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Abstract Prior to hibernation, mammals accumulate

large amounts of fat in their bodies. In temperate mam-

malian species, hibernation is improved by increasing the

levels of poly-unsaturated fatty acids (PUFA) in the body.

The saturation of fatty acids (FA) in both white adipose

tissue (WAT) and membrane phospholipids of mammals

often reflects their diet composition. We found that the

greater mouse-tailed bat (Rhinopoma microphyllum)

accumulates large amounts of fat at the end of summer by

gradually shifting to a fat-rich diet (queen carpenter ants,

Camponotus felah). PUFA are almost absent in this diet

(\1 % of total FA), which contains a high fraction of

saturated (SFA) and mono-unsaturated (MUFA) fatty

acids. We found similar low levels of PUFA in mouse-

tailed bat WAT, but not in their heart total lipids. The

expression of two appetite-stimulating (orexigenic) hypo-

thalamic neuropeptides, AgRP and NPY, increased in

parallel to the shift in diet and with fat gain in these bats.

To the best of our knowledge, this is the only documented

example of specific pre-hibernation diet in bats, and one

which reveals the most saturated FA composition ever

documented in a mammal. We suggest that the increase in

expression levels of NPY and AgRP may contribute to the

observed diet shift and mass gain, and that the FA com-

position of the bat’s specialized diet is adaptive in the

relatively high temperatures we recorded in both their

winter and summer roosts.

Keywords Fatty acids saturation � Pre-hibernation �
Orexigenic neuropeptides � Chiroptera

Introduction

Long torpor bouts or hibernation are dramatic examples of

phenotypic plasticity in response to periods of food short-

age and/or reduced ambient temperatures (Carey et al.

2003). Most hibernating mammals, including bats, com-

monly exhibit robust cycles of adiposity, food intake, and

energy expenditure (Rousseau et al. 2003). Preparation for

hibernation involves the deposition of fat reserves, which

provide the main source of energy during the prolonged

seasonal fast (Young 1976). To accumulate enough energy

to survive the multi-month hibernation season, energy

acquisition must be optimized. This can be achieved by

increasing the absorption efficiency and assimilation of

food in the tissues (Bairlein and Gwinner 1994), by

increasing food consumption (hyperphagia, Bairlein 1987),

and by altering diet preferences to the consumption of

energy-rich food sources (Hiebert et al. 2000; Levin et al.

2009; Sailer and Fietz 2009).

During hibernation, specific biochemical adaptations are

needed to maintain basic physiological functions despite

the fall in body temperature. Membrane fluidity and per-

meability are directly affected by the saturation level of

their FA. In general, in hibernating species, body tissue

membranes will contain higher levels of unsaturated fatty

acids before winter, compared to summer (Dark 2005).

PUFA constitute an important factor in the function of ion

channels, the activity of membrane-attached enzymes,

regulation of gene expression, endocytosis/exocytosis,

survival in low ambient temperatures, and more (Pamplona

2008; Wallis et al. 2002). Mammals cannot synthesize
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PUFA de novo and rely on the presence of these fatty acids

in their food. Therefore, the composition of FA in verte-

brates’ food items is later reflected in their body fat and

tissues [e.g. in mammals (Falkenstein et al. 2001), birds

(Ben-Hamo et al. 2011), reptiles (Cartland-Shaw et al.

1998) and fish (Diez et al. 2007)], although tissue-specific

regulation may occur. FA composition of the diet, and

consequently in the body, has an effect on torpor metab-

olism: herbivore rodent species fed a high n-6 PUFA diet

underwent longer and deeper torpor bouts compared with

control animals (Florant 1998; Frank et al. 1998; Geiser

et al. 1994). The way by which these FA affect torpor

however, has remained unclear (Giroud et al. 2009).

Since FA composition in vertebrate bodies is often

determined by their diet and affects physiological traits,

they are expected to choose their diet according to their life

history stage. Accordingly, some hibernators are known to

alter their dietary preference prior to hibernation. For

example, edible dormice (Glis glis) change their dietary

preferences in the field during the pre-hibernatory period,

feeding mainly on lipid-rich seeds (Sailer and Fietz 2009).

An increase in the intake of oily seeds in autumn was also

observed in several other hibernating rodents (Eutamias

amoenus, E. speciosus, E. townsendi, E. quadrimaculatus

and Citellus lateralis, Tevis 1953). Interestingly, under

laboratory conditions, Djungarian hamsters (Phodopus

sungorus) alter their preference for dietary unsaturated fats

in a temperature-dependent fashion regardless of photo-

period (Hiebert et al. 2003).

