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ABSTRACT
Taurine, a g-aminobutyric acid (GABA)-like acidic amino acid, has previously been shown

to be prominently localized to astrocytes in the supraoptic nucleus, the neurons of which
contain only small amounts, and to have inhibitory actions on supraoptic neuronal activity. In
the present study, taurine distribution in the neurohypophysis was determined by using a
well-characterized monoclonal antibody against taurine itself. Preembedding immunohisto-
chemistry was performed at light and electron microscopic levels by using diaminobenzidine
and gold-substituted silver-intensified peroxidase (GSSP) methods. At the light microscopic
level, the distribution pattern and cellular localization of taurine immunoreactivity corre-
sponded to that of glial fibrillary acidic protein. Pituicyte cell bodies and processes displayed
dense taurine immunoreactivity. Electron microscopic observations revealed strong taurine
GSSP reactions in these neural lobe astrocytes, but weak taurine reactivity was seen within
only some neurosecretory axons. High-performance liquid chromatography analyses demon-
strated that in vitro hypoosmotic stimulation (reduction of 40 mOsm/kg) of isolated posterior
pituitaries resulted in preferential increases in taurine release into the bathing medium
without increased release of other amino acids. Conversely, tissue concentrations of taurine
significantly decreased with hypoosmotic perfusion, while glutamate, glutamine, and GABA
concentrations were not reduced. These results indicate that taurine is mainly concentrated
in neurohypophysial astrocytes, which are known to engulf the neurosecretory axonal
processes and terminals. Taurine released from pituicytes under basal and hypoosmotic
conditions may act to suppress axon terminal depolarization and thereby depress release of
neurohypophysial peptides. J. Comp. Neurol. 381:513–523, 1997. r 1997 Wiley-Liss, Inc.
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Taurine (2-aminoethanesulfonic acid) is structurally re-
lated to the amino acid g-aminobutyric acid (GABA), an
abundant amino acid in mammalian central nervous sys-
tem (CNS; Huxtable and Sebring, 1986). The physiological
functions of taurine in the brain remain unclear, although
it has been suggested to have numerous physiological
actions. One possible role for taurine in the CNS is
participation in the control of cell volume, an idea origi-
nally derived from studies of marine invertebrates (Simp-
son et al., 1959). Marine mollusks contain very high
concentrations of taurine, while those from fresh water
contain little or none. Taurine has special chemical fea-
tures that are of advantage to an osmoregulatory amino
acid, such as inertness, ionic neutrality, lack of metabolic
function, poor membrane diffusibility, and relatively high
solubility. Indeed, cultured astrocytes from the cerebellum

(Philibert et al., 1989; Morán et al., 1994) and cerebral
cortex (Olson et al., 1990; Kimelberg et al., 1990, 1993;
Levi and Patrizio, 1992; Koyama et al., 1994) and cultured
neurons from the cerebellum (Schousboe et al., 1990) and
cerebral cortex (Pasantes-Morales et al., 1993) have been
shown to respond to osmolality reduction with rapid
swelling, followed by release of taurine. Furthermore, K1
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stimulation likewise evokes taurine release in cultured
neurons and astrocytes, usually accompanied by cell swell-
ing (Schousboe and Pasantes-Morales, 1989; Philibert et
al., 1989; Schousboe et al., 1990). However, these results
obtained from cultured astrocytes and neurons may not be
simply applicable to in vivo situations, because cultured
cells do not have the same structural constraints and
intercellular interactions, and are usually obtained from
immature brains. Taurine released by brain slices taken
from immature animals is much greater than that from
mature ones (Oja and Saransaari, 1995). Taurine is indeed
released as a consequence of cell volume adjustment from
cerebral cortical slices, but this release could arise par-
tially frommembrane depolarization (Saransaari and Oja,
1992; Oja and Saransaari, 1992). Microdialysis of brain
sites with hypoosmotic solutions resulted in remarkably
increased extracellular taurine levels (Solı́s et al., 1988;
Wade et al., 1988; Horn et al., 1995).
The level of taurine has been reported to be higher in the

hypothalamus, cerebellum, hippocampus, and cortex than
in the brain stem or spinal cord (Palkovits et al., 1986;
Saransaari and Oja, 1994). Recently, the distribution of
immunocytochemically identified taurine has been deter-
mined within the mammalian brain. In contrast to the
observations that neuronal labeling predominates in the
cerebellum, hippocampus, and cerebral cortex (Ottersen et
al., 1988; Magnusson et al., 1988, 1989; Almarghini et al.,
1991; Pirvola and Panula, 1992), taurine immunoreactiv-
ity is most prominent in glial cells in the hypothalamus
(Madsen et al., 1985; Decavel and Hatton, 1995). This
differential cellular localization suggests that taurine has
specialized physiological functions in different areas of the
CNS. Electrophysiological evidence indicates that taurine
has hyperpolarizing effects on neurons and glia via an
increase in C12 conductance andmodulation of Ca21 fluxes
(Hanretta and Lombardini, 1987; Walz and Allen, 1987;
Huxtable, 1989, 1992; Saransaari and Oja, 1992). Taurine
has been demonstrated to be a potent anticonvulsant in
the CNS; indeed, taurine has protective effects in disease
states such as epilepsy, hypoxia/ischemia, and excitotoxic-
ity, all of which may be associated with excitatory amino
acids (Durelli and Mutani, 1983; French et al., 1986;
Schurr et al., 1987). Finally, the taurine synthetic enzyme,
cysteine sulfinic acid decarboxylase, has been localized in
certain cerebellar neurons and glia (Almarghini et al.,
1991) and in hippocampal neurons (Taber et al., 1986;
Magnusson et al., 1989). Although the properties of tau-
rine release differ in many respects from those of the
classical neurotransmitters (Saransaari and Oja, 1992), it
is probable that extracellular taurine may act as an
inhibitory modulator, if not an inhibitory transmitter,
within the brain.
The magnocellular hypothalamo-neurohypophysial sys-

