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Abstract

We developed an isolation and culture method for 
Weddell seal (Leptonychotes weddellii) myoblasts 
and discovered that isolated Weddell seal cells 
proliferate poorly after initial plating and freezing 
without lipid supplementation in media, which 
is reflective of their high-fat diets. We tested the 
effects of media lipid concentrations ranging from 
2.5 to 10% on the number of myotubes formed 
between days 1 and 7 of differentiation. We deter-
mined that the growth and differentiation media 
for cultured Weddell seal skeletal muscle cells 
must be supplemented with a lipid concentration 
between 2.5 and 5%. This modification to stan-
dard growth and differentiation media formula-
tions illustrates the importance of considering the 
diet of non-model organisms in primary culture. 
The success of these techniques provides a unique 
opportunity to investigate molecular regulatory 
pathways essential to physiological responses 
seen in the whole animal. 
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Introduction

The Weddell seal (Leptonychotes weddellii) uti-
lizes aerobic metabolic pathways during breath-
hold exercise while diving (Kooyman et al., 
1980; Williams et al., 2000). Weddell seals and 
other pinnipeds have high myoglobin concentra-
tions in their swimming muscles, ranging from 
22.4 mg/g in a northern fur seal to 55.9 mg/g 
in the adult Weddell seal; for comparison, a 
cotton rat has 1.7 mg/g (Kanatous et al., 1999, 
2008). This allows for a large oxygen store to 
draw from during dives, facilitating the use of 
lipid-based aerobic pathways while decreasing 

anaerobic respiration and limiting lactate produc-
tion (Kanatous et al., 2002). To further study the 
development of myoglobin regulation in a diving 
mammal, our lab developed a protocol to isolate 
and culture Weddell seal primary skeletal muscle 
cells and determined media conditions for growth 
and differentiation by considering the Weddell 
seals’ diet. 

The diet of the Weddell seal depends on age; 
varies spatially and temporally; and can include 
pelagic and benthic fish, cephalopods, and crusta-
ceans (Plotz, 1986; Burns et al., 1998; Lake et al., 
2003). Lenky et al. (2012) examined the proxi-
mate composition of several species of notothe-
niid and myctophid fishes known to be Weddell 
seal prey. The pelagic Pleuragramma antarcti-
cum, one of the Weddell seals’ predominant prey 
species in the Weddell Sea, McMurdo Sound, 
Mawson Coast, the northern Vestfold Hills, and 
the Danco Coast of the Antarctic Penninsula, was 
found to have a high percentage of fat (7.2% wet 
mass) as were the myctophids Electrona antarc-
tica and Gymnoscopelus nicholsi (15.2 and 17.4% 
wet mass, respectively), which are consumed by 
Weddell seals along the Danco Coast and South 
Shetland Islands (Plotz, 1986; Casaux et al., 1997, 
2006; Burns et al., 1998; Lake et al., 2003; Lenky 
et al., 2012). Although P. antarcticum is the most 
common prey species in many locations, it should 
be noted that not all Weddell seal prey species 
are high in fat; the lipid composition of most of 
the benthic Trematomus species investigated by 
Lenky et al. (2012) ranged between 0.5 to 4.6% 
wet mass (Burns et al., 1998; Lake et al., 2003; 
Casaux et al., 2006). 

The diet of the Weddell seal is reflected in the 
metabolic phenotype of their skeletal muscles as 
determined by enzyme ratios. The citrate syn-
thase (CS) to β-hydroxyacyl CoA dehydrogenase 
(HAD) ratio (CS:HAD), an indicator of how much 



		  

the skeletal muscle relies on lipid vs carbohy-
drates to fuel metabolism in both swimming and 
non-swimming skeletal muscle ranges between 
0.1 and 0.4, suggesting a complete reliance on 
lipids for the generation of energy through aero-
bic metabolism (Reed et al., 1994; Kanatous et al., 
2002, 2008). It is currently unknown if in vivo 
Weddell seal myotubes possess the same meta-
bolic phenotype as the whole tissue from which 
they are derived and/or if they have any degree 
of metabolic flexibility—that is to say, the pref-
erential utilization of fat oxidation during fasting, 
with a switch to glucose in the presence of insu-
lin as described by Ukropcova et al. (2005). If the 
Weddell seal cells share the metabolic phenotype 
of the muscle tissue and are metabolically inflex-
ible, we would expect them to need supplemental 
lipid for their growth and differentiation media.

