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Abstract
This study focused on the alterations that occur in larval molluscan cells after administration of apoptotic inducers and inhibitors
used in mammalian cells in response to cold stress. This is the first report on apoptosis modulation in molluscan cells assessed by
flow cytometry. Mitochondrial activity, general caspase activation, and membrane integrity of control molluscan cells were
compared to those processes in frozen–thawed molluscan cells, primary mouse embryonic fibroblasts, and human colon tumor
cells prior to treatment and after incubation with apoptotic inducers or inhibitors. We tested three apoptotic inducers
(staurosporine, camptothecin, and mitomycin C, routinely used for the chemical induction of apoptosis in different mammalian
cells) and found that only staurosporine resulted in an evident apoptotic increase in molluscan cell cultures: 9.06% early apoptotic
cells in comparison with 5.63% in control frozen–thawed cells and 20.6% late apoptotic cells in comparison with 10.68% in
controls. Camptothecin did not significantly induce molluscan cell apoptosis but did cause a slight increase in the number of
active cells after thawing. Mitomycin C produced similar results, but its effect was less pronounced. In addition, we hypothesize
that the use of the apoptotic inhibitors could reduce apoptosis, which is significant after cryopreservation in molluscan cells;
however, our attempts failed. Development in this direction is important for understanding the mechanisms of marine organisms’
cold susceptibility.
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Introduction

Apoptosis and necrosis have been detected in all eukaryotes
and are induced by many stress factors (Arur et al. 2003).
Although these major cell death pathways are highly con-
served, they vary with respect to morphology, biochemistry,
and physiology (Zeiss 2003; Zhivotovsky 2004; Kiss 2010).
The degree of stress-induced stimulation may determine
whether the cells enter the cell death pathway (Hirsch et al.
1997; Zeiss 2003), and molecular chaperones (heat shock pro-
teins, HSPs) play a key antiapoptotic role in damage repairing

(Lindquist 1986; Ellis 1987; Liu and Chen 2013). This group
of evolutionarily conserved proteins has been described in
almost all living organisms (Hartl 1996). In the case of several
stressors, it may lead to apoptosis or necrosis (Sõti et al. 2003).
The cell death programs can be activated by elevated apopto-
tic levels playing a crucial role in responses to stress from low
and high temperatures and oxidative stress in intertidal organ-
isms, including adult mollusks (Sokolova et al. 2004). Marine
organisms’ early life stages are marked by increased suscep-
tibility to stressors different from affected adults (Przeslawski
et al. 2015). In this study, we aimed at apoptotic modulation in
mussel (genus Mytilus) larval cells after ultra-low cold stress
and clarification of mechanisms of apoptosis induced by
cryopreservation.

There is a lack of information about the causes of apoptosis
in mollusks now, although this phenomenon has been de-
scribed in different mollusk classes (McFall-Ngai 1999;
Mondy and Pierce 2003; Sunila and LaBanca 2003;
Sokolova et al. 2004; Buckland-nicks and Tompkins 2005;
Koropatnick et al. 2014; Romero-Ramírez et al. 2015).

We examined whether apoptotic inducers, such as
staurosporine (STS, a natural antibiotic), camptothecin
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(CAM, a topoisomerase I inhibitor), and mitomycin C (MMC,
a drug of the camptothecin family), which are routinely used
for chemical induction of apoptosis in mammalian cells, can
induce apoptosis in cultivated molluscan larval cells. We also
tested three apoptotic inhibitors used for mammalian cells,
such as Y-27632, cyclic pifithrin-α, and CHIR99021, in order
to reduce apoptosis after cryopreservation, which can reach
24% in molluscan cell cultures (Odintsova et al. 2017).
Y-27632 is a highly permeable, potent, and selective inhibitor
of the Rho-associated protein kinase (ROCK) signaling path-
way in mammalian cells. Human corneal endothelial cells
treated with this inhibitor showed a decrease in apoptotic
levels, most likely because of the inhibitor-induced effects of
caspase-3’s expression and activities (Peh et al. 2015).
Moreover, it was previously shown that a Rho-enzyme in
oyster hemocytes may be involved in antiapoptotic mecha-
nisms, also including P35-sensitive caspases and mitogen-
activated protein kinases (Lacoste et al. 2002). In murine cell
cultures, cyclic pifithrin-α reversibly prevented p53-mediated
apoptosis that had developed in response to stressors, such as
ultraviolet or ionizing radiation (Marión et al. 2009). Another
specific apoptotic inhibitor, CHIR99021, also associated with
p53-mediated apoptosis, has been shown to block the acety-
lation of lysine 120 in the p53 protein and thereby prevent the
apoptosis initiation in human lymphoma cells exposed to ion-
izing radiation (Ambroise et al. 2015). p53 is a well-described
mitochondrial apoptotic gene in non-model invertebrates, and
its expression is considered a marker of cellular stress in mus-
sels (Muttray et al. 2005; Böttger et al. 2008; Walker et al.
2011).

