
 doi:10.1152/ajpregu.00496.2004 
 289:1426-1439, 2005. First published Jul 21, 2005;Am J Physiol Regulatory Integrative Comp Physiol

and Christopher B. Daniels 
Bernhard, Amiya K. Panda, Klaus D. Jürgens, William K. Milsom, Kaushik Nag 
Carol J. Lang, Anthony D. Postle, Sandra Orgeig, Fred Possmayer, Wolfgang

 You might find this additional information useful...

41 articles, 22 of which you can access free at: This article cites 
 http://ajpregu.physiology.org/cgi/content/full/289/5/R1426#BIBL

4 other HighWire hosted articles: This article has been cited by 

  
 [PDF]  [Full Text]  [Abstract]

, June 1, 2006; 47 (6): 1322-1331. J. Lipid Res.
Ballard 
A. D. Postle, L. W. Gonzales, W. Bernhard, G. T. Clark, M. H. Godinez, R. I. Godinez and P. L.

 alveolar epithelial cells
Lipidomics of cellular and secreted phospholipids from differentiated human fetal type II
  

 [PDF]  [Full Text]
, May 1, 2007; 102 (5): 1733-1734. J Appl Physiol

Y. Y. Zuo and F. Possmayer 
 How does pulmonary surfactant reduce surface tension to very low values?

  
 [PDF]  [Full Text]  [Abstract]

, October 1, 2007; 47 (4): 610-627. Integr. Comp. Biol.
Maina, A. K. Panda, J. Perez-Gil, F. Possmayer, R. A. Veldhuizen and W. Yan 
S. Orgeig, W. Bernhard, S. C. Biswas, C. B. Daniels, S. B. Hall, S. K. Hetz, C. J. Lang, J. N.

 function for pulmonary surfactant in animal respiratory structures?
The anatomy, physics, and physiology of gas exchange surfaces: is there a universal
  

 [PDF]  [Full Text]
, October 1, 2007; 37 (4): 377-378. Am. J. Respir. Cell Mol. Biol.

R. Spragg 
 Surfactant for Acute Lung Injury

including high-resolution figures, can be found at: Updated information and services 
 http://ajpregu.physiology.org/cgi/content/full/289/5/R1426

 can be found at: and Comparative Physiology
American Journal of Physiology - Regulatory, Integrativeabout Additional material and information 

 http://www.the-aps.org/publications/ajpregu

This information is current as of November 14, 2007 . 
  

 http://www.the-aps.org/.ISSN: 0363-6119, ESSN: 1522-1490. Visit our website at 
Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the American Physiological Society. 
ranging from molecules to humans, including clinical investigations. It is published 12 times a year (monthly) by the American
illuminate normal or abnormal regulation and integration of physiological mechanisms at all levels of biological organization, 

 publishes original investigations thatThe American Journal of Physiology - Regulatory, Integrative and Comparative Physiology

 on N
ovem

ber 14, 2007 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org/cgi/content/full/289/5/R1426#BIBL
http://www.ajrcmb.org/cgi/content/full/37/4/377
http://www.ajrcmb.org/cgi/reprint/37/4/377
http://icb.oxfordjournals.org/cgi/content/abstract/47/4/610
http://icb.oxfordjournals.org/cgi/content/full/47/4/610
http://icb.oxfordjournals.org/cgi/reprint/47/4/610
http://jap.physiology.org/cgi/content/full/102/5/1733
http://jap.physiology.org/cgi/reprint/102/5/1733
http://www.jlr.org/cgi/content/abstract/47/6/1322
http://www.jlr.org/cgi/content/full/47/6/1322
http://www.jlr.org/cgi/reprint/47/6/1322
http://ajpregu.physiology.org/cgi/content/full/289/5/R1426
http://www.the-aps.org/publications/ajpregu
http://www.the-aps.org/
http://ajpregu.physiology.org


Dipalmitoylphosphatidylcholine is not the major surfactant phospholipid
species in all mammals

Carol J. Lang,1 Anthony D. Postle,2 Sandra Orgeig,1 Fred Possmayer,3,4 Wolfgang Bernhard,5

Amiya K. Panda,3,4,6 Klaus D. Jürgens,7 William K. Milsom,8 Kaushik Nag,9 and Christopher B. Daniels1

1Environmental Biology, School of Earth and Environmental Sciences, University of Adelaide, South Australia, Australia;
2Division of Infection, Inflammation and Repair, School of Medicine, Southampton General Hospital, Southampton, United
Kingdom; Departments of 3Obstetrics and Gynecology and 4Chemistry, The University of Western Ontario, London, Ontario,
Canada; 5Department of Neonatology, Faculty of Medicine, Eberhard-Karls-University, Tübingen, Germany; 6Department
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Lang, Carol J., Anthony D. Postle, Sandra Orgeig, Fred Poss-
mayer, Wolfgang Bernhard, Amiya K. Panda, Klaus D. Jürgens,
William K. Milsom, Kaushik Nag, and Christopher B. Daniels.
Dipalmitoylphosphatidylcholine is not the major surfactant phospho-
lipid species in all mammals. Am J Physiol Regul Integr Comp
Physiol 289: R1426–R1439, 2005. First published July 21, 2005;
doi:10.1152/ajpregu.00496.2004.—Pulmonary surfactant, a complex
mixture of lipids and proteins, lowers the surface tension in terminal
air spaces and is crucial for lung function. Within an animal species,
surfactant composition can be influenced by development, disease,
respiratory rate, and/or body temperature. Here, we analyzed the
composition of surfactant in three heterothermic mammals (dunnart,
bat, squirrel), displaying different torpor patterns, to determine: 1)
whether increases in surfactant cholesterol (Chol) and phospholipid
(PL) saturation occur during long-term torpor in squirrels, as in bats
and dunnarts; 2) whether surfactant proteins change during torpor; and
3) whether PL molecular species (molsp) composition is altered. In
addition, we analyzed the molsp composition of a further nine mam-
mals (including placental/marsupial and hetero-/homeothermic con-
trasts) to determine whether phylogeny or thermal behavior deter-
mines molsp composition in mammals. We discovered that like bats
and dunnarts, surfactant Chol increases during torpor in squirrels.
However, changes in PL saturation during torpor may not be univer-
sal. Torpor was accompanied by a decrease in surfactant protein A in
dunnarts and squirrels, but not in bats, whereas surfactant protein B
did not change in any species. Phosphatidylcholine (PC)16:0/16:0 is
highly variable between mammals and is not the major PL in the
wombat, dunnart, shrew, or Tasmanian devil. An inverse relationship
exists between PC16:0/16:0 and two of the major fluidizing compo-
nents, PC16:0/16:1 and PC16:0/14:0. The PL molsp profile of an
animal species is not determined by phylogeny or thermal behavior.
We conclude that there is no single PL molsp composition that
functions optimally in all mammals; rather, surfactant from each
animal is unique and tailored to the biology of that animal.

lung; temperature; surfactant proteins; electrospray ionization mass
spectrometry; cholesterol

PULMONARY SURFACTANT is a complex mixture of lipids (90% by
weight) and proteins (10% by weight) that reduces surface
tension in the terminal air spaces, thus preventing pulmonary
collapse (39). Phospholipids (PL) comprise 80–90% of the

surfactant lipids, with phosphatidylcholine (PC) being the most
abundant PL (70–85%). In homeothermic mammalian surfac-
tant, the disaturated molecular species (molsp), dipalmi-
toylphosphatidylcholine (PC16:0/16:0) is traditionally consid-
ered to be the major contributor to surfactant surface activity
(39). The anionic PLs, phosphatidylglycerol (PG) and phos-
phatidylinositol (PI) contribute �10% to the total PL (39). The
neutral lipid, cholesterol (Chol), comprises 10–20 mol% of the
total lipid (39) and is thought to contribute to surfactant fluidity
and thus, spreadability over the alveolar surface (39). There are
four surfactant proteins (SP). SP-A and SP-D are hydrophilic,
calcium-dependent, carbohydrate-binding proteins involved in
lung defense and surfactant homeostasis (22). SP-B and SP-C
are hydrophobic proteins (40) that facilitate the adsorption of
lipids to the air-liquid interface and the formation and function
of surface films in mammalian lungs (40, 44).

Temperature changes can alter the physical state and the
packing density of the lipids at an air-water interface (29, 30),
potentially altering surfactant surface activity. However, many
small mammals allow their body temperature (Tb) to decrease
during periods of inactivity when they enter a reduced meta-
bolic state, known as torpor, without suffering from any ap-
parent respiratory distress, or surfactant dysfunction (11, 29).
These mammals are termed heterothermic. The impact of
torpor on the surfactant system in heterothermic mammals is
likely to vary with the depth, frequency, and length of a torpor
bout. During the hibernating season, golden-mantled ground
squirrels, Spermophilus lateralis, enter a much deeper and
prolonged torpor than that reported for the “stress-induced
torpor” of small marsupials (e.g., the marsupial fat-tailed
dunnart, Sminthopsis crassicaudata), and the “daily torpor” of
bats (e.g., Gould’s wattled bat, Chalinolobus gouldii).

We have previously demonstrated that, while surfactant
from torpid bats has inferior surface properties at 37°C, it has
greater surface-tension lowering capabilities than surfactant
from warm-active bats when measured at 24°C. Similarly,
surfactant collected from warm-active and torpid dunnarts
functions optimally at a temperature similar to the Tb of the
animal at the time of sample collection (12, 29). We have
previously suggested that the thermal differences in function
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between warm-active and torpid surfactants are related to
changes in surfactant composition. Our recent work has dem-
onstrated that heterothermic mammals (i.e., bats and dunnarts)
can alter the surfactant composition, particularly the amount of
Chol relative to PL, in response to decreases in Tb (12, 27, 46).
However, the compositional responses to change are slow and
do not fully explain the ability of their surfactants to function
over a broad temperature range.

