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Taurine is an abundant sulfonic f-amino acid present
intracellularly at high concentration and best known for its
active participation in cell volume regulation (Huxtable,
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In the supraoptic nucleus, taurine, selectively released in an osmodependent manner by glial
cells through volume-sensitive anion channels, is likely to inhibit neuronal activity as part of
the osmoregulation of vasopressin release. We investigated the involvement of various kinases
in the activation of taurine efflux by measuring [*HJtaurine release from rat acutely isolated
supraoptic nuclei.

The protein tyrosine kinase inhibitors genistein and tyrphostin B44 specifically reduced,
but did not suppress, both the basal release of taurine and that evoked by a hypotonic
stimulus. Inhibition of tyrosine phosphatase by orthovanadate had the opposite effect.

The tyrosine kinase and phosphatase inhibitors shifted the relationship between taurine
release and medium osmolarity in opposite directions, suggesting that tyrosine
phosphorylation modulates the osmosensitivity of taurine release, but is not necessary for its
activation.

Genistein also increased the amplitude of the decay of the release observed during prolonged
hypotonic stimulation. Potentiation of taurine release by tyrosine kinases could serve to
maintain a high level of taurine release in spite of cell volume regulation.

Taurine release was unaffected by inhibitors and/or activators of PKA, PKC, MEK and
Rho kinase.

Our results demonstrate a unique regulation by protein tyrosine kinase of the osmosensitivity
of taurine efflux in supraoptic astrocytes. This points to the presence of specific volume-
dependent anion channels in these cells, or to a specific activation mechanism or regulatory
properties. This may relate to the particular role of the osmodependent release of taurine in
this structure in the osmoregulation of neuronal activity.

291

the one hand on the strong similarities between volume-
dependent taurine efflux and swelling-induced CI™ currents
through VSOACs with regard to their pharmacological

1992; Pasantes-Morales & Schousboe, 1997). Cells exposed
to hypotonic medium swell by water incorporation and
progressively recover their initial volume despite the lower
tonicity of the extracellular medium through a process
known as regulatory volume decrease (RVD; Hoffman &
Dunham, 1995; Lang et al. 1998). RVD is achieved via the
efflux of inorganic ions and organic osmolytes that include
taurine. A large body of evidence supports the notion that
taurine leaves the cell upon swelling through ubiquitous,
broadly permeable volume-sensitive anion channels, referred
to as volume-sensitive organic osmolyte and anion channels
(VSOACSs), volume-regulated anion channels, or outwardly
rectifying Cl™ channels (Strange et al. 1996; Okada, 1997,
Nilius et al. 1997; Kirk, 1997). This conclusion is based on

properties, their kinetics of activation, and their implication
in volume regulation, and on the other hand on the direct
taurine permeability of VSOACs (Strange et al. 1996;
Basavappa & Ellory, 1996; Pasantes-Morales & Schousboe,
1997; Kirk, 1997; Nilius et al. 1997; Manolopoulos et al.
1997). However, as mentioned by Kirk (1997), the
correspondence between swelling-induced taurine efflux and
VSOACs is only correlative, and has yet to be proven, and
evidence for alternative taurine pathways has been provided
in some cell preparations.

