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Abstract

Small birds in cold climates may show within-winter metabolic flexibility to match metabolic capacities to prevailing
weather conditions. This flexibility may occur over periods of days to weeks, but the underlying mechanisms for such flex-
ibility are not well understood. Because lipids are the primary fuel for sustained thermogenesis, we examined whether lipid
transport and catabolism can mediate within-winter metabolic flexibility in two small temperate-zone wintering passerine
birds, dark-eyed juncos (Junco hyemalis) and house sparrows (Passer domesticus). We used simple and multiple regression
analyses to test for correlations of several lipid transporters in pectoralis muscle (plasma membrane-bound and cytosolic
fatty acid-binding proteins, FABP; fatty acyl translocase, FAT/CD36) and regulatory enzymes (carnitine acyl transferase,
CPT; p-hydroxyacyl CoA dehydrogenase, HOAD) in pectoralis and heart with short-term (ST, 0-7 days), medium-term (MT,
14-30 days) and long-term (LT, 30-year mean daily and extreme minimum temperatures, day of winter season) tempera-
ture variables. We hypothesized negative correlations between these regulators and temperature variables. Juncos showed
negative correlations for FABPs with ST or MT temperature variables, but other lipid transporters and regulatory enzymes
showed positive correlations with ST or MT temperatures for juncos, suggesting no consistent pathway-wide response to
within-winter temperatures. LT temperature variables showed several significant associations with lipid transporters and
enzymes for juncos, but also not in consistent directions. House sparrows showed the expected negative correlations with
LT temperatures for FABPpm, but positive correlations with temperature variables for FABPc, CPT and HOAD. Different
species-specific patterns of variation and the absence of consistent pathway-wide responses to temperature suggest that the
lipid transport and catabolism pathway is not a uniform mediator of within-winter metabolic flexibility among small birds.
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Introduction

Communicated by F. Geiser. Small birds inhabiting cold winter climates exhibit flexible
seasonal metabolic phenotypes to better match phenotypes
to prevailing weather conditions. One prominent aspect of
this seasonal metabolic flexibility is a winter increase in
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typically acts to elevate M, during cold winters or during
cold periods within winters (Swanson and Olmstead 1999;
Petit et al. 2013; Dubois et al. 2016).

Thermogenesis in adult birds is accomplished primar-
ily, if not exclusively, through shivering in skeletal mus-
cles (Hohtola 1982; Marsh and Dawson 1989), so winter
increases in organismal M, are a product of the muscles,
such that changes in thermogenic capacity are associated
with changes in muscular performance (i.e., aerobic capac-
ity). Two primary options are available to elevate muscular
thermogenic performance, increases in muscle size and/
or increases in cellular aerobic metabolic intensity, with
supply of substrates and oxygen to shivering muscles also
potentially contributing to variation in thermogenic perfor-
mance (Marsh and Dawson 1989; Swanson 2010). Winter
increases in the size of muscles, particularly the pectoralis
muscle, and heart are consistent contributors to the winter
phenotype and are positively correlated with variation in
M., (Swanson and Vézina 2015; but see Milbergue et al.
2018). Nevertheless, neither the size of pectoralis muscles
or heart nor expression patterns of the myostatin system (a
pathway involved in regulation of muscle size; Lee 2004;
Rogers and Garikipati 2008) varied consistently with short-
term (0-7 days), medium-term (14-30 days), or long-term
(30-year averages) temperature variables in dark-eyed juncos
(Junco hyemalis) and house sparrows (Passer domesticus),
suggesting that within-winter variation in M, is not pri-
marily accomplished via changes in muscle or heart masses
in these species (Swanson et al. 2017).

Indices of pectoralis muscle or heart cellular aerobic
metabolic capacity (usually measured by citrate synthase or
cytochrome c oxidase activities) are less consistently associ-
ated with seasonal M, variation, with some cold-climate
wintering small birds showing winter increases or increases
with cold acclimation, and others not (American goldfinch,
Spinus tristis, Marsh and Dawson 1982; Yacoe and Dawson
1983; house finch, Haemorhous mexicanus, O’ Connor 1995;
black-capped chickadee, Poecile atricapillus, white-breasted
nuthatch, Sitta carolinensis, and house sparrow, Liknes and
Swanson 2011; rufous-collared sparrow, Zonotrichia capen-
sis, Pefia-Villalobos et al. 2014; hwamei, Garrulax canorus,
Zhou et al. 2016). In addition, transcriptomic studies of pec-
toralis muscles of passerine birds show that some pathways
associated with cellular aerobic metabolic capacity (e.g.,
Krebs cycle, oxidative phosphorylation) may be upregu-
lated in winter or with cold acclimation, but again, variation
among species of passerine birds is evident (Stager et al.
2015; Cheviron and Swanson 2017). Within-winter varia-
tion in pectoralis and heart citrate synthase (a key regulatory
enzyme of the Krebs cycle) was not strongly or consistently
correlated with short-, medium- or long-term temperature
variables in dark-eyed juncos and house sparrows (Swan-
son et al. 2017). These data suggest that cellular aerobic

@ Springer

metabolic capacity, at least as measured by citrate synthase
activity, is also not a prominent driver of within-winter vari-
ation in organismal M, .