tem (HNS) was the first known of the brain’s peptidergic
systems. Two peptides of the HNS, oxytocin (OXT) and
vasopressin (AVP), are manufactured in the supraoptic
nucleus (SON) and paraventricular nucleus (PVN), trans-
ported down the axons to the posterior pituitary, and
released into the blood circulation (Rhodes et al., 1981;
Sawchenko and Swanson, 1982). The function of periph-
eral AVP is chiefly considered to be regulation of body fluid
homeostasis, including extracellular osmolality and intra-
vascular volume (for a review, see Cunningham and Saw-
chenko, 1991). OXT causes contraction of uterine smooth
muscle during parturition and of myoepithelial cells in the

mammary glands producing milk ejection, and is also
released by increased plasma osmolality. Thus, hyperos-
motic stimulation increases blood levels ofAVP andOXT in
defense of water balance; hypoosmotic stimuli, conversely,
decrease their levels (Windle et al., 1993). During chronic
physiological stimulation, such as dehydration and lacta-
tion, the HNS undergoes remarkable structural reorgani-
zation involving both the neurons and glia (for a recent
review see Hatton, 1997). In the hypothalamic nuclei, this
reorganization consists chiefly of glial retraction from
their usual positions between adjacent cell bodies and/or
neighboring dendrites, resulting in soma-somatic apposi-
tions and dendritic bundling. This glial retraction also
permits the formation of new multiple synapses in which
one bouton contacts two or more post-synaptic cell bodies
or dendrites. In a similar fashion, the pituicytes in the
neural lobe, which enclose many neurosecretory axons and
terminals under basal conditions, release the engulfed
axons with chronic physiological stimulation and permit
the neurosecretory endings to contact a greater extent of
the basal lamina (Tweedle and Hatton, 1980a,b, 1987).
The pituicytes are considered to be responsible for these
plastic changes (Perlmutter et al., 1984; Luckman and
Bicknell, 1990; Smithson et al., 1990; Hatton et al., 1991).
Furthermore, physiologically, it has been shown that firing
activity of magnocellular SON and PVN neurons is rela-
tively quiescent under basal conditions in vivo (Summer-
lee and Lincoln, 1981; Poulain and Wakerley, 1982). As a
partial explanation for this quiescent firing activity, extrin-
sic factors released from nearby astrocytes was proposed
(Hatton, 1990).
In a previous study (Decavel and Hatton, 1995), it was

shown that taurine immunoreactivity in the SON is promi-
nent in glial cell bodies and their processes and is weak to
moderate in magnocellular dendrites. Furthermore, no
taurine-like immunoreactivity was seen in synaptic bou-
tons contacting SONneurons. Secretory structures, includ-
ing the posterior pituitary and pineal glands, have been
shown to contain high taurine concentrations: the taurine
concentration in the posterior pituitary is about fivefold
higher than that of the anterior lobe and about tenfold
higher than that of the cerebral cortex or cerebellum
(Vellan et al., 1970; Guidotti et al., 1972; Crabai et al.,
1974). It is not known why such large amounts of taurine
accumulate in the posterior pituitary. Thus, the posterior
pituitary of the HNS is an interesting model in which to
investigate taurine’s role in the CNS. No previous investi-
gation has examined the precise distribution of taurine in
the posterior pituitary, or whether taurine is released from
pituitary cells (Pow, 1993). The aim of the present investi-
gation was, then, to determine the localization of taurine
in the rat posterior pituitary at the light and electron
microscopic levels by usingmonoclonal taurine immunohis-
tochemistry. We also investigated the effect of hypoosmotic
treatments on the concentrations of taurine and several
other amino acids in the tissue and themedium of isolated,
perfused posterior pituitaries.

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats, approximately 50–60 days
old, were obtained from our breeding colony where they
were maintained under standard conditions: temperature
of 21–24°C, 12:12 hour light-dark cycle, and ad libitum
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food and water. All experimental protocols were done
within National Institutes of Health guidelines for animal
research and were approved by the Institutional Animal
Care and Use Committee at the University of California,
Riverside.