VSOACs have been studied in a wide variety of cell
preparations, and if these studies agree on several common
features of the channels, they also point to different
properties depending on the cell model used, notably
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regarding their activation and regulation. VSOACs are
characterised by an outward rectification, an inactivation
at positive potentials, a 20-90 pS conductance, a weak
selectivity among anions and a high permeability to the
organic osmolytes myo-inositol and taurine (Strange et al.
1996; Nilius et al. 1997; Kirk, 1997). The mechanism of
activation of VSOACs/taurine efflux upon cell swelling is
still poorly understood. It has been argued that membrane
stretch is unlikely to directly activate VSOACs (Strange et
al. 1996; Okada, 1997; Nilius et al. 1997). Reduction of
intracellular ionic strength has been proposed as the initial
trigger of channel activation (Voets et al. 1999), although
other authors have found that ionic strength regulates the
volume sensitivity of the channels (Cannon et al. 1998). In
most preparations, activation of VSOACs is independent of
changes in intracellular Ca’* (Strange et al. 1996; Pasantes-
Morales & Schousboe, 1997; Okada, 1997). Implication of
phosphorylation events is also controversial. Indeed, if
VSOAC activation generally requires the presence of intra-
cellular ATP (Strange et al. 1996; Basavappa & Ellory, 1996;
Nilius et al. 1997; Crepel et al. 1998; Miley et al. 1999), its
hydrolysis is not necessary in many cell preparations as ATP
can be replaced by non-hydrolysable analogues (Strange et
al. 1996; Okada, 1997; Nilius et al. 1997; Miley et al. 1999;
Bond et al. 1999). This observation argues for a lack of
involvement of protein kinases in the activation mechanism.
On the other hand, ATP hydrolysis appears critical in other
cell preparations (Meyer & Korbmacher, 1996; Crepel et al.
1998), and protein tyrosine kinases (PTKs) have been
proposed to play a pivotal role in the activation of VSOACs
in many cell types including cultured astrocytes (Crepel et al.
1998; Mongin et al. 1999), cardiac myocytes (Sorota, 1995),
lymphocytes (Lepple-Wienhues et al. 1998), endothelial
(Voets et al. 1998) and epithelial cells (Tilly et al. 1993). In
cultured astrocytes, this process requires further activation
of the mitogen-activated protein kinases (MAPK) Erkl and
Erk2 (Crepel et al. 1998). However, an inhibitory effect of
increased tyrosine phosphorylation has also been reported
(Doroshenko, 1998; Thoroed et al. 1999). Conflicting results
also exist as to the role of protein kinase A (PKA), protein
kinase C (PKC), or calmodulin kinase II depending on the
cell preparation (Basavappa & Ellory, 1996; Strange et al.
1996; Kirk, 1997; Nilius et al. 1997; Okada, 1997). In several
cell types, volume-sensitive Cl~ currents can also be triggered
by GTP-binding protein activation (Doroshenko et al. 1991;
Nilius et al. 1997, 1999). Moreover, inhibition of either Rho
protein (Tilly et al. 1996; Nilius et al. 1999) or Rho kinase
(Nilius et al. 1999) affects activation of VSOACs, suggesting
the involvement of small GTP-binding proteins of the Rho
family in the regulation or the activation of the channel.

In the hypothalamic supraoptic nucleus (SON), taurine,
which is prominently concentrated in glial cells (Decavel &
Hatton, 1995), is released through volume-activated Cl™
channels in response to hypotonic swelling (Deleuze et al.
1998). Release of taurine is highly sensitive to even minute,
physiological changes in extracellular osmotic pressure
(Deleuze et al. 1998). Such small stimuli apparently do not
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induce RVD, since the resulting release of taurine is
sustained as long as the stimulus is applied (Deleuze et al.
1998). Rather, release of glial taurine induced by these weak
decreases in osmolarity would contribute to the control of
the electrical activity of SON neurones as part of the
osmoregulation of vasopressin secretion (Hussy et al. 1997).
As an effort to characterise the mechanism of activation of
the volume-dependent channel carrying taurine efflux in
SON, we studied the influence of tyrosine phosphorylation
on the activation and osmosensitivity of taurine release
from acutely isolated SON. Our results point to an
important regulatory role of tyrosine phosphorylation on
the osmosensitivity of volume-activated taurine-permeable
C1™ channels, but with no direct implication in the cascade
of events leading to activation of the efflux pathway. A
preliminary account of these results has appeared in
abstract form (Deleuze et al. 1999).

