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and Osmolarity* 
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Astroglial cells are known to release taurine in response to stimulation by a variety of stimuli 
including 13-adrenergie receptor agonists such as isoproterenol (IPR). The effects of changing 
osmolarity and extracellular [K § on IPR-stimulated taurine release were studied with LRM55 
cells, a continuous astroglial cell line. IPR-stimulated taurine release decreased almost 8% for each 
1% increase in osmolarity, indicating that IPR-stimulated release is highly regulated by the os- 
molarity of the medium. IPR-stimulated taurine release was greatly enhanced when external [K § 
was increased isosmotically by substituting KC1 for NaC1 but was strongly suppressed when ex- 
ternal [K § was increased hyperosmotically by adding KCI to the medium. Both IPR-stimulated 
and K+-stimulated taurine release depended on external [C1-]; tPR-stimulated release declined 
approximately in parallel to K+-stimulated release as [C1-] in the medium was reduced. The high 
sensitivity of IPR-stimulated release to factors that change cell volume (osmolarity, external [K*], 
external [CI-]) is consistent with the idea that IPR, elevated [K§ and reduced osmolarity all elicit 
taurine release via a single tension-controlled mechanism. 
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INTRODUCTION 

Neuroactive amino acids, such as taurine and -,/- 
aminobutyric acid, play key roles in nervous system 
function. Claude Baxter began to study these compounds 
not long after their presence in brain was discovered, 
and he and his colleagues have made fundamental con- 
tributions to the development of our understanding of 
the functions of these compounds in the central nervous 
system. Although GABA is now a well established neu- 
rotransmitter, taurine's function is far less certain. One 
possibility is that taurine plays on osmoregulatory role 
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in brain, a problem to which Claude Baxter has made 
unique contributions (e.g. ref 1). The relationship of 
taurine to osmoregulation and the sensitivity of taurine 
release to cell-volume changes are now important loci 
of current work on brain taurine. 

Astroeytes release taurine in response to a variety 
of stimuli including neurotransmitters and receptor ag- 
onists (such as 13-adrenergic agonists), elevated [K+]o, 
and reduced osmolarity (2-11). An important issue is the 
relationship among the release processes that are acti- 
vated by the various stimuli. Adenosine and [3-adrener- 
gic agonists such as isoproterenol (IPR) each stimulate 
release through a cAMP-mediated mechanism that is in- 
dependent of internal and external Ca 2+ (3,4,12-14). 
Current evidence indicates that K+-stimulated taurine re- 
lease is a consequence of K+-induced cellular swelling 
and, therefore, occurs by the same process as release 
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induced by the application of low-osmolarity medium 
(8,11). Aside from reports of Ca 2§ involvement in K § 
stimulated release (6), there is no evidence that second 
messengers are involved in K § or osmotically-stimu- 
lated release. 

We have proposed that release is controlled by a 
tension-mediated mechanism that may operate through 
the membrane or submembrane cytoskeletal structures 
(8,15). According to the tension hypothesis, any factor 
that increases tension on a "tension sensor" will in- 
crease release while any factor that reduces tension will 
reduce release. Thus, reduced osmolarity and isosmoti- 
cally ele;cated [K § each cause cellular swelling, in- 
crease tension, and induce release. Elevated osmotic 
pressure, which would be expected to shrink cells and 
reduce tension, suppresses baseline release and K§ - 
ulated release (8). Agents such as 13-adrenergic agonists 
and adenosine stimulate the phosphorylation of cyto- 
skeletal and membrane proteins (16-18) which may lead 
to an increase in tension and thereby induce release or, 
alternatively, may change the threshold of the tension 
mechanism, and thereby stimulate release without ac- 
tually changing tension. In either case, this theory pre- 
dicts that IPR-stimulated release should be strongly 
affected by elevated external [K +] and the osmolarity of 
the medium, as these factors will change thetension on 
the system and thus change sensitivity to agents such as 
IPR. We have investigated these possibilities in the work 
presented here. 

EXPERIMENTAL PROCEDURE 

LRM55 glial cells are derived from a single cell clone obtained 
from a rat spinal tumor and possess a number of glial cell properties 
such as carbonic anhydrase and CI- transport (19,20). Cells are rou- 
tinely grown in mass cultures in 100 mm dishes in modified Ham's 
F12 medium supplemented with 5% fetal bovine serum. To prepare 
for release experiments LRM55 cells were subcultured onto plastic 
strips (Cell Support film, Bellco Glass) and allowed to grow to con- 
fluence. 