We developed two methods that produced 
Weddell seal primary myoblasts and, in doing so, 
found that myoblasts would not proliferate after 
initial plating with standard media. We hypothe-
sized that the growth and differentiation media of 
the myoblasts might require the addition of lipid, 
reflecting the high-fat diet of the Weddell seal. 
Based on the number of myotubes formed during 
differentiation, we conclude that the successful 
growth and differentiation media for Weddell 
seal cells is based on Dulbecco’s modified eagles 
media (DMEM), supplemented with 2.5 to 5% 
lipid. Our results indicate that, when culturing 
non-model primary cells, researchers should con-
sider the diet of the whole animal and tailor the 
culture media accordingly. These primary skeletal 
muscle cells will aid researchers in understanding 
the molecular regulation of the unique adaptations 
to diving in Weddell seal skeletal muscle.

Methods

Weddell Seal Primary Myoblast Isolation
During the isolation of myoblasts from the 
Weddell seal, the researchers at McMurdo Station 
used two different myoblast isolation protocols 
based on the method of Pavlath (1996). Both iso-
lation techniques yielded viable myoblasts; there-
fore, we present both methods.

The Colorado State University (CSU) Animal 
Care and Use Committee (ACUC) has approved 
all protocols used in this study (IACUC 07-1641A-
01), and samples were collected under a permit 
from the National Marine Fisheries Service 
(MMPA #10751788-00). Myoblasts were isolated 
from an adult seal, juvenile seal, and seal pup cap-
tured in McMurdo Sound, Antarctica, in November 
2006. The animal handling and biopsy protocol 
were performed as previously described; briefly, 
the Weddell seal was captured and kept calm using 

a head bag and chemically immobilized with an IV 
injection of Telazol (1 mg kg-1) (Kanatous et al., 
2008; Trumble et al., 2010). A local injection of 
Lidocaine (1 ml) was administered to the biopsy 
site, and the site was cleaned with Betadine. A small 
incision through the skin, blubber layer, and under-
lying fascia was made using a sterile #10 scalpel. 
The primary swimming muscle (m. longissimus 
dorsi) was biopsied with a sterile 6-mm biopsy 
cannula. Sterile forceps were used to transfer the 
muscle biopsy from the cannula. The biopsy was 
quickly disinfected in 70% ethanol and transferred 
into a 15-ml conical tube of Ham’s F-10 media and 
placed on ice, for which care was taken so that the 
sample did not freeze. The biopsy was then trans-
ported from the field site via snowmobile to the 
Albert P. Crary Science and Engineering Center at 
McMurdo Station; the traverse took 30 min. 

Once at the Crary laboratory, the biopsies were 
processed in one of two ways. The first method 
is as follows: The biopsy was transferred to a 
15-ml conical tube containing 0.4 ml of colla-
genase-D (Boehringer Mannheim, reconstituted 
to 10 mg/ml with PBS and 5mM CaCl2, product 
#1088-874) and dispase (Boehringer Mannheim, 
2.4 u/ml, product #295-825) per 100 mg of tissue. 
The biopsy was left to incubate with the added 
enzymes for 7 min at 37° C to digest connec-
tive tissue. The sample was then transferred to a 
sterile 6 well plate, where ~2 ml of HAM’s F-10 
growth media (Hyclone Laboratories, Logan, UT, 
USA) were added, and the biopsy was further 
minced using a razor blade. The plate was then 
placed in an incubator (37° C, 21% O2, 5% CO2) 
for 1 h, after which the plate was removed from the 
incubator and observed for satellite cell migration 
under a microscope. Remaining pieces of tissue 
were then removed, and the plate was placed back 
in the incubator for 24 h. The cells were checked 
daily, and media was not removed from the dishes 
for 96 h post-plating to ensure cells had a change 
to adhere to the bottom of the plate. After the 96 h, 
when cells were observed growing in a dish, the 
media was changed daily. When the cells reached 
40 to 60% confluence, they were passaged using 
trypsin. This method was tried on tissue from the 
adult male only and successfully produced cells. 

The second method used during isolation is as 
follows: The biopsy was removed from the media 
in which it was transported and placed in a 60-mm 
cell culture dish where it was minced into 1 mm 
pieces using a razor blade. The plate was placed 
into an incubator (37° C, 21% O , 5% CO ) for 
1 h, after which the culture dishes were removed 
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and observed. After 24 h, the muscle tissue was 
removed from the plate. The cells were checked 
daily, and fresh Ham’s F-10 growth media was 
added as needed. At day 7, media was changed 
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from HAM’s F-10 growth media to low glucose 
(1,000 mg/L) Dulbecco’s modified Eagles media 
(DMEM) (Sigma Aldrich, St. Louis, MO, USA), 
20% FBS, 1% penicillin/streptomycin antibiotic, 
and 1% sodium pyruvate (Gibco, Grand Island, 
NY, USA). At 13 d after initial sample plating, 
the cells (fibroblasts and myoblasts) were pas-
saged to further isolate the myoblasts. The cells 
were seeded onto a 60-mm cell culture dish; after 
30 min, the supernatant containing the myoblasts 
was removed and placed onto a new cell culture 
dish leaving the majority of the fibroblasts behind. 
This method successfully produced cells from a 
Weddell seal adult, juvenile, and pup.

