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The sulthydryl reagent thimerosal enhanced the sensitivity of hamster eggs to injected inositol 1,4.5-trisphosphate (InsP,) or Ca® to generate

regensrative Ca® rolease from intraccliular pools. A monesiunal antibody (mAb) to the InsP, receptor blocked both the InsPy-induced Ca®* relense

(IICR) und Cu**-induced Cu’" relense (CICR). The mAD ulso blacked Ca®* oseillations induced by thimerosal, The results indicate that thimerosul

enhances LICR sensitized by ¢ytosolic Cu®, but not CICR from lnsr',-inlunsilivc pools, and causes repetitive Cu® relenses from InsP-sensitive
pools,

Sulfhydryl reagent; Anti-InxP, receptor antibody: Ca"-induced Cu®" release; [nsPy-induced Cu®* release; Cu®* oscillation; Mamster egg

l. INTRODUCTION

ntracellular Ca** release is a key mechanism for
Ca?*-dependent cellutar processes in a wide variety of
cells. Two major types of the mechanism are well
known; IICR from InsP,-sensitive Ca** pools mediated
by the InsP, receptor/channel [1.2] and CICR from
InsPy-insensitive pools mediated by the ryanodine re-
septor/channel (3]. Mowever, direct identification or
clear discrimination of these mechanisms in intact non-
muscle cells has been difficult, because precisely specific
and potent pharmacological agents were not available.
In muscle cells. ryvanodine receptor-mediated CICR
from the sarcoplasmic reticulum (SR) is sensitized by
caffeine (4] and channels are open-locked [5] or blocked
{6] by ryanodine. In hamster eggs, Ca*" release is in-
duced by injection or Ca** [7]. but this CICR is caffeine-
and ryanodine-insensitive (8] and is sensitized by thim-
erosal instead of caffeine [9]. Sulfhydryl (SH) reagents
that oxidize the protein's SH groups can cause Ca™
release [10] and an SH reagent-reactive 106 kDa CICR
channel was identified from SR [11]. Thimerosal, there-
fore, is used for detecting CICR in caffeine-insensitive
cells [12].

Moreover, thimerosal induces Ca® oscillations [9]
similar to sperm-induced ones {13] in hamster eggs. Ca*"
oscillations occur in various cells in response to biolog-
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ical activators and several models have been proposed
for the mechanisms [14]. A two-Ca** pool model [15,16]
explains Ca** oscillations as a result of repeated CICR
from InsP,-insensitive pools which sequester Ca* ions
mobilized from InsP,-sensitive pools. In contrast, there
are recent reports showing that SH reagents sensitize
IICR [17.18] and can zause spontancous Ca* release in
pern.cubilized hepatocytes under the condition where
only IICR is allowed to accur [17]. Furthermore, since
a slight increase in cytosolic Ca** concentration ([Ca**))
can sensitize InsP, receptor/channels [19], CICR may be
indistinguishable from Ca?*-sensitized 1ICR.

We recently found that one of the mAbs to the InsP,
receptor, 18A10, which recognizes the epitope close to
the Ca** channel region at the COOH terminus of the
receptor protein [20], is a highly uselul tool as a specific
functional inhibitor of IICR, as demonstrated in cere-
bellar microsomes [21] and hamster eggs [8]. This mAb
completely blocks Ca®* waves and Ca** oscillations at
fertilization of hamster eggs [8]. In the present study,
using 18A10, we examined which type of Ca** release
is enhanced by thimerosal and is responsible for Ca**
oscillations in hamster eggs. We found that it is [ICR.