METHODS

Dissection

Adult male Wistar rats (150—250 g) were used in accordance with
the European laws for the care and use of experimental animals.
SON were isolated as previously described (Deleuze et al. 1998).
After decapitation with a guillotine and without anaesthesia, the
brain was rapidly removed and placed in oxygenated Locke
solution (mm: NaCl, 132; KCl, 5; CaCl,, 2; MgCl,, 2; KH,PO,, 1-2;
Hepes, 10; glucose, 10; pH 7-4; osmolarity, 300 mosmol 1™ at 4 °C.
Two thin strips of tissue located lateral to the optic chiasm,
corresponding to the SON, were carefully dissected and freed from
residual optic tracts and blood vessels. Tissues were then incubated
for 40 min in oxygenated Locke solution supplemented with
400-600 nm [*H]taurine (Amersham) at 35 °C and washed three
times.

Measurement of taurine release

Tissues were placed into perfusion chambers (250 ul) maintained at
35 °C and constantly perfused with oxygenated Locke solution at a
rate of 250 xl min™ using a peristaltic pump (Gilson). During the
first 20 min, the perfusate was discarded; samples were then
collected every 2 min (LKB sample collector) and the radioactivity
in each sample was estimated by scintillation counting. Hyposmotic
solutions were Locke solutions from which the appropriate amount
of NaCl was omitted. The isotonic solutions were made by adding
sucrose to the respective hypotonic media up to the osmolarity of
300 mosmol 1™ Hyperosmotic solutions were obtained by adding
sucrose to Locke solution. Thus, differences between iso- hypo- or
hyperosmotic solutions resulted solely from changes in the
concentration of sucrose. In control (i.e. without drugs) isosmotic
conditions, basal release of taurine decreased with a mono-
exponential time course (Deleuze et al. 1998). A single exponential
function was fitted to the baseline and experimental points were
divided by the fit to express release relative to this baseline. When
drugs were to be used, tissues were first perfused with control
isosmotic solution for 15 min before drug application, and perfusate
was collected at least 45 min after washout of the drug. This
allowed the estimation of the control baseline in the absence of the
drug with an exponential fit that was then used to normalise all
data points. Thus, unless otherwise stated, all data are expressed
as a percentage of the level of release measured in control isosmotic
medium, referred to as the control baseline. In each experiment,
half of the perfusion chambers were used as control and the effects
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of applications of the different drugs were systematically compared
with these controls.

Drugs

Genistein, phorbol 12-myristate 13-acetate (PMA) and dibutyryl-
cAMP (db-cAMP) were purchased from Sigma; tyrphostin Al,
tyrphostin B44, sodium orthovanadate, PD-98059, 4a-phorbol
and bisindolylmaleimide I (GF-109203X) were purchased from
Alexis; daidzein was purchased from RBI and Y-27632 was a gift
from Yoshitomi Pharmaceutical Industries. All drugs except
orthovanadate and db-cAMP were dissolved in DMSO, with the
final concentration of DMSO not exceeding 0:3 %. The lack of effect
of the vehicle was attested by the systematic addition of the same
amount of DMSO to test and control solutions.

Statistical analysis

Analysis was performed with Origin software (Microcal Software).
All results were obtained with at least two different preparations.
Results are expressed as means + s.E.M. In all figures, error bars
are shown only when exceeding the size of the symbols.

