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The sulfhydryl reagent thJmcrosal at conccnlrations 5-10l) t~t M has bccn Ioul}d to induce I1 wlricty of changes in ion Iral}Sl'~tlrl ili 
rat th~m~cytc~. In parlicu!ar, [Ca" ' ] i increases about ill-I'tfld J'l'oni the basal levtL The [Ca: ' ] i rcsponsc to thinlcrosal displays a 
t~vo-stagc time coorsc, with the nlahl  [('it2' ]i rise during the second stage. F.videnc¢ has heel1 obtaimlcd for the depict Jot1 of 
intracellular Ca" '  pools in thinlerosal-lrcated cells, however, Ca z° mobilization fro,n intracelhilar stores does not contribute 
significantly into [CaZ']i rise. Thimerosal elicits pcrmeabUity not only h)r C a : ' ,  but al,~o lor M n : '  and Ni -~', which is 
Ca 2 '-dependent.  We failed to gel any evidence on thimerosal-indueed inhibition of the plasma membranc Ca: '-ATPasc. Thc 
induction of  Ca -~' influx, rather than inhibition of Ca-'~-ATPase, accounts for the disturbance of [Ca -'~], Iiomcoslasis in 
thimcrosal-treated cell:;. Thimcrosal "dso elicits changes in monovalcnl i~n fluxes resulting in marked dcpoht.'izatitm. The latter 
seems unrelated to the changes in [Ca-"] t and is suggested to be mediated both by increased permeability for N a '  and a 
decreased one for K ~. Thimel'osal signific~mtly stimulates AA release from thymocytes. Evidence ha'~ been presented that AA 
moabolilc(s), I)rol*ably, I,O product(s), may mediate Illc changes in the transport of mono- and divalent cations clicitcd by the 
,~ulflwdryl reagent. Prohmgcd treatment of tllymoeyles with Ihimerosal resulted in cell death. 

Introduction 

Sulfllydryl reagents that reduce intracellular SH level 
are known to induce a variety of diverse physiological 
and pathophysiological processes in eukaryotie cells, 
including secretion, aggregation and cell death [I-3]. it 
has been suggested recently that toxic effects of 
sulfhydryl reagents may be mediated by perturbation of 
Ca" ÷ homeostasis [3,4]. Ca "~ is known to play a funda- 
mental role in ~b.ysiological and pathophysiologieal 
processes in lymphoeytes, including proliferation and 
cell death [4-6]. Little is known, however, about the 
action of SH reagents on [Ca ~'], regulathm. Their 
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ability to intcrferc with Ca2~-ATPascs is ust, ally con- 
sidered tile only pathway mediating the effect of SH 
group inhibitors on Ca' ~ transport [3]. 

in several cell types SH reagents have been found to 
modulate momwalent ion transport as well [7,8]. In 
particular, they activate K+/CI cotransport [5] and 
inhibit Na +/H + exchange [8]. However, there is little 
data available on the effects of SH reagents on the 
clectrogeneic transport of mon.,_walent ions. 

Earlier we havc found that thimerosal increases 
[Ca-" +]~ of rat thymocytes [9,11i]. Recently this observa- 
tion was confirmed by Martin et al. [11] who studied 
also thimerosal-induced changes in pH i and glycolytic 
rate. In the present study we have addressed in detail 
the effects of thc su~fhydryl reagent on [Ca 2 ~], and the 
membrane potential of rat thymocytcs. The [Ca '~ 1, 
response to thimerosal has been found to display a 
two-stage time course with the main [Ca: ' ]~ rise during 
the second stage. The putative inhibition of Ca z~- 
ATPases by the SH reagent does not seem to con- 
tribute significantly to the observed [Ca ~] i  rise. 

Thimert;:;al al:;o modifies monowlent  ion fluxes in 
thymocytes, thus producing a p~ono,unced depolariza- 
tion. Evidence is given that this depoiarization is medi- 
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ated both by a decrease in the plasma membrane 
permeability for K + and an increase in the permeabil- 
ity for Na +. 

Thimerosal significantly stimulates AA release from 
thymocytes. Evidence has been presented that AA 
metabolite(s), probably, LO product(s), may mediatc 
the changes in the transport of mono- and divalent 
cations elicited by the sulfhydryl reagent. Prohmgcd 
treatment of thyraocytes with thimerosal resulted in 
cell death. 

Materials and Methods 

Cell preparation and medium comlu~sithm 
"I'hym~:ytes were obtained front Wistm rats (approx. 

150 g) by teasing out the thymus glands through a 
nylon m,:sh into mediunl 1¢)9 [Ill]. then washed twice 
by centrifugatkm and resuspcnded in SBS containing 
14() mM NaCI, 5.4 mM KCI, 1.3 mM CaCI,, I mM 
MgSO4, I mM KII,P()~, 1 mM Na,HPO.~, 4 mM 
Nal-ICO~. 0 mM g!tlcOs¢, Ill IIIM Hepcs (pH 7.2). 

When a modified medium was used, the cells wcrc 
translerrcd to such a medium just before the measure- 
mcnts, in the Iow-Na' medium NaCI was replaced by 
choline clnloride and [Na+]o was about 16 raM. The 
Na'-free medium was SBS frec of NaHCOa and 
Na:HPO~, where NaC! was replaced by cholint~ chlo- 
ride and the pH was adjusted ~y KOH {[Na'],, < 
[ raM). In the low-el medium b aCI was replaced by 
sodium gluconate ([el ], = 8 raM), and in the K'-rich 
medium it was substituted by KC! (IK'],, =- 146 raM; 
[N~V],, ~ 16 mM). In some experiments Ca: '  in the 
medium was reduced or omitted (as stated in figure 
legends); a Ca: '-frec SBS containing either lilt) ~M 
EGTA with no added CaCI, or I mM EGTA plus 0.15 
mM C,~CI, has b~en " tlSUu a~ wel l ,  

The integrity of thymocyte plasma membrane was 
assessed by staining the cells with (l,(gle~ Trypan blue 
or 311 p M ethidium bromide (the wavelengths for exci- 
tation and recording were 365 and 61111 nm, respec- 
tively,). Cell viability was expressed as the percentage of 
thymocytes that excluded Trypan blue. 

