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Fox?2 is a member of the winged helix/forkhead class of transcription factors. Despite Fox?2 is found 
to have particular relevance to speech and language, the role of this gene is broader and not yet fully 
elucidated. In this study, we investigated the expression of FoxP2 in the brains ofbats with different feed
ing habits (two fiugivorous species and three insectivorous species). We found Fox?2 expression in the 
olfactory tubercle of frugivorous species is significantly higher than that in insectivorous species. 
Difference of FoxP2 expression was not observed within each ofthe frugivorous or insectivorous group. 
The diverse expression patterns in olfactory tubercle between two kinds ofbats indicate Fox?2 has a close 
relation with olfactory tubercle associated functions, suggesting its important role in sensory integration 
within the olfactory tubercle and such a discrepancy of FoxP2 expression in olfactory tubercle may take 
responsibility for the different feeding behaviors of frugivorous and insectivorous bats. 
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INTRODUCTION 

FoxP2 is one ofthe forkhead transcription factors which are involved in a wide range 
of important biological processes [15, 19, 29]. Tt was the first gene specifically linked 
to defects of speech and language [15]. FoxP2 orthologues are highly conserved in 
humans, mice, songbirds and zebrafish [10, 17, 36, 38]. Evolutionary analyses of 
amino acid changes in FoxP2 revealed it underwent positive selection in the human 
lineage since humans shared a common ancestor with chimpanzees, suggesting its 
involvement in the evolution of speech and language [6]. FoxP2 showed accelerated 
evolution in bats, implying a possible role in the evolution and development of echo
location [17]. Downregulation of FoxP2 in Area X of songbirds using RNAi medi
ated by lentivirus resulted in defects oftutor song production. This finding is consist
ent with the function that FoxP2 is required in motor control [10]. A humanized 
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version of Foxp2 can affect the dendrite length, dopamine level and synaptic plastic
ity of medium spiny neurons in the striatum of mice indicating the ways that Foxp2 
impacts on circuits in the cortico-basal ganglia [5]. 

FoxP2 is widely expressed in the lung, heart, gut and the central nervous system 
(CNS) ofvertebrates [7, 22, 28-30]. lt shows fairly similar expression patterns in the 
CNS ofmany vertebrates at comparable developmental stages. FoxP2 is expressed in 
many areas in the CNS, including the cortex, basal ganglia, striatum, thalamus and 
cerebellum [2, 3, 7, 8, 11, 16,27,30,32,35]. Although the gene expression studies 
have demonstrated apparent links between FoxP2 and acoustic communication and 
development, the specific roles of FoxP2 appear quite complex and remain to be fully 
elucidated. 

In search of possible functions of FoxP2, we performed an analysis of FoxP2 
expression patterns in the brains of two frugivorous bat species (Rousettus 
leschenaultii and Cynopterus sphinx) and three insectivorous bat species (Hipposideros 
armiger, Rhinolophus jerrumequinum and Myotis ricketti). We found there is no 
divergence in FoxP2 expression in most brain areas among the different species of 
bat examined (data not shown), whereas the olfactory tubercle, a trilaminar cortical
like structure which is conceptualized as part ofthe ventral striatum, showed obvious 
expression differences of FoxP2 between the insectivorous and frugivorous taxa. Tt is 
weil known that the olfactory information from the main olfactory bulb project to the 
anterior olfactory nucleus, piriform cortex and olfactory tubercle, while the olfactory 
tubercle could connect with numerous sensor centers and has a multidirectional affer
ent and efferent pattern [37]. The diverse role of the olfactory tubercle in olfactory 
perception is a crucial part of the olfactory system. Our findings shed new light on a 
yet unnoticed function of FoxP2 in the vertebrate brain. The differential expression 
patterns in the olfactory tubercle indicated that FoxP2 contribute to olfactory tuber
cle-associated functions and may be related to sensory behavior during foraging. 