Prolonged exercise and shivering in birds are primarily
fueled by catabolism of lipids from adipose tissue (McWil-
liams et al. 2004; Vaillancourt et al. 2005; Vaillancourt and
Weber 2007). Because the lipid transport and catabolism
pathways from adipose tissue to the mitochondrial matrix
involve several steps, theoretically any of these steps could
limit overall lipid catabolic capacity (Guglielmo 2010).
Limits to lipid transport to the mitochondrion and catabo-
lism within the mitochondrial matrix could thus poten-
tially limit organismal exercise or thermogenic capacities
(Dawson et al. 1983; Guglielmo 2010). Many aspects of
pectoralis lipid catabolism and transport increase consist-
ently with migration in birds, namely transport across
muscle plasma membrane via fatty acyl translocase (FAT/
CD36) and plasma membrane fatty acid-binding protein
(FABPpm), and intramyocyte transport via cytosolic fatty
acid-binding protein (FABPc) (Guglielmo 2010). Trans-
port across the pectoralis mitochondrial membrane by car-
nitine acyl transferase (Driedzic et al. 1993, semipalmated
sandpiper, Calidris pusilla; Guglielmo et al. 2002, western
sandpiper, Calidris mauri; McFarlan et al. 2009, white-
throated sparrow, Zonotrichia albicollis; but see Zhang
et al. 2015a, house sparrow) and catabolism within the
mitochondrial matrix via -oxidation (often measured by
p-hydroxyacyl coA dehydrogenase (HOAD) activity) (see
Dawson et al. 1983; Guglielmo 2010; Swanson 2010 for
reviews) also often, although not always, increase with
migration in a variety of small birds. Some of these same
steps are upregulated during winter for birds wintering
in cold climates, but such seasonal variation appears less
consistent than that for migration (Guglielmo 2010; Swan-
son and Vézina 2015). Pectoralis FABPpm and FABPc
(black-capped chickadee and white-breasted nuthatch,
Liknes et al. 2014; American goldfinch, house sparrow,
Zhang et al. 2015b, ¢) and HOAD (American goldfinch,
Marsh and Dawson 1982; Yacoe and Dawson 1983; Zhang
et al. 2015b; black-capped chickadee, Liknes and Swan-
son 2011) often, although not always (house finch, Carey
et al. 1989; O’Connor 1995; black-capped chickadee,
house sparrow, Zhang et al. 2015b, c), increase with win-
ter acclimatization or cold acclimation in a variety of pas-
serine bird species. Pectoralis mitochondrial membrane
lipid transport (measured as carnitine acyl-CoA transferase
activity), however, shows little evidence for seasonal vari-
ation associated with the winter phenotype (Zhang et al.
2015b, c). Transcriptomic studies revealed that the fatty
acid metabolism pathway was upregulated during cold
acclimation in dark-eyed juncos (Stager et al. 2015) and
during winter relative to summer for black-capped chick-
adees, but not for American goldfinches (Cheviron and
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Swanson 2017). Thus, some steps in lipid transport and
catabolism might be expected to vary with temperature to
help promote within-winter metabolic flexibility in birds.

In the present study, we measured protein expression
throughout the winter season for several key lipid transport-
ers (FABPpm, FAT/CD36, and FABPc) in pectoralis mus-
cles of dark-eyed juncos and house sparrows (P. domesticus).
We also measured enzyme activities in pectoralis and heart
for carnitine palmitoyl transferase (CPT, transport across the
mitochondrial membranes) and HOAD as indices of mito-
chondrial lipid transport and catabolism capacities in these
same two species. Both of these study species winter in cold-
temperate climates and show seasonal variation in summit
metabolic rates (Swanson 1990; Arens and Cooper 2005)
and aspects of fat transport and catabolism (Swanson 1991;
Liknes and Swanson 2011; Zhang et al. 2015b). In addition,
within-winter variation in M, has also been documented
for juncos (Swanson and Olmstead 1999). We used simple
and multiple regression analyses to test for correlations of fat
transport and catabolism indices with short-term (0-7 days),
medium-term (14-30 days) and long-term (30-year aver-
ages) temperature variables. We hypothesized that values
for the different indices would increase in response to cold
periods during the winter to help mediate winter adjustments
in M, in response to temperature variation, although we
do not expect that all indices will vary with temperatures on
a similar time frame for the two study species.

