M). b, Bar graphs plot mean (⫾SEM)
ronal membranes, then the recovery of values of basal firing rate and strychnine-induced excitation in groups of neurons (*p ⬍ 0.05). c, Current responses (bottom) to
GlyR tone after rehydration should fol- voltage commands (indicated above the left trace) applied to an isolated astrocyte in the absence (control) or presence of a
hypotonic stimulus (Hypo; ⫺50 mOsmol/kg) and after the addition of the VRAC inhibitor DCPIB. Mean (⫾SEM) values of memlow a similar time course. As shown in brane conductance ( G) measured in a group of cells are shown at the bottom (*p ⬍ 0.05; **p ⬍ 0.01). d, Effects of hypotonicity
Figure 5, strychnine-induced excitation re- and DCPIB on isolated SON neurons (same layout as c; ns, not significant). e, Rate-meter plots of extracellularly recorded action
turned progressively in explants obtained potential firing show the effects of 1 M strychnine on SON neurons in the absence (control) and presence of FC (65 M; 5 h). f, Bar
from post-SL animals that had been allowed graphs plot mean (⫾SEM) values of basal firing rate and strychnine-induced excitation in groups of neurons recorded in each
to rehydrate for 7–21 d and was fully re- condition (*p ⬍ 0.05; **p ⬍ 0.01).
stored after 2 weeks.
The loss of gliotransmission in SL ani0.21) or hypotonicity-induced taurine release by SONs isolated
mals could have been caused by an acquired defect in taurine
from control or SL rats (0.59 ⫾ 0.11 nmol/mg, n ⫽ 5 vs SL, 0.76 ⫾
release or GlyR function. To determine whether this was the case,
0.14 nmol/mg, n ⫽ 3; p ⫽ 0.40; Fig. 6a). Moreover, immunohiswe first performed a HPLC analysis of taurine content and release
tochemical analysis showed no difference in the staining intensity
in the SON. We found that total taurine content in the SON of SL
of SON neurons labeled with an anti-GlyR antibody in these two
animals was not lower than controls (control, 67.4 ⫾ 6.39 nmol/
conditions [control, 21.1 ⫾ 4.4 arbitrary units (AU), n ⫽ 3; SL,
mg, n ⫽ 10 vs SL, 99.3 ⫾ 10.3 nmol/mg, n ⫽ 9; p ⫽ 0.02), and no
26.3 ⫾ 4.3 AU, n ⫽ 3; p ⫽ 0.44; Fig. 6b), and no significant
significant differences were observed in either basal (0.13 ⫾
difference in total GlyR protein was detected by Western blot
0.05 nmol/min, n ⫽ 5 vs SL 0.29 ⫾ 0.13 nmol/min; n ⫽ 3; p ⫽
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ity (Deleuze et al., 1998; Olson and Li,
2000). To determine whether changes in
osmolality have a functional impact on
GlyR tone in the SON, we measured the
excitatory effect of strychnine on neurons
in explants superfused with ACSF adjusted to various osmolalities. We found
that the intensity of the excitatory effect of
strychnine varied as an inverse function of
osmolality across the physiological range
(Fig. 7a,b), including hypo-osmotic (275
mOsm/kg), isotonic (300 mOsm/kg), and
hyperosmotic (325 and 350 mOsm/kg)
conditions. In contrast, strychnine had no
significant effect on the activity of SON
neurons in explants prepared from SL rats
at any of the osmolality values tested in
our experiments (Fig. 7c,d).

