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Vasopressin-induced taurine efflux from rat pituicytes:
a potential negative feedback for hormone secretion
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Previous work on the whole neurohypophysis has shown that hypotonic conditions increase
release of taurine from neurohypophysial astrocytes (pituicytes). The present work confirms
that taurine is present in cultured pituicytes, and that its specific release increases in response to
a hypotonic shock. We next show that vasopressin (VP) and oxytocin (OT) also specifically release
taurine from pituicytes. With an EC50 of ∼2 nM, VP is much more potent than OT, and the effects
of both hormones are blocked by SR 49059, a V1a receptor antagonist. This pharmacological
profile matches the one for VP- and OT-evoked calcium signals in pituicytes, consistent with
the fact that VP-induced taurine efflux is blocked by BAPTA-AM. However, BAPTA-AM also
blocks the taurine efflux induced by a 270 mosmol l−1 challenge, which per se does not evoke
any calcium signal, suggesting a permissive role for calcium in this case. Nevertheless, the fact
that structurally unrelated calcium-mobilizing agents and ionomycin are able to induce taurine
efflux suggests that calcium may also play a signalling role in this event. It is widely accepted
that in hypotonic conditions taurine exits cells through anionic channels. Antagonism by
the chloride channel inhibitors 4,4′-diisothiocyanatostilbene-2,2′-disulphonic acid (DIDS) and
5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) suggests the same pathway for
VP-induced taurine efflux, which is also blocked in hypertonic conditions (330 mosmol l−1).
Moreover, it is likely that the osmosensitivity of the taurine channel is up-regulated by calcium.
These results, together with our in situ experiments showing stimulation of taurine release by
endogenous VP, strengthen the concept of a glial control of neurohormone output.
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Several decades ago, Leveque & Small (1959) hypothesized
that pituicytes, the specialized astrocytes of the
neurohypophysis, may play a role in the regulation
of neurohypophysial hormone output. Working at the
ultrastructural level, Krsulovic & Brückner (1969) and
Wittkowski & Brinkmann (1974) showed that pituicytes
undergo morphological changes during dehydration, a
physiological state that requires an increased output of
vasopressin (VP). Tweedle & Hatton (1982) reported
similar phenomena with respect to parturition and
lactation, which correspond to an increased output of
oxytocin (OT). In light of numerous observations that
seem to involve glial shape changes in the control of
neurohormone output, Hatton (1988, 1999) proposed a
model accounting for the interactions between pituicytes
and neurohypophysial terminals and capillaries. In this
scheme, increased demand of VP or OT would induce
pituicytes to retract both from between terminals, and

from between the latter and the basal lamina of the
perivascular space. This in turn would increase hormone
availability by, respectively, increasing terminal excitability
and facilitating hormone release into the blood. Various
signals might be involved in pituicyte shape changes,
including catecholamines (Hatton, 1988, 1999) and ATP,
which is present in neurosecretory vesicles and therefore
is coreleased with neurohypophysial hormones (Gratzl
et al. 1980; Zimmermann, 1994; Sperlágh et al. 1999).
Indeed, our in vitro experiments have shown that ATP
induces pituicyte stellation via its metabolism to adenosine
(Rosso et al. 2002a), probably owing to the presence of
ectoATPases on these cells (Thirion et al. 1996). From the
postulate that such structural changes facilitate hormone
release (Hatton, 1988, 1999), it would appear that the
action of ATP and adenosine constitutes a self-stimulating
feedback loop, for which a stop signal should exist if
vesicular exhaustion is to be prevented. We found that such
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a signal could be VP itself because this neurohormone is
capable of reversing pituicyte stellation at physiological
concentrations (Rosso et al. 2002b). We now provide
evidence for another means for VP and OT to limit their
own output, that is through stimulation of pituicytes to
release the inhibitory amino acid taurine.

Taurine functions as a ubiquitous osmolyte in
the regulation of cell volume, but its role in the
neurohypophysis appears to be different (reviewed by
Hussy, 2002). Taurine has been shown to inhibit VP release
by activating strychnine-sensitive glycine receptors located
on neurohypophysial terminals (Hussy et al. 2001). The
physiological significance of this result was highlighted by
the finding that experimental hypotonic shocks increase
taurine levels in the isolated neurohypophysis, which
is consistent with the need to keep VP levels low in
these conditions. As it was demonstrated that endogenous
neurohypophysial taurine originates in pituicytes (Pow,
1993; Miyata et al. 1997; Pow et al. 2002), we felt
that showing similar data with cultured pituicytes
would provide a means to validate our in vitro model.
We herein confirm that cultured pituicytes indeed
contain endogenous taurine, and that their release of
[3H]taurine increases sharply in response to hypotonicity.
In addition, we show that VP and OT also enhance
taurine release, which establishes the distinct possibility
that neurohypophysial hormones and pituicytes engage in
a short-loop negative feedback.