The influence of ultra-low temperatures on the inducing of
apoptosis in mussel cells is understudied compared to effects
of environmental factors. Mussels of the genus Mytilus are
sessile organisms that inhabit highly stressful intertidal eco-
systems and, therefore, must possess mechanisms to withstand
the stress-induced effects (Halpin et al. 2002; Lockwood et al.
2015). Environmental pollutants and drastic temperature
changes (Cheng 1988; Mičić et al. 2001; Sokolova et al.
2004; Kefaloyianni et al. 2005; Cherkasov et al. 2007;
Sokolova 2009) can lead to a variety of cellular disorders in
mollusks, including eventual apoptosis. Mytilus studies have
shown that temperature stress induces changes in gene and
protein expressions (Hofmann and Somero 1995; Chapple
et al. 1998; Hofmann et al. 2002; Lockwood et al. 2010;
Fields et al. 2012). There are 175 genes in the Mytilus tran-
scriptome that show expression changes to temperature stress:
87 are induced and 88 are repressed in Mytilus californianus,
M. trossulus, and M. galloprovincialis (reviewed in
(Lockwood et al. 2015). The results previously reported for
two species of intertidal mussels (M. galloprovincialis and
M. californianus) using the hemocyte study system found that
stress responses to high temperatures differed between mussel
species, whereas both species appeared to be tolerant of cold

extremes at least over short time intervals (Yao and Somero
2012). One of two mussel species tested, a more temperature-
tolerant species, M. galloprovincialis, demonstrated a lower
amount of single- and double-stranded DNA damages, faster
signaling activation and transduction, and stronger repair ca-
pabilities against temperature stress (Yao and Somero 2012).
Buckley et al. (2001) have measured threshold induction tem-
peratures in the mussel Mytilus trossulus post acclimation to
summer conditions in the field and post cold acclimation in
the laboratory: levels of protein denaturation (the quantity of
ubiquitinated proteins) and endogenous levels of Hsps from
the 70 kDa family were significantly higher during warm ac-
climation than during cold acclimation. This data agreed with
the results previously obtained by Hofmann and Somero
(1995) in which the levels of ubiquitin conjugates in
M. trossulus were higher in summer than in winter.

The fact of apoptosis induction in marine invertebrate cells
in response to ultra-low cold stress has been previously shown
by several different tests, such as fluorescent staining followed
by flow cytometry, electron microscopy, and a spectroscopic
analysis of the activity of some caspase types (Boroda et al.
2016; Odintsova et al. 2017).

The objectives of this study were twofold: (1) to find apo-
ptotic inducers used for chemical induction of apoptosis in
mammalian cells that can operate in non-mammalian systems,
particularly in cultivated molluscan larval cells, and (2) to
reduce apoptosis in molluscan cells after cryopreservation
using the apoptotic inhibitors.

Materials and methods

Animals

Farmedmarine bivalves,M. trossulus, were collected from the
Vostok Bay of the Sea of Japan (Russia) and maintained in
tubs filled with running seawater (SW) for 10 to 20 days at 7–
10 °C with pH between 7.3 and 8.0. The mussels were not fed
during the maintenance period. The spawning of sexually ma-
ture specimens was induced by a thermal shock. The eggs
from different females were artificially fertilized using pooled
sperm from different males, and the zygotes were placed in
two 5-L tanks filled with UV-sterilized SW. The embryos
were cultivated at 17 °C and harvested at the trochophore
stage (22 h post-fertilization) on nylon mesh with a pore size
of 35 μm for further isolating embryonic cell cultures, as pre-
viously described (Odintsova et al. 2010).

Cell freezing and thawing

Studies concerning living human cells and embryos (Clarke
et al. 2006; Riggs et al. 2010), also as theoretical modeling
(Mazur 1984), assume that material cryopreserved in liquid
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nitrogen (LN) should not be influenced by storage time for
several thousand years, because thermal energy is not suffi-
cient for any chemical reaction at − 196 °C (McGee and
Martin 1962). We previously found that storage duration in
LN did not affect the number of viable cells in primary cell
cultures from different bivalve species (Odintsova and Tsal
1995).