At the end of the field season in Antarctica 
(November 2006), all cells isolated from both 
methods were frozen in liquid nitrogen and 
shipped to our laboratory at CSU in Fort Collins, 
Colorado, where they are currently maintained 
and stored. At CSU, only cells from the adult male 
were unfrozen, proliferated, and differentiated. 

During the initial culture of the cells in 
Antarctica, low glucose (1,000 mg/L) DMEM 
was used in the growth media, and no lipid was 
added. In these cases, using high (4,500 mg/L) 
glucose DMEM resulted in very poor to zero 
growth. When cells were unfrozen at our labora-
tory at CSU, they would not grow back in the low-
glucose media. We, therefore, considered the diet 
of the whole animal and added lipid to the media. 
We found that myoblasts started to proliferate 
after adding at least 2.5% lipid (trials at 1% lipid 
produced very poor growth). After approximately 
10 passages, cells began to do well in a high-glu-
cose environment as long as lipid was present. 

Media Recipes for Weddell Seal Skeletal Muscle Cells
Various growth and differentiation medias were 
made to test the potential effects on growth and 
differentiation of this unique primary cell line. The 
Weddell seal cells were grown and differentiated 
in their respective media supplemented with lipid 
throughout the experiment. Because our prelimi-
nary studies concluded that the cells did not grow 
in media without lipid supplementation and grew 
poorly in media supplemented with 1% lipid, no 
“control” media with 0% lipid was tested in order 
to avoid wasting these rare samples, and lipid 
concentrations higher than 1% were assessed. A 
commercially available lipid mixture was supple-
mented to the culture media in concentrations of 
2.5, 5, 7, and 10% that were the same between 
the growth and differentiation media. The mix-
ture, chemically defined by the manufacturer 
(Sigma Aldrich, St. Louis, MO, USA), is com-
prised of the following components: non-animal 
derived fatty acids (2 μg ml-1 arachadonic acid, 
and 10 μg ml-1 each of linoleic, linolenic, myristic, 

oleic, palmitic, and stearic acid), 0.22 mg ml-1 
cholesterol from New Zealand sheep’s wool, 
2.2 mg ml-1 Tween-80, 70 μg ml-1 tocopherol ace-
tate, and 100 mg ml-1 Pluronic F-68 solubilized in 
cell culture water. For the differentiation media, 
human recombinant insulin (Gibco, Grand Island, 
NY, USA) was in a stock solution of 4 mg/ml, and 
the bovine transferrin APO (Invitrogen, Carlsbad, 
CA, USA) was in a stock solution of 20 mg ml-1. 
In this experiment, day 1 of differentiation was 
counted 24 h after growth media was replaced by 
differentiation media. 

Growth Media
Growth medias contained 20% FBS; 1% penicil-
lin/streptomycin; 1% sodium pyruvate; and either 
2.5, 5, 7, or 10% lipid mixture. The growth media 
was brought up to volume with high glucose 
DMEM, pH 7.6.

Differentiation Media
Differentiation medias contained 2% equine 
serum; 1% penicillin/streptomycin; 10 μg/ml insu-
lin; 10 μg/ml transferrin; and either 2.5, 5, 7, or 
10% lipid mixture. The differentiation media was 
brought up to volume with high glucose DMEM, 
pH 7.6.

Myotube Count
After plating the cells on Petri dishes (100 × 
20 mm), we proliferated the cells for 15 d to 
create enough plates for our experiments. While 
the proliferation period of any cell line is deter-
mined by the total number of plates needed, this 
proliferation time seems to be similar to that of 
mouse primary muscle cells (Krause et al., 2013). 
While our proliferation times were similar to 
that of other primary muscle cell culture experi-
ments, in our experience, primary muscle cells 
take approximately twice as long to proliferate to 
the same magnitude as immortalized murine skel-
etal muscle cells (ATCC, Manassas, VA, USA). 
During that time, the confluence (plate coverage) 
was estimated daily, and cells were passaged. 
It is important to note that not all lipid concen-
trations were passaged at the same time as they 
did not reach appropriate confluence at the same 
time (plates were passaged at 75 to 100% conflu-
ence). For example, on day 4, myoblasts in the 7 
and 10% lipid media condition were not passaged 
with the rest of the lipid conditions but, instead, 
passaged for the first time at day 8. Cells were 
monitored with a microscope, and photographs 
were taken using a Canon Powershot (Canon Inc., 
Lake Success, New York, USA) mounted to a Carl 
Zeiss Invertoskope (Carl Zeiss Inc., Thornwood, 
New York, USA) at 100× magnification for the 
following 7 d. Six plates of cells were grown in 
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each lipid treatment, and each was photographed 
once per day for the 7 d. A small circle was drawn 
onto the lid of each Petri dish with a Sharpie pen 
in an attempt to always photograph the same area 
of each plate; care was taken to not rotate the plate 
lid. The photographs were later analyzed with 
the Carl Zeiss Axio Vision program to count the 
number of myotubes. The photo range had a field 
of view of 270 µm × 2,037 µm. All 210 photos of 
the cells were analyzed. A 2 × 2 grid was created 
on the computer monitor to separate the photo into 
four 135 µm × 1,018.5 µm boxes. This allowed 
myotube counts to be efficient and precise, and 
ensured that each myotube was only counted 
once. The total number of myotubes were counted 
in each photograph and recorded. 