Release experiments were conducted with a modified Hepes-buff- 
ered Hanks' saline with ascorbate (HHA) that contained 128.7 mM 
NaC1, 4.09 mM KCI, 1.125 mM CaCI2, 0.49 mM MgC12, 0.21 mM 
MgSO4, 0.93 mM Na2HPO4, 0.45 mM KH2PO4, 11 mM glucose, 0.5 
mM sodium aseorbate, and 10 mM Hepes and was adjusted to pH 7.3 
with NaOH. Ascorbate was ineluded to prevent the oxidation of iso- 
proterenol when it was used. Modified media containing elevated [K § 
were prepared by substituting KC1 for an equlmolar amount of NaC1 
(isosmotic replacement) or by dissolving solid KCI in HHA (hyperos- 
motic addition). Low-osmolarity media were prepared by adding 
deionized water to HHA, if the change was less than 10%; otherwise 
the media were prepared by omitting an appropriate amount of NaCI. 
The osmolarity of the media was checked routinely with a Wescor 

vapor-pressure osmometer. The calculated osmolarity was 300 mosM 
and the measured osmolarity was about 272 mosM. 

The release of labelled amino acids was measured as previously 
described (2,4). Briefly, the cells were incubated for about one hour 
with labelled amino acid (generally at a concentration of 10 I~Ci/ml 
in HHA, ca. 300 nM) to load the cells with label. The cell support 
film with adherent cells was then transferred to the superfusion cham- 
ber and superfused with I-IHA at 0.5 ml/min. Drugs or modified me- 
dium were applied to the cells at appropriate times with a system of 
valves controlled by a computer. In some experiments, the superfusate 
was collected at l-rain intervals with a fraction collector, and the 
radioactivity in each sample determined by liquid scintillation count- 
ing. In other experiments, the radioactivity in the superfusate was 
measured for 1-min intervals with an in-line, flow-through scintillation 
counter (Radiomatie Instruments). 

For release profiles, the amount of tanrine release was expressed 
as fractional release, i.e. the amount of [3H]taurine in each sample 
was expressed as a percentage of the [3H]taurine remaining in the cells 
at that time. This was accomplished by a series of calculations starting 
with the amount of labeled taurine remaining in the cells. To measure 
the total release in response to a stimulus we summed the radioactivity 
in the samples comprising the peak (e.g. in response to an application 
of IPR) and then subtracted the estimated baseline release. 

[1,2-3H]Taurine (35 Ci/mmol) was from Amersham and L-[U- 
14C]lysine (300 mCi/mmol) was from Research Products International 
(Mount Prospect, I1). (-)Isoproterenol was from Sigma. Solvents were 
HPLC grade. Other compounds were analytical grade or the highest 
purity available. 

RESULTS 

The tension-controlled release hypothesis predicts 
that any factor that increases tension on the release 
mechanism will stimulate release and any factor that re- 
duces tension will reduce release. Since the tension-sens- 
ing mechanism is the common point of interaction of all 
of the stimuli with the release mechansim, each of the 
stimuli should affect the response of the system to the 
other stimuli. Thus, elevated osmotic pressure should 
relax the system and inhibit the effect of IPR, because 
the IPR-mediated mechanism would have to "take up 
the slack" of the relaxed system before it could achieve 
the threshold tension required to elicit release. Similarly, 
reduced osmotic pressure and isosmotically-elevated [K+] 
(which causes cell swelling) should enhance IPR-stim- 
ulated release, because the IPR-mediated mechanism is 
adding tension to an already activated system. Exactly 
these effects were observed when the osmolarity of the 
medium was altered. The data in Figure 1 demonstrate 
that IPR-stimulated taurine release is greatly enhanced 
when IPR is added in the presence of hyposmotic me- 
dium. This effect was dearly evident even when the 
osmolarity was reduced by only 2.5% ( -  7 mosM; Fig- 
ure 1A). IPR-stimulated release was suppressed when 
the osmolarity was increased by raising the concentration 



