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The sulthydryl reagent thimerosal at concentrations 5~100 @M has been found to induce a variety of changes in ion transport in
rat thymucytes. In particutar, [Ca® '), increases about 10-fold from the basal leved, The [Ca® '], response to thimerosal displays a
two-stage time course, with the main [Ca” '} rise during the second stage. Fvidence has been obtained for the depletion of
intracellwlar Ca?' pools in thimerosal-treated cells, however, Ca®' mobilization from intracellular stores does not contribute
significantly into [Ca*']; rise. Thimerosal clicits permeability not oniy for Ca®', but also for Mn"' and Ni* ‘., which is
Ca®'-dependent. We failed to get any evidence on thimerosal-induced inhibition of the plasma membrane Ca® *-ATPasce. The
induction of Ca®" influx, rathcr than inhibition of Ca®*-ATPase, accounts for the disturbance of [Ca®'], homcostasis in
thimerosal-treated cells. Thimerosal also clicits changes in monovalent ion fluxes resulting in marked depolarization. The lauer
scems unrelated to the changes in [Ca®' ], and is suggested 1o be mediated both by incrcased permeability for Na' and a
decrcased one for K*, Thimerosal significantly stimulates AA release from thymocytes. Evidence has been presented that AA
metabolite(s), probably, LO product(s), may mediate the changes in the transport of mono- and divalent cations clicited by the

sulfhydryl reagent. Prolonged treatment of thymocytes with thimerosal resulted in cell death.

Introduction

Sulfhydryl reagents that reduce intracellular SH level
are known to induce a variety of diverse physiological
and pathophysiological processes in cukaryotic cells,
including secretion, aggregation and cell death [1-3]. It
has been suggested recently that toxic effects of
sulfhydry! reagents may be mediated by perturbation of
Ca** homeostasis [3.4]. Ca** is known to play a funda-
mental role in physiological and pathophysiological
processes in lymphocytes, including proliferation and
cell death [4-6). Liule is known, however, about the
action of SH reagents on [Ca®'], regulation. Their
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abilitv to interfere with Ca®*-ATPases is usually con-
sidered tiwe only pathway mediating the effect of SH
group inhibitors on Ca’™* transport [3).

In several cell types SH reagents have been found to
modulate monovalent ion transport as well [7.8]. In
particular, they activate K*/Cl™ 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 monovalent ions,

Earlier we have found that thimerosal increases
[Ca?*]; of rat thymocytes [9,10]. Recently this observa-
tion was confirmed by Martin et al. [11] who studied
also thimerosal-induced changes in pH; and glycolytic
rate. In the present study we have addressed in detail
the effects of the su'fhydryl reagent on [Ca?*]; and the
membrane potential of rat thymocytes. The [Ca®"),
response to thimerosal has bheen found to display a
two-stage time course with the main {Ca® ' }; rise during
the second stage. The putative inhibition of Ca®*-
ATPases by the SH reagent does not seem to con-
tribute significantly to the observed [Ca? *J; rise.

Thimercsal also modifies monovalent ion fluxes in
thymocytes, thus producing a pronounced depolariza-
tion. Evidence is given that this depoiarization is medi-
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ated both by 2 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 mediate
the changes in the transport of mono- and divalent
cations elicited by the sulfhydryl reagent. Prolonged
treatment of thymocytes with thimerosal resulted in
cell death.

Materials and Methods

Cell preparation and medium composition

Thymocytes were obtained from Wistar rats (approx.
150 g) by tcasing out the thymus glands through a
aylon mesh into medium 199 {10], then washed twice
by centrifugation and resuspended in SBS containing
140 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl,, 1| mM
MgSO,. | mM KH,PO,, | mM Na,HPO,, 4 mM
NaHCO,, 6 mM glucose, 10 mM Hepes (pH 7.2).

When a modificd medium was used, the cells were
transterred to such a medium just before the measure-
ments, In the low-Na* medium NaCl was replaced by
choline ¢hloride and [Na '], was about 16 mM. The
Na*~free medium was SBS free of NaHCO, and
Na.HPO,, where NaCl was replaced by choline chlo-
ride and the pH was adjusted by KOH ([Na'],
! mM). In the low-Cl™ medium N aCl was replaced by
sodium gluconate ([Cl ], = 8 mM), and in the K'-rich
medium it was substituted by KClH (K '], = 146 mM;
(Na*], =16 mM). In some experiments Ca™* in the
medium was reduced or omitted (as stated in figure
legends) a Ca®'~free SBS containing cither 100 M
EGTA with no added CaCl, or 1 mM EGTA plus 0,15
mvi Callly has been used as well,

The integrity of thymocyte plasma membrane was
assessed by staining the cells with 0,049% Trypan blue
or 30 uM cthidium bromide (the wavelengths for exci-
tation and recording were 365 and 600 nm. respee-
tively). Cell viability was expressed as the percentage of
thymoceytes that excluded Trypan blue.