Materials and methods
Bird collection and tissue dissection

We collected birds in the morning (0700-1100 CST) dur-
ing winters of 2010-2011 (9 December—26 February)
and 2011-2012 (6 December—22 February) near Vermil-
lion, Clay County, South Dakota (approximate latitude
42°50'N). We collected totals of 38 dark-eyed juncos (18
in 2010-2011 and 20 in 2011-2012) and 35 house spar-
rows (14 in 2010-2011 and 21 in 2011-2012) over the two
winters. Upon capture, we weighed birds to the nearest 0.1 g
on an Ohaus Model LS200 (Parsippany, NJ 07054, USA)
top-loading balance, wing chord to the nearest 0.5 mm on
a wing ruler, and tarsus length to the nearest 0.1 mm with
calipers. Within 1 h of capture, we transported birds back
to the laboratory (< 15 min transport time) where we eutha-
nized birds by cervical dislocation followed by immediate
dissection of pectoralis muscle and heart on ice. After dis-
section, we immediately immersed tissues in liquid nitrogen
for flash-freezing and stored tissues frozen at — 70 °C until
later assays, which we conducted between 30 and 38 months
from sample collection.

Enzyme assays

We conducted enzyme assays for pectoralis and heart CPT
(EC2.3.1.21) and HOAD (EC 1.1.1.35) activities according
to Zhang et al. (2015a). Briefly, after we removed tissues
from storage we excised small samples while tissues were
still frozen, minced samples on ice, and weighed them to the
nearest 0.1 mg. We next homogenized samples in 10-40 vol-
umes ice-cold homogenizing buffer (see below) on a Tekmar
Model SDT-1810 Tissumizer (Cincinnati, OH, USA). Fol-
lowing mechanical homogenization, we sonicated tissues on
ice for three 10-s periods with 30 s between sonication treat-
ments. The homogenizing buffer for CPT contained 10 mM
Tris (hydroxyl-methyl) aminomethane and 1 mM EDTA at
pH 7.5 (Guglielmo et al. 2002). The HOAD homogenizing
buffer consisted of 100 mM phosphate and 2 mM EDTA at
pH 7.3 (Liknes and Swanson 2011).

We conducted spectrophotometric assays at 39 °C to
measure activities for both enzymes with a Beckman DU
7400 spectrophotometer (Beckman Coulter, Fullerton, CA,
USA). We used wavelengths of 412 nm and 340 nm for CPT
and HOAD assays, respectively. The buffer for CPT assays
contained 50 mM Tris buffer at pH 8.0, with 5 mM carnitine,
0.15 mM DTNB, 0.035 mM palmitoyl CoA, and 10 pL of
homogenate in 1 mL total volume (Guglielmo et al. 2002).
The assay buffer for HOAD contained 100 mM triethan-
olamine-HCl, 5 mM EDTA, 0.225 mN NADH,, 0.1 mM
acetoacetyl CoA and 5 pL of homogenate in 1.0 mL total
volume at pH 7.0. For both assays, we measured background
activity for 2-3 min before addition of the substrate to initi-
ate the reaction, and continued measurements for 7-8 min
after substrate addition. We subtracted background activity
from reaction rates after the addition of substrate to calculate
enzyme reaction rates. We conducted duplicate samples for
each individual tissue and used the average in subsequent
analyses. We report all enzyme activities as mass-specific
values (WM min~! g wet tissue mass ™).

Western blots

We conducted western blots to determine protein expression
levels in pectoralis muscle of the two study species using
antibodies for FAT/CD36, FABPpm and FABPc according
to the methods of Zhang et al. (2015a). Briefly, we removed
pectoralis samples from the tissue while it was still frozen
and sonicated samples on ice, as previously described, in
a sonication buffer of 50 mM Tris, 100 mM NaCl, and 2%
SDS at pH 7.5. After sonication, we decanted supernatants
from homogenates for analysis with a WesternBreeze kit
(Invitrogen, Carlsbad, CA, USA). We used a modified DC
Lowry assay to determine protein concentrations and loaded
20 pg protein from homogenates into each well for SDS-
polyacrylamide gel electrophoresis to separate proteins. We
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probed protein blots with primary antibodies for FAT/CD36
(rabbit polyclonal; from C.G. Guglielmo, 1:8000 dilution),
FABPpm (rabbit polyclonal; from C.G. Guglielmo, 1:10,000
dilution) and FABPc (rabbit polyclonal; from C.G. Gug-
lielmo, 1:8000 dilution; McFarlan et al. 2009) and GAPDH
(chicken polyclonal, Millipore, Temecula, CA, USA). We
then washed membranes with TBS-T and incubated them
with horseradish peroxidase-conjugated secondary antibod-
ies; anti-rabbit (1:2000 dilution; Santa Cruz Biotechnology,
Dallas, TX, USA) for FAT/CD36, FABPpm and FABPc,
and anti-chicken (1:1500 dilution; Abcam, Cambridge, MA,
USA) for GAPDH. We used the ECL Plus Western Blotting
Detection System (GE Healthcare, Buckinghamshire, UK)
for visualizing blots and a VersaDoc 3000 Molecular Imager
(Bio-Rad, Hercules, CA, USA) to capture chemiluminescent
images to quantify protein levels. We divided protein expres-
sion values for FAT/CD36, FABPpm and FABPc by protein
expression values for GAPDH (as a housekeeping protein)
and used these values corrected for GAPDH expression in
subsequent analyses.