Immunocytochemical Confirmation of  
Myotube Presence
Plates were probed for desmin and counterstained 
with DAPI to confirm the presence of multi-
nucleated myotubes. Methods were based on 
Rosenblatt et al. (1995), with some modifications. 
Imaged cells were grown and differentiated on a 
100 × 20 mm dish. All but 3 ml of media were 
removed from each plate and replaced with 3 ml 
of a 1:1 mixture of ice-cold acetone and metha-
nol. Samples were incubated at 4° C for 10 min, 
followed by three, 10-min washes in PBS. Plates 
were then incubated in 5% horse serum in PBS 
for 45 min to reduce non-specific binding. Mouse 
anti-desmin primary antibody (BioGenex) was 
diluted to 1:100 in 5% equine serum, incubated 
for 1.5 h, and was followed by three 10 min PBS 
washes. DAB chromogen was used for detection 
after a 1.5 h incubation with 1:20 secondary anti-
body conjugated with horse-radish peroxidase. 
DAPI (300 nM) counter-stain was added for 
10 min, after which images were taken. 

Statistical Analysis
SigmaStat, Version 2.0 (Ashburn, VA, USA) 
was used for all statistical analyses. Analysis of 
variance (one-way ANOVA) with Tukey post-
hoc tests was used (p ≤ 0.05) for comparison of 
myotube numbers between lipid treatment groups 
each day. For the comparison of myotube counts 
between days 1 and 7 within a lipid treatment 
group, a one-way repeated measures ANOVA 
with a Tukey post-hoc test was utilized for sta-
tistical analysis (p ≤ 0.05). After day 4, only the 
2.5, 5, and 7% groups were subject to ANOVA 
between group. For all calculations, if data did not 
pass normality or equal variance tests, ANOVA on 
ranks was performed. The results in all figures are 
presented as means ± s.e.m.

Results

Isolation and Culture of Primary Weddell Seal 
Myoblasts
We identified two methods that produced myo-
blasts capable of proliferation and differentiation 
(Figure 1). We were able to harvest cells from 
one adult, one juvenile, and one pup but have, at 
this time, only differentiated cells from the adult 
male. One method utilized mechanical process-
ing, while the second used both enzymatic and 
mechanical processing techniques. Samples were 
initially plated on HAM’s F-10 but were moved 
to low-glucose DMEM-based media on day 7. 
Samples would only grow in low-glucose media 
until passage 10 when we were able to proliferate 
them in high glucose media. After being frozen 
down at -80° C with 100% isopropyl alcohol and 
subsequently placed in liquid nitrogen for stor-
age, thawed cells were capable of proliferating 
again only with the addition of lipid to the growth 
media. 

Myotube Count
After being thawed from the liquid nitrogen, 
Weddell seal cells did not proliferate in media 
not supplemented with lipid or supplemented 
with low (1%) amounts of lipid. When cultured 
in media supplemented with 2.5 and 5% lipid, the 
number of Weddell seal myotubes significantly 
increased between day 1 (24 h after the initiation 
of differentiation) and day 7 (168 h) of differentia-
tion (n = 6; p = 0.027 and p < 0.001, respectively; 
Figure 2). Taking into account the average myo-
tube counts between days 1 and 7, the 2.5% lipid 
treatment group grew at a rate of 10.6 myotubes/d, 
the 5.0% group grew at 11.3 myotubes/d, the 7% 
group grew at 4.1 myotubes/d, and the 10% grew 
at -5.4 myotubes/d; there was no statistical signifi-
cance between the 2.5, 5, and 7% growth rates. All 
groups had statistically greater rates than the 10% 
treatment group because almost all myotubes in 
that cohort died by day 4 of the trial (p < 0.05). 
There was a significant difference between the 2.5 
and 10%, and 5 and 10% treatment groups only 
on days 2 and 3 of differentiation (p < 0.05 for 
both) as well as between 2.5 and 7% on day 5 of 
differentiation (p = 0.042; Figure 2). The pres-
ence of myotubes was confirmed via DAPI and 
desmin staining (Figure 3). Images of myotubes 
on days 2, 4, and 7 of differentiation can be found 
in Figure 4. Starting on day 1, the number of 
myotubes in 10% differentiation media decreased 
until zero myotubes were found on day 5, indi-
cating high myotube mortality (Figure 2). These 
results support the idea that high lipid content 
can be cytotoxic, although it is interesting to note 
that a high lipid concentration did not affect an 
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undifferentiated myoblast as dramatically. The 
cytotoxicity of lipid has mostly been studied in 
cancerous cell culture lines, and, as reviewed by 
Noding et al. (1998), it is thought that the cyto-
toxicity of polyunsaturated fatty acids in certain 
cell culture lines may be due to the products that 
result after their oxidation and may be affected by 
the ingredients in the cell culture media. While 
our primary cells are not immortalized or can-
cerous, their demise may be the result of similar 
mechanisms. 

