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Previous studies have demonstrated that mutation in the forkhead
domain of the forkhead box P2 (FOXP2) protein (R553H) causes
speech-language disorders. To further analyze FOXP2 function in
speech learning, we generated a knockin (KI) mouse for Foxp2
(R552H) [Foxp2 (R552H)-KI], corresponding to the human FOXP2
(R553H) mutation, by homologous recombination. Homozygous
Foxp2 (R552H)-KI mice showed reduced weight, immature devel-
opment of the cerebellum with incompletely folded folia, Purkinje
cells with poor dendritic arbors and less synaptophysin immuno-
reactivity, and achieved crisis stage for survival 3 weeks after birth.
At postnatal day 10, these mice also showed severe ultrasonic
vocalization (USV) and motor impairment, whereas the heterozy-
gous Foxp2 (R552H)-KI mice exhibited modest impairments. Similar
to the wild-type protein, Foxp2 (R552H) localized in the nuclei of
the Purkinje cells and the thalamus, striatum, cortex, and hip-
pocampus (CA1) neurons of the homozygous Foxp2 (R552H)-KI
mice (postnatal day 10), and some of the neurons showed nuclear
aggregates of Foxp2 (R552H). In addition to the immature devel-
opment of the cerebellum, Foxp2 (R552H) nuclear aggregates may
further compromise the function of the Purkinje cells and cerebral
neurons of the homozygous mice, resulting in their death. In
contrast, heterozygous Foxp2 (R552H)-KI mice, which showed
modest impairment of USVs with different USV qualities and which
did not exhibit nuclear aggregates, should provide insights into the
common molecular mechanisms between the mouse USV and
human speech learning and the relationship between the USV and
motor neural systems.

KE family | nuclear aggregation | autism | endoplasmic reticulum stress

he phenotype of the speech-language disorder segregates as an

autosomal dominant trait. The KE family consists of three
generations in which approximately half of the members (15
members) have severe articulation difficulties accompanied by
verbal and orofacial impairments. The speech difficulties cannot be
fully attributed to the basic impairment of orofacial praxis; the
affected KE members normally perform single simple oral move-
ments but have trouble with language comprehension, including
grammar as well as production (1-5). Recent studies in the KE
family identified the forkhead box P2 (FOXP2) gene as the
responsible genetic factor and found that a missense mutation
(R553H) in the forkhead domain of FOXP2 cosegregates with the
disorder in this family (2-5).

In addition to a forkhead domain with a winged-helix DNA
binding domain (6), FOXP2 also contains a glutamine-rich region
(polyQ tract), zinc finger, and a leucine zipper motif for ho-
modimerization and heterodimerization with Foxp1, 2, and 4 family
members (7). FOXP2 also interacts with the C-terminal binding
protein (CtBP) to act as a transcriptional repressor (7). The familial
FOXP2 mutated protein (R553H) exhibits reduced DNA binding
and defects in nuclear localization in vitro (8, 9). In addition, a
nonsense mutation (R328X), another mutation related to the
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speech-language disorder, also confers compromised binding and
localization (10). However, despite the extensively studied relation-
ship in vitro between the mutation in FOXP2 and pathogenesis of
the speech-language disorder, the molecular mechanisms that
contribute to the disorder are still unresolved, underscoring the
need for an animal model for the analysis of the speech learning and
disorder at the molecular level.

FoxP2 function appears to be evolutionary conserved across
multiple species; high levels of FoxP2 have been detected during
vocal learning in zebra finches (11), and the expression pattern of
FoxP2 of songbirds changes during the seasons. The structure of
FoxP2 is highly conserved during evolution as well (12), because the
human FOXP?2 protein differs at only 2 aa compared with its mouse
homologue, along with one glutamine from the human protein that
is absent in the polyQ tract in mouse Foxp2 (12). Human FOXP2
and mouse Foxp2 show quite similar expression patterns in the
developing brain, with expression detected in the cortical plate,
basal ganglia, thalamus, and inferior olive (13, 14).

Infant rodents emit ultrasonic vocalizations (USVs), whistle-like
sounds with frequencies between 40 kHz and 100 kHz, when
isolated from the mother and littermates (15). These signals play an
important communicative role in mother—offspring interactions
because they elicit prompt responses from the dam concerning
caregiving behaviors (15). Homozygous Foxp2-knockout (KO)
mice display severe motor impairment, premature death, and an
absence of USVs in response to stress (16). Heterozygous
Foxp2-KO mice also display modest developmental delays and
significant alterations in USVs. Thus, it is likely that Foxp2 plays an
essential role in the production of USVs required for the social
communication functions of mice. However, it is not clear whether
mouse USVs and human speech share a common molecular
mechanism regulated by Foxp2.