Methods

Cell preparation

Pituicyte explant cultures were prepared as previously
described (Rosso et al. 2002a) from adult Wistar rats
(150–200 g) anaesthetized with CO2 and decapitated in
accordance with French/European ethical guidelines. For
taurine efflux and calcium imaging experiments, we used
35-mm plastic dishes. For immunofluorescence, 18-mm
glass coverslips coated with 0.05 mg ml−1 collagen were
inserted in the same plastic dishes prior to plating. Cells
were used after 10–11 days in vitro.

Immunofluorescence

Taurine was labelled with a polyclonal antibody provided
to us by Dr David Pow, University of Queensland, Brisbane,
Australia (Pow, 1993). Pituicytes were fixed with 3%
paraformaldehyde + 1% glutaraldehyde at 37◦C, washed
three times in PBS, and left for 15 min in 1% NaBH4. After
three more rinses in PBS, they were permeabilized in PBS+

0.02% Triton X-100 (5 min), and again rinsed three times
in PBS. Cells were then saturated by 15 min in PBS + 5%
serum. Primary antitaurine antibody was diluted 1/2000
and applied for 4 h in a wet chamber at room temperature
(RT). After rinsing in PBS, pituicytes were incubated (1.5 h;
RT) with goat antirabbit secondary antibody coupled
to fluorescein isothiocyanate (FITC; Nordic/tebu-bio, Le
Perray en Yvelines, France; 1/100 dilution). After a final
rinse, cells were mounted on microscope slides in the
presence of Mowiol. Digital images were acquired with
a Delta Vision system (Applied Precision, Issaquah, WA,
USA) coupled to an IX-70 Olympus microscope.

[3H]Amino acid efflux

Prior to experiments, pituicytes were switched to Locke’s
medium containing (mm) 120 NaCl, 4 KCl, 1 KH2PO4,
2 CaCl2, 2 MgCl2, 10 Hepes, 10 glucose and 30 mannitol
(pH 7.4; 300 mosmol l−1 by freezing point), and
supplemented with 0.025% fetal calf serum to control
morphology (Rosso et al. 2002b). Each dish of cells
contained 800 µl of this solution to which 2 µCi
[3H]taurine or [3H]glutamate was added. Cells were left to
incubate at 37◦C for 90 min. Before experiments, the dishes
were rinsed five times with 1 ml Locke’s solution without
amino acid. The medium was collected every 5 min, and
replaced with fresh medium with or without test drugs
at the appropriate time. [3H]Taurine and [3H]glutamate
release were estimated by scintillation counting. Results are
expressed as efflux rate normalized to baseline (averaged
over the first 5–7 samples, i.e. 25–35 min). Efflux rate
corresponds to the ratio of c.p.m. released at a given time
point to releasable c.p.m., which was calculated after cell
lysis at the end of each experiment. Based on the mean of
two control experiments performed in triplicate for each
amino acid, basal efflux was 308 ± 78 c.p.m. per 5 min for
taurine and 447 ± 103 c.p.m. per 5 min for glutamate.

In situ [3H]taurine efflux

Whole isolated neurohypophyses were incubated for 2 h in
Locke’s medium supplemented with 500 nm [3H]taurine
at 35◦C, rinsed three times, placed in perfusion chambers
(250 µl, one neurohypophysis per chamber) at 35◦C, and
perfused at a rate of 250 µl min−1 with oxygenated Locke’s
solution. After 20 min rest, perfusate was collected every
5 min with a sample collector (Gilson FC204, Villiers-le-
Bel, France). Basal release of taurine in isotonic medium
was fitted with a monoexponential function, and data were
normalized to this fit to express release as a percentage of
basal release (Deleuze et al. 1998, 2000). Three chambers
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were systematically used as control, and the effects of the
drugs were always compared with the controls of the same
set of experiments. Experiments were realized on at least
two different preparations.

Calcium imaging

Intracellular Ca2+ ([Ca2+]i) was measured with the
ratiometric, membrane-permeant, fluorescent probe
Fura-2 AM. Briefly, pituicyte cultures were incubated for
45 min at 37◦C in the presence of 5 µm Fura-2 AM +
0.01% pluronic acid. During experiments, culture dishes
were continuously superfused with Locke’s solution (3 ml
min−1). These experiments were performed on the stage
of an inverted microscope (Zeiss ICM 405) equipped with
a xenon lamp and a rotating filter set allowing 350/380 nm
excitation. Axon Imaging Workbench 2.2 software was
used to drive the filter wheel, acquire fluorescence images
and process data. For any given experiment, fluorescence
signals were averaged from 10 to 20 cells defined as ‘regions
of interest’. Free [Ca2+]i was estimated from a calibration
procedure using a ‘zero-Ca’ solution (3 mm EGTA + 2 µm
ionomycin) and a Ca2+-saturated solution (3 mm CaCl2

+ 2 µm ionomycin). The F350/F380 ratio was converted
to free [Ca2+]i using a standard equation (Grynkiewicz
et al. 1985). Drugs were applied locally via a miniperfusion
system.

