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tho nctlvhy 11 not nffectetl hy 1ho multidrua rc~l!ltnnr:e 
!nmlly o! pro1cins wllh n molcculnr wclghl o! npproximnlcly 
170,000 [5]; ond (lil) íormolion o! cy101oxlc metnboll1e• o! 
FUrn such ns FdUMP wns 111 lc11st not dccrc11scd upan rcu 
trnnsformntian slnce cyta1oxlclty ar FUrn was the sume or 
evcn not significantly increuscd in c-J·l·ras trunsformcd nnd 
control cclls. lt is not yct known whether 1his newly dcman­
strnted dFUrd nctivity enlrnnccment can be cxploited opti· 
mally in c-1-1-ras transformed cells. 

h is frequcntly stutctl thut con1inuous dFUrd trcntmcnl 
might be more cffective thun bolus dFUrd [6J. Nude mice 
bcuring NIH 3D cells trnnsformed with ras and other 
oncogencs as discussed nbove offcr un intcrcsling modcl to 
define optima! trcntment with dFUrd. This is cspcciu\ly true 
forcolorectal tumours sincc ras involvcmcnt wus frcquenlly 
dcmonstrntcd in this tumour type 131 nnd dFUrd has preven 
efficacy in the trer!lment of this tumour. Since ncliv:itcd ras 
oncogenes huvc nlso bccn associatcd wi1h rcsistancc 10 
cispla1in and lo ionizing rndialion (4, lOJ, lhc prescnl di1la 
add lo lhc undcrs1unding of the rnlher uniquc cflicncy of 
fluoropyrimidincs in 1hc trc:itmcnt of colorect•1l cancer. 

In summnry, trnnsformntion of NIM 3T3 cclls wi1h c-H· 
ras hns . bcen demonstrnlcd 10 rcsult in significan1ly 
increascd activution of 5' -deoxy-5-fluorouridinc and sig· 
nificantly increascd cy101oxici1y in 11itro as comparcd to 
non-trnnsformcd NIH 31'3. FUrn cy1otoxici1y appcarcd to 
be increascd also in vitro upan transformation; thc lt:vel of 
signific:ince howevcr wns bcyond that of acccptcd sig­
nificance (O.OS< P < 0.01). Fur1hcrmore dFUrd preved 10 
be lcss active Ítl vil.Jo in nudc mice bcaring v-fos transformcd 
NIH 31'3 cclls than in nudc mice bcuring c·H·ras 1rnns· 
formed cells. 
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llyposmolarity-scnsitivc rclcasc oí taurinc and free amino acids from human 
lymphocytcs 

(Received 12 December 1989; accepted 1A11gus11990) 

The ability of human lymphocytcs to rcgulntc thcir volume 
in anisosrnotic conditions is wcll documcnlcd [for rcccnt 
reviews sce Refs. 1 nnd 2J. When exposcd to hyposmo1ic 
media, humnn lymphocy1cs show rapid initial swclling fol· 
lowcd by a regulatory phnsc in which cclls rcturn to neur 
normal volumc. TI1e regulntory \'olumc dccreasc follo\\•ing 
osmotic swelling results from the loss oí in1raccllular 
osmotically nctivc salutes, mainly K'' nnd e¡-. In human 
lymphocytes lhcse ionic rcgulntory fluxcs occur through 
sepnrate Kt- and c1- pathways [t. 3, 4J, whereas in other 

cclls lhcy nrc carricd by K.,./c1- cotransport systems, acti· 
vatcd by thc OS!l)Otic stress (SJ. 

Although the rcduc1ion in the umount oí intraccllulnr 
salutes lending to cell volumc rcgulntion corresponds 
lurgcly IO lhc loss oí K' :md c1-, somc amino compounds 
also bchavc as intraccllular osmolytes and nrny contribute 
at sorne extcnt to thc. rcgulatory proccss. Tite involvemcnt 
oí frc:c nmino acids (FAA) in osmorcgulation in nquatic 
vertebrales und invcrtcbrntes nuturully exposed to fluc­
tualions in extern:ll osmolnrity is well rccognizcd 16, 7]. 
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Lcss information cxists about a similar role íor FAA in 
mammalian cclls although it is known that a numbcr of 
thcsc cclls posscss mcchanisms for ccll \'Olumc adjustrncnt. 
FAA, notably taurinc. are rclcascd from Ehrlich ;1scitcs 
cclls [8] 1 supcrfuscd rnt brain [9, 10] and culturcd astrocytcs 
[11] upan hyposmotic stimulatinn. lluman lymphocytc:-. 
contain high concc111ratinns of lm1rinc. arnund 35 mt>.t, 
and othcr FAA IIZ, 13), which may contrihutc a~ \'Olun11! 
rcgulatory osmolytcs. ln thc prcscnt work, changcs in F AA 
contcnt of human lymphocytcs in response to hypnsmotic 
stress wcrc cxamincd in onlcr to cvalualc its involvc-mcnt 
in thc mcchanisms of ccll volun1c adjustmcnt. Propcrlics 
af thc rclcasc of ¡3HJtaurinc wcrc also cxamincLI to ob1ain 
insight inta thc mcchanism of thc volumc-scnsitivc rclcasc 
ar FAA in human lymphocylcs. 

Metlrods 

Lympliocyte isolathm. UlooLI was rnllcch:d from n con­
stant group af human donors, in .stcrilc syringcs cont;lining 
EDTA (10%), ami thc blood samplc W<1s dilutcd 1: 1 with 
Krcbs-bicarbonalc mcdium (KBM) con1aining (in mM): 
118NnCI, 4.7KCI, 1.1 KH,PO,, l.OCaCI,. l.2MgSO,, 
25 NaHC03 and 5 ~!ucase, pll 7.4, adjustcd hy buhbling 
with O/C02 (95%/5%). Cclls wcrc isolatcd by thc pro­
ccdurc of Boyum 114) m; follows: 4 mL of dilutcd hlood 
sample was laycrcd carefully on 3 mL of Hystopaquc 
(Sigma) in 15-mL conical ccntrifuge plastic tuhcs, ami 
centrifugcd al 400 g far 40 min. The interface eontainin!! 
lymphac:ytcs was separatcd and washcd once with KBM 
and the pcllcts wcrc rcsuspcndcd in Kll~t. Thc suspcnsion 
obtaincd containcd ncgligihlc contami11;1tion of p\;1tclcts 
and palymorphonuclcar cclls ;md was free nf crythrocytcs. 
Cell viability, cstimated hytrypan blue exclusion, was ahm1l 
98%. 

Relea.u of¡.'JIJtaurinc. Cells were preincuh<iled in KBM 
containing ['HJtaurinc (5 11M final concentration) al 3?º 
for 1 hr. Aítcr this loading pcriod, cclls werc filtcrcd 111 

Milliporc filtcrs (0.6511M pore). For thc time-course 
expcrimcnts, filtcrs wcrc lransfcrrcd to glass supcrfmion 
chambers of 0.25 mL and supcrfuscd at a flow rate of 
0.8 mL/min with KBM al 37º. Frnctions of thc pcrfusate 
wcrc collccted at 1-min intcrvals dircctly into scintillation 
vials. Aítcr a washing pcriod of 8 min, thc bascline dflux 
was attaincd and cclls wcrc thcn stimula1cd far 8 min with 
mcdiaof rcduced osmolarily. At 1hc cnd of the superfu!-ion, 
radioactivity rcmaining in ce lis and that ar collcctcd sampl~s 
was measurcd byscintillation spcctromctry. In othcr expcr1· 
mcnts, filtcrs werc transfcrrcd lo vinls containing 1 mL of 
thc differcnt experimental media and incub;1tcd during 
8 min at 37º. At thc cnd of this incubation pcriod, radio· 
nctlvity was mcasurcd ii:i incubation media and nltcrs. 
Results are cxprcsscd as fractional rclcasc, i.c. thc radio­
activity in fractions as pcrccnt of total radioactívity in thc 
ccJls at the starl af supcrfusion or incubntion, cxcluding tl~c 
washing pcriod. Thc drugs to be tc.!itcd wcrc addcd 15 nHn 
bcíorc thc cnd uf the londing period nnd wcrc prcscnl 
during ni! thc supcrfusion or incubation pcriods. Whcn 
drugs wcrc dissolvcd in solvcnts othcr than water, controls 
wcrc cxposc<l to thc samc conccntrntion ar thc solvcnt 
u~cd. 

Determl11atio11 of cndogcmou.r free amino acids. Free 
nmino aclds wcrc cxtrnctcd with 70% c:lhnnol 11nd dcri· 
vntlzcd wlth O·phtlmldlnldchydc. Thc nmin? ncid contcnt 
was detcrmincd by rcverscd ph:1sc HPLC m a Ucckmnn 
chromotographic systcm, cquippcd wilh an Ultrnsphcrc 
column. 

Rt:sults ancJ Dlrcu.uim1 
Thc conccntrnlion of FAA of lmrnnn lymplmcytcfi ii. 

11hnwn In 'J'nhlo t. '1'11urlnu, wlth 11 cnnccntrutlun uf 
239 mnoVms protcln wM the most 11bum.l11111 F'AA, con· 
flrmln~ prcvlou' obmvnllon• by Fukudn cta/. l 13), Tnurluc 
aQ~0Ut\1od fur HtUtO th1111 (1~% ut 1ho 101111 FAA p~ml. Othur 

Table 1. Free amino acid contcnt oí huma-O lymphocytcs 

Amino ncid 

Glu1amic acid 
1 fü1idinc 
Glycinc 
"fourinc 
¡J-Alaninc 
Alanine 
Scrinc 
Valine 
Lcucinc 
Isoleucinc 

44.5 :!:0,40 
7.8 :!: 0.69. 

19:5 :!: 1.5 
238.7 :!: 7.3 

26.2:!:1.6 
20.2 :!: 2.1 

8.3 :!:0.5 
2.8 :!:0.19 
1.8 :!: 0.09 
2.1:!:0.09 

FAA conlcnt was determincd in ethanol cxtrncts by 
rc\•erscd phnsc HPLC. Rcsults are mcnns ::t SE of 6 scp· 
arate dctcnninations. 

FAA prcscnt in lymphncytcs includcd glutamic acid, al a 
conccntrntion oí 44.5 nmoVmg protein, glycinc, alnnine and 
¡J-ulaninc al conccnlrations ranging from 20 to 26 nmoVmg 
prolcin (Table 1). The ccllular volumc/mg protcin wns 
calculated to he 8.17 ¡iL, considering ;111 avcrngc cell vol u me 
of 190111111 {0.19 x 10-1•¡1L) {2.15J ;md 43 x 106 ccll!/mg 
prolcin. Accordingly, thc conccntr;Hion of taurinc was 
found to he 27.5 mM, which is within thc rnnge rcportcd 
[12J, and that of total FAA w<is -12.7 mM. Thosc vnlucs 
may he even highcr, sincc thc osmolic:1lly active wnlcr in 
human lymphocylcs corrcsponds lu only 68% of thc ccllular 
volumc !JJ. 