Discussion

The cells supplemented with 2.5 and 5% lipid 
during proliferation and differentiation showed a 
significant increase in myotube number between 
the first (24 h after the start of differentiation) 
and last day of differentiation. Given this result, 
we suggest that the most successful growth and 
differentiation medias for Weddell seal skeletal 
muscle cells contain between 2.5 and 5% lipid. 
It is interesting to note that the myotube count 
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Figure 1. Flow chart of two methods that produced primary Weddell seal (Leptonychotes weddellii) skeletal muscle cells; 
one method (left) utilized mechanical and enzymatic processing methods, and the other (right) only relied on mechanical 
processing methods.
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in the 2.5% media treatment groups dropped 
after day 6; a possible cause for this decrease is 
that these cells matured to the point of having 

functional contractile units earlier than the other 
treatments as contraction is one cause of myotube 
detachment in plates (Cooper et al., 2004). This 
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Figure 2. Myotube counts from day 1 of differentiation to day 7. Significant differences between days 1 and 7 within one 
lipid treatment group indicated by ‡; significant difference between 2.5 and 7% denoted by *; significant differences between 
both 2.5 and 10 and 5.0 and 10 indicated by †; significant difference between days 1 and 7 within lipid treatment groups was 
determined at p ≤ 0.05, one-way ANOVA with repeated measures; and significant difference between treatment groups for 
each day was determined by one-way ANOVA. Data are presented as means ± s.e.m.
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Figure 3. Multinucleated myotubes were confirmed via anti-desmin antibody probe with chromogen and DAPI 
counter-staining. The arrow points to multinucleated myotube, 200× magnification.
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Figure 4A & B. Myotubes in different lipid treatment groups on days 2, 4, and 7 of differentiation: (A) 100× magnification 
of Weddell seal skeletal muscle myotubes after 2 d of differentiation; and (B) 100× magnification of Weddell seal skeletal 
muscle myotubes after 4 d of differentiation. Scale bars = 100 μm.
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suggests that experiments using Weddell seal cells 
in 2.5% media may need to consider harvesting 
earlier than day 6 or, to prolong a treatment, they 
may need to find a plating matrix that allows the 
matured fibers to contract without detachment 
as in Cooper et al. (2004), who sustained c2c12 
myotubes atop a co-cultured layer of fibroblasts 
for 14 d after the initiation of differentiation. 

Perhaps the most important result to report 
from our study is the fact that cultured Weddell 
seal skeletal muscle cells do not proliferate 
beyond initial plating and freezing without the 
addition of lipid. The primary culture of cells from 
various tissues has been successful in model ani-
mals, including mice and rats, using many types 
of growth and differentiation media. In primary 
cultures aimed at growing a specific cell type, the 
type of cell being grown has determined the media 
formulations, with little consideration for the type 

of species from which they were harvested. The 
cell type is important because it dictates the nature 
of supplements needed in media as well as other 
culture conditions, like the type of substrate or sur-
face needed for cultivation. While this approach 
has been successful with cells from these model 
species, it is worth considering that the wild cous-
ins of laboratory rodents are omnivores and that 
the cells of these model species may have a more 
flexible metabolic phenotype because of their 
varied diet than the cells of the Weddell seal, an 
obligate carnivore (National Research Council, 
1995; Singleton & Krebs, 2007). 

In the laboratory, the diet of the average rodent can 
range between 4.7 to 5% fat (wet weight, although 
these pelleted diets are low in moisture), with high-
fat diets ranging between 18 and 35% fat (pelleted 
diet calculated “as is,” ~3.5% moisture) (LabDiet, 
Certified Rodent Diet, product #5002; Harlan 
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Day 7 of Myotube Differentiation

Figure 4C. Myotubes in different lipid treatment groups on days 2, 4, and 7 of differentiation: (C) 100× magnification of 
Weddell seal skeletal muscle myotubes after 7 d of differentiation. Note the absence of an image for the 10% lipid mixture 
group. Scale bars = 100 μm.