Drugs

[3H]Taurine and [3H]glutamate were purchased from
Amersham Pharmacia Biotech (Orsay, France); SR49059
was provided by C. Serradeil-Le Gal (Sanofi-Synthelabo,
Toulouse, France); Y-27632 and Fura-2 AM were,
respectively, purchased from Calbiochem, Meudon, and
TEF Laboratories/Euromedex, Mundolsheim, France. All
other drugs are from Sigma.

Data analysis

Data for taurine efflux are presented as means ± s.e.m.
The number of observations, n, refers to the number of
culture dishes (or neurohypophyses) counted. For any
given condition, 2–3 dishes per culture (i.e. rat) were used.
Except where noted, test experiments were assigned their
own controls (same day of experiment and same culture),
and these controls were pooled to present general results
(Figs 2A and 3A). Test versus control comparisons were
performed with Student’s two-tail unpaired t tests.

Results

Detection of taurine in cultured pituicytes

We first confirmed that pituicytes constitute the likely
source for the taurine released in the hypoosmotic
neurohypophysis by demonstrating the presence of the
amino acid in these cells, as well as its increased
release in response to a hypotonic shock. Using
immunohistochemistry of pituitary sections, Miyata et al.
(1997) and Pow et al. (2002) previously inferred selective
labelling of pituicytes by antitaurine antibodies. Obviating
the heterogeneity of whole-tissue sections, we now confirm
that pituicytes indeed contain taurine. This can be seen in
Fig. 1, which shows both flat and stellate pituicytes labelled
with antitaurine antibody. Neither unspecific adsorption
of the secondary antibody nor cell autofluorescence can
account for this result since virtually no fluorescence was
detected in the absence of primary antibody (lower right
panel). Note the subcellular relocalization of taurine when
pituicytes become stellate; in flat cells taurine labelling
appears diffuse and homogeneous throughout the cell
soma (upper right), whereas it displays a submembrane
pattern in most stellate cells (middle right).

Hypotonic release of taurine from pituicytes

Next, we found that a mild hypotonic shock (270 mosmol
l−1) increases taurine efflux from pituicytes to about twice
basal levels (Fig. 2A). Given that a 270 mosmol l−1 shock
doubles basal taurine efflux in the whole neurohypophysis
(Hussy et al. 2001), our results provide a further argument
in favour of an exclusive release of taurine from pituicytes
in this tissue. As these cells are morphologically highly
plastic, we wondered whether their ability to release taurine
might be influenced by their morphology. Induction of
pituicyte stellation by 10 µm Y-27632 (Rosso et al. 2002a),
a p160Rho kinase inhibitor, had no effect on the magnitude
of taurine efflux, although a lag in the response and slightly
different kinetics seemed to occur (Fig. 2A). To rule out the
possibility of unspecific release of amino acids, we tested
the effect of a 270 mosmol l−1 medium on [3H]glutamate
efflux. No increase in glutamate release over basal was
induced by the osmotic stimulus (Fig. 2A), indicating that
the effect of a hypotonic shock on pituicytes is specific for
taurine, at least versus glutamate, as previously observed
(Miyata et al. 1997). Though probably not of strict
physiological relevance, we also investigated the effect of
a 200 mosmol l−1 shock on taurine efflux. Consistent
with the exponential relationship between hypotonicity
and taurine release (Hussy et al. 2001), a 200 mosmol l−1
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solution elicited a massive efflux of taurine from pituicytes
(Fig. 2B).

Neurohypophysial hormone-induced release of
taurine from pituicytes

In view of the tight neuroglial relationships existing
within the neurohypophysis, further emphasized by the
inhibitory effect of taurine on VP output (Hussy, 2002),
we tested for a possible reciprocal effect of VP on taurine
efflux. We found that 10 nm VP elicits a ∼4-fold increase in
taurine efflux from non-stellate pituicytes. This effect was
completely blocked by 100 nm SR 49059, an antagonist
of VP V1a receptors (Fig. 3A). Conversely, SR 49059 did
not affect the taurine efflux induced by a 270 mosmol l−1

hypotonic shock (mean peak �efflux = 2.8; n = 2),

Figure 1. Fluorescence labelling of
cultured rat pituicytes with antitaurine
antibody
Left panels are differential interference
contrast pictures; right panels are the
corresponding FITC pictures showing
antitaurine labelling. Upper panels show a
standard pituicyte culture (1 h in 0.025%
serum) with mostly flat or elongated cells.
Middle panels show another culture to which
10 µM adenosine was added to induce
pituicyte stellation (Rosso et al. 2002a). Most
cells have shrunken and roundish somas with
numerous processes. Arrowheads point to
cells in which taurine displays clear
submembrane localization. Bottom panels
show a mixed culture (with both flat and
stellate pituicytes) in which primary but not
secondary antibody was omitted. All pictures
were taken with a 20 × objective lens.

indicating that the hypotonic effect is not mediated by VP
released from pituicytes, which may contain the hormone
(Pu et al. 1995). In contrast to its effect on taurine efflux,
VP only elicited a faint increase of glutamate release from
pituicytes (Fig. 3A).

