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Ammonia-Induced Taurine Release From
Cultured Rabbit Miiller Cells Is an
Osmoresistant Process Mediated by
Intracellular Accumulation of Cyclic AMP

Lidia Faff, Andreas Reichenbach, and Jan Albrecht
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A previous study demonstrated the release of newly
loaded radiolabelled taurine (Tau) from cultured rab-
bit Miiller glia not only following typical cell volume-
increasing treatments with high (65 mM) potassium
ions or hypotonic media, but also with ammonium
chloride (further referred to as ammonia), in a dose-
dependent manner, at doses ranging from physiolog-
ical (0.25 mM) to those accompanying hyperammone-
mic coma (5 mM) (Faff-Michalak et al., Glia 10:114—
120, 1994). Stimulation of Tau release by ammonia,
but not by 65 mM potassium, was correlated with a
dose-dependent increase of intracellular cAMP levels.
The release, as measured at 5 mM ammonia, was
abolished by compounds that prevented cAMP in-
crease: an adenylate cyclase inhibitor, miconazole, a
protein kinase A inhibitor HA 1004, an anion channel
blocker, niflumic acid, and a Tau transport site ago-
nist, B-alanine. The release by ammonia differed
from potassium-induced release in its resistance to 1)
increase of medium tonicity by addition of 50 mM
sucrose; 2) addition of the anion/cation cotransport
blocker, furosemide; and 3) removal of calcium from
the superfusion medium. The results suggest that am-
monia-induced Tau release is mediated by intracellu-
lar accumulation of cAMP and may occur either via
an osmoresistant, cAMP-controlled channel or a
cAMP-activated Tau transporter. The release cob-
served at the physiological concentration of ammo-
nium chloride suggest a role for ammonia as a signal
molecule. © 1996 Wiley-Liss, Inc.
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INTRODUCTION

The neuroinhibitory sulfur amino acid taurine (Tau)
abounds in the glial cells of the brain (Martin et al.,
1988) and Miiller cells, the predominant glial cell of
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retina (Pow and Crook, 1993). Studies with cultured
glial cells have demonstrated Tau release into the extra-
cellular space in response to a variety of external stimuli.
Tau is co-released with osmotically obligated water and
ions under conditions that cause cell swelling (hypoos-
motic low sodium or isoosmotic high potassium media),
suggesting osmoregulatory or osmosensory function of
the amino acid (Martin et al., 1990a; Pasantes-Morales
and Schousboe, 1988, 1989; Vitarella et al., 1994). The
swelling-induced Tau release appears to occur via spe-
cific osmosensitive anion channels and is thus abolished
by different anion transport blockers (Jackson and
Strange, 1993; Kimelberg et al., 1990; Pasantes-Morales
et al., 1994a,b; Sanchez-Olea et al., 1992), albeit the
ionic requirements for Tau release and regulatory volume
decrease do not match perfectly (O’Connor and Kimel-
berg, 1993). In addition, the high potassium-dependent
Tau release appears to be dependent upon extracellular
calcium (Philibert et al., 1988), an ion indispensable in
glial cell volume regulation (O’Connor and Kimelberg,
1993; for another viewpoint, see Pasantes-Morales and
Schousboe, 1989). On the other hand, Tau is released
from glial cell in response to stimulation by $-adrenergic
receptor agonists (isoproterenol) (Shain et al., 1986), or
adenosine (Madelian et al., 1988) through a cAMP-me-
diated mechanism, supposedly involving a stretch-acti-
vated channel or a selective Tau transporter. Such a re-
lease is thought to represent a feedback neuromodulatory
response of glial cells to the activity of adjacent neurons
(for reviews, see Martin et al., 1988; Martin and Shain,
1993). The cAMP-mediated release also appears to be
modulated by osmolarity, may be reflecting an osmosen-
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sory function of Tau (Martin and Shain, 1993) but is
independent of extracellular calcium (Martin et al.,
1989).