Tissue preparation

Forty male rats were used for immunohistochemical
experiments. The animals were decapitated, the skull and
dura were opened, and the pituitary was quickly dissected
out. The isolated pituitary was immediately immersed in
5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), and
then tissues were kept in the fixative solution for further 3
hours with a slight agitation at room temperature. In some
cases, the pituitary was fixed by perfusion fixation: six
animals anesthetized with chloral hydrate (400 mg/kg)
were perfused transcardially with a saline wash followed
by 500 ml of 5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4), and dissected brains were post-fixed in the same
fixative for 3 hours. These are essentially the same fixation
conditions as used in our previous study (Decavel and
Hatton, 1995).

Immunohistochemistry

Immunostaining of Vibratome sections was carried out
by using the same protocol as previously described by
Decavel and Hatton (1995). Briefly, horizontal sections
were cut in ice-cold 10 mM phosphate-buffered saline
(PBS) at a thickness varying from 15 to 20 µm. Sections
were washed in cold PBS and treated with a PBS contain-
ing 0.5% sodium borohydride and 0.1% sodium metaperi-
odate for 30 minutes. Then, they were treated with a PBS
containing 0.1% hydrogen peroxide for 20 minutes. After
washing with PBS, sections were preincubated with a
blocking solution of 5% normal goat serum (NGS) and 0.5%
bovine serum albumin (BSA) in PBS. The monoclonal
antibody against taurine used in this study has been well
characterized by Magnusson et al. (1988) and was diluted
to 1:200. The monoclonal antibody against glial fibrillary
acidic protein (GFAP) was purchased from Chemicon
International (Temecula, CA) and was diluted to 1:300.
Primary antibody incubations were performed in a PBS
containing 1% NGS and 0.1% BSA. Sections were incu-
bated with each primary antibody for 24 hours at 4°C with
a slight agitation. Detection of primary antibodies was by
incubating the sections with peroxidase-labeled goat anti-
mouse IgG that had been preabsorbed with rat serum
(Kirkegaard and Perry Laboratory, Gaithersburg, MD,
dilution 1:100) for 3 hours at room temperature. Visualiza-
tion of the peroxidase was done by incubating with 3,38-
diaminobenzidine (DAB; Sigma) in 50 mM Tris HCl buffer
(pH 7.4) including 0.9% NaCl and 0.005% hydrogen perox-
ide.
The DAB reaction was intensified by gold-substituted

silver-intensified peroxidase (GSSP). The GSSP reaction
product greatly increased the visibility of immunoreactive
structures, with both light and electron microscopy (van
den Pol and Gorcs, 1986; Decavel and Hatton, 1995).
Briefly, the sections were treated with 10% thioglycolic
acid for 3–5 hours, 2% sodium acetate rinse, silver intensi-
fication solution for 5–7 minutes, 1% acetic acid, 0.05%
gold chloride for 10 minutes, sodium acetate wash, 3%
sodium thiosulfate for 5 minutes, and final sodium acetate
washes. The silver-intensified sections were mounted on
gelatin-coated slides for light microscopic observation, or

were further fixed with 1% osmium tetroxide in 0.1 M
phosphate buffer for 30 minutes for electron microscopy.
The osmicated sections were dehydrated in alcohol and
embedded in Spurr’s low-viscosity resin (Electron Micros-
copy Sciences, Ft. Washington, PA). Ultrathin sections
were cut on a Reichert Ultracut ultramicrotome, picked up
on Formvar-coated copper mesh, and viewed with a Hita-
chi 500 electron microscope.

Superfusion of isolated pituitary

Fifty-four male rats were used for the high-performance
liquid chromatography (HPLC) analyses. The rats were
decapitated, and the pituitary glands were quickly re-
moved and immersed in ice-cold standard artificial cerebro-
spinal fluid (ACSF) consisting of (in mM): NaCl 126,
NaHPO4 1.3, NaHCO3 26, KCl 5, CaCl2 2.4, MgSO4 1.3,
glucose 10, and 3[N-morpholino]propane sulfonic acid
buffer 5, pH 7.4, 310mOsm/kg. The posterior pituitary was
carefully separated from anterior and intermediate lobes
by using forceps and blade under a surgical microscope.
Isolated posterior pituitaries were preincubated for 30
minutes at 37°C under 95% O2, 5% CO2 gas and then
superfused at a rate of 0.25 ml/min for 60 minutes in a
small volume (0.25 ml) of preoxygenated ACSF. Six iso-
lated posterior pituitaries were incubated together in the
same chamber and, for statistical purposes, were consid-
ered as one sample. The chamber and superfusing solu-
tions were maintained at 37°C in a thermoregulated water
bath. After 20 minutes, the superfusion medium was
changed to hypoosmotic ACSF (270 mOsm/kg), except in
the case of the isoosmotic control. The superfused ACSF
was collected at 20 minute intervals and quickly frozen on
dry ice to prevent a possible metabolic degradation of
amino acids. After 60 minutes of superfusion, three poste-
rior pituitaries were pooled and quickly frozen on dry ice.
Samples of both the ACSF and the tissues were kept at
220°C until HPLC assay. The osmolality of ACSF was
measured by vapor osmometry (5500 Vapor Pressure
Osmometer, Wescor, Logan, UT).