Upon incuhiilion in media of dccrc;1sing mmolarity, thc 
FAA contcnt of cclls dccrcascd. Most FAA responded lo 
hyposmolarily, hui diffcrcnccs wcre ohscrved in thc 
amount rcJcascd by cells and in thc scnsitivity to lhc stimu­
lus. According to thcsc differenccs, f-'AA may be grouped 
as follows: 0) Taurine, glutamate ;md histidinc werc tightly 
rctaincd by thc cclls in isosmotic conditions but wcrc 
rclcnsed in response to rcduclions in osmolarity, cvcn to 
snmll dccrcascs (Fig. IA). The ccllulnr conlcnt of thesc 
amino acids dccrcased 70-90% by rcducing osmolarity to 
150 mOsmol (f-'ig. JA). The largcst dccreasc (almos! 90%) 
wns observcd far taurinc. (2) Glycinc, nlaninc and /J-nlaninc 
wcrc also strongly rctaincd by cclls in isosmotic conditions 
but upan stimulation wi1h hyposmolnr 111ediurn 
(150m0smol), cclls still rctnincd 35-40% of their initial 
content (Fig. IB). (3) Valinc, isolcucine nnd serinc werc 
relcnsed in isosmotic conditinns nnd wcrc prnctieully unrc­
r;ponsivc to hypo!'lmolnrity (Fig. JC). Rcduction in thc 
inlrncellulnr contcnt of FAA was duc lo an nctivation of 
efílux sincc thc dccrcnse in ccllulaÍ contcnl was quan­
tilntivcly nccountcd far by the conccntration found in lhc 
mcdium (Fig. 1 ). 

Thc timc-coursc of lnurinc rclcnsc in response to hypos· 
molarity was cxamincd hy following thc ernux oí 
1'1 !Jtaurine in hyposmoticnlly strcsscd cclls. Figure 2 shows 
thal decrcnsing osmolarity lo 150 mOsmol rcsultcd in n 
rapid relcnsc ar !"11 IJtnurine which nttained a mnximum 
within thc first minute (aftcr subtracting thc dcad spacc 
of thc supcríusion syslem) and thcn dcclincd despitc thc 
pculstcncc oí thc s1in11..¡tus. H.clluc1lon In osmolurity wns 
ohtnincd by dccrcasing the Na• conccntrnlion of lhc 
111cdiurn, hui it ii; thc hypo!!molrir condition nnd not thc 
rcduction of Na'"·conccntrntion which induces tnurinc 
relcasc, sincc a solution with low Na• bul mndc isosmotic 
with sucrosc did not clicil thc rclcasc or [lHJtaurinc. 

Thc hyposmolnrity·scnsitivc rclcnsc of PHJtílurinc was 
unnHcclcd hy dccrcni;ing lhc tcm¡icrnturc to 15º, hut it wns 
rcduccd hy 1\0% 111 411

• 'l'hlM oh11crvn1io11 t1uggc"t11 lhnt thc 
rclcnsc or tnurlnc Is not cncrgy dcpcndcnt. Thc lnhlhlllon 
olncrvcd ni Jow tcmpernlurc nrny be duc In chnnpcA In 
IM!nhrnnc 11uhllly thnl lllllY nm:ct t!IHUH\Ul11ll IHllCC/IMt!M, 
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Fig. l. Effect of decrcascd osmolarity on FAA content in 
human lymphocytes. Cclls wcre incubatcd in isosmotic 
mcdium (300 mOsmol) or in media of dccreased osmol­
arity: 0.85, 0.7 or 0.5 of thc ismmotic mcdium, during 
8 min. Aflcr incubntion, cells wcrc ccntrifugcd nml washcd, 
and FAA wcrc cxtractcd with 70% cthanol. FAA contcnt 
in cell cxtracts (whitc bars) or in incubation media (dashed 
bnrs) was mcnsurcd by n::vcrscd plrnsc 1 IPLC. Rcsults are 
exprcssed ns pcrccnt changc in cclls or in incubation media, 
with rcspcct to 1hc cmlogcnous FAA contcnt in non-incu­
bated cells (100%, brokcn linc). (A) Clrnngcs in tnurine, 
glutumatc aod histidine. (B) Changcs in fJ·alanine, alanine 
and glycinc. (C) Clmnges in valine, scrinc and isoleucine. 
Results nre the mcnns ±SE oí 4-6 experiments. FAA 
re le ase in hyposmotic media wns signific:mtly diffcrent from 
isosmotic mee.Hum by: •p < 0.001; "P < 0.01; 'P < 0.02; and 

t!p <0.05. 

Volume rcgulntion in humnn lymphocytes is ussocintcd 
with losscs ar cellulnr K+ and c1- [4, 5]. Thc chnnge in K-+ 
efflux activntcd by hyposmolarity secms to be conductivc 
at lcast in part [4, 5]. K + lluxes ussocinted with ccll swclling 
are inhibitcd by antagonists ot Cn2• -dependcnt K .- chnnncls 

40 

30 

SUPERFUSION TIME lmlnJ 

Fig. 2. Time-course ar (3H]taurinc rcleasc stimulntcd by 
dccrcased osmolarity. Loading nnd releasc conditions werc 
ns dcscribcd in Mcthods. During thc time indicatcd by thc 
bar, the superíusion mcdium (isomotic) wns rcplnccd by n 
hyposmotic mcdium (150mOsmol, 35mM N11CI). Rcsults 
are cxprcsscd as fractional rclcase ns defined in Methods. 
The grnph corresponds to a reprcsent:Hivc cxpcriment from 

a total of 4. 

such as quininc, tetraethylammonium nnd 4-nminopyri· 
dinc, nnd by ngents inlerfering with the Ca2•-calmodulin 
sys1em likc chlorpromazinc nnd trifluopernzine [l, 3, 4]. 
The volume·induced increase in c1- efflux occurs simul· 
taneously but independently oí 1he K+ fluxes. c1- con· 
ductancc :.1ssociated with volumc changes in human lym· 
phocy1es is blockcd by dipyridamol und by thc disulíonic 
stilbcne dcrivatiYcs 4 14'·diisothiucyunu:itilbenc·2 12'·disul· 
fonic acid (DIOS) and 4-ncetnmido-4'·isothiocyanato· 
stilbcnc·2,2'·disulfonic ncid (SITS) [4]. To investignte 
whe1her lhe hyposmolnrity·induccd rclease of FAA wns 
associated wilh thc ionic lluxes activutcd by swclling, tite 
efft:cts of quinidinc, barium, 1etrae1hylununonium (TEA) 
and gado!inium on 1hc rc:lcase oí [3J·J]tnurinc werc 
cxamined. Thc concc1llralions uscd werc thosc reported to 
inhibit ionic 11uxes ¡1, 3, 4J, i.c. 751iM quinidine, 15 mM 
bnrium, and 15 mM tetruethylammonium. Gadolinium wns 
uscd at conccntrations ar 10 nnd 100 µM. None of these 
compounds modificd taurine cfflux (Table 2). Higher con· 
centrntions, par1icularly thosc of quinidine, werc toxic to 
cclls. DIOS showcd an inhibilory effect on the hyp· 
osmolarity·scnsitivc rcleasc of taurinc. Thc cffect of DIOS 
was cxamincd on thc rclease of labeled ns well as of 
cndogenous t:.1Urinc duc to sorne qucnching produced by 
DIOS at highconccntrutions in thc experimental procedure 
used far m~nsuring radioactivity. Thc inhibitory cffcct of 
DIOS wns conccnlration depcndcnt, wilh a mnximal inhi· 
bítion of about 40% <lt 200 ¡1M (Fig. 3). Inhibition clase to 
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Table 2. Effcct of omission of Na• or c1- and of,inhibitors 
of ionic fluxcs on thc rclcasc of [3H)taUrinc c-\'okcd by 

Conditions 

Control 
Na•-frcc 
c1·.rrcc 
TEA, 15mM 
Barium, 15 mM 
Quinidinc, 7511M 
Gadolinium, 1011M 

hyposmolarity · · 

['H]Taurinc rclcasc (%) 
Isosmotic Hyposmotic 

6.1 :!:0.8 
5.9 :!: 0.3 
5.0 :!: 0.1 
6.4 :!: 0.3 
7.0 :!: 0.8 
5.1:!:0.9 
6.8 :!: 0.7 

72.7 :!: 6.2 
71.0 :!: 5.8 
67.9 :!: 1.7 
69.7 :!: 5.9 
71.0 :!: 3.5 
73.7 :!: 2.1 
71.7 :!: 2.9 

Cclls wcre londcd wilh l·'l-IJtaurinc and incubatcd ns 
dcscribcd in Mcthods, with isosmotic mcdium m with a 
medium of rcduccd osmolarity (150 müsmol). Thc ionic 
composition was modificd in both. isos~1otic and hypos­
motic media. Na• and c1- in thc cxpcnmcntal soluuons 
wcrc rcplaccd by thc corrcsponding salts ar cholinc <1nd 
gluconatc. Drugs wcrc prcscnt ~uring .thc lma.15 min. oí 
thc loading pcriod and in media dunng all mcubatmn 
periods. Whcn solvcnts other than water wcrc uscd. con· 
trols werc e"poscú to thc snmc nmount of solvcnt. Rcsuhs 
are cxprcsscú ns rrnctional rclcnsc {%) and are 1hc 
mcans ±SE of 4-12 cxpcrimcnts. 

maximal was obscrvcd in thc prcscncc of 50-100 ¡tM OID.s. 
A noticcablc inhibition was obscrvcd ••t 1011M DIOS (F1g. 
3). Thc inhihition of OJDS incrcased in a c1- -free me~ium. 
No c{fcet on thc rclcasc of { ~HJ taurinc was obscrvcd 111 thc 
prcsencc of pimozidc (10 llM) or trifluoperazinc (101iM) 
(rcsults not shown). Ali thesc obscrva1ions suggcst th~t thc 
hyposmolarity-scnsitivc rclcase of FAA. occurs mdc­
pcndcntly of thc ionic Huxes activntcd dunng lhe volumc 
rcgulntory proccss nnd of Cal+ ·!ncdi~tcd .trnnsduction rc.ac· 
tions. ln furthcr support to th1s notmn 1s thc obscrvallon 
that nctivating K • ·fluxes in isosmotic comlitions by A23187 
dld not eliclt (lUJtaurinc relcnsc (rcsults not sho~n). lt h~s 
bccn obscrvcd in human lymphocytcs thnt K -íluxcs m 
isotonic conditions are nclivatcd in thc prcscncc oí thc 
1ºi;;'~ch~~c\~!~ism rcsponsiblc far thc rclcasc of FAA in 
response to hyposmolarity is unclcar at presc~t. Th~ hyp­
osmolarity-scnsitivc c!Oux may rcsult from a sumulatmn of 
thc Na•·dcpcndcnt, carrier·mediatcd transport system íor 
nmind acids or from nn nctivaton of lcak pathways. To 
lnvestignte whether taurinc crnux might occur through the 
carricr transport systcm working outwnrds, the cHect of 
removnl oí cxtcrnal Nn + wns cxamined on thc spontancous 
and thc hyposmolarity·scn~ltiv: r:tcnse of t~ur!n~. Under 
thc1c conditions 11 Na+ grad1cnt 11mdc > outs1dc as 1mposcd, 
whlch should drive tnurine cfílux In that dlrcction. Also, 
cvldcncc or !he ublllly or thc corrlcr to opcrotc tronsportlng 
intrnccllulnr tnurinc to thc cxtrnccllulnr spnec wns tcstcd 
by mcnsuring in an isosmo1ie medium the rclcasc of 
(3H]taurlnc upan incrcasing thc conccntration of, extra· 
ccllulnr unlabclcd taurlnc. Results oí these cxpcnmcnts 
showed that ncithcr the spontancous nor thc hyp· 
osmolarity-scnsitivc re le ose or \3ll]taurinc wcrc nrrce~cd by 
Nn ~ oml11lon (Tnblc 2). Also, thc clílux of prcvmusly 
occumulntcd ('Il]tnurlnc wns not actlvated by horno· 
cxchongc (mul!S not shown). Tltcsc rcsull1 orguc ogolnsl 
thc involvcment or the Na•-dcpendcnt cnrrier on thc ~wcll­
tng·~.ssoclntcd rclcasc of taurinc. Morcover, thc 1men· 