The resulting cell suspension that contained all cell types
(0.6 mL, 5–10 × 106 cells/mL) was transferred into sterile
2-mL polypropylene cryotubes (TPP, Trasadingen,
Switzerland), and 1.2 mL of cryoprotective solution (7.5%
dimethyl sulfoxide in sterile 32‰ SW cooled to 4 °C) was
gradually added over a 10-min period. The samples were then
maintained in an ice-water bath for an equilibration period of
10 min prior to freezing. Cooling to − 196 °C was performed
via three-step freezing: gradually cooling first to − 25 °C at a
rate of 1–1.3 °C/min for 30 min, then to − 75 °C at a rate of
1.8–2.0 °C/min for 20 min; finally, the cryotubes were
plunged into LN (− 196 °C) for storage. Temperature control
was assessed using a TC-08 thermocouple logger (Omega
Engineering, Stamford, CT, USA).

After storage in LN for 1 to 60 days, the cryotubes were
placed into a 30 °C circulating water bath until the ice was
completely melted (4–5 min). Immediately after thawing, the
cryotube contents were transferred into cooled, sterile centri-
fuge tubes. The thawed samples were gradually (over a 3–5-
min period) diluted tenfold in sterile SW at 0 °C with gentle
shaking, centrifuged (5 min at 700g), washed once with SW,
and re-suspended in 0.6 mL of SW supplemented with 2%
fetal bovine serum (FBS) (Sigma-Aldrich, St. Louis, USA)
and antibiotics for cultivation.

Cell cultures

Control and frozen–thawed (Fr) cells were cultivated at a con-
centration of 120 to 150 × 103 cells/well in sterile SW supple-
mented with 2% FBS, 100 U/mL penicillin, and 100 μg/mL
streptomycin in 6-well plates (TPP) at 17 °C for 4 to 48 h. In
order to induce apoptosis and identify the concentration or
exposure time dependency, the control and Fr cells were either
incubated with STS (final concentration 1–5 μM), CAM (1–
10 μM), or MMC (1–10 μM) during 4–48 h. The apoptotic
inducers were dissolved in dimethyl sulfoxide (Me2SO) at
1 mM (stock solution) and stored at − 20 °C. Hydrogen per-
oxide (H2O2) was added to the cells at the final concentration
of 125 μM to induce oxidative stress and apoptosis for 6 to
48 h at 17 °C, according to the previously published condi-
tions for mammalian Jurkat T-lymphocytes (Hampton and
Orrenius 1997) and mussel larval cells (Odintsova et al.
2017). In order to decrease the level of apoptosis after a
freeze–thaw cycle, the Fr molluscan cells were incubated with
apoptotic inhibitors: (1) Y-27632 (Y, final concentration 10–
50 μM); (2) cyclic pifithrin-α (Alpha, 5 μM); or (3)

CHIR99021 (CHIR, 1–5 μM); all inhibitors were purchased
from Sigma-Aldrich. Specimens were examined using a
CKX41 inverted microscope (Olympus, Tokyo, Japan)
equipped with phase-contrast optics and imaged with an
Axiocam 105 color digital camera (Carl Zeiss, Oberkochen,
Germany). Cell photos from two parallel samples were obtain-
ed from 10 randomly selected microscopic fields in each ex-
periment for each sample. Each experiment was repeated at
least three times.

MEFs were obtained according to the protocol described in
Peterson and Loring (2012). All of the experiments on animals
were reviewed and approved by the Ethics Committee of the
National Scientific Center of Marine Biology of the Far
Eastern Branch of the Russian Academy of Sciences. The
HCT 116 cell line was purchased from Sigma-Aldrich.
Mammalian cells were cultivated in Dulbecco’s modified
minimal essential medium (DMEM) supplemented with
10% FBS in 6-well plates (TPP) at 5% CO2, 37 °C. The cells
were incubated with either apoptotic inducers (1–5 μM STS,
1–10 μM CAM, or 1–10 μM MMC), apoptotic inhibitors
(10–50 μM Y, 5 μM Alpha, or 1–5 μM CHIR), or apoptotic
inhibitors in the presence of 1 μM staurosporine for 6 to 48 h.

Flow cytometry

Flow cytometry has become a powerful tool for detecting
apoptotic, live, and dead cells and is the most commonly used
laboratory method for distinguishing apoptosis from necrosis
in dissociated cells (Chen et al. 2000; Przeslawski et al. 2015).
Our previous studies revealed that annexin V is an unreliable
marker for apoptosis in molluscan primary cell cultures
(Odintsova et al. 2017), since it can lead to an increase in
false-positive identification of non-apoptotic annexin V-
positive cells (Marión et al. 2009). We found that an analysis
of cell samples conducted by two different staining combina-
tions (FLICA®, fluorochrome-labeled inhibitors of caspases
(Molecular Probes, Thermo Fisher Scientific, Eugene, OR,
USA), with 4′,6′-diamidino-2-phenylindole (DAPI) (Gerbu,
Biotechnik GmbH, Heidelberg, Germany) and YO-PRO™-1
stain (Molecular Probes) with DAPI) more accurately reflects
apoptosis in molluscan cells and avoids confusion caused by
false-positive or false-negative artifacts. Moreover, the apo-
ptosis time window detected by this staining combination ap-
pears to be much wider than that assessed only by the annexin
V binding (Morris and Geller 1996).

