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Abstract

A primary epithelial cell line, DK 1, established from renal tissue of a spontaneously aborted female Atlantic bottlenose dolphin
was transfected with linearized pSV3.neo, an SV40 virus-derived plasmid encoding large tumor antigen (Tag). Transfected cells
were grown in cetacean culture medium supplemented with 400 pig/ml geneticin (G418), and individual clones were selected
using cloning rings. DKN1 was the first clone to be evaluated for future research use, and has been continuously cultured for
8 years. Intracellular cytokeratin and the expression of Tag were determined in DKNI1, and cell growth was evaluated under
different concentrations of L-glutamine, glutathione, and /V-acetylcysteine. DKN 1 cells did not require high levels of L-glutamine
as previously reported for cetacean cells, and addition of antioxidants at the concentrations used in this study (2.0 mM) decreased
the rate of cell division. These data suggest strongly that these immortalized bottlenose dolphin epithelial cells have different
levels of, and requirements for, glutathione than would be considered normal for terrestrial mammalian cells, do not require high
levels of L-glutamine as previously suggested for dolphin cells, and exhibit decreased levels of cell growth and viability in high
levels of the antioxidant GSH and its precursor, NAC.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Bottlenose dolphins, Tursiops truncatus, are carniv-
orous marine mammals normally found in relatively
stable, site specific, populations that inhabit shallow
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coastal and estuarine areas (Scott et ah, 1990). These
upper trophic level mammals are exposed to environ-
mental chemicals, derived from agricultural and indus-
trial contamination and metropolitan runoff, that tend
to bioaccumulate up through the food chain and exist
at highly variable concentrations in fatty tissues of the
animals (Kuehl et ah, 1991; Finklea et ah, 2000). Spe-
cific mass dolphin mortalities have occurred world-
wide in the last two decades and have been correlated
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with exposure to and bioaccumulation of environmen-
tal pollutants, some of which have subsequently been
found to be potentially immunosuppressive (Aguilar
and Borrell, 1991; Kuehl et al,, 1991). While these
mass mortalities have been shown to have a primary
viral etiology, the potential for immunosuppressive
chemicals contributing to viral disease must be con-
sidered. Among the chemical classes reported to be
found in dolphin tissues are a number of halogenated
aromatic hydrocarbons (HAHs) and polycyclic aro-
matic hydrocarbons (PAHs) (Finklea et al., 2000).

Many of the deleterious effects produced by an-
thropogenic compounds, such as the HAHs and
PAHs, in addition to causing mutations, are be-
lieved to be due, in part, to the generation of free
radicals and/or alterations in the reactive oxygen
scavenging systems that protect eukaryotic cells
from free radicals (Almeida et al., 1997). Further,
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a proto-
typical organochlorine (OC) with known toxic effects,
has also been reported to increase superoxide pro-
duction (Hassoun et al., 1998) and cause a persistent
oxidative stress response in exposed cells and tissues
(Shertzer et al., 1998).

Although studies of contaminant bioaccumulation
in tissues of bottlenose dolphins and other cetaceans
have clearly shown the presence of potentially dam-
aging chemicals, the effects of such chemicals on the
physiology of these animals have resisted evaluation.
In vivo physiological assays are essentially impossi-
ble to conduct on protected marine mammals, and cell
lines that afford the opportunity to study kidney cel-
lular effects over long time periods have generally not
been available. A primary epithelial cell line estab-
lished from kidney tissue of a spontaneously aborted
female bottlenose dolphin in captivity was initially re-
ported by Carvan et al. (1994). This cell line, origi-
nally named Carvan dolphin kidney (CDK) and later
changed to dolphin kidney 1 (DK1),was partially char-
acterized showing it to be epithelial in origin, to ex-
press the Ah receptor, and to have an apparently nor-
mal diploid chromosomal number of 2N = 44. Addi-
tional studies using this cell line showed that it could
be induced for CYP1A1, and that in an induced state
the cells metabolized benzo (a)pyrene (BaP) forming
BaP-DNA adducts and initiating DNA excision re-
pair (Carvan et al., 1995). Further studies reported a
banded karyotype with an ideogram of the karyotype,

and showed a remarkable degree of chromosomal ho-
mology between Tursiops truncates and Homo sapi-
ens (Bielec et al.,, 1997, 1998).