.' Corrt1pomhmco: Dr. Hcrminla PnAnntc"·Mornlc•, 
ln11thuto de Plslolosm Cclulnr, Ap11r111do Post11l 7U·60<l, 
04510 Móxlco D.F. 
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Fig. 3. Effcct of DIOS on thc hyposmolarity·scnsitivc 
rclcasc oí cndogcnous rnurine. Lymphoc)lcs obtaincd ns 
dcscrihcd in Mcthods wcrc incubntcd in isosmotic medium 
conlilining thc conccntrntion of DIOS indicntcd for cach 
point for 30 min. Artcr this time, cclls wcrc. incubatc~ ~or 
8 min in hyposmotic mcdium (O. 75 osmo!anty) c~nta1m~g 
the samc conccntration of DIOS as m thc tsosmouc 
mcdium. C.mlrols wc;-rc incubalcd in isosmotic and hypos· 
motic media without DIOS. Taurinc rclcascd lo thc incu· 
bation mcdium and thnt rcmnining in cclls ni 1hc cnd oí lhc 
cxpcrimcnt was mcasurcd by l~PLC. Rcsults are cxprcssc.d 
as pcrccnt inhibition of taunnc rclcascd by hyposmoue 
mcdium in thc abscncc of DIOS. Rcsults are mean ± SE 

or 3-8 cxpcrimcnts. 

sitivity of taurinc rclcasc to dccrcascs in tempcraturc sup­
ports this conclusion sincc thc tcmpcraturc-dcpcndencc of 
the tnurine cnrrier is wcll cs1nblished [16]. 

Results of thc prescnt study indirectly suggest that FAA, 
particularly taurino. pnrticipatc in volumc reg~lat~ry pro· 
ccsscs in human lymphoeytcs. As compared to 1omc osmo· 
lytcs, thc contrihution of FAt\ may be rclativcly small, 
sincc 60%, on the average, of a tola! FAA pool of aho~t 
43 mM lea\'es the ccll in response to large dccrcases m 
osmolarity (150 mOsmol). Lymphocytes, as many other 
cells, havc un anionic delicit with rcspcct to cation con· 
centrntion. Thc potassium conccntration in human lym­
phocytcs is about 140--170mM [3, 17], whcrcas thc c1-
contcnt of cclls is mu ch Jowcr. There are large discrcpancics 
in the values rcportcd far intraccllular c1· in lymphocytcs, 
varying from 30 to 90 mM (3, 18, 19J. Morcovcr, thc free 
cytoplasmic conccntration of c1- may be signilicantly dif­
forcnt from the total eellular conccntration rcported, since 
compartmcntation is suggestcd by thc severa! components 
obscrvcd in thc kinetics of c1- cHlux [19]. Thcsc obser· 
vations suggcst that not ali e¡- in thc ccll may be availablc 
rar volumc rcgulation. In thesc conditlons thc contribution 
of non·clcctrolytc 11olutc:5, capcc:inlly F'AA, mny be impar• 
tant to compcnsate for the lonic deficlt. 

In sumnrnry. this study has shown that human lym­
phocytes possess a hyposmolarity·scnsitive .relcase.ofFAA, 
particularly ar thc most ahundant onc, taurmc. Th1s !clcase 
may contributc to thc volumc regulatory dccrcase 111 lym· 
phocytcs. 
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Cholestcrylsuccinyl-N-hydroxysuccinimide as a cross-linking agcnt for thc 
nttachmcnt of protcin to liposomes 

(Recei!Jed 17 April 1989; accepred 30 Augusr 1990) 

Immunoglobulin·cou1ed liposomcs contuining drugs lmvc 
becn cxamined (i) for their abilily to spccilicnlly in1crnc1 
with cognale surface anligcn on 1umour cc!Js and (ii) for 
lilrgeting to tumours in animuls l l J. An1ibmly co;111:d 
liposomes havc bccn prcpurcd by Hashimoto t't al. p J 
who incorporated N·(m·mnlcimido bcnzoyl) dipnlmiloyl· 
phosphatidyl etlrnnolaminc inlo liposomcs which wcre lhcn 
rencted with immunoglobulin. Covalent <lllnchment occurs 
viu protcin sulphydryl·SH groups 10 lhc rnalcimido arca of 
the modified phosplmlipid. Arn1chmcnt oí immunoglobulins 
has also bcen achicvcd through a disulphidc sulphydryl 
group cxchnnge reaction using liposomcs containing 
dipalmitoyl phosphu1idyl·c1h11nol11minc·3-(2·pyridyldithio) 
propionale f2J. Less·specific cross-linking proccc.lurcs havc 
mude use of lhe coupling reagcnis toluenc-2,4-diisocyamue 
and l·ethyl·3·(dimc1hylaminopropyl) carbodiimide [3, 4]. 

In thc present communica1ion wc describe an :1llema1ive 
proccdurc for 1u1nching prolcins nnd amino group­
containing molccules to liposomcs. The mcthod makcs use 
oí cholestcryl·succinyl-N-hydroxysuccinimidc incorporated 
lnto membranc s1ructurcs of liposomes (Fig. J). The 
rcsulting liposomcs werc found to be capablc of intcrnc1ing 
with amino group·coniaining subslilnces to givc molccucs 
covalently alluchcd to thc surfocc. 

Alaterü1ls ami Merlwtls 

Chemicals. Cholcsteryl hemisuccinatc, N·hydroxy· 
succinimidc and N,N'·dicyclohexyl carbodiimide wcre 
purchased from thc Sigma Chcmical Ca., Pool, U.K.). 
['ll]Puromycin (5 Ci/mmol) was supplied by Amcrsham 
(Ducks, U.K.). Ali other rcagents werc ofannly1ical grade. 

Preparalion oí cholcsteryl hcmisuccinyl·N·hydroxy· 
succinimidc (Fig. 1). Cholesteryl hemisuccinatc (97.4 mg, 
0.2 mmol) and N-hydroxysuccinimidc (25.3 mg, 0.02 mmol) 
werc dissolvcd in 1 mL of dioxane. To this solution was 
11ddcd N,N' ·dicyclohcxyl carbodiimide (41.3 mg,0.2 mmol) 
dissolved in 0.3 mL dioxane. The rcaction mixture was 
ullowed 10 s1and at room tcmperalurc overnight. 
Dicyclohcxylurea was removed by filtralion and the clear 
filtrnlc takcn to dryness al 37º undcr v11cuum. Thc rcsidue 
was takcn up in 2 mL dioxane and allowcd to stnnd nt 
room 1empcrn1urc for 2 hr until no further crystullization 
of dicyclohcxlurca occurrcd. Following filtration the finnl 
solu1ion was concentrnled to dryness nnd lhc rcsidue 
recrysiallizcd from isopropanol. m.p. 151-152º. Chroma· 
1ography on sili<:u gel 60Fm TLC pintes dcvcloped 
in CHCJ 3 :methanol (9:1, v/v) gave n single spot 
(hydroxylamine/FeCl 1 for active ester and 1 % HCJ0 4 with 
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Taurine Release Associated to Volume Regulation in 
Rabbit Lymphocytes 
J. Jesús García, R. Sánchez Olea, and H. Pasantes-Morales 

lnstitute of Cell Physiology, National A. University of Mexico, 0451 O México D.F., Mexico 

Abslract Rabbit lymphocytes exposed lo hyposmolic media first swell and !hen recover !helr lni!ial volume 
within 6 min. During volume recovery, free amino acids (FM) decrease from 451.1 lo 206 nmoles/mg pro!ein. Taurine 
was !he dominating FM, accounling fer 70% of the FM pool. The time course of 'H·taurine release induced by 
hyposmolarity followed that of volume recovery. Efflux of 'H·taurine in an 6 min period was 17.6% (of total labeled 
taurine accumulated during loading) in an isosmotic medium. Rcducing osmolarity to 0.67, 0.75, 0.62, and 0.5 
lncreased this release to 24.6%, 36.1%, 56.4% and 70.9%, respectively. The volume-sensitive release of'H-taurine was 
unaffected by omission o{ externa! Na• orea•• and was reduccd by 23% in the absence o{ c1-. lt was unaffected by 
agents disrupting the cyloskeleton or by tetraethylammonium, barlum, quinidine, and gadolinium, but was 26% 
reduced by DIOS. Taurine release was inhibited at 4'C, but was unchanged at 15'C or 25'C. An involvemenl of FM, 
particularly taurine, in lymphocy!e volume regulation is suggested. 

<:::.; Key words: hyposmolarity, swelling, free amino acids, DIOS 

Cell volume regulation is a process described 
in severa! animal cell types ""1Josed to anises· 
motic media [1,2]. In hyposmotic conditions, 

·"I cells rapidly swell because of their high perme· 
"' ability to water. Swelling is followed by a slower 
~ recovery phase in which cells return to near· 
"' normal volume. This process is known as regula· 
~ tory volume decrease (RVD) snd is mecliated by 
~ a reduction in the interna! salute content. Vol· 
~ ._ ume regulation has been observed in epithelial 
:! cells [3,6), red blood cells [7 ,8), Ehrlich ascites 
~ tumor cells, astrocytes [10,11), snd human lym· 

phocytes (12]. In vertebrate cells, the RVD is 
mainly eupported by a net loss of intracellular 
K• and 01- (3,12,13]. In blood cells ofeuryhaline 
invertebrates and fishes, free amino acids (FAA), 
particularly taurine, also contnlmte to the regu· 
Jatory process (14-16]. This occurs through the 
activation of amino acid ef!lux, thus reducing 
the osmotic gradient. In mammalian cells, the 
lnvolvement of taurine and free amino acids in 
volume adjustment has been described in bird 
erythrocytes [17], Ehrlich acites cells [9], and 
cultured MDCK cells [18] and astrocytes [19]. 
Mammalian lymphocytes contain large amounts 
oftaurine, in the millimolar range [20,21], and 
aleo possees the ability to regulate cell volume 

Reotlvtd P'tbruaey ae, 1880 acceplod Sopltmbor 1, 1880. 
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(22,23]. In arder to investigate whether taurine 
and other FAA participate in the process of 
volume regulation in lymphocytes, in the present 
work, the release of taurine and FAA in re­
sponse to decreases in externa] osmolarity was 
examined in rabbit lympbocytes. 

