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Abstract 

 

 The ability of muscarinic cholinergic receptors (mAChRs) to regulate the 

volume-sensitive efflux of two organic osmolytes, namely, taurine and D-

aspartate, from human SH-SY5Y neuroblastoma cells has been examined.  

Incubation of the cells with hypoosmolar buffers resulted in an efflux of both 

osmolytes, with the threshold for release occurring at approximately 225 mOsm 

for taurine and D-aspartate.  Inclusion of oxotremorine-M (Oxo-M), a muscarinic 

agonist, resulted in a marked enhancement of the volume-dependent efflux of 

both osmolytes and increased the threshold osmolarity for taurine and D-

aspartate release to 340 (isotonic) and 320 mOsm, respectively.  Maximum 

agonist stimulation of osmolyte release (350% of basal) was observed in the 

range of 225-250 mOsm.  Oxo-M-stimulated osmolyte efflux was inhibited by 

muscarinic antagonists with a rank order of potency, 4-DAMP>pirenzepine>AF-

DX 116, a pharmacological profile identical to that obtained for M
3
-mAChR-

stimulated phosphoinositide hydrolysis.  Agonist-stimulated efflux of both 

osmolytes could be inhibited by inclusion of either anion channel blockers known 

to inhibit the volume-sensitive organic anion channel (VSOAC) or by a tyrosine 

kinase inhibitor, AG-18.  The results indicate that the activation of M
3
 mAChRs 

on SH-SY5Y neuroblastoma facilitates the ability of these cells to respond to 

very limited reductions in osmolarity via a release of osmolytes.  mAChR-

stimulated osmolyte efflux is mediated via a VSOAC and appears to require the 

activity of a tyrosine kinase. 
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 Although most cells possess homeostatic mechanisms for the 

maintenance of cell volume, these are particularly important to cells in the 

central nervous system (CNS) because of restrictions of the skull.  Even modest 

alterations in brain volume can have profound effects on cell-cell signaling as the 

spatial relationship between neurons, astrocytes and the extracellular space 

becomes compromised.  Brain swelling, which can occur in response to 

conditions such as hyponatremia, inappropriate secretion of anti-diuretic 

hormone or following polydypsia, can lead to the compression of small blood 

vessels, and subsequently, cerebral anoxia and ischemia.  Death can result from 

the displacement of brain parenchyma through the foramen magnum and the 

ensuing cardiac and respiratory arrest (Pasantes-Morales et al., 2000).  To 

counter these deleterious changes, neural cells initially restore their osmotic 

balance via a loss of K+ and Cl- ions.  However, as large changes in ion 

concentrations can adversely impact excitability, cells subsequently utilize 

“compatible” or non-perturbing organic osmolytes to counter changes in 

osmolarity without compromising cell function.  In the CNS, the three 

quantitatively major organic osmolytes are taurine, glutamate and myo-inositol.  

Organic osmolytes are released from neural cells via a “volume-sensitive organic 

anion channel” (VSOAC), a channel that has been extensively characterized 

both electrophysiologically and pharmacologically, although its molecular 

structure remains unknown.  VSOAC is selective for anions (primarily Cl-) and 

organic osmolytes, but is impermeant to cations (see Nilius et al., 1997; Lang et 

al., 1998; Nilius and Droogmans, 2003, for reviews).  The efflux of these 

osmolytes, along with the attendant loss of water from cells, restores the osmotic 

balance of the cell via a “regulatory volume decrease” (McManus et al., 1995; 

Pasantes-Morales et al., 2002). 
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 Relatively little is known of the cell signaling pathways required for 

swelling-induced opening of VSOAC and osmolyte efflux, with the exception that 

a tyrosine kinase has been implicated in several, but not all, cell types (see 

Mongin and Orlov, 2001; Jakab et al., 2002).  Furthermore, although there is 

some evidence from non-neural preparations that VSOAC activation can be 

regulated by extracellular agonists (Tsumura et al., 1996; Manopoulos et al., 

1997; Du and Sorota, 2000), the question of whether VSOAC activity in neural 

cells is also under neurohumoral control, and if so, the identities of the receptor 

subtypes involved, has largely remained unexplored.  This issue is of particular 

importance to the CNS where cells exposed to hypotonic stress in vivo are also 

likely to be continuously subjected to released neurotransmitters. 