Statistical analyses

We present data as mean + SE unless otherwise indicated.
Mean temperatures for Vermillion, Clay County, SD, were
colder during the 2010-2011 winter than the 2011-2012
winter (Swanson et al. 2017). Mean December—February
daily average temperatures were — 8.8 °C for 2010-2011
and —3.2 °C for 2011-2012. Similarly, mean Decem-
ber—February daily minimum temperatures were — 14.3 °C
for 2010-2011 and —9.2 °C for 2011-2012 (South Dakota
Office of Climatology, http://climate.sdstate.edu/climate_
site/archive_data.htm). Consequently, we compared mean
values for enzyme activities and protein expression for each
of the two study species between the two winters with Stu-
dent’s ¢ test or Mann—Whitney U test, if parametric assump-
tions were not met.

We used simple and multiple (forward-stepwise) regres-
sion analyses to analyze the effects of temperature vari-
ables on enzyme activities and protein expression for both
study species according to Swanson and Olmstead (1999)
and Swanson et al. (2017). Temperature variables for the
regression analyses included short-term (ST; running means
for daily minimum and daily average temperatures for O-,
1-, 3-, 5- and 7-day periods prior to capture), medium-term
(MT; 14- and 30-day running means), and long-term [LT;
30-year means for daily average and minimum temperature,
extreme minimum temperature for the day of capture, and
day of winter season (1 =1 December)] temperature vari-
ables. We obtained daily temperature data for Vermillion,
Clay County, South Dakota from the South Dakota Office
of Climatology, http://climate.sdstate.edu/climate_site/archi
ve_data.htm). We first conducted simple linear regression
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analyses of enzyme activities and protein expression against
all ST, MT and LT temperature variables. Following Swan-
son et al. (2017), we did not adjust a-levels for multiple sim-
ple regression tests because such tests may be too conserva-
tive in detecting significant results (Moran 2003; Nakagawa
2004) and because the pattern of P value variation around
the most significant variables was always consistent and in
the same direction (e.g., if a 3-day variable showed the high-
est P value and a negative trend, other ST temperature vari-
ables showed similar negative relationships and ST variables
had lower P values than MT variables).

If more than one temperature variable gave significant
results for simple linear regression analyses, we used for-
ward-stepwise multiple regression analyses (Swanson and
Olmstead 1999; Swanson et al. 2017) to detect which tem-
perature variables were the best predictors of variation in
enzyme activities or protein expression. We considered P
values <0.05 as significant. We conducted all analyses with
SigmaStat Version 3.5 (Systat, Point Richmond, CA, USA).

Results
Between-winter comparisons

Dark-eyed juncos showed significantly greater pectora-
lis protein expression for FABPpm and FABPc in the
colder winter of 2010-2011 than in the warmer winter of
2011-2012 (Fig. 1), but FAT/CD36 protein expression did
not vary significantly between winters. Enzyme activities,
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Fig. 1 Winter-to-winter variation in protein expression for pectoralis
sarcolemmal lipid transporters, fatty acyl translocase (FAT/CD36)
and plasma membrane fatty acid-binding protein (FABPpm), and
cytosolic fatty acid-binding protein (FABPc) for dark-eyed juncos and
house sparrows. Temperatures during the winter of 2010-2011 aver-
aged approximately 5 °C colder than in 2011-2012. Asterisks indi-
cate significant differences between winters
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Fig.2 Winter-to-winter variation in pectoralis (pec) and heart
enzyme activities for carnitine palmitoyl transferase (CPT) and
B-hydroxyacyl CoA dehydrogenase (HOAD) for dark-eyed juncos and
house sparrows. Temperatures during the winter of 2010-2011 aver-
aged approximately 5 °C colder than in 2011-2012. Asterisks indi-
cate significant differences between winters

however, showed the opposite trend for juncos with CPT and
HOAD activities in both pectoralis and heart being higher
during the warmer winter of 2011-2012 than the colder
winter of 2010-2011 (Fig. 2). House sparrows showed sig-
nificant between-winter differences in pectoralis FABPc
protein expression and pectoralis and heart CPT activities,
with higher values during the warmer winter of 2011-2012
(Figs. 1, 2). Pectoralis protein expression for FAT/CD36 and
FABPpm, and pectoralis and heart HOAD activities, how-
ever, did not vary significantly between winters for house
sparrows (Figs. 1, 2).