HPLC analysis

Tissue samples were homogenized by an ultrasonic
homogenizer (Sonic Dismembrator, model 310, Imaging
Products, Chantilly, VA) with constant cooling in a final
concentration of 80% ethanol solution.After centrifugation
at 10,000 rpm for 10 minutes, the clear supernatant was
collected and dried with a centrifugal evaporator (Savant
Speed Vac Concentrator, Forma Scientific, Marietta, OH).
The pellet remaining after centrifugation was dissolved in
deionized, purified water for use in protein concentration
determination (Lowry et al., 1951). Samples of perfused
ACSFwere lyophilized by freeze drying followed by extract-
ing of the amino acids with 80% ethanol. After amino acid
derivatization with o-phthalaldehyde, the analysis of etha-
nol extract for both tissues and media was performed by
reversed phase HPLC (column: Inertsil ODS, 4.6 3 250
mm; GL Sciences, Tokyo, Japan) at a flow rate of 0.8
ml/min. Detection was by a fluorometer (FS-8000, TOSOH,
Tokyo, Japan) with excitation wavelength at 360 nm and
emission wavelength at 455 nm. Identification of gluta-
mate, glutamine, glycine, taurine, alanine, and GABAwas
by their retention time and by overlap of amino acid peaks
with mixing standards and samples. The standard concen-
tration is multiplied by the ratio of the peak height of the
sample to that of the standard for that amino acid to give
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the sample concentration. All values of amino acid concen-
trations were expressed as mean 6 SE (nmol/mg protein).
Values for amino acid concentrations were compared by
using repeated measuresANOVAand t-tests.

RESULTS

Immunohistochemical localization of taurine

Intensification of the DAB reaction product with the
GSSP greatly increased the intensity of immunoreactivity
and visibility for light and electron microscopic observa-
tion. The antibody used in this experiment was mouse
monoclonal taurine antibody, which was well character-
ized with enzyme-linked immunosorbent assay (ELISA)
by Magnusson et al. (1988) and also reconfirmed in our
previous study (Decavel and Hatton, 1995). At the light
microscopic level, intense taurine immunoreactivity was
seen mainly in the pituicytes, the astrocytes of the pitu-
itary (Figs. 1, 2A), whereas weak immunoreactivity was
found in the anterior and intermediate lobes (Fig. 1).
Higher magnification revealed that taurine immunoreac-
tivity was seen in the cell bodies and processes of these
astrocytes (Fig. 2B). The posterior pituitary is chiefly
composed of neurosecretory axons, their terminals and,
pituicytes, the last of which display the astroglial marker
GFAP. To confirm that the taurine immunoreactivity was
in the pituicytes, GFAP immunohistochemistry was per-
formed on posterior pituitary tissue. The distributional
pattern and cellular morphology shown by taurine immu-
nostaining was similar to that revealed by GFAP immuno-
histochemistry (cf. Fig. 2B and C). However, they revealed
a different character; GFAP-stained pituicyte processes
appeared more slender than taurine-stained ones. Appar-

ently, this is because taurine immunoreactivity is rela-
tively evenly distributed within the cytoplasm, whereas
GFAP immunoreactivity is associated with the fibrilles of
the cytoskeleton, as shown in Figure 3. At the electron
microscopic level generally, pituicytes were easily recog-
nized by the presence of lipid bodies and absence of
neurosecretory vesicles in their cytoplasm. In well-
hydrated rats, many neurosecretory axons and terminals
are completely surrounded or engulfed by pituicytes. Fig-
ure 3Ashows taurine-positive pituicytes enclosing taurine-
negative neurosecretory axons. Some neurosecretory axons
did, however, display weak taurine immunoreactivity,
whereas others exhibited none (Fig. 3B). The intensity of
taurine labeling in the neurosecretory axons was much
lower than that of the pituicytes. GFAP immunoreactivity
was seen only in the pituicytes and never in the neurosecre-
tory axon terminals (Fig. 3C).

Release of taurine with hypoosmotic
perfusion

To test the possibility that preferential release of taurine
occurs with hypoosmotic stimulation, release experiments
were carried out on isolated posterior pituitaries, which
have been shown to maintain a well-preserved structural
integrity of axon terminals and pituicytes and to respond
well to physiological osmotic stimulation (for review, see
Hatton, 1990, 1997). We used HPLC analysis for measur-
ing amino acid concentration of the tissues andACSF from
perfusion of the posterior pituitary, because some investi-
gators have suggested that they may obtain certain differ-
ential behaviors between labeled and endogenous amino
acids (Saransaari and Oja, 1992).