Next, we performed a dose–response experiment for the
peak of taurine efflux versus VP concentration (Fig. 3B).
Some efflux was observed at a concentration as low as
0.1 nm, and a plateau was reached around 100 nm. We
found that 1 µm yields a smaller effect than 100 nm VP,
which is unlikely to be related to mere variability as three
separate experiments confirmed that trend. (We therefore
present the data with two curves, one that fits all points
and yields an EC50 of 1.7 nm, and one for which the 1 µm
point was omitted and that yields an EC50 of 2.6 nm.)
When we combined a near saturating concentration of VP
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(10 nm) with a 270 mosmol l−1 solution, taurine efflux
was much larger than with VP alone (Fig. 3C), suggesting
different mechanisms of action for the two stimuli. Since
OT is released from neurohypophysial terminals, and has
weak vasopressor and antidiuretic activities (Manning
et al. 1981), we also tested its effect on taurine efflux
from pituicytes. We found that 500 nm OT releases an
amount of taurine not significantly different from that
released by 10 nm VP (P = 0.31), whereas 10 nm OT
had little effect, if any (Fig. 3D). Furthermore, SR 49059
(100 nm) completely blocked 500 nm OT-evoked taurine
efflux (mean peak �efflux = 1.1; n = 2), revealing that
OT exerts its effect through weak agonist action on V1a

receptors. These data are consistent with those we recently
obtained on intracellular Ca2+ (Ca2+

i ) signalling by VP
and OT in pituicytes (Rosso et al. 2002b), suggesting that a

Figure 2. Hypotonicity-induced [3H]taurine efflux from rat
pituicytes
A, taurine efflux induced by a 270 mosmol l−1 hypotonic shock
applied (as indicated by the bar) to non-stellate pituicytes (continuous
line; n = 12) or stellate pituicytes (dashed line; n = 6). The dotted line
shows glutamate efflux, which is not affected by the 270 mosmol l−1

medium (n = 4). The latter consisted of Locke’s medium without
mannitol (see Methods). B, efflux induced by a 200 mosmol l−1 shock
applied to non-stellate pituicytes (n = 4). The 200 mosmol l−1 medium
was prepared by diluting the 270 mosmol l−1 solution with water. In
this and subsequent figures, efflux is a unitless ratio normalized to
baseline (see Methods).

Ca2+ signal might be involved in hormone-evoked taurine
efflux.

As seen for hypotonic stimulation, the magnitude
of VP-induced efflux appeared independent of the
morphological state of pituicytes, as stellate cells
responded to VP to the same extent as non-stellate
pituicytes (mean peak �efflux = 5.1 ± 1.4, n = 6, and
5.4 ± 0.9, n = 5, respectively; P = 0.54). The fact that
VP reverses pituicyte stellation cannot account for this
result because the peak of evoked taurine efflux occurs
within 5 min after the onset of VP application (Fig. 3A),
whereas stellation reversal takes at least 20 min (Rosso
et al. 2002b). However, we systematically observed a
peculiar phenomenon occurring within 0.5–2 min after VP
application onto stellate pituicytes; at this time, both soma
and processes started emitting many protrusions intensely
stained for taurine (Fig. 4). Thereafter, pituicytes reverted
to their flat shape, and taurine staining resumed its diffuse
pattern.

Taurine efflux and intracellular Ca2+

The similar pharmacological profile of VP and OT
for taurine efflux and Ca2+

i signalling prompted us
to investigate whether the two processes are linked.
Incubating cells for 1 h with 10 µm BAPTA-AM completely
blocked VP-evoked taurine efflux (Fig. 5A), indicating
a requirement for Ca2+ in the effect of VP. We could
not assess the involvement of extracellular Ca2+ in this
process because incubating cells in a Ca2+-free medium
(+ 3 mm EGTA) led to a slowly increasing baseline
drift, probably due to cell damage and non-physiological
taurine efflux (Mongin et al. 1999). We then investigated
whether BAPTA-AM would also affect hypotonicity-
evoked taurine efflux, which we found virtually eliminated
by the chelator (Fig. 5B). This prompted the hypothesis
that hypotonicity might also elicit a Ca2+ signal in
pituicytes. We thus resorted to Fura-2 fluorescence
experiments to investigate whether the 270 mosmol l−1

medium would affect basal [Ca2+]i, which was clearly
ruled out (n = 4; Fig. 5C). Similarly, a challenge with
a 200 mosmol l−1 solution did not elicit any signal in
three experiments (Fig. 5D), and only elicited a faint
signal in two experiments (mean increase in [Ca2+]i =
30 nm). A likely explanation for these results is that a
resting concentration of Ca2+

i constitutes a permissive
factor for hypotonicity-evoked taurine efflux, as indeed
proposed by others (Mongin et al. 1999). Therefore,
the inhibitory effect of BAPTA-AM on VP-induced
taurine efflux could also be regarded as resulting from
a decrease in resting Ca2+ concentration, raising the
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possibility that the Ca2+ signal and taurine efflux elicited
by VP are unrelated mechanisms. To determine whether
an increase in [Ca2+]i constitutes the mechanism for VP-
induced taurine efflux, we studied the effects of other
well-characterized Ca2+