To clarify the relationship between the FOXP2 (R553H) muta-
tion and the pathogenesis of the speech-language disorders and to
examine the Foxp2-mediated common molecular mechanism be-
tween mouse USVs and human speech, we generated knockin mice
[Foxp2 (R552H)-KI] for the mouse homologue of FOXP2
(R553H) by homologous recombination. Here we show evidence
for a common molecular mechanism shared between human
speech and mouse USVs and discuss the defect of this molecular
mechanism and immature development of cerebellum in the Foxp2
(R552H)-KI mice.
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Fig. 1. Characterization of the Foxp2 (R552H)-KI mice. (A) Genotype assay by
PCR. Lanes 1-10, littermates; lane M, molecular size marker. (B) Postnatal
weight of pups over time. (C and D) Pups (C) and brains (D) of wild-type,
heterozygous, and homozygous Foxp2 (R552H)-KI mice (P10). Arrows indicate
the cerebella. The size of the homozygous cerebellum is smaller than the
wild-type and heterozygous ones. (E) Hematoxylin and eosin staining of the
cerebella at P4 and P19. Hetero, heterozygote; Homo, homozygote. (Scale
bars: Cand D, 5 mm; E, 1 mm.)

Results

Characterization of Knockin Mouse with R552H Mutation, Foxp2
(R552H)-KI, and Defect of the Coordinated Movement. We generated
mice harboring the mutation in Foxp2 homologous to the mutation
in the KE family with the speech-language disorder [Foxp2
(R552H)-KI mice] [supporting information (SI) Fig. 6]. Genotypes
of wild-type, heterozygous, and homozygous Foxp2 (R552H)-KI
mice were assessed by PCR analysis for the allele retaining a single
loxP site (Fig. 14) after blind behavioral analyses. Offspring geno-

types from heterozygous matings did not approach Mendelian
frequencies (wild-type:heterozygote:homozygote, 69:155:27), sug-
gesting that approximately half of homozygotes are embryonic
lethal or die at birth and may be immediately eaten by the mother.
Similar to the Foxp2-KO mice, homozygous Foxp2 (R552H)-KI
mice did not grow at a normal rate 20 days after birth, although they
showed a milk strip (milk materials in the stomach). At postnatal
day 10 (P10), a significant difference in mean weight (30-40%
reduction) was detected between homozygous Foxp2 (R552H)-KI
mice and wild-type littermates and increased over the next 10 days
because of the further weight reduction of the homozygous Foxp2
(R552H)-KI mice, whereas a 10-15% difference remained between
heterozygous and wild-type mice (Fig. 1B). Homozygous Foxp2
(R552H)-KI mice (P10) were ~30% smaller than heterozygous or
wild-type mice (Fig. 1C). The brain size, particularly the cerebel-
lum, of the homozygote (P10) was also smaller than that of the
heterozygous and wild-type mice (Fig. 1D). The development of
folia of the homozygous cerebellum (P4-P19) was morphologically
immature with less folia that were incompletely folded (Fig. 1E).
The delay of the morphological development was not observed in
most heterozygous cerebella (P19) (Fig. 1E).