 In a recent study, we observed that activation of muscarinic cholinergic 

receptors (mAChRs) present on human SH-SY5Y neuroblastoma cells resulted 

in an enhancement of the volume-sensitive efflux of myo-inositol, a process 

mediated in part by an increased Ca2+ influx and protein kinase C activation 

(Loveday et al., 2003).  However, because of the molecular dimensions of 

inositol (7.2 x 5.9 Å) in relation to the diameter of VSOAC (approximately 5-8 Å; 

McManus et al., 1995; Nilius et al., 1997), relatively large reductions in 

osmolarity were required for the detection of both basal- (no agonist) and 

agonist-stimulated efflux of the polyol.  We have now extended these initial 

findings in SH-SY5Y cells by examining the efflux of two additional osmolytes, 

namely, taurine and D-aspartate (as a marker for glutamate efflux), which, due to 

their molecular dimensions, are more readily released by hypoosmotically 

stressed cells than myo-inositol.  The monitoring of both these osmolytes 

addresses the possibility of the existence of distinct VSOACs specific for each 

osmolyte and potentially exhibiting different properties (Mongin et al., 1999; 

Franco et al., 2001; Ochoa de la Paz et al., 2002).  The specific objectives of the 
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present study were (1) to monitor taurine and D-aspartate release from SH-

SY5Y cells under conditions of relatively limited alterations in osmolarity (such 

as those that might be encountered in vivo), in the absence and presence of 

mAChR activation; (2) to pharmacologically identify the mAChR subtype coupled 

to enhanced osmolyte efflux; (3) to determine whether the VSOAC mediates 

both the basal- and agonist-mediated efflux of taurine and D-aspartate; and (4) 

to determine the role, if any, played by tyrosine kinase activity in agonist-

stimulated osmolyte release. 

 The results indicate that the activation of M3 mAChRs on SH-SY5Y 

neuroblastoma markedly facilitates the cell’s ability to release both taurine and 

D-aspartate.  Not only does mAChR activation enhance osmolyte release over a 

wide range of osmolarities, but it also lowers the threshold osmolarity at which 

the efflux of taurine and D-aspartate can occur.  The agonist-stimulated efflux of 

osmolytes was inhibited by anion channel blockers, indicating the involvement of 

VSOAC, and was also dependent upon tyrosine kinase activity. 
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 Methods 

 

Materials.  myo-[2-3H] Inositol (2.4 TBq/mmol) was obtained from Amersham 

Corp. (Arlington Heights, IL).  D-[2,3-3H] Aspartic acid (599 GBq/mmol) was 

purchased from Perkin Elmer (Boston, MA).  [1,2-14C] Taurine (4.1 GBq/mmol) 

was obtained from American Radiolabeled Chemicals, Inc. (St. Louis, MO).  4,4’ 

Diisothiocyanato-stilbene-2,2’-disulfonic acid (DIDS); oxotremorine-M (Oxo-M); 

5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB); 4-diphenylacetoxy-N-

methylpiperidine methiodide (4-DAMP); pirenzepine; 4-acetamido-4’-

isothiocyanatostilbene 2,2’-disulfonic acid (SITS); cytochalasin D; sodium 

orthovanadate; and atropine were purchased from Sigma Chemical Co. (St. 

Louis, MO). 1,9 Dideoxyforskolin; niflumic acid; α-Cyano-(4-

methoxyl)cinnamonitrile (AG-9); α-Cyano-(3,4-dihydroxy)cinnamonitrile (AG-18); 

2-Amino-4-(4’-hydroxyphenyl)-1,1,3-tricyanobuta-1,3-diene (AG-112); genistein, 

herbimycin A, wortmannin, monoperoxo vanadium (picolinato) (mpV); and 2’-

amino-3’-methoxyflavone (PD 98059) were obtained from Calbiochem (San 

Diego, CA). 11-[[2-[(Diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-

pyrido[2,3-b][1,4]benzodiazepin-6-one (AF-DX 116) was purchased from Tocris 

(Ellisville, MO).  Dulbecco’s modified Eagle’s medium (DMEM) and 50x 

penicillin/streptomycin (5000 u/ml of penicillin G sodium and 5000 µg/ml of 

streptomycin sulfate) were obtained from Gibco (Grand Island, NY).  Fetal calf 

serum was obtained from BioWhittaker (Walkersville, MD).  Tissue culture 

supplies were obtained from Corning Glass Works (Corning, NY), Starstedt 

(Newton, NC) and Becton, Dickinson (Franklin Lakes, NJ).  Universol was 

obtained from ICN (Costa Mesa, CA).  Dowex-1 resin (100-200 mesh; x8 

formate) was obtained from Bio-Rad Laboratories (Hercules, CA). 
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Cell culture conditions.  SH-SY5Y cells (passages 69-93) were grown in tissue 

culture flasks (75 cm2/250 ml) in 20 ml of DMEM supplemented with 10% (v/v) of 

fetal calf serum.  The osmolarity of the medium was 330-340 mOsm.  Cells were 

grown for 3-10 days at 37ºC in a humidified atmosphere containing 10% CO2.  

Cells were isolated after aspiration of the medium and incubation with a modified 

Puck’s D1 solution (Honneger and Richelson, 1976).  Cells were then 

resuspended in DMEM/10% fetal calf serum and subcultured into 35 mm, 6-well 

culture plates for 2-4 days.  Experiments were routinely conducted on cells that 

had reached 50-90% confluency.  Results obtained were independent of the 

passage number and confluency of cells. 