Measurement of  ion transl~Jrt 
[Ca: '] ,  was measured using quin2. Thymocytes (5. 

ill v per ml) were loaded in SBS with 5 ~tM quin2 
acetoxymethyl ester for 411 rain at 37°C, then washed 
and resuspended in the same medium free of the dye. 
The excitation and emission wavelengths were 337 and 
4q5 nm, and the slits 2 and ll| nm, respectively. [Ca-'*] 
signals were calibrated according to the standard pro- 
cedure [10,12] by adding 15 .~M digitonin and 0.1 mM 
MnCI, to obtain the fluorescence of quin2 saturated 
with or free of Ca -'', respectively. The dissociation 
constant for the Ca-'*-quin2 complex is 115 nM at 37°C 
l 21. 

Redistribution of intracclhdar C a  2 '  w a s  monitored 
using the fluorescence probe chlortetracycline, as de- 
scribed in [10]. Cells were incubated in SBS for 40 min 
at 37°C with 20/.tM chlortetracycline aBd then directly 
assayed in the fluoromctcr. The excita'.ion and emis- 
sion wavelengths were 405 and 5211 nm aBd the slits 3 
and 8 nm, respectively. 

The membrane potential was measured using the 
fluorescence probes diS-C :-(51 and di-BA-C4(3) [ III, 13]. 
The wavelengths for excitation and recording were 579 
and 672 nm fi~r dis-C,-(5) and 581J :lnd 650 nm lor 
t,-O~,-'~.~.,h t~;St, L;~.t,,~.,y. The slit.: wcre 3 Bill for 
excitation and 5 nm for recording. For both dyes an 
increase in the fluorescence intensity indicates depolar- 
ization of the cells, hypcrpolar!zation being accompa- 
nied by a decrease in the fluorescence. The calibration 
procedure for diS-C,-(5} wits pcrtormed as described 
in Refs. I1) and 14 by isoosnlolically vat3'ing the extra- 
cellular K'  concentration in the presence of 2 ~M K'  
ionophore wdinomycin. Under these conditions the 
membrane potential can be calcuhltcd by Nernst equa- 
tion E , , = - h i . 5  Iog ( [K ' ] J [K ' ] , , )w i th  the intra- 
cellular K" concentration estimated as 1511 nM [14]. 

The fluoresccncc was measured in a special spectro- 
fluorometer, as described in Ref. % at 37°C and with 
continuous stirring, the concentration of c.ds in 2 ml 
thermostated cuvettc wits about 5 • 1(1" per ml. 

After the cells had been transferred into the cuvette 
they were allowed to adjusl for 3-4 rain and a steady- 
stale basal fluorescence level was registrated prior to 
applicatiorl of agents. 

.,Inaly.~'is o.I" / ¢lllarachhhmh" acul release 
"l'hymocyte,,, were suspended in RPMI It,411 e.~ a 

conccatratio,i of 2'  111" per ml and incubated with I 
~tCi/ml [~H]arachidonic acid for I h at 37°C. Alter 
radiolabelling the cells were washed three times with 
SBS. The cells were then incubated with or without 
thimerosal at 37°C. The reaction was terminated at 
times indicated by the addition of 2 ml chloroforiii/4- 
methanol { I : 2, v/v). Then the cells were spun (700 × g, 
5 rain) and the radioactivity in the supernatant was 
measured by scintillation counter SL-41111[J (France). 

Materials 
EGTA, quin2 acctoxymethylester, NDGA, indo- 

methacin were obtained from Calbiochem; thimerosal, 
I-lepes from Fluka: furosemide, SITS, AA from Sigma; 
di-BA-C4(3) and diS-Ca-(5) from Molecular Probes; 
digitonin, N-ethylmaleimide, chlortetracycline from 
Serva. All other reagents were of analytical grade. 
5-HETE was synthesized according to Ref. 15. 
[3H]Arachidonic acid 11911 Ci/mmol) was obtained 
from the Institute of Molecular Genetics, Moscow. 



Resul l s  

7he tone c~mrse of  the [( 'a: ' ], r(:~ponse to thbm'rosal 
Thimcrosal (5-100 #M) induced a dose-dependent 

[ Ca'+ L rise in thymocytes. At thimerosal concentra- 
tions 5 to 10/zM [Ca:' ], started to rise after 1-2 rain 
lag and reached a plaleau within 4 rain, the plateau 
level being maintained during the following 15 min of 
observation (Fig. la).  At  a concentra t ion  o f  11|-50/zM 
thimerosal ew~ked a two-stage [Ca-'+]+ rise, in which 
case the duration of the plateau shortened and it was 
followed by a second [Ca-'+]i rise (,Fig. Ib,c). The 
higher thimerosal concentration, the earlier the second 
stage was initiated; and at a thimerosal concentration 
above 50 #M the plateau disappeared and the [Ca-" ] i 
response became apparently of one-stage character 
(Fig. Id).  

The [C'a:'], signals elicited during the first and 
second stages differed markedly in their magnitude. 
l)uring tile first stage i('a +'' ]i only r,~sc to about 160- 
ISll nM, while the second slage i'esnltcd in [('a-' ' ]+ ri,,,e 
above ] # M ,  i.e., tip to fltll saturation of qtnin2 with 
( ' I i  2 + 

The time course of [Ca+"], changes presented in 
Fig. I(a-d) was conslantly reproduced in all the nepeti- 
tivc experiments (n = 5 tor each curve), whereas the 
range of thimerosal ~'~mcentrations which produced the 
two-stage [Ca-"]+ response (that is, the intermediate 
plateau, Fig. Ib,c) somewhat varied. 

