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Abstract

Marine mammals are repeatedly exposed to elevated extra-thoracic pressure and alveolar collapse
during diving and readily experience alveolar expansion upon inhalation — a unique capability as
compared to terrestrial mammals. How marine mammal lungs overcome the challenges of
frequent alveolar collapse and recruitment remains unknown. Recent studies indicate that pinniped
lung surfactant has more anti-adhesive components compared to terrestrial mammals, which
would aid in alveolar opening. However, pulmonary surfactant composition has not yet been
investigated in odontocetes, whose physiology and diving behavior differ from pinnipeds. The aim
of this study was to investigate the phosphatidylcholine (PC) composition of lung surfactants from
various marine mammals and compare these to a terrestrial mammal. We found an increase in
anti-adhesive PC species in harp seal (Pagophilus groenlandicus) and California sea lion
(Zalophus californianus) compared to dog (Canus lupus familiaris), as well as an increase in the
fluidizing PCs 16:0/14:0 and 16:0/16:1 in pinnipeds compared to odontocetes. The harbor
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porpoise (a representative of the odontocetes) did not have higher levels of fluidizing PCs
compared to dog. Our preliminary results support previous findings that pinnipeds may have
adapted unique surfactant compositions that allow them to dive at high pressures for extended
periods without adverse effects. Future studies will need to investigate the differences in other
surfactant components to fully assess the surfactant composition in odontocetes.

1. Introduction

In marine mammals, alveolar collapse while diving has been suggested to be an important
trait that limits elevated blood and tissue N, levels and prevents No narcosis during deep
diving and decompression sickness during ascent (Falke et al., 1985; Ridgway and Howard,
1979; Scholander, 1940). Previous studies demonstrated that marine mammals have the
capacity to completely collapse their alveoli (Fahlman et al., 2011; Falke et al., 1985;
Kooyman and Sinnett, 1982; Meir et al., 2009; McDonald and Ponganis, 2012; Ridgway and
Howard, 1979), but the relationship between ambient or intrathoracic pressure, alveolar size,
and the extent of gas exchange remains unknown. In a study comparing California sea lions
and harbor seals (species known to have different diving habits and respiratory structure) the
relationship between diving depth and pulmonary shunt and the estimated alveolar collapse
depth were indistinguishable (Kooyman and Sinnett, 1982).

These studies raise the question of how marine mammal lungs overcome the challenges of
frequent alveolar collapse and re-inflation. Differences in the lung architecture may be
responsible for the pressure-volume characteristics of marine mammal lungs and for the
ability of collapsed alveoli to re-inflate. Alternatively, the differences in the pressure-volume
relationship seen between odontocetes and phocids (Fahlman et al., 2011), and those
reported between dogs and sea lions (Denison et al., 1971) could be related to differences in
surfactant composition and alveolar surface properties. For example, an increase in
unsaturated, anionic and short chain phospholipids, cholesterol, and surfactant proteins B
and C all contribute to a surfactant that has better adsorption and spreading properties
(Miller et al., 2005; Notter et al., 1980; Possmayer et al., 2001; Rau et al., 2004; Walters et
al., 2000; Wang et al., 1995), which can contribute to an anti-adhesive surfactant and ease
the recruitment of alveoli during ascent (Daniels et al., 1998; Miller et al., 2006a, 2006b,
2005).

It is clear from the literature that pulmonary surfactant composition correlates with lung
structure, physiology, and development (Bernhard et al., 2001; Daniels et al., 1998; Hunt et
al., 1991; Miller et al., 2005; Rau et al., 2004). One of the principle functions of pulmonary
surfactant in mammals is to optimize surface tension based on lung volume. Ideally, surface
tension is low at low lung volumes to prevent lung collapse and ease breathing and high at
high lung volumes to control lung inflation. However, in many non-mammalian vertebrates
(e.g., reptiles and amphibians) the respiratory units (e.g., faveolae) are large and compliant,
negating the necessity for surfactant that has a high surface activity, i.e., the ability to greatly
vary surface tension (Daniels et al., 1998, 1995). Reptiles and amphibians that have body
temperatures below 25°C have higher levels of unsaturated phospholipids (e.g.,
phosphatidylcholine (PC) 16:0/16:1 and PC 16:0/20:4) and lower levels of disaturated
phospholipids (e.g., PC 16:0/16:0) compared to those with higher body temperatures and
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mammals, resulting in surfactant that has a lower surface activity and a more anti-adhesive
nature (Daniels et al., 1998, 1996, 1995).