 

Efflux of taurine and D-aspartate.  Osmolyte efflux from SH-SY5Y 

neuroblastoma cells was monitored essentially as previously described (Loveday 

et al., 2003), with the exception that a double labeling (3H/14C) paradigm was 

employed.  Cells grown in 6-well plates were first allowed to pre-label at 37ºC for 

24-48 h in the presence of 100 KBq/ml of D-[3H]aspartate and for an additional 

3-24 h in the presence of 10 KBq/ml of [14C]taurine.  After pre-labeling, the 

medium was aspirated and cells washed with 2 x 2 ml of isotonic buffer A (142 

mM NaCl, 5.6 mM KCl, 2.2 mM CaCl2, 3.6 mM NaHCO3, 1mM MgCl2 and 30 mM 

HEPES, pH 7.4).  Cells were then allowed to incubate in 2 ml of either isotonic 

buffer A (approx 340 mOsm) or hypotonic buffer A (160-320 mOsm; rendered 

hypotonic by the reduction in NaCl concentration).  In some experiments, buffer 

A was made hypertonic (380 mOsm) by the addition of NaCl.  Osmolarities of 

buffer A were monitored by means of an Osmette precision osmometer (PS 

Precision Systems, Sudbury, MA).  At the times indicated, 200 µl aliquots of the 

extracellular medium were removed and radioactivity determined after the 

addition of 5 ml of Universol scintillation fluid.  Radioactivity was monitored in a 
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Packard 2250 CA liquid scintillation counter utilizing a dual label program for 

3H/14C.  Spillover of radioactivity from 14C to 3H-channel was <5%, whereas 

<0.5% of 3H radioactivity was recovered in the 14C channel. 

 To terminate the reactions, the medium was rapidly aspirated, the cells 

were lysed with 2 x 1 ml of ice-cold 6% (wt/vol) trichloroacetic acid and water-

soluble radioactivity was determined, as previously described (Novak et al., 

1999).  Total water-soluble radioactivity present initially in the cells was 

calculated as the sum of that recovered in the extracellular medium and that 

remaining in the lysate at the end of the assay.  Efflux of either D-aspartate or 

taurine at any given time was then routinely expressed as the ratio of 

radioactivity present in the extracellular medium to total soluble radioactivity (as 

a percentage), as detailed previously (Novak et al., 1999). 

 

Phosphoinositide turnover.  To monitor phosphoinositide turnover, SH-SY5Y 

cells that had been pre-labeled with 148 KBq/ml of [3H]inositol for 48 h were 

incubated in hypotonic buffer A (230 mOsm) that contained 5 mM LiCl.  The 

accumulation of radiolabeled inositol phosphates present in the trichloroacetic 

acid cell lysates was determined as previously described (Thompson and Fisher, 

1990). 

 

Data analysis.  Values quoted are means ± SEM for the numbers of 

independent experiments indicated.  Statistical significance of the differences 

between multiple groups was tested using a one-way analysis of variance 

(ANOVA) followed by Dunnett’s multiple comparison test.  A two-tailed Student’s 

t-test (paired or unpaired) was used to evaluate the differences between two 

experimental groups.  Values that were associated with a probability (p value) of 

<0.05 were considered to be significant.  EC50 and IC50 values, 95% confidence 
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intervals and Hill slope factors were obtained using Prism 4.0 (GraphPad 

Software, Inc., San Diego, CA).  IC50 values were converted to Ki values 

(assuming simple competition) by means of the Cheng and Prusoff (1973) 

equation. 
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Results 

 

Osmosensitive efflux of taurine or D-aspartate is enhanced following 

mAChR activation.  When SH-SY5Y cells that had been allowed to pre-label in 

the presence of D-[3H]aspartate and [14C]taurine were exposed to hypotonic 

buffer A (230 mOsm), there was a similar time-dependent release of both 

osmolytes from the cells, the initial rate (monitored in the first 5-10 min) 

exceeding that observed following more prolonged incubations (Fig. 1).  The 

addition of Oxo-M (100 µM) significantly enhanced the release of both taurine 

and D-aspartate at all time points examined.  This effect of Oxo-M could be fully 

prevented by inclusion of 10 µM atropine (data not shown).  The relationship 

between the release of taurine or D-aspartate at different osmolarities, and the 

ability of the agonist to potentiate osmolyte release, were examined under 

conditions of isotonicity (340 mOsm), mild to severe hypotonicity (320-160 

mOsm) or mild hypertonicity (380 mOsm).  (In the present study, isotonicity was 

defined as 340 mOsm, since this was the osmolarity of the DMEM fetal calf 

serum medium in which the cells were grown.)  The basal release of taurine, i.e., 

that observed in the absence of agonist (open bars, Fig. 2), following a 20 min 

exposure of the cells, was not significantly enhanced until the osmolarity of 

buffer A was reduced to 225 mOsm (Fig. 2).  Thereafter, a progressively greater 

increase in the basal release of taurine was observed as the osmolarity of buffer 

A was further reduced.  Addition of Oxo-M resulted in a small increase in taurine 

efflux (140% of basal), even under isotonic conditions.  However, the ability of 

the agonist to enhance taurine release was significantly increased as the 

osmolarity declined, even under conditions of mild hypotonicity (284-320 mOsm; 