So.r('es o f  I ( ' a :  " li rise 
The [Ca 2 ' ], rise evoked by thimerosai simrply weak- 

encd with the decrease of external Ca" + concentration 
and completely disappeared in the Ca2+-free medium 
(Fig. 2) where even a slight decrease in [Ca : ' ]  i was 
observed (Fig. 2c). At thilnel,,sal concentralion of 20 
#M the [Ca~" +], response was almost not seen already 
at 0.15 mM [Ca +'' ],, (Fig. 21"). This suggests a major role 
for Ca 2' influx in the [Ca'+]i signal induced by 
thimerosal. 

[Ca;'+li, nM d c b 
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Fig. I. ('hanges in [C.',:' ], in rat Ihymocyles under the action of 
lilidnclu.~al (a~r(}x~} at ¢oxiccnlratio'l~:- 5 /~M (a); 15 # M  {l~); 5(I ~,M 
(c); Ilrl0 # M  (d). In Ihis and furlhcr figures, cells were suspended in 
SBS at ICa 2 '  ],, = !.3 raM, if not sta~ett otherwise. The traces life 

representative of five similar experimems. 
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Fig. 2. l ( '~r '  ' l, changes induced m rat thymocylcs by 5() g M  | a - c ) o r  
21; it M (d -D  Ihimer,~sal (arn+wsl ;|! di lferenl  [(.; |z. ],, levels: 1.3 mM 
(~.tl): f).h mM (c): 0.15 mM (b.f); 0.15 mM C':|CI, + 1 mM I-L(;J'A (c). 

The 11":1¢¢2s al'p reprcsenlatiw: ,ff tiv¢ similar expcrJm('r ;~;. 

On the other hand, in permcabilizcd thymocytes 
sulfhydryl reagents N-ethylmaleinfide and thimerosal 
were found to deplete intiaceilular Ca 2. stores [16]. 
To find out whether such depletion takes place in 
intact cells as well, wc attempted to compare the 
amount of intracellular releasable Ca -'~ in the 
thimcrosal-treated and control cells by measuring 
[Ca-"] i response to ionomycin in the Ca+'*-free 
medium. In cells suspended in the Ca'+-free medium 
and treated with thimerosal, the [Ca~']+ nsc induced 
by ionomycin was markedly diminished as compared to 
control cells (Fig. 3A). In additkm, thimerosal elicited 
a fall [n the fluorescence of lhymocytes loaded with 
chlortetracycline, which is known to reflect the r,dcase 
of membrane associated Ca 2+ [10], i.e., intracellular 
Ca =' ' mobilization (Fig. 3B). Both these results suggest 
that thimerosal induc~ s depletion of intracellular Ca +' + 
stores. This depletion, however, does not elicit a [Ca ~' + ]+ 
rise in quin2-1oaded thymocytes suspended in the 
Ca z '-free medium (Fig. 2c). 

Properties o f  thimerosal-imluced ICa" + ], signal 
SH reagents have been reported to stimulate 

K +/CI- cotransport in eukaryotic cells [7]. Therefore, 
we have checked the effects of K + / C !  cotransport 
blockers furose:aide and SITS on the [Ca' '  ]+ response 
to thimcrosal. In thymocytes pretreated for 30 mir~ with 
either I mM furosemidc or 2(I /~M SITS, ;he [Ca 2+ ], 
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Fig, 3. Depiction of inlracelhflar Ca ~'' pools under the action of 
thimerosal, (At Changes in the fluorescence of quin2.1oi,ded cells 
upon ~quenl ia l  adtlitlLm of ionomycin and ( 'a( ' l ;  (at, or thimerosal, 
iollonlychl and Ca('l.~ (hL (1t) (,hanges in Ihe fluorescence i l l  ehlorle- 
Iliit.~l~line-lolided eell,q ilpoil l idi l i l i l in of lhinlerosiil (el or hmomycin 
(il l. Aitdilittns: ~11 ~iM thinlerosal ( ' l 'hinil; I # M  i~llllmiy¢iii I lonol :  "~ 
mM ('a('l,, (('a ~' i. I)ashed line: untrc.'iled cells. In all Ihe experi- 
ments ihymt~ytes were sii,qpcnded hi S I l l  containing I1.15 mM Ca('l 
lind I l l lM I{ ( ITA. The llltlt;~ , level l~¢lrresl~lllt|S lit the ini lhl l  l luoles- 
een¢¢ intensity of qtiin2 or ehhirletrat:ydincololidcd cells estaldishud 
lig|'llll~ tidal, i l ion of tht. agl~lll~, The Iriiees iirlt representalive of ftlur 

sinlilar exocrinlenls. 

response to thimerosal was unchanged as ct~mpared to 
control cells (not shown), suggesting that the [Ca a ' ], 
rise is not mediated by K+/CI cotransport activated 
by thimerosal. 

The [Ca" + ]~ response to thimerosal appeared elec- 
trogenic, in a depolarization medium in which K'  was 
substituted ;'or Na' ,  the overall thimerosal-induecd 
[Ca" + ]~ rise markedly decreased, and the two separate 
stage,~ became less pronounced (Fig. 4b}. Substitution 
of choline for Na+ did not affect thimcrosal-induced 
[Ca: '  ], signal (Fig. 4a). Thc attcnuatory action of de- 
polarization evidences that the [Ca ' '  ], signal is not 
mediated by voltage-gated Ca ~" ~ channels. This conclu- 
sion is also confirmed by the finding that verapamil, a 
b l~ker  of voltage-dependent Ca ~' + channels, did not 
affect the [Ca ̀ '+ ], resrKmse to thimerosal at a concen- 
tration as high as 1 mM (not shown). 