In this study, we report the transfection of DK1 cells
with a linearized plasmid, pSV3.neo, to form an im-
mortalized cell line (DKN1) that expresses the Simian
virus 40 large tumor antigen (Tag). This cell line has
been maintained for 8 years through a large num-
ber of cell divisions. Because the original cells were
maintained in an enriched medium including three
times the standard concentration of L-glutamine, we
evaluated growth of the transformed cells under stan-
dard glutamine concentrations and under the enriched
conditions believed to be required by dolphin cells.
Additionally, the medium (CCM) was supplemented
with two antioxidant compounds: reduced glutathione
(GSH) and its synthetic precursor TV-acetylcysteine
(NACQ), both of which have been shown to be protec-
tive of many cell types under conditions of oxidative
stress. Our results indicate that DKNI cells do not re-
quire additional L-glutamine supplementation and the
addition of antioxidants, GSH and NAC, had a detri-
mental effect on cell growth.

2. Materials and methods
2.1. Cells

A primary dolphin kidney cell line, DKI1, estab-
lished in this laboratory (Carvan et al., 1994) was
maintained in Dulbecco’s Modified Eagle’s Medium
and Ham’s FI2 (GIBCO, Grand Island, NY) in
a l:1 ratio (DMEM/F12) supplemented with 10%
fetal bovine serum (FBS), 10mM NaCl, 10ml/1
100x penicillin-streptomycin-neomycin  (PSN) or
50 mg/1 gentamycin, 2.5 pig/ml amphotericin B (Amp
B), 3x minimal essential medium (MEM) amino
acids including L-glutamine (9.0mM), 3x MEM
non-essential amino acids, and 3x vitamins. This
modified medium, cetacean culture medium (CCM)
was previously shown in this and other laboratories to
greatly enhance the viability and cell division rate in
primary cultures of cetacean fibroblasts and epidermal
kératinocytes.

The SV40 transformed cell line, 2RA, derived from
the human fetal lung fibroblast cell line, WI38, was
obtained from the American Type Culture Collection
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(ATCC). A homogenate of 2RA was prepared to use
as a positive control for Tag expression in DKN 1 cells
as described by Srivastava et al. (1993).

A polyclonal hybridoma cell line (PAB101) secret-
ing antibodies against different epitopes of SV40 large
T antigen (Tag) was purchased from the ATCC and
grown in roller bottles at 37 °C in DMEM containing
10% FBS, 0.1 mg/ml gentamycin sulfate (Sigma) and
0.625 mg/ml amphotericin B (Sigma).

2.2. Transfection

DK1 cells were transfected by electroporation
with 1.0 pig of the linearized SV40-derived plasmid,
pSV3.neo (a gift from Dr. Rodney Nairn, Univer-
sity of Texas System Cancer Center Science Park,
Smithville, TX). After electroporation, the cells were
plated at 2.5 x IO3cells/cm2 into 60 mM Corning
culture dishes with 2.0 mM grids and grown in CCM
plus 400 (xg/ml geneticin (G418) for selection of
transfected clones. Cultures for selection were main-
tained at 37°C in a humidified incubator with an
atmosphere of 95% air and 5% CO2. The medium
was changed every third day. Individual clones were
selected using cloning rings. From these, the DKNI
cell line was obtained as a clone for future research.

2.3. Anti-tag monoclonal antibody preparation

Anti-tag polyclonal antibody was purified from
the medium of PAB101 cells by ammonium sulfate
precipitation with subsequent passage over a protein
A-Sepharose column (Biorad) according to estab-
lished protocols (Current Protocols in Immunology
49 pp. (2.6.1-2.6.4)). Culture supernatant was col-
lected by centrifugation at 400 x g for 15min at
room temperature, filtered (0.46 pim), mixed at a
55:45 ratio of supernatant to saturated ammonium
sulfate solution, and precipitated overnight at 4 °C.
The precipitate was collected by centrifugation at
11,500rpm in a Ti 13.1 rotor for 60min at 4°C, re-
suspended in cold phosphate buffered saline (PBS),
applied to a protein A-Sepharose column, and eluted
with 0.1 M sodium citrate, pH 4.5. Elution fractions
were neutralized with Tris (pH 9.9). Peak fractions
were determined using the A 280 values derived from
a BSA/elution buffer standard curve and verified on
a 10% SDS-acrylamide gel according to a previously

described protocol (Current Protocols in Molecular
Biology 50 pp. (10.2.1-10.2.18)).