Ammonia is a neurotoxin whose action is primarily
targeted at glial cells: It induces profound morphological
and metabolic changes astrocytes in the brain (Noren-
berg, 1981), and Miiller glia in the retina (Reichenbach
et al., 1995a,b). Recent studies have demonstrated that
ammonia added at doses ranging from physiological
(0.25 mM) to those accompanying hyperammonemic
coma (5 mM) stimulates the release of Tau from rat
astrocytes (Albrecht et al., 1994) and rabbit Miiller glia
cultured in vitro (Faff-Michalak et al., 1994). Here we
investigated the possibility that, by analogy to the recep-
tor agonist-induced release, ammonia-induced Tau re-
lease may be mediated by cAMP. Therefore, we mea-
sured paralelly cAMP levels and Tau release in cultures
treated with different concentrations of ammonium chlo-
ride and/or with various compounds that inhibit or mod-
ulate cAMP accumulation an/or protein kinase A activ-
ity. We also tested the stimulatory effect of ammonia for
its sensitivity to a) changes in medivm osmolarity, b)
anion transport blockers, ¢) a Tau carrier agonist (B-
alanine), and d) absence of extracellular calcium. We
compared ammonia-induced Tau release with the release
elicited by high (65 mM) K™, whose mechanism in other
cell systems has been relatively well established.

MATERIALS AND METHODS
Preparation of Miiller Cell Cultures

The cultures were prepared from the eyeballs of
ether-aneasthetized rabbits of the third postnatal day ex-
actly as earlier described (Scherer and Schnitzer, 1988;
Reicheltetal., 1989; Faff-Michalak et al., 1994). Briefly,
the retinae were isolated and small retinal pieces were
mechanically dissociated and grown at 37°C in a humid-
ified 5% CO,/95% air, in minimal essential medium with
10% fetal bovine serum. Confluent monolayers of vi-
mentin-positive epithelial cells representing Miiller cells
were obtained after 14 days in vitro (DIV).

Loading and Release of [*H]Tau

The loading and release of radiolabeled Tau were
carried out exactly as described in the previous report
(Faff-Michalak et al., 1994). Cells at 14 DIV in 35 mm
dishes were incubated in 1 ml of a Krebs-Ringer medium
with 2.5 mM CaCl, (pH 7.4) containing 1 pCi of [*H)
Tau (35 mCi/mmol, Amersham, UK), for 15 min at
37°C. The cultures were then washed three times for 3
min and five times for 5 min each with 1 ml of the
medium without Tau. The next 13 washes, each lasting 5
min were collected for radioactivity measurements.
Stimuli were added twice, each time for 5 min, during

the 4th and 9th wash, respectively (cf. Faff-Michalak et
al., 1994). All changes in the medium composition
and/or pharmacological agents were likewise introduced
during the 4th and 9th wash. All the values are expressed
as % total radioactivity, which refers to the sum of ra-
dioactivity released in the peak poststimulus fractions
(5-7 and 10-12) as compared with the initial radioac-
tivity, which was the sum of the released radioactivity
plus the radioactivity of the pellet.

cAMP Content Measurements

The cells were incubated for 5 min in stimulus
media without radiolabeled Tau. Immediately after incu-
bation the cells from each dish were scraped off with a
plastic rod into 1 ml of Krebs-Ringer medium containing
0.4 mM EDTA. The cell suspension was homogenized
with a hand-driven glass-teflon homogenizer, and then
boiled for 1 min and centrifuged (5 min, 10,000 rpm) to
remove proteins. The cAMP content was measured in 20
ul samples of the supernatant using a cCAMP radioimmu-
noassay kit (Amersham, UK).

LDH Assay

To evaluate cell membrane leakage, LDH was as-
sayed in cell extracts prepared with 0.1% Triton in the
Krebs Ringer buffer, and in the various stimulation me-
dia after 5 min incubation (see above), with the spectro-
photometric method of Bergmeyer (1970), as adapted
from Frandsen and Schousboe (1987).

Statistical Analysis

Statistical analysis was performed with one-way
ANOVA followed by Duncan’s test for multiple com-
parisons.

RESULTS

Increasing Concentrations of NH,Cl Promote
Dose-Dependent cAMP Accumulation and Taun
Release: KCI Stimulates Tau Release Without
Affecting cAMP Content

Treatment of the cells with NH,Cl at concentra-
tions ranging from 0.25-5 mM produced a dose-depen-
dent increase of cAMP content in these cells (Fig. 1,
lower panel), which was accompanied by the stimulation
of Tau release (Fig. 1, upper panel). Treatment with 65
mM KCI did not affect the cAMP content of the cells
(Fig. 1, lower panel). However, as shown previously
(Faff-Michalak et al., 1994), the treatment stimulated
Tau release from 4.8% to 11.3% of total radioactivity
(Fig. 1, upper panel).
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Fig. 1. Effects of increasing concentrations of NH,Cl, and of 65 mM KCIl on Tau release and
the cAMP content in cultured rabbit Miiller glia. Results are means * SD, for 3—6 indepen-

dent tests.