FCCP, an agent reducing cellular ATP, significantly 
inhibited the [Ca 2 ÷ ]i response to thimeros~! (Fig. 4B). 
This implies that  undis turbed cellular energy 
metabolism is required for thimerosal to produce the 
rise in [Ca-' ÷ ]i. 

Ttlimerosal-induced #lflux o f  Mn" ÷ and Ni 2 + 
in quin2-1oaded cells suspended in the standard 

Ca ̀ '+ containing medium supplemented with l mM 
Mn -'+ or ! mM Ni '+, the fluorescence response to 
thimerosal changed dramatically. The initial rise in the 
fluorescence was followed by a rapid fluorescence drop 
to a level much lower than the basal one, practically to 
the zero level (Fig. 5a,b). This fall of the fluorescence 
signal is apparently caused by quenching of intra- 
cellular quin2 fluorescence [12] duc to thimerosal-in- 
duccd Ni 2' or Mtr"  entry. Note that neither Ni '+ nor 
Mn ~'~ changed the basal fluorescence level of quin2- 
loaded thymocytes (Fig. 5a,b). 

It i,', interesting that Ni ~ +, which is known to block 
Ca :+ channels in eukaryotic cells [17,18], failed to 
inhibit the initial stage of the [Ca -'*]i response to 
thimerosal (Fig. 5a). Moreover, during the first seconds 
alter its application tlfimerosal stimulates [Ca -'+ ]~ rise 
but elicits neither Mn-'+ nor Ni -'+ influx. Tlfimerosal- 
induced conductivity for heavy metals lagged bcifind 
the [Ca :~ ]i sit,,nal (Fig. 5a,b). This conductivity seems 
to be dependent  on the [Ca"' ], level or the duration of 
thimerosal treatment. The Ifighcr [Ca z~ ]i level (or the 
longer the time interval after thimerosal application), 
tile earlier N F '  or Mn ~'" entry was initiated (Fig. 5c). 

in contra.~;t to the effect of thimerosal observed in 
Ca :+ containing medium (Figs. 5 and 6a), in the Ca ~" ~ 
free medium the SH reagent elicited no substantial 
influx of either Mn ~'" or Ni"+. In tllese conditions, the 
gradual quenching of quin2 fluorescence in untreated 
cells was much more pronounced (Fig. 6, b-d),  as 
compared to Ca z~ containing medium (Fig. 5). This 
basal fluorescence quenching may be due to heavy 
metal entry into the cell, or to an increased dye leak- 
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Fig. 4, [Ca" + ], responds to thimerosal in a modified medium IA )  and in the ptcsenc,: of FCCP (B). NaCI was substituted by choline chloride (a) 
or KCI (h), Additions: 50 p.M (A) o r ) 0  p M  tB) thimerosal (Thim); 2 p M  FCCP. The traces are representative of three similar experiments. 
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age from the cell (induced by the presence of Mn -'+ ol 
Ni -'+ in the Ca2%frcc medium) and the subsequent 
quenching of extracelhdar quin2 by the heavy metals. 
in Ca-'+-free medium, thimerosal only produced a 
small, if any, additional increase in the rate of the 
fluorescence decay (Fig. 6, b-d), suggesting that it was 
no substantial entry of Mn -'÷ or Ni :+ into thymocytes 
under these conditions. We also failed to register a 

thimerosal-induced Ba 2~ influx (Fig. 6e) which would 
have resulted in a pronounced increase in the intra- 
cellular quin2 fluorescence in the Ca a'-free medium 
[19]. Note that Ba-" is known to go thix)ugh Ca z~ 
channels in eukaryotic cells [20,2 I]. 

7he membrane potential changes 
Thin|erosal induced a marked depolarization of lhy- 

mocytcs, as indicated by fluorescence changes moni- 
Iored with either cationic diS-C;-(5) or anionic di-BA- 
C.,-(3) potential sensitive fluorescence probes (Fig. 
7a,b). Silnilar depolarization was observed upon the 
action of I).3-1 mM N-ethyhnaleimide (data not 
shown). It should be noted that while diS-C:-(5) fluo- 
rescence reflects changes in both the plasma mem- 
brane anti milachondrial membrane potential [22], di- 
BA-C4-(3) may only measure the former one [13]. The 
similarity between the eft'cots measured with the use of 
both dyes (Fig. 7a,b) evidences that the depolarization 
is accounted for by changes ia the plasma membrane 

2 rain 

b ~  NI2+ 

Thim 

Fig. 5. Thimcrosal-induced intlux of Mn ~" ' and Ni ~" ' .  Changes in the 
Iluoresccll;~,~ o~" quhl2-1oatled thymocytes noon addilion of ] mM 
NiCI, tNi z '  ): I inM Mn( ' l ,  (Mn z '  ). and 40 pM thimcros:~i ' Fhim ~ 
Thymocytes were :.uspcnded in SBS containing 1.3 mM ( 'aCI, .  "l'h~ 
I{R}% level corresponds to Ihe inilial fluorescence intev=~ ity of quin2- 
loaded cells established before addition of the agents. The traces are 

representative o1 at least four similar experiments. 