Temperature effects on pectoralis protein
expression

Both pectoralis FABPpm and FABPc showed significant
negative correlations with short- and medium-term tem-
perature variables for dark-eyed juncos, with medium-term
temperatures showing the strongest correlations (Table 1).
The only long-term temperature variable showing significant
correlations with pectoralis FABPs for simple regression

Table 1 Pearson correlation coefficients for significant temperature variables in simple regressions of pectoralis protein expression from western blots for membrane-bound (FABPpm and FAT/

CD36) and cytosolic (FABPc) fat transporters vs. short-, medium- and long-term temperature variables
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analyses was LT Avg for FABPc, which showed a positive
correlation (Table 1). Multiple regression analyses identi-
fied 14-day Low (AR>=0.491) and LT Avg (AR?>=0.189)
temperature variables as significant predictors for FABPpm
and 30-day Avg (AR?>=0.263), LT Avg (AR*>=0.146), 7-day
Avg (AR*=0.137) and 3-day Low (AR?=0.065) as signifi-
cant predictors for FABPc (Fig. 3). Pectoralis FAT/CD36 in
juncos showed different relationships with temperature vari-
ables than the FABPs, with 0-day and LT Min temperature
variables being the only significant correlations for simple
regression analyses, and the relationship was positive for
both of these temperature variables. Multiple regression
analyses identified 0-day Avg (AR*>=0.247) and 5-day Low
(AR*=0.142) as the only significant predictors of FAT/
CD36 protein expression for juncos (Fig. 3).

House sparrow pectoralis fat transporters, in general,
showed less variability in response to temperature than
juncos. Pectoralis FABPpm for sparrows was significantly
correlated only with long-term temperature variables, with
both LT Min and LT Avg showing negative relationships
with FABPpm (Table 1). In contrast, sparrow pectoralis

0.8

Junco

0.6

0.4

0.2

Cumulative Partial R?

0.0 -

0.6

Sparrow
mmmm Short-term
mmm Medium-term
mmmm | ong-term

0.5 {

0.4 1

0.3 1

0.2 {

Cumulative Partial R?

0.1 1

0.0 -

FABPc

FABPpm FAT/CD36

Fig.3 Cumulative partial R? values for forward-stepwise multiple
regression of short-term (0-7 days), medium-term (14-30 days), and
long-term (30-year averages and day of winter season) temperature
variables vs. pectoralis lipid transporter [fatty acyl translocase (FAT/
CD36), plasma membrane fatty acid-binding protein (FABPpm),
and cytosolic fatty acid-binding protein (FABPc)] protein expression
for dark-eyed juncos and house sparrows. The zero value for FAT/
CD36 for house sparrows occurred because no temperature variables
showed significant correlations
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FABPc showed significant correlations only with medium-
term temperature variables and those relationships were
positive (Table 1). Multiple regression analyses identi-
fied only LT Min as a significant predictor of pectoralis
FABPpm protein expression (Fig. 3). Sparrow pectoralis
FABPc, however, showed several significant predictors of
protein expression in multiple regression analyses, with
30-day Avg (AR>=0.271), 0-day Low (AR?>=0.094), day
of winter season (AR2 =0.085), 30-day Low (AR2 =0.0609),
and LT Avg (AR*=0.061) all serving as significant predic-
tors of FABPc protein expression (Fig. 3). Pectoralis FAT/
CD36 was not significantly correlated with any temperature
variables for either simple or multiple regression analyses
in house sparrows.

Temperature effects on pectoralis and heart enzyme
activities

Pectoralis CPT activity in juncos was significantly posi-
tively correlated with medium-term temperature variables
and significantly negatively correlated with day of winter
season, with 30-day Avg showing the strongest relationship
(Table 2). Multiple regression analyses identified 30-day
Avg (AR*=0.537), LT Avg (AR*=0.144), and 30-day Low
(AR*=0.034) as significant predictors of pectoralis CPT
activity in juncos (Fig. 4). CPT activity in junco heart was
significantly positively correlated with short- and medium-
term temperature variables, with 30-day Avg showing the
strongest correlation (Table 2). Multiple regression analyses
identified only 30-day Avg as a significant predictor of heart
CPT activity in juncos (AR?=0.423, Fig. 4).

Junco pectoralis HOAD activity was positively correlated
with medium-term temperature variables and negatively cor-
related with day of winter season (Table 2). Multiple regres-
sion analyses identified 30-day Avg (AR*>=0.389), 1-day
Low (AR*=0.105), and 30-day Low (AR*>=0.069) as sig-
nificant predictors of pectoralis HOAD activity in juncos
(Fig. 4). HOAD activity in junco heart was positively cor-
related with short- and medium-term temperature variables,
with 7-day Avg providing the strongest correlation (Table 2).
Significant predictors of junco heart HOAD activity in mul-
tiple regression analyses included 7-day Avg (AR?=0.163)
and 5-day Avg (AR?=0.119) temperature variables (Fig. 4).

