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Abstract

The up-regulation of heart- and adipose-type fatty acid binding proteins (H-FABPs and A-FABPs) was detected during hibernation in
brown adipose tissue (BAT) of 13-lined ground squirrels, Spermophilus tridecemlineatus, using a commercial rat cDNA array. Full length
cDNAs encoding H-FABPs and A-FABPs were subsequently retrieved from a BAT cDNA library. These cDNAs were used to probe
Northern blots of total RNA from tissues of euthermic versus hibernating ground squirrels. H-FABP mRNA transcripts increased in BAT,
skeletal muscle and heart of hibernating animals whereas A-FABP transcripts, which are normally expressed exclusively in adipose tissue,
increased in both BAT and heart during torpor. It is proposed that the increased expression of H-FABPs and A-FABPs during hibernation
accelerates the rate at which fatty acids can be transported to the mitochondria for oxidization, particularly in support of the huge increase
in thermogenesis by BAT and rapid increase in heart rate that are required during arousal from torpor. Comparison of the deduced
polypeptide sequence of ground squirrel H-FABP with that from other mammals also revealed three unique amino acid differences which
may be important for protein function at low body temperatures during hibernation. ß 2001 Elsevier Science B.V. All rights reserved.
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Hibernation is a state of profoundly depressed physio-
logical and metabolic activity that is used by many small
mammals to survive long, cold winters [1^3]. By hibernat-
ing, animals reduce the `burn rate' of stored fat reserves
that would otherwise be used to maintain the steep ther-
mal gradient between their body temperature (Tb) and
that of the environment. By spending prolonged periods
in torpor with only brief periodic arousals over the winter,
small mammals can gain net energy savings of V90%
compared with the cost of remaining euthermic all winter
[1,2].

Whereas the organs of most mammals sustain signi¢-
cant metabolic injuries at low Tb (hypothermia) and/or
under situations of reduced blood £ow (ischemia), hiber-
nators routinely lower Tb, heart rate and breathing to a
fraction of the corresponding euthermic rates and main-

tain a stable, dormant state with no signs of metabolic
decay [1,2]. The key to this is a regulated suppression of
the rates of all metabolic processes, virtually shutting o¡
many processes and coordinating those that remain so
that rates of ATP-producing versus ATP-synthesizing pro-
cesses remain balanced [4^7]. Hibernation is also sup-
ported by selected changes in gene expression that alter
the amount or isoform of particular protein products [1].
To date, several examples of increased gene expression
during hibernation have been reported including K-2-mac-
roglobulin in the liver [8], pyruvate dehydrogenase kinase
isozyme 4 and pancreatic lipase in the heart [9] and myosin
light chain 1 and NADH-ubiquinone oxidoreductase sub-
unit 2 in the heart and skeletal muscle [10].

In an attempt to gain an overview of the key changes in
gene expression that support entry into hibernation, we
turned to DNA array technology. Atlas rat cDNA expres-
sion arrays (Clontech, Palo Alto, CA, USA) were chosen;
these feature 588 cDNAs representing proteins from a
range of key biological processes including stress responses
and signal transduction [11]. We chose to analyze changes
in gene expression in brown adipose tissue (BAT) of eu-
thermic versus hibernating 13-lined ground squirrels, Sper-
mophilus tridecemlineatus. BAT was chosen because of its
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critical role in hibernators in generating much of the heat
that is used to warm the animal during arousal [2,12^14].

Ground squirrels (S. tridecemlineatus) weighing 120^180
g were captured in Illinois during August by a US Depart-
ment of Agriculture-licensed trapper (TLC Research, Bat-
lett, IL, USA) and shipped by air to the animal housing
facility of the National Institutes of Health (Bethesda,
MD, USA). Animals were held in individual shoe-box
cages under environmental conditions of 22^24³C, 60%
relative humidity and 12/12 h light/dark cycle with free
access to food and water. Squirrels were weighed weekly
to determine their phase in the annual life cycle, and when
a rapid increase in body weight had been achieved (signal-
ing a readiness for hibernation), some squirrels were
moved to a chamber at 5^6³C (60% humidity, continuous
darkness) to facilitate hibernation. Others were maintained
as before and then sacri¢ced as euthermic controls. In the
cold chamber most squirrels entered deep torpor within 3^
8 d and they were then sampled while torpid at times
ranging from 1^7 d of torpor. All animals were sacri¢ced
as described previously with organ samples rapidly excised
and £ash frozen in liquid nitrogen [7,15]. Samples were
transported to Ottawa on dry ice and stored at 380³C
until use.