~ a 2 m n  

El 

Fig. 6. Effect of Ihimcrosal on divalt:nt calhm5 influx into thynltv,:ylcs 
suspended in the presence or absence of extern;d Ca 2~. ('h;,itlges ill 
the fluorescence of quin2-1oaded thymocytes upon addilion of 50 
p.M tlfimcrt)sal (arrows; a,b,d.c)or ill COl|tl'OI ¢¢11S (C). The c¢lis w¢1"¢ 
suspended in SBS containing: 1.3 mM (' : | ( ' l  2 and 5 mM Ni('l 2 (a): 
im added CaCI, and 5 mh,! NiCI, (b); no added CaCJ~ and I mM 
MnCI 2 {c.d): no added CaCI,. IIH) p M  EGTA and 2 mM BaCI, (e)  
Ni( ' l , ,  Mn(.'l, or Ba('l z w~r:: added to cell SUSl~ensit,l) 60-90 s 
before addition of Ihimcrosal. The traces ale represenlativc of ill 

least three s imi lar  expcrin|cnt.,.. 

rather than mitochondrial membrane po~'ential. This 
conclusion is also coafirmcd by the finding that 
thimerosal-induced depolarization was nat prevented 
by inhibitors abolishing the membrane potential of 
mitochondria, oligomycin plus rotcnone (Fig. 7c). 

The depolarization induced by thimerosal was also 
of a two-stage character (Fig. 7), its overall magnitude 
being about 40 mV. The same two-stage time coursc of 
the membrane potential response to thimerosal was 
observed in the presence of I mM ouabain, an in- 
hibitor of Na '/K+-ATPase (not shown), thus implying 
that the effect of thimerosal was not mediated by 
Na+/K+-ATPase inhibition. Neither removal of Cl- 
from the cxtra¢cllular medium (Fig. 8a), nor applica- 
tion of the inhibitors of CI- transport furosemide (I 
raM) of SITS (20 p,M)(not shown) affected the changes 
in the membrane potential elicited by thimcrosal. By 
contrast, in the Na~-free medium the first stage of the 
membrane potential response to thimerosal disap- 
pearcd (Fig. 8b) implying th,:tt this stage migh~ result 
from an increased permeability for Na +. The second 
stage preserved, implying that it was not mediated by 
Na ~ influx. 
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Fig. 7. ('hangcs ill di-BA-Cc3 (a) o~ diS-('.-(5) (h,c) llu,trcsccnc¢ it) 
the 5USlYCt|sion ()1 thyrnocyt¢~, Ul'~)n addiliol| ol  Ihill|crosal I, Thmt 511 
/~m). oligomycin ((); 2 ug/ml) plus h,tcuon~ 0 (R'. 2 /~M). I'hv I(lll'~ 
h:v¢l corrcsl'~mds I .  Ihc initial Ihlz~rk'nccnv¢ il~tCn,,ity ¢~f the dye', ill 
thymocyte suspca.,,i,n c~,t,zl~li,,l~ctl I~.,lorc the addidoa ~1 agents. The 
I IgCes jIlL' r l :~t i -~,¢l l l i l l i t t ;  o |  f ive M l l l i l i l l  ~."~11k'1'i111.~11|',,1 'l'hv ID,,~il|l~k'| • i l l  

circles indicate l hc  ¢;I jc l l l= l lcd II|L.'IIIj~I'~III¢ I~oh.' l l l i ; l l  ~,;|h|u'.,, 

It may bc ,,,ugg¢,,,tcd that the scc, md stage ~1" the 
I i1eRibral lU potential rc,~ponse to thimerosai is ac- 
counted E~r by a reduced permeability for K' .  This 
explanation comes from the I'oll.wing findings. ( I )  
Thimerosal did not c l l a l l g e  the m~mhranc polcntial of 
cells suspended in the Na +-free medium :=.,:d treated 
with K' iorlophor¢ valimmlycin (Fig. 8c,d) or with tile 
monovalent cation channel E)rmer gramicidit~ (Fig. ,~g). 
(2) Depolarization induced by thimcrosal in Na'-free 
mcdk=m was nearly eliminated by subsequent addition 
of either gramicidin (Fig. 8b) or valinomycin (not 
shown). (3)Thimcrosal did not induce membrane po- 
tential changes in cells exposed to gramicidi,) in either 
standard or low Na' medium (Fig. ~c.l'). 

Removal of ( 'a : '  fronl the medium did no[ dnmge 
the overall magnitude of the membrane potential re- 
Sl~nse to thimerosal (Fig. ~Ja,b), hcacc the dcptflariza- 
lion is not mediated by (.'a-'" rise. However, the time 
course of the membrane potential response It) the SH 
reagent became mtxiified. In the absence of extraccllu- 
lar Ca-'* the membrane I~Uential response developed 
faster as the intermediate plateau disappeared (or was 
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mcdl~lnl IbM,g, INa '  ],, ;" I raM)Ih~:  Ill()'; level col rcsl'~mdn to Ihu' 
fhl~l'~.n,'¢l'~¢¢ illl~.'ll",,lly o|  d i .~ - ( ' , 451  i l l  I h~ l l | ocy l¢  ~,|I',,I1UIIM~.HI ¢.',l~ll'~- 
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I:i~. q. ('hang¢~. i .  the Iha;rcsccno: ol  diS-(':-15) in tilL" .susi;~:n~,itm ::~ 
lh)'llU~c~'les Ilplll l addition ot |hin~,:rosal (Thim. 511 p.M): quinine 
(Ouin, 0.25 raM) and Ni( ' l :  (Ni :  '. ~ raM). ('c~l:. ~.cr¢ suspended in 
SBS ¢onlainiflg 1.3 m M  ( 'a ( ' l ,  (b d )  ~r I).i m M  ( 'a ( ' l ,  ; I m M  
EGTA (a). The IlK)r; h:vel corre.~pnads t~ d.:  fluorescence intensity 
Lli" diS-('t-(5) hi thynlocyt¢ .suspcn.si~m ¢.qabli.~llud bcl~ru addilitm of 
the agClltS. The traces arc rcprcscnlaliv¢ of l~)ur similar cxpcrilncnls. 