6-16% reductions from isotonic).  When calculated as a percentage increase 

over basal, the maximum effect of the agonist was observed in the range of 225-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 3, 2004 as DOI: 10.1124/jpet.104.072553

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72553  12 

250 mOsm (approximately 350% of basal).  In contrast, when cells were 

exposed to mildly hypertonic buffer A (380 mOsm), the addition of Oxo-M did not 

enhance taurine flux.  Very similar results were obtained for the release of D-

aspartate, with no significant increases in basal efflux being observed until the 

cells were exposed to an osmolarity of 225 mOsm.  Although the addition of 

Oxo-M did not significantly increase D-aspartate release at 340 mOsm, the 

agonist significantly increased the release of this amino acid at 320 mOsm and 

at lower osmolarities (see Fig. 3).  The maximum effect of Oxo-M on D-aspartate 

release was observed in the range of 190-225 mOsm.  As observed for taurine 

release, Oxo-M addition had no effect on D-aspartate release when the cells 

were exposed to mildly hypertonic buffer A (380 mOsm).  Based upon these 

measurements, an osmolarity of approximately 230 mOsm was routinely 

employed and efflux monitored following a 20 min incubation in all subsequent 

experiments. 

 

Dose-dependence and pharmacological characterization of Oxo-M-

stimulated release of taurine and D-aspartate.  The addition of Oxo-M 

resulted in a dose-dependent stimulation of both taurine and D-aspartate 

release, with the threshold occurring at approx 10 nM agonist and a maximum 

effect observed at 100 µM or 1 mM concentrations.  EC50 values of 2.2 and 2.0 

µM were obtained for taurine and D-aspartate efflux, respectively (Fig. 4).  To 

investigate the identity of the mAChR subtype(s) coupled to osmolyte efflux, the 

ability of three muscarinic antagonists, namely, 4-DAMP (an inhibitor of M1/M3 

mAChRs), pirenzepine (an inhibitor of M1/M4 mAChRs) and AF-DX 116 (an 

inhibitor of M2 mAChRs), to inhibit stimulated taurine and D-aspartate efflux was 

monitored (Fig. 5 A, B).  The addition of all three agents resulted in a >90% 

inhibition of stimulated osmolyte efflux, but with markedly different affinities.  The 
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most potent inhibitor was 4-DAMP, whereas pirenzepine and AF-DX 116 were 

100-1000-fold less potent, respectively.  Apparent Ki values for stimulated 

taurine release, calculated from the Cheng and Prusoff equation, were 1.23 nM, 

148 nM and 1.16 µM for 4-DAMP, pirenzepine and AF-DX 116, respectively.  

The corresponding values for stimulated aspartate release were 1.14 nM, 156 

nM and 1.04 µM.  A pharmacological profile similar to that obtained for taurine 

and D-aspartate release was also observed for Oxo-M-stimulated inositol 

phosphate release in that the rank order of potency for inhibition was 4-

DAMP>pirenzepine>AF-DX 116.  The apparent Ki values for inhibition of Oxo-M-

stimulated inositol phosphate release for 4-DAMP, pirenzepine and AF-DX 116 

were 1.06 nM, 240 nM and 1.90 µM, respectively (Fig. 5C). 

 

Anion channel blockers inhibit both basal- and Oxo-M-stimulated 

osmolyte release.  The ability of five anion channel inhibitors, putative blockers 

of the VSOAC channel, to inhibit the basal efflux of taurine and D-aspartate was 

examined.  Although inclusion of all five agents resulted in a significant inhibition 

of the basal release of taurine, dideoxyforskolin and NPPB (65-81% inhibition) 

were more effective than DIDS, SITS or niflumic acid (35-55% inhibition; Fig. 6).  

The inhibitor profile for D-aspartate release was similar to that observed for 

taurine, with the exception that the stilbene-derivatives, DIDS and SITS, were 

significantly less effective as inhibitors of aspartate release.  Thus, whereas 

inclusion of 100 µM DIDS resulted in a 50 ± 4% inhibition of taurine release, the 

corresponding value for aspartate release was 28 ± 3% (p<0.0001).  Similarly, 

SITS was a more effective inhibitor of taurine release than of aspartate release 

(p<0.004).  Although dideoxyforskolin was also a more effective inhibitor of 

taurine release than of aspartate efflux, this differential effect was less marked 

than for either DIDS or SITS.  In a separate series of experiments the ability of 
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VSOAC inhibitors to inhibit the agonist-stimulated component of osmolyte 

release was examined.  However, because of the possible complication that 

these agents might also (non-specifically) directly interfere with mAChR 

signaling, we first determined the effect of VSOAC inhibitors on Oxo-M-

stimulated inositol phosphate release.  With the exception of NPPB (74 ± 3% of 

agonist alone, n=3), none of the agents tested resulted in a significant inhibition 