i -mobilizing tools in pituicytes,
such as ATP-γ -S (Troadec et al. 1999) and bradykinin
(Rosso et al. 2002a). Indeed, we found that both agents
are capable of evoking taurine efflux. While 100 µm ATP-
γ -S elicited a modest effect (mean peak �efflux = 1.9 ±
0.2, n = 4), the potency of bradykinin was comparable
to that of VP (Fig. 5E). Interestingly, in our hands ATP-
γ -S (100 µm) seems capable of evoking only a small Ca2+

signal (100 and 250 nm; n = 2), whereas bradykinin evokes
a signal (several hundred nanomolar; Rosso et al. 2002a)
comparable to that of VP (Fig. 5C and D). Although this
suggests that Ca2+ is the relevant messenger for receptor-
mediated taurine efflux, it has to be mentioned that VP,
ATP-γ -S and bradykinin all activate the phospholipase C
(PLC) pathway. Since PLC activation can elicit effects in
astrocytes – such as ATP release – independent of Ca2+

(Haydon, 2001), this might also be the case for taurine
release. To test this idea, we sought to increase [Ca2+]i

directly and independently of PLC to see if this would
trigger taurine efflux. This was accomplished with the
Ca2+ ionophore ionomycin, which indeed also induced
substantial taurine efflux (Fig. 5F). Upon subsequent
challenge with a 270 mosmol l−1 medium containing
ionomycin, the effects of both stimuli appeared to be
additive (Fig. 5F). Thus, whereas Ca2+ appears as a mere

Figure 3. Hormone-induced [3H]taurine
efflux from rat pituicytes
A, taurine efflux induced by 10 nM VP in the
absence (continuous line; n = 17) or in the
presence (dashed line; n = 5) of 100 nM SR
49059. The dotted line shows glutamate
efflux, which is barely affected by 10 nM VP
(n = 5). B, dose–response relationships for
the peak of taurine efflux versus VP
concentration. Data were fitted with a logistic
equation of the form E = ( E max [VP]

EC50+[VP] ) + 1
where E and Emax represent the peak of
relative efflux and its maximum, and EC50 is
the VP concentration that elicits 50% of Emax.
The number of observations is indicated
above data points. The dotted curve was
fitted by excluding the 1 µM data point. C,
efflux induced by 10 nM VP in 300 mosmol l−1

medium (continuous line; same data as
control in A) or in 270 mosmol l−1 medium
(dashed line; n = 5). >∗P = 5 × 10−4. D,
efflux induced by 500 nM (continuous line;
n = 6) or 10 nM (dashed line; n = 3) OT.

permissive factor in hypotonic release of taurine, it may
also constitute a full signal by itself.

To investigate whether calmodulin is the downstream
effector of this signal, we tested the effect of
the calmodulin inhibitor N-(6-aminohexyl)-5-chloro-
1-naphtalene sulphonamide (W-7; 50 µm) on VP-
and hypotonicity-induced taurine release. Whereas the
amplitude of VP-induced responses was not affected
(mean peak �efflux = 4.4 ± 0.7, n = 3), the decay typically
seen with VP responses (e.g. Fig. 3A) disappeared in W-
7. On the other hand, the response to a 270 mosmol l−1

medium was substantially potentiated by W-7 (mean peak
�efflux=7.3±0.9, n =3). A possible interpretation of this
result is that W-7 attenuates the Ca2+-buffering capacity
of calmodulin, making more Ca2+ available to enhance
taurine release. This view is consistent with our finding
that W-7 induces a sustained Ca2+ signal in pituicytes (not
shown). At any rate, these data suggest that calmodulin in
not a downstream effector of the Ca2+ signal.

Pharmacological and physiological blockade
of taurine efflux

There is a general consensus that in hypotonic conditions
taurine exits cells through volume-sensitive anion
channels (Strange et al. 1996). This is based on several
criteria including antagonism by Cl− channel blockers,
which inhibit taurine efflux in the whole neurohypophysis
(Hussy et al. 2001). Bearing out the same mechanism

C© The Physiological Society 2003



J Physiol 554.3 pp 731–742 Taurine efflux from pituicytes 737

Figure 4. Selective concentration of taurine in pericellular
protrusions
Upper panel shows a differential interference contrast picture of
stellate pituicytes 1 min after 10 nM VP application. The centre cell
displays intense reorganization with formation of pericellular
protrusions. This asynchronous process is not observed in all pituicytes
simultaneously. Middle panel shows corresponding FITC fluorescence

for VP-evoked taurine efflux, we found that the latter
is blocked by 1 mm 4,4′-diisothiocyanatostilbene-2,2′-
disulphonic acid (DIDS; Fig. 6A) or 0.1 mm 5-nitro-2-
(3-phenylpropylamino)-benzoic acid (NPPB; n = 5; not
shown). Finally, we investigated the effect of hypertonicity
on VP-mediated taurine efflux. Consistent with previous
observations that hypertonicity decreases basal taurine
efflux in the neurohypophysis (Hussy et al. 2001), we
observed a trend towards a slight decrease during the
first 10 min following substitution of a mildly hypertonic
medium (330 mosmol l−1). Note also that there was a
rebound increase in taurine efflux upon return to an
isoosmotic medium (Fig. 6B). On the other hand, the
hypertonic condition largely blocked VP-mediated taurine
efflux (Fig. 6B).