Modulation of 13-Adrenergic-Agonist Stimulated Taurine Release 439 

0.6 

0.3 

0.0 

0 0.4 

H_ 

0.2 

A 

jL 
R 

0.0 IPR IPR IPR 

-14 mosM 

I I 

40 80 120 160 

Time (min) 
Fig. 1. IPR-stimulated taurine release is greater when the osmolarity 
of the medium is reduced. IPR (0.1 ~M) was applied for three-minute 
intervals as indicated by the short bars. Medium having reduced os- 
molarity was applied as indicated by the long bar. The osmolarity was 
reduced by 2.5% (panel A) and 5% (panel B). Notice that reduced 
osmolarity significantly increases the baseline rate of release. To mea- 
sure release, LRM55 cells were preloaded with [3H]taurine and su- 
peffused as described under Experimental Procedures. 

of NaCI in the medium by a small amount (Figure 2). 
This effect is not attributable to changing [Na § as we 
have previously shown that IPR-stimulated release is also 
suppressed by adding sucrose or MgCI 2 (13). To ex- 
amine the sensitivity of IPR-stimulated taurine release 
to osmolarity we plotted IPR-stimulated taurine release 
as a function of osmolarity (Figure 3). Each measure- 
ment used in Figure 3 was obtained in an experiment 
similar to those in Figure 1. Linear regression analysis 
of the data in Figure 3 showed that IPR-stimulated taur- 
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Fig. 2. IPR-stimulated taurine release is suppressed when the NaCI 
content of the incubation medium is elevated. IPR (0.1 /xM) was 
applied for three-minute intervals as indicated by the short bars. Me- 
dium containing 15-mM added NaC1 was applied as indicated by the 
long bar. 

ine release is reduced by 2.9% per 1 mosM increase in 
osmolarity. This corresponds to a 7.6% reduction in re- 
lease for every 1% increase in osmolarity. Thus, IPR- 
stimulated release was highly sensitive to osmolarity. 

Changing external [K § had corresponding effects 
on IPR-stimulated taurine release. As expected from the 
hypothesis, the response to IPR was substantially en- 
hanced when the cells were stimulated with IPR in the 
presence of isosmotically-elevated [K § (Figure 4). The 
enhanced response was observed at external [K § as low 
as 10 mM and was very large when [K § was raised to 
50 raM. Also, as expected hyperosmotically-elevated KC1 
inhibited IPR-stimulated taurine release (Figure 5). In- 
hibition was clearly detectable at 10-raM KCI and was 
complete at 50-raM KC1. This inhibition is attributable 
to the osmotic effect of the added KCI, as similar effects 
have been observed with sucrose, NaC1, and MgCI2 (see 
above and ref 13). We observed a large increase in re- 
lease when the hyperosmotic KC1 medium was removed 
(Figure 5). We attribute this effect to the accumulation 
of KC1 and accompanying increase in the osmolarity of 
the cytoplasm that occurs when LRM55 cells are incu- 
bated in high KCI medium (19). Thus when ceils are 
returned to normal medium there is an osmotic pressure 
difference across the membrane that leads to swelling 
and taurine release. Depolarization per se did not directly 
determine the effect of elevated [K +] on IPR-stimulated 
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Fig. 3. Aggregate data showing the effect of osmolarity on IPR-stim- 
ulated release of [3H]taurine from LRM55 cells. Osmolarity was in- 
creased by adding sucrose (r-l) or NaC1 (A) and was reduced (o) as 
described under Experimental Procedures. The line was fitted by linear 
regression analysis. The slope of the line ( -2 .9% change in release/ 
mosM change in osmolarity) gives the sensitivity of IPR-stimulated 
taurine release to the osmolarity of the medium. 

release, as the direction of the effect depends on how 
[ K  +] is raised (isosmotically or hyperosmotically), and 
because the effect of [K +] is observed at concentrations 
that do not appreciably depolarize LRM55 cells (8). 