Here, we determined whether Chol also increases during the
longer and deeper torpor experienced by ground squirrels.
Furthermore, we determined the effect of torpor in bats, dun-
narts, and squirrels, on PL molsp composition, using electro-
spray ionization-mass spectrometry (ESI-MS). The effect of
torpor on SP-A and SP-B was also determined using ELISA
methods. Contrary to our hypothesis that molsp composition
would change during torpor, we did not observe any significant
differences between warm-active and torpid surfactants in any
of the three species examined. Therefore, we also analyzed the
molsp composition of a further 9 mammals, which included
placental vs. marsupial and heterothermic vs. homeothermic
contrasts, to determine whether phylogeny or thermal behavior
determines differences in molsp composition between mam-
mals. This led us to conclude that the composition of surfactant
PL in heterothermic mammals is already prepared for the
thermoregulatory plasticity that the animals experience.

MATERIALS AND METHODS

Animals

All experiments were performed under approvals from the Univer-
sity of Adelaide Animal Ethics Committee (S/54/01) and the Univer-
sity of British Columbia Animal Ethics Committee and were in
compliance with the “NIH Principles of Animal Care” and the
“Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes.”

Heterothermic eutherian/placental mammals. Adult golden-man-
tled ground squirrels, S. lateralis, were obtained from a wild-captive
colony at the Department of Zoology, University of British Columbia,
Canada. Squirrels were housed at Ta � 22 � 1°C under a 12:12-h
light (L)-dark (D) cycle and fed laboratory chow supplemented with
sunflower seeds ad libitum. In September and October (fall in the
Northern Hemisphere), warm-active squirrels (Tb � 35.2 � 0.5°C;
means � SE, n � 11) were used. In late November (winter in the
Northern Hemisphere), Ta was reduced to 5°C and the photoperiod
altered (1L:23D). Under these conditions, the squirrels entered hiber-
nation within a few weeks. The length of torpor bouts was monitored
by placing a wood chip on the back of each squirrel and recording
whether it was present or absent each day. Torpid squirrels were used
after they had been in a torpor bout for at least 4 days, without a period
of arousal. The rectal Tb of each animal was recorded using a
thermocouple. Torpid squirrels recorded Tb of 7.7 � 0.2°C (mean �
SE, n � 12).

Gould’s wattled bats, C. gouldii, are nocturnal, placental mammals
that enter into daily torpor, throughout the year. During torpor, Tb is
reduced to a few degrees above ambient temperature (Ta). In early
March (fall in the Southern Hemisphere), Gould’s wattled bats, C.
gouldii, were trapped with harp traps in the southeast of South
Australia. Gould’s wattled bats were collected under South Australian
National Parks and Wildlife permit W24091.The bats were held in a
specially designed bat cage (0.5 m � 0.15 m � 0.35 m) with wire
mesh on each long side and calico bags hanging from the center on
which they could roost. Bats were given water ad libitum and fed
mealworms (Tenebrio molitor) by hand for two days after capture. At
sunrise on the third day, seven bats were placed individually in cloth

bags that were tied so they hung vertically in a constant temperature
cabinet. Ta was lowered to 12°C, over a 30-min period and the bats
were checked after 1 h to ensure they had entered torpor. A Ta of 12 �
1°C was used in order that the depth of the daily torpor bout (i.e.,
minimum Tb) in bats was comparable to the stress-induced torpor bout
of dunnarts. Torpid bats are easily identifiable by their body posture,
lack of alertness, and low Tb. All bats entered torpor under these
conditions and were kept at Ta � 12°C for 8 h. Torpid bats had Tb of
12.4 � 0.3°C (means � SE, n � 7). Warm-active bats were kept at
Ta � 24°C and killed in the evening when they were resting and had
rectal Tb of 34.8 � 0.34°C (means � SE, n � 7).

The Etruscan shrew, Suncus etruscus, is the smallest mammal. It is
a eutherian, heterothermic mammal that is capable of entering a
stress-induced torpor, similar to that of dunnarts (see below), in
response to low ambient temperatures and food shortages (19). Adult
shrews (mass range 1.8–2.4 g) were caught in southern France in the
area around Banyuls-sur-Mer. They were housed in a terrarium at
room temperature (22°C) and fed mealworms and crickets. Water was
available ad libitum. At this temperature, all shrews were at their
warm-active body temperature range of 34–38°C (26). Only warm-
active shrews (n � 3) were used in this study.

Heterothermic metatherian/marsupial mammal. Fat-tailed dun-
narts, S. crassicaudata, are small heterothermic marsupial mammals
from the family Dasyuridae, that enter torpor in response to food
shortages or low Ta. Stress-induced torpor in dunnarts is similar in
depth and duration to that observed in the daily torpor of bats. Adult,
male dunnarts (mass range 10–20 g), were purchased from a captive-
bred colony at the University of Adelaide. Animals were housed
individually in standard small animal cages (50 cm � 20 cm � 20
cm). Dunnarts were kept at Ta � 25 � 1°C and exposed to a 8:16-h
light-dark cycle that started at 9:00 AM and were fed daily with cat
food. Water was provided ad libitum. The Tb of warm-active dunnarts
was 35.5 � 0.5°C (mean � SE, n � 25).

To induce torpor, warm-active dunnarts were placed in clean cages
without food, at Ta � 20°C overnight. In the morning, Ta was reduced
to 12°C. After 1.5 h, the dunnarts were examined to determine
whether they had entered torpor. Those dunnarts that had not entered
torpor were fed and returned to the animal house (Ta � 25°C).
Dunnarts in torpor were kept at Ta � 12°C for 8 h (standard length of
torpor ) and monitored regularly to ensure they did not arouse. Torpid
dunnarts had Tb of 15.4 � 0.5°C (mean � SE, n � 22). Each day 1–2
dunnarts were warmed to Ta � 22°C after the 8-h torpor period, and
they soon returned to a warm-active state, confirming that they were
in torpor and that the protocol did not induce hypothermia.

Homeothermic eutherian/placental mammals. Aliquots of bron-
choalveolar lavage fluid (BALF) stored at �80°C were analyzed for
Sprague-Dawley rats (n � 6) (6), rabbit (n � 6) (41), pigs(n � 5) (6)
and for human subjects (n � 6). Conditions for collection of these
samples have been reported previously, but these samples were
reanalyzed for this study to ensure complete comparability of meth-
odology and data analysis.

Homeothermic metatherian/marsupial mammals. One male Tas-
manian devil, Sarcophilus harrisii, (age 13 yr; mass 13 kg) was
obtained from a wildlife park in Sydney, Australia. This species is
also a dasyurid marsupial and is a close homeothermic relative to the
dunnart. Two southern hairy-nosed wombats, Lasiorhinus latifrons,
were obtained from a captive colony kept at the University of
Adelaide and originally trapped in southwestern South Australia. One
male koala, Phascolarctos cinereus, (age �1–2 yr) came from a South
Australian wildlife park. Two tammar wallabies, Macropus eugenii,
were obtained from a captive colony kept at the University of
Adelaide. All had Tbs of 35–37°C.

Isolation of pulmonary surfactant. With the exception of the shrew,
animals were anesthetized with an overdose of pentobarbitol sodium
(50–150 mg/kg body wt) by injection (ip or via the femoral artery).
For bats, squirrels and dunnarts, the lungs were lavaged via a surgi-
cally inserted tracheal cannula with three separate volumes (10 ml for
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ground squirrel; �1 ml for bats and dunnarts) of saline. Each volume
was instilled and withdrawn three times. For the homeothermic
marsupials, the trachea was surgically cannulated with a piece of
appropriate sized tubing attached to a three-way valve. Using a 50-ml
syringe, sterile, ice-cold saline was instilled into the lungs and then
collected. In large animals, any bronchial mucus was decanted from
the top of the lavage samples before further analysis. Saline from each
of the lavage volumes was pooled and stored on ice, before being
centrifuged at 150 g for 10 min at 4°C to remove cell debris. The
supernatant was lyophilized and stored at �20°C until further analy-
sis. Shrews were killed with an overdose of Halothane (Halothan,
Hoechst). After death, lungs were perfused free of blood with Hank’s
saline via a catheter inserted into the right heart ventricle, while
manually ventilating the lungs for 15 to 20 min with a 1-ml syringe
attached to a tracheal cannula. Blood-free lungs were excised and
stored in liquid nitrogen until analysis. For analysis of surfactant
proteins in dunnart surfactant only, the supernatant was centrifuged at
40,000 g for 30 min at 4°C to separate the large aggregate subfraction
(pellet) from the small aggregate subfraction (supernatant) and con-
centrate the apoproteins. The large aggregate subfraction contains
dense structures and apoproteins that are responsible for the surface-
activity of surfactant and hence maintain alveolar stability. Lighter,
vesicular forms of surfactant that are undergoing recycling or clear-
ance from the lung and are less surface-active, are present in the small
aggregate fraction (8). The subfractions of dunnart surfactant were
resuspended in 2 ml of deionized water for analysis of surfactant
proteins.

Lipid Extraction and Biochemical Analysis of Squirrel Lavage

Lipids were extracted from lyophilized lavage fluid of squirrels
using the method of Bligh and Dyer (7). Inorganic phosphorus (Pi)
was measured by the method of Bartlett (1), and total PL was
calculated by multiplying Pi by 25, because Pi comprises �4% of PL
(27). Disaturated phospholipid (DSP) and Chol were measured in the
DSP and neutral lipid eluants, respectively, from aluminum oxide
columns according to the adsorption chromatography (AC) method of
Mason et al. (32) and as previously described for bats and dunnarts
(12, 27). In this study, Chol and lathosterol (LaSL) in squirrel lavage
were determined by gas chromatography as previously described (15).
Molar units were calculated by dividing the mass of PL, DSP, Chol
and LaSL by 770, 730, 386, and 386.7 g/mol, respectively.

Analysis of Phospholipid molsp

Total lipid extracts were obtained from lung tissue of shrews and
from the lavage fractions of all other species, using the method of
Bligh and Dyer (7). They were analyzed using ESI-MS on a triple-
quadrupole tandem mass spectrometer (Quattro Ultima, Micromass,
Manchester, England) equipped with an electrospray-ionization inter-
face. Lipid extracts were dissolved in 25 �l of methanol:chloroform:
water:NH4OH (7:2:0.8:0.2, vol:vol) for single stage and tandem MS
analysis of PC, PI, PG, phosphatidylserine and phosphatidylethano-
lamine, and were analyzed by nanospray ESI-MS. Dry heated nitro-
gen was used as both the cone and desolvation gas (70 and 450 l/h,
respectively), and dry argon was used as the collision gas (3.5 �
10�3/mbar). All data were recorded at mass resolution, as a signal
average of 10–20 scans per collection, with a scan time of 2.5 to 12 s.