Measurement of ion transport

!C‘:" "], was measured using quin2. Thymocytes (5 -
107 per ml) were loaded in SBS with § uM quin2
acctoxymethyl ester for 40 min at 37°C, then washed
and resuspended in the same medium free of the dye.
The excitation and cmission wavelengths were 337 and
495 nm, and the slits 2 and 10 nm, respectively. [Ca®*)
signals were calibrated according to the standard pro-
cedure [10.12] by adding 15 M digitonin and 0.1 mM
MnCl; 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

12}

Redistribution of intracellular Ca®' was monitored
using the fluorescence probe chlortetracycline, as de-
scribed in [10]. Cells were incubated in SBS for 40 min
at 37°C with 20 uM chlortetracycline and then directly
assayed in the fluorometer. The excitation and emis-
sion wavelengths were 405 and 520 nm and the slits 3
and 8 nm, respectively,

The membrane potential was measured using the
fluorescence probes diS-C ,+(5) and di-BA-C (3)[10.13].
The wavelengths for excitation and recording were 579
and 672 nm for dis-C,-(5) and 580 and 650 nm for
di-BA-C4(3), respectively. The slite were 3 nm for
excitation and 5 nm for recording. For both dyes an
increase in the fluorescence intensity indicates depolar-
ization of the cells, hyperpolarization being accompa-
nicd by a decrease in the fluorescence. The calibration
procedure for diS-C,«(5) was performed as describied
in Refs. 10 and 14 by isoosmotically varying the extra-
cellular K' concentration in the presence of 2 uM K?
ionophore  valinomyein. Under these conditions the
membrane potential can be calculated by Nernst equa-
tion £, = -6L5 log(K']/[K']) with the intra-
cellular K concentration estimated as 150 nM [14].

The fluorescence was measured in a special spectro-
fluorometer, as described in Ref, 9, at 37°C and with
continuous stirring, the concentration of culs in 2 ml
thermostated cuvette was about 5- 10" per ml.

After the cells had been transferred into the cuvette
they were allowed to adjust for 3-4 min and a steady-
state basal fluorescence level was registrated prior to
upplicittion of agents,

Analysis of [ *Hlarachidonic acid release

Thymocevtes were suspended in RPMI 1640 21«
conceatration of 2+ 107 per ml and incubated with |
pCizml [*H]arachidonic acid for 1 h at 37°C. After
radiolabelling the cells were washed three times with
S8BS. 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 chloroforin/4-
methanol {1 : 2, v/v). Then the cells were spun (700 X g,
S min) and the radioactivity in the supernatant was
measured by scintillation counter SL-4000 (France).

Materials

EGTA, quin2 acctoxymethylester, NDGA, indo-
methacin were obtained from Calbiochem: thimerosal,
Hepes from Fluka: furosemide, SITS, AA from Sigma;
di-BA-C (3) and diS-C,«(5) from Molecular Probes;
digitonin, N-cthylmaleimide, chlortetracycline from
Serva. All other recagents were of analytical grade.
5-HETE was synthesized according to Ref. 15.
[*H]Arachidonic acid (190 Ci/mmol) was obtained
from the Institute of Molecular Genetics, Moscow.



Results

The time course of the [Ca® ' |, response to thimerosal

Thimerosal (5-100 M) induced a dose-dependent
[Ca'], risc in thymocytes. At thimerosal concentra-
tions 5 to 10 uM [Ca® '], started to rise after 1-2 min
fag and reached a platcan within 4 min, the platcau
level being maintained during the following 15 min of
obscrvation (Fig. 1a). At a concentration of 10-50 M
thimerosal evoked a two-stage [Ca’*]; rise, in which
casc the duration of the plateau shortened and it was
followed by a second [Ca’']; rise (Fig. 1bc). The
higher thimerosal concentration, the earlier the second
stage was initiated; and at a thimerosal concentration
above S0 uM the plateau disappeared and the [Ca® '],
response became apparently of one-stage character
(Fig. 1d).