MATERIALS AND METHODS 

Animals 

Bats were captured from the wild and housed at East China Normal University, 
Shanghai, China. They were anesthetized with 0.5 mg/kg atropine and 15 mglkg 
sodium pentobarbital (dissolved in 0.9% NaCI) before cardiac perfusion via intraperi
toneal injection. To obtain the brain sampies, bats were then sacrificed by decapita
tion, followed by dissection. All experiments were conducted according to the rules 
of Regulations for the Administration of Laboratory Animals (Decree No. 2 of the 
State Science and Technology Commission of the People's Republic of China) 
approved by the Animal Ethics Committee of East China Normal University 
(Approval TD : 20101002). 
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Preparation 0/ paraffin seetions 

Animals were housed at ECNU at least two weeks before being sacrificed. Six ani
mals (both sexes) of each species were used to analyze the expression of FoxP2 
protein. The adult bats were perfused with 4% paraformaldehyde dissolved in a 0.1 M 
phosphate buffer (pH 7.4). After perfusion, the brains were dissected and post-fixed 
at 4 °C for 24 hours. To remove fixative and water from the tissues and replace them 
with dehydrating fluid, brains were dehydrated ethanol, starting with 30% ethanol, 
followed by 50%, 70%, 85%, 90% and 95% ethanol, then three changes of absolute 
ethanol before proceeding to xylene for vitrification. After clearing, tissues were 
immersed in paraffin wax. Finally coronal sections at 6 !-Lm were cut. 

Immunohistochemistry 

For immunohistochemistry (lHC), the paraffin sections were deparaffinized and rehy
drated followed by microwave antigen retrieval. Tissues were then incubated in pri
mary antibody overnight at 4 °C (goat polyc1onal anti-human FoxP2, Santa Cruz 
Biotechnology, Inc, Santa Cruz, CA, USA, I :300 dilution in 0.1 M PBS containing 1% 
normal rabbit serum). Slices were then washed in 0.1 M PBS three times and incu
bated with Biotin-rabbit anti-goat TgG (Zhongshan Corp., Beijing, China) for 15 min 
at room temperature. Avidin-conjugated horseradish peroxidase and diaminobenzidine 
(Santa Cruz Biotechnology, Inc, Santa Cruz, CA, US) were used for development. 
Controls were obtained by omitting the primary antibody. Slices were captured for 
images with a Leica DM4000B microscope (Nussloch, Germany). 

The immuno positive cells were counted for calculating the FoxP2 protein signal. 
Ten sections of each individual were averaged. To normalized the difference among 
species, the positive cell number in the olfactory tubereie was then divided by the 
positive cell number in the Purkinje celllayer (PCL), in which the FoxP2 expression 
was prevalent throughout the mammals that have been studied [3, 7, 16, 30, 35] and 
we defined it as relative positive cell number. Tests for differences were analyzed 
using a Kruskal-Wallis test, Statistical significance was defined as p<0.05. 

Preparation 0/ /rozen seetions 

Adult bats (three animals/species of both sexes were used) were perfused with 4% 
paraformaldehyde by cardiac perfusion. Then the brain sampies were dissected and 
post-fixed in 4% paraformaldehyde at 4°C for 24 hours. They were then immersed in 
30% sucrose to dehydrate and embedded in O.C. T. compound (SAKURAFinetechnical, 
Tokyo, Japan). Brains were coronally sectioned at a thickness of 10 !-Lm using a cry
ostat microtome (Leica, Nussloch, Germany). The sections were mounted on lysine
coated glass slides (Dingguo, Beijing, China) and stored at -80°C until use. 
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Synthesis of riboprobes 