of Oxo-M-stimulated inositol phosphate release.  The two agents chosen for 

further evaluation of osmolyte efflux were DIDS (because of its widespread prior 

use) and dideoxyforskolin (because of its pronounced ability to inhibit VSOAC, 

see Fig. 6).  As observed previously, inclusion of 200 µM DIDS more effectively 

inhibited the basal release of taurine than that of D-aspartate.  However DIDS 

also resulted in a significant reduction in the magnitude of osmolyte release 

observed in the presence of Oxo-M, by an extent greater than that attributable to 

the inhibition of basal release (Fig. 7A).  Although DIDS inhibited the Oxo-M-

mediated stimulation of both osmolytes, taurine efflux was inhibited to a greater 

extent (34 ± 3% vs. 23 ± 2% for aspartate efflux, p<0.015).  Inclusion of 100 µM 

dideoxyforskolin resulted in a more pronounced inhibition of both basal- and 

Oxo-M-stimulated taurine/D-aspartate release, with Oxo-M stimulation of taurine 

release (90 ± 1%) being marginally more inhibited than that of aspartate release 

(86% ± 1%, p<0.03) (Fig. 7B). 

 

Modulation of basal- and mAChR-stimulated osmolyte release by 

inhibitors of tyrosine kinases and tyrosine phosphatases.  Inclusion of 50 or 

100 µM concentrations of the tyrosine kinase inhibitor, AG-18, inhibited the basal 

release of both taurine and D-aspartate by 31-32% (Fig. 8A).  In contrast, the 

inactive analog, AG-9 (100 µM), was without effect on basal osmolyte release 

(Fig. 8B).  AG-18 also resulted in a 61-69% inhibition of Oxo-M-stimulated 
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taurine and D-aspartate release, whereas AG-9 had no effect.  Part, at least, of 

the ability of AG-18 to inhibit stimulated osmolyte release may be attributable to 

an inhibitory effect of the tyrphostin on Oxo-M-stimulated inositol phosphate 

release (22 ± 5% inhibition, n=5).  Other known inhibitors of tyrosine kinases, 

such as genistein (100 µM) or AG-112 (100 µM) had little or no effect on either 

basal- or Oxo-M-stimulated osmolyte release.  Although inclusion of herbimycin 

(1 µM) also had no significant effect on basal osmolyte release, it inhibited Oxo-

M-stimulated release of taurine and aspartate by 25% and 18%, respectively 

(n=5, p<0.04).  Inclusion of 100 µM orthovanadate or 10 µM mpV, inhibitors of 

tyrosine phosphatases, resulted in an increase in the basal release of taurine 

and aspartate of approximately 40-80% (Fig. 9).  The presence of orthovanadate 

(but not mpV) also resulted in a marked (40%; p=.003) synergistic increase in 

osmolyte release, when monitored in the presence of the agonist.  This ability of 

orthovanadate to potentiate osmolyte release was accompanied by an 

enhancement of mAChR-stimulated inositol phosphate release (24% increase; 

p<0.03; Fig. 9).  Inhibitors of other kinases, such as wortmannin (100 nM: 

phosphatidylinositol 3-kinase) or PD 98059 (50 µM: mitogen-activated protein 

kinase), had no effect on either the basal- or Oxo-M-stimulated release of taurine 

or D-aspartate (data not shown).  
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Discussion 

 

The present results confirm and extend our previous observation that 

activation of mAChRs on SH-SY5Y neuroblastoma increases the volume-

dependent release of osmolytes from the cells.  By means of the use of a 

double-labeling paradigm in which the release of both taurine and D-aspartate 

can be monitored simultaneously, the release of both osmolytes was seen to be 

robustly enhanced over a wide range of osmolarities.  However, one of the key 

observations to emanate from the present study is that, following exposure of the 

cells to hypotonic buffers, mAChR activation appears to lower the threshold 

osmolarity at which osmolyte release occurs (from approximately 225 mOsm to 

isotonic under these experimental conditions).  Two conclusions can be drawn 

from these results; the first is that although the activation of the VSOAC channel 

occurs primarily in response to hypotonicity, the channel itself may be partially 

open even under isotonic (340 mOsm) conditions.  The second conclusion is 

that the activation of mAChRs can facilitate the ability of cells to release 

osmolytes, even under conditions of very limited reductions in osmolarity, such 

as those that might occur in vivo during hyponatremia.  A similar finding was 

recently made by Mongin and Kimmelberg (2002), who observed that activation 

of purinergic receptors markedly increased the release of D-aspartate from 

astrocytes under conditions of mild hypotonicity (10% reduction from isotonic) 

− conditions under which the basal release of the osmolyte was only minimally 

increased.  In addition, similar to our current findings in neuroblastoma, receptor 

activation of D-aspartate release from astrocytes was observed under isotonic 

conditions.  Taken collectively, these data suggest that the neurohumoral 

regulation of VSOAC may enable a neural cell to more efficiently release its 

osmolytes when placed under hypotonic stress. 
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Although immunoprecipitation data from this and other laboratories 

suggest that mAChRs present on SH-SY5Y cells are predominantly (70-80%) of 

the m3 subtype, m1, m2 and m4 mAChRs are also found (Wall et al., 1991; 