420  Garcia et al. 

Laboratories, Teklad Certified Rodent Diet, prod-
uct #8728C; Harlan Laboratories, Teklad Custom 
Research Diet: Diet Induced Obesity Diets, products 
#TD.95217 and #TD.03584). It is not surprising that 
the percent of fat in the standard diet of these rodents 
is not much less than that of the favored Weddell seal 
prey P. antarcticum and can ostensibly be higher. 
This flexibility seems to be shared by their cultured 
skeletal muscle cells; unpublished data from our 
lab have shown that immortalized mouse skeletal 
muscle cells (c2c12 ATCC, product #CRL-1772) can 
proliferate and differentiate in media with a range of 
glucose concentrations (1,000 to 4,500  mg/L), and 
in the presence of between 2.5 to 5% lipid (Schlater 
et al., 2014). While the in vitro metabolic flexibility 
of c2c12 muscle cells in relation to that of in  vivo 
mouse muscles has not been compared, studies by 
Ukropcova et al. (2005) in human skeletal muscle 
cells seem to suggest that there is a correlation 
between the in vivo metabolic flexibility of whole 
tissue and in vitro measures of the metabolic flex-
ibility of cultured cells. The authors found that, 
in healthy humans, the in vitro adaptability (the 
increase of fat oxidation with increase in high pal-
mitate concentration) of skeletal muscle myotubes is 
correlated with the in vivo metabolic flexibility of 
the muscle from which they were cultured. However, 
comparisons of in vitro suppression, defined by the 
authors as the ability of glucose to suppress fat oxi-
dization in the absence of insulin, was compared 
with an in vivo cohort subject to a euglycemic, 
hyperinsulinemic clamp, so direct comparisons of 
the ability to switch from fat oxidation to glucose 
are unclear. Additionally, Ukropcova et al. (2005) 
measured variability within one species, suggesting 
that broad statements about the relationship between 
whole tissue and cell muscle metabolic flexibility 
within a species cannot be made without first char-
acterizing the intraspecies range of this relationship. 
Thus, while the metabolic phenotype and flexibility 
of skeletal muscle may have an intrinsic component, 
the nature of this contribution is uncertain. 

It is possible that this lipid requirement of 
Weddell seal primary skeletal muscle cell culture 
is reflective of the lipid-based metabolic pheno-
type indicated by CS:HAD ratios in the whole 
muscle tissue from which the cells were biop-
sied, which, in turn, is reflective of the Weddell 
seals’ diets. Alternatively, it is also possible that 
the cells’ lipid requirement is not imposed by a 
lipid-fueled aerobic metabolic phenotype but is 
instead reflective of the role of lipid in regulatory 
myoglobin pathways. New evidence suggests that 
lipid either directly or indirectly increases the pro-
duction of myoglobin in both c2c12 and Weddell 
seal skeletal muscle culture (De Miranda et al., 
2012; Schlater et al., 2014).

De Miranda et al. (2012) found that Weddell 
seal cells grown in normoxic conditions demon-
strate increased myoglobin expression with higher 
lipid media concentrations (2.5 vs 5%). Prior to 
this result, increases in myoglobin were seen in 
the presence of hypoxia and a second stimulus, 
such as exercise, or after fiber-type changes (as 
reviewed in Kanatous & Mammen, 2010). In 
addition to its oxygen storage properties, myo-
globin has the ability to scavenge reactive oxygen 
species (ROS). Schlater et al. (2014) found that 
the addition of a ROS scavenger to culture media 
supplemented with lipid reduces a lipid-induced 
myoglobin increase in normoxic c2c12 cells. Both 
of these results are suggestive of a yet uncharac-
terized lipid-based myoglobin regulatory pathway 
and, in the case of the terrestrial c2c12 cells, one 
involved in ROS mitigation. It is possible that cul-
tured Weddell seal skeletal muscle cells cannot 
proliferate without a lipid-stimulated expression 
of myoglobin; whether this would be due to the 
ROS scavenging or oxygen storage properties of 
myoglobin is unclear. Because the cells grown 
in normoxic environments exhibit this increase, 
a ROS-scavenging role in these cells is possible. 
Future studies in our laboratory will focus on 
unraveling the nature of these pathways. 

The need for identifying the physiological 
requirements of the whole animal to optimize cell 
culture conditions may extend to other non-model 
organisms and help establish new cell lines to help 
study the development of unique adaptations at the 
molecular level. If the need for lipid is related to 
diet, this culture protocol and media recipe may be 
extended to a variety of organisms that preferen-
tially utilize lipids for energy production, includ-
ing migratory birds and hibernators. Moreover, 
the consideration of a species’ life-history may 
extend beyond diet, especially if it is distantly 
related to mammals for which many commercial 
medias are developed. For example, the osmolar-
ity of freshwater and marine mollusk hemolymph 
varies greatly from that of mammalian blood, and 
media osmolarity must be modified for successful 
primary culture (Yoshino et al., 2013). The pres-
ent study represents a novel avenue to study the 
molecular regulation of the unique adaptations 
in skeletal muscles of diving mammals, and it is 
our hope that researchers will take our results and 
apply them toward other diving mammal species 
and more non-model organisms in the pursuit of 
understanding unique adaptations. 