The [(,‘u“"]l signals clicited during the first and
second stages differed markedly in their magnitude.
During the first stage [Ca® '], only ose to about 160-
180 nM, while the sccond stage resulted in [Ca® '], rise
above 1 uM, i.c., up to full saturation of quin2 with
Ca®'.

The time course of [Ca®'], changes presented in
Fig. 1a~d) was constantly reproduced in all the repeti-
tive. exneriments (# =5 for cach curve), whereas the
range of thimerosal concentrations which produced the
two-stige [(‘;r"]i response (that is, the intermediate
plateau, Fig. 1b,e) somewhat varied.

Sources of [Ca”*]; rise

The [Ca® '), rise evoked by thimerosal sharply weak-
encd with the decrease of external Ca*?' concentration
and completely disappeared in the Ca®*-free medium
(Fig. 2) where even a slight decrease in [Ca™' ], was
abserved (Fig. 2¢). At thimerosal concentration of 20
M the [Ca® '], response was almost not seen already
at 0.15 mM [Ca® '], (Fig. 20). This suggests a major role
for Ca’' influx in the [Ca®'], signal induced by
thimerosal.
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Fig. 1. Changes in [Ca®' ], in rat thymocytes under the action of
thimviosal (arrow) at concentrations 5 uM Gk 15 uM ) 50 oM
() 100 M (d). In this and further figures, cells were suspended in
SBS at [Ca®' ], = 1.3 mM, if not stated otherwise. The traces are
representative of five similar experiments.
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Fig. 2. [Ca®* ], changes induced in rat thymoeytes by 50 g M ia-¢) or

20 1M (d-D thimerosal (arrows) at different [Ca®* ], levels: 1.3 mM

(a.d); 0.6 mM (e): 015 mM (b.f) 0,15 mM CuC’l, + 1 mM EGTA (c).
The traces are representative of five similar experimer ts,

On the other hand, in permeabilized thymocytes
sulthydryl reagents N-ethylmaleimide and thimerosal
were found to deplete intiacellular Ca®* stores [16].
To find out whether such depletion takes place in
intact cells as well, we attempted to compare the
amount of intracellular releasable Ca*' in the
thimerosal-treated and control cells by measuring
[Ca’'], response to ionomycin in the Ca®'-free
medium. In cells suspended in the Ca’*-free medium
and treated with thimerosal, the [Ca®' ], rise induced
by ionomycin was markedly diminished as compared to
control cells (Fig. 3A). In addition, thimerosal clicited
a fall in the fluorescence of thymocytes loaded with
chlortetracycline, which is known to reflect the release
of membrane associated Ca®* [10], i.e., intracellular
Ca’' mobilization (Fig. 3B). Both these results suggest
that thimerosal induc.s depletion of intraceliular Ca®*
stores. This depletion, however, does not elicit a [Ca®* ],
risc in quin2-loaded thymocytes suspended in the
Ca’*-free medium (Fig. 2¢).

Properties of thimerosal-induced [Ca 24 |, signal

SH reagents have been reported to stimulate
K*/Cl~ cotransport in cukaryotic cells [7]. Therefore,
we have checked the cffects of K*/Cl™ cotransport
blockers furose aide and SITS on the [Ca®']; response
to thimerosal. In thymocytes pretreated for 30 min with
cither 1 mM furosemide or 20 uM SITS, ihe [Ca®'],
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Fig. Y. Depletion of intraceliular Ca® ¢ pools under the action of
thimerosal. {A) Changes in the fluorescence of quin2-loaded cells
upon sequentinl addition of ionomycin and CaCls (a), or thimerosal,
ionomycin and CaC'ly (b, (B) Changes in the fluoreseence of chlorte-
tracycline-toaded cells upon addition of thimerosal {¢) or ionomycin
(). Additions: 50 uM thimerosal (Thim);, 1 g M ionomyein (ono); 2
mM CaCly (Ca® '), Dashed line: untreated celis. In all the experis
ments thymoeytes were suspended in SBS containing 0,15 mM CaCl,
and | mM EGTA. The 1002 level corresponds to the initial fluores-
cence intensity of quin2 or chlortetracycline-loaded cells established
hefore ad-dition of the agents, The traces are representative of four
similar experiments.

response to thimerosal was unchanged as compared to
control cells {net shown), suggesting that the [Ca®'),
rise is not mediated by K'* /Cl cotransport activated
by thimerosal.