RESULTS

Modulation of taurine release by tyrosine
phosphorylation

Perfusion of isolated SON with a 6:6 % hypotonic medium
(280 mosmol 1) for 14 min induced a rapid increase in
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[’H]taurine release, an effect that has been previously
attributed to swelling of astrocytes in this preparation
(Deleuze et al. 1998). The peak of hyposmolarity-evoked
release reached 154 4+ 2% of control baseline (n=>52,
Fig.1). PTK inhibitors, pre-applied for 30 min in the
isosmotic medium (300 mosmol I7™") and added to the
hypotonic solution, strongly reduced the level of release in
both osmotic conditions. Genistein (50 M) reduced release
in isosmotic medium by 28 + 1% (n= 22) and decreased the
peak of the response to a hypotonic stimulus from 152+ 5
to 107 £ 10% of control baseline (n=5, Fig.14). Taking
into account the reduced basal release, this corresponded to
a 29 +4% inhibition of hyposmolarity-evoked release.
Similarly, tyrphostin B44 (50 gm) inhibited basal release by
27+ 5% (n=4) and reduced the peak level of efflux in
hypotonic medium from 159+ 7 to 108 + 3% of control
baseline (n=4, Fig.1(), corresponding to an inhibition of
27 + 5%. Daidzein (50 gm) and tyrphostin A1 (50 gm), the
respective inactive analogues of genistein and tyrphostin
B44, were without effect (n = 3 and 4, respectively; Fig. 1B
and D). The action of genistein was dose dependent, with
negligible effect at 10 gm, and an increasing inhibition of
release with concentrations of genistein between 25 and
100 M, both at 300 and 280 mosmol 17 (Fig. 2). However,
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Figure 1. Inhibition of protein tyrosine kinase reduces taurine release

Taurine release from isolated SON perfused with control (300 mosmol 1™*) and hyposmotic (280 mosmol 17,
grey bar) solutions. Release is expressed as percentage of control baseline. A, application of the PTK
inhibitor genistein (50 um), for the duration indicated by the open bar, decreases taurine release in both
osmotic conditions (n=>5). B, the genistein inactive analogue daidzein has no effect (n=3). C, the other
PTK inhibitor tyrphostin B44 (50 pgm) similarly reduces the osmodependent release of taurine (n=4).
D, tyrphostin A1, the tyrphostin inactive analogue, does not affect release (n = 4).
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part of the effect obtained with 100 gm genistein appeared
non-specific to an action on PTK because the same
concentration of daidzein also had a small inhibitory effect
(data not shown). Therefore, the concentration of genistein
was kept to 50 um throughout the rest of the study.

Orthovanadate (100 gm), an inhibitor of tyrosine
phosphatase, potentiated basal release by 22 + 1% (n=14)
and increased the peak of release in hyposmotic solution
from 153 + 4 to 192 + 4 % of control baseline (n =4, Fig. 3).
This corresponded to a 25 + 3 % potentiation.

Regulation of taurine release by tyrosine
phosphorylation is osmodependent

To check whether interfering with tyrosine phosphorylation
affected the activation of taurine efflux or its sensitivity to
volume changes, we measured the effects of genistein (50 um)
and orthovanadate (100 gm) on responses to hyposmotic
stimuli of various intensities (280—235 mosmol 17) as well
as to a hyperosmotic stimulus (330 mosmol 17, Fig.44 and
B). Interestingly, the magnitude of the effect of the
inhibitors was not similar at the different osmolarities. This
is noticeable on the graph showing the osmodependence of
taurine efflux, obtained by plotting the peak amplitude of
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Figure 2. Dose dependency of genistein inhibitory effect

Inhibition of taurine release in isosmotic (4) and hyposmotic
media (measured at the peak of the response to a stimulus of
280 mosmol 17'; B) by the different concentrations of genistein
indicated. Data are expressed as percentage of control baseline.
Number of observations is 3—5, except for inhibition of basal
release by 50 uM genistein for which n = 22.

the release as a function of the medium osmolarity, in the
absence and the presence of genistein or orthovanadate
(Fig.40). Genistein shifted the curve to the left whereas
orthovanadate shifted it to the right, respectively decreasing
and increasing the osmosensitivity of the taurine release
mechanism. Therefore, the degree of phosphorylation on
tyrosine residues appears important in the determination of
the set point of the osmotic activation of taurine efflux from
SON astrocytes.