Discussion
Glycinergic neurotransmission is essentially absent in brain but serves as a major
inhibitory synaptic mechanism in the spinal cord and brainstem (Kuhse et al.,
1995). However, neurons in many parts of
the brain express functional GlyRs, including those in cortex (Flint et al., 1998;
Okabe et al., 2004), hippocampus (Mori
et al., 2002; Chattipakorn and McMahon,
2003), midbrain (Ghavanini et al., 2006),
and hypothalamus (Randle and Renaud,
1987; Hussy et al., 1997; Deleuze et al.,
2005; Karnani et al., 2011). Previous work
has shown that neurons in some of these
areas become excited after exposure to
strychnine (Hussy et al., 1997; Wang et al.,
2005) and that the inhibitory tone revealed by this procedure can either
emerge or be enhanced by conditions that
promote an accumulation of extracellular
glycine (Zhang et al., 2008) or taurine
(Hussy et al., 1997). Thus, brain GlyRs can
mediate a nonsynaptic inhibitory tone
through an effect that is both plastic and
Figure 4. Chronic salt-loading eliminates GlyR tone. a, Excerpts show membrane voltage in the absence (control) and presence region specific.
of strychnine observed by intracellular recording in two SON neurons. Traces on the left are from an explant prepared from a
However, the cellular and molecular
euhydrated animal, and those on the right are from a rat subjected to chronic salt-loading. The dashed line indicates ⫺50 mV. b, mechanisms that underlie the nonsynaptic
Voltage responses to current pulses (top) were used to construct voltage-current plots (bottom) in the absence and presence of GlyR tone have been difficult to define for
strychnine. Data are from explants prepared from euhydrated (left) and salt-loaded (right) rats. c, Bar graphs plot mean (⫾SEM) two reasons. First, the identity of the ligand
changes in membrane conductance (⌬G; left) and membrane potential (⌬Vm; right) induced by strychnine in euhydrated (n ⫽ mediating this tone is unclear because three
22) and salt-loaded (n ⫽ 10) conditions. *p ⬍ 0.05. ns, Not significant.
potential GlyR agonists are present in the
extracellular fluid (ECF): alanine, glycine,
analysis of SONs obtained from control and SL rats (control,
and taurine (Lynch, 2004). Moreover, ambient concentrations of
2.4 ⫾ 0.5 AU, n ⫽ 4; SL, 2.2 ⫾ 0.7 AU; n ⫽ 4; p ⫽ 0.88; Fig. 6c).
these molecules in bulk ECF appear to be subthreshold for the actiFinally, whole-cell patch-clamp recordings from SON neurons in
vation of GlyRs (Lerma et al., 1986; Nilsson et al., 1990; Whitehead et
hypothalamic slices failed to reveal any significant difference in ⌬G
al., 2001). Thus, GlyR tone is likely generated in spatially constrained
induced by a saturating concentration of exogenous taurine (concompartments where agonist concentrations are greater than those
trol, ⫹0.55 ⫾ 0.12 nS, n ⫽ 9; SL, ⫹0.62 ⫾ 0.12 nS, n ⫽ 10; p ⫽ 0.67;
observed in bulk ECF. Second, the identity of the cells releasing funcFig. 6d). Thus, taurine handling and GlyR function are unaltered in
tionally relevant GlyR agonists is difficult to establish because both
SL rats.
neurons and glial cells can potentially contain (Adler, 1983) and
release (Olson and Li, 2000) such molecules.
GlyR tone varies inversely with fluid osmolality
Although VRACs can flux alanine, glycine, and taurine under
Previous studies have shown that VRAC-dependent taurine rebasal conditions, previous studies have shown that hypotonicity
lease is enhanced by hypotonicity and suppressed by hypertonic-
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Figure 5. Recovery of gliotransmission after salt-loading. a, Rate-meter plots of extracellularly recorded neuronal activity normalized to baseline illustrate the effects of strychnine on SON
neurons in hypothalamic explants superfused with hypotonic solution (275 mOsm/kg). Traces
are from controls, animals subjected to 7 d of salt-loading (SL7), or SL7 animals allowed to
rehydrate for 7 (RH7), 14 (RH14), or 21 (RH21) days. b, Bar graphs show mean (⫾SEM)
strychnine-induced excitation in all groups. Significant excitation was observed in all groups
except SL7. The p values are as follows: control, 0.00007 (n ⫽ 28); SL7, 0.99 (n ⫽ 24); RH7,
0.047 (n ⫽ 6); RH14, 0.026 (n ⫽ 4); RH21, 0.043 (n ⫽ 4) (paired t test). *p ⬍ 0.05; ***p ⬍
0.005. ns, Not significant.

causes a pronounced and proportional increase (3- to 10-fold) in
the release of taurine, but not glycine or alanine (PasantesMorales et al., 1993; Hussy et al., 1997). Indeed, taurine is one of
the most abundant free amino acids in brain (Huxtable, 1989),
and biochemical studies have shown that intracellular taurine
concentration can reach 20 mM in neurons and 30 –50 mM in glia
(Pasantes-Morales et al., 1993; Olson and Li, 2000). VRACdependent taurine release is therefore a strong candidate for the
genesis of osmotically regulated taurine efflux and GlyR tone.
The objectives of our study were to determine the cellular mediators of GlyR tone and to identify the nature of the molecule
responsible for this effect in the SON.
Taurine mediates a hyperpolarizing GlyR tone in
SON neurons
Our findings extend those of Hussy et al. (1997) by revealing that
strychnine excites SON neurons via the direct inhibition of GlyRs