Recently, we reported a unique pre-hibernation diet in

free-ranging greater mouse-tailed bats (Levin et al. 2009).

These medium-size (about 25 g) subtropical insectivore

bats are abundant in northern Israel during summer.

Towards the end of summer, they gradually shift from

consuming mainly beetles and bugs to an extremely fat-

rich prey: queen carpenter ants (Camponotus felah), which

comprise up to 100 % of their diet, even though other prey

items are available (Levin et al. 2009). To the best of our

knowledge, this is the only known example of a specific

pre-hibernation diet in bats. We suggest that this exclusive

prey and its composition are important for the hibernation

of the greater mouse-tailed bats. At the end of summer

(October), these bats move to their winter roosts, in which

ambient temperature remains at 20 �C throughout winter

(until April). During winter, we observed no feces at all on

the cave floor, indicating that the bats do not feed during

this season (Levin et al. 2010).

Foraging behavior and energy balance in mammals are

controlled by the hypothalamus, which responds to envi-

ronmental and physiological inputs (Spiegelman and Flier

2001). The hormone leptin is known to play an important

role as a feedback agent between adipose tissue and the

central nervous system (hypothalamic arcuate nucleus),

and to control energy balance (Friedman et al. 1997).

Leptin influences two different groups of neuropeptides in

the arcuate nucleus: the orexigenic (appetite-stimulating)

neuropeptides, whose expression is inhibited by leptin; and

the anorexigenic (appetite-depressing) neuropeptides, which

are enhanced by leptin (Ahima and Flier 2000).

Two of the most potent known orexigenic neuropeptides

are neuropeptide Y (NPY) and agouti-related protein

(AgRP). These neuropeptides are released by the same set

of neurons in the arcuate nucleus and affect foraging

behavior and food intake in mice (Luo et al. 2011), while

their expression is suppressed by leptin in hamsters (Swoap

2008). Centrally applied NPY stimulates food intake in

laboratory rats (Hillebrand et al. 2006), mice (Luquet et al.

2005) and Siberian hamsters (Swoap 2008). Recent studies

suggest that NPY is not merely an ‘‘orexigen’’, but also

stimulates behaviors that precede the intake of food, as

well as stimulating the urge for food acquisition (Ammar

et al. 2005; Gruninger et al. 2007). As a result, it was

suggested that NPY plays a motivational role in foraging

behavior and that it suppresses anxiety, fear, and respon-

siveness to aversive/stress stimuli (reviewed by Wu et al.

2003). Hence, NPY is a potential candidate for investiga-

tion in the context of pre-hibernation diet and fat

accumulation.

Another possible candidate for studies in this context is

AgRP, which is part of the melanocortin system. This

system is composed of several receptors (MC-R), which

have both an agonist that is derived from the POMC gene,

a-MSH, and inverse agonists, agouti and an agouti-related

protein—AgRP (Ahima and Flier 2000). Increased leptin

levels promote POMC expression, resulting in an increase

in a-MSH, and a decrease in AgRP expression. It was

suggested that AgRP also affects food type choice, spe-

cifically changing the preference for fat content of the diet

in mice (Barnes et al. 2010).

Based on all the above, we hypothesized that the gradual

diet change and fat accumulation we observed in the

greater mouse-tailed bats towards the end of the summer

are adaptive, and do not merely result from a change in the

availability of insects species. Since, unlike most hiberna-

tors, these bats hibernate in relatively high ambient tem-

perature (Ta), we expected that they would not consume a

high n-6 PUFA diet like that of cold-climate hibernators;

but rather, they would accumulate both saturated and

mono-unsaturated FA. Since we did not have data on insect

availability, we also monitored the diet of the generalist

insectivorous noctule bat (Nyctalus noctula, Gloor et al.

1995) inhabiting the same valley during the same months.

Both bat species forage in the same area. In Europe, noc-

tule bats are known to hibernate during winter (Bat Con-

servation Trust 2010). In Israel, which is on this species’

southern edge of distribution and has a subtropical climate,
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the bats are active also during winter and we found no

record of any hibernacula for this bat (bat data base of the

mammalian center of the Society for the Protection of

Nature in Israel). It is possible that at least part of the

population migrates north for hibernation, and hibernates at

low ambient temperatures. We, therefore, hypothesized

that if the consumption of ant alates is indeed adaptive for

hibernation in a cold climate, we would not find such a

drastic change in diet composition in the noctule bats. We

further hypothesized that the changes in diet preference and

body mass are controlled by the orexigenic pathway in the

arcuate nucleus and, therefore, expected that AgRP and

NPY expression levels would increase in parallel with the

observed diet shift and weight gain.