Sloweijko et al., 1994).  To determine which of these mAChR subtypes mediated 

the increased osmolyte efflux, studies were conducted with three muscarinic 

antagonists, namely, 4-DAMP, pirenzepine and AF DX-116, each of which 

exhibits very different binding affinities for these subtypes (Fisher and Heacock, 

1988; Lambert et al., 1989; Caulfield and Birdsall, 1998).  The results 

demonstrate that it is the activation of the M3 receptors that leads to an 

enhancement of the efflux of taurine and D-aspartate.  The pharmacological 

inhibition profile of efflux, i.e., 4-DAMP>pirenzepine>AF DX-116 is identical to 

that obtained for stimulated phosphoinositide hydrolysis (Fig. 5C), which is also 

mediated by the M3 mAChR.  In addition, the Ki values obtained for inhibition of 

stimulated efflux and inositol lipid hydrolysis in the presence of 4-DAMP, 

pirenzepine and AF DX-116 are also very similar to their binding affinities 

obtained from radioligand binding studies (Lambert et al., 1989).  To the best of 

our knowledge, this is the first identification of a specific receptor subtype that is 

coupled to osmolyte efflux.  The fact that agonist occupancy of M3 mAChRs 

results in both a stimulation of osmolyte release and an increase in 

phosphoinositide hydrolysis raises the possibility that these two sequelae of 

receptor activation may be functionally linked.  In our previous study, we 

demonstrated that the mAChR-stimulated efflux of myo-inositol was dependent 

upon Ca2+ influx and protein kinase C − results that are consistent with an 

involvement of phosphoinositide hydrolysis in osmolyte efflux (Loveday et al., 

2003).  However, because mAChR activation in SH-SY5Y cells can result in a 

number of additional biochemical consequences, e.g., activation of small-

molecular-weight GTP-binding proteins and non-receptor tyrosine kinases 
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(Linseman et al., 2000, 2001), the possibility remains that activation of more than 

one pathway is required for osmolyte efflux.  Thus, an obligatory link between the 

activation of phospholipase C and the enhancement of osmolyte efflux, although 

feasible, remains to be established. 

Evidence that VSOAC mediates both basal- and agonist-stimulated efflux 

of taurine and D-aspartate was obtained from experiments in which the inclusion 

of anion channel blockers inhibited both responses.  Taurine release from SH-

SY5Y cells was found to be more sensitive than that of aspartate release to 

some anion channel blockers.  Although there was a tendency for all of the 

VSOAC inhibitors to preferentially inhibit taurine release, this effect was most 

marked for the stilbene derivatives, DIDS and SITS (see Fig. 6).  This differential 

ability of DIDS and SITS to preferentially block taurine release has previously 

been observed for other neural preparations and has led to the speculation that 

more than one VSOAC channel may mediate osmolyte efflux (Rutledge et al., 

1998; Franco et al., 2001; Ochoa de la Paz et al., 2002).  While this remains a 

possibility for osmolyte efflux from SH-SY5Y cells, further evidence to support 

the concept of multiple VSOACs, e.g., from (i) differences in the rate of 

activation and deactivation of the release of individual osmolytes (Franco et al., 

2001) and (ii) differential inhibition of osmolyte release by tyrosine kinase 

inhibitors (Mongin et al., 1999; Franco et al., 2001; Ochoa de la Paz et al., 2002), 

was not obtained in the present study.  Thus although our data do not exclude 

the possible involvement of multiple VSOACs, the most parsimonious 

interpretation is that under both basal- and agonist-stimulated conditions, the 

efflux of taurine and D-aspartate from SH-SY5Y cells occurs predominantly via 

the same (or very similar) VSOAC channel(s). 

Of the signaling pathways that have been implicated in the activation of 

osmolyte efflux following hypotonic stress, the involvement of a tyrosine kinase 
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activity has been widely reported in many, but not all, cells (Jakab et al., 2002).  

Our data, which demonstrate the inhibition of taurine and D-aspartate release 

(both basal- and agonist-stimulated) by the active tyrphostin, AG-18, but not by 

the inactive analog, AG-9, would also support the possibility that a tyrosine 

kinase is required for VSOAC activation in SH-SY5Y cells.  Other tyrosine kinase 

inhibitors, e.g., genistein, AG-112 and herbimycin, had much less or no effect on 

osmolyte efflux.  Large differences in the efficacy with which these tyrosine 

kinase inhibitors block osmolyte release have previously been reported for other 

neural tissue preparations (Crépel et al., 1998; Franco et al., 2001; Ochoa de la 

Paz et al., 2002).  In contrast to the results obtained in some previous studies in 

which tyrphostins preferentially inhibited taurine release (Mongin et al., 1999; 

Franco et al., 2001; Ochoa de la Paz et al., 2002), AG-18 was equally effective 

in the inhibition of taurine and D-aspartate efflux from SH-SY5Y cells.  Further 

evidence to implicate a tyrosine kinase in osmolyte efflux was obtained from 

studies of the effects of orthovanadate and mpV, both of which can act as 

inhibitors of tyrosine phosphatases (Posner et al., 1994).  Orthovanadate, but not 

mpV, also potentiated the agonist-stimulated efflux of taurine and D-aspartate, a 

response that appears to be related to its ability, via an as yet unknown 

mechanism, to enhance Oxo-M- (but not basal-) stimulated phosphoinositide 

hydrolysis. 