Motor and USV Impairment in Homozygous and Heterozygous Foxp2
(R552H)-KI Mice. The affected members in the KE family have
impairment of coordinated movements that are required for speech
(verbal and orofacial dyspraxia) and impairment of speech and
verbal comprehension (dysphasia) (1-5). The homozygous Foxp2
(R552H)-KI mice (P8-P10) along with the homozygous Foxp2-KO
mice showed severe motor abnormalities, such as decreased spon-
taneous activity and sudden irregular and discoordinated move-
ments. They were nearly unable to perform activities during
P14-P20, while most heterozygous Foxp2 (R552H)-KI mice ap-
peared to show normal activity, except for a small percentage of the
population (<2%) showing severe reduced weight and lack of
activity, similar to homozygous Foxp2 (R552H)-KI mice. To further
analyze the phenotype of the Foxp2 (R552H)-KI mice (P10), we
carried out standard behavioral analyses of three littermates (13
wild types, 20 heterozygotes, and five homozygotes), such as
assessing righting reflex (Fig. 24) and midair righting (Fig. 2B).
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Fig.2. Behavior analysis and USVs of the Foxp2 (R552H)-KI mice. (A and B) Righting reflex (A) and mid-air righting (B) of the Foxp2 wild-type and mutant mice.
(C) Real-time spectrography of the USVs of pups (P8) after separation from the dam. (D) Major vocalization patterns (P8). Wild-type vocalization was mainly
whistle-type USVs, whereas heterozygous Foxp2 (R552H)-KI mice produced three major vocalization patterns including USVs similar to the wild type (Top),
short-length USVs (Middle), and click-type sonic vocalization (Bottom). Homozygous Foxp2 (R552H)-KI mice showed only a small number of click-type
vocalizations. (E) Number of whistle-type USVs of pups (P8) per min. Vocalizations were recorded for 3-5 min.
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Fig. 3. Nuclear localization of Foxp2 (R552H) and its aggregates in the Purkinje cells and abnormal dendrites of Foxp2 (R552H)-KI mice. (A) Abnormality of
Purkinje cells in the Foxp2 (R552H)-KI mouse. Nissl staining of the cerebellum (P19) (red) is shown. Nuclei of the granule cells are stained with Hoechst (blue).
(B) Nuclear localization of Foxp2 (R552H) in the heterozygous and homozygous Purkinje cells (P10) and their immature dendrites. Calbindin and RORa are green,
Foxp2 and Foxp2 (R552H) are red, and Hoechst is blue. (C) Nuclear aggregation of Foxp2 (R552H) in the homozygous Purkinje cells (P10). Arrows indicate the
nuclear aggregates of Foxp2 (R552H). (D) Synapses in the immature dendrites of the homozygous and heterozygous Purkinje cells (P10). Calbindin is green,
synaptophysin and GABABR are red, and Hoechst is blue. (E) Calbindin immunoreactivities of Purkinje cells of P19. Homozygous Purkinje cells showed immature
dendrites, whereas heterozygous ones showed the mature dendrites like wild-type ones. Calbindin is green, and Hoechst is blue. (Scale bars: A, 1 mm; B, D, and
E, 25 um; C, 10 um.) To eliminate variations due to regional differences, the descriptions that follow are based on sections taken from the same regions (folia
11I-V) in the central part of the cerebellum of the wild, heterozygous, and homozygous Foxp2 (R552H) mice.

Homozygous Foxp2 (R552H)-KI pups were delayed in their ability
to right themselves when placed on their backs or in midair, whereas
most heterozygous Foxp2 (R552H) mice did not exhibit obvious
delays; the righting reflex of homozygous and heterozygous mice
was seven and three times more delayed than wild-type mice,
respectively (Fig. 24). Furthermore, homozygous mice showed a
clear difference from wild-type mice in the midair-righting assay,
but heterozygous mice were not significantly different from wild
type (Fig. 2B).

When isolated from the mother and littermates, infant rodents
emit USVs, whistle-like sounds with frequencies between 40 and
100 kHz, as an important communicative signal in mother—
offspring interactions (15). We assessed the number of USVs
(whistles) and sonic/USVs (clicks) of 8-day-old pups after separa-
tion from the mother (Fig. 2C). Wild-type pups mainly produced
whistle-type USVs, whereas heterozygous Foxp2 (R552H)-KI pups
showed modest impairment for USVs; they produced three major
vocalizations, including USVs similar to the wild type, short-length
USVs, and click-type sonic vocalizations (Fig. 2 D and E). In
addition, the mean number of USVs was reduced (Fig. 2E).
Homozygous Foxp2 (R552H)-KI pups as well as homozygous
Foxp2-KO pups showed severe impairment in the number of USVs
(Fig. 2 C and E), and several pups produced only a few click-like
vocalizations (Fig. 2D). Homozygous Foxp2 (R552H)-KI mice
(P14-P20) did not produce any USVs because of a severe loss or
near cessation of activity (unpublished observations).

Histochemical Alteration of the Brain of Foxp2 (R552H)-KI Mice.
Cerebellum. In the cerebellum of the homozygous and heterozygous
Foxp2 (R552H)-KI mice (P19), granule cells migrated normally
from the external granule layer into the internal granule layer (Fig.
3A4). The calbindin-positive Purkinje cells were aligned in a con-
tinuous row but were sparsely localized in the folia (P10). Foxp2
(R552H) and Foxp2 were expressed in the calbindin-positive Pur-
kinje cells in the cerebellum (Fig. 3B). In contrast with in vitro
studies (8, 9), Foxp2 (R552H) localized in the nuclei of Purkinje
cells from homozygous Foxp2 (R552H)-KI mice, as did Foxp2 in
the wild-type cells, and colocalized with nuclear receptor ROR«

Fujita et al.