Fig. 1. Light micrograph showing a section of rat pituitary immunolabeled for taurine, intensified by a
gold-substituted silver peroxidase (GSSP) method. Intense imunoreactivity is seen in many cells of the
posterior pituitary (pp), but only weak labeling is found in some cells of the anterior (ap) and intermediate
(ip) pituitary lobes. Scale bar 5 100 µm.
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Fig. 2. Light micrographs showing sections of rat posterior pitu-
itary immunolabeled for taurine (A and B) and glial fibrillary acidic
protein (GFAP; C), which are stained with GSSP. A: Strongly stained
taurine-immunoreactive cells are seen in the posterior pituitary. B: A
higher magnification view of a part of taurine-immunoreactive cells

fromA.Asterisk reveals the same taurine-immunoreactive cell inA.C:
GFAP-positive astrocytes in the posterior pituitary. The enlargements
of photographs are the same scale in B and C to compare the cellular
morphology of taurine- and GFAP-positive cells. Scale bars 5 50 µm.
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Fig. 3. Electron micrographs showing ultrathin sections of rat
posterior pituitary immunolabeled for taurine (A,B) and GFAP (C)
with GSSP. A: Strong labeling is found as numerous metallic gold and
silver particles over the cytoplasm of a pituicyte (p). Labeling is not
seen within intracellular organelles such as mitochondria, endoplas-
mic reticulum, and liposome (l). Non-immunoreactive axonal boutons

(ax) are seen to be enclosed by immunoreactive glial cells. B: Some of
the neurosecretory axons (*) have weak taurine immunoreactivity
compared with that of pituicytes, but others do not. C: GFAP immuno-
reactivity is seen only in the cytoplasm of the pituicytes. Scale bar 5
1 µm.
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The selected amino acid (glutamine, glutamate, taurine,
and GABA) concentrations in tissue and perfusion media
were measured after isoosmotic and hypoosmotic superfu-
sion. Table 1 gives the concentrations of the four major
amino acids in the posterior pituitary after incubation
with 310 mOsm isoosmotic and 270 mOsm hypoosmotic
ACSF. Taurine and glutamate in the posterior pituitary
were the predominant amino acids and were higher in
concentration than the other amino acids, i.e., glutamine
and GABA. Furthermore, taurine concentration in the
posterior pituitary (451.9 6 15.1 nmol/mg) was much
higher than that in the SON (104.0 6 5.0 nmol/mg) and
cerebellum (65.2 6 6.3 nmol/mg). Tissue content of taurine
in the posterior pituitaries perfused with hypoosmotic
ACSF was significantly lower than that of those treated
isoosmotically, although the concentrations of glutamate,
glutamine, and GABA were not significantly different
between the hypoosmotic and isoosmotic conditions. Fig-
ure 4 shows typical HPLC charts for perfused ACSF, the
data for which were collected from the same pituitary
preparation. Hypoosmotic superfusion preferentially in-
creased the release of taurine from the posterior pituitary,
but there was no tendency for a increased release in
glutamate, glutamine, glycine, and alanine. Quantitative
analysis of amino acid concentration showed that the
superfusion of hypoosmotic ACSF induced a selective
increase of taurine concentration in the perfused ACSF
(Fig. 5). There was also a significant difference (F 5 7.837,
P , 0.02) in taurine concentration between isoosmotic and
hypoosmotic perfusedACSF by repeatedmeasuresANOVA
test. In contrast to the increased release of taurine,
glutamate concentration in the perfused ACSF was not
changed, and glutamine concentration was significantly
decreased by hypoosmotic perfusion.

DISCUSSION

In the present study, taurine was detected immunohisto-
chemically by the use of a monoclonal antibody. This
taurine antibody was produced and well characterized by

Magnusson et al. (1988) as the tau-1 antibody. This
antibody was made in mice immunized with a taurine-
glutaraldehyde-keyhole limpet hemocyanin conjugate re-
duced with sodium borohydride. Specificity tests by ELISA
have demonstrated that this antibody does not show
cross-reactivities with other related amino acids such as
cysteic acid, aspartate, glutamate, GABA, and cysteine
sulfinic acid (Magnusson et al., 1988). This was further
confirmed by immunoblot assay, which also showed no
significant detection of b-alanine at the antibody concentra-
tions used (Decavel and Hatton, 1995). Furthermore, in
the present experiment, immunological signals were not
seen, at light and electron microscopic levels, in control
pituitary sections, in which the primary antibody was
omitted. Taken together, the results indicated that the
taurine antibody used in this experiment specifically recog-
nized taurine.
When glutaraldehyde was omitted from the fixative, no

immunoreactivity was recognized by the tau-1 antibody
(Magnusson et al., 1988). That a high concentration of
glutaraldehyde in the fixative is necessary for retaining
detectable taurine within the cells was reconfirmed in a
previous study (Decavel and Hatton, 1995), as was the fact
that at the antibody dilutions used, b-alaninewas undetect-
able. To obtain better ultrastructural preservation and
maintenance of amino acids within cells, these high concen-
trations of glutaraldehyde have been shown to be essential
for amino acid immunohistochemistry in hypothalamic
and related tissues (Decavel and van den Pol, 1990, 1992).
For a more general review of this see Ottersen and
Storm-Mathisen (1987). Furthermore, fixation of the pitu-
itaries used in the analysis in the present study was not by
the usual transcardial perfusion, but by direct immersion.
Perfusion fixation usually yielded a faint and diffuse
taurine stain in the pituitary, although this method pro-
duced excellent taurine staining in the cerebellum and
hypothalamus. The reason for this may be that pituicytes
are extremely sensitive to changes of blood flow and
osmolality and easily release the taurine from cells (dis-
cussed further below). When the distribution of taurine