Materials and methods

Animals

Twenty-four male greater mouse-tailed bats (Rhinopoma

microphyllum) were collected from a male summer roost

(Gonen, 33�060N 35�390E, 10/6/2009: n = 5; 28/6/2009:

n = 5;21/7/2009: n = 5; 30/7/2009: n = 5; 13/8/2009:

n = 4). Bats were captured using hand nets, following their

return from their evening foraging bout (around 10 p.m.;

these bats perform only one foraging bout per night). Each

bat was placed in a separate clean cotton bag for feces

collection, and brought to the lab. During the following

morning (10 a.m.), all feces from all individuals were

collected from the bags in one pooled sample (one pool per

date). From this pool, we later analyzed 50 individual feces

for the identification of insect remains (Whitaker 1988).

Diet of the noctule bat was monitored at a nearby colony in

the same valley, ca. 6 km away (Kiryat Shemona, 33�120N
35�340E) during the same months. We positioned a plastic

sheet below the colony, and once every 10 days (for

3 months) we collected all feces. Fifty feces from each date

were analyzed as above.

We used Kuhl’s pipistrelle (Pipistrellus kuhli) as a ref-

erence species for FA composition. Unlike the subtropical

mouse-tailed bat, this bat is a typical Mediterranean gen-

eralist feeder (Goiti et al. 2003), common throughout

Israel. In Israel, these bats are known to feed mainly on

Dipterans and Lepidopterans (Feldman et al. 2000). Four

Kuhl’s pipistrelles were caught using a mist net at the end

of summer 2009 (20/9) in the Hula Valley, northern Israel

(33�120N 35�340E). Bats were trapped when emerging from

their roost at dusk.

For analysis of fatty acid composition of the bats’ diet,

queen carpenter ants (C. felah, five queens from five dif-

ferent colonies) were collected during nuptial flights in

summer 2009 (20–23/8) in the grounds of the I. Meier

Segals Garden for Zoological Research, Tel-Aviv Univer-

sity (32�060N 34�480E). Harvester ants (Messor sp.), a

common ant species, were used as reference, with five

queens collected during nuptial flights in autumn 2009

(10/10).

Body mass and composition

Bats were weighed and anesthetized with isoflurane (2 %

in oxygen). Anesthetized bats (except the first group of five

individuals, due to technical problems) were scanned with

DXA (Dual-emission X-ray Absorptiometry, General

Electric Lunar PIXImus) to evaluate the percentage of

adipose tissue in their body.

Tissue collection

After scanning, the anesthetized bats were decapitated;

blood was collected from the jugular vein and centrifuged

(3,000 rpm, 4 min, 4 �C). Brains were surgically removed,

and the hypothalami were excised and placed in Eppendorf

tubes containing 500 ll trizol. White adipose tissue (WAT)

from the abdominal fat and the entire heart was surgically

removed into 1.5 ml screw-cap Eppendorf tubes and sealed

under a N2 stream. All samples were immediately frozen in

the liquid nitrogen, and stored at -70 �C for further

analysis.

All procedures were carried out under permit no.

2009/31867 from the Israel Nature Reserves and Park

Authority (NPA), and Ethics Committee license no.

L-09-002.

Plasma leptin concentrations

We measured plasma leptin concentration using three dif-

ferent commercial leptin RIA kits (mouse, multispecies,

and human-specific, Linco Research Inc.) and two com-

mercial ELISA kits (mouse and human leptin, Linco

Research Inc.).We use these kits routinely and successfully

with rodent plasma.

Total hypothalamic RNA extraction, reverse

transcription, and real-time PCR

Total RNA was extracted from the homogenized hypo-

thalami using RNeasy Lipid Tissue Mini Kit (Qiagen)

according to the manufacturer’s instructions. Total RNA

samples were treated with RQ1 DNase (Promega)

according to the manufacturer’s protocol, followed by

ethanol precipitation. RNA concentration was determined

after DNase treatment by OD measurements. Equal
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amounts of RNA were used as a template for reverse

transcription by the verso reverse transcription kit

(Thermo) according to the manufacturer’s protocol, using

the random hexamers supplied for RNA priming.