In a variety of mammals, the fluidizing PCs 16:0/14:0 and 16:0/16:1 account for 10-35 mol
% of the surfactant composition (Bernhard et al., 2011, 2001, 2000, 1997; Hunt et al., 1991;
Miller et al., 2006b; Postle et al., 2001, 1999; Rau et al., 2004; Spragg et al., 2004); however
in birds (whose lungs are stiff and do not appear to change volume during respiration), PCs
16:0/14:0 and 16:0/16:1 make up only a small percentage of the lung surfactant composition
(Bernhard et al., 2001). The mole percent of PCs 16:0/14:0 and PC 16:0/16:1 correlate with
respiratory rate in birds (duck and chicken), pigs, rats, and mice. Additionally, these PCs are
higher in full term human infants, when respiratory rate is the fastest, than in developing
fetuses (Bernhard et al., 2001), and PCs 16:0/14:0 and 16:0/16:0 increase at the end of
gestation in humans, guinea pigs, and rat lung tissue (Hunt et al., 1991).

In addition to changes in PCs 16:0/14:0 and 16:0/16:1 during fetal development, differences
were also found for these PCs between neonates and adult animals. Newborn piglets, whose
development is similar to humans, had higher levels of PC 16:0/14:0 and PC 16:0/16:1 and
lower levels of 16:0/16:0 than adult animals, resulting in a more fluid pulmonary surfactant
(Rau et al., 2004). This suggests that the surfactant is adapted to match respiratory needs
during development and maturation. In newborn piglets the increased fluidity of the
surfactant facilitates rapid respiration rates and lung inflation (Rau et al., 2004).

Data from California sea lions also indicate that the pulmonary surfactant is optimized for
physiological needs. Newborn sea lions had lower levels of PC 16:0/14:0 compared to adult
sea lions, and neonatal alveoli attained a lower minimum surface tension than adults. These
characteristics suggest that newborn sea lion surfactant is adapted for a terrestrial lifestyle,
which the sea lion pups maintain for the first six months of life, while the adult sea lion
surfactant is more fluid and optimized for a diving lifestyle (Miller et al., 2005).

Previous studies suggested that surfactant properties of broncho-alveolar lavage fluids from
marine mammals did not appear to be significantly different from those of terrestrial
mammals (Denison et al., 1971). But more recent work suggests that pulmonary surfactants
in seals and sea lions have anti-adhesive properties that aid alveolar recruitment following
collapse (Foot et al., 2006; Miller et al., 2006a, 2006b; Spragg et al., 2004). However, to the
best of our knowledge the surfactant properties in odontocetes have not yet been
characterized. We believe that these marine mammal groups may have divergent traits to
deal with alveolar recruitment following collapse and hypothesize that the surface tension
properties and the biochemical constituents of pulmonary surfactant differ between
terrestrial and marine mammals and between pinnipeds and odontocetes. These adaptations
may be related to differences in pulmonary anatomy, diving behaviors and physiological
condition. Therefore, we investigated the PC composition of surfactant in dogs and several
different marine mammals, including pinnipeds and odontocetes. Our results describe both
qualitative and quantitative differences in the chemical composition of pulmonary
surfactants and how these may reflect differences in the exploitation of disparate ecological
habitats by various marine mammals.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 June 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gutierrez et al.

Page 4

2. Material and methods

2.1. Pulmonary lavage and surfactant isolation

Canine lungs were obtained from medium size (20 kg), rabies free dogs (Canus lupus
familiaris) with no known preexisting lung diseases from the Corpus Christi Animal
Control. Treatment of the lungs with isotonic saline solution was done immediately post-
mortem. Two pulmonary lavage collection methods were used. The first method was
performed while the lungs were still intact within the dogs. An endotracheal tube (Hudson
RCI, Teleflex Medical Inc., Research Triangle Park, NC) was inserted via the larynx,
inflated and approximately 75-100 mL of isotonic saline solution was infused into the lungs.
The second method was performed after the lungs had been excised from the dogs. The
chest wall was incised, the lungs were excised at the tracheal bifurcation, and 75-100 mL of
the saline solution was poured directly into primary bronchi. For both methods, the lungs
were gently rocked back and forth, and the lavage was collected in large glass containers.
This process was repeated three times.