Inhibition of cAMP Accumulation or Protein
Kinase A Is Correlated With Suppression of

NH_,CI-Dependent, but Not of KCl-dependent
Tau Release

An adenylate cyclase inhibitor, miconazole, and a
protein kinase A inhibitor, HA 1004, substantially re-
duced the stimulatory effects of 5 mM NH,CI on both
cAMP accumulation (Fig. 2, lower panel) and Tau re-
lease (Fig. 2, upper panel). B-alanine, which shares with
Tau the transport site at the cell membrane, and an anion
transport inhibitor niflumic acid, inhibited both effects of
NH,C] as well (Fig. 2). B-alanine did not affect Tau
release evoked by 65 mM KCl, and HA 1004 was only
slightly inhibitory (Fig. 2, upper panel).

NH,Cl-Dependent Tan Release Is Independent
of Extracellular Calcium: Release by KCl Is
Extracellular Calcium Dependent

Treatment with a calcium-free medium containing
EGTA and ionomycin only insignificantly reduced stim-
ulation of Tau release by 5 mM NH,CI but prevented
stimulation by 65 mM KCl (Fig. 3; *“ + ionomycin’’).
Superfusion with a medium in which calcium was re-
placed by 10 mM Mg?™ increased basal Tau release from
4.9% to 11.5% of total radioactivity, and addition of 5
mM NH,CI to the superfusion medium produced a fur-
ther stimulation of Tau release to 18.3% of total radio-
activity, whereas 65 mM KCl did not enhance Tau re-
lease in this medium (Fig. 3; *‘+ Mg®*™).
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Fig. 2. Effects of various metabolic inhibitors on the cAMP
accumulation and Tau release in the presence or absence of 5
mM NH,CI or 65 mM KCl. The concentrations used were HA

NH,Cl-Dependent Tau Release Is Not Suppressed
by Increased Medium Osmolarity: Release by KCl
Is Osmosensitive

In our routine procedure, Tau release was stimu-
lated by NH,CI in a slightly hyperosmolar medium: ad-
dition of NH,Cl was not compensated for by reduction of
NaCl (see Methods). No stimulation of Tau release was
observed when 5 mM NH,CI was replaced by equimolar
amount of KCl, the final concentration of KCl being 8
mM (not shown). In the experiments with a calcium-free
medium containing magnesium, which did not suppress
the stimulatory effect of NH,CI on Tau release (Fig. 3),
the medium was hyperosmolar as well: 2.5 mM CaCl,
was replaced by 10 mM MgCl,. Addition to the super-
fusion medium of 50 mM sucrose did not affect stimu-
lation of Tau release by 5 mM NH,CI, but abolished
stimulation by 65 mM KCl (Fig. 3).

[ Basal

M 5mM NH,C
B 65mM KCI

| B

B-alanine

Miconazole Niflumic acid

1004, 5 uM; B-alanine, 1 mM; miconazole, 200 uM, niflumic
acid, 50 uM. Results are means + SD, for 3—6 independent
tests. *P <0.05 as compared to basal release (‘‘basal’’).

NH,Cl-Dependent Tau Release Is Not Suppressed
by Furosemide: Release by KCl Is
Furosemide-Sensitive

Addition of a K", Cl'-cotransport blocker, furo-
semide (Kimelberg et al., 1979), only slightly inhibited
5 mM NH,CI- dependent release, but blocked the release
by 65 mM KClI (Fig. 3).

Stimulation With 5 mM NH,C1 Is Not Accompanied
by Measurable LDH Leakage From the Cells,
Irrespective of Other Additions to the Medium

The LDH activity of supernatants after incubation
with the stimuli was in all instances less than the detec-
tion threshold of 0.001 IU/litre, as compared to at least
0.045 1U/litre measured in the respective cell homoge-
nates (data not shown).
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Fig. 3. Effects of removal of calcium, and of addition of 50
mM sucrose or 5 mM furosemide to the superfusion media, on
Tau release in the presence or absence of 5 mM NH,CI or 65
mM KCl. In the superfusion medium with ionomycin (5 uM),
2.5 mM CaCl, was replaced by 1 mM EGTA, 2.5 mM