The [Ca®']; response to thimerosal appeared clec-
trogenic. In a depolarization medium in which K* was
substituted ior Na’, the overall thimerosal-induced
[Ca®t ]; risc markedly decreased, and the two separate
stages became less pronounced (Fig. 4b). Substitution
of choline for Na* did not affect thimerosal-induced
[Ca® '), signal (Fig. 4a). The attenuatory action of de-
polarization cvidences that the [Ca®*], signal is not
mediated by voltage-gated Ca* channels. This conclu-
sion is also confirmed by the finding that verapamil, a
blocker of voltage-dependent Ca** channels, did not
affect the [Ca®* J; response to thimerosal at a concen-
tration as high as | mM (not shown).
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FCCP, an agent reducing cellular ATP, significantly
inhibited the [Ca®*]; response to thimeroszl (Fig. 4B).
This implics that undisturbed cellular energy
metabolism is required for thimerosal to produce the
risc in [Ca®*],.

Thimerosal-induced influx of Mn*>* and Ni**

In quin2-loaded cells suspended in the standard
Ca’* containing medium supplemented with 1 mM
Mn?* or t mM Ni?*, the fluorescence response to
thimerosal changed dramatically. The initial rise in the
fluorescence was followed by a rupid fluorescence drop
to a level much lower than the basal one, practically to
the zero level (Fig. Sa,b). This fall of the fluorcscence
signal is apparently caused by quenching of intra-
celtular quin2 fluorescence [12] due to thimerosal-in-
duced Ni?* or Mn** entry. Note that neither Ni** nor
Mn°* changed the basal fluorescence level of quin2-
loaded thymocytes (Fig, Sa.b).

It is interesting that Ni**, which is known to block
Ca®* channels in eukaryotic cells [17,18), failed to
inhibit the initial stzge of the [Ca®']; response to
thimerosal (Fig. 5a). Moreover, during the first scconds
after iis application thimeresal stimulates [Ca’*), rise
but clicits neither Mn®* nor Ni®* influx. Thimerosal-
induced conductivity for heavy metals lagged behind
the [Ca’*]; signal (Fig. Sa,b). This conductivity scems
to be dependent on the [Ca®*), level or the duration of
thimerosal treatment. The higher [Ca®*), level (or the
longer the time interval after thimerosal application),
the carlier Ni** or Mn** cntry was initiated (Fig. 5¢).

In contrast to the effect of thimerosal observed in
Ca®* containing medium (Figs. 5 and 6a), in the Ca?*-
free medium the SH rcagent elicited no substantial
influx of cither Mn** or Ni**. In these conditions, the
gradual quenching of quin2 fluorescence in untreated
cells was much more pronounced (Fig. 6, b-d), as
compared to Ca®* containing medium (Fig. 5). This
basal fluorescence quenching may be duc to heavy
metal entry into the cell, or to an increased dye leak-

Fig._-t. [Ca® “l, Tesponses to thimerosal in a modified medium (A) and in the presence of FCCP (B). NaCl was substituted by choline chloride (a)
or KCl (b). Additions: 50 uM (A) or 20 M (B) thimerosal (Thim); 2 #M FCCP. The traces are representative of three similar experiments.



age from the cell (induced by the presence of Mn* o1
Ni%* in the Ca’'-frec medium) and the subsequent
quenching of extracellular quin2 by the heavy metals.
In Ca’*-frec medium, thimerosal only produced a
small, if any, additional incrcase 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?* influx (Fig. 6e) which would
have resulted in a pronounced increase in the intra-
ccllular quin2 fluorescence in the Ca*'-free medium
[19). Note that Ba’' is known to go through Ca’*
channels in eukaryotic cells [20,21].