For marine mammals the lavage procedure was the same as for the canine, except that the
lavage fluid volume was adjusted to approximately 150 mL per flush for larger animals. The
animals obtained were either fishery bycatch (animals that either asphyxiated in gill nets or
bottom otter trawls), the harp seal (Pagophilus groenlandicus; ID: IFAW 12 208Pg), or
stranded — California sea lion (Zalophus californianus; CSL_10638), common dolphin
(Delphinus delphis; 1D: D08335Dd), and harbor porpoise (Phocoena phocoena; IDs:
D08091Pp, Pp1201_Theo, C-386_Pp) — and were obtained from the National Oceanic and
Atmospheric Administration National Marine Fisheries Service Northeast Fisheries
Observer Program, the Marine Mammal Rescue and Research Division of the International
Fund for Animal Welfare, the Marine Mammal Center (Sausalito, CA), or the VVancouver
Aguarium (Vancouver, BC). The time of death was known for the stranded specimens, and
the approximate time was recorded for bycaught specimens. All specimens were in good
post mortem condition (Smithsonian Institute code 2; Geraci and Lounsbury, 2005) and
none were decomposed when the lavage sample was obtained.

The lavage fluid was spun at 200 g for 15 minutes and the supernatant was collected. The
supernatant was spun at 39,000 g for 60 minutes and the pellet was resuspended in isotonic
saline solution and frozen at —80°C until further analysis. Where indicated, the lavage fluid
was frozen prior to surfactant isolation (designated as frozen) or left at 4°C or room
temperature for up to two days (timecourse analyses).

2.2. Phospholipid extraction

Aliquots (1 mL) of resuspended surfactant samples were mixed with 2:1
chloroform:methanol to achieve a final solvent ratio of 8:4:3 chloroform:methanol:isotonic
saline (Folch 1956). Samples were vortexed for one minute and centrifuged at 930 g for 5
minutes. The bottom chloroform layer was collected and dried under a stream of N».
Samples were stored dessicated at —20°C.
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2.3. Mass spectrometry analysis

Immediately prior to analysis samples were reconstituted in 1 mL of methanol. An aliquot of
each sample (100 pL) was transferred to an autosampler vial, and methanol diluted (10-fold)
or undiluted samples were placed in the autosampler of an Agilent 1200 HPLC (Agilent
Technologies, Santa Clara, CA) at 20°C, and 5 L was injected. Samples were filtered
through a column shield (MAC-MOD Analytical, Chadds Ford, PA) onto a Kinetex C18(2),
150 x 3 mm, 2.6 ym, 100 A column (Phenomenex, Torrance, CA) at 30°C. Phospholipids
were separated isocratically at a 0.4 mL/min flow rate using a mobile phase mixture of 95%
methanol, 5% water, and 10 mM ammonium acetate for 40 minutes. Samples were analyzed
via electrospray ionization in positive ion mode using an Agilent 6410B triple quadrupole
mass spectrometer with MassHunter Data Acquisition software (version B.02.01, Agilent
Technologies). For qualitative analysis, samples were analyzed in full scan mode with a
mass-to-charge (m/z) range of 600-850 and a fragmentation voltage of 200. To identify
specific PCs, product ion scans were performed in negative ion mode on the acetate adducts.
Additionally, precursor ion scans for m/z 184 were acquired in positive ion mode to confirm
the presence of phosphatidylcholine. For quantitative analysis, samples were analyzed via
multiple reaction monitoring. Optimal transition ions were determined using standards and
MassHunter Optimizer software (ver B.02.01, Agilent Technologies). Fragmentor voltages
and transition ions for the quantified PC phospholipids are listed in Supplementary Table 1.
Data were analyzed using Qualitative Analysis software (ver. B.03.01, Agilent
Technologies). Sodiated adducts were not taken into account for quantitation.