Atlas rat cDNA expression arrays were purchased from
Clontech. 32P-Labeled cDNA probes were synthesized
with mRNA puri¢ed from BAT of euthermic versus hiber-
nating squirrels as per manufacturer's instructions. Arrays
were washed with a low stringency solution (2USSC, 1%
SDS) and, if needed, a high stringency solution (0.1USSC,
0.5% SDS) at 68³C until counts were reduced to 1000^
5000 cpm as measured with a hand-held counter. Wet
arrays were immediately covered in plastic wrap (to pre-
vent drying) and exposed to a phosphorimaging (Bio-Rad
Laboratories) screen for 2^10 h to optimize exposure time.
Array images generated from phosphorimager analysis
were analyzed with the EST program [11] followed by
comparison of relative levels in control versus stressed
states.

Although the use of a rat array to analyze mRNA tran-
script levels in another species may have some drawbacks,
for genes that have high nucleotide sequence identity the
rat arrays can provide key initial evidence of the di¡er-
ential expression of genes in control versus stressed states.
Indeed, we found that cross-species reactivity was high
and ground squirrel probes cross-reacted with at least
90% of the cDNAs present on the array. Di¡erential
screening revealed two genes that were prominently up-
regulated in BAT of hibernating ground squirrels, when
compared with euthermic controls. These were the heart
(H) and adipose (A) types of fatty acid binding protein
(FABP; also known as FABP3 and FABP4, respectively;
[16]) and their up-regulation during hibernation was sub-
sequently con¢rmed via Northern blotting. Overall, tran-
script levels of most of the 588 genes represented on the

array did not change or signi¢cantly decreased during hi-
bernation.

To obtain full length cDNAs, a BAT cDNA library
constructed from BAT poly(A)� RNA isolated from three
hibernating individuals, was screened using a polymerase
chain reaction (PCR) product with the partial sequence of
squirrel H-FABP cDNA and a plasmid containing rat A-
FABP cDNA (IMAGE ID# 1771436) [17]. Several candi-
date clones for each FABP isoform were obtained and
then subjected to a second round of screening. Cross-hy-
bridization of the excised clones revealed four that reacted
with the H-FABP probe and three with the A-FABP
probe. There was no cross-hybridization between the pu-
tative H-FABP and A-FABP clones. Isolated clones were
sequenced (CMRS, Ottawa, ON, Canada) then loaded
into the BLAST program at the NCBI (Bethesda, MD,
USA) for a similarity search in GenBank. Processed se-
quences were submitted to GenBank and accession num-
bers are given.

Clones pHFAB41 (GenBank accession number
AF327854) and pAFAB83 (GenBank accession number
AF327855) both contained full length open reading frames
for H-FABP and A-FABP, respectively, with start and
stop codons, polyadenylation signals and poly(A) tails.
The processed cDNA sequences of the two clones were
only 47% identical which may explain their lack of
cross-hybridization. The open reading frame of pHFAB41
extended from 54 to 452 bp and encoded a 133 amino acid
protein that was identi¢ed from a GenBank search as
mammalian H-FABP. The deduced amino acid sequence
of ground squirrel H-FABP shared 91, 90.3 and 89.5%
amino acid sequence identity with rat, human and pig
H-FABP, respectively (Fig. 1A). The predicted molecular
mass of ground squirrel H-FABP was 14 818 Da. The
open reading frame of pAFAB83 extended from 47 to
442 bp and encoded a 132 amino acid protein with a
predicted molecular mass of 14 730 Da. A search in Gen-
Bank identi¢ed the cDNA as encoding A-FABP. The
translated amino acid sequence of ground squirrel A-
FABP shared 96.9% amino acid identity with human
FABP, and 88.6% with both rat and pig proteins (Fig.
1B). The deduced polypeptide sequences of ground squir-
rel A-FABP and H-FABP were 64.6% identical.