Modulation of taurine release in situ

To investigate the physiological relevance of our data,
we designed an in situ experiment aimed at evoking
endogenous neurohypophysial hormone release in a
whole neurohypophysis preparation. This in turn should
stimulate [3H]taurine efflux if our in vitro results
indeed have any physiological relevance. To evoke
neurohypophysial hormone release we chose to use the
Na+ channel activator veratridine rather than KCl, which
per se releases taurine (Mongin et al. 1999). Moreover,
veratridine has been shown to powerfully activate VP and
OT release in the whole neurohypophysis (Nordmann
& Dyball, 1978). We included 3 µm strychnine and an
antipeptidase cocktail (see Rosso et al. 2002a) in the
perfusion medium. The purpose for using strychnine was
to shunt taurine feedback on to secretory terminals, which
might dampen further hormone release, whereas the
antipeptidase cocktail was meant to protect endogenous
hormone. Veratridine (100 µm) increased taurine efflux
up to 160% above baseline and SR 49059 significantly
antagonized this effect (Fig. 7A), demonstrating that part
of the evoked taurine efflux is due to endogenously
released hormone activating V1a receptors. As the degree
of antagonism was not different at 100 nm (n = 3) versus
1 µm SR 49059 (n = 5), we pooled the data obtained at
both concentrations. SR 49059 blocked 30% of the total
amount of taurine release integrated over time (Fig. 7B).
As 1 µm SR 49059 was not more potent than 100 nm,

revealing taurine labelling. Lower panel shows pseudo-colour
conversion of FITC fluorescence displaying low-to-high (blue-to-red)
intensity. Pericellular protrusions selectively light up in red. Pictures
were taken with a 40 × objective lens. Calibration = 16 µm.
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we do not believe that this partial antagonism is due to
poor penetration of the drug into the tissue. Rather, partial
antagonism can be expected for the reasons discussed
below.

Discussion

The output of neurohypophysial hormones appears to be
regulated in a complex manner if one takes into account
the GABAergic, dopaminergic, glutamatergic, purinergic
and peptidergic receptors expressed on secretory axon
terminals of the neurohypophysis (see Sperlágh et al.
1999). Our results strengthen the novel concept of a local
control of neurohypophysial hormone release mediated
by glial secretions (see Hussy, 2002), and provide two
pieces of information regarding this putative ‘intrinsic’
regulation. First we have shown selective hypoosmotic
release of taurine from a purified pituicyte population, and
second we have demonstrated that taurine efflux can also
be induced or enhanced by VP, pointing to an important

Figure 5. Role of calcium in hypotonic
and hormone-induced [3H]taurine efflux
from rat pituicytes
A, efflux induced by 10 nM VP in control
conditions (continuous line; n = 5) or after
BAPTA-AM incubation (dashed line;
n = 6). B, efflux induced by a hypotonic
shock applied in control conditions
(continuous line; n = 7) or after BAPTA-AM
incubation (dashed line; n = 8). C, lack of
effect of a 270 mosmol l−1 medium on
pituicyte [Ca2+]i. A subsequent response to
VP is shown for reference. Results depict the
average of 12 cells and are representative of
4 similar experiments. D, lack of effect of a
200 mosmol l−1 medium on pituicyte [Ca2+]i.
A subsequent response to VP during the
hypotonic shock is shown for reference.
Results depict the average of 12 cells and are
representative of 3 other experiments. The
200 mosmol l−1 medium was prepared by
omitting mannitol and 35 mM NaCl from
Locke’s solution. The KD of Fura-2 for Ca2+

was adjusted according to Grynkiewicz et al.
(1985) to compensate for the decreased ionic
strength (artifacts marked by asterisks). E,
taurine efflux induced by 100 nM bradykinin
(n = 3). F, efflux induced by 1 µM ionomycin
in 300 mosmol l−1 (continuous bar) and in
270 mosmol l−1 (dashed bar) medium (n =
4). Ionomycin was first applied for a short
duration (5 min) to avoid cell toxicity.

physiological regulatory loop involved in the control of
neurohormone secretion.