(retinoic acid receptor-related orphan receptor-a) (17) (Fig. 3B).
No Foxp2 was detected in RORa-positive basket cells and stellate
cells. Foxp2 (R552H) showed nuclear aggregation in some of the
Purkinje cells of homozygous Foxp2 (R552H)-KI mice (Fig. 3C).
The dendritic shafts of the homozygous Purkinje cells were thin,
with less elaborated calbindin-positive dendritic arbors and reduced
synaptophysin reactivity, a marker of synapse, compared with the
wild-type Purkinje cells (Fig. 3D). Synaptophysin reactivity in the
dendritic arbors of the heterozygous cells was at a level between that
in the homozygote and the wild type (Fig. 3D). In the developing
cerebellum of the wild type (P10), the metabotropic GABA
receptor (GABABR) was strongly expressed in the dendrites of
Purkinje cells, where the parallel fibers synapse (18), and in the
migrating granule cells located just below the external granule layer
(Fig. 3D). In the homozygous and heterozygous Foxp2 (R552H)-KI
mice, GABABR was more poorly expressed in the dendrites
although it was expressed in the migrating granule cells. At P19 and
P45 the heterozygous dendrites had recovered and elaborated as
well as wild-type dendrites (Fig. 3 E and SI Fig. 7), but the
homozygous dendrites still remained at an immature level at P19
(Fig. 3E).
Cerebrum. In the wild-type mice, anti-Foxp2 reactivity was detected
in the nuclei of the cortical plate, basal ganglia, striatum, and
thalamus and weakly in the hippocampus in the cerebrum (Fig. 44)
(13, 14). Stronger anti-Foxp2 staining was observed in the CAl
hippocampus, thalamus, and striatum of the homozygous Foxp2
(R552H)-KI mice than in the wild type compared with anti-NeuN
staining (Fig. 4 A-I). In the homozygous and heterozygous Foxp2
(R552H)-KI mice, Foxp2 and Foxp2 (R552H) were clearly detected
in CA1 hippocampus neurons, but CA3 and the dentate gyrus were
negative for anti-Foxp2 reactivity (Fig. 4 D-F). Furthermore, in the
cortical plates, thalamus, striatum, hippocampus, and inferior olive,
the Foxp2 (R552H)-KI neurons exhibited aggregates in the larger
foci with strong anti-Foxp2 intensity in interphase nuclei, compared
with the nuclei of the wild-type neurons, which exhibited small foci
with a punctate nuclear staining pattern (Fig. 4 J-L).

Foxp2 (R552H) Aggregation and Stress. Cytoplasmic polyQ aggre-
gates induce endoplasmic reticulum (ER) stress in cells (19). In
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Fig. 4. Nuclear localization of Foxp2 (R552H) and its aggregates in the
cerebral neurons. (A-/) Distribution of Foxp2 and Foxp2 (R552H) in the cere-
brum of the 10-day-old wild type (A, D, and G), heterozygotes (B, E, and H), and
homozygotes (C, F, and /). (A-C) Merged pictures with anti-NeuN (green),
anti-Foxp2 (red), and Hoechst (blue). (D-F) Merged pictures with anti-Foxp2
and Hoechst. (G-/) Anti-NeuN. (J-L) Nuclear aggregation of Foxp2 (R552H) in
the cortex neurons. (J) Wild type. (K) Heterozygote. (L) Homozygote. St,
striatum; Th, thalamus; Cor, cortex; Hip, hippocampus. (Scale bars: A-/, 500
wm; J-L, 25 pm.)

contrast with the results of the brains of homozygous Foxp2
(R552H)-KI mice, ectopically expressed Foxp2 (R552H) localized
in the cytoplasm and nuclei of C2C5 cells and COS cells (9) and
aggregated in the cytoplasm and nuclei in a time-dependent man-
ner by 24 h. Cells expressing Foxp2 (R552H) aggregates showed
increased c-Jun phosphorylation (c-Jun-p) (Fig. SE), increased
elF2a-phosphorylation (eIF2a-p) (Fig. 5F), up-regulation of
CHOP (Fig. 5G), and activation of caspase-12 (anti-m12D341
reactivity) (Fig. 5H), all markers of ER stress. Notably, cells
expressing Foxp2 were negative for each of these markers (Fig. 5
A-D). Thus, cytoplasmic and/or nuclear aggregates of ectopically
expressed Foxp2 (R552H) induced the ER stress in cells. However,

anti-elF20-p anti-CHOP anti-m12D341

anti-c-Jun-p

FoxP2

FoxP2(R552H)

Fig. 5. Foxp2 (R552H) aggregates and ER stress. C2C5 cells were transfected
with pEGFP-Foxp2 and Foxp2 (R552H). GFP-Foxp2 (R552H) showed cytoplas-
mic and nuclear aggregates in 24 h, whereas GFP-Foxp2 was located in the
nuclei and showed no aggregation. Shown are Foxp2 (A-D) and Foxp2
(R552H) (E-H) (green). (A and E) Anti-c-Jun-p. (B and F) Anti-elF2a-p. (Cand G)
Anti-CHOP. (D and H) Anti-m12D341 (antiactivated caspase-12) (red). (Scale
bar: 25 pm.)
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we could not detect any stimulation of ER stress and apoptotic
signals in the Purkinje cells and cerebral neurons expressing Foxp2
(R552H) from the homozygous and heterozygous Foxp2
(R552H)-KI brains (P10) (unpublished observation).