Equal amounts of cDNA were used as a template for the

real-time PCR (Table 1). The real-time PCR was carried

out using the absolute blue syber green mix (Thermo) in a

rotorgene 6000 cycler (Corbett) using a standard cycling

program. The results were analyzed by the ‘‘two standard

curve’’ method using the b-actin as a calibrator. The

relative gene expression levels of each sample were

determined.

Lipid extraction and analysis

Fatty acids (both polar and non-polar) were extracted from

homogenized adipose tissue and hearts and trans-esterifi-

cated (Rule 1997). The resulting methyl esters were ana-

lyzed by GC/MS using a BP5 capillary column that was

temperature programmed from 100 to 280 �C at 5 �C/min.

Compounds identified by their mass fragmentation were

compared to authentic standards (Sigma-Aldrich, Israel).

Quantification was obtained by GC analysis (VARIAN

CP-3800) using a VF-5 ms capillary column (Varian,

30 m 9 0.25 m, df = 0.25). The temperature was pro-

grammed from 90 to 200 �C at 3 �C/min and from 200 to

300 �C at 10 �C/min.

To determine the total fatty acid composition of the

ants, fat was extracted directly from freshly excised

abdomens (which were almost solely the parts found in the

bat’s feces), using the same procedure as for the bat tis-

sues. Due to their small size, fat analyses from the har-

vester ants were performed on pooled samples (therefore,

no SD is given).

Statistical analysis

All data were tested for normal distribution (using Sigma

plot 11). If data were not normally distributed, we used

logit transformation or Box-Cox transformation. Normally

distributed data (before or after transformation) were ana-

lyzed using one-way ANOVA or t test where appropriate.

We used non-parametric statistics (Kruskal–Wallis,

Spearman’s rank correlation coefficient, Mann–Whitney

rank test) for data that were not normally distributed even

after transformation.

Results

Diet analysis and body mass change

During the 63-day sampling period (10/6/2009 to 13/8/

2009), bats almost doubled their body mass (one-way

ANOVA: F = 20.5, df = 4, P \ 0.001, Fig. 1). A sharp

increase in body mass was observed from mid-July (21/7/

2009), when more than 50 %of the bats’ diet comprised ant

queens (Fig. 1). Other insect groups in the feces of the

mouse-tailed bats comprised mainly Coleoptera and

Heteroptera. Percentage of body fat (n = 19) ranged

between 13 and 35 %, and body mass and fat were sig-

nificantly correlated (Spearman’s rank correlation, r2 = 0.89,

P \ 0.05). In contrast to the gradual shift to a single prey

species diet that we found in the mouse-tailed bats, the diet of

noctule bats from the same region was composed of many

different insect groups (including Heteroptera, Lepidoptera,

Ephemeroptera, Neuroptera, Diptera, Coleoptera and

Orthoptera), while queen ants formed only up to 40 % of the

noctule bats’ diet (Fig. 1).

Table 1 Primers for AgRP,

NPY, POMC, and lepR genes
AgRP GGCTGCATGAATCCTGTCT CAGAAGGCGTTGAAGAAA

NPY CGGACTGACCCTCGCCCTGT TATTTAAACACACATATATA

POMC ACCTCACCACGGAAAGTAA GTGGCCCATGACGTACTT

Lep rec CGGCATTTAACTTGGCATAT AACATATAAAAGATGGACCT
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Fig. 1 Body mass increase of greater mouse-tailed bats (circles,

mean values ± SD) and the percentage of alate ant in the diet of

greater mouse-tailed bats (black triangles) and noctule bats (white
triangles) during summer 2009. Other prey groups in the feces of the

mouse-tailed bats included Coleoptera, Heteroptera, Lepidoptera;

while feces of the noctule bats also contained Heteroptera, Lepidop-

tera, Hymenoptera, Ephemeroptera, Neuroptera, Diptera, Coleoptera

and Orthoptera
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Adipose tissue composition

Saturated fatty acids (SFA) comprised 50.7 ± 1.5 of all

WAT fatty acids of the greater mouse-tailed bats at the end of

summer, while mono-unsaturated acids (MUFA) accounted

for 47.6 ± 2 (Fig. 2a; Table 2). Among the SFA, palmitic

acid (C16:0) was the most common, comprising 39.5 ± 1.4 %

during the second half of the summer, almost double compared

with the percentage found in Kuhl’s pipistrelles (16.5 ±

3.4 %, Table 2). After the mouse-tailed bats shifted their

diet to queen ants, a significant decrease in the fraction of

linoleic acid (C18:2) and total PUFA was observed (Mann–

Whitney rank test, T = 168, P \ 0.001), while there was no

significant increase in the fraction of MUFA and SFA (Mann–

Whitney rank test, P = 0.055, 0.17, respectively, Fig. 2a;

Table 2).