DISCUSSION
High Potassium-Induced Tau Release

The characteristics of Tau release from cultured
Miiller glia evoked by high potassium ions noted in the
present study, resembled very closely the release by the
same stimulus described by others in cultured astrocytes,
or LRM 55 glial cells. The similarities included suscep-
tibility to changes in medium osmolarity (Martin et al.,
1990b), dependence on extracellular calcium (Philibert
et al., 1988), and inhibition by a potassium/chloride
cotransport blocker, furosemide (Martin et al., 1990a).
Thus, like in the other tissues, the release in Miiller cells
is understood to reflect Tau transport out of the cells with
osmotically obligated water and ions via osmosensitive
ion channels, as a reaction to cell swelling (see Introduc-
tion). The absence of stimulation of Tau in a hyperos-
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L1 Basal
HEE SmM NH4Cl
65mM KCl

Sucrose

Furosemide

MgSO,, and 0.2 mM CaCl,; in the medium with Mg?™*, 2.5
mM CaCl, was replaced by 10 mM MgCl,. Results are means
+ SD, for 3-6 independent tests. *P <0.035 as compared to
basal release (‘‘basal’’).

motic medium is in keeping with an earlier finding that
cell swelling is the exclusive mediator of potassium-in-
duced Tau release in cultured astrocytes (Pasantes-Mo-
rales and Schousboe, 1989) and neurons (Schousboe et
al., 1990). The calcium-dependence of the potassium-
induced release would suggest in addition that the release
is a part of an osmoregulatory response (O’Connor and
Kimelberg, 1993). It must be noted however that, the
calcium requirement and the involvement of potassium/
chloride cotransport in regulatory volume decrease may
differ in cells originating from different species (Pas-
antes-Morales and Schousboe, 1989; see also the intro-
ductory paragraph). It may be recalled from our previous
study that Miiller cells in culture significantly increase
their volume in 65 mM KCl (Faff-Michalak et al., 1994).
The noninvolvement of cAMP in the potassium-induced
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release is not surprising, as there is no reason to implicate
cAMP in activation of anion-permeable channels (Jack-
son et al., 1994).

Ammonia-Induced Tau Release

The present study revealed that the mechanism of
ammonia-induced release of Tau from cultured Miiller
cells differs in all the aspects studied from the release
elicited by high potassium ions: It turned out to be cal-
cium-independent, insensitive to furosemide or medium
hypertonicity, and cAMP-dependent.

The most important observation of the present
study was that the release of Tau by ammonia was cor-
related with intracellular accumulation of cAMP. This
result in association with the suppression of the release
by preventing this accumulation, strongly supports the
hypothesis that cAMP mediates a significant component
of the Tau-releasing activity of ammonia. While suppres-
sion of cAMP accumulation by an adenylate cyclase in-
hibitor, miconazole (Watson, 1990), is self explanatory,
the mechanisms involved in HA 1004, (-alanine, or ni-
flumic acid action are obscure. HA 1004 is an inhibitor
of cAMP-dependent protein kinase (Hirai and Okada,
1994), and its interference with the cAMP synthesis or
degradation has not been reported. B-alanine is a sub-
strate/inhibitor of the Tau carrier in various CNS tissues
(Larsson et al., 1986; Liu et al., 1992) and as such could
be expected to stimulate Tau release by heteroexchange.
However, the lack of effect of B-alanine on basal Tau
release may indicate that, the heteroexchange is poor in
Miiller glia, as it is in LRMS55 cells (Martin et al.,
1990a). Niflumic acid, an anion transport inhibitor, has
been shown to suppress Tau efflux associated with hy-
poosmotic or hyponatremic swelling of cultured glial
cells (Sanchez-Olea et al., 1992), or brain slices (Law,
1994). The question whether niflumic acid inhibited am-
monia-induced release of Tau by blocking Tau transport
through an anion channel or by suppressing cAMP ac-
cumulation remains to be resolved: the two possibilities
are not mutually exclusive.