MATERIALS ANO METHODS 
Ch~micals and Solutions 

A23187, DIDS, quinicline, tetraethylanuno· 
nium, furosemide, colchicine, and cytochalasin 
B were purchased from Sigma Chemical Com­
pany (St. Louis, MO). Bumetanide was a gift 
from Leo Laboratories, Denmark. 

Krebs-bicarbonate medium contained (in mM) 
NaCI 118, KCI 4.7, KH.P04 1.17, CaCI, 2.5, 
MgSO, 1.2, NaHCO, 25, and glucose 10, pH 7.4, 
adjusted by bubbling with 0,1001 (95%:5%). So­
Jutions with decreased osmolarity were pre· 
pared by reducing tbe concentration of NaCI 
without modifying the concentration of other 
salutes, as follows: 100% osmolarity, NaCl 118 
mM; 75% osmolarity, NaCI 79 mM; 62.5% osmo­
larity, NaCI 67.6 mM; 50% osmolarity, NaCI, 
38.fi mM. Drugs were cfüso!ved In water (bolllng 
water for quinldlne), except bumetanlde and 
A281B71 whlch wcre cllieolvod In ethanol, and 
c:yt.ochalaaln B, In dimethylsul!oxide, 
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lymphocyte lsolation 

Lymphocytes were obtained from adult albino 
rabbits (2-3 kg weight). A constant population 
ofrabbits was used through ali the experiments. 
The procedure of Boyum [24) was u sed for isola· 
tion of lymphocytes. Periferic blood was oh· 
tained by cardiac punction with aterile syringes 
containing 10% EDTA. The blood sample (20 
ml) was diluted 1:1 with Krebs·bicarbonate me· 
dium, and 4 mi of this clilution was carefully 
layered on 3 ml of Hyatopaque (Sigma) in coni· 
cal centrifugue tubes of 15 ml. Afler centrifuga­
tion at 400g for 40 min, the interphase contain· 
ing lymphocytea was separated, washed once, 
and resuspended in Kreba-bicarbonate meciium. 
Thia preparation contained negligible contami· 
nation of plate!ets and polimorphonuclear cella 
and was free of erythrocytes. Cell viability, esti· 
mated by trypan blue excluaion, was about 98%. 

Cell Vol u me Measurements 

Cell volume changes were followed by changes 
in the optical properties of the lymphocyte sus­
pension incubated in media of different osmolar· 
ity. Absorbance at 700 nm was measured in a 
double-beam spectrometer equipped with a mag­
netic stirrer and temperature controller. A cell 
suspension in Krebs-bicarbonate medium was 
diluted with water to obtain the desired osmolar­
ity in 1 mi final volume. Changes in absorbance 
were followed during 10 min at 37'C. Except as 
otherwise indicated, volume measurements were 
carried out in a calcium-free medium to avoid 
cell aggregation. Volume regulation is unaf· 
fected under these conditions [12). 

Release of'H-Taurinc 

For release experiments, cells were preincu­
bated in a Krebs-bicarbonate meciium contain· 
ing 1H-taurine (5 µ.M, 2 µCi/650 µ!) at 37'C. 
Aft.er this loading period, cella were filtered in 
Millipore filters (0.65 µm pare). Filters were 
then transferred to glass superfusion chambers 
of 0.25 mi and superfused at a flow rate of 0.8 
ml/min with Krebs-bicarbonate medium at 37'C. 
Fractions of the perfusate were collected at 1 
min intervals directly into scintillation vials. 
Aft.er a washing period of 18 min, the baseline 
effiux was atta!ned and cella were then stirnu­
lated durln¡ 8 m!n w!th media cf reduced osmo· 
larlty. At the end of the 1uperfua!on, rad!oactiv· 
lty rtmalnln¡ in ctll1 and that of collected 
aamplea w11 moa1ured by 1c!ntlll1t!on 1pectrom· 

etry. Results were expressed as fractional re­
lease, i.e., the radioactivity in fractions as per­
cent oftotal radioactivity in the cells at the start 
cf the superfusion, excluding the washing pe­
riod. In sorne experiments, filters were trans­
ferred to vials containing 1 ml of the different 
experimental media and incubated during 8 min 
at 37ºC. No difference was found between re· 
sults of these two experimental procedures. Ex­
cept when otherwise indicated, the tested drugs 
were added at the end of the loading period (15 
min) and were present during the whole superfu· 
sien period. When drugs were dissolved in a 
solvent other than water, controls were exposed 
to the same concentration of tbe solvent used. 
Cell viability was exarnined in all experirnents 
with drugs. 

Detcrmination of Endogenous Amino Acids 

The FAA cont~nt of lymphocytes exposed to 
media of different osmolarity and FAA released 
by hyposmotic conditions were determined by 
reversed-phase HPLC in a Beckman chromato­
graph equipped with an Ultraspbere column. 
F AA from cells were extracted with 70% ethanol 
and derivatized with 0-phthaldialdehyde. FAA 
in the superfusate were measured directly aft.er 
derivatization. 

RESULTS 

Lymphocytes exposed to a medium with re­
duced osmolarity (159 m Osmolcs) rapiclly swell, 
reaching the highcst volume within 30 s. Then 
the volurne decreased and almcst recovered the ® 
initial value after 6 min (Fig. 1). f¡ 

Decreasing osmolarity of the superfusion me­
dium resulted in a massive release of'H-taurine 
accumulated by cells during the loading pericd. 
The fractional release of'H-taurine that in isos· 
moti e conditions corresponded to 17 .8% in 8 min f 
increased to 70.9% in the same period upon ..., 
exposure to a medium with 50% reduction in t, 
osmolarity. The time course of the release pro- :¡ 
cess is shown in Figure 2. Tbe peak release was ~ 
attained within the first minute, aft.er substract- ~ ~· 
ing the dead space of the superfusion eystem, · 
and then the effiux declined to reach prestimula- ·-J 
tion values, despite the persistence cfthe hypos-
mot!c conditions. A medium conta!nlng the re-
duced amount ofN11Cl Wl!.8 ~ul.rcd to decrel!.8e 
osmolo.rlty, but whcn madc iaoemotic with eu-
crooe, Wl!.8 un11ble to 1tlmul11tt 'H-t.urlnt re- ti-.\ 

• leue (FI¡. 2). \[j;/ 
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Flg. 1. Regulatory volume decrease in rabbil lymphocytes. 
Cells were •uspended In lsosmotlc Krebs mcdium (upper linc) 
or In hyposmotlc (0.5) •olutlon (lower line). Changos In absor­
bance were followed as described In Matcrials and Mcthods. 
Results correspond to a represcntative experiment from four 
separale experiments. 

The efllux of 'H-taurine from Jymphocytes 
was clearly associated to reductions in osmolar-

... ity. The iractional release of'H-taurine in media 
of 318, 270, 238, 197, and 159 Osmoles corre­
sponded to 17.8%, 24.8%, 38.1%, 56.4%, and 
70.9% of total accumulated 'H-taurine, respec­
tively (Fig. 3). 
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F1g. 2. The time course oí ,H·taurine release 51imulated by 
decreased osmolarity. Loading and release conditions are as 
describe<! In Materials and Methods. Ouring the time lndicated 
by the bar, the •uperfuslon medium (lsosmotic) was replaced 
by 1 hyposmotlc medlum (0), (159 mo1mole1, 38.5 mM NaCI) 
or by a medium wlth reduc:ed NaCI but made l•osmotlc wlth 
1ucro1e (1), Re1ults are expreued at fr1ctlon1I releue as 
ducrlbed In M1lerl1l1 and Method1. Ra1ult1 ara m11n1 ol 4-6 
1ep1rate cxperlmonll. S.E.M. rana• 2*-13". 
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Fig. J. Thc eflect of decrcasing osmolarity on 'H-taurlne ne­
leasc from rabblt lymphocytes. Cells were loaded wlth 'H· 
taurine and superluscd with solutlons of decrcastng osmolari· 
ties as indicated. Bars correspond to the release (%} during o 
min of supcrfusion. Results are means :t S.E.M. of the number 
of experiments indicatcd in parenthescs. 

The efllux of 'H-taurine stimulated by reduc­
tion in osmolarity was unaffected when NaCI 
was omittcd from the superfusion medium and 
replaced by choline chloride. The osmotically 
induced 'H-taurine release was significantly re­
duced (30%) by replacing chloride with the im­
permeant anion gluconate. Removal ofexternal 
calcium had no effect on the osmolarity-sensi­
tive release oftaurine (Table 1) . 

The release of'H·taurine evoked by hyposmo­
larity was independent of pH in the range of 
6.0-7.8. Taurine release induced by hyposmotic 
conditions examined at temperatures of 15ºC 

Table l. Etrect or Replecing 
Externel 10115 on the Release of 'H·Teurine 

Evoked by Hyposmolnrlty 

'H-taurine Helease(%) 
ConditiollB lsosmotic Hyposmotic 

Control 9.08 :!: 0.82 (38) 68.0 :!: 7.17 (38) 
Na•.free 6.02 :!: 1.3 (4) 72.5 :!: 2.5 (4) 
c1·.free 5. 70 :!: 1.31 (10) 52.5 :!: 4.68 (6) 
ca••.free 8.40 :!: 2.0 (3) 72.7 :!: 0.46 (3) 

Cella were loaded wilh 'H-taurine and trupcrfuaed BB de­
icnbcd in Matcrinle and Methode wilh iao•motic medium or 
with a medium orreduced osmolarity (O.ó). The lonic c:ompo­
siUon WBB modificd in both lsosmoUc and hypo•moUc media. 
Na' and c1· In tho tu<¡>Orimont.al oolutioruo wore replaced by 
th• com11pondln¡¡ u.lta or chollne and ¡¡luconate. Caldum· 
freo medlum conWnt no caldum and 200 µM EGTA. Ra­
aullJ aro m11&n1 :t S.E.M. or t.ht number or uperlmtn\a 
lndlcatod In porenth ..... 
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Table ll. Efl'ect o!Inhlbltors o! 
Ionfc Fluxe1 and Other Compoundl on 

'H·Taurlne Rclcase Stlmulatcd by 
Hyposmolarlty 

Drug 

Control 
TEA 
Barium 
Gadolinium 
DIDS 
Qui ni din e 
Bumetanide 

Furosemide 
Pimozids 
Trifluoperazine 
Colchicine 
Cytochalasin B 

Concen· 
tratlon 

15mM 
15mM 
10 µ.M 

100 µ.M 
75 µ.M 
20 µ.M 

100 µ.M 
1 µ.M 
3 µ.M 

10 µ.M 
0.5mM 
10µ.M 

'H·t.aurine Helease(%) 

Ieoemotic Hyposmotic 

9.1 ± 0.8 68.0 ± 7.1 
5.4 ± 1.0 74.3 ± 0.1 

10.3 ± 0.8 67.1 ± 0.4 
3.3 ± 0.3 69.6 ± 3.4 

10.5 ± 2.6 50.2 ± 1.4 
9.2 ± 1.6 66.1 ± 12.0 
a.a ± o.a 69.4 ± 4.B 

10.9 ± 0.8 65. 7 ± 3.0 
9.2 ± 0.4 66.3 ± 5.9 
8.5 ± 1.5 69.2 ± 5.2 
9.8 ± 0.8 64.6 ± 12.l 

16.0 :!: 3.0 69.5 ± 3.0 
6.3 ± 1.3 68.5 ± 2.1 

Cells were lncubaled with the drugs during 15 min at the 
end orthe loadlng period and in the media during the whole 
superfuaion period. When solventa other than water were 
used, conlrols were exposed to the same amount oí sol ven t. 
~Ita are mean• ± S.E.M. or 3-38 experiment.. 

and 25ºC was not different from that observed at 
37ºC. At 4ºC, the volume-sensitive release of 
taurine was markedly inhibited to only 20% of 
control at 37ºC (results not shown). 

