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Abstract

Dissociated mantle cells from the gastropod mollusc Haliotis tuberculata were cultured after a
freezing—thawing procedure using either 10% dimethyl sulfoxide (Me,SO) or 10% glycerol (Gly) as a
cryoprotector. The survival rate of 2-day-old cultured cryopreserved cells after thawing, based on
analysis of DNA and protein contents, was nearly 80% in comparison with 2-day-old cultured fresh cells.
Cells thawed after cryopreservation exhibited the maintenance of all tested physiological activities.
Metabolic activity (measured by the MTT test) and the activity of alkaline phosphatase (a plasma
membrane-bound enzyme) were not decreased in comparison to those in cultured fresh cells. In addition,
cryopreserved cultured cells maintained a physiological stimulation ability in response to treatment with
growth factors. These results taken together represent one of the most convincing demonstrations of the
survival and of the recovery of intact functional activities of molluscan cells after a freeze—thawing
procedure. Our results suggest that in the future primary cultures of cryopreserved mantle cells will be
able to be used for fundamental research, in toxicity tests, or in the field of biotechnology. © 2002
Elsevier Science (USA). All rights reserved.
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Cryopreservation of mammalian cells or tis-
sues is widely used for fundamental or applied
research as well as biotechnology. Many attempts
have been made to establish long-term primary
cell cultures of marine molluscs, and some suitable
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models have been successfully used to investigate
a number of cellular activities, including cell dif-
ferentiation or signaling [9,12,21], molecule syn-
thesis [14,17,20], and environmental toxicological
effects [1,16]. Despite recent progress, to date no
continuous cell lines from marine molluscs have
been reported [15]. At the present time therefore,
cryopreservation for long-term storage of mol-
luscan cells remains the most desirable alternative
to collection of living cells. Cryopreservation also
provides the following advantages: it allows
banking of cells from a number of animals, it
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facilitates the transport of cells between different
centers, allowing sufficient time for large sets of
complementary investigations, and it may provide
a source of standardized biological material.

Among molluscan cells, mantle cells from the
nacreous mollusc Haliotis tuberculata have been
shown to be a useful experimental model for in-
vestigation of the in vitro synthesis of extracellular
matrix components, such as collagen and proteo-
glycans, and possibly for improving knowledge
about biomineralization and shell building [14,17—
19]. Taking into account that collagen and pro-
teoglycans are commonly used as biomaterial,
molluscan mantle cells may be of particular in-
terest in the field of fundamental research and also
for biotechnology. These cells may also represent
an interesting model for investigating the toxicity
of chemicals and metals which are contaminants
of the environment.

Cryopreservation of molluscan mantle cells
could open up new opportunities for many other
investigations. Among marine molluscs, cryopre-
servation has been conducted with a few cell
types. Small mantle pieces from pearl oyster [6] or
dissociated mantle cells from mussel [13] have
been preserved in liquid nitrogen. Successful
cryopreservation was also performed with oyster
embryos [10] or heart cells from Pecten maximus
[8]. The experiments reported in these studies were
undertaken to investigate the development of
protocols for cryopreservation. The two typical
compounds used as cryoprotectants, namely,
glycerol (Gly) and dimethyl sulfoxide (Me,SO),
were specifically examined. Cell attachment or
viability and measurement of some functional
capacities, such as DNA, RNA, protein, or lipid
syntheses, were determined before and after
cryopreservation [8,13]. However, questions re-
main regarding how molluscan cell enzymatic
activity and physiological responses are affected
by the freezing and thawing processes. The pur-
pose of this paper was to extend our knowledge by
quantifying the degree of cryopreservation-in-
duced injury on molluscan mantle cells. With this
in view, we conducted a series of studies in order
to evaluate: (1) the viability (DNA and protein
contents); (2) metabolic activity (MTT test and
incorporation of [*H]leucine); (3) enzymatic ac-
tivity (alkaline phophatase, ALP, activity); and (4)
physiological stimulation as estimated by protein
synthesis in response to treatment with growth
factors, before and after cryopreservation of
mantle cells from the gastropod mollusc H. tuber-
culata.