Fig. 2 shows a Northern blot analysis of the tissue dis-
tribution and relative transcript levels of H-FABP and A-
FABP in euthermic versus hibernating squirrels. Of seven
tissues tested, H-FABP mRNA was detected in BAT,
heart, skeletal muscle and white adipose tissue (WAT)
(Fig. 2A). During hibernation, H-FABP transcript levels
rose in three of these: by 3.1-fold in BAT, 2.3-fold in
skeletal muscle and 1.4-fold in heart (Fig. 3A). A-FABP
mRNA was detected only in BAT and WAT of euthermic
animals and transcript levels rose only in BAT during
hibernation (by 2.3-fold) (Fig. 3B). However, A-FABP,
which was undetectable in euthermic heart, was detected
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in heart of hibernating animals (Fig. 2B,D) with an esti-
mated 6.3-fold rise during hibernation (Fig. 3B).

The use of cDNA array screening technology proved to
be an e¡ective way of searching for genes that were up-
regulated by hibernation in ground squirrel BAT. A com-
parison with probe made from hibernating versus euther-
mic animals indicated that transcript levels of most genes
did not change during hibernation but a small number
(6 1%) were up-regulated in the torpid state. This suggests
that the transition to the hibernating state with its low
metabolic rate and low Tb requires the up-regulation of
very few genes. Other studies have also turned up only a
few hibernation responsive genes. For example, screening
of a cDNA library made from Spermophilus lateralis heart

revealed only two genes that were up-regulated during
hibernation (myosin light chain 1 and subunit 2 of
NADH-ubiquinone oxidoreductase) [10] whereas two
others were found using a PCR-based subtractive screen
with S. tridecemlineatus heart (pyruvate dehydrogenase ki-
nase and pancreatic lipase) [9]. Limited gene up-regulation
during hibernation is perhaps not surprising since, intui-
tively, the torpid state at low Tb is not the time for major
biosynthesis of proteins. However, changes in the expres-
sion of a few speci¢c genes is clearly important and each
up-regulated gene con¢rmed to date has a de¢ned role in
supporting hibernation. The two FABPs identi¢ed in the
present study also ¢t this pattern.

FABPs constitute a multi-gene family of small (V15

Fig. 1. Comparison of the deduced amino acid sequence of 13-lined ground squirrel H-FABP (A) and A-FABP (B) with the proteins from human, rat
and pig. Shading shows those amino acids that di¡er from the ground squirrel sequence; unique amino acid substitutions in the ground squirrel sequen-
ces are underlined. GenBank accession numbers are 4096097, 6601400 and 2143386 for human, rat and pig H-FABP and 2144859, 5002228 and
4160392 for human, rat and pig A-FABP. GenBank accession numbers are AF327854 for H-FABP and AF327855 for A-FABP.

Fig. 2. Northern blot analysis of FABP transcript levels in tissues of euthermic and hibernating ground squirrels probed with 32P-labeled cDNA for (A)
H-FABP or (B) A-FABP. The 28S rRNA band of ethidium bromide stained nitrocellulose blots (C) demonstrates equal loading and high quality RNA
in each lane. After hybridizing and washing, blots were exposed to imaging screens for 2 h. Hybridizing bands of about 850 nt (H-FABP) and 750 nt
(A-FABP) are shown for BAT (B), brain (Br), heart (H), kidney (K), liver (L), skeletal muscle (Sk) and WAT (W). An additional Northern blot (D) is
shown to further demonstrate the presence of A-FABP in hibernating heart.
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kDa) proteins that reversibly bind hydrophobic ligands
such as long chain fatty acids, bile acids, prostaglandins
and heme [16,18,19]. In vivo, FABPs are believed to have
a primary function in binding fatty acids and transporting
them through the cytosol to various compartments within
the cell. Nine isoforms are known [16]; these were ¢rst
named for the organs in which they predominate but it
is now known that some cell or tissue types express multi-
ple forms [18^20]. H-FABP (or FABP3) is found in heart,
skeletal muscle and mammary but FABP5 (the epidermal
isoform) also occurs in heart [16] and, as the present study
shows, transcripts of A-FABP (FABP4) also appear in
heart during hibernation (Fig. 3). We believe that this is
the ¢rst report of A-FABP in a mammalian heart and its
presence may serve a special need during hibernation. No-
tably, A-FABP has also been found in the hearts of Ant-
arctic teleost ¢shes [21] which further supports the idea
that this isoform is important for low temperature func-
tion. BAT and WAT of ground squirrels contained both
A-FABP and H-FABP transcripts. Both isoforms, as well

as FABP5 have been reported in rat BAT [16,22] and
expression of H-FABP increased in cold-exposed animals
[22].