Inhibition of PTK affects the time course of taurine
release

To assess the impact of tyrosine phosphorylation on the
kinetics of the hyposmolarity-evoked efflux of taurine, we
applied hypotonic solutions (280 and 250 mosmol 17) for
long duration (46 min) in the absence or the presence of
50 pm genistein. In the latter case, genistein was present in
both iso- and hyposmotic media for the whole duration of
the experiment. To compare the time course of the release
in the different experimental conditions, the basal level of
subtracted from the data,
subsequently normalised to the peak value of release. The
two hypotonic stimuli induced responses that peaked within
6—8 min and then decreased in spite of the continuous

release was which were

Figure 3. Orthovanadate potentiates taurine efflux

Inhibition of tyrosine phosphatase by 100 um orthovanadate potentiates
both basal taurine release in isosmotic medium and that during a
hypotonic stimulus of 280 mosmol 1™ (n = 4).
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Figure 4. The level of tyrosine phosphorylation
determines the osmosensitivity of taurine release
A and B, effects of genistein and orthovanadate on
taurine release during osmotic stimulation with a
medium of 250 mosmol 17" (4) and 330 mosmol 17" (B).
Note the different scales on the Y-axisin 4 and B.

C, relationships between the peak amplitude of taurine
release and medium osmolarity in the absence (M) and
presence of genistein (O) or orthovanadate (A). Peak
release is expressed as percentage of control baseline
measured at 300 mosmol 1™ in the absence of the drug.
Relationships were modelled with sigmoid curves
(Boltzmann equation, continuous lines). Genistein and
orthovanadate shift the relationship to the left and to
the right, respectively. Number of observations is 3 or 4
for orthovanadate (except at 300 mosmol 17" where it is
14), 4 or 5 for genistein (except at 300 mosmol 1™ where
it is 22), and 4—10 for the control.

perfusion with hyposmotic media (Fig. 5). The response
could be separated into a decay component that could be
fitted with a monoexponential function, and a sustained
component, the amplitude of which was estimated by
extrapolation of the exponential fit. The time constant of
the decay was similar for the two hypotonic stimuli, with
mean values of 12:1 + 49 min for 280 mosmol I™" (n=9)
and 15'8 + 1-2min for 250 mosmol 1" (n = 10). However,
the stronger the hypotonic stimulus, the larger the relative
amplitude of the decay component, which represented
29 + 4 and 55 + 1 % of the maximal responses to stimuli of
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280 and 250 mosmol 17, respectively. Genistein increased
the proportion of this decay component to 50+ 3%
(280 mosmol 17", n = 9) and 75 4 1 % (250 mosmol 17", n = 8),
without changing its time constant (13+6 + 2:5 min for
280 mosmol 1" and 136 + 0-9 min for 250 mosmol 1_1).

Other families of kinases are not involved in the
regulation of taurine release

To test the involvement of the MAPK Erk-1 and Erk-2 in
the modulation of taurine release from SON glial cells, we

used the specific MAPK kinase (MEK) inhibitor PD-98059

B
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0 20 40 60 80 100
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Figure 5. Genistein modifies the decay kinetics of taurine release

Release of taurine induced by long duration (46 min) stimuli with hyposmotic solutions of 280 (4) and
250 mosmol 1" (B) in the absence or continuous presence of 50 uM genistein. The responses display a decay
component during the hypotonic stimulus. For comparison purposes, basal release is subtracted from the
data and evoked release is normalised to the peak amplitude. The decay component is fitted with a
monoexponential function (continuous lines). Genistein specifically increases the relative amplitude of this
decay component of taurine release with no change in its time constant.
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(50 ). PD-98059 did not affect the basal release of taurine
and did not inhibit taurine release induced by hypotonic
solution (280 mosmol I™). In fact, PD-98059 slightly
increased the latter from 159 + 3 to 182 + 7% of control
baseline (n = 4, Fig. 6). This shows that Erkl and Erk2 are
not implicated in the regulation of taurine efflux by
tyrosine kinases. To determine whether the Rho family of
small GTP-binding proteins participates in this regulation,
we used the specific blocker of Rho kinase Y-27632 (Uehata
et al.1997; Nilius et al. 1999). Application of this compound
(25 um) did not affect taurine release either in isosmotic or
hy posmotic medium (280 mosmol 17, n = 4, Fig. 6).