At the end of summer, the fraction of PUFA in mouse-

tailed bat adipose tissue (1.3 ± 0.8 %) was extremely low

compared to Kuhl’s pipistrelles (23.9 ± 9 %).

Heart total FA

Unlike the adipose tissue, the composition of total lipids,

triglycerides and phospholipids in the heart did not change

significantly during summer, and was similar in the two bat

species. The fraction and variation of long-chain FA (C18–

C22) were higher than in WAT (see Table 2). The n-6

arachidonic acid (C20:4) and n-3 docosahexaenoic acid

(C22:6) were found only in the heart tissue and were absent

in WAT, and the fraction of these two FA remained con-

stant in the mouse-tailed bat hearts during summer

(Table 2).

Ant FA composition

There was no significant difference between the fatty acid

composition of queen carpenter ants from the five different

nests. Queen carpenter ant bodies were composed of

49.9 ± 2 oleic (C18:1) and 34.7 ± 1.5 palmitic (C16:0)

acids. The percentage of PUFA in the ants’ bodies accounted

for only 0.5 ± 0.2 % of the fatty acids, which is very low

compared to that of PUFA of the bats’ WAT and hearts, or

that of the harvester ant queens (27.2 %, Table 2).

Plasma leptin concentrations and leptin receptor mRNA

levels

We failed to detect any plasma leptin in serially diluted

mouse-tailed bat plasma, despite using five different

commercial RIA and ELISA kits. All the positive controls

were appropriate.

Relative leptin receptor mRNA (all isoforms) levels in

the hypothalamus of mouse-tailed bats did not differ

among the five sampling time points (Kruskal–Wallis:

H = 7.812, df = 4, P = 0.1).

Hypothalamic neuropeptide mRNA levels

NPY mRNA levels in the hypothalamus of the mouse-

tailed bats significantly increased during summer and

peaked in mid-July, when the bats shifted their diet pref-

erences and acquired large amounts of fat (Fig. 3a; one-

way ANOVA on Logit transformed data, F = 5.009,

df = 4, P = 0.0058). Although AgRP showed a similar

pattern (Fig. 3b), its expression did not increase signifi-

cantly between time points (Kruskal–Wallis, P = 0.182).

Nevertheless, when we divided the samples into below

20 % and above 50 % ants in the bats’ feces (also parallel

to the sharp increase in body mass observed in mid-July),

AgRP expression levels were significantly higher in the

second half of the summer (t test, t = 3.02, df = 22,

P \ 0.01). POMC mRNA levels did not change signifi-

cantly between time points, or when comparing bats

Fig. 2 Fatty acid composition in a WAT and b heart tissue of the

greater mouse-tailed bat, in Kuhl’s pipistrelle, and in a whole queen

ant Camponotus felah (mean values ± SD)
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examined according to the percentage of ants in the diet

(t test, t = 1 df = 21 P = 0.3).

Discussion

We found that greater mouse-tailed bats increased the

percentage of queen ants in their diet from 0 to 100 %

within a period of less than 2 months. These results cor-

respond with our previous study (Levin et al. 2009), in

which we found that this diet shift occurred repeatedly over

the course of 6 years. In contrast, the noctule bat, which is

an open-space forager like the mouse-tailed bat, and as far

as we know does not hibernate in Israel, did not show such

a shift but remained a generalist feeder throughout the

summer (although the percentage of ant alates in its diet

increased to 40 %). This finding, together with the results

published in other studies regarding the diet of other

insectivorous bats species from this area showing a gen-

eralist diet pattern over summer (Feldman et al. 2000;