2.4 ldentification and Quantitation

Retention time, m/z, and MS/MS of standard PCs were used to confirm the identity of
sample PCs. PCs in each sample were quantified by comparing peak area in the samples to
PC standard curves obtained by analysis of a mixture of PC phospholipids at seven different
concentrations ranging from 0.2 — 20 ng/uL in duplicate or triplicate. Each sample PC
identified was compared to the same standard PC with the exception of PC 16:1/18:1, which
was quantified using the PC 16:0/18:2 standard, and PC 16:0/16:1, which was quantified
using the PC 16:0/16:0 standard. These alternative standards were used as replacements
because PC 16:1/18:1 and 16:0/18:2 were not readily obtainable. For a small number of
samples (6%), the calculated injected sample concentrations were outside of the 0.2 — 20
ng/uL range of the standard curve. VValues were extrapolated from their appropriate standard
curve for these samples. For relative quantitation, the peak areas of extracted ion
chromatograms from the full scan were compared to the peak area of PC 16:0/16:0 (reported
as %DPPC - dipalmitoylphosphatidylcholine).

As determined by the product ion scans, in the California sea lion, harbor porpoise, and
common dolphin samples there was a small amount of 18:1/14:0 that co-eluted with
16:0/16:1, and in some marine mammal samples (both odontocetes and pinnipeds) PC
20:1/16:0 co-eluted with PC 18:0/18:1. These were not separated for quantitation.
Additionally, quantitation of PC 18:0/18:1 (m/z 758.6) was potentially affected by the
presence of a phospholipid at m/z 720.6 + potassium.
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2.5 Statistical analysis

3. Results

Data were statistically analyzed using GraphPad Prism 6.0 (version 6.03, GraphPad
Software, Inc., La Jolla, CA). The amount of PCs present in different species/groups (dog
versus harbor porpoise; odontocetes versus pinnipeds) or at different times were compared
using multiple t-tests followed by the Holm-Sidak method to correct for multiple
comparisons. Two- way ordinary ANOVA was used to determine statistical differences in
PC amounts when PC saturation in dog and harbor porpoise was compared. Results were
considered significantly different when p < 0.05.

3.1. Sample collection and preparation

As a first step to investigating marine mammal lung surfactant, we assessed the effects of
different sample storage methods. Figure 1 shows the PC composition of pulmonary
surfactant isolated from common dolphin pulmonary lavage. A portion of lavage fluid was
frozen prior to surfactant isolation, whereas the remaining surfactant was recovered
immediately. The percent difference between fresh and frozen for the majority of PCs was <
15%. However, three PCs stood out with high percent differences between the fresh and
frozen aliquots — PCs 16:0/18:1 (28%), 16:0/18:2, 16:1/18:1 (22%), and 16:1/16:1 (39%).
Furthermore, Figure 1 shows that the total amount of extracted PCs from 1 mL aliquots of
the reconstituted surfactant samples was almost five times lower in the frozen sample
compared to the fresh sample, which were split from the same original sample. This could
be due to differences in recovery and/or reconstitution of the surfactant after isolation, i.e.,
the surfactant was not recovered/reconstituted quantitatively, or due to differences in PC
degradation during freezing. Importantly, the total amount of surfactant extracted does not
impact the relative abundance of individual PCs, which were intentionally represented as
relative values to overcome differences inherent to the analysis of species of such varying
size, e.g., lung volume and lavage fluid volumes introduced and recovered. However, the
discrepancy in total PCs extracted from the sample aliquots does indicate a potential for a
differential ability to detect certain PC species — i.e., if PC abundance in one sample is very
low but is not in another. It also indicates that if absolute quantification is desired, sample
preparation, including lavage acquisition and surfactant recovery/reconstitution, will need to
be strictly regulated from start to finish. Overall, these results suggest that freezing the
sample prior to surfactant isolation may affect the accuracy of the reported composition.

To assess the effect of sampling time on pulmonary lavage fluid PC composition, we
collected lavage fluid immediately after euthanasia of a California sea lion and then at
intervals of one and two days after incubation at 4°C. The same sampling procedure was
used for pulmonary lavage fluid from a euthanized dog. Figure 2 shows the PC composition
in dog (Fig. 2A) and California sea lion (Fig. 2B) at the time of death and one or two days
following death. The maximum percent difference between these times in dog was less than
15%, and no statistically significant differences were found between the time points (lowest
p value > 0.52). The highest percent difference for California sea lion was also less than
15%, indicating that relative abundance of PC species was not altered within two days of
death. Figure 2 also shows differences in the total amount of PCs extracted from 1 mL
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aliquots of the reconstituted surfactant samples of day zero and one or two days following.
As mentioned, this could be due to variation in the recovery/reconstitution of the surfactant
after isolation and does not affect the relative abundance of the individual PCs in each
sample.