PC species were detected by positive ionization, while PI and PG
were detected using negative ionization. After fragmentation with
argon gas, PC molecules produced a fragment with m/z � �184,
corresponding to the protonated phosphorylcholine headgroup, and
precursor scans of the m/z 184 moiety provided diagnostic determi-
nation of PC. Collision gas-induced fragmentation of PI species
generated a common dehydrated inositol phosphate fragment with
m/z � �241, and precursor scans of this m/z 241 moiety provided
diagnostic determination of PI. Identities of PG species were con-
firmed by precursor scans of glycerophosphate (m/z � �153). Data

were acquired and processed using MassLynx NT software. After
conversion to centroid format according to area, correction for [13C]
isotope effects and reduced response with increasing m/z values, the
PL species in each class of PL were expressed as percentages of their
respective totals present in the sample.

The acyl components of the predominant molsp present for each
ion peak resolved was determined by analysis of fatty acyl frag-
ments generated by collision gas-induced fragmentation under
negative ionization. This enabled discrimination, for instance, be-
tween PC18:0/18:2 and PC18:1/18:1, which have identical masses. In
addition, relative ion intensities of these fatty acyl fragments enabled
their positional assignments to the sn-1 or sn-2 positions, for instance
m/z 706 was predominantly PC16:0/14:0 and not PC14:0/16:0. PC
was quantified from the parent scan of m/z � �184 under positive
ionization mode, whereas all other PL classes were quantified from
the negative ionization scans.

The percentages of disaturated phosphatidylcholine (DSPC), di-
saturated phosphatidylglycerol (DSPG) and disaturated phosphatidyl-
inositol (DSPI) were calculated from the corrected mass spectrometry
data by adding the mol% contribution of each of the individual
disaturated species present in the samples. These values were com-
pared with the % total disaturated phospholipid (%DSP/PL) obtained
by AC chromatography (see Lipid Extraction and Biochemical Anal-
ysis of Squirrel Lavage). This latter method has been included for
completeness, as both dunnart and bat surfactant compositions have
previously been reported using this method (see Tables 1 and 2).

Surfactant Protein Analysis

Lavage samples from all three heterothermic species were resus-
pended in an appropriate volume of deionized water and diluted 1:2 in
ELISA sample buffer for measurement in the surfactant protein
ELISAs. Details of both the SP-A and -B ELISAs have previously
been published (33). Lavage samples from pairs of bats were pooled.
Human SP-A and ovine SP-B standards were a generous gift from
Prof. Jeffrey Whitsett (Children’s Hospital Medical Research Centre,
Cincinnati, OH). SP-B standards were used in the concentration range
0, 5, 10, 25, 50, 75, and 100 ng/ml and the primary antibody was a
polyclonal rabbit anti-sheep SP-B (Cat. # AB3780; Chemicon Aus-
tralia, Boronia, Australia) at a dilution of 1:1,000. SP-A standards
were used in the concentration range 0, 5, 10, 25, 50, 75, and 100
ng/ml. For the SP-A ELISA, we used a separate coating antibody
(goat anti-rabbit SP-A antibody; 1:100 dilution; a gift from Prof. J. A.
Whitsett). The primary detection antibody was rabbit anti-human
SP-A (Cat # AB3420, Chemicon Australia) used at a 1:1,000 dilution.
This antibody has previously been used in our laboratory to detect
SP-A in the lung washings of a wide range of vertebrates (49). The
secondary detection antibody for both SP-B and SP-A ELISAs was
horseradish peroxidase-conjugated goat anti-rabbit IgG (Sigma, St.
Louis, MO) at a dilution of 1:1,000.

Data Analysis

Statistical significance was determined, using SPSS software. Stu-
dent’s t-tests, assuming equal variance, with significance set at P �
0.05, were used in all analyses. Statistical analyses between lavage
isolated from warm-active and torpid animals were only performed on
molsp of PL if they contributed greater than 5 mol% to the PL
component. All mol% values were arcsin transformed before analysis.
Linear regressions were performed with SPSS to identify relationships
between different molsp of PL and between animal groups.

RESULTS

The Effect of Body Temperature on Molecular
Species Composition

Surfactant composition in ground squirrels. Neither the
amount nor the saturation of surfactant PL changed between
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warm-active and torpid ground squirrels (Table 1). The con-
centration of Chol [�mol/g wet lung (WL)] was higher in
lavage collected from torpid than from warm-active squirrels
and, consequently, the Chol:PL ratio was also higher in torpid
surfactant. However, the Chol:DSP ratio, where DSP was
measured after AC, did not change between warm-active and
torpid squirrel surfactants (Table 1). Both the amount of LaSL
(nmol/gWL) and the LaSL/Chol ratio were higher in surfactant
from torpid than warm-active squirrels. Similar measurements
for bats and dunnarts have already been reported (10, 12, 27,
46), and these data are also summarized in comparable form in
Table 1.

Saturation of phospholipids. Estimates of saturation, as
determined by the amount of DSPC per gram WL (ESI-MS)
and DSP per gram WL (AC) did not change between warm-
active and torpid squirrels (Table 1). There was also no

difference in the percent saturation of PL, PC, PG, or PI
between warm-active and torpid squirrel surfactant (Table 2).
Moreover, there were no differences in %DSPC/PC and
%DSPI/PI between lavage from warm-active and torpid bats
(Table 2). However, there was a small decrease in %DSPG/PG
in torpid bat surfactant. In lavage isolated from dunnarts,
%DSPC/PC and %DSPI/PI, as determined using ESI-MS, did
not change significantly between warm-active and torpid dunnarts.
%DSPG/PG was significantly higher in torpid dunnart surfactant.

PC molecular species. The molsp of PC in surfactant iso-
lated from warm-active and torpid squirrels, bats, and dunnarts
are given in Fig. 1. There were no significant differences in the
molsp of PC present between surfactant isolated from warm-
active and torpid individuals in any of the three animal species.

In both warm-active and torpid ground squirrels, the com-
position of surfactant PC was dominated by the disaturated

Table 1. Composition of surfactant in whole lavage isolated from warm-active and torpid golden-mantled ground squirrels,
Spermophilus lateralis, fat-tailed dunnarts, Sminthopsis crassicaudata and Gould’s wattled bats, Chalinolobus gouldii

Warm-Active
Squirrel,

�mol/g WL

Torpid
Squirrel,

�mol/g WL

Warm-Active
Dunnart,

�mol/gDL

Torpid
Dunnart,

�mol/gDL

Warm-Active
Bat,

�mol/gDL

Torpid
Bat,

�mol/gDL

PL 0.45�0.05 0.55�0.06 28.35�3.79 49.91�2.29* 17.69�1.75 16.18�1.13
DSP 0.18�0.05 0.21�0.03 12.35�2.16 25.87�0.95* 7.92�1.10 7.33�0.70
Chol 0.05�0.01 0.10�0.01* 3.84�0.41 10.74�1.24* 0.66�0.09 0.82�0.08*

nmol/gWL

LaSL 0.13�0.06 7.29�1.45*

Mol%

Chol/PL 11.47�1.41 18.57�1.19* 13.50�1.18 21.28�1.90* 3.19�0.60 4.99�0.80*
Chol/DSP 36.97�9.70 51.80�8.65 33.19�4.52 41.23�4.17* 6.62�1.32 10.59�2.27*
LaSL/Chol 0.26�0.14 7.35�1.65*

All data are presented as means�SE; n � 4–6 for squirrel, n � 6–9 for dunnart, and n � 4–6 for bat. Phospholipid (PL) was measured using an inorganic
phosphorus assay on extracted lipids (1). Disaturated phospholipid (DSP) and Cholesterol (Chol) were separated using adsorption chromatography and measured
in eluants using a phosphorus assay (1) and gas chromatography, respectively. For bat and dunnart, we used our previously published �g/g dry lung (DL) values
[Bat data from (12), where torpor body temperature (Tb) was �25°C, Dunnart data from (27) in which torpor Tb was �15°C] and converted these to molar units
using the following molar masses: for PL-770, DSP-730, Chol-386, and lathosterol (LaSL)-386.7 g/mol. WL, wet lung. *Significant difference between
warm-active and torpid animals.

Table 2. Relative proportions of disaturated surfactant components in whole lavage isolated from warm-active and torpid
golden-mantled ground squirrels, Spermophilus lateralis, Gould’s wattled bats, Chalinolobus
gouldii and fat-tailed dunnarts, Sminthopsis crassicaudata

Animal �Tb °C DSPC/PC % DSPG/PG % DSPI/PI % DSP/PL %

Squirrel
Warm-active 35.2�0.5 42.4�4.8 (0.15) 14.34�2.5 3.6�1.1 39.6�13.0
Torpid 7.7�0.2 35.3�2.9 (0.10*) 18.6�2.0 3.4�1.6 39.1�5.5

Bat
Warm-active 34.8�0.3 49.2�1.2 (0.08) 9.9�0.4 1.4�1.0 41.2�2.8†
Torpid 12.4�0.3 45.6�2.6 (0.09) 7.0�1.1* 0.5�0.3 43.0�3.3†

Dunnart
Warm-active 35.5�0.5 39.1�1.7 (0.43) 25.6�0.5 (0.32) 0.3�0.1 40.2�2.6‡
Torpid 15.4�0.5 39.6�0.9 (0.56) 31.1�2.3*(0.42) 1.3�0.8 49.3�1.6*‡