significantly shortened) (Fig. ~;0. it has been :~h~w.~ 
earlier [10,23] that a [Ca: ']i rise in thymocytcs results 
in the induction of Ca-" '-ae!ivaied K' conductivity, i.e., 
hyperpolarizatkm. Such a hyperpolarization induced by 
thimcrosal may interfere with the depolarization cffcct 
of the Stt reagent, and this may explain, at least 
partially, the appearance of the first, intermediate, 
plateau in the membrane potential response to 
thimerosal. In accordance with this assumption is the 
observation that the intermediate plateau also disap- 
peared in the presence of quinine (the response to 
thimcrosal became faster and ,~nc-stage. Fig. 9c1. Ni 2' 
{Fig. 9d). or in the prcscnec of 35 mM KCI in thc 
cxtcrnal mcdium (not shown). It is known [10] that 
Ca-"-dcpcndcnt K' pcrmcabil i tyi ,  thynlocytcs is in- 
hibited by quinine (which accounts for the slight depo- 
larization exerted by this agent, Fig. t}c) or by elevated 
[K* ],,. On the other hand, Ni-" i:; an inhibitor of Ca 2' 
channels [I 7,18], and its annular ion of the intcrnlediate 
i~lateau of the nlClllJ'q';Inc potential i'esponse to 
Ihimurosal may be explained by inhibili~m ~.] 
thimcrosal-induccd ()a: '  entv~ and he|~cc el' Ca: ' -  
activated K '  conduct iv i ty .  

hw(dcem('nt o l ' / IA t?wtclholilt's 
We have recent ly  found that A A  metabol i tes,  pl 'o l la- 

bly LO products, contribute to the fi~rmation of ionic 
sig,al~ in thymocytes [24,25]. In macrophages, 
thimero.,.al has been shown to induce AA r~lcase aild 
significantly stimulate LO [26]. The|'efi)re, we ~.csted 
the inw~lvement of AA and its metabolites in the 
changes it) i,~n transport hldncc'd by iilinlcrosal. 
Thinierosal was found to significantly stimulate AA 
release from thymocytes (Fig. 10). Exogenous AA, its 
meh|bolitcs, and inhibitors of AA metabolism ap- 
peared to exert diverse effects on thimcrosal-induced 
oh,triBes in [(7;.I 2 ~ ], and membral)e r,.~tential of thymo- 
cytes. Tile most pronounced effect on the [Ca2'], re- 
sponse to thimerosal was produced by NDGA, an 
inhibitor o1 I .e ,  ~ in particular 5-LO [24]. The [(.'a-' ' ], 
response to thimerosal was significantly retarded by 
NI)GA. and the delayed [Ca2']i signal becanle one- 
state (Fig. Ilk lndon:¢flmcin (~-15 p,M), a cych)oxy- 
gcnase inhibitor, did not affect the [Ca-" ~ ]. rcspon,~c It) 
iilillicrosal (not shown). These data may suggest the 
involvement of LO product(s) in [Ca ~" ]~ signal induced 
by tllimerosal 

Exogenous AA was shown to modulate synthesis of 
l.O products induced by thimerosal in macrophages 
t2fi]. As seen [a Fig. I1, exogenous AA and |Is LO 
product 5-HETE both exerted inhibitory effects on the 
[Ca-'+]i response to Ihimerosal. if applied after 
thimcm)sal, neither AA nor 5-HETE elim.in;~_|t_,d the 
[ Ca2~ ]i signal evoked by thimerosal (not shown). The 
observed modulation by A A  and 5-HI~TE of 
thimerosal-induced changes in [Ca 2~ ]i also supports 

71 

m 1000 , . / / ~  

t l I I I I i I I I I I I 

0 2 0  40  6 0  8 0  1 O0 120 

Tlme, mia-i 

Fig. IlL The tittle COI.IrSL' of l~lllaraehidoni¢ add rck'asL: trol)1 
thimcronal-trcalcd t;I} aiB.I tmBc:ilcd (I'd lhynloL'yl¢,,., hi Cl, lrvc (ii)..~ 
ml of I ~ll];,lachkhu)ic.l:d~ch:d II'lylBOCyl¢,~ ( I . .~ '  I() 7 thyn'.wylc.,,/ml) 
W~.'I'~.' ll'¢;fled with 21) pM Ihimcrosal. At lilIB.'~, hvdk'alcd thL: I1¢t 
1'adh~at.'livily Ick'a. ' , ,cd ill the SIll)el ' I t , I l l ; f i l l  W;I.~ Inc;i.',iill'¢d ;IS described 
in M;llcri,'tls am.t Methods. I~.'lch poilll is Ih¢ m¢:m of quadrtlplical¢ 

d¢II ¢ I'111J11{II J( 111~,, 

tCa ): .  
1000 . . . . ~ ~  

aj '"  ' 
700 : - =  

400 

100 

/ 

1000[ 

'tOO 

400 

100 

C 

/ / 7 " "  ! 
¢ 

, f 

/ , /  

,=of 
700 

400 / 
/ 

t:ilL'. I I .  [Ca 2' ], responses to fldmcro~al m lhc ah.%'.¢¢ (a.c} and 
presence (b,d.c,f) of NI)GA (b}; AA (d): 5-1iF.]'l~ (e,f), Addilio~: ll) 
#M thmlcrosal (a,b.f): 20 #M flfimcrosal k.c,d): I.~ #M NDGA (b); 
3 #M AA (d): 30 #M III-TL: (¢.f). The |ra(.'~5 ;.Ire repr~SCllta', iv¢.' Of 

three simihtr Cxpcv'irl lCll lr,;. 