3.2. Terrestrial and marine mammal quantitative PC comparison

PC composition was examined in dog, harp seal, California sea lion, harbor porpoise, and
common dolphin (Fig. 3). The most abundant PCs in all species were 16:0/16:0, 16:0/14:0,
16:0/18:1, and 16:0/16:1. Other quantified PCs included 16:1/16:1 — a minor component in
all species analyzed — 16:0/18:0, 16:0/18:2, 16:1/18:1, 16:0/20:4, and 18:0/18:1. Figure 4
shows the comparison of PC composition in dog and harbor porpoise separated from the
other species that were not replicated. PCs 16:0/16:1 and 16:1/16:1 were significantly higher
(p <0.001) in dog compared to harbor porpoise (frozen).

The amount of individual PCs in odontocetes (common dolphin and harbor porpoise) and
pinnipeds (harp seal and California sea lion) were also compared. While there were
appreciable differences in the amounts of PCs 16:0/16:0, 16:0/16:1 and 16:0/14:0 no
statistically significant differences were found (Fig. 5a). When combined, PC 16:0/16:1 and
16:0/14:0 were higher in pinnipeds (51 = 12%) compared to odontocetes (22 + 5.9%; Fig.
5b), but this difference was not statistically significant. PC 16:0/16:0, 16:0/16:1 and
16:0/14:0, combined, were approximately 80 mol% in both groups.

The differences between PC saturation (Fig 6) and chain length were also analyzed. There
were no differences between dog PC saturation and that of any of the marine mammal
species. These results were consistent even if only the most abundant unsaturated PC species
(> 5%) were compared to the saturated PC species and if only PC species with two or more
unsaturated fatty acids were considered. Additionally, the abundance of short chain PC
species did not change significantly between dog and any of the marine mammal species
(data not shown).

3.3. Qualitative PC analysis

Several PC species were also identified in both dog and marine mammal samples that were
not included in the initial MRM analyses. The most interesting differences included m/z
780.6 — identified as PC 16:0/20:5 — and m/z 784.6 — identified as PC 18:1/18:2. Figure 7
shows the relative quantitation of these species as a percent of PC 16:0/16:0. PC 16:0/20:5
was present from 5-16% in the various marine mammal species; however, it was only
present in dog at an average of 0.12% — over a tenfold difference in relative abundance and
significantly higher in harbor porpoise (frozen) than dog (p = 0.001). PC 18:1/18:2 was
present at an average of 3% in dog but was absent or present only from 0.07-0.18% in the
marine mammal species. When compared to harbor porpoise (frozen), PC 18:1/18:2 was
significantly higher in dog (p < 0.005).

4. Discussion

Recent work comparing the composition of pulmonary surfactants between seals and sea
lions to terrestrial mammals showed that these species have higher levels of anti-adhesive
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phospholipids, including PCs 16:0/14:0 and 16:0/16:1, than terrestrial mammals (Miller et
al., 2006a, 2006b; Spragg et al., 2004); however, this work did not investigate surfactant
composition in odontocetes. PCs represent approximately 70-80% of pulmonary surfactant
phospholipids in marine and terrestrial mammals, including humans (Daniels et al., 1998;
Miller et al., 2006b; Spragg et al., 2004). Here we have sampled pulmonary lavage from
harp seal, sea lion, and odontocetes (common dolphin and harbor porpoise) to compare PC
composition.

For logistical reasons, marine mammal tissue/fluids cannot always be processed
immediately after collection in the field. The option to freeze pulmonary lavage fluid after
collection and before surfactant isolation would increase the number of samples that can be
obtained for analysis if the samples are stable. Our data showed that with fresh (code 2)
animals, the composition of the identified PCs did change if the lavage was frozen prior to
surfactant isolation (Fig. 1); however, another dolphin sample was not obtained to confirm
this finding. As such, data from samples frozen prior to surfactant isolation should be
interpreted cautiously.

As post mortem change can vary between beach cast marine mammals, sample validation to
assess the impact of post mortem interval on sample quality and recovery was initially
undertaken. This demonstrated little surfactant degradation over a 24-48 hour post sampling
interval at 4°C (Fig. 2). These data indicate that lavage collected from stranded marine
mammals up to two days postmortem will provide reliable information with respect to the
composition of surfactant PCs relative to each other (i.e., mole percent).