The involvement of PKC in the activation of taurine release
from SON glial cells was tested using the phorbol ester
PMA, an activator of PKC. Addition of 100 nm PMA to
both control (14 min pre-application) and hypotonic medium
(280 mosmol 1) induced a small increase in taurine release
in both osmotic conditions (107 + 2% of control baseline at
300 mosmol 17, and from 153 + 3 to 171 + 2% of control
baseline at 280 mosmol 1™, n=6, Fig.6). However, this
effect may not result from a specific activation of PKC since
a similar potentiation of the response to hypotonic stimulus
(from 15244 to 168 £3% of control baseline, n=4,
Fig.6) was also observed with the inactive phorbol ester
analogue 4o-phorbol (100 nm). Moreover, application of
500 nm GF-109203X, an inhibitor of PKC, did not affect
taurine release in either osmotic condition (n =4, Fig. 6).
Similarly, activation of PKA with 1 mm db-cAMP, a
membrane-permeant analogue of cAMP, applied 10 min
before and during a hypotonic stimulus of 250 mosmol 17,
had no effect on taurine release (n =4, Fig. 6). These data
show the lack of implication of PKA and PKC in the
activation and regulation of taurine-permeable C1~ channels
in SON astrocytes.
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DISCUSSION

Protein tyrosine kinases modulate the
osmosensitivity of taurine release in the SON

We report here the effects of interfering with tyrosine
phosphorylation on the osmodependent taurine release
from isolated rat SON. In this preparation, we previously
demonstrated that [*Htaurine is selectively taken up by
glial cells and released through volume-sensitive anion
channels (Deleuze et al. 1998). This acute preparation thus
allows the study of the in situ properties of taurine efflux
from a homogeneous cell population. We found that inhibition
of PTK specifically and dose-dependently decreases the
osmodependent release of taurine whereas inhibition of
tyrosine phosphatase increases it. The opposite actions of
tyrosine kinase and tyrosine phosphatase inhibitors, the
similar effects of genistein and tyrphostin B44 that act on
different sites to inhibit PTK, as well as the lack of effect
of their inactive analogues, strongly argue that these
observations result from specific alterations in the level of
tyrosine phosphorylation.

Strikingly, the magnitude of the effects of the inhibitors on
taurine release depended on the intensity of the hyposmotic
stimulus. This reflected an alteration of the relationship
between taurine efflux and medium osmolarity, rather than
a simple inhibition and activation of the taurine-permeable
channels. Indeed, genistein and orthovanadate shifted this
relationship in opposite directions, modifying, therefore,
the osmosensitivity of the release mechanism. Inhibition
of tyrosine kinase decreased, whereas that of tyrosine
phosphatase increased, the osmosensitivity of taurine
release. These data suggest that the degree of tyrosine
phosphorylation determines the osmotic set point of the
activation of taurine efflux, and therefore plays a key role in
the modulation of the sensitivity of taurine-permeable

Figure 6. Other kinases are not involved in the
regulation of taurine release

Bar graphs summarising the effects of activators and
inhibitors of various other protein kinases on release
of taurine in isosmotic conditions (A4) and at the
peak of the response to a hyposmotic stimulus (5).
All compounds were tested with a stimulus of

280 mosmol 17, except db-cAMP, which was tested
with a stimulus of 250 mosmol 17, Data (mean of
4-6 observations) are expressed as percentage of the
control baseline. Compounds include inhibitors of
MEK (PD-98059, 50 um), and Rho kinase
(Y-27632, 25 um), an activator of PKC (PMA,

100 nMm) and its inactive analogue 4a-phorbol

(100 nm), an inhibitor of PKC (GF-109203X,

500 nm), and an activator of PKA (db-cAMP,

1 mm).
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channels to volume changes. On the other hand, because the
effect of inhibiting or potentiating tyrosine phosphorylation
could always be compensated by further decreasing or
increasing the magnitude of the osmotic stimulus, activation
of PTK does not appear as a required step in the activation
cascade of volume-dependent, taurine-permeable channels
in SON astrocytes.