2.4. SV40 large tumor antigen evaluation

Simian virus 40 large tumor antigen (Tag) ex-
pression was evaluated by dot blot analysis of puri-
fied Tag, DKNI cell preparations, and transformed
WI38 (2RA) cell preparations using murine anti-Tag
(PABI101) polyclonal antibodies and anti-mouse IgG
monoclonal antibodies as described in Srivastava
et al. (1993). Aliquots containing 10p4 of Tag or
cell preparation supernatants were diluted with Tris
buffered saline (TBS) containing 10mM Tris-HCI
(pH 8.0) and 150 mM NaCl. The diluted proteins were
spotted onto nitrocellulose membranes for dot blot
immunoanalysis detection of Tag (Srivastava et al.,
1993). The negative control contained 1 mg/ml BSA
in 50mM Tris-HCI (pH 7.5), 2mM MgCU, 1mM
DTT, 1mM EDTA, and 15% glycerol.

2.5. Cytokeratin detection by immunofluorescence

DKN 1 cells were evaluated for the presence of cy-
tokeratin using mouse anti-cytokeratin, mouse anti-a
smooth muscle actin, mouse anti-desmin, and/or
mouse anti-vimentin all from Sigma, St. Fouis, MO.
Briefly, cultures were fixed in —20°C methanol,
washed with 0.3% Tween 20 in PBS, blocked in
5% normal goat serum, incubated overnight at 4 °C
with 2.0 (xg/ml primary antibody, and detected with
fluorescein-conjugated goat anti-mouse secondary
antibody. Slides were overlaid with a coverglass
and Prolong antifade mounting reagent (Molecular
Probes, Eugene, OR).

2.6. Growth curves

DKNI1 cells were seeded at a density of 5x 103 cells
per well in six-well plates. Treatment groups for each
cell line were divided into two categories: CCM with
a final concentration of 9.0 mM L-GLN designated
CCM9 and CCM with a final concentration of 2.5 mM
L-GLN designated CCM2.5. In each of these cate-
gories cells were grown in the presence of 2.0 mM re-
duced glutathione (GSH) purchased from Boehringer
Mannheim, Germany or 2.0 mM 7V-acetylcysteine ob-
tained from Sigma, St. Louis, MO. Every 48 h over a



198 M Pine et al. / Aquatic Toxicology 67 (2004) 195-202

2-week period, three wells were harvested with trypsin
and counted separately using an improved Neubauer
hemacytometer. Cell viability was determined using
the Trypan Blue exclusion assay. Medium for each
group was changed every 48 h throughout the study.

2.7. Statistical analysis

All treatment points are expressed as the mean of
three separate cell counts plus or minus the standard
error of the mean (S.E.M.). Means were compared us-
ing the analysis of variance (ANOVA) procedure with
the computer program SAS version 8e. Any treatment
point with a P-value of less than 0.05 was considered
to be statistically significant.

3. Results

To evaluate the results of DK1 transfection, prepa-
rations of transfected cells were analyzed to determine
whether or not they expressed the SV40 large tumor
antigen, Tag. This would be the anticipated result
of transfection of the linearized plasmid and would
be expected to result in immortalization of this cell
line. In this study we compared purfied Tag, a cell
preparation of WI38 cells, and a cell homogenate of
transfected DK1 cells (DKN) using monoclonal an-
tibodies developed against purified Tag. Transfected
cells showed reactivity against anti-Tag antibody, in-
dicating that they expressed the SV40 Tag (Fig. 1).
These cells were subsequently named DKNI.

The original DK1 cells were shown to be epithelial
in origin (Carvan et al., 1994). DKI cells transfected
using pSV3.neo, DKNI1, were also suggested to be
epithelial as evidenced by the presence of intracellu-
lar cytokeratin (Fig. 2) shown by immunofluorescence
staining. These were compared with DKI cells stained
for intracellular cytokeratin (Fig. 2B). Although a dif-
ferent fluor-labeled immunoprobe was used to evalu-
ate DK1 cells, both DKI and DKN1 showed cytoker-
atin staining characteristic of epithelial cells.

Growth rates and patterns for DKN 1 cells cultured
in the original formula of CCM which contained high
(9.0 mM) levels of L-glutamine were compared over
a 14-day interval to DKNI1 cells cultured in medium
containing 2.5 mM L-glutamine (Fig. 3, panel A).
These two culture media were designated CCM9

Purified Tag

WI38 Cell Prep

DKN Cell Prep

Negative Control

DKI Cell Prep

Fig. 1. Evaluation of the presence of the SV40 Large T antigen
in transfected DKI cells. The expression of SV40 derived large
T antigen was evaluated in DKN cells using dot blot analysis.
Preparations from transfected DK1 cells were compared to purified
SV40 large tumor antigen protein, SV40 virus transformed WI38
(2RA positive control) cells, untransfected DK1 cells and to a
negative control protein. Untransfected DK cells showed no cross
reactivity with the anti-Tag antibody, whereas transfected cells,
DKN, cross-reacted with the anti-Tag antibody.

and CCM2.5. DKNI1 cells cultured in CCM2.5 ex-
hibited a two-fold increase in overall growth by day
10 (94.3 x 103 for CCM9 versus 195.5 x 103 for
CCM2.5) compared with cells cultured in CCM con-
taining 9 mM L-glutamine. The 2.5 mM concentration
of L-glutamine was maintained for the remainder of
the study.