Ammonia-induced Tau release was only insignifi-
cantly affected by furosemide, which is a chloride/potas-
sium cotransport blocker. This contrasts both with the
furosemide-sensitivity of the release by high potassium
ions, and with the cAMP-dependent release mediated by
{B-adrenergic receptors in LRMSS glia (Martin et al.,
1990a). The furosemide-insensitivity of ammonia-in-
duced Tau release from Miiller glia is consistent with the
previous demonstration of a chloride-independent com-
ponent of Tau release evoked by 2-5 mM ammonia
(Faff-Michalak et al., 1994). It cannot be excluded there-
fore that ammonia activates a separate Tau channel
which is not a chloride channel: a specific Tau channel
which does not conduct chloride efflux, is activated in

Ehrlich mouse ascites tumour cells subjected to hypoos-
motic swelling (Lambert and Hoffmann, 1994).

In the experiments analyzing the effect of extracel-
lular calcium, two kinds of calcium-free media were em-
ployed: a) a medium with EGTA, also including iono-
mycin to facilitate calcium escape from the cell (Purpura
et al., 1994) and b) a medium in which calcium was
replaced by 10 mM Mg®* (Martin et al., 1989). Inde-
pendence of the presence calcium in the perfusion media
is a feature common to the cAMP-mediated component
of ammonia-induced Tau release in Miiller glia and
cAMP-dependent release ¢licited by stimulation of 3-ad-
renergic or other neurotransmitter receptors in LRMSS
cells or cortical astrocytes (Martin et al., 1989; Shain et
al., 1989). However, the resistance to changes in me-
dium osmolarity distinguishes ammonia-induced Tau re-
lease in Miiller glia from the cAMP-mediated release in
other types of glia (Martin et al., 1990a,b, 1993), but
also in tissues outside the nervous system, for instance in
flounder erythrocytes, where Tau release performs an
osmoregulatory function (Thoroed et al., 1995). Inter-
estingly, the difference in osmosensitivity between Tau
release from Miiller cells and LRMSS cells came to light
in experiments dealing with calcium dependence: Re-
placement of calcium with 10 mM magnesium, which
renders the medium hyperosmolar, abolished the cAMP-
mediated release in LRMS55 cells (Martin et al., 1989),
but not in the present system (Fig. 3). The increase of
basal Tau release in the calcium-free medium with mag-
nesium is difficult to explain: Notably, a similar effect of
this medium on Tau release was earlier noted in cultured
cerebellar astrocytes (Holopainen et al., 1984).

Tsacopoulos and Poitry (1995) have proposed that
in honey bee retina, ammonia may serve as carrier of
metabolic signal sent by photoreceptors to glial cells, the
concept being based on the observation of transient in-
creases of ammonia levels in retinal slices upon light
stimulation. The lowest ammonia concentration found to
induce cAMP accumulation and Tau release in cultured
Miiller glia (0.25 mM) is close to that measured in light-
activated bee retina (Tsacopoulos and Poitry, 1995).
Transient rises in ammonia concentration have also been
measured in brain slices (Szerb and O’Regan, 1985) or
synaptosomes under conditions simulating active neuro-
transmission (Erecifiska et al., 1990). It is thus tempting
to assume that in retina, ammonia is an actual signal
molecule transmitted from neurons (photoreceptors) to
glial cells to synchronize some of the functions of the
two cell types: Ammonia released from activated photo-
receptors would induce cAMP accumulation in the adja-
cent Miiller cells, resulting in Tau release. Tau released
to the extracellular space would, as an inhibitory amino
acid, negatively modulate the photoreceptor activity, in
accordance with its postulated gliotransmitter role.



ACKNOWLEDGMENTS

We thank Ms. Mirostawa Potawska for excellent
technical assistance. The study was supported by the
State Committee for Scientific Research, grant number
6P 207 05905.

REFERENCES

Albrecht J, Bender AS, Norenberg MD (1994): Ammonia stimulates
the release of taurine from cultured astrocytes. Brain Res 660:
288-292.

Bergmeyer HU (1970): ‘‘Methoden der Enzymatischen Analyse.”’
Weinheim: Verlag Chemie, p 533.

Erecifiska M, Zaleska MM, Nelson D, Nissim I, Yudkoff M (1990):
Neuronal glutamine utilization: Glutamine/glutamate homeo-
stasis in synaptosomes. J Neurochem 54:2057-2069.

Faff-Michalak L, Reichenbach A, Dettmer D, Kellner K, Albrecht J
(1994): K*, hypoosmolarity-, and NH, * -induced taurine re-
lease from cultured rabbit Miiller cell: Role of Na™ and CI" ions
and relation to cell volume changes. Glia 10:114-120

Frandsen A, Schousboe A (1987): Time and concentration depen-
dency of the toxicity of excitatory amino acids on cerebral
neurones in primary culture. Neurochem Int 10:583-591.