The influence of the cytoskeleton on the vol· 
ume-sensitive release of 'H-taurine was exam· 
ined by exposing cells to colchicine (0.5 mM) or 
cytochalasin B (1 O µM). N one of these drugs 
affected 'H-taurine efllux (Table II). 

The efl'ects of compounds affecting ionic fluxes 
actlvated during the regulatory volume process 
on the release of'H-taurine evoked by hyposmo· 
larity were examined in order to investigate a 
possible link between these two processes. Table 
I shows that the inhibitors of K• 1c1- cotransport 
furosemide and bumetanide had no efl'ect on the 
volume-sensitive release of'H-taurine. From in· 
hibitors of e1- channels, DIDS (100 µM) re· 
duced 'H·taurine release by 26%, whereas gado· 
linium had no efl'ect. The K• channel blockers, 
tetraethylammonium (TEA), barium, and quini· 
dine ali failed to modify 'H·taurine release CTa· 
ble II). In complement.ary experiments, potas· 
s!um channels were activated in isosmotic 
conditions by !ncreasing intracellular calcium 
concentratlon with the !onophore A28187 [12). 
Taurlne relaaH wu not 1timu!ated under tho.e 
condlt.lone (rHult.a not 1hown). Plmoz!de and 
tr!Huoperazlne dld not afi'ect 'H·taurlne releaae. 

Table m. Efl'ect o!Decreased 
05tllolarlty on FAA Content ofRabblt 

Lymphocytcs 

Amino acid 

Taurine 
Glyclne 
fl·Alanine 
a·Alnnine 
Glutanúc acid 
Serine 
Valine 
Phenylalaniáe 
Histidine 

Concentration 
(nmoles/mg protein) 

Isosmotlc 

314.8 ± 26.3 
22.9 ± 1.9 
77.2 ± 4.2 
12.2 ± 1.4 
8.2 ± 2.6 
7.0 ± 1.0 
4.6 ± 1.5 
2.6 :!: 0.6 
l.6 :!: 0.4 

Hyposmotic' 

134.6 ± 25.4 
10.4 ± 1.0 
39.0 ± 1.6 

7.7 ± 0.5 
3.6 ± 0.4 
4.9 ± 0.7 
4.l ± 0.9 
2.5 :!: 0.3 
1.2 ± 0.1 

'"Cella wcre incubatcd in bosmotic medium or in medium 
1'ilh rcduccd osmolarity (50%) al 37"C during B m!n. Alter 
incubotion, cella wcrc ccnt.rifugcd and l\'ashed and FAA 
extraclcd "1lh 70% cthanoJ. FAA conlenl was mea.rured by 
revcrsed·phase HPLC. Rcsult. are means :!: S.E.M. orrour 
separate experimenta. 

Taurine was the most abundant free amino 
acid in rabbit lymphocytes and accounts for 70% 
of the total FM pool (Table III). Other compo· 
nents of the FAA pool include glutamic acid, 
glycine, serine, a· and 13·alanine, and histidine 
(Table III). Following stimulation with a hypos· 
molar meclium, taurine content in cells fell from 
314.8 to 134.6 nmolcs/mg, i.e., a reduction of 
more than 58% (Table III). Similar decreases 
were observed in the intracellular concentration 
of glycine, glutamate, and 13-alanine, whereas 
the conccntration of a-alanine, aerine, and histi­
dine decreased only by 37%, 30%, and 13%, 
respectively. The concentration ofvaline, pheny­
lalanine, and other non-identified F AA was unaf. 
fected by decreases in osmolarity (Table III). 
The concentration of FAA and taurine found in 
the extracellular meclium after the hyposmotic 
stimulus was practically equivalent to that lost 
from the ce!lular pool. 

DISCUSSION 

Results of the present study showed that rab­
bit lymphocytes possess the mechanisms for cell 
volume regulation that have been described in 
other blood cells, including human lymphocytea 
[12,23). Cell swelling in rabbit lymphocytes ex· 
posed to hyposmotic conditions is very rapid, 
and volume restoration Is also rapid, somewhat 
fut.er thllD In human 1,ymphoeytea. Rabblt 1,ym. 
phocytes rospond to the hypo1motlc che.llen¡e 
by a mus!ve releue of F AA, partlc:ularly tau-



Taurine and Vofume Regufalion In lymphocytes 5 

rine, which is the predominant component of 
the FAA pool. The time course oftaurine release 
closely follows that of the volume regulatory 
procesa. The magnitude of taurine relcase is 
proportional to the intensity ofthc stimulus and 
is quite sensitive, responding to small changcs 
in osmolarity. 

In most cells with the ability for volume adjust­
ment, a loss of K• and ct· Jarge!y con tributes to 
cell volume recovery in response to hyposmolar 
etimulus (1,13]. As previously mentioned, in 
many cells of marine invertebrates and verte­
brales and in avían and mammalian tissues, 
FAA contribute also to the volume regulatory 
process. A possible link between the volume­
sensitive release of FAA and the ionic fluxes 
activated by hyposmolarity has not been investi­
gated. The results of the present study suggest 
that FAA effiux and K• conductance associated 
to volume recovery are unconnected eventssince 
anyone of the blockers of K• flux es affected F AA 
release. The complementary observation that 
activating K• fluxes in isosmotic conditions did 
not elicit FAA release further supports this no­
tion. A possible connection between e¡- move­
ments and FAA efflux is suggested by the inhibi­
tory effect of DIDS, a blocker of CI- channels, 
and of the omission of c1-, on the volume­
sensitive release of taurine. Taurine release 
evoked by hyposmolarity in rabbit lymphocytes 
seems unrelated to intracellular calcium concen­
tration or to calcium-dependent transduction 
mechanisms. This is in contrast to that observed 
in Ehrlich ascites tumor cells, in which release 
ofFAA stimulated by hyposmolarity is inhibited 
by anticalmodulin drugs (25]. 

The mechanism of taurine and FAA release 
associated with volume regulation is still un­
clear. Taurine, as many amino acids, enters the 
cell by a Na•-dependent, energy-mediated, spe­
cific, and saturable transport system. This mech­
anism apparent.ly is not involved in tbe release 
of taurine evoked by hyposmolarity since tau­
rine effiux is not affected by removal ofNa• and 
tbe release of endogenous taurine is not stimu­
lated by an increase in external taurine concen­
tration ([25,26] and tbe present resulta). In 
f!ounder and eel red cells, a Na•-independent, 
non-saturable process of taurine accumulation 
is higbly activated in hyposmolar conditions. 
These observatlons su¡¡¡est that a simple leek 
pathwa.y, lndependent of the saturable uptake 
aystem, l! responsible for the net loss oft.aurine 
durlng the regulatory volume decree.!le. Tpie 

seems to be the mecharusm also in rabbit lym· 
phocytes as suggested by tbe Na• and tempera· 
ture independence of the taurine release process. 
The inhibitory effect of very low temperatures 
on the volumc-sensitive effiux oftaurine maybe 
due to changes in the fiuidity of membrane 
constituents tbnt could affect diffusionnl pro· 
cesses. 

FAA and taurine con tribute only a minar frac­
tion to volume restoration in hypotonically swol­
len lymphocytes since tbe loss of FAA is 54% of 
an endogenous pool of approximately 45 mM. It 
has been assumed that in human lymphocytes 
K• and c1- are the only osmotically active sol­
utes involved in volume regulation [27), but the 
present observations on the magnitude and the 
temporal course of taurine releas e in hyposmot· 
ically challenged rabbit lympbocytes suggest a 
contribution, although modest, of this organic 
compound to the regulatory process. Early obser­
vations of Hoffmann and Han del (28) have also 
pointed to the involvement of F AA, particularly 
taurine and g!ycine, in volume regulation in 
Ehrlich ascites cells. Moreover, Deutscb and Lee 
[23] have stressed the requirement of an effiux 
of osmolytes other than K• and CI- to underlie 
regulatory volume decreases in lymphocytes, par­
ticularly in conditions of large reductions in 
osmolarity. This consideration is based on the 
amount of chloride [CJ], in Jymphocytes being 
entirely exhausted under conditions oflarge de· 
creases in osmolarity in whicb, however, a regu· 
Jatory volume decrease still occurs. Taurine and 
other FAA may then contribute to cell volume 
adjustment in these stringent situations. 
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Osmolarity-Sensitive Release of Free Amino Acids 
from Cultured Kidney Cells (MDCK) 

R. Sánchez Olea, H. Pasantes-Morales, A. Lázarot, and M. Cereijidot 
lnstitutc of Ccll Physiology, University of Mcxico, Mexico City, and tDepanmcnt of Physiology and Biophysics, Ccnter of 
Rescarch and Advanccd Studics, Mcxico City, Mexico 

Summary. The amino acid pool of MDCK cclls was csscntially 
constitutcd by alanine, gfycine, glutamic acid, scrine, taurinc, 
Jysine, ,B·alaninc and gJutaminc. Upan rcductions in osmola.rity, 
free amino acids were rapidJy mobilizcd. In 50% hyposmalic 
solutions, thc intraccllular contcnt offrce amino acids decrcascd 
from 69 to 25 mM. Glutamic acid, taurine and .(3-alaninc wcrc the 
most scnsitive to hyposmolarity, followcd by glycine, alaninc and 
scrine, whercas isoleucine, phenylalanine and valinc wcrc only 
wcnkly reactive. Thc propcrtics of lhis osmolarily-scnsilivc re· 
!case ofamino acids were cxamincd using 1H-taurine. Occrcasing 
osmolarity lo SS, 15 ar .SO% incrcascd taurine cflux from 0.6% 
per min to 1.6, 3.S and 5.06 pcrmin, respcctivcly. The time coursc 
of1H-taurine releasc closcly follows that ofthe regulatory volume 
decrease in MDCK cells. Taurine release was unaffccted by re· 
movaJ of Na+, c1- or Ca2•, or by treating cells with colchicinc 
or cytochalasin. It was tc:mperaturc dependent and decrcascd 
at Jow pH. Taurinc rclense was unaffected by bumctanidc (an 
inhibitor of thc Na+ /K + /2CI- carricr): it was inhibited 16 and 67 
by TEA and quinidine (inhibitors of K • conductances), unaf­
fected by gadoJinium or diphcnylamine-2-carboxyfilte (inhibitors 
of c1- channels) and inhibited 50% by D!DS. The inhibitory 
cffects of DIDS and quirüdine werc additivc. Quinidine but not 
DlDS inhibited taurine uptake by MDCK cells. 