This is at variance with the many reports in various cell
types (see above), including rat cultured astrocytes (Crepel
et al. 1998), where phosphorylation by PTK has been shown
as an essential step in the swelling-induced activation of
VSOACs. Activation of these channels has been reported to
further involve the MAPK Erkl and Erk2 in cultured
astrocytes (Crepel et al. 1998), and Rho kinases in endothelial
cells (Nilius et al. 1999). This is clearly different from our
present results, where the Erk kinase (MEK) inhibitor
PD-98059 and the Rho kinase inhibitor Y-27632 both failed
to inhibit taurine efflux, indicating that these kinases are not
involved in the regulation of taurine release through volume-
sensitive Cl™ channels from SON glial cells in situ. Our
results also differ from those found in bovine chromaflin cells
and mouse fibroblasts, in which tyrosine phosphorylation
appears to inhibit VSOACs (Doroshenko, 1998; Thoroed et
al. 1999).

Finally, we found no effect of activation or inhibition of
PKA and PKC on taurine release in SON glial cells. The
implication of these two pathways in the activation or
modulation of VSOACs and taurine efflux has been
controversial. According to the cell type, activation of PKA
inhibits (Du & Sorota, 1997), potentiates (Strange et al.
1996; Meng & Weinman, 1996), or does not affect swelling-
activated taurine efflux and CI~ current (Pasantes-Morales et
al. 1990; Manolopoulos et al. 1997). Interestingly, the
potentiation of VSOACs by the cAMP—PKA pathway in rat
hepatocytes results from a modification of the osmotic set
point of activation (Meng & Weinman, 1996). Similarly,
regulation of VSOACs by PKC in various cells has been
reported to be inhibitory (Duan et al. 1995; Dick et al. 1998;
von Weikersthal et al. 1999), potentiating (Strange et al.
1996; Du & Sorota, 1999), or absent (Manolopoulos et al.
1997).

Do SON glial cells express a particular taurine-
permeable channel ?

Our results do not support a mechanism of activation of
taurine efflux involving a necessary phosphorylation step,
which is in agreement with the phosphorylation-independent
activation of VSOACs reported in several preparations
(Strange et al. 1996; Okada, 1997; Miley et al. 1999; Bond et
al. 1999). All these differences in the involvement of protein
kinases in the activation or modulation of VSOACsS in various
cell types suggest the presence of multiple VSOAC types,
multiple activation pathways, or various indirect effects of
kinases on the channel function. In SON glial cells, the
channel carrying taurine efflux displays a unique regulation
of its osmosensitivity by PTK, a property that has not been
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described so far in any other cell type (although regulation
of osmosensitivity of VSOACs by PKA was described in
hepatocytes; Meng & Weinman, 1996). This points to the
specificity of the volume-sensitive taurine eftlux pathway in
these hypothalamic glial cells, a peculiarity which may be
related to their functional specialisation with regard to the
regulation of the osmolarity of extracellular fluids (Wells,
1998; Hatton, 1999). One possibility is that SON glial cells
express a particular subtype of VSOAC, or a different, non-
VSOAC type of taurine-permeable volume-sensitive channel.
It is of interest that in Ehrlich ascites tumour cells and
HelLa cells, swelling-activated taurine and Cl™ efflux appear
to involve different channels (Lambert & Hoffmann, 1994;
Stutzin et al. 1997). Besides VSOACs, the molecular nature
of which has not been established, other swelling-activated
Cl” channels could potentially carry taurine efflux. These
include the large conductance anion channel described in
several cell types including astrocytes (Strange et al. 1996;
Kirk, 1997; Kirk & Strange, 1998), and which presents
strong similarities with the voltage-dependent anion
channel (VDAC) found in mitochondrial outer membrane
(Guibert et al. 1998). Whether these channels have a
significant permeability to taurine is not established, but it
is notable that mitochondrial VDACs are known to provide
the pathway for the transport of various anionic
metabolites (Kirk & Strange, 1998). Another candidate is
phospholemman, a small membrane protein isolated from
cardiac muscle cells that, when reconstituted in lipid
bilayers, forms an anionic channel highly permeable to
taurine (Pyypine/ Por = 70; Moorman et al. 1995). The volume
dependence of its activation has yet to be investigated.