Material and methods
Animal

Adult wild abalones, 10-12 cm in shell length,
were gathered from the northern Cotentin penin-
sula (France). They were acclimated to laboratory
conditions for a few weeks before experimentation
in natural, continuously aerated seawater regu-
lated at 15 4+ 3 °C. Animals were fed with freshly
collected local algae (Palmaria palmata and
Laminaria digitata).

Cell dissociation

Mantle cells were dissociated as described
previously by Poncet et al. [14]. A preliminary
decontamination step involved twice washing
freshly removed mantles with sterile 199-Hanks’
medium modified by addition of 250 mM NacCl,
10 mM KCl, 25 mM MgSO,, 2.5 mM CaCl,,
10 mM Hepes, and 10 mM glutamine, pH 7.4, and
supplemented with antifungal and antibacterial
substances (10 pg/ml streptomycin, 60 pg/ml
penicillin, 35 pg/ml polymixin, 70 pg/ml bacitr-
acin, 2 pg/ml amphotericin B, and 8 pg/ml nyst-
atin). Tissues were then cut into small pieces and
treated twice with dissociating medium containing
0.1% protease (w/v) and 0.1% collagenase (w/v)
for 90 min. Dissociated cells were filtered through
a 100-pm nylon mesh. They were then washed in
modified 199-Hanks” medium supplemented only
with penicillin and streptomycin (culture me-
dium).

Freezing of cells

Cell suspensions were divided into three
aliquots. Each of them was centrifuged at 4 °C for
10 min at 280g. The first resulting pellet was re-
suspended in ice-cold culture medium in order to
attain a density of approximately 2.5 x 10° cells/
ml. The second one was similarly resuspended in
culture medium supplemented with 10% Me,SO
(v/v), whereas the third one was resuspended in
culture medium containing 10% glycerol (v/v). As
described by Le Marrec-Croq et al. [§], cell sus-
pensions were rapidly centrifuged at 4 °C, and
pellets were placed in a polystyrene pack in a
—80 °C freezer for 12 h. Aliquots were then
plunged into liquid nitrogen. The same procedure
was carried out using a similar cell suspension,
but, instead of being frozen, pellets were resus-
pended in culture medium in order to make up
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controls. Cells were stored at —196 °C for a period
of between a few days and several weeks.

Thawing of cells

Samples were placed in a water bath at 25 °C
until the last ice crystal disappeared and immedi-
ately pellets were resuspended in 6 ml of culture
medium. Cells were then centrifuged for 10 min at
280g and one more time resuspended in culture
medium in order to remove cryoprotectants.

Primary cultures of mantle cells

Mantle cells were cultured as described previ-
ously by Poncet et al. [14]. Control and thawed
cells were both plated at 1.5 x 10° cells/cm” in
either 9.4-cm” culture flasks or 1.9-cm” culture
dishes with culture medium (approximately
1 ml/10° cells). Cultures were maintained at 15 °C
for 2 days in a humidified incubator in darkness.

MTT reduction assay

Cell viability was evaluated by the MTT (tet-
razolium salts) reduction assay [11] adapted to
molluscan cell cultures [4,9]. As described else-
where, 10% (v/v) of the MTT stock solution (5 mg
MTT/ml of PBS) was added to 1.9-cm? culture
dishes. After a 24-h incubation, in order to dis-
solve the converted formazan, an equal volume of
isopropanol containing 0.04 N HCI was added to
each culture. Absorbance was then measured at a
wavelength of 570 nm, with a reference at 630 nm.

Evaluation of protein content

Protein content was estimated using Brad-
ford’s method [2]. Cells (about 3 x 10° cells/dish)
were scraped 2 days after seeding. After washing
with 50 mM Tris buffer, pH 7.4, the cell suspen-
sion was ultrasonicated with 800 pl of Tris buffer.
Samples were then clarified by a 1500g centrifu-
gation for 20 min at 4 °C. The supernatant was
collected and 200 ul was fourfold diluted with
distilled water and completed with addition of
200 pl of protein assay kit (Bio-Rad, France).
Total protein amount was determined by absor-
bance measured at a wavelength of 595 nm, with a
BSA gradient as standard.