The membrane potential changes

Thimerosal induced a marked depolarization of thy-
mocytes, as indicated by fluorescence changes moni-
tored with either cationic diS-C ,-(5) or anionic di-BA-
C,3) potential sensitive fluorescence probes  (Fig.
7a,b). Similar depolarization was obscerved upon the
action of 03-1 mM N-ethylmaleimide (data not
shown). It should be noted that while diS-C,-(5) fluo-
rescence reflects changes in both the plasma mem-
brane and mitochondrial membrane potential [22], di-
BA-C,(3) may only measure the former one [13]. The
similarity between the effects measured with the use of
both dyes (Fig. 7a,b) evidences that the depolarization
is accounted for by changes in the plasma membrane
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Fig. 5. Thimerosal-induced influx of Ma®* and Ni’*. Changes in the
Nuaresceiice v yuin2-loaded thymocytes upon addition of 1 mM
NiCl, (Ni®* % 1 mM MnCl, (Mn® ), and 40 M thimerossi * Thim?
Thymocytes were suspended in SBS containing 1.3 mM CaCl,. The
1309 level corresponds to the initial fluorescence inten: ity of quinz-
loaded cells established before addition of the agents. The traces are
representative of at least four similar experiments.
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Fig. 6. Effect of thimerosal on divalent cations influx into thymocytes
suspended in the presence or absence of external Ca”*. Changes in
the fluorescence of quin2-loaded thymocytes upon addition of 50
oM thimerosal (arrows; ab,d.e) or in control cells (¢). The celis were
suspended in SBS containing: 1.3 mM CaCl, and § mM NiCl, (a);
no added CaCl, and 5 mM NiCl, (b); no added CaCl, and 1 mM
MnCl, {c.d) no added CaCly, 100 uM EGTA and 2 M BaCl, (),
NiCla, MaCl, or BaCl, were added 1o cell suspension 60-90 s
before addition of thimerosal. The traces wre representative of at
least theee simifar experiments.

rather than mitochondrial membrane potential, This
conclusion is also coufirmed by the finding that
thimerosal-induced depolarization was not prevented
by inhibitors abolishing the membrane potential of
mitochondria, oligomycis plus rotenone (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 course of
the membrane potential response to thimerosal was
observed in the presence of 1 mM ouabain, an in-
hibitor of Na ' /K*-ATPasc (not shown), thus implying
that the effect of thimerosal was not mediated by
Na*/K*-ATPase inhibition. Neither removal of Cl~
from the extraccllular medium (Fig. 8a), nor applica-
tion of the inhibitors of Cl~ transport furosemide (1
mM) of SITS (20 wM) (not shown) affected the changes
in the membrane potential e¢licited by thimerosal. By
contrast, in the Na'-free medium the first stage of the
membrane potential response to thimerosal disap-
peared (Fig. 8b) implying that this stage might 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. Changes in di-BA-C -3 G on diS-C,-(5) (be) flworescence in
the suspension of thymocytes gpon addition of thimerosal (Thim, S0
amk ofigomyein (0: 2 ng/mb plus rotenone (R2 2 g M), The 100,
level correspondds to the initial fluorescenee intensity of the dves in
thymocyte suspension established before the addition of agents. The
traces ate reprosentative of five simifar experiments, The nuabeis in
vircles indicate the caleulited membrane potential values,

It may be suggested that the second stage of the
membrane potential  response to thimerosal s ae-
counted for by a reduced permeability tor K ', This
explanation comes from the tollowing tfindings. (1)
Thimerosal did not change the membrane potential of

with K* ionophore valinomycein (Fig, 8c.d) or with the
monovalent cation channel former gramicidin {Fig. 8g).
{2) Depolarization induced by thimerosal in Na “-free
medium was nearly eliminated by subsequent addition
of cither gramicidin (Fig. 8b) or valinomycin (not
shown), (3) Thimerosal did not induce membrane po-
tential changes in cells exposed to gramicidin in cither
standard or low Na ' medium (Fig. Se.f).

Removal of Ca”* from the medium did not change
the overall magnitude of the membrane potential re-
sponse to thimerosal (Fig. Ya.b), kence the depolariza-
tion is not mediated by Ca* rise. However, the time
course of the membrane potential response to the SH
reagent became moditied. In the absence of extracellu-
lar Ca** the membrane potential response developed
faster as the intermediate platcau disappeared (or was
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Fig. 8. Changes my the Nuoreseence of diS-C (3 in the suspension of
thymocytes apon addition of timerosal CChim, 30 pm); pramicidin
Whiene 1 MYand valinomyetn (Val, § g M), Cells were suspended in
standard (c.0) or moditied Gihadg) SBS: the Tow-O1 medim G
1€ ], = 8 mMY ow-Na ' medium (3 [Na* ], = 16 mMY: Na-free
moedinn (b [Nac® ], = 1 mM) The 1R level corvesponds to the
fluorceence intensity of diS-CA05) in thymocyte suspension estah-
hished hetore addition of the agents. The traces e epresentative of
at least four similar experiments, The numbers in circles indicate the
calcukited membrane potential valdues,
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Fie. 0. Changes in the flucrescence of diS-CL-(5) in the suspension of
thymocvtes upon addition ot thimerosal (Thim, S0 g M): quinine
(Quin, 0.25 mM) and NiCl, (Ni7 ', 5 mM). Cells vere suspended in
SBS containing 1.3 mM CaCl. (b-d) or 0.3 mM CaCl, + 1 mM
EGTA (a). The 1009 level corresponds to the fluorescence intensity
ol diS-C«(5) in thymacyte suspension established betore addition of
the agents. The traces are representative of four similar experimenis.