Levin et al. 2009), suggests that the gradual increase in the

proportion of queen ants in the mouse-tailed bats diet

during summer results from an increase in this insect’s

availability, combined with a high preference for this prey

item. The bats accumulate significant fat reserves towards

the end of summer. In contrast to cold-climate hibernators

that accumulate n-6 PUFA in their pre-hibernation body

fat, we found an opposite trend in the pre-hibernating

greater mouse-tailed bats WAT (Table 2; Fig. 2a). More-

over, we found that the FA composition of the mouse-tailed

bat body fat reflects the composition of their main prey

item-queen carpenter ants. It has been experimentally

demonstrated that in relatively low ambient temperatures,

high body n-6 PUFA levels constitute an important factor

in determining the depth and length of hibernation (Arnold

et al. 2011; Ruf and Arnold 2008). The percentage of

PUFA in the WAT of such hibernators increases to

35–45 % of total FA during the pre-hibernation period

(Florant 1998; Harlow and Frank 2001). Data on the FA

composition of other tropical and subtropical hibernators

are scarce. Low levels of body fat PUFA (2.5 %) were also

measured in the nectarivore/frugivore fat-tailed dwarf

lemur (Cheirogaleus medius), a tropical hibernator (Fietz

and Dausmann 2003). This low level of PUFA in C. medius

was related to the low level of lipids and high carbohydrate

content in its diet. Nevertheless, SFA level in C. medius

Table 2 Fatty acids (average, ±SD) in greater mouse-tailed bats and Kuhl’s pipistrelle white adipose tissue (WAT) and heart tissue, and in alate

of two ant species (Camponotus felah and Messor sp.)

FA R. microphyllum Alate ants P. kuhli

WAT June WAT July–August Heart June Heart July–August Messor Camponotus WAT Heart

C8 – – 0.06 ± 0.1 0.2 ± 0.1 – 1.6 ± 0.9 – 2.2 ± 1.5

C11 1.2 ± 0.6 2.4 ± 0.5 0.1 ± 0.1 0.2 ± 0.1 – 0.07 ± 0.1 0.1 ± 0.1 0.6 ± 0.8

C12 0.6 ± 0.1 0.7 ± 0.1 0.1 0.1 – 0.7 ± 0.3 0.1 ± 0.1 –

C13 0.8 ± 0.4 0.3 ± 0.1 0.2 ± 0.2 0.1 ± 0.1 – 0.3 ± 0.6 0.2 ± 0.3 0.4 ± 0.6

C14 3.4 ± 0.6 3.4 ± 0.4 1.2 ± 0.2 1.4 ± 0.4 2.3 2.3 ± 0.2 2.1 ± 1.2 0.9 ± 0.4

C15 0.1 ± 0.09 0.1 ± 0.1 0.3 ± 0.3 0.3 ± 0.5 – 0.15 ± 0.3 0.3 ± 0.2 0.6 ± 0.5

C16 37.8 ± 5.5 39.5 ± 1.4 30.5 ± 1.5 30.6 ± 1.9 38.8 34.7 ± 1.5 16.5 ± 3.4 31.6 ± 5.5

C18 5.6 ± 2.2 4.1 ± 0.4 11 ± 1.6 10 ± 2.1 3.8 4.8 ± 0.2 2.4 ± 0.7 11.2 ± 0.4

C20 0.2 ± 0.1 0.06 0.1 0.1 0.02 0.1 ± 0.02 0.04 ± 0.1 0.09

Total SFA 49.9 ± 3.6 50.7 ± 1.5 43.7 ± 1.6 42.9 ± 1 44.9 43.3 ± 2.2 22 ± 4.4 45.5 ± 8.5

C16:1 2.7 ± 1.2 3.1 ± 0.4 1.7 ± 1.1 1.5 ± 0.4 6.8 4.6 ± 0.3 9.1 ± 5.5 3.51 ± 1.1

C18:1 39.4 ± 5.5 44.4 ± 2.2 27.3 ± 4.17 33.4 ± 7.1 20.8 49.9 ± 2 42.2 ± 3.5 23.8 ± 1

C20:1 0.1 ± 0.1 0.03 0.2 ± 0.1 0.2 ± 0.05 – – – 0.2 ± 0.1

Total MUFA 42.2 ± 5.7 47.6 ± 2 29.2 ± 4.3 35.1 ± 7.2 27.6 54.5 ± 2.1 51.4 ± 5.5 27.5 ± 1.3