Choe et al. • Taurinergic Gliotransmission in Supraoptic Nucleus

Figure 6. Salt loading does not affect taurine release or GlyR density. a, Bar graphs show
mean (⫾SEM) rates of taurine release by isolated SONs in control ACSF and 13–15 min after
switching to hypotonic ACSF (250 mOsm/kg) using tissue obtained from EH (left, n ⫽ 5) and SL
(n ⫽ 3) animals. Basal release was not significantly different (ns; p ⫽ 0.21), but hypotonicity
significantly increased release in both control (*p ⫽ 0.016) and SL (**p ⫽ 0.004) preparations.
b, Photomicrographs show examples of GlyR density observed by immunocytochemical staining of coronal sections through the SON of EH and SL rats (scale bar, 100 m). c, Western blots
show levels of GlyR and GAPDH detected in SONs isolated from EH and SL rats. d, Traces show
whole-cell current–voltage relationships measured by patch clamp from SON neurons in the
absence (control) and presence of 5 mM taurine. Pairs of traces are from slices prepared from EH
(left) and SL (right) rats.

expressed in these neurons rather than through a network effect
involving presynaptic neurons (Fig. 1). As expected, the blockade
of GlyRs led to a depolarization mediated by the suppression of a
resting chloride conductance, and the EREV for this effect was
equal to that of IPSPs and negative to the threshold for AP generation. Moreover, selective depletion of tissue taurine by prolonged incubation in the presence of the taurine transport
inhibitor GES (Morán et al., 1994) abolished the strychninemediated excitation and caused a significant increase in the basal
firing rate of hypotonic SON neurons when compared with nondepleted preparations (Fig. 2). These results demonstrate that taurine is
the specific agonist responsible for the chloride-dependent,
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This hypothesis was further supported
by the absence of strychnine-mediated excitation in explants treated with the gliaspecific toxin FC (Fig. 3e,f ). Moreover,
physical retraction of astrocytic processes
apposed to neuronal somata and dendrites during chronic salt-loading in vivo
reversibly abolished GlyR tone in the SON
(Figs. 4, 5). Several observations suggest
that the loss of taurinergic gliotransmission during salt-loading was not related to
a nonspecific effect of the protocol. First,
loss of GlyR-dependent gliotransmission
was also observed in explants prepared
from lactating rats (data not shown), a
completely distinct physiological state
that also induces a profound retraction of
astrocytic processes in this nucleus (Theodosis and Poulain, 1984). Second, the
time course of recovery of GlyR tone was
concurrent with the slow reestablishment
of glial coverage after rehydration and not
with the more rapid recovery of physiological parameters such as blood osmolality (Miyata et al., 1994). Third, loss of
gliotransmission was not associated with a
decline in SON taurine content, hypotonicity-induced taurine release (Fig. 6a), or
a reduction in the GlyR density (Fig. 6b–
d). Therefore, we conclude that GlyR tone
in the SON is caused specifically by
VRAC-dependent taurine release from
glial cells.
Functional role of taurinergic
gliotransmission in SON
In agreement with the inverse relationship
between osmolality and VRAC-mediated
taurine release (Hussy et al., 1997), our
findings revealed an inverse relationship
between ECF osmolality and GlyR tone
(Fig. 7). This finding is important because
the physiological properties of SON neurons are known to vary in proportion with ECF osmolality, i.e.,
hypotonicity-induced hyperpolarization and the resulting suppression of firing activity (Voisin and Bourque, 2002). Taurinergic gliotransmission therefore contributes to the osmotic control
of SON neurons by increasing the inhibitory impact of GlyRs,
which reduces firing rate under hypo-osmotic conditions.
The loss of taurinergic gliotransmission observed during
chronic salt-loading may also be physiologically important for
survival. During the initial stages, this effect would remove entirely a potential source of inhibition under conditions where
maximal AP firing and hormone release are required. Moreover,
a recent study has shown that chronic salt-loading induces a positive shift of the ECl (Kim et al., 2011). The potential danger of this
effect lies where an excitatory GlyR tone may emerge after acute
rehydration, establishing a positive feedback process whereby
an inappropriate rise in VP/OT release would lead to lifethreatening hyponatremia. The protracted loss of taurinergic
gliotransmission induced by salt-loading may prevent this possibility by restoring the influence of the GlyR tone only after a
hyperpolarizing chloride gradient is reestablished.