All data are presented as means � SE; n � 4–6 for squirrels, n � 4–9 for bats, and n � 5–8 for dunnarts. DSP/PL, disaturated phospholipid (separated using
adsorption chromatography and measured using an inorganic phosphorus assay) as a fraction of total phospholipid (measured using an inorganic phosphorus
assay); DSPC/PC, disaturated phosphatidylcholine as a fraction of total phosphatidylcholine [measured using electrospray ionization-mass spectrometry ESI-MS]
includes PC14:0a/16:0, PC16:0/14:0, PC16:0a/16:0, PC16:0/16:0, PC16:0a/18:0, and PC16:0/18:0; DSPG/PG, disaturated phosphatidylglycerol as a fraction of
total phosphatidylglycerol (measured using ESI-MS) includes PG16:0/16:0, PG16:0/18:0, PG18:0/18:0, and PG16:0/14:0 (present in dunnart only); DSPI/PI
disaturated phosphatidylinositol as a fraction of total phosphatidylinositol (measured using ESI-MS) includes PI16:0/16:0, PI16:0/18:0, and PI18:0/18:0; in
brackets: ratio of fluid/rigid molecular species that comprise the %DSPC or %DSPG estimate (i.e., for PC, fluid: PC14:0/14:0, PC16:0/14:0 � alkyl-acyl forms;
rigid: PC16:0/16:0 and PC16:0/18:0 � alkyl-acyl forms; for PG, fluid: PG16:0/14:0 in dunnart only; rigid: PG16:0/16:0, PG16:0/18:0, and PG18:0/18:0) for
warm-active and torpid animals. †data taken from (12)-Note: torpor Tb was �25°C; ‡data taken from (27); n values and Tbs apply only to data collected in the
present study; *Significant difference between warm-active and torpid animals using Student’s unpaired t-tests assuming equal variance, P � 0.05.
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species, PC16:0/16:0, which contributed 30–35 mol% to the
PC component (Fig. 1A). Other major PC components included
the fluidizing species, PC16:0/16:1 (25 mol%), PC16:0/18:1 (10
mol%), PC16:0/18:2 (10 mol%), and PC16:0/14:0 (5 mol%). The
molsp PC16:0/18:0, PC16:0/20:4, PC16:1/14:0, PC16:1/16:1,
PC16:1/20:4, PC18:0/18:1, PC18:0/18:2, PC18:1/18:2 (Fig. 1A),
and numerous alkyl-acyl-containing species (Fig. 1B) were
present in small quantities (less than 5 mol% each) and made up
the remaining proportion of PC species in the squirrel.

In both warm-active and torpid bats, the composition of sur-
factant PC was dominated by the disaturated species, PC16:0/
16:0, which contributed 40–45 mol% to the PC component (Fig.
1C). The next major PC components present in bat surfactant
were the unsaturated species, PC16:0/16:1 (20 mol%), PC16:0/
18:1 (15–18 mol%), and PC16:0/18:2 (6 mol%). The molsp
PC16:0/14:0, PC16:0/18:0, PC16:0/20:4, PC16:1/16:1, PC18:0/
18:1, PC18:0/18:2, PC18:1/18:2 (Fig. 1C) and various alkyl-acyl
forms (Fig. 1D) were present in small quantities (less than 4 mol%
each) and contributed the remaining proportion of PC species.

Unlike all other mammalian surfactants previously studied,
DPPC (PC16:0/16:0) was not the major component of dunnart
surfactant (Fig. 1E). In lavage from both warm-active and
torpid dunnarts, the composition of surfactant PC was domi-
nated by the unsaturated species, PC16:0/16:1, which contrib-
uted 30 mol% to the PC component (Fig. 1E). PC16:0/16:0 was
the second major component, comprising 16–18 mol%. Sur-
factant isolated from dunnarts also contained significant pro-
portions of PC16:0/14:0 (12–15 mol%) (Fig. 1E) and the
alkyl-acyl containing forms of PC16:0a/16:0 (10 mol%) and
PC16:1a/16:0 (10 mol%) (Fig. 1F). The remaining PC com-
ponent was made up of PC14:0/14:0, a species normally absent
from surfactant, PC16:0/18:0, PC16:0/18:1, PC16:0/18:2,
PC16:0/20:4, PC16:1/14:0, PC16:1/16:1, and the alkyl-acyl
containing forms of PC14:0a/16:0, PC16:0a/18:0, PC16:0a/
18:1, PC16:0a/20:4, and PC16:0a/22:6.

PG molecular species. The molsp of PG did not differ
markedly between surfactants isolated from warm-active and
torpid ground squirrels (Fig. 2A). In both warm-active and

Fig. 1. The composition of individual molec-
ular species of phosphatidylcholine (PC) in
whole lavage fractions isolated from warm-
active and torpid golden-mantled ground
squirrels, Spermophilus lateralis (A and B),
Gould’s wattled bats, Chalinolobus gouldii (C
and D) and fat-tailed dunnarts, Sminthopsis
crassicauda (E and F). Molecular species are
designated by the abbreviation A:x/B:y,
where A and B represent the number of car-
bon atoms in the fatty acids esterified at the
sn-1 and sn-2 positions of the phospholipid,
respectively, while x and y represent the num-
bers of double bonds in each fatty acid. In the
lefthand panels (A, C, and E) all molecules are
diacyl forms of molecular species (i.e., both
hydrocarbon chains are fatty acids attached to
the glycerol backbone by ester bonds). Alkyl-
acyl forms of molecular species are desig-
nated by the letter “a”, after the number of
double bonds (y) (righthand panels B, D, and
F). Alkyl-acyl means that one of the hydro-
carbon chains is a fatty alcohol attached by an
ether bond. Results are presented as means �
SE. Palmitoylmyristoyl-PC, PC16:0/14:0; Di-
palmitoyl-PC, PC16:0/16:0; Palmitoylpalmito-
leoyl-PC, PC16:0/16:1; Palmitoylstearoyl-PC,
PC16:0/18:0; Palmitoyloleoyl-PC, PC16:0/
18:1; Palmitoylinoleoyl-PC, PC16:0/18:2;
Palmitoylarachidonoyl-PC, PC16:0/20:4;
stearoyloleoyl-PC, PC18:0/18:1; stearoyllino-
leoyl-PC, PC18:0/18:2; oleollinoleoyl-PC, PC18:
1/18:2. There were no significant differences be-
tween lavage isolated from warm-active and torpid
animals in any of the three species (Student’s
unpaired t-test, assuming equal variance, signifi-
cance at P � 0.05).
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torpid squirrels, PG composition was dominated by the unsat-
urated species PG16:0/18:1, which contributed 25 mol% to the
PG component. PG16:0/16:1 comprised from 11–16 mol% and
was lower in surfactant from torpid squirrels (11.5 � 1.6 mol%,
means � SE, n � 6) compared with warm-active squirrel surfac-
tant (16.3 � 2.4 mol%, means � SE, n � 5). PG18:1/18:1
comprised 16 mol% and PG16:0/16:0 and PG16:0/18:2, com-
prised 14 mol% each. The unsaturated species, PG18:1/18:2
comprised 6 mol%. The remaining PG component was made
up of PG16:0/18:0, PG16:0/22:5, PG16:0/22:6, PG16:1/
16:1, PG16:1/18:2, PG18:0/18:0, and PG18:0/18:1 (less
than 5 mol% each) (Fig. 2A).

In surfactant from both warm-active and torpid bats, PG
composition was dominated by the unsaturated species PG16:0/
18:1, which contributed 40–45 mol% to the PG component (Fig.
2C). The other major PG components were PG18:1/18:1 (15–20

mol%), PG16:0/18:2 (12 mol%), PG18:0/18:1 (8–10 mol%), and
the disaturated species, PG16:0/16:0 (8–10 mol%). There was a
decrease in PG16:0/16:0 in torpid bat surfactant. The molsp
PG16:0/16:1, PG16:0/20:4, PG16:1/18:2, and PG18:1/18:2 com-
prised less than 5 mol% each of the PG component (Fig. 2C).

In lavage from both warm-active and torpid dunnarts, PG
composition was dominated by the unsaturated species PG16:0/
18:1 and the disaturated species PG16:0/16:0, which contributed
20–25 mol% each of the PG component (Fig. 2E). In contrast to
PC, there was a difference in some of the molsp of PG between
lavage fractions of surfactant isolated from warm-active and
torpid dunnarts (Fig. 2E). The proportions of PG16:0/14:0 and
PG16:0/18:2 increased in the lavage fraction of surfactant
isolated from torpid dunnarts. The proportion of PG16:0/18:1
decreased in torpid dunnart surfactant. PG16:0/16:1 comprised
18 mol% and PG16:0/18:2 comprised 12–15 mol%. The di-

Fig. 2. The composition of individual molec-
ular species of phosphatidylglycerol (PG) (A,
C, and E) and phosphatidylinositol (PI) (B, D,
and F) in whole lavage fractions isolated from
warm-active and torpid golden-mantled ground
squirrels, Spermophilus lateralis (A and B),
Gould’s wattled bats, Chalinolobus gouldi (C
and D) and fat-tailed dunnarts, Sminthopsis
crassicaudata (E and F). Data presentation,
nomenclature, and abbreviations are as for Fig.
2. *Significant difference between lavage iso-
lated from warm-active and torpid animals,
measured only for those molecular species
	5mol% (using Student’s unpaired t-test, as-
suming equal variance, significance at P �
0.05).
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saturated species, PG16:0/14:0 comprised 6–10% of surfactant
PG. The remaining PG component was made up of PG16:0/
20:4, PG16:0/22:6, PG18:0/18:1, PG18:0/20:4, PG18:1/18:1,
PG18:1/18:2 and PG18:1/20:4 (less than 5 mol% each) (Fig. 2E).

PI molecular species. In both warm-active and torpid squir-
rels, the composition of surfactant PI was dominated by the
molsp PI18:1/18:1, which comprised 30% of the PI component
(Fig. 2B). The PI species, PI16:0/18:1 comprised 15–20 mol%
of the surfactant PI component, while PI16:1/18:1 and PI18:0/
18:1 comprised 12 mol%. PI16:0/16:0, PI16:0/16:1, PI18:0/
20:4, PI18:1/18:2, PI18:1/20:4, and PI18:2/18:2 made up the
remaining PI component (less than 5 mol% each) (Fig. 2D). In
addition, PI18:0/22:6 and PI20:1/20:4 were present at these
low levels (data not shown).

In both warm-active and torpid bats, the composition of sur-
factant PI was dominated by the unsaturated species, PI18:0/20:4
(25 mol%) and PI16:0/18:1 (20 mol%) (Fig. 2D). The other major
components of PI in bat surfactant include PI18:0/18:2 (10–20
mol%), PI18:2/18:2 (8–14 mol%), PI18:1/20:4 (8 mol%) and
PI16:0/18:2 (5–7 mol%). There was an increase in PI18:0/18:2 in
surfactant isolated from torpid bats. PI16:0/22:6, PI18:0/18:1, and
PI18:1/18:2 made up the remaining PI component (less than 5
mol% each). Other long-chain species present (less than 3%) that
are not shown included PI18:0/20:3, PI18:0/22:6, and PI18:0/
22:5. The disaturated species, PI16:0/16:0 was present in negligi-
ble quantities (Fig. 2D).