To investigate the differences in pulmonary surfactant composition among marine mammals
with various diving adaptations and to compare results to terrestrial mammals, we analyzed
pulmonary surfactant from dog, pinnipeds, and odontocetes. Pulmonary surfactant from fur
seals, elephant seals, ringed seals, harbor seals, and sea lions have been previously
characterized (Miller et al., 2006b, 2005; Spragg et al., 2004) and are discussed here for
comparison to previous research. However to the best of our knowledge, pulmonary
surfactant from odontocetes has not previously been reported, and the different diving
behavior of these animals compared to pinnipeds may offer insight into a relationship
between surfactant composition and diving physiology.

The PC values obtained in this study are comparable to previously published PCs from other
pinniped species (Miller et al., 2006b; Spragg et al., 2004). Table 1 shows the fold
difference of shared PCs identified in harp seal compared to elephant seal, harbor seal, and
ringed seal. Most differences were within 2-fold. The greater differences may be due to
different sampled species, post mortem interval, intercurrent pulmonary disease, and
possibly differences in methodology. In this work, PCs were only included if product ions
scans for the fatty acids were able to confirm the specific PC and if the retention time
matched the standard (for available standards). Precursor scans for m/z 184 were also used
to confirm the PC headgroup.

When compared to dog, harp seals had a similar surfactant composition with a few
exceptions. Unsaturated PCs 16:1/16:1 and 18:1/18:2 were higher in dog (0.75 mol% and 3
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%DPPC, respectively) compared to seal (0.33 mol% and 0.18 %DPPC, respectively). The
combined amount of PCs 16:1/16:1 and 18:1/18:2 was greater in dog than in harp seal;
however, the amount of PC 18:0/18:1, 16:0/20:1 in harp seal, at 5 mol%, was over 2-fold
higher than the above PCs in dog. Furthermore, harp seal had a higher relative amount of PC
16:0/20:5 than dog — 16 %DPPC compared to 0.12 %DPPC. These findings suggest the
potential for a more anti-adhesive surfactant in the harp seal, in agreement with previous
work (Miller et al., 2006b; Spragg et al., 2004).

The values for individual PCs from sea lion presented in Table 2 differed from those
previously published (Miller et al., 2006b; Spragg et al., 2004). PC 18:1/18:2 was not found
in our case, but was previously reported at 0.2 mol% (Spragg et al., 2004). It is possible that
PC 18:1/18:2 is present in sea lion but that the one processed sample was not representative.
However, previous misidentification is also a possibility. MS/MS analysis is essential for
valid PC identification as PCs of the same molecular weight can co-elute depending on
chromatographic conditions. For example, PC standards for 16:0/16:0 and 14:0/18:0 have
the same m/z and co-eluted under the conditions in this study. These PCs were only
distinguishable by MS/MS analysis of the fatty acids.

The PC composition of sea lion lung surfactant was different from dog surfactant. Sea lion
surfactant had 3 fold higher levels of PC 16:0/14:0 and 2.8-5.8 fold lower levels of PCs
16:1/16:1, 16:0/18:2, 16:1/18:1, 16:0/18:1, 16:0/18:0, and 16:0/20:4. Additionally, 18:1/18:2
was detected in dog but not in sea lion. The latter PCs make up a combined 8 mol% and that
of PC 16:0/14:0 constitutes 38 mol% of the total sea lion PCs. Furthermore, sea lion PC
16:0/20:5 was at 6 %DPPC compared to dog at 0.12 %DPPC. As indicated previously
(Miller et al., 2006b; Spragg et al., 2004), the increase in PCs 16:0/14:0 and 16:0/20:5
compared to dog suggests a greater fluidity for surfactant of sea lion.

We also analyzed lung surfactant in odontocetes, specifically in harbor porpoise and
common dolphin. The differences between dog and harbor porpoise (frozen) were only
significant for two less abundant PCs — 16:0/16:1 and 16:1:16:1, which were higher in dog
(Fig. 4). However, the near equal amount of PC16:0/16:1 in fresh harbor porpoise and dog
diminishes the significance of this difference between the dog and frozen harbor porpoise.
When the odontocetes were compared to pinnipeds, no statistically significant differences
were found in PC composition (Fig. 5a); however, PCs 16:0/16:0 and 16:0/16:1 had low
unadjusted p-values (p < 0.05). Moreover, the graph shows an appreciable difference in the
level of these PCs between the two groups. Although PC 16:0/14:0 exhibits a similar
appreciable difference, the error bars overlap and the disparity is most likely due to the high
levels of this PC in sea lion (38 mol%). The harp seal had only slightly higher levels of PC
16:0/14:0 (12 mol%) than the odontocetes (8 mol%).