significantly shortened) (Fig. Ya). It has been shown
carlier [10,23] that a [Ca®*]; risc in thymocytes results
in the induction of Ca* *-activaied K* conductivity, i.c.,
hyperpolarization. Such a hyperpolarization induced by
thimerosal may interfere with the depolarization effect
of the SH reagent, and this may explain, at least
partially, the appearance of the first, intermediate,
platcau in the membranc potential response to
thimerosal. In accordance with this assumption is the
obscrvation that the intermediate plateau also disap-
peared in the presence of quinine {the response to
thimerosal became faster and one-stage, Fig. Yc), Ni-'
(Fig. 9d), or in the presence of 35 mM KCl in the
external miedium (not shown). It is known [10} that
Ca® '~dependent K'Y permeability in thymocytes is in-
hibited by quinine (whiich accounts tor the slight depo-
larization excried by this agent, Fig. 9¢) or by clevated
[K '], On the other hand, Ni** is an inhibitor of Ca®"'
channels [17.18], and its annulation of the intermediate
platcau of the membriane  potential  response 1o

thimerosal may be  expliained by inhibition of

thimerosal-induced Ca”™' entry and hence of Ca™'-
activated K' conductivity.

Involvement of AA metabolites

We have recently found that AA metabolites, proba-
bly LO products, contribute to the formation of ionic
signals  in  thymoeytes [24,251 In macrophages,
thimerosal has been shown to induce AA release and
significantly stimulate LO [26). ‘Therefore, we tested
the involvement of AA and its metabolites in the
changes in jon transport  induced by ihimcrosal.
Thimicrosal was found to significantly stimulate AA
release from taymocytes (Fig, 10). Exopenous AA, its
metabolites, and inhibitors of AA metabolism  ap-
peared to exert diverse cffects on thimerosal-induced
changes in [Ca’ '], and membrane potential of thymo-
cytes. The most pronounced effect on the [Ca’t), re-
sponse to thimerosal was produced by NDGA, an
inhibitor of LO, in particular 5-LO [24]. The [Ca®'),
response 1o thimerosal was significantly retarded by
NDGA, and the delayed [Ca®']; signal became one-
state (Fig. 11, Indomethacin (5-15 uM), a cyclooxy-
genase inhibitor, did not affeet the [Ca®'); response to
thimerosal (not shown). These data may suggest the
involvement of LO product(s) in [Ca® " ]; signal induced
by thimerosal.

Exogenous AA was shown to modulate synthesis of
1.0 products induced by thimerosal in macrophages
26]. As seen in Fig. 11, cxogenous AA and its LO
product S-HETE both c¢xerted inhibitory effects on the
[Ca’*]; response to thimerosal. If applicd after
thimerosal, neither AA nor 5-HETE climinaied the
[Ca**], signal evoked by thimerosal (not shown). The
observed modulation by AA and 5-HETE of
thimerosal-induced changes in [Ca’']; also supports
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Fig. 10, The time course of [ Hlarachidonic acid release from

thimerosal-treated G and untreated (b)) thymoeytes, In curve G, 3

i of [*Hlarachidonic-labeled thymoeytes (157107 thymocytes /ml)

were treated with 20 oM thimerosal. At times indicated the net

radioactivity released in the supernatant was measured as desceribied

in Materials and Methods. Fach point is the mean of quadruplicate
determinations,
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Fig. 11. [Ca®" ), responses to thimerosal in the absence (ag) and
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the idea that these changes may be mediated by some
AA metabolite(s).

Boili AA and S-HETE were found to induce 2
marked depolarization (Fig. 12). The effect was not
climinated 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 incrcasing K* permecability, valino-
mycin or nigericin (Fig. 12a,b), or in a K *-rich medium.
Thus, the depolarization induced by AA and 5-HETE
is similar in its characteristics to that induced by
thimerosal, and it may similarly be accounted for by a
reduced permeadility for K*.