As for PC, there were no differences in the molsp of PI present
in surfactant isolated from warm-active and torpid dunnarts. In
dunnart lavage, surfactant PI was dominated by the unsaturated
species PI18:0/20:4 (20–25 mol%) and PI16:0/20:4 (20 mol%)
(Fig. 2F). The next major components of PI in dunnart surfactant
include PI16:0/18:1 (8–10 mol%), PI16:0/22:6 (8–12 mol%),
PI16:1/18:1 (7–12 mol%), and PI18:1/20:4 (5–10 mol%). In
addition, a species peculiar to dunnarts, PI18:2/20:4 was present at
about 10 mol% but is not shown. Other species that make up the
remainder of the PI component include PI16:0/16:1, PI18:0/18:1,
PI18:1/18:1, PI18:1/18:2, and PI18:1/18:2 (less than 5 mol%).
Other long-chain species that are not shown include PI18:0/22:6,
PI20:1/20:4, and PI20:0/20:4 (less than 2 mol%). PI16:0/16:0 was
present only in very low quantities (less than 1 mol%) (Fig. 2F).

Surfactant proteins. Compared with warm-active animals,
the ratio of SP-A/PL was lower in whole surfactant isolated
from torpid squirrels and in large aggregate surfactant fractions
isolated from torpid dunnarts. However, in bat surfactant, the
ratio of SP-A/PL did not differ between surfactant isolated
from warm-active and torpid bats. The ratio of SP-B/PL did not
differ between whole lavage isolated from warm-active and
torpid squirrels and bats or between large aggregate surfactant
fractions isolated from warm-active and torpid dunnarts. There
were no differences in the proportion of SP-A or SP-B relative
to PL, between the small aggregate fractions isolated from
warm-active and torpid dunnarts (Table 3).

Molecular Species Comparisons in Mammals

PC molecular species. Figure 3 illustrates the molsp profile
of PC for all warm-active mammals collected here. The PC
profile demonstrated extensive diversity between individual
heterothermic and homeothermic mammal species (Fig. 3). In
particular, the proportion of PC16:0/16:0 varied widely, rang-
ing from 49 mol% in human surfactant, through 21, 19, and 16

mol% in the wombat, Etruscan shrew, and the dunnart, respec-
tively, to a very low value of 2 mol% in the Tasmanian devil.
Surfactants with a low content of PC16:0/16:0 were generally
enriched in the monounsaturated PC16:0/16:1 species. In the
wombat, Etruscan shrew, and the dunnart, PC16:0/16:1 was
present at 23, 23, and 28 mol%, respectively, making it the
dominant component in the surfactant of these three species. In
the Tasmanian devil, PC16:0/16:1 was relatively low (�5%),
concomitant with an extremely low concentration of total
diacyl PC species (16 mol%) in this surfactant. However,
unlike the other mammals, the Tasmanian devil had a surfac-
tant enriched in plasmanyl ether PC (alkyl-acyl species) at the
expense of the analogous diacyl species, such that PC16:0a/
16:1 constituted 45% of the PC in this surfactant.

As the physical properties of plasmanyl and phosphatidyl-
choline species are very similar (24), the sum of their respec-
tive 16:0/16:0 species are plotted against several major fluid-
izing species (Fig. 4). There were statistically significant in-
verse relationships between the saturated species PC16:0/16:0
and the two fluid species PC16:0/16:1 and PC16:0/14:0 (Fig. 4,
A and B), but there was no relationship between PC16:0/16:0
and PC16:0/18:1 (Fig. 4C). Another pattern that emerges,
despite the tremendous variability between species, is that
virtually all PC molecular species were shorter-chain mole-
cules, with the fatty acid palmitate (C16:0) rather than stearate
(C18:0) or oleate (C18:1) at their sn-1 position, and were
characterized by a very low content of polyunsaturated fatty
acids (Fig. 3).

PG and PI molecular species. The most notable features of
surfactant PG and PI were their low content of disaturated
species (PG, 9–28%; PI, 1–15%) relative to PC, the domina-
tion of mono- and diunsaturated species and the wide varia-
tions of composition between mammal species (Fig. 5). Sur-

Table 3. Surfactant protein A (SP-A) and SP-B in surfactant
isolated from warm-active and torpid golden-mantled ground
squirrels, Spermophilus lateralis, fat-tailed dunnarts,
Sminthopsis crassicaudata and Gould’s wattled
bats, Chalinolobus gouldii

Animal Tb, °C
SP-A, ng/mol

PL
SP-B, ng/mol

PL

Squirrel
Warm-active 35.2�0.5 92.2�16.5 15.0�2.7
Torpid 7.7�0.2 43.2�7.2* 17.5�2.6

Dunnart LA
Warm-active 35.5�0.5 87.5�18.2 500.5�87.5
Torpid 15.4�0.5 43.3�6.3* 342.0�37.5

Dunnart SA
Warm-active 35.5�0.5 35.4�12.2 8.7�3.1
Torpid 15.4�0.5 43.6�6.7 13.6�1.6

Bat
Warm-active 34.8�0.3 561.0�229.9 305.6�78.6
Torpid 12.4�0.3 626.3�131.4 426.6�137.7

Values are means � SE; n � 6–8 for squirrels, n � 7–8 for dunnarts, and
n � 3–4 for bats. Whole lavage surfactant fractions were used for bat and
squirrel measurements. Pairs of bat samples were pooled for protein measure-
ment. In dunnarts, large aggregate fractions were used for protein measurement
in order to concentrate proteins. Dunnart LA, large-aggregate fraction of
dunnart surfactant; Dunnart SA, small-aggregate fraction of dunnart surfactant.
Statistical significance was determined using Student’s t-tests, assuming equal
variance; significance was set at P � 0.05. *Significant decrease in lavage
isolated from torpid animals compared to warm-active animals.
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factant PG molsp were generally dominated by PG16:0/18:1,
which was the most abundant molsp in 9 of the 12 animals
listed, varying from �20% in the dunnart and squirrel to 42%
in the koala (Fig. 5A). Only in the rat, Etruscan shrew, and
Tasmanian devil, was PG16:0/18:1 not the dominant species,
making up 12, 9, and 7%, respectively. In fact, the Tasmanian
devil had the most unusual PG molsp composition, with
negligible amounts of PG16:0/16:0 but significant proportions
of PG18:0/18:0 and PG16:0a/18:1, two species that are either
not observed or are poorly represented in most other mamma-
lian surfactants (Fig. 5A). As far as the heterothermic species
are concerned, dunnart and Etruscan shrew PG was dominated
by PG16:0/16:0, PG16:0/16:1, PG16:0/18:2, and PG16:0/18:1,
whereas squirrels and bats had high concentrations of the
unsaturated species PG16:0/18:2, PG16:0/18:1, and PG18:0/
18:2, with lower concentrations of PG16:0/16:1 (Fig. 5A).

Surfactant PG and PI from the same animal typically exhib-
ited very different molecular compositions (Fig. 5, A and B). In
particular, PI species, relative to the PG species from the same
surfactant, demonstrated either greater levels of arachidonic
acid (20:4)-containing species (e.g., PI16:0/20:4 or PI18:0/20:4),
as well as other long-chain unsaturated species with more than 2
double bonds (e.g., PI16:0/22:6 and PI18:0/20:3). In addition, the
PI component included greater levels of alkyl-acyl species com-
pared with the PG component. Disaturated diacyl PI levels
(mainly PI16:0/16:0) were very low (0–5% total).

DISCUSSION

Surfactant composition during torpor. We demonstrate that
torpor in bats, dunnarts, and ground squirrels is not accompa-
nied by any major compositional changes in surfactant PL,
involving either PL saturation or molsp composition of PC,
PG, or PI. Using AC, we have previously reported an increase
in the proportion of DSP during torpor in dunnarts (27).
However, using AC, PL saturation (i.e., DSP/PL ratio) did not
change during torpor in either ground squirrels (Table 1) or
bats (12). Moreover, in this study, using ESI-MS, we did not
observe any differences in PC saturation (i.e., the sum of
PC14:0/14:0, PC16:0a/16:0, PC16:0/16:0, PC16:0a/14:0,
PC16:0/14:0, PC16:0a/18:0, and PC16:0/18:0 components) be-
tween warm-active and torpid bats, dunnarts, or squirrels
(Table 2). Hence, the increase in DSP observed previously in
dunnarts is probably an artifact of the AC technique. Whereas
the technique of ESI-MS is sensitive, precise and state-of-the
art, AC chromatography has recognized limitations, in that
some monounsaturated species may contaminate the DSP
eluate.

However, although both %DSP (AC) and %DSPC (ESI-MS)
calculations were performed here to match those reported in
previous studies, from a functional perspective, not all the
disaturated components have the same physical properties. For
example, PC16:0/16:0 and PC16:0/18:0 are rigid PL species,

Fig. 3. Comparison of molecular phosphatidylcholine (PC) composition for each mammal studied. Molecular species are designated by the abbreviation in the
format A:x/B:y, where A and B represent the number of carbon atoms in the fatty acids esterified at the sn-1 and sn-2 positions of the PL, respectively; while
x and y represent the numbers of double bonds in each fatty acid. Unless otherwise indicated, all molecules are diacyl forms of molecular species (i.e., both
hydrocarbon chains are fatty acids attached to the glycerol backbone by ester bonds). Alkyl-acyl forms of molecular species are designated by the letter “a”, after
the number of double bonds (y). Alkyl-acyl means that one of the hydrocarbon chains is a fatty alcohol attached by an ether bond. Black arrows mark the
proportion of disaturated species. The category “other” includes the following molecular species: PC16:0/18:0; PC16:1/14:0; PC16:1/16:1; PC16:0a/22:6;
PC18:0a/18:1; PC18:0a/20:4; PC18:0a/18:0; PC16:0a/18:0; PC16:1/18:2; PC18:0/18:1; PC16:0/20:4; PC18:1:18:2; PC18:0/18:2; PC16:0/22:6; PC18:1/20:4;
PC18:0/20:4; PC18:0/20:2; and PC18:0/20:1; PC18:0/22:6.
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while PC16:0/14:0 and PC14:0/14:0 are fluidic PL species at
37°C. Hence, it is perhaps more informative to examine the
ratios of individual or groups of PL and, particularly, the ratio
of fluid/rigid components that traditionally, and currently, are
included in the estimates of lipid saturation (e.g., both %DSP
and %DSPC measures calculated in this study). When we
calculated the ratio of fluid/rigid components of disaturated PC
in squirrel, dunnart, and bat surfactant (shown in brackets in
Table 2), there was only a significant difference in the ratio
between surfactant isolated from warm-active and torpid squir-
rels. Therefore, it seems unlikely that changes in PL saturation
are a necessary adaptation to torpor in heterothermic mammals.