The C-terminal portion of FoxP2 which is located downstream the winged-helixl 
forkhead domain is divergent among different species at the nucleotide level [31]. 
Thus, the 1,875-2,264 nucleotides of Cynopterus sphinx FoxP2 open reading frame, 
1,785-2,193 nucleotides of Hipposideras armiger FoxP2, 1,703-2,091 nucleotides of 
Myotis ricketti FoxP2, 1,720-2,132 nucleotides of Rhinolophus jerrumequinum 
FoxP2 and 1,819-2,242 nucleotides of Rousettus leschenaulti FoxP2 (GenBank 
accession numbers. EU076397 for Cynopterus sphinx FoxP2, EU076400 for 
Hipposideras armiger FoxP2, EU076403 for Myotis ricketti FoxP2, EU076405 for 
Rhinolophus jerrumequinum FoxP2 and EU076407 for Rousettus leschenaultia 
FoxP2) were used to generate species-specific probes. The cDNA fragments ofthese 
five genes were synthesized using adult bat brain cDNA and then cloned into pSPT18 
vector (Roche Ud., Shanghai, China), using BamHI and HindIll restrietion sites 
incorporated into the primers. The clones were confirmed by DNA sequencing. 
Purified plasmids were linearized and used as templates. Sense or antisense RNA 
probes were prepared with a DTG RNA Labeling Kit (Roche Ltd., Shanghai, China) 
following the manufacturer's instruction. In vitra transcriptions were driven by either 
T7 RNA polymerase or SP6 RNA polymerase. 

In situ hybridization 

In situ hybridization was carried out as described by Lai et al. [16] with a small vari
ation. Briefly, the sections were digested with 5 flg/ml proteinase K after washing 
twice in PBS. Then the slides were post-fixed in 4% paraformaldehyde solution. 
Subsequently, the tissues were acetylated in freshly prepared 0.1 M triethanolamine 
containing 0.25% acetic anhydride (pH 8.0). After two hours of prehybridization, the 
sections were hybridized with 0.5 flg/ml sense or antisense probe in hybridization 
buffer (50% deionized formamide, 0.3 M NaCI, 20 mM Tris-HCI pH 7.5, 5 mM 
EDTA pH 8.0, 0.5 mg/mI yeast tRNA, 10% dextran sulfate and 1 xDenhardt's solu
tion) at 60°C for 16 h. To diminish the non-specific background, sampIes were then 
washed intensively with 2 x SSC containing 50% formamide at hybridization tem
perature, followed by RNaseA (10 flg/ml) treatment at 37°C for 30 min. The sections 
were washed sequentially with 2 x SSC and 0.2 x SSC for 20 min. Thereafter, the 
seetions were incubated in blocking solution (2% blocking reagent, 1 00 mM Tris-HCI, 
pH 7.5, 150 mM NaCI, 0.1 % Tween-20) for 2 h, and then incubated in AP-Iabeled 
anti-digoxigenin antibody (I : 1000, Roche Ltd., Shanghai, China) at 4 °C overnight. 
The staining reaction was performed until the proper signal developed, using NBTI 
BCIP (Roche Ltd., Shanghai, China) as substrate. Photographs were taken immedi
ately after staining, using a Leica DM4000B microseope. For quantification of FoxP2 
expression, mean optical density (MOD) was calculated from digitized images using 
Image Pro Plus 6.0 software (Media Cybernetics, Bethesda, MD, USA). We normal
ized the difference among species via dividing the mean optical density of olfactory 
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tubercle by mean optical density of PCL, which exhibited prevalent expression [3, 7, 
16,30,35]. Statistical significance was determined by Kruskal-Wallis test and set at 
p<0.05. 