Hirai H, Okada Y (1994): Adenosine facilitates glutamate release in a
protein kinase-dependent manner in superior colliculus slices.
Eur J Pharmacol 256:65-71.

Holopainen 1, Kontro P, Oja SS (1985): Release of preloaded taurine
and hypotaurine from astrocytes in primary culture. Neuro-
chem Res 10:123-131.

Jackson PS, Morrison R, Strange K (1994): The volume-sensitive
organic osmolyte-anion channel VSOAC is regulated by non-
hydrolytic ATP binding. Am J Physiol 267:C1203-C1209.

Jackson PS, Strange K (1993): Volume-sensitive anion channels me-
diate swelling- activated inositol and taurine efflux. Am J
Physiol 265:C1489-C1500.

Kimelberg HK, Goderie SK, Higman S, Pang S, Waniewski RA
(1990): Swelling-induced release of glutamate, aspartate and
taurine from astrocyte cultures. J Neurosci 1583—1589.

Kimelberg HK, Biddlecombe S, Bourke R (1979): SITS-inhibitable
CI' transport and Na*-dependent H* production in primary
astroglial cultures. Brain Res 173:111-124,

Lambert IH, Hoffmann EK (1994): Cell swelling activates separate
taurine and chloride channels in Ehrlich mouse ascites tumor
cells. J Membrane Biol 142:289-298.

Larsson OM, Griffith R, Allen IC, Schousboe A (1986): Mutual in-
hibition kinetic analysis of y-aminobutyric acid, taurine and
{B-alanine high affinity transport into neurons and astrocytes:
Evidence for similarity between the taurine and $-alanine car-
riers in both cell types. J Neurochem 47:426—432.

Law RO (1994): Effects of extracellular bicarbonate ions and pH on
volume-regulatory taurine efflux from rat cerebral cortical
slices in vitro: Evidence for separate neutral and anionic trans-
port mechanisms. Biochim Biophys Acta 1224:377-383,

Liu Q-R, Lopez-Corcuera B, Nelson H, Mandiyan S, Nelson N
(1992): Cloning and expression of a cDNA encoding the trans-
porter of taurine and B-alanine in mouse brain. Proc Natl Acad
Sci USA 89:12145-12149.

Madelian V, Silliman S, Shain W (1988): Adenosine stimulates
cAMP-mediated taurine release from LRMS3S5 glial celis. J Neu-
rosci Res 20:176-181.

Martin DL, Madelian V, Shain W (1989): Spontaneous- and beta-
adrenergic receptor-mediated taurine release from astroglial

Ammonia-Induced Taurine Release 237
cells do not require extracellular calcium. J Neurosci Res 20:
176-181.

Martin DL, Shain W (1993): B-adrenergic-agonist stimulated taurine
release from astroglial cells is modulated by extracellular K*
and osmolarity. Neurochem Res 18:437-444.

Martin DL, Shain W, Madelian W (1988): Receptor-mediated release
of taurine from glial cells and signalling between neurons and
glia. In HK Kimelberg (ed): ‘‘Glial Cell Receptors.”” New
York: Raven, pp 183-195.

Martin DL Madelian, V Shain DL (1990a); Osmotic sensitivity of
isoproterenol- and high [K™*Jo-stimulated taurine release by
cultured astroglia. In Pasantes-Morales H, Martin DL, Shain
W, Martin del Rio R (eds): ‘“Taurine: Functional Neurochem-
istry, Physiology and Cardiology.”” New York: Wiley-Liss, pp
349-356.

Martin DL, Madelian V, Seligmann B, Shain W (1990b): The role of
osmotic pressure and membrane potential in K™ -stimulated
taurine release from cultured astrocytes and LRMSS cells. J
Neurosci 10:571-577.

Norenberg MD (1981): The astrocyte in liver disease. In Fedoroff S,
Hertz L (eds): ‘*Advances in Cellular Neurobiology,’” Vol. 2,
New York: Academic Press, pp 303-352.

O’Connor ER, Kimelberg HK (1993): Role of calcium in astrocyte
volume regulation and in the release of ions and amino acids.
J Neurosci 13:2636-2650.

Pasantes-Morales H, Schousboe A (1988): Volume regulation in as-
trocytes: A role for taurine as osmoeffector. J Neurosci Res
20:505-509.