In the presence of AA or S-HETE, the membrane
potential response to thimerosal was modified: the
tirst, slow stage disappeared and the overall magnitude
decreased (Fig, 12d.e). The resuit of successive applica-
tions of AA and thimerosal varied depending on the
sequence of the additions of the agents (Fig. 12d,f).
The same was observed tor S-HE T8 (not shown). The
found cross-influence of AA and thimerosal (or 5-

Fig. 12, Changes in the fluorescence of diS-C +(3) in the suspension
of thymocytes upon saccessive additions of AA, S-HETE, thimerosal
and jonophores: valinomyen, nigericin, gramicidin, Additions: 13
pMAA @R 6 uM AA WD 30 uM S-HETE (the): 1w M thimerosal
(Thim, ¢~ 3 M valinomyein (Val, ak 2 pM nigericin (Nig, bk |
1M gramicidin (Gram. d-1. In trace ), 15 #M NDGA was added
o the cells 2 min before addition of thimerosal. The 10077 level
corresponds to the initial fluoreseence intensity of the dye in thymo-
ovte suspension established before the addition of agents. The traces
are representative of three similar experiments. The numbers in
circles indicate the cateulated membrane potential values.

2 ¥
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Fig, 13, Changes in the fluorescence of 30 g M ethidivm bromide in

the suspension of thymaoeytes upon addition of thimerosad (Thim, 50

) and digitonin (Dig. 25 M), The 10097 level corresponds to the
fluorescence intensity established after addition of digitonin.

HETE and thimerosal) on their effects on thymaoeyte
membrane potential may suggest that thimerosal-in-
duced depolarization is mediated by some AA metabo-
lite(s).

In the presence of NDGA, the membrane potential
response to thimerosal developed much faster (Fig. 12,
curve ¢). The fluorescence of diS-C,-(5) was somewhat
guenched by NDGA which made difficult quantitative
estimates of membrane potential. Indomethacin (515
L M) did not affect the pattern of membrane potendal
changes induced by thimerosal (not shown),

Cell vialwlity in the preseace of thimerosal

As measitred by Trypan blue exclusion, the viability
ol thymaoceytes treated with thimerosal for 20 min was
the same as observed for control cells (> 959), Ethid-
ium bromide fluorescence in thymocyte suspension was
also unchanged upon addition of thimerosal though it
sharply increased upon subsequent thymocyte perme-
abilization with digitonin (Fig. 13). Henee, at least for
20 min application, thimerasal does not induce thymo-
cyte plasma membrane permeability for molecules of
cthidium bromide size. Incubation with §-50 uM
thimerosal for 24 h resulicd. however, in pronounced
cell death: the percentage of thymocytes that excluded
Trypan blue dropped to 34 + 6% as compared to 84 +
8¢ for control cells (= 3).

Discussion

The results obtained indicate that the activity of
various jon transporting systems in  thymocytes is
markedly changed upon the action of thimerosal, First
of all, thimerosal has heen found to raise [Ca®*],, and
aot only in thymocytes (9-11] but in macrophages [26]
and platelets [11 as well. In earlier studies on thymo-
cytes, however, the [Ca’*], changes were only moni-
tored during scveral minutes, and only the first stage of



the [Caz“],-I response to thimerosal has been registered
[9-11]. The present work demonstrates that during the
second stage [Ca’'], increases up to 1 uM, even at
thimerosal concentration as low as 10 uM.

Thimerosal induces both Ca®* influx and depletion
of intracellular Ca’* pools (Figs. 1-3). The intra-
celiular Ca®* mobilization may be accounted for by
thimerosal inhibition of Ca®*-ATPase of the endoplas-
mic reticulum. Indeed, in experiments on permeabi-
lized thymocytes we have found that thimerosal in-
duces depletion of Ca®' pools [16]. 1t is worth noting
that the SH reagent did not prevent Ca?' release from
the thymocyte endoplasmic reticulum induced by inosi-
tol 1,4,5-trisphosphate [16].

Despite the cvidence for intracellular Ca®' mobi-
lizatior, we failed to observe [Ca*], rcsponsc to
thimerosal in the Ca®'-freec medium (Figs. 2, 3). This
may be ucpl.um.d by at least two reasons. I usl [Ca’*),
rise in Ca® *~free medium = uy be dampen because of
quin2 buffering. A very .slu,hl increase in [Ca® '), due to
intracellular Ca®' mobilization has recently been ob-
served [11] in thymocytes loaded with fura-2, a dye with
a miuch lower buffering eapacity. Second, Ca®' may be
released from intracellular stores rather slow, so that
Ca’* mobilized from iniracellular stores might be ex-
truded from the cell without any significant [Ca® '], risc
in quin2-loaded cclls [28]. Indeed, the drop in chlorie-
tracveline fluorescence clicited by thimerosal is much
slower than that induced by ionomycin (Fig. 3B).