RESULTS 

In an initial exploration, we visualized cells expressing FoxP2 protein by using immu
nohistochemical technique (Fig. 1a--e). We compared the FoxP2 expression patterns in 
the brains of two frugivorous bats (Cynopterus sphinx and Rousettus leschenaultia) 
and three insectivorous bats (Hipposideros armiger, Rhinolophus jerrumequinum and 
Myotis ricketti). The olfactory tubercle showed intriguing differences in FoxP2 
expression. The FoxP2 expression level in the olfactory tubercle of frugivorous bats 
(Fig. 1d-e, Cynopterus sphinx: 3.5674±0.2230; Rousettus leschenaultii: 
4.0491±0.1930; Fig. 2) was higher than that in insectivorous bats (Fig. 1a-c, 
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Fig. 1. Tmmunohistochemical signals of FoxP2 protein in the olfactory tubercle ofthree species of in sec
tivorous bats (a-c: Hipposideros armiger, Rhinolophus jerrumequinum and Myotis ricketti) and two 
species of frugivorous bats (d, e: Rousettus leschenaultii and Cynopterus sphinx). Enlarged views as 
indicated in the box. TU: olfactory tubercle; Pir: piriform cortex; 10: lateral olfactory tract; VP: ventral 
pallidum; En: endopiriform nucleus. H.a.: Hipposideros armiger; R.f.: Rhinolophus jerrumequinum; M.r.: 

Myotis ricketti; R.T.: Rousettus leschenaultii; C.s.: Cynopterus sphinx. Scale bar applies for all 
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Fig. 2. Statistical analysis of FoxP2 protein expression in the olfactory tubereie. Positive cell numbers for 
immunohistochemical signals in the olfactory tubercle are given relative to positive cell numbers in a 
control structure (Purkinjie cell layer in the cerebellum). The FoxP2 expression in frugivorous bats 
(Cynopterus sphinx and Rousettus leschenaultii) was higher than that in insectivorous species 
(Hipposideros armiger, Rhinolophusjerrumequinum andMyotis ricketti) (Kruskal-Wallis test,p < 0.0001). 
No significant difference was observed within fiugivorous bat species or insectivorous species (frugivo
rous bat group: p=0.0547, Kruskal-Wallis test; insectivorous bat group; p=0.2168, Kruskal-Wallis test). 
c.s.: Cynopterus sphinx; R.l.: Rousettus leschenaulti; H.a.: Hipposideros armiger; R.f.: Rhinolophus 

jerrumequinum; M.r.: Myotis ricketti; n.s.: not significant; ***:p<O.OOI 

Hipposideros armiger: 1.5358 ± 0.0921, Rhinolophus jerrumequinum: 1.7430± 0.0507 
and Myotis ricketti: 2.1700±0.3187). In addition, the olfactory tubercle area express
ing FoxP2 also appeared to extend over a much larger medio-lateral region in the 
frugivorous bats (Fig. I d--e) compared with the insectivorous taxa (Fig. I a-c). The 
differences in FoxP2 expression between the five bat species were statistically signifi
cant (Kruskal-Wallis test,p<O.OOOI). As shown in Figure 2, the difference between 
the insectivorous bats and the frugivorous bats is highly significant (Kruskal-Wallis 
test, p<O.OOOl), while there is no prominent difference in FoxP2 expression within 
frugivorous bats or insectivorous bats (frugivorous bat group: p=0.0547, Kruskal
Wallis test; insectivorous bat group;p=0.2168, Kruskal-Wallis test). 

Furthermore, we investigated the expression of FoxP2 mRNA using in situ hybrid
ization. The in situ hybridization showed results concordant with the findings of the 
immunohistochemical approach. We also observed striking differences in FoxP2 
expression in the olfactory tubercle, which exhibited a strong FoxP2 signal in frugiv
orous bat species (Fig. 3 d-e) , but a weaker signal in insectivorous bat species (Fig. 
3a--c). As shown in Figure 4, the signal was more intense in the olfactory tubercle of 
the two frugivorous bat species (Cynopterus sphinx: 0.4565±0.00n and Rousethis 
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Fig. 3. FoxP2 mRNA expression (dark label) in the olfactory tubercle ofthree species ofinsectivorous 
bats (a--c: Hipposideros armiger, Rhinolophus jerrumequinum and Myotis ricketti) and two species of 
insectivorous bats (d, e: Rousettus leschenaultii and Cynopterus sphinx) using in situ hybridization. 
Enlarged views as shown in the box, 100x. Scale bar, 100!llll. TU: olfactory tubereie; H.a.: Hipposideros 
armiger; R.f.: Rhinolophus jerrumequinum; M.r.: Myotis ricketti; R.l.: Rousettus leschenaulti; C.s.: 