Flow cytometric analyses of the green fluorescent stains,
H2DCFDA, FLICA®, or YO-PRO™-1 (488 nm laser), and
the ultraviolet-fluorescent stain, DAPI (405 nm laser), were
conducted within 20 min after staining using a CytoFLEX
flow cytometer (Beckman-Coulter, Brea, CA, USA) connect-
ed to a computer running CytExpert software (version
1.2.11.0, Beckman-Coulter). At least 20,000 events were eval-
uated for each sample.

Chemical modulation of apoptosis in molluscan cell cultures 907



Detection of cells with active mitochondria

2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA)
(Sigma-Aldrich), used for detection of reactive oxygen spe-
cies (a marker of active mitochondria in live cells), was added
to 100 μL of suspended cells at a final concentration of 10μM
and incubated at room temperature (RT) for 20 min in the
dark. The cell suspension was then diluted with 150 μL of
calcium- and magnesium-free artificial seawater (CMFSW for
molluscan cells) or Dulbecco’s phosphate-buffered saline
(DPBS for mammalian cells), centrifuged at 500×g for
5 min, and then re-suspended in 100 μL of fresh CMFSW or
DPBS, respectively. The samples were stained with DAPI,
used for staining the nuclei of dead cells with damaged mem-
branes, at a final concentration of 1 μg/mL at RT for 7 min in
the dark and then diluted with 150 μL of CMFSW or DPBS,
respectively, followed by immediate flow cytometric analysis.

The number of apoptotic cells (general caspase
detection via FLICA® binding and plasma membrane
integrity detection via YO-PRO™-1 staining)

In order to estimate the number of apoptotic cells, we used two
different staining combinations. First, a 50-μL cell suspension
was stained at RT for 45 min in the dark with FAM-VAD-
FMK FLICA®, according to the manufacturer’s recommen-
dations. FLICA® provides an opportunity to detect general
caspase activation in live cells (Peterson and Loring 2012),
indicating early apoptosis. Unbound FLICA® was removed
from the cells by rinsing with 150 μL CMFSW (molluscan
cells) or DPBS (mammalian cells) followed by centrifugation
at 500×g for 5 min and then re-suspended in 95 μL of fresh
CMFSW or DPBS (depending on cell type). The samples
were then stained with DAPI, as described above, and diluted
with 150 μL of CMFSW or DPBS (depending on cell type)
just before the flow cytometric analysis. Second, to detect the
plasma membrane integrity indicating late apoptotic cells,
1 μL of YO-PRO™-1 was added to a 100-μL cell suspension
in CMFSWor DPBS (depending on cell type). After a 10-min
incubation with YO-PRO™-1 at RT in the dark, the samples
were stained with DAPI, as described above, and diluted with
150 μL of CMFSW or DPBS (depending on cell type) just
before the flow cytometric analysis.

Statistical analysis

Each experiment was performed independently at least three
times. The files obtained with CytExpert Software were ana-
lyzed with Kaluza Software v.1.5a (Beckman-Coulter). All
other data were subjected to a one-way analysis of variance
(ANOVA) using Office Excel 2013 software (Microsoft
Corporation, USA) to test whether the values of the means
from each experimental group were significantly different. A

p value < 0.05 was considered statistically significant in all
data analyses.

Results

Effects of apoptotic inducers/inhibitors
and freezing–thawing in molluscan larval cells