Bernhard et al. (2001) found that PCs 16:0/16:0, 16:0/16:1, and 16:0/14:0 composed around
80% of the lung surfactant in duck, chicken, pigs, rats and mice, and Hunt et al. (1991),
reported similar concentrations in human and guinea pig pulmonary lavages. Similar levels
of PCs 16:0/16:0, 16:0/16:1, and 16:0/14:0 were found in odontocetes (73 £+ 8.5%) and
pinnipeds (81 + 13%; Fig 5b). When PCs 16:0/14:0 and 16:0/16:1 were combined, their
abundance was higher in pinnipeds compared to odontocetes (Fig. 5b), suggesting that these

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 June 01.
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surfactants play a greater role in increasing the fluidity of pinniped surfactant compared to
odontocetes surfactant. These differences could be related to respiratory physiology
(Bernhard et al., 2001), lung structure (Daniels et al., 1998), or diving behavior (Fig. 3).
California sea lion and harp seal have deeper and longer routine dives compared to harbor
porpoise and common dolphin. These pinnipeds also have a higher respiratory rate than the
two odontocetes studied, while respiratory flow-rates are considerably higher in the
odontocetes (Kerem et al., 1975; Kooyman and Cornell, 1981; Kooyman and Sinnett 1979).

In conclusion, we have analyzed the PC composition of representative marine mammals
from odontocetes and pinniped groups in order to determine if pulmonary surfactant
composition is related to differences in diving behaviors and physiology. Our data support
the hypothesis that anti-adhesive PCs are increased in seal and sea lion compared to dog,
with differences in surfactant composition between odontocetes and pinnipeds. While PCs
are the major component in pulmonary surfactant, other compounds such as anionic
phospholipids (e.g., phosphatidylglycerol and phosphatidylinositol), surfactant proteins, and
cholesterol can all affect surfactant fluidity (Miller et al., 2005; Notter et al., 1980; Rau et
al., 2004; Wang et al., 1995), and it is possible that differences in minor components may
cause important changes that optimize the surfactant to meet the physiological and diving
demands of an organism. In order to further compare fluidity, the composition of other
phospholipid classes, surfactant proteins B and C, and cholesterol will need to be
considered. This will be especially interesting for odontocetes, which did not have
significantly higher levels of the fluidizing PCs analyzed here compared to terrestrial
mammals. Future research will need to investigate the functional effects of various
surfactant compositions on alveolar collapse/recruitment and surface tension.
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Refer to Web version on PubMed Central for supplementary material.
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Effects of sample collection and storage on PC composition. The abundance of specific PC
species (left axis) and the total abundance of PCs (right axis) determined from an aliquot of

surfactant isolated from newly collected (fresh) or frozen common dolphin pulmonary

lavage (n=1). The number above each bar represents the percent difference between fresh
and frozen samples. The significance and implications of the difference in total amount of
PCs extracted from 1 mL aliquots of the reconstituted surfactant samples (right axis) are

discussed in the results.
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Figure 2.
Stability of PC composition regarding postmortem sampling time. The abundance (left axis)

of specific PC species in A) dog (n=2) and B) a California sea lion (n=1) is shown for
samples collected immediately after death (day 0) or one or two days following death. There
were no significant differences (p > 0.05) between day 0 and day 1 PC species for dog (error
bars represent standard deviation of the mean, n=2). The number above each bar represents
the percent difference between time points. The right axis shows the total PCs extracted
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from 1 Ml aliquots of the reconstituted surfactant samples; differences between total
amounts are discussed in the results.
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Figure 3.