Cynopterus sphinx. Scale bar applies for all 

leschenaultii: 0.4863±0.0106). In contrast, there was a relatively lower signal in the 
three insectivorous bat species (Hipposideros armiger: 0.2415 ± 0.0341, Rhinolophus 
ferrumequinum: 0.241O±0.0116 and Myotis ricketti: 0.2599±0.0082) (Fig. 4). The 
FoxP2 mRNA signal in olfactory tubercle is significantly different (Kruskal-Wallis 
test, p<0.05). Albeit the differences between bats with different feeding habit were 
significant (Kruskal-Wallis test,p<0.05), the difference within each ofthe two kinds 
of bats were not prominent (frugivorous bat group: p=0.1266, Kruskal-Wallis test; 
insectivorous bat group: p=0.5611, Kruskal-Wallis test). 
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Fig. 4. Statistical analysis of Fox?2 mRNA expressed in the olfactory tubercle. Mean optical density 
(MOD) values for in süu hybridization signals in the olfactory tubercle are given relative to MODs in a 
control structure (Purkinjie celllayer). The FoxP2 expression in frugivorous bats (Cynopterus sphinx and 
Rousettus leschenaultii) was higher than that in insectivorous species (Hipposideros armiger, Rhinolophus 
jerrumequinum and Myotis ricketti) (Kruskal-Wallis test, p<O.05). There is no significant difference 
within frugivorous bat species or insectivorous species (frugivorous bat group: p=O.1266, Kruskal
Wallis test; insectivorous bat group; p=O.5611, Kruskal-Wallis test). C.S.: Cynopterus sphinx; R.T.: 
Rousettus leschenaultii; H.a.: Hipposideros armiger; R.f.: Rhinolophus jerrumequinum; M.r.: Myotis 

ricketti; n.s.: not significant; *: p<O.05 

DISCUSSION 

In this study, we made efforts to explore the FoxP2 expression in the brains of five 
bat species and found a divergence of FoxP2 expression in the olfactory tubercle 
between frugivorous and insectivorous bats at both the protein level and the mRNA 
level, using immunohistochemistry and in situ hybridization methods, respectively. 
However, there is no obvious difference in expression patterns between bats within 
the two foraging groups. 

FoxP2 expression in the olfactory tubercle of frugivorous bats is very strong rela
tive to that seen in insectivorous bats. Since a mutation in FoxP2 causes developmen
tal verbal dyspraxia [15], this gene is connected to the evolution and development of 
speech and language. To our knowledge, such a divergence in olfactory tubercle is the 
first described in bats and it may be related to differences in foraging behavior. Bats 
show a remarkable diversity in their diets and are divided into two major groups: the 
insectivorous bats that feed primarily on insects, arthropods, fish, reptiles, amphibi
ans, birds and mammals or frugivorous bats that consume a variety of fruits, f1owers, 
nectar, pollen and foliage. The differences appear to be related more to diet than to 
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phylogeny: Hipposideros armiger, Rhinolophusjerrumequinum (insectivores that use 
laryngeal echolocation), Rousettus leschenaultii and Cynopterus sphinx (plant eaters) 
all belong to the suborder Yinpterochiroptera, while Myotis ricketti is also an insecti
vore that uses laryngeal echolocation, but belongs to the suborder Yangochiroptera. 