In dunnarts, bats, and squirrels, there were no changes in the
molecular composition of the major PL component, PC, be-
tween lavage fluid isolated from warm-active and torpid ani-
mals. Although, small, but statistically significant, differences
were observed in one or two of the molecular components that

comprise greater than 5 mol% of PG and PI in each animal
species, none of these changes were consistent in either direc-
tionality or across the animal species examined. PG and PI are
two of the more variable components of surfactant (13), and
the acidic headgroups are thought to be more important to
surfactant function than the precise molsp compositions (41).
In addition, because the observed changes are relatively small,
they are not necessarily reflected in the overall saturation of
surfactant PL. Although it is possible that these minor PL
components do play a role in signaling events related to
surfactant metabolism, these changes probably do not have any
functional significance in terms of surface activity. Hence, as
for PL saturation, changes in molsp composition, do not appear
to be a necessary adaptation for torpor in bats, dunnarts, or
ground squirrels. It is possible that the lack of changes in PL
composition we observed here, is related to the metabolism of
lipid components. In C57 mice, the turnover and biological
half-life of DSPC flux between lamellar bodies and the lavage
fluid has been estimated at 5.9 h and 16 h, respectively (21).
While, in newborn and adult sheep, the half-life of DSPC in the
whole lung is 45 and 54 h, respectively (23). In rats, PC has
also been reported to have a half-life of 10 h in the intracellular
surfactant pool and 15 h in the extracellular surfactant pool
(16). Hence, it is possible that the 8-h duration of torpor in
dunnarts and bats is too short for changes in surfactant lipid
composition to occur. Moreover, given the long half-lives for
surfactant PC turnover and the relatively short duration of
torpor bouts, it is perhaps not surprising that dunnarts and bats
do not use PC molsp alterations as a mechanism for maintain-
ing surfactant function during torpor. However, we also did not
observe any changes in surfactant lipid composition in ground
squirrels, which experience a deep torpor of at least 96 h
duration, prior to surfactant collection. Hence, given the longer
torpor period relative to PC half-life, it should have been
possible to observe a change, if it had occurred. Nevertheless,
it is possible that the lack of molsp alterations in squirrels may
be due to a decrease in metabolic rate, and thus, a decreased
turnover of surfactant lipids during torpor, but this remains to
be confirmed.

This study supports our previous observations (10, 27) that
torpor is accompanied by changes in Chol composition. In
ground squirrels, as in all heterothermic mammals studied, the
amount of Chol increased during torpor (Table 1). In addition,
both the amount of LaSL and the ratio of LaSL/Chol increased
significantly in lung lavage fluid isolated from torpid ground
squirrels. LaSL is a precursor of Chol and is commonly used as
a marker of Chol synthesis or metabolism in plasma and other
tissues (28). To our knowledge, this study is the first to
demonstrate the presence of LaSL in lung lavage fluid. How-
ever, whether it originates from type II cells or plasma is
unknown. Assuming that LaSL is a valid marker for choles-
terol synthesis in torpid as well as active animals, the observed
increase in LaSL/Chol may indicate that Chol synthesis is
significantly higher in the lung during torpor in ground squir-
rels. Hass and Longmore (1980) concluded that type II cell
endogenous Chol synthesis accounts for less than 1% of the
total Chol used by the lung for surfactant synthesis. If this is
the case, then the uptake of Chol from the blood may also
significantly increase during torpor in ground squirrels and
contribute to the increases in Chol that we have observed.

Fig. 4. Comparison of the major molecular species of PC between homeo-
thermic (solid symbols) and heterothermic (open symbols), placental (squares)
and marsupial (circles) mammals. Relationships are plotted of PC16:0/16:0 vs.
PC16:0/16:1 (A), PC16:0/14:0 (B), and PC16:0/18:1 (C). In each case, the
molecular species include both the diacyl and the alkyl-acyl forms (e.g.,
PC16:0/16:0 and PC16:0a/16:0). *Significant inverse relationship between
PC16:0/16:0 and PC16:0/16:1 species (F � 9.973, P � 0.010) and PC16:0/
16:0 and PC16:0/14:0 (F � 12.850, P � 0.005). There was no significant
relationship between PC16:0/16:0 and PC16:0/18:1 (F � 1.368, P � 0.269).
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Fig. 5. Comparison of molecular PG (A) and PI (B) composition for all mammals studied. Figure presentation and abbreviations are as for Fig. 4. Black arrows
mark the proportion of disaturated species. The category “other” includes the following species: PG16:0a/16:0; PG16:1/16:1; PG16:0/18:2; PG18:0a/20:3;
PG18:0a/20:0; PG18:0/20:4; PG18:1a/20:4; PI16:0/16:0; PI18:0a/18:1; PI18:1/18:2; PI18:0/20:3; and PI18:0/22:6.
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Levels of SP-B, relative to PL, did not change between
surfactant isolated from warm-active and torpid mammals, and
this implies that SP-B levels in warm-active animals are
sufficient for adequate function at the lower temperatures,
during torpor. It has previously been shown that in fast breath-
ing neonatal mammals, SP-B is increased (43). However, given
that breathing parameters are reduced during torpor, such that
there is no increase in air-liquid interface dynamics, there
would not be a requirement for more SP-B. In contrast, SP-A
decreased significantly in surfactants isolated from torpid dun-
narts and squirrels. The decrease in SP-A was not observed in
bats during torpor, suggesting that this response may not be a
general phenomenon. Because of the diverse roles of SP-A in
the lung, the decrease in SP-A could be due to many different
mechanisms, including the down-regulation of SP-A gene
expression. Gene expression has been observed to decrease for
some proteins during torpor and increase for others. Low
temperatures can also destabilize the hydrophobic interactions
required to maintain proper protein conformation and thus
increase the potential for protein denaturation (47).

Surfactant function. The above findings suggest that irre-
spective of the type of torpor pattern displayed by an animal
(i.e., daily torpor, stress torpor, or hibernation), the ability to
maintain a functioning surfactant system at cold Tb during
torpor bouts does not require specific alterations in surfactant
PL composition. Hence, it is likely that the PL composition that
is optimized for warm Tb is critical and cannot be altered for
the special circumstance of torpor. Under the classical model
of surfactant function, the primary role of PL in surfactant is to
lower the surface tension, by forming a tightly packed, liquid-
condensed film at the air-liquid interface that effectively ex-
cludes water molecules. In bats (11) and dunnarts (29), surfac-
tant isolated from both warm-active and torpid animals is
capable of effectively reducing surface tension at the appro-
priate Tb. This paper demonstrates that they do this without any
major changes in PL molsp composition. However, warm-
active and torpid surfactant does not function as effectively
when measured at different assay temperatures, that is, cold
and warm Tb, respectively (11, 29). The physical structure of
warm-active and torpid surfactant films at an air-liquid inter-
face, are also known to differ (36). It is therefore apparent that
despite the identical PC molsp, pulmonary surfactant is some-
how altered during, or for, torpor via other components or
biophysical interactions.

Chol is predicted to broaden the phase-transition tempera-
ture of the surfactant mixture, thus, increasing its fluidity (35).
Hence, increases in Chol may explain the differences in sur-
factant function previously observed. Although the mecha-
nisms by which Chol may enhance surfactant function at cold
Tb have not been examined, Chol does have a role in the
redistribution of PL (9, 18, 34) and/or in altering the structure
of the surfactant film (3, 17). Whether the decrease in SP-A can
contribute to the differences in function we have previously
observed in warm-active and torpid surfactant, is not known.
However, it is likely that the amounts of SP-A required for
protecting surfactant, by enhancing adsorption and preventing
inhibition by serum proteins, is less than the amounts of SP-A
we observed in torpid surfactants (unpublished observations),
and thus this aspect of surfactant function is likely to be
maintained in both warm-active and torpid animals.

Comparative Biology of Mammalian Surfactant

Phosphatidylcholine. The PL saturation of surfactant did not
differ between the groups of homeothermic and heterothermic
animals (Table 2). However, there was extensive diversity in
the individual molsp composition of their PC (Fig. 3). Despite
its classically accepted critical role in surfactant function, the
proportion of PC16:0/16:0 varied extensively. In fact, to our
knowledge, this is the first study to describe a mature surfactant
that does not have PC16:0/16:0 as the predominant PC molsp.
Here, we report four mammalian species, the wombat,
Etruscan shrew, dunnart, and Tasmanian devil that had low
concentrations of PC16:0/16:0, i.e., 21, 19, 16, and 2 mol%,
respectively. This discovery demonstrates clearly that a high
concentration of PC16:0/16:0 in surfactant cannot be essential
to support respiration in a healthy alveolar lung in all mam-
malian species. Moreover, this observation is in agreement
with a recent study, where surfactant from newborn piglets
displayed a function superior to that from adult pigs, although
it contained less PC16:0/16:0, but more PC16:0/16:1 and
PC16:0/14:0 (42). Finally, we are confident that contamination
by bronchial mucus is unlikely to have contributed to this
diversity of surfactant PC composition. All evidence suggests
that airway surfactant for instance originates in the alveolus (4)
and there is a direct correlation between the PC molsp com-
positions of induced sputum and BALF samples obtained from
healthy human volunteers (51).