Hypotonic and VP stimulation of taurine efflux

The pituicyte origin of taurine release in the
neurohypophysis was previously demonstrated from
the observation of a selective concentration of taurine
in these cells and its selective release in response to
physiological hypotonicity (Pow, 1993; Miyata et al.
1997; Pow et al. 2002). We now confirm that pituicytes
contribute a major, and possibly the sole source for
the taurine released by a hypotonic shock in the
neurohypophysis (Miyata et al. 1997; Hussy et al. 2001).
This is analogous to the situation in the supraoptic
nucleus whence many neurohypophysial axons originate,
and in which hypotonicity releases taurine specifically
from glial cells (Deleuze et al. 1998). Taurine released
by pituicytes sensing a hypotonic stimulus can then act
upon neurohypophysial terminals to inhibit VP release
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Figure 6. Modulation of VP-induced [3H]taurine efflux from rat
pituicytes
A, efflux induced by 10 nM VP in the absence (continuous line; n = 7)
or in the presence (dashed line; n = 6) of 1 mM DIDS. B, efflux induced
by 10 nM VP in 300 mosmol l−1 medium (continuous line; same data
as control in Fig. 2B) or in 330 mosmol l−1 medium preapplied for
10 min (dashed line; n = 3). Hypertonic solution was prepared by
adding 30 mM mannitol to Locke’s medium.

(Hussy et al. 2001). This should provide an efficient
mechanism for a local control of VP release, contributing
to a decreased VP secretion and increased diuresis in
hypoosmotic conditions.

The second important result of our study is that
VP and OT are able to induce pituicytes to selectively
release taurine via V1a receptors, whose activation increases
pituicyte [Ca2+]i (Hatton et al. 1992). Our data thus

Figure 7. [3H]Taurine efflux in situ
A, taurine efflux induced in whole
neurohypophyses by 100 µM veratridine in
the absence (continuous line; n = 7) or in the
presence (dashed line; n = 8) of 0.1–1 µM SR
49059. B, effect of SR 49059 on total taurine
efflux integrated over time, and normalized
to mean control area under the curve. ∗P <

0.05.

provide evidence for a further physiological role of these
receptors in pituicytes in addition to their demonstrated
role in morphological plasticity (Rosso et al. 2002b). As
there is good evidence that VP and OT are released
locally from swellings present along the magnocellular
axons invading the neurohypophysis (Morris et al. 1988;
Nordmann et al. 1988), these hormones could act
locally on pituicytes to release taurine as a negative
feedback mechanism to perhaps contribute to termination
of hormone secretion or prevention of secretory vesicle
depletion. Interestingly, such a process does not seem to
be present in the supraoptic nucleus, where neither VP
nor OT induce any release of taurine from astrocytes
(N. Hussy, personal observation; see Hussy et al. 2000).

Cytoskeletal aspects of taurine efflux

Our immunolabelling experiments provide further
interesting detail as to the subcellular localization
of taurine and its dynamic regulation in various
conditions. Taurine staining appeared uniform in
flat, unstimulated pituicytes, and clearly displayed a
submembrane pattern after induction of stellation. The
physiological consequence is not obvious, however, since
the magnitude of the hypotonicity-evoked release of
taurine did not depend on the morphological state
of the cells. As pituicyte stellation parallels major
actin/tubulin reorganization (Rosso et al. 2002a), a direct
participation of the cytoskeleton in taurine efflux, if at all
substantiated, would probably involve other elements than
those recruited during stellation. Absence of blockade of
hypotonicity-induced taurine efflux from astrocytes by the
Rho kinase inhibitor Y-27632, which inhibits actin stress
fibres, was previously reported in the supraoptic nucleus
(Deleuze et al. 2000). Still, it is worth noting that Y-27632
seemed to introduce a lag in the osmosensitive response
(Fig. 2A), which is consistent with the delay observed by
Nilius et al. (1999) in volume-regulated anion channel
(VRAC) activation following application of this drug.
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At variance with our data, however, these authors also
found substantial reduction of VRAC current by Y-27632.
Similar to the hypotonic shock, VP released the same peak
amount of taurine from stellate versus non-stellate cells.
However, following VP application onto stellate pituicytes
we observed a striking phenomenon consisting of a rapid
appearance of pericellular protrusions densely stained for
taurine. It is clear that much work needs to be done to
unravel the molecular nature and physiological relevance
of these phenomena.

Mechanism of VP-induced taurine efflux

The molecular mechanism of taurine efflux appears to
involve a ‘VRAC-like’ channel capable of sensing a drop
in external osmolarity, as proposed earlier (Strange et
al. 1996; Hussy et al. 2001). Our novel finding is that,
independent of a change in osmotic pressure, this channel
can be activated by a Ca2+ signal such as that produced by
V1a receptor activation. It is generally admitted that VRAC
activation does not depend on a rise in [Ca2+]i (Pasantes-
Morales & Schousboe, 1997). Indeed, the osmosensitive
efflux of taurine from pituicytes does not seem to require
a Ca2+ signal since hypoosmotic challenges induce taurine
release without eliciting any rise in [Ca2+]i (Figs 5C.D).
However, chelating Ca2+

i with BAPTA eliminates taurine
release, in agreement with the proposed idea that resting
Ca2+