The larval molluscan cells were treated with apoptotic in-
ducers or inhibitors, and their state (mitochondrial activity,
general caspase activation, and membrane integrity) was com-
pared to that of cells that had been frozen–thawed both prior to
treatment and after incubation with the same compounds.
Apoptotic cells become permeant to YO-PRO™-1 stain, but
remained impermeant to DAPI, a dead cell stain. Live cells are
not stained with YO-PRO™-1 stain. Figure 1 presents a time
course of the induced alterations in mitochondrial activity of
molluscan cells after treatment with apoptotic inducers or in-
hibitors and after a freeze–thaw cycle. Results revealed signif-
icant changes in the percentage of molluscan cells with active
mitochondria experiencing oxidative stress (incubated with
H2O2) at all exposure times (distinctive apoptotic changes
were detectable after 6 h). The number of active cells (6 h after
a freeze–thaw cycle) was slightly less than that in the intact
unfrozen cells and had relatively increased after a 24- to 48-h
cultivation due to the destruction of some dead cells. CAMdid
not cause an increase in apoptosis in molluscan cells (same
results with MMC) but did slightly improve their condition
after thawing, whereas only staurosporine caused a progres-
sive increase in the percentage of apoptotic cells (Figs. 2 and
3) accompanied by a 10% decrease in cell survival. The tested
apoptotic inhibitors did not increase control and Fr cell sur-
vival. The results revealed time-dependent effects of the added
compounds with an increase in duration of exposure; 6 h of
exposition was insufficient for the development of compound-
related effects, but after 48 h, many of the cells were
destroyed. Therefore, an optimal 24-h exposure period was
selected for all of the following experiments.

Two-dimensional (2D) plots from flow cytometry of 24-h-
old cultivated cells stained with apoptotic markers after a
freeze–thaw cycle are illustrated in Fig. 2. STS caused an
increase in a portion of both early apoptotic (9.1% in compar-
ison with 5.6% in control frozen–thawed cells) and late apo-
ptotic cells (20.6% in comparison with 10.5% in control
frozen–thawed cells). Of the apoptotic inhibitors, only the
evident CHIR99021 effect is shown, in which a number both
of early apoptotic cells (with active caspases) (1.0% in com-
parison with 5.6% in control cells) and late apoptotic cells
(with damaged plasma membranes) (16.3% in comparison
with 10.5% in control cells) can be seen. There was an in-
crease in the number of dead molluscan cells in the early
apoptotic stage (13.48% in comparison with 10.57% in
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control frozen–thawed cells) and in the late apoptotic stage
(15.81% in comparison with 6.18% in control frozen–
thawed cells).

A pro-survival effect of treatment with camptothecin (Fr+
Cam cells) was detected in all Fr molluscan cells (Figs. 2 and
3). MMC showed similar results, but its effect was less pro-
nounced. CAM increased a number of live Fr cells and re-
duced a part of apoptotic cells both detected by FLICA®
and YO-PRO™-1 staining (Fig. 3a, b). STS resulted in an
increased number of apoptotic and dead cells after a freeze–
thaw cycle (Fig. 3a, b).

The most typical morphological alterations in all molluscan
cells exposed to the compounds for 24 h (both in control intact
and Fr cells) are presented in Fig. 4. These alterations include
cell shape changes and spreading, which might be dependent
on cell attachment. Incubation of the Fr cells with STS always
led to the noticeable appearance of round-shaped cells and
was accompanied by a noticeable reduction in cell density.
Fr cells treated with CAM or MMC appeared healthier with
no observable differences in cell morphology compared to
intact or Fr control cells.

Effects of apoptotic inducers and inhibitors
in mammalian cells

MEFs treated with the compounds were stained with either
FLICA® or YO-PRO™-1 and DAPI followed by flow cyto-
metric analysis (Fig. S1); significant apoptosis and many dead
cells were detected after STS or CAM treatment, or after ox-
idative stress. In the other cell model (HCT 116 cells),

apoptotic inducers caused an increase in caspase activity,
wherein the most evident effects were observed only after
staurosporine treatment (Fig. S2). Apoptotic inhibitors caused
a decrease in apoptosis in MEFs (Fig. S1) and did so more
noticeably in HCT 116 cells previously treated with
staurosporine (Fig. S2).

Discussion

Apoptotic activation time has been reported to vary by type of
molluscan cells (Sokolova et al. 2004). In this study, we used a
culture containing all larval molluscan cell types. The apopto-
tic level depended mostly on the type of cryoprotectant, but
the apoptotic induction occurred in a significant part of mol-
luscan larval cells that had been subject to a freeze–thaw cycle
prior to cell cultivation.