Key Worcb MDCK cells • amino acid relcasc · taurinc · vol-
umc regulation • quinidine · DIDS 

Introduction 

Cultured cells from the MDCK line are able to regu­
late cell volume in anisotonic conditions. MDCK 
cells exposed to a medium of reduced osmolarity 
respond initially by marked swelling followed by a 
slower phase of volume restoration, which occurs 
despite the persistence ofthe hyposmotic condition. 
This process of volume adjustment is accomplished 
by the extrusion of osmotically active solutes, 
mainly K• and c1- (Simmons, 1984; Roy & Snuvé, 
1987; Villkl, Paulmichl & Lang, 1988). It has been 
reportcd that thc intracellular concentration of nin­
hydrin-positivc compounds also decreases as a con-

.. , 

sequence of hyposmotic stimulus, suggesting that 
amino acids may con tribute to the volume regulatory 
process (Roy & Sauvé, 1987). The specilic free 
amino acids implicated in cell volume regulation and 
the features of the osmotically activated amino acid 
efflux in MDCK cells ha ve not been investigated. In 
the present study we examined the free amino acid 
content in MDCK cells and their release in response 
to decreases in externa! osmolarity. The properties 
of the volume-sensitive release of free amino acids 
were examined using labeled taurine, which due to 
its metabolic inertness is particularly convenient for 
this purpose. 

Malerials and Me!hods 

SoLUTIONS 

Krcbs-HEPES (isosmotic solution) containcd (in mM): NaCI 118, 
KCI 4.7, KH1PO, 1.2, CaCl1 2.5, MgS0, 1.17, glucose IO, HEPES 
2.S, adjusted to pH 7.6 with NaOH. Hyposmotic solutions wcrc 
preparcd by rcducing the concentration of NaCJ to obtain thc 
required osmolarity. In sorne experiments solutions with rcduccd 
osmolarity (38.5 mM NaCI) wcrc madc isosmotic wilh sucrosc. 

CELL CULTURES 

Thc MDCK linc was obtaincd from the American Type Culture 
Collection CMDCK, CCL-34) (Madin & Darby, 1958) and cloned. 
Cclls wcrc grown at 36ºC indisposablc plaslic tissuc culture llasks 
(Costar 3150, Cambridge, MA), wilh air S%1C02 95% in humid 
atmosphere and Dulbecco's Modified Eagle Medium with Earle's 
satt (GIBCO, 430-1600, Grand lsland, NYJ. 100 U/mi penicillin. 
IOOµg/ml ofstreplomycin and IO% calííetal serum (GIBCO 617). 
Cells were harvesled wilh trypsin-EDTA (GIBCO 540) nnd plalod 
at conftuencc on 35-mm plnstic petri dishcs or in multidishcs of24 
weJJs (Linbro Chcmical, New Havcn, CT). In most cxperiments, 
cetls wcrc betwccn 60-801h pilssagc. 
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AMINO Acm CoNTENT 

The cndogcnous free amino acid contenl of MDCK cells was 
mcasurcd in cxtracts prcparcd in 70% cthanol. Thc anillysis was 
carried out aftcr amino acid dcrivatiz.a.tion with 0-phthaldia.ldc­
hydc by rcvcrscd phase HPLC, according to Gcddcs and Wood 
(1984) and to Rajendra (1987) in a Beckman chromatographer 
equippcd with an Ultrasphcre column. 

RELEAS E 

Far rcleasc cxperimcnts using 1H-taurine, cclls wcrc prcloadcd 
with the Jabcled amino acid (1 µCi/ml) in thc culture mcdium. 
Aflcr 30 min of incubation, the mcdium was rcplaccd by Krcbs 
solution. Far studics on the time coursc of 3H-taurine rclcasc, 
cclls grown in pctri dishcs wcrc supcñuscd according to thc 
proccdure of Drcjcr, Honore and Schousboc (1987). Cclls wcrc 
supcñuscd at a rntc of O. J mllmin. Aftcr a wash pcriod of 8 min 
at which time 3H-taurine efflux baselinc was attained, samples 
were collectcd cvcry min. At thc time indicatcd at each cxperi· 
ment, thc supeñusion medium was rcplaccd by analogous me­
dium with reduced osmolarity. At thc cnd of thc: supcñusion, 
radioactivity in samples and thal rcmaining in cc:lls was mc:asurcd 
by scintlllation spectrometry. Results are exprcsscd as fractional 
ratc constants calculatcd according to thc c:quation 

f=,:At 

whcre A rc:prcscnts the radioactivity lost in the interval 1 and Ar 
reprcsc:nts thc dilTcrcncc bctwccn total radioactivity accumulatcd 
by cclls during loading nnd radioactivity rclcascd ata gjvcn pcñu­
sion time (Hopkin & NeaJ, 1971). 

For cxperiments to mcasurc thc rc:lcasc or endogcnous rrcc 
amino acids and ali othcr cxpcrimcnts with 1H-taurinc, cclJs 
arown in 24-wcll platcs wc:rc uscd, Ccll loading wns carric:d out 
as dcscribcd abovc and aftc:r 30 min of incubation with labclc:d 
taurino, lhe culture medium was replaced by Krebs-HEPES solu· 
tlon. Cells werc washed three times wilh Krebs·HEPES isosmotic 
solutlon and lncubated ror 15 mln (three periods or 5 min each). 
Media from this incubation period wc:rc: poolc:d and corresponded 
to basal stimulation. Cclls werc then incubatcd with mcdium of 
reduccd osmola.rity far a pcriod of J!í min. Results are cxprcsscd 
as a pcrcenta¡c oí total radioactivity accumulated during Joading, 
cxcludin¡ the washina period, i.c., radioactivity in basal and 
1timula.ted release plus radionctivity rcmoining in thc cells ou thc 
cnd of thc cxperimcn1. 

To examine thc cffcct of drugs, thc tcstcd compounds were 
ndded at the end or the loading period and were present through· 
out lhe washing and lncuba1lon periods. When solutions or drugs 
wcrc prcparcd using solvcnts dUTerent from water, controls were 
cxposed to the samc conccntration o( the solvent used. 

Results 

FREE AMINO ACID CONTENT 

Thc free amino acid content ofMDCK cells cultured 
In an Ea¡¡le's mcdium ls shown in Table 1. Glycinc 
was thc most abundan!, followcd by ¡¡lutamic acid 

Table l. Free amino acid content of MDCK cclls grown in thc 
prcscm:e of S mM taurinc 

Amino Control 
a cid 

nmol/mg Taurine, 
protein SmM 

Gly 84.9 :!: 4.8 61.5 :!: 3.62 
Glu 79.4 ± 3.0 58.3 ± 3.38 
Ala 72.8 :!: 3.29 56.0 :!: 7.50 
Tau 41.2 = 0.92 254.6 :!: 16.3 
Gin 25.2 :!: 0.42 24.8 ± 0.32 
Ser 21.4 = 1.60 
Lys 19.8 :!: 0.94 16.9 :!: 1.06 
Thr 16.8 :!: 1.00 

· /l-Ala 12.4 ± 0.35 9.53 :!: 0.32 
Arg 12.0 = 0.60 
His 10.8 :!: 0.64 
Val 8.4 :!: 0.54 8.7 :!: 0.46 
Lcu 7.3 :!: 0.42 
Phc 6.2 :!: 0.34 6.1 :!: 0.66 
lle 5.4 :!: 0.55 5.6 :!: 0.26 
Tryp 2.1 :!: 0.098 2.0 :!: 0.11 

Cells wcrc cultured in Eagle's medium for two days. At this time 
!í mM taurinc was addcd to thc mcdium. Onc day fo.ter, thc free 
amino acid content of cclls grown in thc presencc ar abscnce of 
taurine was detennined by HPLC. Rcsults are means :: SEM of 
eight cxpcriments. 

and alanine. Taurinc conccntration in cells grown in 
the culture medium without taurine was 41.5 nmol/ 
mg protein, but when cells were cultured in a me· 
dium containing taurine, the endogenous levels of 
taurine markedly increased. Addition of taurine to 
the culture medium at a concentration of 150 µ.M, 
which is within the range of plasma levels, resulted 
in a threefold increase of intracellular taurine. When 
thc concentration of cxtemal taurinc was 5 mM, an 
increase of about sixfold was observed after 24 hr 
(Table l). Coinciden! with the increase in taurine 
content, a decrease in the major free amino acids 
occurred. Reductions in glycine, alanine glutamic 
acid and ,8-alanine levels were observed, whereas 
the concentration of other amino acids did not 
change (Table 1). 

The initial endogenous concentration of free 
amino acids was 426 nmol/mg protein (Table 1), and 
the protein content of 360 pg/cell was found in our 
cultures. Assuming an average volume of 2.2 pl/cell 
(McRoberts, Tran & Saier, 1983; Milis, 1987; Rey 
& Sauvé, 1987), a figure of 6 µ.l/mg protein was 
calculated as cell volume. The conccntration of the 
free amino acid pool is therefore 69.8 mM. 

VOLUME·SENSITIVE RELEASE OF TAUR!NE ANO 
AMINO (\C!DS 

Cells superfused with isosmotic medium (310 
mOsmol) rclcased prcviously accumulated 3H-tau· 
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rine at an eftlux rate of 0.6% per min. Supcrfusion 
with a medium of reduccd osmolarity (50%) evokcd 
an immediate and dramatic incrcase in the ratc of 
taurine efflux (Fig. 1). The peak release was attained 
after 10 min of superfusion, and then 3H-taurinc ef­
flux declined despite thc persistcnce of thc hy­
posmotic stimulus (Fig. 1). The release of 3H-taurine 
from MDCK ce lis was clearly associatcd with reduc­
tions in osmolarity. A release of 9.0% of accumu­
lated 3H-taurine was observed during incubation in 
isosmotic medium (310 mOsmol) for 15 min. Dc­
creasing osmolarity from 310 to 263 mOsmol, which 
represcnts a reduction of only 15%, induced an in­
crease in the eftlux of 3H-taurine to 24% in the same 
period. Lowering osmolarity by 25%, to 232 
mOsmol, cnhanced taurine eftlux to 52.5%, and in 
solutions of 150 mOsmol (50% hyposmotic) the re­
lease of taurinc incrcased to 75.9% (Fig. 2). 

Reductions in osmolarity were obtained by de­
crcasing thc concentration of NaCI in the solutions, 
but the release of taurine in hyposmotic conditions 
was not due to the reduction in NaCI, since no in­
crcasc In taurine efflux occurred in solutions with 
low NaCI but madc isosmotic with sucrosc (Fig. 1). 