i constitutes a permissive factor for swelling-evoked
taurine efflux (Szucs et al. 1996; Mongin et al. 1999; Li
et al. 2002). By contrast, activation of taurine efflux by
VP appears to result from an increased [Ca2+]i. Not only
is efflux blocked by intracellular BAPTA, but the EC50 of
VP-activated taurine efflux (∼2 nm) is almost identical to
that of VP-induced peak Ca2+

i mobilization (∼4 nm) in
pituicytes (Rosso et al. 2002b). Moreover, taurine efflux
can also be evoked by other Ca2+-mobilizing agents such
as bradykinin and ATP-γ -S, as well as by a direct elevation
of [Ca2+]i by ionomycin. It is interesting to note that
a comparable situation was found in a study of rabbit
DC1 (kidney tubule) cells in which hypotonic activation
of VRAC current was mimicked by adenosine acting via
a Ca2+ signal (Rubera et al. 2001). Also, modulation of
amino acid release through volume-activated channels has
been shown in cultured astrocytes, where ATP activation
of P2Y receptors greatly potentiates hypotonicity-induced
aspartate efflux (Mongin & Kimelberg, 2002). Presently,
at least two mechanisms can be proposed to account
for the induction of taurine efflux from pituicytes. For
instance, it is possible that either an osmotic stimulus
or a Ca2+ signal can lead to activation of a common
anionic channel through separate intracellular pathways.

In turn, an interesting and more likely alternative is that
changes in [Ca2+]i shift the osmosensitivity of the channel
responsible for taurine efflux, consistent with a similar
recent proposal by Cardin et al. (2003). Because this
channel is already active in isoosmotic conditions, any
increase in [Ca2+]i should theoretically be able to directly
enhance its activity. In fact, this unifying hypothesis
accounts for our principal observations, namely (1) the
activation of taurine efflux by VP, bradykinin, ATP-γ -S
and ionomycin, (2) the inhibition of VP-induced efflux
in hypertonic conditions, and (3) the permissive effect
of Ca2+

i on swelling-activated efflux. To the extent that
taurine conductance is measurable (Li et al. 2002), or
that Cl− may provide an acceptable substitute for taurine
(Junankar & Kirk, 2000), these issues could be resolved
through patch-clamp experiments, which can provide
both high time resolution and strict control of Ca2+

concentration on both sides of the cell membrane.

Physiological relevance of neurohypophysial
hormone-induced taurine release

Our in situ experiments on whole neurohypophyses
show that endogenous VP or OT does in fact stimulate
taurine release. This is borne out by the fact that a
selective antagonist of V1a receptors, SR 49059, partially
blocked veratridine-induced taurine release. Veratridine
was shown to evoke VP and OT secretion in a whole
neurohypophysis preparation (Nordmann & Dyball,
1978), and thus there is little doubt that this was
also the case in our experiments. The view that the
taurine released by endogenous hormone comes from
pituicytes is supported by previous data demonstrating
that neurohypophysial taurine originates in pituicytes
(Miyata et al. 1997). Moreover, the specific expression
of the taurine transporter in these glial cells (Pow et al.
2002) further argues for the selective uptake of [3H]taurine
in pituicytes. Lastly, the specific astrocytic localization
of taurine in the supraoptic nucleus (Decavel & Hatton,
1995) has been firmly correlated with the exclusive uptake
and release of [3H]taurine by glial cells (Deleuze et al.
1998). Only 30% of the veratridine-induced release of
taurine is inhibited by SR 49059. Therefore, veratridine
also induces taurine release via other mechanisms than
VP and OT secretion. These could include secretion of
other peptides or transmitters either coreleased with the
neurohormones, as is the case of ATP (Gratzl et al. 1980;
Zimmermann, 1994; Sperlágh et al. 1999), or released by
other neuronal terminals present in the neurohypophysis
(see Hussy, 2002). This mechanism seems plausible
since any substance that will trigger a rise in pituicyte
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intracellular Ca2+ should also enhance taurine release. In
addition, intense axonal activity induced by veratridine
could have resulted in the accumulation of extracellular
K+. The uptake of K+ by pituicytes is accompanied by
swelling, which would elicit VP-independent release of
taurine from glial cells (Mongin et al. 1999; Hussy et al.
2000). If all or some of these factors combined, this could
explain that V1a receptor antagonism only blocked 30% of
veratridine-induced taurine efflux.

Conclusions

Although the mystery remains as to the precise molecular
mechanism that releases taurine from pituicytes, our
results bring about an important contribution to the
understanding of neurohypophysial control of hormone
release. If we consider the sole case of VP, for which
physiological concentrations are involved, the concerted
action of hypotonic conditions together with VP and
ATP corelease (Gratzl et al. 1980; Zimmermann, 1994;
Sperlágh et al. 1999) might provide a powerful negative
feedback that would contribute to limit excess hormone
release. Thus, the decreased osmolarity brought about by
antidiuresis subsequent to VP output would act in synergy
with the hormone to release taurine from pituicytes.
Taurine in turn would act in a paracrine fashion to inhibit
vasopressinergic terminal activity via activation of glycine
receptors (Hussy et al. 2001).
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