Here, we compared the effects of apoptotic inducers and
inhibitors both in molluscan and mammalian cells. In verte-
brates, in most cases, the apoptotic pathway is characterized
by an increase in mitochondrial outer membrane permeability
(Elmore 2007). However, mollusks, similar to other marine
hydrobionts, alwaysmaintain increased membrane permeabil-
ity due to their cell membranes’ specific lipid composition
(Loomis 1996; Odintsova and Boroda 2012). Thus, interpre-
tation of the results may be contradictory. It is difficult to
obtain the true number of apoptotic cells using only flow
cytometry because mechanically disrupted cells and isolated
nuclei have reduced light scattering properties and may be
mistakenly counted as small apoptotic cells. Nevertheless,

Fig. 1 A time course of
alterations in mitochondrial
activity of molluscan cells (active,
non-active, and dead cells) after
treatment with apoptotic inducers
or inhibitors before and after a
freeze–thaw cycle. Cells were
cultivated for 6 h, 24 h, and 48 h
and assessed by H2DCFDA and
DAPI staining. Treatment key:
control unfrozen cells (C); unfro-
zen cells undergoing
staurosporine-induced apoptosis
(STS); unfrozen cells undergoing
camptothecin-induced apoptosis
(CAM); unfrozen cells undergo-
ing mitomycin C-induced apo-
ptosis (MMC); unfrozen cells
cultivated with apoptotic
inhibitors—cyclic pifithrin-α
(Alpha), CHIR99021 (CHIR), Y-
27632 (Y); unfrozen cells under-
going oxidative stress (H2O2);
cells frozen with 5%Me2SO (Fr).
Standard deviations were less
than 5.0%
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important conclusions can be drawn from this comparative
study since it includes both molluscan and mammalian cells.
It is possible that the differences observed in drug activities
between molluscan and mammalian cells could be due to dif-
ferences in the sequences of the drug protein targets. However,
this assumption requires further research.

The sensitivity of molluscan and mammalian cells to apo-
ptosis is different among these groups. The oyster
(Crassostrea gigas) genome is enriched with genes involved
in stress response, including genes encoding HSPs and anti-
oxidants, in addition to genes participating in signal transduc-
tion and stimuli responses. Only staurosporine, one of the

Fig. 2 Two-dimensional (2D)
plots from flow cytometric analy-
sis of frozen–thawed cells culti-
vated for a 24-h recovery period.
The samples were analyzed with a
CytoFLEX flow cytometer. At
least 20,000 events were evaluat-
ed for each sample. Cells were
stained with the green fluorescent
stains FLICA® or YO-PRO™-1
and the ultraviolet-fluorescent
stain DAPI. The combination of
FLICA® and DAPI was used to
identify early apoptotic and dead
cells, respectively (a). The com-
bination of YO-PRO™-1 and
DAPI was used to identify late
apoptotic and dead cells, respec-
tively (b). The most typical alter-
ations in all Fr molluscan cells are
presented. Of the apoptotic inhib-
itors, only the evident effect of
CHIR99021 is presented which
reduces a number both of early
apoptotic and late apoptotic cells
but shows an increased number of
dead molluscan cells. Treatment
key: frozen–thawed cells (Fr);
frozen–thawed cells cultivated
with apoptotic inducers: frozen–
thawed cells undergoing 5 μM
STS-induced apoptosis (Fr+STS),
frozen–thawed cells undergoing
10 μM CAM-induced apoptosis
(Fr+CAM), frozen–thawed cells
incubated with 5 μM apoptotic
inhibitor CHIR99021 (Fr+CHIR)
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most potent and frequently used apoptotic inducers, caused an
evident increase in apoptotic processes inmolluscan cells. The
minimal to lack of response to other known mammalian apo-
ptotic inducers in molluscan cells is probably connected to the
existence of a powerful antiapoptotic system in bivalve mol-
lusks. Eighty-eight genes encodingHSP70 have been detected
in oysters, compared to only 17 in humans and 39 in sea
urchins (Zhang et al. 2012). As the authors suggest, an
antiapoptotic regulatory network in the oyster, C. gigas, is
likely crucial to the oyster’s cellular defense system. The re-
sults of several Spanish studies confirm that apoptosis can be
used to assess biological responses of marine organism hemo-
cytes to stress, such as UV irradiation (Estévez-Calvar et al.
2013) or bacterial stimulation (Prado-Alvarez et al. 2012).
Evidence of caspase-specific responses to pathogens and pol-
lutants has been presented for bivalve mollusks (Romero et al.
2011; Estévez-Calvar et al. 2013). The authors described the
appearance of multiple executioner caspases in molluscan
cells (hemocytes ofM. galloprovincialis) whereas the initiator
caspases were substantially conserved. These results indicated
the execution rather than the initiation phase is more important
in the apoptotic process. On the other hand, no significant
caspase-3-like activity (although caspase-3 is one of the key
enzymes in the apoptotic destruction of cells) was detected in
oyster hemocytes undergoing cadmium-induced apoptosis,
which suggests that different stressors exert different effects
on caspase activity in marine mollusks, even in closely related
organisms (Sokolova and Pörtner 2001). Caspase-3 expres-
sion increased significantly in mussel hemocytes after heat-

induced stress, suggesting that single- and double-stranded
DNA damages could not be adequately repaired in some mus-
sel species under high temperatures and that apoptosis may
have been the end result of this damage (Yao and Somero
2012). However, even at 2 °C, mussel species exhibited an
increase in active-caspase-3 expressions. These data indicate
that cold- and heat-induced stress is sufficient to trigger apo-
ptotic molecular mechanisms, although the mechanism of
cold injury in mollusks is still largely unknown.