2. MATERIALS AND METHODS

Muture hamster cggs freed from the surrounding zena pellucida
wers uied, as i provious workse {13], Egas weze trunsferrad to s drop
of modified Krebs-Ringer solution in a dish placed on an inverted
microscope, The mAb 18A10, which vas prepared as described previ-
ously [1], was injected into eggs through a micropipette by air pressure,
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together with the Cu¥*-sensitive dye fura 2 (Moleculur Probes Inc.,
OR, USA). Another mAb, 4C1 1, which recognizes the NH, terminus
of the InsP, receplor {20], was used as # contral. The volume injected
wis estimated (rom fluorescence of fury 2, Filty to ninsty minutes
later, thimerosnl (sodium ethylmercurithiosalicylute) was applied to
the medium and p-mya-InsP, (Boehringer Mannheim Biochemicals,
Mannheim, Germuny) or Ca™ was injected into the egg through a
pipstte by current pulses. Relative dosss of InsPy or Ca® were repre.
sented by the mugnitude of injection pulses (nA x s). For inensurement
of [Cu®), images with UV, light of 340 nm wave length (Fua) (prace
tically, through o narrow band-pass filter of 34U + 10 nm) were ucsu-
mulated during 0.5 s intervals every 2 or § s (4 or 10 « in some cuses)
using un imuge processor (Argus- 100, Hamamatsu Photonicy, Hama-
malsu, Japan). Images with 360 nm light (Fy,) were taken before und
after the record of Fug und data were processed lo caleulate the ratio
Frad Fuao. assuming a linear degradation of Fi,. Spatial distribution of
{Cu™), was unalysed at three areus in the egg (inset of Fig. 3). Expere
iments were dane at 32°C. Further details have been described ¢lse-
where {8].

3. RESULTS

Thimerosal causes Ca*" oscillutions (Fig. 1), as have
been demonstrated by hyperpolarizing responses in the
membrane potential [9]. Upon application of thimerosal
(final concentration, 200 uM), a gradual increase in
[Ca*], began 2-3 min later. The rate of rise was progres-
sively enhanced and then the first Ca®* transient (re-
ferred to as ‘spike' below) was generated 4-6 min later
(Fig. la. solid line). The spike reached the peak of 500~
700 nM and decayed to a slightly higher level than the
original basal level, [Ca?*}, gradually increased again,
leading to the next spike. The interval between spikes
was about 5 min and fairly constant. Each Ca** spike
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Fig. 1. Thimerosal-induced Ca** oscillations in anfertilized hamster

eggs and blogk of the Ca** oscillations by 18A10 in normal medium

{a) and Ca'*=free medivm (b}, Thimerasal was annlied to the buthing

medium st the arrow (zero time), [Ca*"}; was averaged in the whole

¢gg. Real peak [Cu®'); of spikes might be missed during the sampling

interval of 8 5 (a) or 10 s (b) used for long-term recording of [Cu?*),
with imaging.
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was preceded by an ‘augmenting Ca®* rise’ (thin arrows
in Fig. 1a) and their transition occurs at [Ca?'), between
100 and 150 nM. Ca®" spikes progressively declined in
amplitude and disappeared within 20 min in w0st cases.
The basal (Ca®'];, becume gradually higher. All these
patterns of the rise in [Ca*'], were observed in Ca®*-free
(plus | mM EGTA) medium (Fig. 1b, solid line). indi-
cating that Ca®> oscillations are due to intracellular
Ca® release.

The thimerosal-induced Ca*" oscillations were com-
pletely blocked in eggs injected with 18A10 (70-170
sg/ml, n=30) (Fig. 1a) whereas 4C11 had no inhibitory
effect (150-270 ug/ml, a=11) (data not shown). In
18A10-treated eggs, basal [Ca*’), gradually increased
without any oscillation in the presence of thimerosal.
The magnitude was variable from cell to cell without
relation to the dose of 18A10; in some cells the elevated
[Ca?); level was about 100 nM (Fig. la, broken line)
and in some other cells it was even higher than the level
at which Ca* spikes were generated in mAb-untreated
eggs (Fig. la. dotted line). The elevation of basal [Ca?"),
was recognized in Ca*-free medium (Fig. 1b, dotted
line).

We have previously shown that injection of InsP, into
hamster eggs induces regenerative. propagating Ca*”
release [8]. The thresheld injection pulse to elicit the
regenerative response was 1 nA x | s in control eggs
(Fig.24) (0.9-1.2 nA x 1 s, n=185), After the regenerative
Ca® release, the response to the same injection pulse
was much smaller and gradually increased with time
(Fig. 2a). It takes more than 2 min to produce a full
response after the previous InsP, injection, probably
corresponding io the time for refilling Ca** pools [22].
When InsP, was injected immediately after a spontane-
ous Ca?* spike induced by thimerosal (filled circle in
Fig. 2b), the Ca* rise was quite small cven with 3 nA
x 1 s pulses. It is probable that IICR is involved in the
spike and IICR pools have been almost empty. In con-
trast, when insP, was injected about 2 min after the
spontancous spike (before the next augmenting Ca**
rise appeared), an injection pulse of only 0.2 nA x 1 s
was cnough to induce regenerative Ca®* release (n=95)
(open circle in Fig. 2b) and the rise in [Ca**], was greater
than in cuntrol medium. Thus, IICR is remarkably sen-
sitized by thimerosal, After the InsP,-evolied Ca*
spike, the Ca** rise in response to a 3 nA x | s pulse
became much smaller again (Fig. 2b. right). In eggs
injected with 18A10 (150 ug/ml per egg). the Ca®* rise
with a 3 nA x | s pulse was almost blocked and even
a 5 nA pulse caused a quite small response (Fig. 2c).
indicating that thimerosal-enhanced IICR is mediated
by the InsP, receptor. The mAb 4C11 (200-270 ug/mi)
did not inhibit thimerosal-enhanced IICR (1=6).