Pasantes-Morales H, Schousboe A (1989): Release of taurine from
astrocytes during potassium-evoked swelling. Glia 2:45-50.

Pasantes-Morales H Murray RA, Lilja L, Moran J (1994a): Regulatory
volume decrease in cultured astrocytes. I. Potassium- and chlo-
ride-activated permeability. Am J Physiol 266:C165-C171.

Pasantes-Morales, H, Murray RA, Sanchez-Olea R, Moran J (1994b):
Regulatory volume decrease in cultured astrocytes. II. Perme-
ability pathway to amino acids and polyols. Am J Physiol 266:
C172-C178.

Philibert RA, Rogers KL, Allen AJ, Dutton GR (1989): Dose-depen-
dent, K* -stimulated efflux of endogenous taurine from pri-
mary astrocyte cultures is Ca>*-dependent. J Neurochem S1:
122-126.

Pow DV, Crook DK (1993): Extremely high titre polyclonal antisera
against small neurotransmitter molecules: Rapid production,
characterization and use in light- and electron microscopic im-
munochemistry. J Neurosci Methods 48:51-63.

Purpura V, Basarsky TA, Liu F, Jeftinija K, Jeftinija S, Haydon PG
(1994): Glutamate-mediated astrocyte-neuron signalling. Na-
ture 369:744-747.

Reichelt, W, Dettmer D, Briickner G, Brust P, Eberhardt W, Reichen-
bach A (1989): Potassium as as signal for both proliferation and
differentiation of rabbit retinal (Miiller) glia growing in culture.
Cell. Signalling 1:187-194.

Reichenbach A, Stolzenburg J-U, Wolfburg H, Hirtig W, El-Hifnawi
E, Martin H (1995a): Effects of enhanced extracellular ammo-
nia concentration on cultured mammalian retinal glial (Miiller)
cells. Glia 12:195-208.

Reichenbach A, Fuchs U, Kasper M, El-Hifnawi E, Eckstein A-K
(1995b): Hepatic retinopathy: Morphological features of retinal
glial (Miiller) cells accompanying hepatic failure. Acta Neuro-
pathol 90:273-281.

Sanchez-Olea, R, Pena C, Moran J, Pasantes-Morales H (1992): In-
hibition of volume regulation and efflux of osmoregulatory
amino acids by blockers of CI” transport in cultured astrocytes.
Neurosci Lett 156:141-144.



238 Faff et al.

Scherer J, Schnitzer J (1988): The rabbit retina: A suitable mammalian
tissue for obtaining astroglia-free Miiller cell cultures. Neurosci
Lett 97:51-56.

Schousboe A, Moran I, Pasantes-Morales H (1990): Potassium-stim-
ulated release of taurine from cultured cerebellar granule neu-
rons is associated with cell swelling. J Neurosci Res 27:71-77.

Shain W, Madelian V, Martion DL, Kimelberg HK, Perrone M, Lep-
ore R (1986): Activation of beta-adrenergic receptors stimu-
lates release of an inhibitory transmitter from astrocytes. J Neu-
rochem 46:1298-1303.

Szerb, JC, O’Regan PA (1985): Effects of glutamine on glutamate
release from hippocampal slices induced by high K* or by
electrical stimulation: Interaction with different Ca®>* concen-
trations. J Neurochem 44:1724-1731.

Thoroed SM, Soergaard M, Cragoe EJ, Fugelli K (1995): The osmo-

lality-sensitive taurine channel in flounder erythrocytes is
strongly stimulated by noradrenaline under hypoosmotic con-
ditions. J Exp Biol 198:311-324.

Tsacopoulos M, Poitry S (1995): Metabolite exchanges and signal
trafficking between glial cells and neurons in the insect retina.
In Vernadakis A, Roots B (eds): ‘‘Neuron-Glia Interactions
During Phylogeny. II. Plasticity and Regeneration.”” Totowa:
Humana, pp 79-94.

Vitarella D, DiRisio DJ, Kimelberg HK, Aschner M (1994): Potas-
sium and taurine release are highly correlated with regulatory
volume decrease in neonatal primary rat astrocyte cultures J
Neurochem 63:1143-1149.

Watson PA (1990): Direct stimulation of adenylate cyclase by me-
chanical forces in 849 mouse lymphoma cells during hypoos-
motic swelling. J Biol Chem 265:6569-6575.