Endogenous free amino acids and taurine were 
also released as a rcsult ofdecreascd osmolarity. Ali 
amino acids responded to hyposmolarity, but the 
magnitudc ofthc releasc differed considerably. Glu­
tamic acid, ¡3-alaninc and taurine showcd the largest 
response. Reducing osmolarity to 0.85, 0.75 or 0.5, 
rcsulted in the release of 20-30%, 40-50% and 
75-80%, rcspcctivcly, ofthc endogenous concentra­
tion (Fi¡¡, 3A.), In thc samc conditions of reduced 
osmolarity, thc rclcasc ofnlnninc, glycinc nnd scrine 
corresponded to 18-22%, 30-40% and 57-60% of 
thc original content in cclls (Fig. 38). A third group 
ofamino ncids, whlch lncludcs lsolcucinc, phcnylnl­
nnlnc and vallnc, was much less scnsitivc to hypos­
molnrity (Fig. 3C). 
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Fig. l. Time coursc of 1H·tau1inc rclcasc 
from MDCK cclls cvokcd by rcduced 
osmolarity. Cclls wcrc prcloadcd, washcd 
·and supcrfuscd as dcscribed in Matcrials 
and Mcthods. At thc time indk:ated by thc 
arrow, thc supcrfusion medium (isosmotic 
Krebs-HEPES) was rcplaccd by a medium 
with rcduccd osmolarity (150 mosmol, 38 
mM NaCl) (0), or with a mcdium with thc 
samc NaCI concentration but made 
isosmotic with sucrosc (a). Rcsults are 
cxpresscd as cfHux ratc constants as 
dcfined in Matcrials and Mcthods and 
corrcspond to mcans =: SEM of four 
cxperimcnts 
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Fig. 2. Effect of decreasing osmolarity on thc rcleasc of 1H· 
taurine from MDCK cclls. Cclls grown in 24.wcll platcs wcre 
prcloodcd, washcd and incubalcd in isosmolic Krcbs-HEPES 
(100% osmolarily) for 15 min. Thcn lhis mcdium wns rcplnccd by 
a medium of reduccd osmolarity: 85, 15 and 50% of thc original 
100% isosmotic solution. Results represent 1H-taurine relcascd 
in 15 min of exposurc to the hyposmolar conditions, cxprcssed 
as a pcrcentage of total radioactivity accumulated by cells as 
dcscribcd in Malcrials and Mc1hods. In lhis nnd 1hc following 
figures, rcsults are meaos :: SEM of thc number of cxpcrimcnts 
indicated 

EFFECT OF EXTERNAL !ONS 
ON THE RELEASE OF 3H-TAURINE 

Removal of external calcium and addition of cobalt 
to thc incubntion solutions did not nffcct the relcnsc 
oftaurine cither in isosmotic or in hyposmotic condi­
tions. Also, calcium·depleted cells grown in a calci-
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Flg. 3. Effect of dccrcascd osmolarity on free amino acid rclcasc 
from MDCK cclls. Cc:Us wcrc incubatcd in isosmotic mcdium 
(100% osmolarity) or in media of dccrcascd osmolarity as indi­
catcd for 15 min. Thc conccntratlon of free amino acid relcased 
durins lncubatlon was dctermincd by HPLC as dcscribed in Mate· 
riols and Mcthods. Rcsults l1fC cxprcssed as a pcrccnui.¡c of 1hc 
amino acld concentralion prcsent in nonincubatcd ce lis. (A) Re­
lcase of P-aJaninc, taurinc nnd glutamic acid. (8) Relcasc of scr­
ine, ¡Jycine and alanine. (C) Release ofphenylalaninc, isolcucinc 
and valinc. Rcsulls are mcnns = SEM of four cxpcrimcnts 

urn·free culture mcdium showcd responses idcnticnl 
to thosc of nondc'piclcd cells. Rcplacemcnl of so· 
dlu.m by cholinc and of chloridc by giuconn1c had 
no ·cffect on thc volumc-scnsilivc rclcasc of laurinc 
(resu/ts not shown). 
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Fig. 4. Effcct of lcmpcraturc on 3H-taurinc releasc cvokcd by 
h)·posmolarity. Cclls wcrc loadcd, washcd and incubatcd as dc­
scribcd in Fig. 2 in hyposmolar mc:dium (50%) al thc tcmpcraturcs 
indicated. Rcsults are cxprcsscd as a pcrcentage oftotal radioac­
tivity accumulated by cclls 
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Flg. S. Effcct of pH on 'H·tnurine rclcnsc evokcd by hyposmo­
larity. Cclls wcre loadcd, washcd and incubatcd as dcscribed in 
Fig. 2 in hyposmolar mcdium (50%) at thc pH lndlcatcd 

EFFECT OF TEMPERATURE AND EXTERNAL pH 

Thc rcicasc of 1aurinc in response to hyposmotic 
condilions was clcariy 1cmpcra1ure dependcnt (Fig. 
4). Al 25°C lhe relcase was 78.6% of lhat observed 
nt 37ºC. At 15 and 4ºC taurinc release was only 52 
ijnd 5%, respec1ively, from thc release occurring al 
37ºC (Fig. 4). Tnurine cfflux cvoked by a dccrease 
in osmolnrity was rcduccd al low pH vaiues and 
increased al high pH valucs (Fig. 5). 
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EFFECT OF AGENTS 0ISRUPT!NG 

THE CYTOSKELETON 

The effect of colchicine (0.5 mM) and cytochalasin 
B (20 µM) on !he volume-scnsitive rclcasc of taurinc 
was examined by prcincubating cells in the presence 
of the drugs far 30 min, followed by exposure to 
the disrupting agents throughout the experimental 
procedure. This treatment had no effcct on thc re­
Iease of taurine evokcd by dccreased osmolarity. 
which was 78.4 :t 1.41% (n = 12) in controls, 81.7 
± 1.18% (n = 8) in thc presence of colchicine and 
75.4 :t 1.76% (11 = 12) in the prcsencc of cytocha­
lasin B. 

EFFECT OF !NHtBlTORS 

oF IoNic FLUXES AssoctATED 

WtTH REGULATORY VOLUME DECREASE 

The effects of compounds or conditions known to 
inhibit ionic !luxes associatcd with volume adjust­
mcnt were examincd on the volumc-sensitive rclcasc 
of taurine in arder to investigate a possible link be­
tween these ionic !luxes and the swelling-evoked 
eftlux oftaurine. The inhibitors ofthe Na• /K + 12c1-
cotransporter furosemide and bumetanide did not 
inftuence the volume-sensitive release of taurine 
(data not shown). The stilbcnc derivative inhibitor 
of c1- channels, DIOS, al a concentration of 100 
µM, markedly reduced the release oftaurine evoked 
by 50% hyposmolar solutions. A Jess marked cffcct 
of DIDS was observed in 75% hyposmolar solutions 
(Figs. 6 and 8). O!her inhibitors of chloride channels, 
ar of stretch-activated channels, gadolinium, DPC 
and apamine did not intluence the volume-scnsitive 
release of taurine (Fig. 6). 

Barium, tetraethylammonium (TEA) and quini­
dine, blockers of potassium channels, are known to 
inhibit thc rcgulatory volume decrease in sorne cells 
(Grinstein et al., 1983: Hoffmann, Simonsen & Lam­
ber!, 1984¡ Hazama & Okada, 1988) and K+ conduc­
tances In MDCK cells (Bolivar & Cereijido, 1987). 
None of thcse compounds affectcd the relcase of 
lH-taurine in isosmotic conditions, but the rclcase 
induced by decreasing osmolarity to 150 mOsmol 
was inhibited by TEA (16%) and particularly by 
quinidine (67%) (Fig. 7). Contrary to that observed 
far DIDS, thc inhibitory effect of quinidine was 
higher in 75% hyposmotic soiutions, in which quini­

.dine practically abolished the volumc-scnsitive rc­
lcasc of taurinc (Fig. 8). Thc inhibitory actions of 
DIDS nnd quinidinc wcrc additivc (Fig. 8). These 
drugs al so inhibitcd thc rclcasc of cndogcnous amino 
nclds evokcd by hyposmolarity (50%) (Table 2). 

Sincc quinldinc but not othcr K + -channel block­
ers inhibited taurinc rclcasc, cxpcriments wcrc de-
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Fig. 6. Effecl of inhibitors of c1- and strctch-activatcd channcls 
on thc rclcasc of 1H-taurinc cvoked by dccreascd osmolarity. 
Cells wcrc loadcd and incubatcd as describcd in Matcrials and 
Mcthods. Drugs used wcrc DIDS (100 µM). diphcnylamino-2-
carboxylatc (100 µM), gadolinium (10 µM) and apamin (0.1 µ.M}. 
Cclls werc trcatcd with drugs al thc cnd of thc loading period for 
15 min and wcrc prcscnt in isosmotic and h>·posmotic media. Bars 
rcprcscnt the rclcasc of 3H-taurinc (%) cvokcd by exposurc to 
hyposmotic medium (50%} 
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Fig. 7. Effect ofK"" -channel blockcrs on thc rclcasc ofJH-taurine 
cvokcd by dccrcascd osmolarity. Thc experimental proccdurc 
was as describcd in Fig. 6. Drugs uscd wcrc TEA (10 mM), barium 
(1.5 mM) and quinidinc (0.2 and 1 mM), and quinidine (1 mM) plus 
valinomycin (J µM). Bars rcprcsent the release ofJH·taurinc (%) 
evoked by hyposmolar solutions (50%) 

vised to invcstigate thc possible mechanism of this 
inhibition. A decrease in intracellular K + subsc­
quent to swelling-activated K + channels may be thc 
signal far taurinc releasc, and thcrcforc, the inhibi­
ti_on of K • ftuxcs by quinidine with subsequent main­
tenance ofhigh K+ levels may reduce taurine efftux. 
To investigate this possibility thc K + gradient was 
dissipated with valinomycin ( 1 µ.M). thus crcating an 
alternatc K • eftlux pathway insensitivc to quinidinc. 
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Flg. 8. Effect of DIDS and quinidine on thc relcasc of >H-taurinc 
evokcd by hyposmolar 50 and 75 media. Loading, washing and 
incubalion with drugs wcrc as dcscribed in Fig. 6, Conccnlration 
of drugs was as indicated. When DIOS and quinidinc wcrc uscd 
togethcr, thcir concentration was 0.1 and 0.2 mM, respecth·ely 

Table 2. EfTect of DIOS and quinidinc on the rcleasc of free 
amino acids from MDCK cells evokcd by h}'posmolarily 

Amino acid Releasc (%) 

Control DIOS Quinidine 

Taurinc 76.0 = 1.3 38.0 = 2.0 17.3 = 1.3 
/l-Alanine 72.2 = 2.0 48.2 = 1.3 46.I : 1.2 
Glutamic acid 68.3 = 1.5 39.3 = 1.7 39.4 = 0.9 
Serine 60.3 = 4.2 25.3 = 2.5 27.4 = 0.8 
Alaninc 57.4 = 2.8 23.2 = 1.0 21.8 = 1.0 
Glycine 58.6 ± 2.9 31.5 = 1.4 20.2 = 0.9 
PhenylaJanine 47.3 = 1.8 15.4 :!:: 1.2 30.0 = 3.4 
Jsoleucine 39.6 = 3.4 13.2 = 2.0 13.6 = 1.5 
Valine 39.0 = 2.9 17.1 = 0.4 

Cclls werc incubatcd with DIOS (100 µM) ar quinidinc (1 mM) for 
20 min and thcn cxposed to media of reduced osmolarily (50%) 
containing the same concentration of the drugs. Amino ncid re­
Jcasc is exprcsscd as a percenu1ge of the endogenous content of 
cclls. Results are mcans :!:: SEM of four cxperiments. 

Under these conditions quinidine still inhibited tau­
rine release by 53% (Fig. 7). 