House sparrow pectoralis CPT activity showed positive
correlations with short- and medium-term temperature
variables in simple regressions, with 30-day Avg showing
the strongest correlation (Table 2). Significant predic-
tors of pectoralis CPT activity in house sparrows iden-
tified by multiple regression analyses included 14-day
Avg (AR>=0.317), LT Avg (AR?>=0.117), 7-day Low
(AR?>=0.113) and 0-day Avg (AR?>=0.085) (Fig. 4).
For heart CPT activity in sparrows, simple regression
analyses showed significant positive relationships with
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Fig.4 Cumulative partial R?> values for forward-stepwise multiple
regression of short-term (0-7 days), medium-term (14-30 days), and
long-term (30-year averages and day of winter season) temperature
variables vs. pectoralis (Pec) and heart (Hrt) enzyme activities for
carnitine palmitoyl transferase (CPT) and p-hydroxyacyl CoA dehy-
drogenase (HOAD) for dark-eyed juncos and house sparrows

short- and medium-term temperature variables, with
30-day Avg showing the strongest correlation, and a sig-
nificant negative relationship with day of winter season
(Table 2). Multiple regression analyses identified 30-day
Avg (AR?*=0.637), 30-day Low (AR?>=0.091) and LT
Avg (AR*=0.052) as significant predictors of heart CPT
activity in sparrows (Fig. 4).

Temperature variables were relatively poor predictors
of HOAD activity for both pectoralis and heart in spar-
rows. Pectoralis HOAD activity in sparrows showed sig-
nificant positive relationships only with LT Min and LT
Avg temperatures (Table 2). Only LT Min (AR?=0.209)
remained in the model as a significant predictor of pec-
toralis HOAD activity for multiple regression (Fig. 4).
Only short-term temperature variables were significantly
correlated with heart HOAD activity for sparrows, with
both 5-day Low and 5-day Avg temperatures positively
associated with HOAD activity (Table 2). The only tem-
perature variable retained in the multiple regression
model for sparrow heart HOAD activity was 5-day Low
(AR*=0.151, Fig. 4).

@ Springer

Discussion

Small birds can respond to acute (days to weeks) tem-
perature variation within winters by modifying metabolic
capacities (Swanson and Olmstead 1999; Petit et al. 2013;
Dubois et al. 2016). This within-winter variation in meta-
bolic capacity, however, is apparently not driven primarily
by changes in muscle size or cellular metabolic intensity
(Swanson et al. 2017), despite the importance of these fac-
tors for seasonal metabolic flexibility (Marsh and Dawson
1989; Swanson and Vézina 2015; but see Milbergue et al.
2018). Consequently, Swanson et al. (2017) suggested that
within-winter variation in lipid transport and catabolism
might be a candidate for promoting within-winter meta-
bolic flexibility, given the importance of such variation
for seasonal and migratory acclimatization in birds (see
Marsh and Dawson 1989; Guglielmo 2010; Swanson 2010
for reviews). We addressed this possibility in the present
study by examining correlations of short-, medium- and
long-term temperature variables with key regulators of
lipid transport and catabolism in two species of north-
temperate resident passerines, dark-eyed juncos and house
sparrows. If variation in lipid transport and catabolism
promotes within-winter variation in metabolic capacities,
we predicted an upregulation of key regulators of lipid
transport and catabolism in response to cold. Responses
of these key regulators of lipid transport and catabolism to
temperatures were varied, with some showing the expected
correlations and others not. Similarly, winter-to-winter
variation between the colder winter of 2010-2011 and the
warmer winter of 2011-2012 differed among regulators
of lipid transport and metabolism, with some being higher
during the colder winter and some showing the opposite
pattern or not differing significantly between winters.
For juncos, pectoralis fatty acid-binding proteins
(both plasma membrane and cytosolic forms) showed the
expected negative correlations with short- and medium-
term temperature variables, but other fat transporters and
catabolic enzymes did not. Protein expression of pecto-
ralis fatty acid-binding proteins was also higher during
the colder winter of 2010-2011, but other regulators of
lipid transport and catabolism did not show this trend for
juncos. House sparrows showed a positive correlation
of FABPc with medium-term temperature variables and
although FABPpm was negatively related to temperature,
it responded only to long-term temperature variables.
In addition, responses of the fatty acid-binding proteins
in sparrows were generally weaker than those for jun-
cos. Other regulators of lipid transport and catabolism
for house sparrows were not negatively correlated with
temperature variables. In addition, none of the regulators
of lipid transport and catabolism showed higher levels
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during the colder winter for house sparrows, suggesting
that regulation of lipid metabolism does not play a key
role in promoting winter-to-winter metabolic variation in
this species. Thus, the data in the present study offer only
partial support for our hypothesis and only for juncos.
Nevertheless, the data suggest that the fatty acid-binding
proteins may be among the most significant contributors
to within-winter metabolic flexibility in dark-eyed juncos.

The timing of FABP variation for juncos, where 14- to
30-day temperature variables gave the strongest correla-
tions and medium-term temperatures were the dominant
effector of partial R? in multiple regressions, fits well with
temporal trends in within-winter metabolic variation, which
also responded most strongly to 14- to 30-days tempera-
ture variables (Swanson and Olmstead 1999). Pectoralis
FABPc protein expression also responded most strongly to
medium-term temperature variables in house sparrows, but
the increased expression occurred under warmer tempera-
tures, and this pattern was not evident for FABPpm, where
significant correlations only occurred in response to long-
term average temperatures. These data suggest a prominent
role for pectoralis fatty acid-binding proteins, particularly
FABPc, in mediating within-winter metabolic flexibility in
juncos, but not house sparrows.