72 

the idea that these changes may be mediated by SOlVe 
AA metabolite(s), 

Bo~,h AA and 5-HETE were found to induce a 
marked depolarization (Fig. 12). The effect was not 
eliminated by oligomycin plus rotenone, the inhibitors 
abolishing the mitochondrial membrane potential (not 
shown). As in the case of thimerosal (Figs. 8, 9), the 
depolarization induced by AA and 5-HETE was pre- 
served in the Ca-" '-free or Na +-free medium, or in the 
presence of ouabain (data not shown), but it was elimi- 
nated by agents increasing K + permeability, wdino- 
mycin or nigericin (Fig. 12a,b), or in a K '-rich medium. 
l'hus, the depohtrization induced by AA and 5-11ETE 
is similar in its characteristics to fl~at induced by 
thimerosal, and it may sinfihtrly be accounted for by a 
reduced permeability tbr K ' 

In the presence of AA or 5-HF]I'E, the membrane 
potential response to thimert~sal was modified: the 
first, slow stage disappeared arid the twerall magtlitude 
decre:ts,,d (Fig. 12d,¢). The result tff successive applica- 
tions of AA and thimcrosal varied tit:pending on the 
sequence of the additions of the agents (Fig. 12d,f). 
The same was observed for 5-HE fE (not shown). The 
found cross-influence of AA and thimerosal (or 5- 
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I:i~. 12. ('hangcs in ,he flut,rcsccl)ce of diS-(':-(5) in the str~p.ruxit,u 
of th.vmtg~,'les ui~.m sa~ccessiv¢ addi,ions ot' AA, 5-11H'E, thimcroxal 
and iom~phores: valiuonl).cin, nigericia, gramicidilh Addilioas: 15 
v.M AA (a); ~ pM AA (d.fk 31, p.M 5-11ETE Ib.e);. II, ItM thimcrosal 
(Thim. c~f|; 5 ~M valinomyeiu (Val. ak 2 laM nigericin (Nig. hh I 
pM gramicidin fGram, d-f). in trace (eL 15 ~tM NDGA was added 
to the tells 2 rain h.,liwe addi,ion of Ihimerosal. The IllOr.: levet 
corresptmds to the initial fluorescence intensity of the dye in thymo- 
t3'tc su .~nskm established before the addition of agents. The traces 
are repre.~ntative of  three similar experiments. The numbers in 

circles indicate the calculated membrane [mtcn|ial values. 
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|'ig. 13. ('hangcs ill Ihc Iluorc,,ccnce of 30 bt M cthidium I~romidc in 
,lie .'..USl'bellSiOl) of thyl)ltlCytes LlpOll adtliliOll o1" ,hilnerosal (Thim. 51t 
/~nl) altd digitonin (I)ig. 25 #M). The Illll'i level ¢orresptmds to file 

l]uore~,ecne¢ intensity established af, er additiotl of digilolfitl. 

i !ETE and thinlet'osal)on their effects on thymocytc 
melnbranc potential n|ay suggest thai thilnerosal-in- 
duced depolarization is mediated by some AA ntetabt~- 
lite(s). 

In tile presence ot" N DGA, the membrane potential 
response to thimerosai developed i11uch fi,stcr (Fig. 12, 
curve c). The fluorescence of diS-C~-(5)wits somewhat 
quenched by NDGA which made difficult quantitative 
estimates of nlembrane potential, h)domethacin (5-15 
p M) did not affect the p:tttern of membrane potential 
changes induced by thimerosal [ lot  shown). 

( "el! ciabili(v it, the i~rescm'e o I" thimerosai 
As ineasnrcd by l'rypan I~lue exclusion, the viability 

of thymoeyles ircatcd wilh thimerosal fi~r 2(1 rain was 
the same as observed fiw control cells ( > 95%). Ethid- 
ium bromide Iluorcsccncc in thymocyte suspcqsion was 
also unchanged upon addition of thimerosal though it 
sharply increased upon subsequent thymocyte pertne- 
abilization with digitonin (Fig. 13). Hence, at least f t ,  
20 rain application, thimelx~sal does not induce thymo- 
cyte phtsma membrane permeability fi~r molecules of 
ethidium bromide size. Incubation with 5-50 /~M 
thimerosal fiw 21 h re.~ullcd, however, in pronounced 
cell death: the percentage of thymocytcs that exchtded 
Trypan blue dropped to 34 _+ 6C~. its compared to 84 _+ 
8% fiw control cells (n -- 3). 

Discussion 

The resulls obtained indicate thai tIle activity ~,f 
vltriol.ls ion transporting systems in Ihymocytes is 
markedly changed upon tile action of thimernsal. First 

"~+ 
of all, thimerosal has been fimnd Io raise [Ca" ]i, and 
not only in thymocytes [9-11] but in macrophages [26] 
and platelets [1] as well. In earlier studies on thymo- 
cytes, however, the [Ca-'+]i changes were only moni- 
tored during several minutes, and only the first stage of 



the [Ca '+L response to thimemsal has been registered 
[9-11]. The present work demonstrates that during tile 

ICa 2 ' 1 second stage , ,~ increases up to I taM, even at 
thimerosal concentration as low as 10 taM. 

Thimerosal induces both Ca 2 ' influx and depletion 
of intracellular Ca 2+ pools (Figs. 1-3). The intra- 
cellular Ca 2+ mobilization may be accounted fi~r by 
thimerosal inhibition of Ca 2 +-ATPase of the endoplas- 
mic reticulum. Indeed, in experiments oil permeabi- 
lized thymocytes we have fimnd that thimerosal in- 
duccs depletion of ( a  -* pools [16]. it is worth noting 
that the SH reagent did not prevent Ca" ' release from 
the thymocyte endoplasmic reticulum induced by inosi- 
tel i ,4,5-trisphosphate [ 16]. 