Estimation of DNA content

Burton’s test [3] was used to determine the
DNA content of 2-day-old mantle cell cultures.

Cells were scraped and centrifuged. The resulting
pellets were dissolved in a solution containing 5%
perchloric acid, 2% diphenylamine, and 0.004%
acetaldehyde. Samples were then stored for 24 h in
darkness at room temperature, and DNA con-
centration was estimated by absorbance at 595
nm. A gradient of calf thymus DNA concentra-
tion was used as the standard.

ALP activity

Supernatants were obtained, as described
above, by washing and subsequent ultrasonication
and centrifugation of cultured cells. An equal vol-
ume of 1.5 M Tris buffer, pH 10, supplemented with
5 mM p-NPP (para-nitrophenyl phosphate, Sigma)
as substrate, ] mM ZnCl,, and 1 mM CaCl, was
added to each sample. They were then incubated at
37 °C for halfan hour, and the reaction was stopped
with 0.5 N NaOH. The reduction rate of p-NPP to
p-NP (para-nitrophenol), revealing the ALP activ-
ity, was evaluated by the increase in absorbance at
410 nm, with a panel of p-NP concentrations as
standard.

Incorporation of [*H Jleucine

Abalone cell cultures were supplemented with
[*H]leucine (NEN, Life Science Products, 179 Ci/
mmol) corresponding to a final concentration
0.8 puCi/ml. Cultures were performed in the ab-
sence or the presence of bovine insulin (5 pM final
concentration) or human IGF-I (0.01 uM final
concentration). As described [9], after 24 h of
culture at 15 °C, leucine incorporation was stop-
ped by precipitation with an equal volume of ice-
cold trichloroacetic acid (10%). Cultures were
then scraped and centrifuged at 3000g for 10 min.
The resulting pellets were washed twice with 10%
TCA in order to evacuate the remaining free la-
beled leucine and dissolved in heated 0.3 M KOH.
The radioactivity contained in each sample was
then measured and controls were performed by
TCA addition to cultures immediately after
[*H]leucine addition.

Statistical analysis

The significance of the difference between
mean values was estimated using the Student’s
t test. Each experiment was repeated at least three
times and for one experiment the means were
calculated from triplicates.
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Results

Effects of cryoprotective treatment on control cell
cultures

Cell viability and metabolic and enzymatic ac-
tivities were measured in unfrozen control cell
cultures previously treated with Me,SO or Gly in
order to assess potential harmful effects of each
of these cryoprotectors. As shown in Table 1, MTT
reduction (OD 570 nm/ref.630 nm =0.133 +0.004
for control cells) and ALP activity (24.6 £+ 1 nmol
p-NP/ug protein-hour for control cells) are only
slightly and not significantly reduced by 10% Gly
(0.131 +0.002 for MTT reduction and 22.9 + 1.1
nmol p-NP/pg protein-hour for ALP activity). The
effect of 10% Me,SO was even less important
(0.122 £ 0.003 for MTT reduction and 20.8 + 1.3
nmol p-NP/ug protein-hour for ALP activity).
Me,SO (10%) and Gly (10%) induced a slight but
not significant increase in the protein content (re-
spectively, 5.11 £0.56 and 4.78 + 0.16 pg/dish)
compared to control levels (4.67 + 0.14 pg/dish).
It can therefore be assumed that neither 10% Gly
nor 10% Me,SO treatment acts as a toxic agent to
cultured abalone mantle cells.

Evaluation of cell viability after thawing

In comparison with control cell cultures, it
appears that after thawing an important part of
the DNA content was retained in 10% Gly treated
cells (67% in comparison with control cells) (Fig.
1). An even higher rate of preservation was at-
tained with 10% Me,SO as cryoprotectant (76% in
comparison with control cells). Very similar re-
sults were obtained regarding whole culture pro-
tein content (4.7+0.1 pg/dish for the control;
3.54+0.1 and 3.24+0.2 pg/dish for cells frozen,
respectively, with 10% Me,SO and 10% Gly).
Thus high levels of viability seem to be retained

Table 1

during the freeze—thawing cycle in 10% Gly and
even more in 10% Me,SO.