C16:2 0.05 0.01 0.1 ± 0.1 0.06 ± 0.1 – – 0.2 ± 0.1 –

C18:2 6.7 ± 2.6 1.2 ± 0.8 17.3 ± 4 11.9 ± 4.9 27.2 0.4 ± 0.1 23.9 ± 9.5 18.1 ± 6.8

C18:3 – – 0.1 ± 0.1 0.3 ± 0.1 – – 0.04 ± 0.1 –

C20:4 – – 5.7 ± 1.1 5.6 ± 1.7 – 0.1 ± 0.02 – 3.3 ± 1.2

C22:6 – – 1.7 ± 0.7 2 ± 0.7 – – – 2 ± 1.3

Total PUFA 6.7 ± 2.6 1.3 ± 0.8 25 ± 4.3 20 ± 7 27.2 0.5 ± 0.2 23.9 ± 9.2 27.6 ± 4.7

n-6 6.7 ± 2.6 1.3 ± 0.8 23.2 ± 4.2 17.7 ± 6.5 27.2 0.5 ± 0.2 23.9 ± 9.2 24.4 ± 3.6

n-3 – – 1.8 ± 0.8 2.4 ± 0.6 – – 0.04 3.2 ± 2
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WAT was much lower than that found in the mouse-tailed

bats. To the best of our knowledge, the level of SFA we

found in the pre-hibernating greater mouse-tailed bat WAT

is the highest documented in mammals to date.

It has been suggested that SFA have a negative effect

on hibernation in mammals, since a high SFA percentage

in the diet increases metabolic rate during torpor (Geiser

et al. 1994). However, these conclusions are based pri-

marily on observations on cold-climate zone hibernators

that spend long periods of torpor at relatively low ambient

temperatures. In different mammals, high levels of dietary

SFA are known to reduce thermogenesis, fat oxidation,

and daily energy expenditure (Takeuchi et al. 1995).

Greater mouse-tailed bats hibernate for 5 months at a

relatively high and constant ambient temperature of about

19–20 �C (Levin et al. 2010). We suggest that under such

Ta, above the melting point of the most common fatty acid

(oleic acid 14 �C), these costs may be absent (allowing

the bats to consume this energy-rich, abundant food

source. Moreover, a high saturation level may even be

beneficial to hibernators because: (a) saturated fatty acids

are packed better in the adipocytes due their linear

structure and contain more energy per volume; and

(b) because of their double bonds, PUFA tend to be less

structurally stable than SFA, and they are often attacked

by oxygen-reactive species, and might form compounds

(FA peroxide) with destructive potential for biological

membranes (Hulbert et al. 2007; Pamplona 2008, but see

Brown et al. 2011). This formation of free radicals most

commonly occurs in tissues during active re-warming,

when an increase in mitochondrial activity is followed by

enhanced production of oxygen free radicals (Carey et al.

2000; Orr et al. 2009). We suggest that hibernators adjust

the saturation levels of their WAT depending on the

ambient temperature during hibernation, in order to ben-

efit from the advantages of the different FA. Surprisingly,

phospholipid composition of the heart in the studied bats

remained relatively constant during summer. This pro-

vides good evidence for an active regulation of FA

composition in certain tissues (in this case, the heart)

despite significant dietary changes, in contrast to an ear-

lier report by Innis and Clandinin (1981). Moreover, in

contrast to WAT, heart total lipids of the mouse-tailed

bats were characterized by a relatively high fraction of

PUFA (Fig. 2a). It is important to note that, unlike WAT,

which contains mostly stored fats (triacylglycerols) and

also membrane fatty acids, the heart tissue contains

almost solely polar fatty acids (phospholipids).

Unlike the dramatic difference in WAT composition

between mouse-tailed bats and Kuhl’s pipistrelles, the heart

FA composition of the two bat species demonstrated much

greater similarity. Pamplona et al. (2000) found a negative

correlation between the ratio of double bonds in the heart

phospholipids and average life-span in mammals. Ruf and

Arnold (2008) suggested that a high ratio between n-6/n-3

FA in the heart tissue of hibernators protects the heart from

the arrhythmia that can occur during deep torpor as a

consequence of massive accumulation of Ca2? in the

cytosol. A possible mechanism for explaining the benefits

of a high ratio of n-6/n-3 FAs is related to the coupling

between the hydrophobic core of the lipid bilayer and the

hydrophobic part of a membrane-spanning protein (Phillips

et al. 2009). Any conformational change of a protein

involving variation in its cross-sectional area causes local

bilayer deformation, with associated changes of the lateral

pressure profile. Distribution of lateral stress within the

hydrophobic core depends on the degree of saturation and

alters the equilibrium constant for the protein conforma-

tional states. Even small changes in membrane composi-

tion, e.g., replacement of n-3 with n-6 PUFA, can lead to

shifts in local pressure at a magnitude of hundreds of bars

(Arnold et al. 2011). In the pre-hibernating mouse-tailed

bat hearts, we found an opposite trend: the n-6/n-3 ratio in

the hearts’ total lipids decreased during summer by almost

Fig. 3 mRNA levels of a NPY, b AgRP of male greater mouse-tailed

bats in summer 2009 (mean values ± SD)
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50 % (from 12.8 to 7.3, Table 2) due to a significant