Despite the evidence for intracellular Ca 2' mobi- 
lizatior, we failed to observe [Ca'+ L response to 
thimcrosal in the (a-~-free mcdiuln (Figs. 2, 3). This 
nlay be explained by at least two reasons. I'il'St, [Ca 2 ' ]i 
rise in ( a  -hcc mcdiunl :v~y be dampen because of  
quin2 buffering. A very slight increase m [(a-  L due to 
iulracellular Ca 2' inobilizalion has recently been ol'~- 
served t i l l  ill thymocytes loaded with I'ura-2, a dye with 
a much lower buffering capacily Second, Ca 2 * may be 
released from h~.traeellular stores rather slow, so that 
Ca 2~ mobilized from inlracellular stores might be ex- 
truded from the cell without any significant [Ca 2 ' ]i rise 
ill quin2-1oaded cclb [281. Indeed, the drop in chlortc- 
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slower thali that hldueed by ionomycin (Fig. 3B). 
In general, Ca" ~ pumps are known to be SH-depen- 

dent enzymes [26,271. So, Ca2*-ATPase of thymocytc 
plasma membrane could also serve as a target fiw 
thimerosal. However, in the presence of thimerosa! the 
[Ca-'* ]i response to ionomycin in the Ca 2 +-free medium 
remained transient (Fig. 3a,b), which ilnplies thai the 
plasma membrane Ca2 %A'l'Pase is not ilnpaired by thc 
SH reagent. Thus, an increased Ca 2~ influx may be 
considered as the main source of thilnerosal-induccd 
[ C a " ]  i rise. 

The nature of the two-stage time course of tile 
[ Ca2~ ]i response to thimcrt,sal (Fig. 1) is noi clear. The 
(a'+-Ir:msporting system(s) responsible fer the first 
stage of [Ca- ]i rise is not inhibitcd by Ni 2. and does 
not transfer Mn 2' (Fig. 5). This distinguishes it from 
Ca'* channels found in the plasma membrane of 
nonexcitable cells [17,18]. During the second stage of 
the Cw' + response to thimerosal there arises a conduc- 
tivity for several divalent cations (Fig. 5). Most unusual, 
thimerosal, as well as 5-HETE (Fig. Ill, induces per- 
n,,-ability not only for Ca -'+ and Mn 2+ but h)r Ni ~-+ as 
well, which is distinct from the known types of Ca 2~ 
channels [17,18]. It is also important that the induction 
of thc conductivity for the divalent cations is [Ca2+],, 
dependent (Fig. 6). Tile initial [Ca2~]i rise seems to 
promote t~e subsequent divalent ion entry (Figs. 5 and 
6). 
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By contrast, tile external Ca ~'+ is not required for 
lhimerosal-induced changes in monovalcnt ion fluxes 
resulting in depolarization (Figs. 7-9). Depolarization 
appears to bc mediated by changes in the plasma 
membrane permeabilitics for both Na ' and K '. It is of 
interest that thimerosal may regulate the ion fluxes in 
opposite dirertions, increasing the permeability for 
Ca 2 t and Na + and decreasing it for K ~. 

Thimerosal markedly stimulates AA release from 
thymoeytes (Fig. 10), a similar effect has been observed 
in a number of cells [26]. The results obtained (Figs. 11 
and 12) enable to suggest the involvement of AA 
metabolite(s), probably LO product(s), in the effects of 
thimerosal on the transport of mono- and diwdcnt 
cations. This is evidenced by the following findings. (!) 
The [Ca -'~]~ and membrane potential respoqses to 
thimerosal are markedly affected by NDGA, exoge- 
nous AA and 5-HETE. (2) Exogenous AA and 5-1tETE 
produce changes in ion trauslmll similar to those ex- 
erted by thimerosal, namely, a rise in [Ca'~ji and 
depolarization (this work), and a decrease ill p l l ,  
[ 11,24j. 

AA metabolite(s) thai may mediate die effects of 
thimerosal relnains to be identified. The involvement 
of cyclooxygenase products seems ilnprobable, since 
the cyclooxygenase inhibitor indomethacin did not af- 
fect the changes in [Ca2+]i and membrane potential 
induced by thimer,~,sal. The experime~ts with sequen- 
liai additions of AA (or 5-HETE) and thimc:"~,sal (Fig. 
i l )  suggest that neRher AA nor 5-HETE themselves 
mediate the  [Ca2+]i response to thimerosal, as it is 
inhibited by these agents, it might be thought that AA 
or 5-HETE change the speetrmu of AA metabolites 
produced by thimerosal [26]. The facts thai 
lhilncrosal-induced changes in ion transport are nlodu- 
laled by AA, its metabolite and the LO inhibitor, and 
the dependence of the [Ca2+], response to Ihimerosal 
on cellular ATP level (Fig. 4c), make it doubtful that 
the action of thimerosal on thymocyte plasma mem- 
brane permeabilities for mono- and divalent cations is 
due solely to solne nonspecific effect of the sulfhydryl 
reagent. 

In platelets, thimerosal was found to nlinlie the 
effects of receptor-interacting ag,,,i.,,i,,,, inducing sco t -  
lion arm aggregation [1]. In thymocytes, however, 
thimerosal failed to cause proliferation and, moreover, 
it inhibited proliferation slimulaled by PHA [I I]. The 
idea that thimerosal might induce proiiferation came 
from the observation t i l l  that it exerted [Ca 2' ]i and 
p H  i changes similar to those elicited by common pro- 
liferatory stimuli. Flowever, typical Ca 2 '-mobilizing re- 
ceptor-interacting agonists only produce a transient 
and moderate rise in [Ca24]i which critically distin- 
guishes them from thimerosal. As found in the present 
work, thimerosal induces not proliferation but cell 
death, which may be accounted for by the high steady 
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levels of [Ca2+]i established in thymocyte~, trcated with 
the SH reagent. In addition, thimerosal induces a 
marked depolarization of thymocytes which also distin- 
guishes it from proliferatory stimuli. The mechanism of 
thimerosal-induced cell death is the subject of our 
further studies. 
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