As shown previously in the pacific oyster, an HSP-like
chaperone function was also upregulated in response to tem-
perature (Yokoyama et al. 2006). During stress, large amounts
of HSC70 mRNA might be rapidly synthesized in order to
protect against temperature-induced damage. Furthermore,
the oyster genome includes 48 genes encoding apoptotic in-
hibitors, compared to eight in humans and seven in sea urchins
(Zhang et al. 2012). In stressed cells, denatured proteins are
either degraded via a cellular protease or refolded by molecu-
lar chaperones (Wickner et al. 1999). Yoshimi et al. (2009)
have reported that HSC70 expression in Chironomidae did not
increase under cold/heat stress or exposure to heavy metals.
Significant differences in cold tolerance levels between some
invertebrate species within the Antarctic zone have been pre-
viously found (Clarke 1991; Waller et al. 2006). This differ-
ence in resistance to thermal stress among individual inverte-
brate species was also reported for species in temperate seas,
such as the Mediterranean, but the biological causes of such
thermal tolerance remain unknown. Chaperone proteins may
form an essential part of the adaptation for biochemical

Fig. 3 Flow cytometric analysis
of apoptosis- and necrosis-
associated fluorescence in mol-
luscan cells before and after a
freeze–thaw cycle. Cells were
cultivated for 24 h and stained
with the green fluorescent stain
FLICA®, in conjunction with
DAPI (a) or another green fluo-
rescent stain, YO-PRO™-1, in
conjunction with DAPI (b).
Treatment key: control unfrozen
cells (C); cells frozen with 5%
Me2SO and then cultivated for
24 h (Fr); frozen–thawed cells
undergoing STS-induced apopto-
sis (Fr+STS); frozen–thawed cells
undergoing CAM-induced apo-
ptosis (Fr+CAM); frozen–thawed
cells undergoing MMC-induced
apoptosis (Fr+MMC); frozen-
thawed cells cultivated with apo-
ptotic inhibitors: cyclic pifithrin-
α (Fr+Alpha), CHIR99021 (Fr+
CHIR), Y-27632 (Fr+Y). The
significance levels are *P < 0.05
and **P < 0.01
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machinery of Antarctic mollusks to low but stable tempera-
tures (Clark et al. 2008); however, the participation of chap-
erone proteins in the preservation of molluscan cells at ultra-
low temperatures is still unknown. Moreover, it is possible
that HSP overproduction may be cytotoxic (Feder and

Hofmann 1999), and genetic factors other than HSP produc-
tion might be expected to play a more important role in mol-
lusk temperature adaptation. Compared with warm acclima-
tion, cold acclimation of crabs induced more changes in the
expression of genes encoding proteins involved in DNA and

Fig. 4 Morphologies of control
non-frozen and frozen–thawed
molluscan cells cultivated in dif-
ferent conditions for 24 h.
Treatment key: control unfrozen
cells (C); unfrozen cells undergo-
ing STS-induced apoptosis (C+
STS); frozen–thawed cells (Fr);
frozen–thawed cells undergoing
STS-induced apoptosis (Fr+STS);
frozen–thawed cells undergoing
CAM-induced apoptosis (Fr+
CAM); frozen–thawed cells incu-
bated with an apoptotic inhibitor,
CHIR99021 (Fr+CHIR).
Specimens were examined with a
CKX41 inverted microscope
(Olympus, Japan) equipped with
phase-contrast optics and imaged
with anAxiocam 105 color digital
camera (Carl Zeiss, Germany).
Scale bar, 25 μm
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RNA binding and modification (Ronges et al. 2012).
Moreover, cold acclimation could inducemembrane phospho-
lipid changes in bivalve mollusks (Pernet et al. 2007).

The lack of Y-27632-induced effects on the number of
apoptotic cells in mollusks found in this study questions both
its use in apoptotic inhibition after a freeze–thaw cycle and the
role of the ROCK signaling pathway, associated with serine–
threonine kinases, in molluscan cell apoptosis. Other mamma-
lian apoptotic inhibitors, cyclic pifithrin-α and CHIR99021,
had a slightly positive (or even negative) effect on the number
of apoptotic and active cells in molluscan cultures. These re-
sults might indicate p53 mitochondrial-dependent signaling
pathway non-involvement in apoptosis activation in mollusks
after being subject to cold stress. However, p53 gene expres-
sion after cyclic pifithrin-α treatment was highly modulated in
response to UV radiation (Estévez-Calvar et al. 2013).