Evaluation of cell activity after thawing

The MTT assay reflects the activity of mito-
chondrial deshydrogenases in cultured cells. Fig. 2
reveals that after thawing, cryoprotected cells may
recover a large part of this activity. In such tests, a
better cryoprotective effect is provided by Me,SO
(85% of the control activity) and 80% with 10%
Gly-treated cells. ALP activity, expressed as an
amount of p-NP formed per protein concentration
and per hour, is higher after thawing than that in
control unfrozen cells. Thus, cells protected with
10% Me,SO yield 26.8 + 0.6 nmol p-NP/pg pro-
tein-hour compared to 24.6 + 1.0 nmol p-NP/ug
protein-hour for control cultures, and this rate
reaches 36.4+2.2 nmol p-NP/ug protein-hour
with Gly-treated frozen cells. Cell activity thus
seems to be largely preserved after thawing on
employing 10% Gly or 10% Me,SO as cryopro-
tectant.

Effects of insulin and IGF-I after thawing in 2-day-
old cultures

Protein synthesis was evaluated in cell cultures
by the rate of incorporation of free labeled leucine.
In control cells, the addition of insulin (5 uM) to
the culture medium induced a substantial increase
in protein synthesis (167 £ 5 dpm/dish for treated
cells versus 74 + 12 dpm/dish for control cells).
This augmentation in protein synthesis is even
more important with IGF-I (0.01 pM) (464 + 41
dpm/dish). The ability of cultured cells to be
stimulated in this way appears to be completely
preserved after a freeze-thawing procedure in the
presence of either Gly or Me,SO. After insulin
stimulation, the rate of [*H]leucine incorporation
reached, respectively, 295+ 101 and 231 £18

Protein content (pg/dish), MTT assay (OD 570 nm/ref. 630 nm) and ALP activity (nmol p-NP/ug protein-hour) in fresh
control cell cultures or after treatment with cryoprotectors (10% Me,SO or 10% Gly)

Protein content MTT assay ALP activity

(ng/dish) (OD 570 nm/ref. 630 nm) (nmol p-NP/pg protein-hour)
Control 4.67 (£0.14) 0.133 (£0.004) 24.6 (£1.0)
10% Me,SO 5.11 (£0.56) NS 0.122 (£0.003) NS 20.8 (£1.3) NS

10% Glycerol 4.78 (£0.16) NS

0.131 (£0.002) NS

229 (+1.1) NS

Note. Cells were seeded at 3 x 10° cells per dish and grown for 2 days at 15 °C in modified Hanks’~199 medium. Each
data point represents the mean =+ standard deviation of triplicate cultures. NS, nonsignificant difference from control

cells.
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Fig. 1. Evaluation of cultured mantle cell viability after thawing. Control (unfrozen cells) or frozen cells (10% Me,SO or
10% Gly) were seeded at 3 x 10° cells per dish and grown for 2 days at 15 °C in modified Hanks’~199 medium. DNA
(ng/dish) and protein (pg/dish) contents were determined as described under Material and methods. Each data point
represents the mean + standard deviation of triplicate cultures. Significant differences from control cells at P < 0.01 (**);
P < 0.001 (***). Italic values indicate the percentages of DNA and protein contents in comparison with those of the
respective control.
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Fig. 2. Evaluation of cultured mantle cell activity after thawing. Control (unfrozen cells) or frozen cells (10% Me,SO or
10% Gly) were seeded at 3 x 10° cells per dish and grown for 2 days at 15 °C in modified Hanks~199 medium. MTT
assay (OD 570 nm/ref. 630 nm) and ALP activity (p-NP nmol/pug protein-hour) were determined as described under
Material and methods. Each data point represents the mean =+ standard deviation of triplicate cultures. Significant
differences from control cells at P < 0.05 (*); P < 0.01 (**); P < 0.001 (***). Italic values indicate the percentage of MTT
values or ALP activities in comparison with control values.