Is general, Ca?' pumps are known to be SH-depen-
dent enzymes [26,271. So, Ca**-ATPase of thymocyte
plasma membrane could also serve as a target for
thimerosal. However, in the prescence of thimerosal the
[Ca?* ]; response to ionomycin in the Ca* *-free medium
remained transient (Fig. 3a,b), which implics that the
plasma membrane Ca®*-ATPasc is not impaired by the
SH reagent. Thus, an increased Ca®* influx may be
considered as the main source of thimerosal-induced
[Ca®']; risc.

The nature of the two-stage time course of the
[Ca®']; response o thimerosal (Fig. 1) is noi clear. The
Ca**ransporting system(s) responsible for the first
stage of [Ca®*]; rise is not inhibited by Ni®* and does
not transfer Mn** (Fig. 5). This distinguishes it from
Ca*' channels found in the plasma membranc of
nonexcitable cells [17,18). During the sccond stage of
the Ca’* response to thimerosal there arises a conduc-
tivity for several divalent cations (Fig. 5). Most unusual,
thimerosal, as well as 5-HETE (Fig. 11), induces per-
m.ability not only for Ca®* and Mn?* but for NiZ* as
well, which is distinct from the known types of Ca®'
channels [17,18]. It is also important that the induction
of the conductivity for the divalent cations is [Ca®*],
dependent (Fig. 6). The initial [Ca®*]; rise seems to
promote tke subsequent divalent ion entry (Figs. 5 and
6).
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By contrast, the external Ca®* is not required for
thimerosal-induced changes in monovalent ion fluxes
resulting in depolarization (Figs. 7-9). Depolarization
appears to be mediated by changes in the plasma
membrane permcabilities for both Nat and K. It is of
interest that thimerosal may regulate the ion fluxes in
opposite directions, increasing the permeability for
Ca’' and Na* and dccreasing it for K*.

Thimerosal markedly stimulates AA release from
thymocytes (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 divalent
cations. This is evidenced by the following findings. (1)
The [Ca®'), and membrane potential responses to
thimerosal are markedly affected by NDGA, exoge-
nous AA and 5-HETE. (2) Exogenous AA and 5-HETE
produce changes in ion transpoit similar to those ex-
erted by thimerosal, namely, a risc in [Ca’' [, and
depolarization (this work), and a decrease in pH,
[11,24]. ‘

AA metabolite(s) that may mediate the effects of
thimerosal remains to be identificd. The involvement
of cyclooxygenase products scems improbable, since
the cyclooxygenase inhibitor indomethacin did not ai-
fect the changes in [Ca’*], and membranc potential
induced by thimcerosal. The experiments with sequen-
tiai additions of AA (or 5-HETE) and thimerosal (Fig.
11) suggest that neither AA nor 5-HETE themselves
mediate the [Ca*]; response o thimerosal, as it is
inhibited by these agents. It might be thought that AA
or S-HETE change the spectrum of AA metabolites
produced by thimerosal [26). The facts that
thimerosal-induced changes in ion transport are modu-
lated by AA, its metabolite and the LO inhibitor, and
the dependence of the [Ca’*]; response to thimerosal
on celluiar ATP level (Fig. 4¢), make it doubtful that
the action of thimerosal on thymocyte plasma mem-
brane permeabilitics for mono- and divalent cations is
duc solely to some nonspecific effect of the sulfhydryl
reagent.

In platelets, thimerosal was found to mimic the
cffects of receptor-interacting aguuisis, inducing secie-
tion and aggregation [1]. In thymocytes, however,
thimerosal failed to cause proliferation and, moreover,
it inhibited proliferation stimulated by PHA [11]. The
idea that thimerosa! might induce proiiferation came
from the observation [11] that it exerted [Ca®']; and
pH, changes similar to those clicited by common pro-
liferatory stimuli. However, typical Ca?*-mobilizing re-
ceptor-interacting agonists only produce a transient
and moderatc rise in [Ca?']; 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 [Ca?*}; established in thymocytes treated with
the SH reagent. Ir addition, thimerosal induces a
marked depolarization of thymocytes which also distin-
guishes it from proliferatory stimuli. The mechanism of
thimerosal-induced ccll death is the subject of our
further studies.
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