Fig. 4. Typical examples of high-performance liquid chromatogra-
phy (HPLC) tracings showing changes in amino acid release from the
same pituitary preparations during hypoosmotic artificial cerebrospi-
nal fluid (ACSF) superfusion. The release of taurine is low in case of
isoosmotic (310 mOsm/kg) ACSF (superfusion time, 0–20 minutes, A),

but its efflux is increased by changing the perfusion medium to
hypoosmotic (270 mOsm/kg) ACSF (superfusion time, 20–40, B, and
40–60minutes,C, respectively). 1, glutamate; 2, glutamine; 3, glycine;
4, taurine; 5, alanine. Arrows below baseline indicate beginnings of
injections.

TAURINE IN NEURAL LOBE ASTROCYTES 519



immunoreactivity was compared between direct immer-
sion and perfusion-fixed tissues, similar patterns of tau-
rine immunoreactivity were obtained, but some regions
lacked immunoreactivity in case of perfusion fixation
(Magnusson et al., 1989). A period of hypoxia, occurring
during the surgical procedures prior to perfusion of the
fixative, was considered to be responsible for the variabil-
ity of taurine staining (Magnusson et al., 1989). Direct
immersion fixationwith a high concentration of glutaralde-
hyde, as used in this experiment, is a reliable fixation
method for investigating taurine immunoreactivity in the
rat pituitary.

Taurine concentration in the posterior pituitary
(451.9 6 15.1 nmol/mg) was much higher than in the other
brain regions investigated in this experiment: the SON
(104.0 6 5.0 nmol/mg) and cerebellum (65.2 6 6.3 nmol/
mg); or those reported by Palkovits et al. (1986): SON
(58.8 6 8.9 nmol/mg), pyriform cortex (89.5 6 17.6 nmol/
mg), frontal cortex (50.3 6 9.6 nmol/mg), hippocampus
(73.8 6 4.5 nmol/mg), and cerebellum (60.1 6 7.2 nmol/
mg). The present results of HPLC analyses are consistent
with previous work, in which taurine concentration in the
posterior pituitary was found to be ten times higher than
in cerebral cortex or cerebellum (Crabai et al., 1974). The
fact that the value of the SON in this study is twofold
higher than that of Palkovits et al. (1986) may be due to
differences in dissections of the SON.We took advantage of
new electronmicroscopic data indicating that SON taurine
was mostly astrocytic (Decavel and Hatton, 1995) and
were careful to include in our dissections the ventral glial
laminar region of the nucleus. It is apparent, however, that
the posterior pituitary has an extremely high amount of
taurine, being one of the most taurine-abundant region
within the adult mammalian CNS.

Immunohistochemical localization of taurine

Our light microscopic observations demonstrated that
the cellular distribution of taurine immunoreactivity closely
matched that of GFAP immunoreactivity in the posterior
pituitary, although there is differential intracellular local-
ization of the immunolabeling, in the cytoplasm (taurine)
and cytoskeleton (GFAP). A similar result was recently
reported for cysteine sulfinic acid decarboxylase, the tau-
rine synthetizing enzyme, and GFAP (Reymond et al.,
1996). It has been shown that GFAP is abundant within
pituitary astrocytes (Suess and Pliska, 1981; Salm et al.,
1982). This coincidence of distributional pattern between
taurine and GFAP immunoreactivity was restricted to the
posterior pituitary, however, because GFAP immunoreac-
tivity was also seen in the large astrocytes of the interme-
diate lobe, but taurine immunoreactivity was undetectable
in these large astrocytes. The predominant existence of
taurine in the pituicytes was also confirmed at the electron
microscopic level by pituicyte-specific characteristics (e.g.,
presence of lipid bodies and glial filaments, as well as clear
cytoplasm lacking neurosecretory vesicles). Both the light
and electronmicroscopic immunohistochemical results are
consistent with our previous findings that taurine immuno-
reactivity is predominantly in the glial elements of the
hypothalamic SON (Decavel and Hatton, 1995). It is thus
apparent that the magnocellular HNS contains a remark-
able amount of taurine in the glial cells that are interposed
between adjacent magnocellular somata and dendrites,
but also in those that surround and engulf neurosecretory
axons and terminals.

Fig. 5. Effect of hypoosmotic perfusion on amino acid release from
the posterior pituitary in vitro. Isolated posterior neural lobes were
preincubated in isoosmotic (310 mOsm/kg) ACSF under 95% O2/CO2
gas for 30 minutes. We then collected for analysis the superfused
isoosmotic ACSF (310, superfusion time, 0–20 minutes), and super-
fused hypoosmotic (270 mOsm/kg) ACSF for 40 minutes (270(1),
superfusion time 20–40 minutes; 270(2), superfusion time 40–60
minutes). *, Significant difference from isoosmotic ACSF at P , 0.05
using the paired t-test. The values (bars) are mean concentrations
(6 SE) from five samples of six pituitaries per sample. Glu, glutamate;
Gln, glutamine; Tau, taurine.