In summary, the present data indicate that the activation of M3 mAChRs 

on SH-SY5Y cells facilitates the ability of cells to release osmolytes under 

conditions of limited reductions in osmolarity.  The enhanced osmolyte release is 

mediated via a VSOAC channel and appears to require the involvement of a 

tyrosine kinase.  The ability of neurotransmitters, acting via pharmacologically 

specific receptor subtypes, to increase osmolyte release raises the possibility 

that this mechanism could provide a means whereby neural cells are able to 
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more readily restore their volume in response to hypotonic stress. 
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Legends for Figures 

 

Fig. 1.  Kinetics of basal- and Oxo-M-stimulated release of either taurine 

(A) or D-aspartate (B).  SH-SY5Y neuroblastoma cells that had been pre-labeled 

in the presence of [14C]taurine and D-[3H]aspartate were washed twice with 2 ml 

of isotonic buffer A prior to incubation in 230 mOsm buffer A in the absence or 

presence of 100 µM Oxo-M.   Reactions were terminated at the times indicated 

and taurine or aspartate efflux monitored.  Results are expressed as taurine or 

aspartate efflux (percent of total radioactivity) and are the means of triplicate 

replicates.  Data shown are from one of four experiments that gave similar 

results. 

 

Fig. 2.  Basal- and Oxo-M-stimulated release of taurine as a function of 

osmolarity.  Cells pre-labeled with [14C]taurine were first washed in isotonic 

buffer A and then incubated for 20 min in buffer A at the osmolarities indicated, 

in the presence or absence of 100 µM Oxo-M.  Results are expressed as taurine 

efflux (percent of total soluble radioactivity) and are the means  ±  S.E.M. for four 

to thirteen independent experiments, each performed in triplicate.  *, Different 

from taurine release observed in cells incubated in the presence of 340 mOsm 

buffer A, p<0.01 (by one-way ANOVA followed by Dunnett’s multiple comparison 

test).  **, Different from basal release (minus Oxo-M), p<0.003 (by paired 

Student’s t-test). 

 

Fig. 3.  Basal- and Oxo-M-stimulated release of D-aspartate as a function 

of osmolarity.  Cells pre-labeled with D-[3H]aspartate were first washed in 

isotonic buffer A and then incubated for 20 min in buffer A at the osmolarities 

indicated, in the presence or absence of 100 µM Oxo-M.  Results are expressed 
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as aspartate efflux (percent of total soluble radioactivity) and are the means ± 

 S.E.M. for four to twelve independent experiments, each performed in triplicate.  

*, Different from aspartate release observed in cells incubated in the presence of 

340 mOsm buffer A, p<0.01 (by one-way ANOVA followed by Dunnett’s multiple 

comparison test).  **, Different from basal release (minus Oxo-M), p<0.003 (by 

paired Student’s t-test). 

 

Fig. 4.  Dose-response relationship for Oxo-M-stimulated release of 

taurine (A) or D-aspartate (B).  Cells that had been pre-labeled with [14C]taurine 

and D-[3H]aspartate were washed in isotonic buffer A and then incubated in 230 

mOsm buffer A in the presence of Oxo-M at the concentrations indicated.  

Reactions were terminated after 20 min and taurine/D-aspartate efflux 

monitored.  Results are expressed as percent of maximum agonist response 

(obtained at 100 µM Oxo-M) and are the means ± S.E.M. for three independent 

experiments.  No additional increase in efflux was observed when the Oxo-M 

concentration was increased to 1mM.  The calculated EC50 values (95% 

confidence intervals in parentheses) for stimulated taurine and D-aspartate efflux 

were 2.3 µM (1.1-4.5) and 2.0 µM (1.0-4.5), respectively.  The corresponding Hill 

coefficients were 0.61 ± 0.15 and 0.65 ± 0.15 (mean ± S.E.M.). 