Cells were then treated with two known antioxi-
dants, reduced glutathione (GSH) and TV-acetylcysteine
(NAC). The addition of 2.0 mM GSH to DKN1 cells
grown in CCM9 restored overall growth to the approx-
imate level of cells grown in CCM2.5 without GSH
(Fig. 3, panel B). By day 10 the overall numbers of
cells grown in CCM9 plus 2.0 mM GSH were slightly
higher than cells grown in CCM2.5 (265.6 x 103 ver-
sus 195.5 x 103). By day 12 they had increased to 2.5
fold higher and by day 14 cells grown in CCM9 plus
2.0 mM GSH showed a growth level 4.4 times greater
(panel B) than did cells grown in CCM9 alone (panel
A). This increased rate of growth was statistically
significant (P < 0.05) for days 10-14.

DKNI1 cells grown in CCM2.5 supplemented with
GSH also showed a dramatic difference in rate of
growth when compared to cells grown in CCM2.5. In-
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DK.N1

DKI1

Fig. 2. Detection of intracellular cytokeratin in transfected DKI1 cells. DKN1 and DKI cells were evaluated for the presence of cytokeratin
using immunofluorescence methods. Cells were grown in CCM2.5 medium and evaluated for the presence of cytokeratin using mouse
anti-cytokeratin, mouse anti-a smooth muscle actin, mouse anti-desmin, or mouse anti-vimentin, and goat anti-mouse IgG from Sigma,
St. Louis, MO. Cultures were blocked with 5% normal goat serum, incubated overnight with primary antibody, and detected with
fluorescein-conjugated goat anti-mouse secondary antibody. Slides were overlaid with a coverglass and Prolong antifade mounting reagent
(Molecular Probes, Eugene, OR), and evaluated using fluorescence microscopy.

terestingly, there was a statistically significant {P <
0.05) decrease in proliferation when cells were grown
in the lower concentration of L-glutamine (CCM2.5)
plus GSH (Fig. 3, panel B).

DKNI1 cells grown in CCM9 plus NAC, compared
to cells grown in CCM9 with no NAC supplementa-
tion, showed a statistically significant decrease {P <
0.05) by day 12 (Fig. 3, panel C). Cells grown in
CCM2.5 supplemented with NAC also exhibited a sig-
nificant decrease {P < 0.05) for days 10 and 12 as
compared to those grown in CCM2.5 alone.

4. Discussion

Practical in vitro methods are essential for prelim-
inary toxicological studies in cetaceans, virtually all
of which are protected species. The development and
characterization of a continuous bottlenose dolphin
cell line would be particularly advantageous since gov-
ernmental regulations limit the access of most investi-
gators to live animals or fresh cetacean tissues. In this
study we have developed a bottlenose dolphin cell line
that is epithelial in origin, as evidenced by the pres-
ence of intracellular cytokeratin. This cell line, DKNI,
is also apparently immortalized due to incorporation

of the DNA sequence for SV40 large tumor antigen
(Tag), and has been continuously cultured for 8 years.
We have demonstrated that DKN1 cells do not require
high levels of L-glutamine during culture as previously
believed for cetacean cells.