PC abundance in terrestrial and diving marine mammals. The abundance of specific PC
species is shown for terrestrial (dog, n=7) and diving marine mammals. PC 18:0/18:1
coeluted with PC 16:0/20:1 in harp seal, harbor porpoise, and common dolphin but was

undetermined in California sea lion. Subscript “f” indicates that the sample was frozen prior
to surfactant isolation. Cartoon animals are courtesy of Sentiel Rommel.
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Figure 4.
PC abundance in dog (n=7) and harbor porpoise (n=2, frozen; n=1, fresh). Error bars

represent standard deviation of the mean. Asterisks represent PC species with statistically
significant differences (p < 0.05). PC 18:0/18:1 co-eluted with PC 16:0/20:1 in HP.
Subscript “f” indicates that the sample was frozen prior to surfactant isolation.
Abbreviations: HP — harbor porpoise.
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PC abundance in odontocetes versus pinnipeds. The abundance of A) chromatographically
separated PC species and B) grouped PC species — PCs 16:0/16:0 + 16:0/16:1 + 16:0/14:0
and PCs 16:0/16:1 + 16:0/14:0 — are compared between odontocetes (common dolphin and
harbor porpoise) and pinnipeds (harp seal and California sea lion). PC 18:0/18:1 co-eluted
with PC 16:0/20:1 in harp seal, harbor porpoise, and dolphin but was undetermined in CSL.
Error bars represent standard deviation of the mean. Harbor porpoise and California sea lion
included samples frozen prior to surfactant isolation.
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Figure 6.
Abundance of saturated and unsaturated PCs among terrestrial and marine mammals. The

abundance of saturated (14:0/16:0, 16:0/16:0, and 16:0/18:0), mono-unsaturated,
polyunsaturated, and unsaturated PC fatty acids (16:1/16:1, 16:0/16:1, 16:0/18:1, 16:0/18:2,
16:1/18:1, 16:0/20:4, and 18:0/18:1) are shown for dog and marine mammals. Error bars
represent standard deviation of the mean. PC 18:0/18:1 co-eluted with PC 16:0/20:1 in HS,
HP, and D but was undetermined in CSL. Subscript “f” indicates that the sample was frozen
prior to surfactant isolation. Abbreviations: CSL — California sea lion (n=1); D — common
dolphin (n=1); HP — harbor porpoise (n=2, frozen; n=1, fresh); HS — harp seal (n=1).

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gutierrez et al.

Page 22
A
20 -
%)
&
Q 15 .
°
N
& 10 - *
S
N
S
0 I
o
o L] 1 1 L] L]
Dog HS CSLs HP HPs D
B
10 -
2 8
=
' &
X
o1 %
;-‘E'
- 27
0 *
8 0 L S— L] L] . Ll L}
Dog HS CSL¢ HP¢ D
9 -

Figure 7.
Relative quantitation of two PC species. Differences in the relative abundance of A) PC

16:0/20:5 and B) PC 18:1/18:2 are shown for dog and marine mammal samples. Subscript
“f” indicates that the sample was frozen prior to surfactant isolation. Error bars represent
standard deviation of the mean. Asterisks indicate PC species with statistically significant
differences (p < 0.005) relative to dog. Abbreviations: CSL — California sea lion (n=1); D —
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common dolphin (n=1); DPPC - dipalmitoylphosphatidylcholine; HP — harbor porpoise
(n=2, frozen; n=1, fresh); HS — harp seal (n=1).
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Fold change in harp seal PC composition

PC Elephant seal™ | Harbor seal” Ringed seal”
16:0/14:0 <*2 <+2 <#2
16:0/16:1 <#2 <#2 <#2
16:0/16:0 <*2 <+2 <#2
16:0/18:1 <#2 <#2 <#2
16:0/18:0 <#2 2.2 ne
16:0/20:4 24 24 ne
13:0/18:1 57 3.2 ne

Table 1

Page 24

The notation “< +2” indicates a less than 2 fold change in harp seal above (+) or below (=) the other species; “ne” — not estimated from the original

paper. Comparison made by estimating values from:

*
Spragg et al., 2004

Miller et al., 2006b
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Table 2

PC Spragg et al., 2004 | Miller et al., 2006b | Miller et al., 2005
16:0/14:0 3.6 48 35
16:0/16:1 <#2 <*2 <*2
16:0/16:0 <#*2 <#2 <#2
16:0/18:1 0.36 0.30 0.40
16:0/18:0 0.52 ne 0.49
16:0/20:4 0.46 ne nl
18:0/18:1 <+2 ne <*2

The notation “< +2” indicates a less than 2 fold change in sea lion above (+) or below (=) the sea lion data from other studies; “ne” — not estimated
from the original paper; “nl” — not listed in the original paper. Note this sample was frozen prior to surfactant isolation.
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