dpm/dish. On the other hand, the use of IGF-I [*H]leucine incorporation rate of 546 + 52 dpm/
provided results in line with those of previous dish for Me,SO-protected cells and 553 + 203
studies. A treatment with IGF-I induces a dpm/dish for Gly-protected cells. Thus, the
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Fig. 3. Effects of insulin and IGF-I on the incorporation of [*H]leucine in fresh cells or after freezing-thawing (10%
Me,SO or 10% or Gly) procedure in 2-day-old culture cells. Cells were seeded at 1.4 x 10° cells per flask and grown in the
absence or the presence of insulin (5 pM) or IGF-I (0.01 pM) for 24 h at 15°C in modified Hanks’-99 medium. Each
data point represents the mean + standard deviation of triplicate cultures. Significant differences from respective control
cells at P < 0.05 (*); P < 0.01 (**); P < 0.001 (***). Letters represent the statistical comparison between control and
frozen cells (10% Me,SO or 10% Gly) for an identical treatment (insulin or IGF-I). Histograms with the same letter
(a or e) are statistically nondifferent; (b) represents a significant difference from (a) at P < 0.01.

stimulation induced by IGF-I is statistically
equivalent (see e in Fig. 3) in control (unfrozen
cells) and in 10% Me,SO or 10% Gly protected
freeze-thawed cells. For insulin treatment, the
stimulation rate remains optimal after the process
of freeze—thawing (see a in Fig. 3) and indeed better
(b) in the case of the 10% Me,SO protection.

Discussion

Cryopreservation has a significant role in
providing material for fundamental science and
biotechnology. Cryopreservation of marine in-
vertebrate cells may lead to applications in studies
of aquatic biodiversity and marine ecotoxicology.
Despite recent progress in cryopreservation pro-
cedures of vertebrate cells, very little information
has been published on the viability and more
particularly on the maintenance of functional ac-
tivities after the freeze-thawing of cryopreserved
marine invertebrate cells. In this study, experi-
ments were conducted to evaluate the viability,
the metabolic and enzymatic activities, as well as
physiological stimulation in response to treatment
with growth factors before and after cryopreser-
vation of mantle cells from H. tuberculata.

First, the use of cryoprotective agents (CPAs)
is indispensable for preventing cryoinjury to cells
during the cryopreservation process. Aqueous
solutions of Me,SO and Gly are widely used as
cryoprotectant agents in protocols for long-term
low-temperature preservation of viability, includ-
ing cells, tissues, and embryos from marine
molluscs [6,8,10,13]. Investigations conducted
with dissociated molluscan cells, such as mantle
or heart cells, have shown that the addition
of cryoprotectors at concentrations close to
10% (Me,SO or glycerol) was the most efficient
[8,13].

Addition of CPAs to cells before cooling and
removal of CPAs after thawing can result in severe
cell injury [7]. The possible negative effects of CPAs
on the metabolic capacity of cryopreserved mol-
luscan cells have not been tested in previous studies.
Data presented in this report demonstrate that the
presence of Me,SO (10%) or glycerol (10%) has no
significant effect on protein content (respectively,
511+£0.56 and 4.78£0.16 pg/dish  versus
4.67 £ 0.14 pg/dish for control cells), on cellular
metabolic activity (MTT assay, respectively,
0.122 +0.003 and 0.131 +0.002 versus 0.133+
0.004 for control cells), or on alkaline phosphatase
activity (20.8 £ 1.3 and 22.9+ 1.1 nmol/ug pro-
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tein-hour versus 24.6 for control cells) of 2-day-old
mantle cell cultures from H. tuberculata.