decrease in the n-6 linoleic acid level (Mann–Whitney rank

test, T = 120, P \ 0.001). This observation supports our

hypothesis that hibernacula Ta influences the optimal FA

composition of WAT, and that reducing oxidative stress by

minimizing the n-6 levels in membranes of warm temper-

ature hibernators is advantageous.

In order to gain fat during the pre-hibernation period,

bats should either be resistant to leptin (or its signaling

pathway) or produce smaller amounts of leptin than usual.

Chiropteran peptide hormones have been suggested to show

greatest cross-reactivity with antibodies generated against

human peptides (Singh et al. 2007; Widmaier et al. 1997).

Unfortunately, in spite of using various kits designed for

different species, including a multi-species kit, and even

though leptin was successfully measured in different bat

families (Vespertilionidae, Emballonuridae and Pteropodi-

dae) (Banerjee et al. 2011; Kronfeld-Schor et al. 2000b;

Singh et al. 2007; Srivastava and Krishna 2007), we failed

to detect blood leptin in Rhinopoma plasma. Therefore, we

could not study the possible changes in leptin levels during

the pre-hibernation period. Leptin resistance was observed

in the pre-hibernating little brown bat (Myotis lucifugus)

(Kronfeld-Schor et al. 2000a), followed by decreased levels

of leptin receptors in the CNS during pre-migration or

pre-hibernation (Townsend et al. 2008). We found no sig-

nificant change in leptin receptor expression levels during

pre-hibernation fattening in the mouse-tailed bats.

We found a significant increase in the expression levels

of both NPY and AgRP in the greater mouse-tailed bat

hypothalamus during summer, which paralleled their shift

in diet preference and fat gain. A similar increase in

hypothalamic NPY levels was found in pregnant little

brown bats (Myotis lucifigus) (Widmaier et al. 1997). NPY

and AgRP are both orexigenic, stimulating increased con-

sumption of food in mammals (White 1993). NPY activates

four different receptors (Y1,2,4,5) that affect different

behaviors, including foraging behavior (Day et al. 2005).

In rodents, the effect on food consumption is mediated

through the Y1 receptor, while foraging behavior is medi-

ated through the Y5 receptor (Swoap 2008). We found the

increase in NPY expression levels in the greater mouse-

tailed bat hypothalamus during summer to be correlated

with the diet shift and body mass. This change in NPY

expression level may influence foraging behavior and fat

gain during pre-hibernation.

High levels of AgRP increase food intake and prefer-

ence for high fat diets in mice (Barnes et al. 2010). Alate

ants are among the most fat-rich insects, with fat com-

prising up to 50 % of their body mass (Redford and Dorea

1984). It is possible that the increase in AgRP levels in the

mouse-tailed bats during the pre-hibernation period

increased their preference for this fat-rich diet.

The increase in NPY and AgRP expression levels in

male greater mouse-tailed bats, which started immediately

after the days began to get shorter, may be triggered by

photoperiod, and mediated by seasonal development of

leptin resistance. Effects of photoperiod on food intake

were found in several mammalian species, including soay

rams (Ovis aries), in which the increase in food intake is

correlated with increased expression of NPY in the hypo-

thalamus (Clarke et al. 2003), and in Siberian hamsters

(Phodopus sungorus) and field voles (Microtus agrestis), in

which the effect of photoperiod is mediated by changes in

leptin sensitivity (Krol et al. 2006; Tups 2009). However,

our results are mainly correlative, and other mechanisms

and triggers could also apply, such as circannual rhythms,

ambient temperature, or any combination thereof. This

question deserves further studies.

In summary, we found that the greater mouse-tailed bats

constitute a special case of seasonal hibernators: they

hibernate in subtropical regions at relatively high Ta, alter

their food preferences during the pre-hibernation period,

select a specific prey item with a distinctive FA profile, and

accumulate large amounts of fat rich in SFA within a very

short period, prior to hibernation. All these characters make

these bats an extraordinary model for the study and

understanding of seasonality and control of energy balance

in mammals.
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