Figure 7. GlyR tone mediates osmoregulated firing in SON neurons. a, Rate-meter plots of extracellularly recorded firing
normalized to baseline show the effects of strychnine on the electrical activity of SON neurons recorded from explants obtained
from euhydrated rats superfused with media of different osmolalities (values indicated at the left of each trace). b, Plots show
mean (⫾SEM) strychnine-induced changes in firing rate (excitation) as a function of ACSF osmolality. The dashed line is a
regression fit of the data (slope, ⫺0.021 ⫾ 0.007 Hz/mOsm 䡠 kg ⫺1; p ⫽ 0.0012; n ⫽ 28, 17, 22, and 4 for each point). c, d, Data
obtained from salt-loaded animals treated in the same way. The slope of the regression in d was not different from zero (slope,
⫺0.0024 ⫾ 0.05 Hz/mOsm 䡠 kg ⫺1; p ⫽ 0.57; n ⫽ 24, 14, 7, and 13 for each point).

hypotonicity-mediated inhibitory GlyR tone in SON neurons,
including VP-releasing cells.
GlyR tone reflects VRAC-dependent gliotransmission
Both neurons and glial cells have been shown to contain taurine (Pasantes-Morales et al., 1993, 2000; Decavel and Hatton,
1995). GlyR tone could therefore result from taurine release by either
or both types of cells. Interestingly, taurine is highly enriched in
astrocytes compared with neuronal somata and dendrites in the
SON (Decavel and Hatton, 1995). Moreover, it has been shown that
SON neurons do not undergo regulatory volume decrease when
exposed to hypotonicity (Zhang and Bourque, 2003), suggesting
that these cells may not express VRACs. Experiments with the selective VRAC inhibitor DCPIB (Decher et al., 2001; Zhang et al., 2008;
He et al., 2012) showed that GlyR tone in the SON is dependent on
these channels (Fig. 3a,b), yet whole-cell patch-clamp experiments
revealed that SON neurons fail to generate any DCPIB-sensitive
conductance increase when exposed to hypotonicity (Fig. 3c,d),
suggesting that GlyR tone is generated by taurine released specifically
from glial cells in the SON.
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Possible role of taurinergic gliotransmission in other
brain regions
Since extrasynaptic GlyRs are expressed in many types of neurons, our results raise the possibility that taurinergic gliotransmission may also play a role in other parts of the brain. Indeed,
taurine has been suggested to play a protective role during brain
pathologies associated with swelling, such as ischemia (Benesova
et al., 2009) and hyponatremia (Chvátal et al., 2007). In addition,
neuronal hyperactivity can significantly increase extracellular
[K ⫹] (Gutnick et al., 1979), and elevated levels of extracellular
[K ⫹] can promote swelling-induced taurine release by surrounding glial cells (Pasantes-Morales and Schousboe, 1989). Taurinergic gliotransmission could therefore mediate feedback inhibition
of neurons under hyperexcitable states associated with seizures
and epilepsy. Indeed, taurine’s protective role against epileptic
activity is well documented (Pasantes-Morales et al., 1987).
Finally, the loss of GlyR tone after salt-loading indicates that a
close spatial proximity between VRAC-containing astrocytic
processes and neuronal membranes expressing GlyRs is required
for this process. Indeed, taurine is efficiently transported from
the extracellular compartment to the intracellular compartment
via specific transporters (Huxtable, 1989). Therefore, we speculate that glial VRACs and neuronal GlyRs are normally located
within local cell– cell “microdomains” where levels of extracellular taurine are sufficient for receptor activation. If this is the case,
then it is possible that the retraction of astrocytic processes disrupts this relationship and that the spatial mismatch between
taurine release and GlyRs prevents their activation because of the
effect of distributed taurine uptake on bulk extracellular taurine
levels. Interestingly, morphological astrocyte plasticity has been
shown to occur in other parts of the brain [e.g., suprachiasmatic
nucleus (Becquet et al., 2008), brain stem (Hirrlinger et al., 2004),
and cortex (Jones et al., 1996)], and recent imaging studies have
shown that astrocytic processes are highly motile and capable of
extending and retracting on a time scale of minutes (Haber et al.,
2006). Therefore, it is possible that taurinergic gliotransmission is
a process that can be regulated dynamically in response to
changes in astrocyte morphology.
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