Previous work had demonstrated that K+-stimu - 
lated taurine release is virutally eliminated when Don- 
nan-effect-induced swelling is prevented by reducing [CI-] 
in the high-K + medium in order to maintain the [K+].[CI-] 
equal to that in control conditions (8,11). The induction 
of taurine release by Donnan-effect-induced swelling 
suggested that the converse might be trtte. That is com- 
binations of [K +] and [Ct-] that would be expected to 
cause a Donnan-induced reduction in cell volume would 
be expected to reduce release. The simplest way to ac- 
complish such changes is to hold [K +] constant and re- 
duce [C1-]. In keeping with this expectation, IPR- 
stimulated taurine release was reduced when external 
[C1-] was reduced (Figure 6). This effect was observed 
whether C1- was replaced with gluconate or isethionate. 
Similar experiments were conducted with K +-stimulated 
release (Figure 7). In these experiments, low-[Cl-] nor- 
mal-[K § medium was applied for 20 minutes to allow 
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Fig. 4. IPR-stimulated taurine release is enhanced when extracellular 
[K +] is increased isosmotically by replacing NaCI with KC1. [K § in 
the perfusion medium was increased to 50 (panel A), 25 (panel B), or 
10 mM (panel C), as described under Experimental Procedures. IPR 
(0.1 I~M) was applied for 3 minutes as indicated by the short bars. 
High-K + medium was applied as indicated by the long bars. 

the cells to equilibrate osmotically. High-[K + ] medium 
was then applied (at the same reduced [C1-]) to elicit 
release. Thus, the magnitude of the Donnan-effect was 
expected to be smaller, and, as expected, K+-stimulated 
taurine release was also reduced. It is notable that the 
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Fig. 5. Hyperosrnotically-elevated KCI suppresses IPR-stimulated taurine 
release from LRM55 cells. The concentration of KCI was increased 
to 10 (panel A) or 50 mM (panel B) by dissolving additional KCI in 
normal medium. IPR (0.1 IxM) was applied for 3 minutes as indicated 
by the short bars. High-KCl medium was applied as indicated by the 
long bars. 
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Fig. 6. IPR-stimulated taurine release is C1- dependent. Reduced [Ct-] 
medium (68 raM) was prepared by replacing NaC1 with equimolar 
amounts of sodium gluconate (panel A) or sodium isethlonate (panel 
B). IPR (0.1 p,M) was applied for three minutes, as indicated by the 
short bars. Low-Cl- medium was applied as indicated by the long bar. 

[Cl-]-dependencies of IPR- and K+-stimulated taurine 
releases are very similar (Figure 8). 

DISCUSSION 

Previous studies have demonstrated that reducing 
the osmolarity of the medium stimulates taurine release 
while increasing osmolarity suppresses baseline release 
(8-10,13,21). Similarly, K+-stimulated taurine release 
is enhanced by reducing the osmotarity of the medium 
and is suppressed by increasing osmolarity (8). Further- 

more, K+-stimulated release is only observed under con- 
ditions that induce swelling. Thus, astroglial cells release 
taurine when external [K +] is raised isosmotically by 
substituting KC1 for NaC1 but do not release taurine when 
external [K +] is raised hyperosmotically by adding KCI 
to the medium. Isosmotically-elevated [K +] also does 
not stimulate release when Donnan-effect-induced swell- 
ing is prevented by lowering extracellular [C1-] to main- 
tain the [K+].[C1 -] equal to that of the control medium 
(11,13,22). The results presented here demonstrate that 
IPR-stimulated taurine release is highly sensitive to os- 
molarity and extracellular [K +] and [C1-]. All of these 
findings are in keeping with idea that taurine release 
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Fig. 7. K+-stimulated taurine release is CI- dependent. Release elic- 
ited with 50-raM (panel A) or 20 mM (panel B) isomotically-elevated 
[K+]. Reduced C1- medium was prepared by isosmotically replacing 
NaC1 with sodium gluconate. High-K § medium was applied for 10 
minute as indicated by short bars. Low C1- medium was applied (long 
bar) for 20 minute prior to the second application of high-K + medium. 

from astroglial cells is mediated by a single, tension- 
controlled mechanism (8,15). 