The importance of FABP expression to hibernation is
supported by the results from Northern blot studies that
show up-regulation of transcript levels for both H-FABP
and A-FABP in BAT and heart during hibernation as well
as H-FABP up-regulation in skeletal muscle. Notably, the
two organs that contribute the most to thermogenesis dur-
ing arousal, BAT which provides non-shivering thermo-
genesis (NST) to start the warm-up and skeletal muscle
which initiates shivering thermogenesis once Tb rises
somewhat, both show elevated transcript levels for FABPs
during hibernation. Heart is also a critical organ in the
arousal process; it is rapidly warmed by the BAT sur-
rounding it and a rapid rise in heart metabolic rate then
allows a rapid distribution of warmed blood to all other
organs. Although FABP protein levels were not reported
in the present study, a dramatic increase in H-FABP pro-
tein has recently been demonstrated in hibernating BAT
(Hittel and Storey, unpublished). Furthermore, experi-
ments that both reduced (null mutations) or raised (trans-
fections with FABP cDNA) FABP gene expression have
been shown to cause signi¢cant changes in cellular fatty
acid uptake, implying that changes in FABP protein cor-
related well with changes in gene expression [16].

Ground squirrels do not eat during the hibernating sea-
son and their winter metabolism is based almost exclu-
sively on lipids, slowly consuming the huge reserves of
body fat that are laid down during late summer and early
autumn feeding [2]. Hence, all components of lipid catab-
olism including intertissue and intracellular transport,
storage and release mechanisms, and oxidative pathways
need to be optimized for the challenges of hibernation.
FABPs are one of these components. Although there are
several suggestions for the in vivo function of FABPs [16],
it is generally agreed that they play a role in the intra-
cellular tra¤cking of free fatty acids. Hence, the up-regu-
lation of FABP genes during hibernation is probably ef-
fective in increasing intracellular supplies and movement
of long chain fatty acids. This would help to support both
basal lipid oxidation during torpor and, perhaps more
importantly, the high rates of lipid catabolism that fuel
thermogenesis during arousal.

Heat production during arousal is supplied ¢rst from
NST in BAT. BAT depots surround the major internal
organs and arteries of hibernating species, particularly in
the thoracic cavity [12]. The mitochondria of BAT contain
an uncoupling protein (UCP) which dissipates the proton
gradient spanning the inner mitochondrial membrane and
releases the energy that is normally captured in the syn-
thesis of ATP as heat instead [13,14,23]. Not surprisingly,
the expression of UCP in BAT increases with cold expo-
sure in rats [23] and seasonally in hibernators [14]. BAT
relies on both its internal lipid stores and plasma triglyc-
erides (derived from WAT) to fuel the ¢res of NST [12].

Fig. 3. Histograms depicting the relative amounts of H-FABP (A) and
A-FABP (B) mRNA transcripts in hibernating and euthermic ground
squirrel tissues. Band intensities were quanti¢ed from phosphorimager
analysis of Northern blots, normalized to ethidium bromide-stained 28S
rRNA band intensities, and ratios for hibernating versus euthermic sam-
ples were calculated. For A-FABP induction in heart, the fold increase
during hibernation was calculated relative to the background intensity
of controls which showed no A-FABP band; therefore, this represents a
minimum fold increase. Data are means þ S.E.M., n = 3 separate trials,
each trial using a separate sample of total RNA isolated from pooled
tissue of three animals.
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These two lipid sources may account for the presence of
both H- and A-FABP in this adipose tissue. One of the
unique features of the A isoform of FABP is its ability to
form a complex with hormone-sensitive lipase and this
suggests that A-FABP functions to carry fatty acids
away from intracellular lipid droplets after triglyceride hy-
drolysis [16]. In BAT, the primary destination of A-
FABPs loaded with fatty acids would probably be the
mitochondria where they would be used for oxidation
and thermogenesis. This function for A-FABP may also
be the reason for its induced presence in ground squirrel
heart during hibernation. Mammalian heart typically relies
on fatty acids for about 70% of its fuel and during hiber-
nation this may shift to almost 100% [20]. Typically, mam-
malian heart imports fatty acids and it has been proposed
that the role of H-FABP is to transport fatty acids from
the sarcolemma to intracellular destinations [16]; the up-
regulation of H-FABP during hibernation in heart would
increase this transport capacity and the delivery of fatty
acids to the mitochondria whose capacity for electron
transport is similarly enhanced during hibernation [10].
Hearts of hibernating ground squirrels, however, maintain
substantial intracellular triglyceride lipid droplets [24]
which are probably needed because the demand for lipid
fuels by heart during arousal could exceed the capacity for
delivery of triglycerides via the blood. The induction of A-
FABP in heart during hibernation would support the ca-
tabolism of intracellular lipid droplets and the transport of
their released fatty acids via A-FABP to the mitochondria
for oxidation. Our model, then, is one where A-FABP has
a primary role in the transport of fatty acids that are
released from intracellular lipid droplets via the action of
hormone-sensitive lipase whereas H-FABP is involved in
the importation of fatty acids into the cell. The up-regu-
lation of both FABP isoforms in BAT and heart of hiber-
nating animals serves the needs of both organs by giving
them the means to exploit two sources of fatty acids from
two di¡erent triglyceride pools, those in the blood and
those in intracellular lipid droplets. The model would
also ¢t the data for skeletal muscle which up-regulates
the fatty acid importing isoform, H-FABP, during hiber-
nation to feed its dependence on blood-borne lipid deliv-
ery but does not have major intracellular lipid reserves.