TABLE 1. Effect of Hypoosmotic Perfusion onAmino Acid Concentrations
in the Posterior Pituitary1

Amino acid
Isoosmotic

(310 mOsm/kg)
Hypoosmotic
(270 mOsm/kg)

Glutamate 592.8 6 44.4 579.9 6 42.2
Glutamine 98.2 6 6.6 94.2 6 7.3
g-Aminobutyrate 54.3 6 2.1 67.6 6 7.2
Taurine 451.9 6 15.1 396.3 6 16.9*

1The values are amino acid concentrations (means 6 SE nmol/mg protein) of eight
samples (isoosmotic) and ten samples (hypoosmotic) of three pituitaries per sample.
*Significant difference between isoosmotic and hypoosmotic ACSF at P , 0.05 by
unpaired t-test.
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At the ultrastructural level, taurine immunoreactivity
was sometimes found within neurosecretory axonal pro-
cesses that were adjacent to pituicytes, although the
intensity of immunoreactivity was weak compared with
that of pituicytes. This result is similar to previous find-
ings in the SON that few magnocellular neuronal cell
bodies were immunoreactive and many dendrites showed
weak-to-moderate levels of immunoreactivity, despite the
strong immunoreactivity of glial cell bodies and processes
(Decavel and Hatton, 1995). These results suggest that
exchanges of taurine between glial and axonal processes
may occur. It is worthy of note that taurine was never seen
in the boutons forming afferent inputs to SON neurons,
even though these boutons were often surrounded by
astrocytes containing dense taurine immunoreaction prod-
uct (Decavel and Hatton, 1995). Taurine turnover ratio is
usually slow, and its diffusion through biological mem-
brane is poor (Huxtable, 1992). Neuronal high-affinity and
glial low-affinity binding and uptake sites for taurine are
present in the hypothalamus (Hanretta and Lombardini,
1987). Indeed, radiolabeled taurine injected into substan-
tia nigra incorporated into glial cells and axonal elements
including both terminals and preterminal boutons (Della
Corte et al., 1990). It is also known that cultured cortical
neurons and astrocytes can take up radiolabeled taurine
(Walz and Allen, 1987; Hansson and Rönnbäck, 1991).
Acute hypoosmotic stimulation was shown to cause a flux
of taurine from Purkinje neurons to adjacent glia cells, and
this flux is reversible upon normalization of plasma osmo-
lality (Nagelhus et al., 1993).

Preferential release with hypoosmotic
perfusion

Among the various brain preparations for studying the
release of putative neurotransmitters in vitro, the slice (or
isolated) preparation is most closely related to in vivo
conditions, since the morphological integrity of the tissue
is largely maintained compared with cultured systems.
The isolated posterior pituitary appears to be an excellent
preparation to investigate the effect of hypoosmotic stimu-
lation on taurine release in vitro. It has been well docu-
mented that the isolated posterior pituitary maintains
good preservation of ultrastructural integrity and re-
sponds to physiological stimulation with neuronal-glial
structural changes (Perlmutter et al., 1984; Luckman and
Bicknell, 1990; Smithson et al., 1990). Hypoosmotic perfu-
sion of the isolated posterior pituitary, in the present
study, resulted in selective and specific increase of taurine
release with a corresponding preferential decrease in its
tissue content, but there was no tendency for increased
release of glutamate, glutamine, and GABA. This result is
in agreement with microdialysis studies in the dentate
gyrus (Solı́s et al., 1988) and piriform cortex (Wade et al.,
1988) showing that preferential release of taurine occurs
in response to hypoosmotic medium and that other amino
acids were not affected at decreased osmolalities of up to
50mOsm/kg. Further decreases (reductions of .50mOsm/
kg) of dialysis-perfusion osmolality, however, were associ-
ated with release of other amino acids, which may be
membrane leakage and may not reveal a physiological
response (Lehmann, 1989). Recently, microdialysis within
the SON has shown that hypoosmotic medium perfusion
causes concentrations in the dialysates of taurine, as-
parate, glutamate, glycine, GABA, and serine to increase
and glutamine to decrease (Horn et al., 1995). This result

is not consistent with preferential release of taurine in the
present study, but this may be either because the osmolal-
ity of hypoosmotic perfusion was out of physiological range
(reductions of.50mOsm/kg) in their microdialysis experi-
ment, or that the SON is somehow different in its response
to hypoosmotic treatment. Furthermore, hypoosmotic
stimulation is shown to release taurine, aspartate, gluta-
mate, GABA, and glycine from cultured cerebellar granule
neurons (Schousboe et al., 1990), cerebral astrocytes
(Kimelberg et al., 1990), cerebellar astrocytes (Pasantes-
Morales et al., 1993), and cerebral cortical neurons (Pa-
santes-Morales et al., 1990). Although anomalously low
osmolality (reductions of .50 mOsm/kg) was used as
hypoosmotic stimulation in these culture experiments,
significant differences were observed in the sensitivity and
magnitude of intracellular decrease of amino acid level;
taurine was much more sensitive than other amino acids
to smaller reductions of osmolality. We conclude that
taurine’s differential sensitivity to osmolality reduction
allows it to be preferentially released from brain cells
within the physiological range of osmolality reduction, and
that this is also the case for the pituicytes of the neural
lobe.