Coincident with the low surfactant content of PC16:0/16:0 in
certain mammal species, there was also an enrichment in the
monounsaturated PC16:0/16:1 species, with the highest value
of 28 mol% measured in the dunnart. Although the surfactant
of the Tasmanian devil had only 5% PC16:0/16:1, it did have
45% of its alkyl-acyl derivative, PC16:0a/16:1. The analysis of
PC species distributions (Fig. 3) shows that some marsupial
surfactant, especially that from the Tasmanian devil, is en-
riched in plasmanyl ether (alkyl-acyl) PC at the expense of the
analogous diacyl species. The reason for this is not clear, but it
is not likely to be an adaptation against inflammatory-associ-
ated hydrolysis, as both lipid types are equally good substrates
for group IIA secretory phospholipase A2 (unpublished obser-
vation). Hence, as the diacyl and alkyl-acyl species appear to
have similar properties (24), we combined the two groups of
species in our molsp correlational analyses (Fig. 4). In addition
to the inverse relationship between PC16:0/16:0 and PC16:0/
16:1, we also described a highly significant inverse correlation
between PC16:0/16:0 and another fluid molsp, namely, PC16:0/
14:0. Inverse relationships between PC16:0/16:0 and PC16:0/
14:0, as well as with PC16:0/16:1 have previously been described
in relation to development within a species [e.g., between new-
born and adult pigs (42)] and in relation to differences in respi-
ratory rate between, as well as within species (6). Hence, a
molecular substitution pathway in alveolar type II cells between
the saturated, nonfluid PC16:0/16:0 and the more fluid species
PC16:0/16:1 and PC16:0/14:0 is not uncommon and is presum-
ably related to differences in lung function associated with a host
of physiological variables (e.g., development or respiratory rate)
(6). Clearly, the present study indicates, that among the mammals,
there is generally a trade-off between the saturated nonfluid
PC16:0/16:0 and the major fluidizing components, PC16:0/16:1
and PC16:0/14:0 (Fig. 4).
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The range and overlap in values between the various groups
of mammals, that is, homeothermic/heterothermic and placen-
tal/marsupials (Fig. 4), shows clearly that virtually any com-
bination of these three molecular structures can be used as the
basis for a functional surfactant. In general, marsupial surfac-
tants were enriched in PC16:0/16:1 and PC16:0/14:0, but had
a lower PC16:0/16:0 content than the placental mammals (Fig.
4). However, the differences observed in dunnart surfactant
compared with other heterothermic and homeothermic placen-
tal mammals do not appear to be phylogenetically determined
(i.e., closely related species did not have more similar surfac-
tant profiles). For example, the composition of dunnart surfac-
tant shared very few similarities with the composition of its
closest nonheterothermic relative, the carnivorous Tasmanian
devil, Sarcophilus harrisii. Hence, differences in surfactant
composition of marsupials, and particularly that of dunnarts,
cannot be specifically related to being an Australian dasyurid
marsupial. Moreover, the relative contributions of molsp in dif-
ferent species can also not be solely attributed to the thermal
behavior or metabolic strategy, that is, whether a species is
heterothermic or homeothermic, as the heterothermic species
(shrew, bat, squirrel, dunnart) were all as different and as similar
to each other as they were from homeothermic species. Hence, it
appears that the molsp profile of a particular animal species is a
mosaic determined by the entire gamut of physiological charac-
teristics that determine the biology of that species.

Despite their varied compositions, PC from all these surfac-
tants displayed common compositional features that were
clearly distinguished from those of typical mammalian cell
membrane PC and from other surface phospholipids such as
epithelial lining fluid from the ear (37). Virtually all PC species
were shorter-chain molecules, with the fatty acid palmitate
(C16:0), rather than stearate (C18:0) or oleate (C18:1) at their
sn-1 position, and were characterized by very low contents of
polyunsaturated fatty acids. These observations imply that,
irrespective of the precise details of their PC compositions, all
the animals studied must have essentially comparable mecha-
nisms for packaging and secretion of shorter-chain disaturated
and monounsaturated PC species into the functional surfactant
pool.

Phosphatidylglycerol and phosphatidylinositol. PG and PI
represent 8–12% of total PL in all mammalian pulmonary
surfactants examined to date (2, 14). Here, the most notable
features of surfactant PG and PI were their low content of
disaturated species relative to PC and their wide variations of
composition. Unlike the relatively ordered differences in sur-
factant PC molsp composition between the various mammalian
species, no similar patterns were apparent for either PG or PI
compositions (Fig. 2), apart from both being dominated by
mono- and diunsaturated species. Although it is the case for
PC, the targeting of anionic PLs to alveolar surfactant is
apparently not restricted to fatty acids with 16 or less carbon
units. The only molsp that appears to represent a significant
proportion (20–40 mol%) in most surfactants, is PG16:0/18:1.

Surfactant PI molsp profiles showed considerably more
difference between surfactants than either PG or PC, as well as
a greater proportion of more unusual molsp (e.g., long-chain
unsaturated species with more than two double-bonds and
alkyl-acyl species). Total disaturated diacyl PI levels (mainly
PI16:0/16:0) were very low (1–10% total). However, some
marsupials had significant quantities of PI16:0a/16:0. The

relatively high levels of unsaturated PI species and the high
relative levels of arachidonic acid (20:4) and docosahexaenoid
acid (22:6) containing species were surprising. However, nor-
mal tissue PIs are rich in PI18:0/20:4, and PI levels are
relatively low in adult surfactants (�5%). Consequently, no
particular molsp will contribute a very high proportion of total
PL, and it is therefore unlikely that a particular PI molsp is
critical for surfactant function.

Differences in PL molsp Compositions—a Fine-Tuning
Mechanism?

Mechanisms resulting in the observed differences in mo-
lecular composition appear to be fine-tuning mechanisms
because firstly, the % saturation of PL in mammalian sur-
factants is fairly constant (typically, 40 –50%) and secondly,
regardless of the precise molsp composition, the sum of
PC16:0/14:0, PC16:0/16:1, and PC16:0/16:0, is 60 –70% in
all animals studied. Even in the Tasmanian devil, the alkyl-
acyl forms of these components contribute 	70% to surfac-
tant PC.

The similarities in the extent to which molecular PC com-
position varies during development and in heterothermic mam-
mals, suggests that similar molecular mechanisms for regulat-
ing the packing, synthesis, and secretion of surfactant PL are
present in all mammalian type II cells. Dunnarts, squirrels, and
bats may alter these common mechanisms as an adaptive
strategy to fine-tune their surfactant composition for efficient
function at both warm and cold Tb. However, rat and human
type II cells may alter these same mechanisms in response to
developmental changes in lung structure and function. Common
responses to differences in lung function that are emerging include
variations in PC16:0/16:0, PC16:0/16:1, and PC16:0/14:0.

The present data suggest that there is not a single molsp PL
composition that can function optimally in all mammals.
Rather, there is a spectrum of different molecular compositions
within mammals, such that the molecular PL composition of
each animal species is unique and optimized to the physiology
of that animal. Similar concepts of molecular adaptation have
previously been suggested by others. Heterothermy represents
one factor that may influence the molecular species composi-
tion of surfactant, as well as the cholesterol concentration.
Other factors include development (6, 25), disease (31), and
differences and alterations in alveolar size (14) and respiratory
rate (6, 42). The combination of all these factors ultimately
leads to differences in the composition of surfactant at the
neutral lipid, PL, and protein levels and also at the molsp PL
level enabling the surfactant to function if not optimally, at
least effectively, at all physiological variables experienced by
an animal in its daily or seasonal cycle, behavior, or develop-
ment.

Perspective

The data presented here are of significant value for compar-
ative and general physiology, as well as clinical pulmonology.
In intensive care medicine PC16:0/16:0-enriched surfactants
are still used in therapy, despite being of limited success. The
relevance of PLs other than PC16:0/16:0 to the biophysical and
immunoregulatory functions of surfactant should be an impor-
tant revision of our thinking. Hence, the data presented here
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may contribute to the future design of synthetic therapeutic
surfactants that are better adapted to clinical needs.
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5B General Building, The Queen Elizabeth Hospital, Woodville Road, Wood-
ville, SA, 5011, Australia.

GRANTS

This research was funded by the following bodies: Australian Research
Council (S. Orgeig and C. B. Daniels), the Wellcome Trust (A. D. Postle); a
Jean Gilmore Bursary from the Australian Federation of University Women,
D. R. Stranks Scholarship and University of Adelaide Research Abroad
Fellowship, the Boehringer Ingelheim Fonds Foundation Travel Fellowship
and the Society for Experimental Biology/Company of Biologists travel grants
(C. J. Lang), a BOYSCAST Fellowship (A. K. Panda), and a CIHR New
Investigator grant (K. Nag).

REFERENCES

1. Bartlett GR. Phosphorus assay in column chromatography. J Biol Chem
234: 466–468, 1959.

2. Batenburg JJ. Surfactant phospholipids: synthesis and storage. Am J
Physiol Lung Cell Mol Physiol 262: L367–L385, 1992.

3. Bernardino de la Serna J, Perez-Gil J, Simonsen AC, and Bagatolli
LA. Cholesterol rules: direct observation of the coexistence of two fluid
phases in native pulmonary surfactant membranes at physiological tem-
peratures. J Biol Chem 279: 40715–40722, 2004.

4. Bernhard W, Haagsman HP, Tschernig T, Poets CF, Postle AD, van
Eijk ME, and von der Hardt H. Conductive airway surfactant: surface-
tension function, biochemical composition, and possible alveolar origin.
Am J Respir Cell Mol Biol 17: 41–50, 1997.

5. Bernhard W, Haslam PL, and Floros J. From birds to humans: new
concepts on airways relative to alveolar surfactant. Am J Respir Cell Mol
Biol 30: 6–11, 2004.

6. Bernhard W, Hoffmann S, Dombrowsky H, Rau GA, Kamlage A,
Kappler M, Haitsma JJ, Freihorst J, von der Hardt H., and Poets CF.
Phosphatidylcholine molecular species in lung surfactant: composition in
relation to respiratory rate and lung development. Am J Respir Cell Mol
Biol 25: 725–731, 2001.

7. Bligh EG and Dyer WJ. A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37: 911–917, 1959.

8. Brackenbury AM, Malloy JL, McCaig LA, Yao LJ, Veldhuizen RAW,
and Lewis JF. Evaluation of alveolar surfactant aggregates in vitro and in
vivo. Eur Respir J 19: 41–46, 2002.

