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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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