Author Contributions

TMG synthesized data and methods, prepared the 
manuscript, and performed ICC staining; TLG 
contributed significantly to cell culture, media 



		  421

development, and preparation of the manuscript; 
LEP contributed to the primary culture plating 
protocol in Antarctica and preparation of the man-
uscript; MAD contributed to cell culture, media 
development, and preparation of the manuscript; 
LMC and AML contributed to the cell culture; 
and SBK contributed to the initial primary culture 
plating protocol, cell culture, media development, 
and preparation of this manuscript. 

Acknowledgments

This study was funded by the National Science 
Foundation Office of Polar Programs (Grant #s 
OPP-0125475 and OPP-0440713) awarded to 
SBK. We would like to thank the members of the 
Antarctic Ice Team (2006): Joseph Davis, Shawn 
Noren, and Stephen Trumble. We would also 
like to thank all members of the Kanatous lab at 
Colorado State University who have assisted in 
the maintenance of these unique cells. In addition, 
we would like to acknowledge the Department 
of Biology and CSU for the facilities to perform 
these experiments. 

Literature Cited

Burns, J. M., Trumble, S. J., Castellini, M. A., & Testa, 
J. W. (1998). The diet of Weddell seals in McMurdo 
Sound, Antarctica as determined from scat collections 
and stable isotope analysis. Polar Biology, 19, 272-282. 
http://dx.doi.org/10.1007/s003000050245

Casaux, R., Baroni, A., & Carlini, A. (1997). The diet of 
the Weddell seal Leptonychotes weddellii at Harmony 
Point, South Shetland Islands. Polar Biology, 18, 371-
375. http://dx.doi.org/10.1007/s003000050202

Casaux, R., Baroni, A., & Ramon, A. (2006). The diet of 
the Weddell Seal Leptonychotes weddellii at the Danco 
Coast, Antarctic Peninsula. Polar Biology, 29, 257-262. 
http://dx.doi.org/10.1007/s00300-005-0048-7

Cooper, S. T., Maxwell, A. L., Kizana, E., Ghoddusi, M., 
Hardeman, E. C., Alexander, I. E., . . . North, K. N. 
(2004). C2c12 co-culture on a fibroblast substratum 
enables sustained survival of contractile, highly differ-
entiated myotubes with peripheral nuclei and adult fast 
myosin expression. Cell Motility and the Cytoskeleton, 
58, 200-211. http://dx.doi.org/10.1002/cm.20010

De Miranda, M. A., Jr., Schlater, A. E., Green, T. L., 
& Kanatous, S. B. (2012). In the face of hypoxia: 
Myoglobin increases in response to hypoxic conditions 
and lipid supplementation in cultured Weddell seal skel-
etal muscle cells. Journal of Experimental Biology, 215, 
806-813. http://dx.doi.org/10.1242/jeb.060681

Kanatous, S. B., & Mammen, P. P. A. (2010). Review: Regulation 
of myoglobin expression. Journal of Experimental Biology, 
213, 2741-2747. http://dx.doi.org/10.1242/jeb.041442

Kanatous, S. B., DiMichele, L. B., Cowan, D. F., & Davis, 
R. W. (1999). High aerobic capacities in the skeletal 

muscles of pinnipeds: Adaptations to diving hypoxia. 
Journal of Applied Physiology, 86(4), 1247-1256.

Kanatous, S. B., Davis, R. W., Watson, R., Polasek, L., 
Williams, T. M., & Mathieu-Costello, O. (2002). Aerobic 
capacities in the skeletal muscles of Weddell seals: 
Key to longer dive durations? Journal of Experimental 
Biology, 205, 3601-3608.

Kanatous, S. B., Hawke, T. J., Trumble, S. J., Pearson, 
L.  E., Watson, R. R., Garry, D. J., . . . Davis, R. W. 
(2008). The ontogeny of aerobic and diving capacity 
in the skeletal muscles of Weddell seals. Journal of 
Experimental Biology, 211, 2559-2565. http://dx.doi.
org/10.1242/jeb.018119

Kooyman, G. L., Wahrenbrock, E. A., Castellini, M. A., 
Davis, R. W., & Sinnett, E. E. (1980). Aerobic and anaer-
obic metabolism during voluntary diving in Weddell 
seals: Evidence of preferred pathways from blood chem-
istry and behavior. Journal of Comparative Physiology, 
138, 335-346. http://dx.doi.org/10.1007/BF00691568