As predicted by this mechanism IPR-stimulated 
taurine release was suppressed when the osmolarity of 
the medium was suppressed by adding sucrose, KCI, or 
NaCI to the medium (above and refs 13,22). Elevating 
the osmolarity of the medium would be expected to re- 
duce cell volume and tension on the taurine release 
mechanism, thus requiring the IPR-mediated mechanism 
to exert a greater effect on the release mechanism to 
achieve the same amount of release as observed under 
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Fig. 8. C1- dependence of IPR-stimulated (0.1 ixM, o), and K § 
Stimulated (20 raM, V; 50 mM, 1-7) [3H]taurine release from LRM55 
cells. Each point is the average of 2-5 measurements. CI- was re- 
placed by gluconate or isethionate (see Experimental Procedures). 

control conditions. Reduced osmolarity and isosmoti- 
cally-elevated [K § also affected IPR-stimulated taurine 
release as predicted by the tension-controlled release hy- 
pothesis. Each of these treatments causes astroglia to 
swell thereby increasing tension on the release mecha- 
nism and rendering the system more sensitive to the IPR- 
stimulated mechanism. The C1--dependence of both K +- 
and IPR-stimulated release responses are also consistent 
with the tension controlled release mechanism. Reducing 
extracellular [C1-] while extracellular [K § is held con- 
stant will lead to Donnan-effect-induced ion shifts and 
a loss of water from the cell. Thus, as extracellular [CI-] 
is reduced one would expect a reduction of cell volume, 
a reduction of tension on the membrane, and reduced 
taurine release whether in response to [K +] or IPR. 

The actual membrane mechanism responsible for 
taurine release has not been identified. We (15,23) and 
others (24) have concluded that taurine is not released 
by reversal of the taurine transport system. It can be 
argued that stretching the membrane itself cannot acti- 
vate release because the surface of the astrocyte is highly 
convoluted, and the initial volume change of the cell 
involves a deconvolution of the surface with little or no 
increase in membrane surface area and, therefore, little 



Modulation of 13-Adrenergic-Agonist Stimulated Taurine Release 443 

or no increase in tension within the membrane (25). 
However, deconvolution will increase tension between 
integral membrane proteins and any fixed submembrane 
cytoskeletal elements to which membrane proteins are 
attached. Thus, coupling between the cytoskeleton and 
the membrane proteins may be an essential part of ten- 
sion-mediated release. 

Both [3-agonist-stimulated release and K+-stimu - 
lated taurine release may be normal physiological re- 
sponses of astrocytes in vivo. Extracellular [K +] is highly 
dynamic in vivo, rising and falling in concert with neu- 
ronal activity (26-28). Extracellular [K +] can reach 10-  
12 mM during episodes of extreme neuronal activity such 
as seizures, and these changes are accompanied by a 
decrease in the extracellular space, indicating that cells 
are swelling (29). Astrocytes are thought to be important 
contributors to the swelling, which has been attributed 
to osmotic imbalances across the membrane resulting 
from spatial buffering and changes in HCO3-/C1- bal- 
ance (29,30). Cultured astrocytes release taurine under 
almost identical conditions. Furthermore, taurine is re- 
leased from brain tissue under a variety of  conditions 
that are accompanied by glial swelling (31-35). [3-Ag- 
onist stimuiated release may be a normal physiological 
response because astrocytes in vivo possess [3-adrenergic 
receptors (16,36) and satellite glia in the superior cer- 
vical ganglion respond to stimulation with IPR by syn- 
thesizing cAMP (37,38).  We have observed IPR- 
stimulated taurine release from superfused superior cer- 
vical ganglia, and cultured astrocytes release taurine un- 
der virtually identical conditions. 

The physiologic function of  taurine release is un- 
clear at present. It has been suggested that taurine may 
serve as a regulatory osmolyte to reduce cell-volume 
changes in brain (34,35,39), but this has been questioned 
because the amount of taurine actually released appears 
to be small in comparison with the osmolarity of the 
extracellular and intracellular compartments and with the 
amount of ion movement that occurs as a result of  neu- 
ronal activity (22). An alternative possibility is that taur- 
ine acts as a messenger or indirect osmoregulatory factor. 
Our observation that some but not all neurotransmitters 
stimulate taurine reIease suggests that astrocytes can re- 
spond to the activity of specific groups of neurons via 
chemical transmission (5). Our data demonstrate that IPR- 
stimulated taurine release is modulated by physiologi- 
cally relevant changes in [K +] (_< 10 mM) and is highly 
sensitive to osmolarity (ca. 8% change in release for 
each 1% change in osmolarity). The ability of astrocytes 
to respond to a variety of  stimuli and the interactions 
among the stimuli in eliciting taurine release suggest that 

taurine release is part of  an integrated astrocytic response 
to neuronal activity. 
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