Mammalian hibernators allow their core Tb to cool to
close to 0³C, a value that is lethal to most humans and
most other mammals. Temperature change can have pro-
found deleterious e¡ects on proteins a¡ecting, for exam-
ple, their conformation, their kinetic/regulatory properties,
their binding interactions with subcellular structures, and
their integrated functioning within metabolic pathways.
Clearly, however, the proteins of hibernators must remain
functional over a wide temperature range of low Tb values
and it is likely that selected structural di¡erences in hiber-
nator proteins, arising from discrete amino acid substitu-
tions, may allow them to function over a broad temper-
ature range. The amino acid sequence alignments of

ground squirrel FABPs with their homologs from human,
rat and pig revealed a high degree of sequence similarity
between species, about 90% in all cases (Fig. 2). Signi¢-
cantly, however, H-FABP showed three distinct amino
acid substitutions as compared with the protein from the
other species. These occurred at lysine 69, threonine 84,
and asparagine 110 of the cDNA which correspond to
residues 68, 83 and 109 of the mature protein after cleav-
age of the N-terminal methionine. Using the X-ray struc-
ture of the human heart/muscle FABP as a model (created
with the use of RasMol v2.6 with data from the Brook-
haven Protein DataBank, Id# 1 HMS), we determined
that two of these substitutions occurred in the turns con-
necting L-sheets in the protein, Lys 68 between L-sheets D
and E, and Asn 109 between L-sheets H and I. Both sub-
stitutions replace non-polar amino acids that are present
in the other species. The location of both turns covers a
`gap' in the structure of all known FABPs which is be-
lieved to confer £exibility to the protein [16,20]. The third
unique amino acid substitution in ground squirrel H-
FABP, Thr 83, places a polar amino acid where hydro-
phobic amino acids were previously (Fig. 2A). Although
this residue is not located in a turn region, it lies adjacent
to Lys 68 in the tertiary structure. The side chains of all
three of these amino acids project outwards from the plane
of the secondary structure and may serve to stabilize the
structure of the protein, allowing it to function e¡ectively
at low temperatures. The presence of a lysine residue on
the exposed surface of the protein may also enhance the
interaction of the H-FABP with membranes at low tem-
peratures where there is perhaps little collisional energy to
transfer fatty acids from FABP to (mitochondrial) mem-
branes [19,20]. Stewart et al. have previously demonstrated
that the dissociation constant (Kd) for a variety of fatty
acids of the liver-type FABP from a hibernating ground
squirrel is temperature-insensitive over 5^37³C relative to
the FABP puri¢ed from rat liver [25]. Interestingly, recent
evidence indicates also, a similar temperature insensitivity
for H-FABP puri¢ed from hibernating ground squirrel
skeletal muscle (J.M. Stewart, personal communication)
in support of our hypothesis that ground squirrel H-
FABPs remain functional at low Tbs. Whereas H-FABP
from hibernators showed these very distinct amino acid
substitutions, the same could not be said for ground squir-
rel A-FABP. Two unique substitutions were noted: the
lysine at position 53 was arginine in other species and
the isoleucine at position 66 was lysine in the others. How-
ever, neither of these changes should signi¢cantly alter
protein functionality.
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