Cetacean cells have historically been difficult to
grow in culture (Andrews et al., 1973; Smith et al.,
1987). Successfully cultured lines such as SplK and
BWK require an enriched medium which contains
three times the standard concentrations of vitamins
and amino acids (Nielson et al., 1986; Hay et al.,
1988). Because ofthese factors, the original line estab-
lished in this laboratory was maintained in an enriched
medium which included a 9.0 mM concentration of
L-glutamine (Carvan et al., 1994). Eukaryotic cells are
reported to metabolize glutamine to provide 30-65%
of the energy requirements for growth (Reitzer et al.,
1979; Zielke et al., 1984). Because many cell lines
require exogenous glutamine supplementation, it has
been considered a mandatory component of cul-
ture media for cetacean cells, with final concentra-
tions ranging between 2.0 and 5.0 mM (Janicki and
Goldstein, 1969). More recent studies have shown
that some cells can be maintained in glutamine-free
medium with no adverse effects on growth (Bolon
et al., 1995). In addition glutamine metabolism
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Effect of L-Glutamine on DKNI1
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Fig. 3. Effects of L-glutamine, glutathione, and TV-acetylcysteine on DKN1 growth. Panel A compares the growth rates betweeen cells
cultured in the original CCM which contained three times the standard L-glutamine concentration (9.0 mM) and a modified CCM containing
2.5mM L-glutamine. By day 10 cell numbers were two times higher for cells grown in the lower concentration of L-glutamine. Panel B
is a comparison of growth rates after the addition of 2.0mM reduced glutathione to each culture medium. GSH addition improved the
growth rate for cells cultured in 9.0mM L-glutamine (P < 0.05 days 10-14). However, the addition of GSH to cells cultured in CCM 2.5
exhibited a statistically significant decrease in overall cell numbers (P < 0.05 days 10-14). Panel C demonstrates the effect of 2.0mM
A Hceolylcysloine on cell growth. Growth was severely suppressed for the transfected cells grown in both concentrations of L-glutamine

(P< 0.05 days 8-12).

creates major problems for certain cell types because
of the ammonia generated as a metabolic waste prod-
uct. When cultured in CCM containing L-glutamine
at a level only 27.8% as high as has previously been
considered an optimal range, DKN1 cells showed a
significant growth advantage, approximately 2-fold as
early as day 10 (Fig. 3), compared with cells grown
in the higher L-glutamine concentrations.

For many cell lines the addition of antioxidants
increases the survivability of the cells under adverse
conditions. Reduced glutathione and its synthetic
precursor TV-acetylcysteine are routinely used in cell
culture as antioxidants. Studies with different cell

types typically show these compounds to be protec-
tive against ROS induced injury. Both GSFi (2.0 mM)
and TV-acetylcysteine (1.0mM), when added individ-
ually to the culture medium of porcine primordial
germ cells (PGC), improved the survival rate in vitro
(Lee et al., 2000). Therefore, we decided to culture
the transfected cell line in these two routinely utilized
antioxidants. Fiowever, when either GSFi or NAC
were added to the medium in this study, the only cells
which benefited were DKNI1 cells grown in CCM9.
For all other treatment groups the GSFi and the
NAC inhibited cell proliferation. Growth rates were
so suppressed in NAC supplemented media that the
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study was discontinued after 12 days instead of the
normal 14.

While growth suppression in DKNI1 cells after the
addition of antioxidants appears to be counterintuitive,
the explanation may be related to the concentrations
used in this study (2.0mM). Many investigators add
1.0-2.0 mM concentrations of GSH or NAC, however
if the cells are able to adequately synthesize GSH,
additional supplementation may not be necessary and
may actually be detrimental. Two major potential ex-
planations exist to explain the results in this study.

The first possible explanation of the decreased re-
quirement for GSH is that addition of excess GSH
may cause a disruption of the reduced glutathione to
oxidized glutathione ratio, GSH:GSSG, with possible
induced changes in intracellular hydrogen peroxide
levels due to the thiols themselves. Imbalances of the
thiol-disulfide ratio are known to irreversibly modify
proteins, including both enzymes and structural pro-
teins, leading to aberrant cell function (Gilbert, 1990).
The oxidation of sulfhydiyl groups can result in pro-
tein disulfides or protein 5-thiolation, and disulfide
bonds are acutely important during protein folding.
Cellular proteins which become 5-thiolated are unsta-
ble and denature at 37 °C instead of the more typi-
cal 60°C (Freeman et al.,, 1995), and concentrations
of GSH and NAC above 10.0 mM in the culture me-
dia are reported to cause dose-dependent decreases in
cellular protein levels in rat pheochromocytoma cells
(Offen et al., 1996).

The second possible explanation is related to the
interaction of thiols with culture medium components
as reported by Tong and Halliwell (2001). Both GSH
and NAC were shown to generate high levels of H202,
up to 15 and 19 (iM, respectively, when allowed to
incubate in DMEM. High levels of hydrogen perox-
ide are known to initiate apoptosis and/or necrosis in
cultured cells.

These results demonstrate the impact cell culture
medium components can have on experimental data.
Parameters for cell culture need to be clearly defined
through preliminary experiments on the cell line of in-
terest because changing one component can have a di-
rect impact on future experiments and the eventual in-
terpretation of results. This research not only presents
a new transformed cell line for use in marine mammal
research, it leaves open the avenue for further explo-
ration of glutamine metabolism in cetacean cells and

questions the requirement of cetacean cells for exoge-
nous antioxidant compounds.
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