Investigations conducted by Odintsova and
Tsal [13] with dissociated mantle cells from mus-
sels have shown viability to be near to 80% after a
freeze-thawing procedure using 10% Me,SO
(77 £ 1.45% viable cells) or 10% glycerol
(80.5 £ 2.95% viable cells) as CPA. Cell viability
was tested by the trypan blue exclusion test. Based
on DNA and protein contents our results agree
with these values. Cell viability was £76% for 10%
Me,SO and 67-68% for 10% glycerol. Similarly,
Le Marrec-Croq et al. [8] have found that the vi-
ability of P. maximus heart cells ranged between
70 and 90% after cryopreservation with 12%
Me,SO. Viability levels of dissociated molluscan
cells after cryopreservation appear, therefore, to
be roughly similar. However, the analysis of
functional activities in freeze—thawed cultured
molluscan cells seems more controversial.

RNA synthesis in primary cell cultures of
mussel mantle after the freeze-thawing proce-
dure was significantly decreased [13]. In fact, the
incorporation levels of [*H]Juridine by unfrozen
cells were, respectively, 1.45-fold higher than
that in cryopreserved cells protected by 10%
Me,SO (11.712 x 10° cpm versus 8.005 x 10°
cpm for 1-3 x 10° cells) and 2.3-fold higher than
that in cryopreserved cells protected by 10%
glycerol (5.181 x 10° cpm). On the other hand,
Le Marrec-Croq et al. [8] reported similar met-
abolic activities in both unfrozen and frozen
cultured heart cells. These metabolic activities
were evaluated by DNA and protein syntheses
via the incorporation of [*H]thymidine and
['*Clleucine. In our study, the metabolic activity
observed in cultured frozen cells was 85% with
10% Me,SO and 80% with 10% Gly in com-
parison with control unfrozen cells. This slight
decrease is in accordance with the decreasing
viability quantified with DNA and protein con-
tents. The result was that surviving cells had
recovered the same basal MTT activity as that of
unfrozen cells. The recovery of intact functional
activity of surviving cells is confirmed by the
estimation of the alkaline phosphatase activity.
In a 2-day-old culture significant increases in
ALP activity (9 and 48% for Me,SO and Gly,
respectively) were measured in frozen cells in
comparison with unfrozen control cells. The
mantle is composed of several cell types, in-
cluding epithelial cells, different glandular cell
types which may or may not be ciliated, non-
glandular cells, and hemocytes. No data are

available concerning either the ALP activity of
these different cell types or their evolution in
culture. The observed increase in ALP activity
may be due to a differential rate of survival of
these cell types.

The response of primary molluscan cells to
vertebrate growth factors, such as insulin and
IGF-I, has been established [5,9,17]. Vertebrate
insulin (10~® M) stimulated [*H]leucine incorpo-
ration in cultured hemocytes. The maximal stim-
ulation induced an increase of 196% with respect
to 100% for nontreated cells [9]. In the present
report insulin (5 x 107 M) induced a similar in-
crease in [*HJleucine incorporation in cultured
mantle cells. The effect of IGF-I on Haliotis
mantle cells appeared more potent than that of
insulin. This finding is in line with results regis-
tered for scallop digestive gland or scallop mantle
edge cells [5]. The freeze-thawing procedure
had no significant effect on the response of
Haliotis cultured mantle cells to vertebrate growth
factors.

To date, these results taken together represent
one of the most convincing demonstrations of
the recovery of intact functional activities of
cultured molluscan cells after a cryopreservation
procedure. Our results indicate that cryopre-
served mantle cells will be able to be used in
fundamental research or in biotechnology. Re-
cently, we have described a useful in vitro model
from primary cultures of mantle cells from H.
tuberculata and shown the ability of these cul-
tured cells to synthesize proteoglycans and col-
lagen as components of the extracellular matrix
[14]. Yoneda et al. [22] have provided evidence
that both the abalone collagen mRNA level and
collagen content vary seasonally and decrease
from December—January to summer. This ob-
servation confirms the advantage of the avail-
ability of cryopreserved cell banks to provide a
source of optimal or standardized biological
material. In addition, mantle cell ALP activity
has been proposed as a marker of biomineral-
ization, as in vertebrates [18,19]. The mainte-
nance of ALP activity in cryopreserved mantle
cells may thus prove useful for further studies
concerning the process of biomineralization.
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