Injection of Ca?* causes a non-linearly sugmented
increase in [Ca?"]; [7.8]. The critical injeztion pulse of
Ca** was 1-1.5 nA x 2 s in control eggs (#=12). In Fig.
3, Ca® was injected at the left margin of the egg and
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Fig. 2. Sensitization of lICR by thimerosal and inhibition by 18A10.
(1) [nsP, injections (at arrows) into 4 control egg with negative current
pulsies indicated. (b) [nsPy injections immediatcly after a spontancous
Cu®* spike ¢filled cirele) and 2 min after the spike, Thimerosul was
applied at the zero time, (¢) InsP, injections into an 18A 10-treated egg
$ min after application of thimerosul, [Cu®"], was averuged in the whole
egg. To avoid leakuge of InsP, (190 4M in the pipette), bucking current
(positive DC current of 1.2 nA) was continuously upplied except when
InsPy was injected. Sampling interval of [Ca®"], mensurement was 25
in (u) and (¢) and 4 ¢ in (b).

[Ca®); was measured at the injection sits, center and
opposite side (see inset). With a subthreshold pulse (0.9
nA x 2 s), the rise in [Ca®], was the largest at the
injection site (Fig. 3a); injected Ca® ions probably dif-
fuse toward the opposite side. With the threshold pulse
(1 nA x 2 s), peak [Ca?"]; reached 700 nM in the whole
egg. An inflexion was ssen at about 300 nM in the rising
phase of [Ca®"}; at the injection site (thick arrow in Fig.
3a), apparently corresponding to the threshald [Ca®*],.
{Ca®]; increased 4 s Tater at the opposite side of the egg
than at the injection site whereas peak [Ca®*); was iden-
tical (Fig. 3a), indicating that the Ca?* rise is due to
propagating Ca®* release rather than diffusion of Ca®".
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Fig. 3. The rise in [Cu®), upon injection of Ca®" in the absence of
thimerosat and mAb (u), in the presence of thimerosal (b) and in the
presence of thimerosal and 18A10 (¢}, Detailed explanations are in the
teat. Inset shows pasitions of the injection pipette and areas in which
[Ca®), was mensured, together with symbols in the gruph. To avoid
feakisge of Ci™ (20 mM CaCls in the pipette), negative DC cusrent of
1.2 nA was continuously applicd except when Cu¥* was injected.

After the regenerative Ca®* release, the same or even
greater injection of Ca®* fuiled to induce the next regen-
erative response. This refractory peried is about 2 min,
when examined in hyper-polarizing responses [7]. These
findings indicate CICR.

Clear sensitization of CICR by thimerosal was found,
when Ca®* was injected at the interval between sponta-
neaous Ca?* spikes in the presence of thimerosal. The
regenerative Ca** release was produced by 0.1~0.3 nA
x 2 s pulses (n=5) (0.3 nA in Fig. 3b) and the apparent
thrashold [Ca®"]; was lower than in control eggs (about
200 nM in Fig. 3b, thick arrow).

This thimerosal-enhanced TICK was biocked by
18A10 () 20-160 g/ml, n=8). As shown in Fig,. 3¢, peak
[Ca®], was always highest at the Ca®* injection site and
increased with increasing doses of Ca®" in an approxi-
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mately linear manner, up to 700 nM at the injection site;
the rise in [Ca*]; is due to injected Cu*™ per se and its
diffusion. Thus, the apparent CICR is mediated by the
InsPy receptor.