Functional significance of the regulation of taurine
release by tyrosine phosphorylation

Interestingly, we observed that inhibition of PTK by
genistein modified the time course of the taurine release
induced by long duration hypotonic stimuli, by selectively
increasing the relative amplitude of the decay component
without changing its time constant. Such decay of the
response in the continuous presence of the hypotonic
stimulus is commonly believed to result from RVD (Pasantes-
Morales & Schousboe, 1997). The increased magnitude of
this decay by genistein may suggest an increased magnitude
of RVD in the absence of tyrosine phosphorylation, albeit
with unchanged kinetics. Alternatively, this effect could
result from a decreased osmosensitivity of taurine release.
Indeed, PTKs are known to be activated within a few
minutes upon hypotonic stimulation (Tilly et al. 1993;
Sadoshima et al. 1996; Crepel et al. 1998), and this is likely
to lead to an enhancement of taurine efflux relative to the
level of cell swelling, thus decreasing the impact of RVD on
the release. SON astrocytes would then naturally undergo a
stronger RVD than initially thought based on the time course
of taurine release (Deleuze et al. 1998), RVD that would be
truly revealed after blockade of tyrosine phosphorylation.
This interpretation could point to the functional significance
of the upregulation of the osmosensitivity of swelling-
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dependent taurine efflux by PTK in these astrocytes. This
potentiating influence could be a way to maintain a high
level of taurine release during changes in osmotic pressure
in spite of the developing RVD. As taurine probably
represents a determinant factor in the osmotic inhibition of
the activity of vasopressin neurones and therefore of the
release of this antidiuretic hormone (Hussy et al. 1997), a
sustained level of extracellular taurine in the SON appears
important as long as the decreased osmolarity of the
extracellular fluids persists.

Regulation of the osmosensitivity of taurine release by
PTK could also be the target of external modulatory agents.
Growth factors are well known for triggering tyrosine
kinase activity, and could therefore serve as such modulators
of taurine efflux. The expression of their receptors has been
widely documented in brain glial cells (Labourdette &
Sensenbrenner, 1995), and acute modulation of ionic channel
function by the activation of growth factor receptors has
been recently reported (Hilborn et al. 1998). Regulation of
taurine release could also potentially occur through activation
of neurotransmitter receptors, since activation of PTK by
glutamate or acetylcholine has been recently shown in
neurones (Boxall & Lancaster, 1998; Hayashi et al. 1999),
and the receptors of these neurotransmitters are expressed in
many astrocytes (Kimelberg, 1995). A regulatory mechanism
involving activation of protein tyrosine phosphatases to
decrease the osmosensitivity of taurine release is also
conceivable (Neel & Tonks, 1997). Whatever the factors
activating or inhibiting tyrosine phosphorylation, it should
endow the system with the capacity to finely tune the
responsiveness of glial cells to osmotic changes. This would
add to the already impressive list of modulatory factors
present in the hypothalamo-neurohypophysial complex that
regulate the activity of neurosecretory cells, therefore
participating in the optimal adaptation of the release of the
neurohormones vasopressin and oxytocin to the various
physiological states of the animal (Hatton, 1999).
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