Staurosporine was initially discovered by Omura et al.
(1977) in some marine actinomycetes, and then it has been
isolated from several taxonomically diverse marine inverte-
brates such as ascidians and gastropods (Kinnel and Scheuer
1992; Horton et al. 1994; Cantrell et al. 1999; Schupp et al.
2002). The presence of substances such as staurosporine in
marine invertebrates, including the tissues of some mollusks,
can explain the significant apoptotic effect of this apoptotic
inducer on molluscan cells. However, STS did not have a
significant effect on inducing hemocyte apoptosis in the oyster
C. gigas (Lacoste et al. 2002). The authors suggest that
mitogen-activated protein kinases and Rho, a member of the
Ras GTPase family, may be involved in antiapoptotic mecha-
nisms that modulate the apoptotic effect of noradrenaline (of-
ten referred to as one of the “stress hormones”) in these
hemocytes.

Mammalian cells (MEFs and HCT 116 cells) were used as
positive controls for apoptosis induction, inhibition, and de-
tection methods since the effects of the compounds tested
have been well described in the literature (Mehlen et al.
1996; Morris and Geller 1996; Pirnia et al. 2002). However,
even for mammals, there are the conflicting data on the effects
of apoptotic inducers: apoptotic inducers may lead to
apoptotic death in some cells although other cells are unaf-
fected or even stimulated (Schultz and Harringto 2003). The
mechanism of staurosporine’s action and its analogs on mam-
malian cells is poorly understood. These compounds exert
antiproliferative effects on certain cancer cell lines (Meyer
et al. 1989), while possessing a poor or no effect on normal
cell apoptosis (Chen et al. 2000). This drug not only triggers
the classical mitochondrial apoptosis pathway in a variety of
mammalian tumor cells but activates an additional apoptosis
pathway, such as activation of caspase-9 in the absence of the
apoptotic protease activating factor 1 (Manns et al. 2011).
MEFs is a heterogenic model system, similar to larval mollus-
can cell cultures; the effects of apoptotic modulators appear to
be expressed in this system, but not explicitly, in contrast to

HCT 116 cells. All tested mammalian apoptosis inducers
caused an increase in the number of apoptotic cells in MEFs
and in the HCT 116 cell line to different extents. Significant
apoptotic activation in control and Fr molluscan cells was
detected only after treatment with STS. Another apoptotic
inducer, CAM, did not result in a higher yield of apoptotic
molluscan cells but reliably increased the number of active
cells after a freeze–thaw cycle. A pro-survival effect of
CAM addition to Fr molluscan cells appears to be connected
with a hormetic response when a cell or organism tries to
survive in an unfavorable environment and activates adaptive
mechanisms (Zhang et al. 2015). CAM was shown to reliably
stimulate the cell growth of rat pheochromocytoma cells by as
much as 39% at low doses and even protect the cells from
H2O2-induced cell death (Zhang et al. 2015). CAM activates
many downstream signaling pathways by reversibly binding
to and stabilizing cleavable complexes formed between DNA
and topoisomerase I (Ding et al. 2009). Therefore, CAM’s
protective effects may result from upregulation of both the
phosphoinositide 3-kinase/Akt and nuclear factor-E2-related
factor 2/heme oxygenase-1 pathways in cells under oxidative
stress (Zhang et al. 2015). We cannot exclude the unknown
effects of tested apoptotic inducers on molluscan cells.

Conclusions

Our findings indicate that the apoptosis in molluscan and
mammalian cells is determined by the specific features of
cells, and that is in agreement with previously obtained data
concerning a strong dependence of apoptosis induction on the
cell type (Wlodkowic et al. 2011). We are just starting to
elaborate knowledge of the real signaling pathways leading
to activation of apoptosis in mollusks after cold stress. In
future, we plan to study the apoptotic genes and genes
encoding molecular chaperones that are involved in the devel-
opment of the cold stress response. At this point, apoptotic
inducers and inhibitors, routinely used for chemical induction
of apoptosis or its inhibition in mammalian cells, may help us
to understand the mechanism of cold-induced injury in mol-
lusks. We have found that only some apoptotic inducers (STS
and cold stress) can operate in molluscan cell cultures.
Unfortunately, we did not find apoptotic inhibitors (among
tested mammalian inhibitors) that could significantly reduce
apoptosis in larval molluscan primary cell cultures after a
freeze–thaw cycle.
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