4, DISCUSSION

We demonstrated here that 18A10 blacksboththimer-
osal-induced Ca** oscillations and thimerosal-¢nhanced
CICR as well as LICR in hamster eggs. The specificity
of 18A10 has been ascertained by immunostaining of
blotted proteins from hamster eggs, showingthat 18A10
reacts with a single band of the 250 kDa InsPy receptor
protein [8] without cross-reaction with the 106 kDa
CICR channel. If it is present in hamster eggs. The
ryanodine receptor is not detected in hamster eggs with
an antibody to the ryanodune receptor [8], 18A10 reucts
with the epitope close to the Ca** channel region [21]
and suppresses Ca®” release induced by the injection of
InsP, in a non-competative manner [8). Therefore, thim-
erosal-enhanced Ca*" release is IICR (from InsP,-sensi.

tive pools), but not CICR from InsPy-insensitive pools.

The apparent CICR is thought to be Cu*"-sensitized
1ICR. Is has been shown that IICR in skinned smooth
muscle fibers is enhanched by increasing [Ca**; between
0 and 300 nM and is inhibited by [Ca™]), higher than
300 oM [23]. The similar effect has been found in
microsomal vesicles [24] and the maximum probability
of opening of EnsP,-gated Ca™ chunnels in lipid bilayers
oceurs at [Ca®*] of 200 nM [19]. Sensitizution of IICR
by Ca** will allow a regenerative Ca** release by a pos-
itive feedbuck loop between Ca* and IICR. Corre-
spondingly. regenerative and propugating Ca*" release
was induced when [Ca™); was elevated to about 300 nM
by injected Ca* (Fig. 3u). Thimerosal lowered this
threshold {Ca®*); level (Fig. 3b). Thus, thimerosal fur-
ther sonsitizes Cu**-sensitized [ICR. so that [ICR is
induced by much smaller amounts of InsP, (Fig. 2b)
and, moreaver, spontaneous Cu*" spikes are elicited
(probably by endogenous InsP,) when the augmenting
Cu®" rise reaches a certain level between 100 and 150
nM (Fig. 1). Sensitization of [nsP, receptors by SH
group oxidization has been suggested in hepatocytes
with oxidized glutathion (GSSG) |17] or rere-butyl hy-
droperoxide (TBHP) [18] which oxidizes glutathion
(GSH) to G8SG, Ca*"-dependent activation of phos-
pholipase C (PLC) leading to further production of
InsPy can be another candidate for the regenerative
process in IICR [25,26). This may occur in the cell's
corlex, if it is present, but evidence suggests that Ca*
release takes place even in the deep cytoplasm of the
hamster egg [27]; Ca**-sensitized IICR is more likely.
TBHP can induce Ca?" oscillations without any require-
ment for PLC aciivation {i8]. Alihough the precise
mechanism of sensitization remains to be elucidated,
thimerosal is not the specific probe to identify CICR.

Ca®* oscillations can oceur in fertilized hamster eggs,
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bused only on IICR [8]. The present findings with thim-
erosul support the ideu of a single Ca** pool model,
instead of a two-pool model [15,16), based on Ca®*-
sensitized 1ICR (8], A slight elevation of basal {Ca®*), is
commonly observed during both sperm-induced {8] and
thimerosal-induced Ca® oscillations. The rise in basal
(Ca**); cuused by thimerosal was resistant to 18A10 and
removal of external Cu** (Fig. Ib). An inhibition of
Ca® pumps, as hus been demonstrated in hepatocytes
treuted with TBHP [28,29], may account for this eleva-
tion of [Cu**),. Inhibition of Ca** :cqucstrnuon inte
Cu*" pools may account for progressive attenuation of
Cu™ releuse as well (Fig. 1). On the other hand, the
elevation of basal [Ca®}; by sperm dcpcnda on continu-
ous Ca* influx due to increused Ca™ pcrmcabxhty of
the plausma membrane [7.--1 The elevated [Ca-'], sup-
ports the generation of Ca* oscillations by sensitizing
HCR [17]. although it alone does not induce rcpcmcd
Ca® releases in unfertilized hamster eggs {7]. It is con-
ceivable that, at a slightly higher level of basal [Ca**),
Ca®~ oscillations cun be generated by endogenous InsP,
when HICR is further sensitized by thimerosal or gener-
uted by low but persistent supply of InsPy [22,30] when
sperm stimulates production of InsP,.
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