Functional considerations

There are numerous reports on different possible roles of
taurine in the mammalian CNS (Huxtable, 1992). Cur-
rently, the possibility cannot be ruled out that taurine acts
as an organic osmolyte to maintain the pituicyte shape in
the posterior pituitary. Osmoregulation is the physiologi-
cally most ancient and the experimentally best established
role of taurine. The chemical characteristics of taurine
make it a biologically nearly perfect osmoregulator. It is
known that hypoosmotic stimulation releases some kinds
of amino acids including taurine in cultured astrocytes and
neurons in various brain regions (Kimelberg et al., 1993).
This amino acid release is considered to be responsible for
a part of the process of regulatory volume decrease by
which swollen cells regain their normal volume. Indeed,
taurine-deficient cultured astocytes have less ability to
recover cell volume compared with controls (Morán et al.,
1994).
On the other hand, numerous studies have reported that

taurine has other physiological functions, mainly as an
inhibitory neuromodulator or transmitter (Huxtable, 1992).
Furthermore, it is well known that taurine concentrations
differ during developmental stages or from one brain
region to another. These differences suggest that the
demands for taurine are increased during special physi-
ological functions in certain developmental stages or cer-
tain brain areas. Taurine’s greatest concentrations are in
the brains of newborn mammals, and they decrease as
development progresses (Agrawal et al., 1971; Culter and
Dudzinski, 1974; Saransaari and Oja, 1994). The activity
of the taurine synthesizing enzyme cysteine sulfinic decar-
boxylase increases during development (Agrawal et al.,
1971). Although developing and regenerating axons have
been shown to contain neurotransmitters before making
synaptic connections, they do not have to work during such
a crucial period of neural development, when other regula-
tory systems are not fully functional (Champlain et al.,
1970). One possible explanation for this developmental
change of taurine concentration is that taurine may sup-
press electrical activity to facilitate development of axons
and synaptic connections (Sturman, 1993).
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In addition to developmental changes, there is much
heterogeneity in brain concentrations of taurine from
region to region (Palkovits et al., 1986; Saransaari and
Oja, 1994). In particular, secretory structures, such as
pituitary gland and pineal gland even in adult brains, are
known to contain high amounts of taurine (Vellan et al.,
1970; Guidotti et al., 1972; Crabai et al. 1974). The reason
for the high taurine content in the posterior pituitary is
not completely understood. Recently, however, taurine has
been shown to inhibit firing of SON magnocellular neu-
rons, via activation of glycine receptors at lower concentra-
tions (sub-mM) and GABAA receptors at higher concentra-
tions (mM). Moreover, inhibitory effects of taurine on
phasic activity of AVP neurons in vivo were more pro-
nounced in normally hydrated than in dehydrated rats
(Hussy et al., 1996). The magnocellular neurons are rela-
tively quiescent under basal conditions in in vivo electro-
physiological experiments (Summerlee and Lincoln, 1981;
Poulain and Wakerley, 1982). From ultrastructural obser-
vations, the pituicytes are frequently seen to enclose
neurosecretory axons, and sometimes axonal endings ter-
minate within pituicytes (Tweedle and Hatton, 1980a,b).
Extracellular space (7–10 nm intermembrane distances)
between the pituicyte and neuronal membranes would
mean that any substance released by either element could
attain high concentrations. Thus, under basal conditions,
it seems reasonable to postulate that taurine acts on
neurosecretory axons and/or terminals to suppress the
release of neurohypophysial hormones. Furthermore, in
the present study, hypoosmotic stimulation was shown to
augment taurine release from posterior pituitary. This
result suggests that released taurine may further reduce
the release of neurohypophysial hormones fromneurosecre-
tory axons and that it may thereby facilitate water excre-
tion from the kidney and aid in maintaining homeostasis.
In conclusion, the present immunohistochemical and

biochemical experiments have demonstrated that taurine
is abundantly present in pituicytes, the astrocytes of the
posterior pituitary, in adult rats. Under basal conditions,
taurine may act to stabilize the glial-neuronal structural
integrity and suppress the neural activity of magnocellu-
lar neurons to inhibit release of neurohypophysial hor-
mones. Furthermore, hypoosmolality has been shown to
decrease the taurine concentration in pituitary astrocytes,
although other amino acids are not decreased. Its decrease
in tissue could be responsible for cell volume control to
maintain structural glial-neural integrity. Simultaneously,
taurine released from pituicytes could subsequently act as
an inhibitorymodulator to suppress the release of neurohy-
pophysial hormones from neurosecretory axon endings.
This action of taurine would lead to decreased levels of
AVP and OXT in blood, facilitating the return of blood from
hypo- to normal osmolality.
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