Krause, M. P., Moradi, J., Coleman, S. K., D’Souza, D. M., 
Liu, C., Kronenberg, M. S., . . . Hadjiargyrou, M. (2013). 
A novel GFP reporter mouse reveals Mustn1 expression 
in adult regenerating skeletal muscle, activated satellite 
cells and differentiating myoblasts. Acta Physiologica, 
208, 180-190. http://dx.doi.org/10.1111/apha.12099

Lake, S., Burton, H., & van den Hoff, J. (2003). Regional, 
temporal, and fine-scale spatial variation in Weddell seal 
diet at four coastal locations in east Antarctica. Marine 
Ecology Progress Series, 254, 293-305. http://dx.doi.
org/10.3354/meps254293

Lenky, C., Eisert, R., Oftedal, O. T., & Metcalf, V. (2012). 
Proximate composition and energy density of notothe-
niid and myctophid fish in McMurdo Sound and the 
Ross Sea, Antarctica. Polar Biology, 35, 717-724. http://
dx.doi.org/10.1007/s00300-011-1116-9

National Research Council. (1995). Nutrient requirements 
of laboratory animals (4th ed.). Washington, DC: The 
National Academies Press.

Noding, R., Schonberg, S. A., Krokan, H. E., & Bjerve, K. S. 
(1998). Effects of polyunsaturated fatty acids and their 
n-6 hydroperoxides on growth of five malignant cell lines 
and the significance of culture media. Lipids, 33, 285-293. 
http://dx.doi.org/10.1007/s11745-998-0207-9

Pavlath, G. K. (1996). Isolation, purification, and growth 
of human skeletal muscle cells. In G. E. Jones (Ed.), 
Human cell culture protocols (pp. 307-317). Totawa, NJ: 
Humana Press, Inc. http://dx.doi.org/10.1385/0-89603-
335-X:307

Plotz, J. (1986). Summer diet of Weddell seals (Leptonychotes 
weddelli) in the eastern and southern Weddell Sea, 
Antarctica. Polar Biology, 6, 97-102. http://dx.doi.org/10. 
1007/BF00258259

Reed, J. Z., Butler, P. J., & Fedak, M. A. (1994). The meta-
bolic characteristics of the locomotory muscles of grey 
seals (Halichoerus grypus), harbor seals (Phoca vitu-
lina), and Antarctic fur seals (Arctocephalus gazelle). 
Journal of Experimental Biology, 194, 33-46.



422  Garcia et al. 

Rosenblatt, D. J., Lunt, A. I., Parry, D. J., & Partridge, 
T.  A. (1995). Culturing satellite cells from living 
single muscle fiber explants. In Vitro Cellular & 
Developmental Biology – Animal, 31, 773-779. http://
dx.doi.org/10.1007/BF02634119

Schlater, A. E., De Miranda, M. A., Jr., Frye, M. A., Trumble, 
S. J., & Kanatous, S. B. (2014). Changing the paradigm 
for myoglobin: A novel link between lipids and myo-
globin. Journal of Applied Physiology, 117(3), 307-315. 
http://dx.doi.org/10.1152/japplphysiol.00973.2013

Singleton, G. R., & Krebs, C. J. (2007). The secret world of 
wild mice. In J. G. Fox, M. T. Davisson, F. W. Quimby, 
S. W. Barthold, C. E. Newcomer, & A. L. Smith (Eds.), 
The mouse in biomedical research (2nd ed., pp. 26-46). 
Amsterdam: Academic Press. http://dx.doi.org/10.1016/
B978-012369454-6/50015-7

Trumble, S. J., Noren, S. R., Cornick, L. A., Hawke, T. J., & 
Kanatous, S. B. (2010). Age-related differences in skeletal 
muscle lipid profiles of Weddell seals: Clues to develop-
mental changes. Journal of Experimental Biology, 213, 
1676-1684. http://dx.doi.org/10.1242/jeb.040923

Ukropcova, B., McNeil, M., Sereda, O., de Jonge, L., 
Xie, H., Bray, G. A., & Smith, S. R. (2005). Dynamic 
changes in fat oxidation in human primary myocytes 
mirror metabolic characteristics of the donor. Journal 
of Clinical Investigation, 115, 1934-1941. http://dx.doi.
org/10.1172/JC124332)

Williams, T. M., Davis, R.W., Fuiman, L. A., Francis, J., 
Le Boeuf, B. J., Horning, M., . . . Croll, D. A. (2000). 
Sink or swim: Strategies for cost-efficient diving by 
marine mammals. Science, 288, 133-136. http://dx.doi.
org/10.1126/science.288.5463.133

Yoshino, T. P., Bickham, U., & Bayne, C. J. (2013). 
Molluscan cells in culture: Primary cell cultures and cell 
lines. Canadian Journal of Zoology, 91, 391-404. http://
dx.doi.org/10.1139/cjz-2012-0258