It has been reported that quinidine decreases 
amino acid transport in hepatocytes (Wondergem & 
Castillo, 1988), and thcrefore, !he inhibitory action 
of quinidine on taurinc rclense mny be exerted on a 
transport mcchnnism associated with tnurine re. 
!case. Tnurlnc is accumulatcd by a Na• ·dependen! 
proccss. Rcduction in c11tcmnl Nn • conccntration 
from 118 to 6 !11M rcsultcd in nn inhibition of 3H­
tnurfnc uptakc of more than 70% (Fig. 9). Quinidine 
(l mM) rcduccd 3H-tuurlne uptnkc by MDCK cclls 

by about 60%, whereas DIOS and TEA had no effect 
on lhis process (Table 3). 

Discussion 

The results ofthe present study confirm the observa­
tion of Roy and Sauvé (1987) on the loss of ninhy­
drin-positive compounds from MDCK cells exposed 
lo hyposmotic solutions. Ali thc main conslilucnts 
of !he free amino acid pool, i.e., glycine, alanine, 
taurine, serine and glutamic acid, appear to be in­
volved in the volume rcgulatory process. Taurine 
conccntration is relatively low in cells grown in cur­
ren! culture media thal do not comain taurinc. This 
condition, however, may no! reflecl thc physiologi­
cal situation, since plasma and extracellular fluids 
always contain laurinc, which is avidly accumulatcd 
by cclls. Cell taurine pool results from bolh biosyn­
thesis and active uptakc, which contribulc in propor­
lions varying in the different lissues (Huxtable & 
Lippincolt, 198~). The present rcsults show thal 
MDCK cells are ablc to synthesize taurine to some 
exlenl, bu! the taurine pool is substantially increased 
by active accumulation. A decrease in the conccn­
tration of other free amino acids is obscrved as tau­
rine accumulates, suggesting the existencc of an ex­
changeable pool of thc main free amino acids in 
MDCK cells. This pool is probably the onc involved 
in cell volume regulation. 

The inlracellular contenl of free amino acids 
decreases in response lo hyposmolic stimulation. 
Upon exposure to a 50% hyposmotic solution !he 
initial endogenous content ofabout 70 mM decreases 
to less !han 25 mM. Therefore, the release of free 
amino acids contributes with aboul 40 müsmol lo 
the volume adjustmcnt of MDCK cclls facing an 
osmolarity reduction of 150 müsmol. 

The release of labeled taurine, laken as reprc­
sentative of free amino acid release evokcd by hy­
posmolarity, is rapid and proportional to reductions 
in osmolarity. The lime course of taurine release 
closely follows the volume change in the cells, both 
in onset and offset. The declining phase of taurine 
eftlux is no! dueto depletion ofthe inlracellular pool 
since at !he end of the volume regulatory process 
cells still contain about 20% oftaurine. Also, taurine 
efflux in the decreasing phase for the interval of 
20-30 min has a constan! slope despite the large 
differences in intracellular laurine between the firsl 
and Jast points of the curve al this interval. This 
is an lndication of a signa! terminating thc release 

-proccss, Roy and Sauvé (1987) reported that no loss 
of ninhydrin·positive compounds is obscrved whcn 
osmolnrity is rcduccd by 20%. Using labeled taurinc 
or HPLC fordetermination offree amino acid le veis, 
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Fig, 9. Effcct of Na ... on 3H-taurinc uptakc by 
MDCK ce lis. Thc conccntration of Na• in thc 
mcdium was dccrcased, rcplacing ?\aCI by 

o oo,-------4~0-------.""o------,'"'2'""0--,_uholine chloridc. lncubation conditions wcre as 
dcscribed in Table 3. Rcsults are meaos = SEM of 

NaCI {mM) our cxpcrimcnts 

Table 3. Effcct of inhibitors of the volumc·sensitivc rcleasc of 
taurinc on 1H·taurinc uptake by MDCK cclls 

Control 
Quinidine 1 mM 
TEA 10 mM 
DIOS 0.1 mM 

cpm x tcP/mg protcin 

75.1 = 0.07 
30.6 = 0.29 
76.4 = J.92 
81.2 = 0.80 

Ce lis werc incubatcd for 30 min with 1H-taurine ( 1 µ.Ci/ml) in the 
prcscncc or absence of thc drugs. After im:ubation cells wcrc 
washcd and accumulated radioactivity was mcasurcd by scintilla· 
tion spcctromctry. Rcsults are meaos::: sem ofíourexperiments. 

a volume-sensitive release could be observed in me­
dia containing 263 mOsmol with a reduction of only 
15% in the osmolarity, although the magnitude of 
the response ofthe various amino acids was different 
and this di!Tcrcnce persisted at ali the osmolarities 
citamined. The reason for this di!Tercnce is still un­
clear. The largest relcase observed for sorne amino 
acids may be dueto the accessibility of endogenous 
pools to thc volume-sensitive effiuit process, oral­
ternatively, release of amino acids may occur 
through more than one mechanism with a di!Terent 
threshold to activation by volume changes. 

Free amino acids, together with K • and c1-, 
are the main osmolytes mobilized during volumc 
regulation in most cells (Gilles, 1988; Macknight, 
1988), and this also scems to be the case for MDCK 
eclls (Roy & Sauvc, 1987). Ion transport systcms 
proposed to be directly involvcd in volumc regula­
tion are cithcr clectroneutral ion cotransportcrs or 
conductivc K • and c1- channels. Although this 
question has not bccn clarificd in MDCK cclls, thc 
failure offurosc::midc to modify K• and c1- changcs 
in cclls aftcr hyposmotic chnllengc (Roy & Snuv~. 
sccms to cxcludc thc involvcment of K • 1c1- or 

Na+ /K • /2c1- electroneutral carriers which are sen­
sitive to this drug, suggcsting the involvement of 
channel-mediatcd fiuxes. 

Thc possibility of a connection between ionic 
and organic osmolytcs has bcen addressed in the 

present study by investigating effects ofblockers of 
volume-associated ionic fiuxcs on free amino acid 
relcase. Antagonists of K • channcls excluding quin­
idine had only marginal effects on taurine efílux. In 
MDCK cells, quinidine inhibits the swelling-acti­
vatcd K • effiux, whereas otherblockers ofK - chan­
nels were ine!Tective (Roy & Sauvé, 1987). Simi­
larly, quinidine but not barium, inhibits the volume­
sensitive fiuxes of sorbitol in cultured renal cells 
(Sienbens & Spring, 1989). All these observations 
suggcst the involvcment of a quinidine-sensitive 
mechanism in the release of osmolytcs during the 
volumc rcgulatory process. This may be the activa­
tion of a channcl which, however, would be insensi­
tive to blockers of othcr we!l-characterized K • 
channels. A number of stretch-activated channels 
has been recently described, although nonc in 
MDCK cells, but thcy have not been pharmacologi­
cally characterized. lt cannot be excluded, there­
fore, that one of those channels sensitivc to quini­
dine is directly or indirectly in volved in the release of 
taurine. The observation that stimulating K • effiuit 
with valinomycin does not countcract the inhibitory 
effect of quinidine on taurine release supports the 
notion that a coupled K • -taurinc rclcase occurs 
through a quinidine-scnsitive pathway. In this re­
spect it should be noted that besides the inhibition of 
K + channels, quinidine has numerous othcr effccts, 
which includc decrcases in mcmbrane fiuiditiy 
(Needham, Dodd & Houslay, 1987), blockade of 
Na+ and Cal+ channels (Honcrjagcr et al., 1986) 
and inhibilion of Na+ /H+ or Na• /Ca~• cxchnngcrs 
(Parkcr, 1981). 

Q\,-, "1 
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Since quinidine inhibitcd thc Na+ -dcpcndcnt 
taurine uptake, its effect on taurinc rclcase may be 
altematively explained through an action on the 
Na--dependent carrier working outwards. How­
ever, the failure of Na+ omission to affcct taurinc 
release observed in the present study would argue 
against the involvement of such a carricr on the 
osmolarity-sensitive releasc of taurinc. Al so the ab­
sence of homoexchangc, i.c., the stimulation of la­
beled taurine release by external unlabelcd taurinc 
(results 1101 shown), does not support the idea of a 
mechanism for release involving the transport car­
rier. Activation oftaurine lcak pathays by hyposmo­
larity has been suggcsted in Ehrlich ascitcs tumor 
cells (Hoffmann & Lambert, 1983) and in tish cryth­
rocytes (Fincham, Wolowyk & Young, 1987). 

The inhibitory effect of DIOS on the osmolarity­
sensitive release of taurine suggcsts an association 
of taurine efllux also with DIOS/SJTS-inhibitablc 
conductances. An ionic transport systcm with rela­
tively low cquilibrium potential activated upon ex­
posure to hyposmotic conditions in MDCK cells 
(Volkl et al., 1988), may correspond to a SJTS-inhib­
itable unselectivc ion channel of the type that has 
been described in cultured opossum kidney cells 
(Ubl, Murer & Kolb, 1988) or in mousc B lympho­
cytes (Bosma, 1989). The lack of effect of other 
inhibitors of chloride channels or of stretch-acti­
vated channels in different cclls (Yang & Sachs, 
1989) may be interpreted either as considcring that 
thc effect of DIDS on taurine releas e docs not reftect 
its connection with chloridc channcls or stretch-acti­
vated pores or, alternatively, that these channels, if 
present in MDCK cclls, are only sensitive to DIOS. 
Along this linc, a recen! rcport describes a volume­
evoked c1- efftux sensitive to DIOS but not to DPC 
in MDCK cells (Rothstein & Mack, 1989). This re­
stricted sensitivity to distilbcnc compounds has also 
bccn obscrved in the multiple conductancc porc of 
mice lymphocytcs (Bosma, 1989). A dcfinitc answer 
to this qu·cstion must await the identification and 
pharmacological characterization of ionic conduc­
tanccs nssociatcd with volume regulatory proccsses 
in MDCK cclls. The e!Tects of DIOS and quinidine 
wcre additivc, suggcsting that two diffcrcnt mccha­
nisms may be involved in the efftux of taurinc in­
duced by swelling. The diffcrent sensilivity of the 
two drugs to dccreases in osmolarity suggest that 
these mechanisms may be activated at a difforent 
stimulus intenslty. 

Bcsidcs inorsanic ions, organic osmolytes are 
nlso lnvolved in volumc rcgulntion in rennl cells. 
Volumc•scnsitlvc sorbitol Jluxcs have becn charac-
1crizcd1 cxhibltin¡; mnny slmllarillcs wllh lhc hypos· 
molnrity•stimuintc<:I tnurinc cfllux (Bugnn~co et ni., 
1988; Nakanishi, Balaban & Burg, 1988). The results 

of the present study strongly support a contribution 
of free amino acids to this process in MDCK cells. 
Free amino acids are involved in mechanisms of 
volume control in ce lis and tissues ofvertebrates and 
invertebrates naturally facing changes in osmolarity, 
but it is only recently that their implication in such 
a role in mammalian tissues has bcen considered. 
The structure, function and antigenicity of :-.1DCK 
cells are remarkably similar to thosc of cells from 
the distal nephron (Cereijido et al., 1988), a segment 
intimatcly involved in osmotic rcgulation. Further­
more, plasma mcmbranc of !l!DCK cells contains a 
largc (220-pS) potassium channel (Bolivar & Cerei­
jido, 1987) ofthe type that participate in the response 
to cell swelling (Sachs, 1990). Therefore, MDCK 
cells represen! a very convenient modcl for further 
cxploring the role of free amino acids in cell volume 
regulation. 
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