9. Chung J, Yu SH, Whitsett JA, Harding PGR, and Possmayer F. Effect
of surfactant-associated protein-A (SP-A) on the activity of lipid extract
surfactant. Biochim Biophys Acta 1002: 348–358, 1989.

10. Codd JR, Daniels CB, and Orgeig S. Thermal cycling of the pulmonary
surfactant system in small heterothermic mammals. In: Life in the Cold.
Eleventh International Hibernation Symposium, edited by Heldmeier G
and Klingenspor M. Berlin: Springer-Verlag, 2000, p. 187–197.

11. Codd JR, Schürch S, Daniels CB, and Orgeig S. Torpor-associated
fluctuations in surfactant activity in Gould’s wattled bat. Biochim Biophys
Acta 1580: 57–66, 2002.

12. Codd JR, Slocombe NC, Daniels CB, Wood PG, and Orgeig S. Periodic
fluctuations in the pulmonary surfactant system in Gould’s wattled bat
(Chalinolobus gouldii). Physiol Biochem Zool 73: 605–612., 2000.

13. Daniels CB, Lopatko OV, and Orgeig S. Evolution of surface activity
related functions of vertebrate pulmonary surfactant. Clin Exp Pharmacol
Physiol 25: 716–721, 1998.

14. Daniels CB and Orgeig S. The comparative biology of pulmonary
surfactant: past, present and future. Comp Biochem Physiol A 129: 9–36,
2001.

15. Daniels CB, Orgeig S, Sullivan LC, Ling N, Bennett MB, Schurch S,
Val AL, and Brauner CJ. The origin and evolution of the surfactant
system in fish: insights into the evolution of lungs and swim bladders.
Physiol Biochem Zool 77: 732–749, 2004.

16. Dethloff LA, Gladen BC, Gilmore LB, and Hook GER. Kinetics of
pulmonary surfactant phosphatidylcholine metabolism in the lungs of
silica-treated rats. Toxicol Appl Pharmacol 98: 1–11, 1989.

17. Discher BM, Maloney KM, Grainger DW, Sousa CA, and Hall SB.
Neutral lipids induce critical behavior in interfacial monolayers of pulmo-
nary surfactant. Biochemistry 38: 374–383., 1999.

18. Fleming BD and Keough KMW. Surface respreading after collapse of
monolayers containing lipids of pulmonary surfactant. Chem Phys Lipids
49: 81–86, 1988.

19. Fons R, Sender S, Peters T, and Jurgens KD. Rates of rewarming, heart
and respiratory rates and their significance for oxygen transport during
arousal from torpor in the smallest mammal, the Etruscan shrew Suncus
etruscus. J Exp Biol 200: 1451–1458, 1997.

20. Gibson RA and McMurchie EJ. Changes in lung surfactant lipids
associated with the sudden infant death syndrome. Aust Paediatr J 22
Suppl 1: 77–80, 1986.

21. Gross JN, Barnes E, and Narine KR. Recycling of surfactant in black
and beige mice: Pool sizes and kinetics. J Appl Physiol 64: 2017–2025,
1988.

22. Haagsman HP and Diemel RV. Surfactant-associated proteins: Func-
tions and structural variation. Comp Biochem Physiol A 129: 91–108,
2001.

22a.Hass MA and Longmore WJ. Regulation of lung surfactant cholesterol
metabolism by serum lipoproteins. Lipids 15: 401–406, 1980.

23. Ikegami M, Jobe A, and Nathanielsz PW. The labelling of pulmonary
surfactant phosphatidylcholine in newborn and adult sheep. Exp Lung Res
2: 197–206, 1981.

24. Jacobs H, Jobe A, Ikegami M, Miller D, and Jones S. Reutilization of
PC analogues by the pulmonary surfactant system. Biochim Biophys Acta
793: 300–309, 1984.

25. Johnston SD, Orgeig S, Lopatko OV, and Daniels CB. Development of
the pulmonary surfactant system in two oviparous vertebrates. Am J
Physiol Regul Integr Comp Physiol 278: R486–R493, 2000.

26. Jurgens KD, Fons R, Peters T, and Sender S. Heart and respiratory rates
and their significance for convective oxygen transport rates in the smallest
mammal, the Etruscan shrew Suncus etruscus. J Exp Biol 199: 2579–
2584, 1996.

27. Langman C, Orgeig S, and Daniels CB. Alterations in composition and
function of surfactant associated with torpor in Sminthopsis crassicaudata.
Am J Physiol Regul Integr Comp Physiol 271: R437–R445, 1996.

28. Larking PW. Cancer and low levels of plasma cholesterol: the relevance
of cholesterol precursors and products to incidence of cancer. Prev Med
29: 383–390, 1999.

29. Lopatko OV, Orgeig S, Daniels CB, and Palmer D. Alterations in the
surface properties of lung surfactant in the torpid marsupial Sminthopsis
crassicaudata. J Appl Physiol 84: 146–156, 1998.

30. Lopatko OV, Orgeig S, Palmer D, Schürch S, and Daniels CB.
Alterations in pulmonary surfactant after rapid arousal from torpor in the
marsupial Sminthopsis crassicaudata. J Appl Physiol 86: 1959–1970,
1999.

31. Mander A, Langton-Hewer S, Bernhard W, Warner JO, and Postle
AD. Altered phospholipid composition and aggregate structure of lung
surfactant is associated with impaired lung function in young children with
respiratory infection. Am J Respir Cell Mol Biol 27: 714–721, 2002.

32. Mason R, Williams MC, and Clements JA. Isolation and identification
of type II alveolar epithelial cells. Chest 67: 36S–37S, 1975.

33. Miller NJ, Postle AD, Schürch S, Schoel WM, Daniels CB, and Orgeig
S. The development of the pulmonary surfactant system in California sea
lions. Comp Biochem Physiol A 141: 191–199, 2005.

34. Notter RH, Tabak SA, Holcomb S, and Mavis RD. Postcollapse
dynamic surface pressure relaxation in binary surface films containing
dipalmitoylphosphatidylcholine. J Colloid Interface Sci 74: 370–377,
1980.

35. Orgeig S and Daniels CB. The roles of cholesterol in pulmonary surfac-
tant: insights from comparative and evolutionary studies. Comp Biochem
Physiol A 129: 75–89, 2001.

36. Ormond CJ. Coping with the Cold: Heterothermic Mammals Provide a
New Paradigm for Surfactant Composition and Function (PhD thesis).
Adelaide, Australia: University of Adelaide, 2004.

37. Paananen R, Postle AD, Clark G, Glumoff V, and Hallman M.
Eustachian tube surfactant is different from alveolar surfactant: determi-
nation of phospholipid composition of porcine eustachian tube lavage
fluid. J Lipid Res 43: 99–106, 2002.

38. Piknova B, Schram V, and Hall SB. Pulmonary surfactant: phase
behavior and function. Curr Opin Struct Biol 12: 487–494, 2002.

R1438 PULMONARY SURFACTANT IN HETEROTHERMIC MAMMALS

AJP-Regul Integr Comp Physiol • VOL 289 • NOVEMBER 2005 • www.ajpregu.org

 on N
ovem

ber 14, 2007 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org


39. Possmayer F. Physiochemical aspects of pulmonary surfactant. In: Fetal
and Neonatal Physiology (3rd ed.), edited by Polin RA, Fox WW, and
Abman SH. Philadelphia: W. B. Saunders, 2004, p. 1014–1034.

40. Possmayer F, Nag K, Rodriguez K, Qanbar R, and Schurch S. Surface
activity in vitro: role of surfactant proteins. Comp Biochem Physiol A 129:
209–220, 2001.

41. Postle AD, Heeley EL, and Wilton DC. A comparison of the molecular
species compositions of mammalian lung surfactant phospholipids. Comp
Biochem Physiol A 129: 65–73, 2001.

42. Rau GA, Veiten G, Haitsma JJ, Freihorst J, Poets CF, Benno MU, and
Bernhard W. Surfactant in newborn compared to adolescent pigs: Adap-
tation to neonatal respiration. Am J Respir Cell Mol Biol 30: 694–701,
2004.

43. Rau GA, Vieten G, Haitsma JJ, Freihorst J, Poets CF, Ure BM, and
Bernhard W. Surfactant in newborn compared to adolescent pigs: adap-
tation to neonatal respiration. Am J Respir Cell Mol Biol 30: 694–701,
2004.

44. Rodriguez-Capote K, Nag K, Schurch S, and Possmayer F. Surfactant
protein interactions with neutral and acidic phospholipid films. Am J
Physiol Lung Cell Mol Physiol 281: L231–L242, 2001.

45. Schief WR, Antia M, Discher BM, Hall SB, and Vogel V. Liquid-
crystalline collapse of pulmonary surfactant monolayers. Biophys J 84:
3792–3806, 2003.

46. Slocombe NC, Codd JR, Wood PG, Orgeig S, and Daniels CB. The
effect of alterations in activity and body temperature on the pulmonary
surfactant system in the lesser long-eared bat Nyctophilus geoffroyi. J Exp
Biol 203: 2429–2435, 2000.

47. Somero GN. Proteins and temperature. Annu Rev Physiol 57: 43–68,
1995.

48. Spragg RG, Ponganis PJ, Marsh JJ, Rau GA, and Bernhard W.
Surfactant from diving aquatic mammals. J Appl Physiol 96: 1626–1632,
2004.

49. Sullivan LC, Daniels CB, Phillips ID, Orgeig S, and Whitsett JA.
Conservation of surfactant protein A: Evidence for a single origin for
vertebrate pulmonary surfactant. J Mol Evol 46: 131–138, 1998.

50. Valdes-Dapena M. A pathologist’s perspective on possible mechanisms
in SIDS. Ann NY Acad Sci 533: 31–36, 1988.

51. Wright SM, Hockey PM, Enhorning G, Strong P, Reid KB, Holgate
ST, Djukanovic R, and Postle AD. Altered airway surfactant phospho-
lipid composition and reduced lung function in asthma. J Appl Physiol 89:
1283–1292, 2000.

R1439PULMONARY SURFACTANT IN HETEROTHERMIC MAMMALS

AJP-Regul Integr Comp Physiol • VOL 289 • NOVEMBER 2005 • www.ajpregu.org

 on N
ovem

ber 14, 2007 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org