Among the key regulators of lipid transport and catabo-
lism, FABPc may show the most consistent variation with
the increasing energy demands associated with migration or
cold winters. Pectoralis FABPc mRNA or protein expres-
sion (or both) increases during migration in barnacle geese
(Branta leucopsis; Pelsers et al. 1999), western sandpipers
(Guglielmo et al. 2002), white-throated sparrows (McFar-
lan et al. 2009), and during either spring or fall migration
in warbling vireos (Vireo gilvus), and yellow (Setophaga
petechia) and yellow-rumped (Setophaga coronata) warblers
(Zhang et al. 2015a). Exposure to migratory photoperiods
also increased FABPc mRNA and protein expression in pec-
toralis of white-throated sparrows (Zajac et al. 2011). How-
ever, white-crowned sparrows (Zonotrichia leucophrys) did
not show significant variation in pectoralis FABPc mRNA
in response to exposure to migratory photoperiod, although
values were higher than those for birds on winter photoperi-
ods (Price et al. 2010). Pectoralis FABPc levels were also
higher in winter than in summer for black-capped chicka-
dee and white-breasted nuthatch, but not for house sparrow
(Liknes et al. 2014), and winter FABPc protein expression
was higher in black-capped chickadee and American gold-
finch, although the difference was significant only for gold-
finches (Zhang et al. 2015b). House sparrows also showed
significant increases in pectoralis FABPc protein expression
with both exercise and cold training (Zhang et al. 2015c¢).
Finally, pectoralis FABPc protein expression varied with
exposure of dark-eyed juncos to cold and day length, with
elevated values under cold/long-day photoperiod and warm/

short-day photoperiods, suggesting an interaction between
temperature and photoperiod in the regulation of FABPc
expression in pectoralis (Zhang et al. 2018). Thus, the find-
ing in the present study that pectoralis FABPc in dark-eyed
juncos was the most consistently related to medium-term
temperature variation fits the general pattern of upregula-
tion of pectoralis FABPc with increasing energy demands
in birds.

Variation in the sarcolemmal lipid transporters FABPpm
and FAT/CD36 in pectoralis in response to increasing
energy demands in birds is less consistent than that for the
intramyocyte lipid transporter FABPc. Increases in protein
or mRNA expression of one or both pectoralis sarcolemmal
lipid transporters occur during migration, or with exposure
to migratory photoperiods, in a number of species (McFarlan
et al. 2009; Zajac et al. 2011; Zhang et al. 2015a), but not
in others (Price et al. 2010; Zhang et al. 2015a). Pectoralis
FABPpm, but not FAT/CD36, protein expression increased
in winter relative to summer for black-capped chickadees,
but American goldfinches showed winter increases in pec-
toralis protein expression for FAT/CD36, but not FABPpm
(Zhang et al. 2015b). Exercise and cold training in house
sparrows resulted in significant increases in pectoralis FAT/
CD36, but not FABPpm, protein expression (Zhang et al.
2015c¢). Finally, exposure to cold and short days elevated
FAT/CD36 protein expression in pectoralis of dark-eyed
juncos, but pectoralis FABPpm protein expression was
highest on cold/long days and warm/short days, so the two
sacrolemmal lipid transporters showed differing responses to
temperature and photoperiod for juncos (Zhang et al. 2018).
The varied responses of the pectoralis sarcolemmal lipid
transporters to within-winter temperature variation in the
two species in the present study is thus consistent with the
variable responses of these transporters to changing energy
demands in birds generally, and suggest that these transport-
ers are not uniform targets for driving within-winter meta-
bolic flexibility across passerine birds.

Further potential limiting steps to lipid catabolic capaci-
ties and organismal summit metabolic rates include transport
of fatty acids across the mitochondrial membranes by car-
nitine acyl transferases and catabolism of fatty acids within
the mitochondrion via the f-oxidation pathway (Guglielmo
2010). Neither CPT nor HOAD (proxies for mitochondrial
membrane transport and f-oxidation capacities) activities in
pectoralis and heart were significantly negatively associated
with temperature variables, as we initially hypothesized, for
the two species in present study. In addition, activities for
both of these enzymes were significantly higher or tended to
be higher during the warmer winter of 2011-2012 than the
colder winter of 2010-2011, which is also inconsistent with
our hypothesis. The absence of a clear negative relation-
ship with temperature variables for CPT and HOAD sug-
gests that these enzymes are not regulators of within-winter
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pectoralis and heart lipid catabolic capacity or organismal
metabolic capacity. Such a conclusion adds to a growing
body of evidence suggesting varied and inconsistent roles
for these enzymes in promoting increases in lipid catabolic
capacity with increasing energy demands in birds.