Previous studies have reported that FoxP2 is present in the olfactory system. 
FoxP2 expression occurs strongly in the olfactory bulb, anterior olfactory nucleus 
and olfactory tubercle of adult mice [7]. The expression of FoxP2 was also detected 
in the primordium of the olfactory cortex, piriform cortex, islands of Calleja and the 
olfactory tubercle in the developing murine brain [30]. Another study analyzed 
FoxP2 expression in four species of muroid rodents also found FoxP2 expressed in 
the olfactory system, including the glomerular layer in the main olfactory bulb, the 
accessory olfactory bulb and the olfactory tubercle [3]. The FoxP2 distributions in the 
olfactory system of muroids imply that the gene product can be part of the signal 
transduction cascade and it may be involved in the processing of smell. The olfactory 
tubercle responds to odors both at the population level and single-unit level, receive
ing monosynaptic olfactory input from the olfactory bulb and the olfactory piriform 
cortex [9, 14, 26]. The two frugivorous bat species rely on olfactory cues to locate 
and distinguish their food, which mainly consist ofripe fruit [1, 23, 33, 34], while the 
three insectivorous bats capture prey by employing echolocation. Recruitment of 
molecules such as transcription factors in the neural ensemble ofthe olfactory system, 
especially in areas that integrate olfactory information with other sensory information 
can be considered to be involved in the mechanisms involved in odor processing. The 
preferential expression of FoxP2 in the olfactory tubercle may be important for odor 
recognition by fruit bats. In addition, FoxP2 is expressed in the spiny neurons ofthe 
basal ganglia [7, 16,24,25,30]. Mutant mice carrying a humanized form of FoxP2 
increase the length ofthe medium spiny neurons and synaptic plasticity [5], suggest
ing that FoxP2 plays a role in maintaining the morphology of neurons. The olfactory 
tubercle is apart ofthe ventral striatum, which consists ofmedium spiny neurons [12, 
21]. FoxP2 expressed in the olfactory tubercle may contribute to the integration of 
olfactory sensory input from upstream projections and playa role in generating out
put to other sensory structures by maintaining the sensitivity of neurons. Further 
studies are needed to clarify the underlying mechanism of different FoxP2 expression 
in frugivorous and insectivorous bats. Taking into consideration the potential role of 
the olfactory tubercle and the different FoxP2 expression patterns in the olfactory 
tubercle between the two kinds of bats, our findings suggest FoxP2 may be a func
tional molecular target connected to olfactory processing. 

In addition, the olfactory tubercle is not merely an olfactory sensory structure. lt is 
also interconnected with many brain regions. Visual information is also forwarded to 
the olfactory tubercle [20], indicating that the olfactory tubercle is an integrative and 
convergent component in the ventral striatum. The olfactory tubercle may therefore 
be involved in the intergration of olfactory and visual processing in frugivorous bats 
that depend substantiallyon these senses for foraging. The olfactory tubercle may 
therefore playa key role in multi modal sensory integration [37], and this could be key 
in its relative enlargement in frugivorous bats. FoxP2 is also expressed in the parvo-
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cellular layers of the dorsal lateral geniculate nucleus (dLGN) in adult monkeys, 
implying a role in the visual system [13]. The two foraging strategies used by the bats 
studied here also involve other divergences in behaviors. Frugivorous bats lack real 
laryngeal echolocation, instead, use their highly developed night vision for orienta
tion and foraging [4, 18, 23]. Alternatively the three insectivorous bats employ a 
complex vocal behavior for capture by emitting sonar pulses, enabling them to be 
much less reliant on vision. This behavioral difference combined with the discrepance 
in FoxP2 expression patterns in the olfactory tubercle between the two groups might 
contribute to the remarkable visual differences and foraging differences ofthe bats in 
the two foraging guilds studied here. 

Further work such as knock-out studies are necessary to interpret properly the 
functions of FoxP2 in the olfactory tubercle. Studies of frugivorous species that use 
echolocation, such as some phyllostomids, may help clarify the role of olfaction, 
vision and echolocation in influencing FoxP2 expression. 
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