 

Fig. 5.  Inhibition of Oxo-M-stimulated taurine efflux (A), D-aspartate efflux 

(B) or stimulated inositol phosphate release (C) by muscarinic receptor 

antagonists.  Cells that had been pre-labeled with [14C]taurine and D-

[3H]aspartate (A, B) or [3H]inositol (C) were washed in isotonic buffer A and then 

incubated in 230 mOsm buffer A in the presence of 10 µM Oxo-M and 4-DAMP, 

pirenzepine or AF-DX 116 at the concentrations indicated.  Reactions were 

terminated after 20 min and taurine/D-aspartate efflux or inositol phosphate 
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accumulation monitored.  Results are expressed as percent of maximum agonist 

response (with values for efflux or inositol phosphate accumulation obtained 

under basal conditions subtracted) and are the means ± S.E.M. for three to six 

independent experiments.  The calculated IC50 values for inhibition of taurine 

release by 4-DAMP, pirenzepine and AF-DX 116 (95% confidence intervals in 

parentheses) were as follows: 6.85 nM (6.3-7.5), 803 nM (572-1128) and 6.30 

µM (5.9-6.8), respectively.  The corresponding values for inhibition of aspartate 

release by 4-DAMP, pirenzepine and AF-DX 116 were 6.82 nM (2.7-10.6), 937 

nM (733-1198) and 6.24 µM (5.34-7.30).  The Hill coefficients for 4-DAMP, 

pirenzepine and AF-DX 116 inhibition of taurine release (mean ± SEM) were 1.3 

± 0.1, 0.8 ± 0.1 and 1.3 ± 0.1.  The corresponding Hill coefficients for aspartate 

release were 1.20 ± 0.1, 0.85 ± 0.1 and 1.0 ± 0.1, respectively.  The IC50 values 

for inhibition of stimulated inositol phosphate release were 5.0 nM (4.4-5.6), 1.13 

µM (1.1-1.2) and 8.94 µM (8.4-9.5) for 4-DAMP, pirenzepine and AF-DX 116, 

respectively (95% confidence intervals in parentheses).  The EC50 value for Oxo-

M-stimulated inositol phosphate accumulation was 2.7 µM (Loveday et al., 

2003). 

 

Fig. 6.  Anion channel blockers inhibit the basal release of both taurine 

and D-aspartate.  Cells that had been pre-labeled with [14C]taurine and D-

[3H]aspartate were washed in isotonic buffer A and then incubated in 230 mOsm 

buffer in the presence or absence of 200 µM DIDS, 500 µM SITS, 200 µM 

niflumic acid (NIF), 100 µM NPPB or 100 µM dideoxyforskolin (DDF).  Reactions 

were terminated after 20 min and the basal efflux of taurine and D-aspartate 

monitored.  Results are expressed as the inhibition of taurine/D-aspartate efflux 

and are the means ± S.E.M. for three to ten independent experiments.  *, 

Different from taurine release, p<0.01 (by unpaired Student’s t-test).  
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Fig. 7.  DIDS and dideooxyforskolin (DDF) inhibit both the basal- and Oxo-

M-stimulated efflux of taurine and D-aspartate.  Cells that had been pre-labeled 

with [14C]taurine and D-[3H]aspartate were washed in isotonic buffer A and then 

incubated in 230 mOsm buffer A with either 200 µM DIDS (panel A) or 100 µM 

DDF (panel B), in the presence or absence of 100 µM Oxo-M.    Reactions were 

terminated after 20 min.  Results are expressed as taurine/D-aspartate efflux 

(percent of total soluble radioactivity) and are the means ± S.E.M. for nine 

independent experiments for each inhibitor.  * Different from basal alone, 

p<0.0001; ** different from Oxo-M alone, p<0.0001 (by paired Student’s t-test). 

 

Fig. 8.  Inhibition of basal- and Oxo-M-stimulated osmolyte release by the 

tyrphostin AG-18, but not by AG-9.  Cells that had been pre-labeled with 

[14C]taurine and D-[3H]aspartate were washed in isotonic buffer A and then 

incubated in 230 mOsm buffer A with either 100 µM AG-18 (panel A) or 100 µM 

AG-9 (panel B), in the presence or absence of 100 µM Oxo-M.    Reactions were 

terminated after 20 min.  Results are expressed as taurine/D-aspartate efflux 

(percent of total soluble radioactivity) and are the means ± S.E.M. for six (AG-18) 

or three (AG-9) independent experiments.  * Different from basal alone, p<0.01; 

** different from Oxo-M alone, p<0.04 (by paired Student’s t-test). 

 

Fig. 9.  Effect of orthovanadate (Van) and mpV on basal- and stimulated 

osmolyte efflux or phosphoinositide hydrolysis.  Cells that had been pre-labeled 

with [14C]taurine and D-[3H]aspartate or [3H]inositol (inset) were washed in 

isotonic buffer A and then incubated with either 100 µM sodium orthovanadate or 

10 µM mpV, in the presence or absence of 100 µM Oxo-M.  Reactions were 

terminated after 20 min.  Results are expressed as the efflux of taurine/D-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on August 3, 2004 as DOI: 10.1124/jpet.104.072553

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #72553  32 

aspartate as a percent of total soluble radioactivity and are the means ± S.E.M. 

for seven independent experiments.  In the inset, the results are expressed as 

inositol phosphate release/total soluble radioactivity and are the means ± S.E.M. 

for four independent experiments.  * Different from basal release, p<0.05 (by 

one-way ANOVA followed by Dunnett’s multiple comparison test). 
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