Pectoralis CPT activity increases with migratory condi-
tion in some species (Driedzic et al. 1993; Guglielmo et al.
2002; McFarlan et al. 2009; Zajac et al. 2011), but not in
other species (Price et al. 2010; Zhang et al. 2015a). Price
et al. (2010) documented lower pectoralis CPT activity in
exercised birds in winter than in birds stimulated to migra-
tory condition by long days, but non-exercised winter birds
showed intermediate levels, not significantly different from
other groups, suggesting that exercise actually reduced CPT
activity in winter. Moreover, Zhang et al. (2015b) detected
no summer to winter increase in pectoralis or heart CPT
activity for black-capped chickadees and American gold-
finches, with a tendency toward lower values in winter for
both tissues for goldfinches. In addition, neither cold nor
exercise training significantly influenced pectoralis or heart
CPT activities in house sparrows (Zhang et al. 2015c). The
inconsistent patterns of pectoralis and heart CPT variation
with increasing energy demands in birds, coupled with the
absence of negative associations with temperature in the
present study, suggest that an increase in CPT activity is not
a regular component of the winter phenotype in passerine
birds.

Patterns of pectoralis HOAD variation with increasing
energy demands in birds are also varied, with increases with
migratory condition or winter/cold exposure in some species
but not in others (see Dawson et al. 1983; Swanson 2010;
Guglielmo 2010 for reviews). More recent studies indicate
similarly varied patterns in pectoralis and heart HOAD with
increasing energy demands in birds (Price et al. 2010; Zajac
et al. 2011; Liknes and Swanson 2011; Zhang et al. 2015a, b,
¢). In this sense, the absence of an increase in pectoralis and
heart HOAD activity with colder temperatures in the present
study fits the overall picture of variation in HOAD responses
to energy demands in birds. Collectively, these data suggest
that increases in pectoralis HOAD activity, like CPT activity,
may function to promote increased lipid catabolic capacity
in some species under some conditions, but such increases
are far from a uniform response for all birds.

The data in the present study suggest little role for
variation in pectoralis or heart lipid transport and catabo-
lism, outside of pectoralis fatty acid-binding proteins in
juncos, in mediating within-winter variation in organis-
mal metabolic capacity in passerine birds. The finding
of inconsistent patterns of variation among key regula-
tors of lipid transport and catabolism in response to tem-
perature does not support the concept of symmorphosis
(Weibel 2000) in this pathway, at least with reference
to within-winter variation in response to temperature.

@ Springer

Pectoralis transcriptomic analyses examining pathway-
level regulation of fatty acid metabolism with changing
energy demands in birds also show differing results among
species and conditions (Stager et al. 2015; Cheviron and
Swanson 2017). For example, winter-collected dark-eyed
juncos showed concerted expression changes (27% of
genes in the pathway) for pectoralis fatty acid metabo-
lism in response to cold acclimation and when exposed
to long days stimulating development of migratory condi-
tion (Stager et al. 2015). However, for specific enzymes,
CPT mRNA expression was upregulated by cold expo-
sure, but HOAD mRNA expression was not, and HOAD
mRNA expression was upregulated by long days, but CPT
was not (Stager et al. 2015). Moreover, CPT expression
in the Stager et al. (2015) study was not correlated with
enzyme activity measured from the same birds, but HOAD
expression was positively correlated with enzyme activity.
These data emphasize the point that studies of pathway-
level regulation may not give identical results to studies of
individual key regulatory steps within the pathway (Stager
et al. 2015). Seasonal pathway-level patterns of mRNA
expression may also differ among species with reference
to changes in energy demands. For example, concerted
winter upregulation for fatty acid oxidation in pectoralis
occurred for black-capped chickadees, but not for Ameri-
can goldfinches (Cheviron and Swanson 2017). The data
in the present study are consistent with the general trends
from pectoralis transcriptomic analyses of variability in
expression among different pathway steps and between-
species variability in patterns of change among pathways.

Of the regulators of lipid transport and catabolism in pec-
toralis measured in this study, the only regulators showing
consistent upregulation with short- or medium-term cold
temperatures were the fatty acid-binding proteins FABPpm
and FABPc in juncos. The strongest effect on medium-term
temperature variables on levels of these transporters fits with
the similar time frame for within-winter variation in meta-
bolic capacity in this species (Swanson and Olmstead 1999).
Combined with the absence of response of pectoralis muscle
size and cellular metabolic intensity with short- to medium-
term temperatures in this species (Swanson et al. 2017),
this suggests that the fatty acid-binding proteins might be
prominent regulators of within-winter metabolic capacity
in juncos. Similar results did not occur for house sparrows,
so the junco pattern does not apply uniformly for passerine
birds. The lesser response of fat transport and catabolism
to temperature in house sparrows might be associated with
their 37% larger body size in the present study (mean+ SE
body masses: house sparrow =28.3+0.3 g; dark-eyed
junco=20.6+0.2 g) and lower surface area to volume ratios,
or with their occupation of human-associated microhabitats
that might serve to moderate exposure to cold temperatures
during the winter (Anderson 2006; Lowther and Cink 2006).
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Documentation of the impact of microclimates on metabolic
variation and its mechanistic underpinnings in small birds
will require further study.
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