Microarray Analysis. To identify potential candidate genes related to
the Foxp2-mediated USVs, we focused on up-regulated and down-
regulated genes in both homozygous and heterozygous Foxp2
(R552H) cerebrum or cerebellum. Microarray analysis of the
homozygous or heterozygous and wild-type brain (P8) revealed a
panel of up-regulated and down-regulated genes in response to the
Foxp2 (R552H) mutation (SI Table 1). Well known genes up-
regulated in both the heterozygous and homozygous mouse in-
cluded protachykinin 1 precursor (7acl) and GABA receptor
(Gabra5) in the cerebellum and Gabra2 in the cerebrum, whereas
Nhihl and GO/S2 were down-regulated in the cerebellum and
cerebrum, respectively. Furthermore, G protein-coupled receptor
15-like (Pgri5l) was down-regulated in the homozygous cerebellum
and cerebrum but not in the heterozygous samples.

Discussion

Common Molecular Mechanism Shared with Mouse USVs and Human
Speech. Accumulating evidence suggests that Foxp2 plays a general
role in communication in multiple species: the FOXP2 (R553H)
mutation was found in the KE family with a speech-language
disorder (1-3), the expression pattern of Foxp2 in humans, mice,
and songbirds is quite similar (11, 13, 14), the distribution of Foxp2
changes in songbirds during vocal learning (11), and Foxp2-KO
mice lacking Foxp2 show abnormal USVs (16). Thus, FoxP2 is
essential for not only human speech-language activity but also the
USV production of mice and vocalization of songbirds. However,
whether human speech and mouse USVs share a common Foxp2-
mediated molecular mechanism has not been clear. Foxp2 contains
many multifunctional domains and exhibits various alternative
splicing products (16). Unlike the affected KE members expressing
the FOXP2 (R553H) mutant, Foxp2-KO mice may be completely
deficient for all of the functions of Foxp2 and its alternative splicing
products (16, 20). Which functional domain of Foxp2 or alternative
splicing product of Foxp2 functions in the molecular mechanism of
mouse USVs and whether the phenotype of Foxp2-KO mice is due
to the loss of function of forkhead domain were not previously
established. In the present study we demonstrated that the homozy-
gous Foxp2 (R552H)-KI mouse with a mutation similar to R553H
in the KE family also showed abnormal USVs. Thus, mouse USVs
and human speech share a common molecular mechanism, which
is regulated by the forkhead domain of Foxp2 but impaired by its
point mutation.

In in vitro cell culture experiments, two possible factors have been
proposed for the mutated FOXP2, FOXP2 (R553H)-induced and
FOXP2 (R328X)-induced impairment of speech-language ability
(8-10): one is the lack of DNA binding activity (8), and the other
is mislocalization of mutated FOXP2 (8, 9). Foxp2 (R552H) and
Foxp2 localized in the nuclei of the Purkinje cells and cerebral
neurons (Figs. 3 and 4), supporting the former possibility; thus, it
is likely that the impairment of human speech and impairment of
mouse USV result from the abolishment of FOXP2 transcriptional
activity. Mouse USVs and human speech share a common molec-
ular mechanism regulated by Foxp2 transcriptional activity.

At present, however, the genes regulating USV function and the
development of the cerebellum and the maturation of Purkinje cells
are unknown. Microarray analysis suggested several well known
genes as candidates for targets of Foxp2 regulation in the devel-
oping brain (SI Table 1). G0/S2 is a gene involved in the Go—G
transition that is up-regulated during differentiation upon treat-
ment with retinoic acid (21, 22). G0/S2 was down-regulated in the
homozygous and heterozygous Foxp2 (R552H)-KI brain, suggest-
ing the delay of the cerebral development in the homozygous and
heterozygous Foxp2 (R552H)-KI brain. Down-regulation of Nhlh1,

Fujita et al.
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which encodes a helix-loop-helix transcriptional protein involved
in the differentiation of neural cells and cerebellar development
(23), also suggests the immature development of the neuronal cells
in the homozygous and heterozygous Foxp2 (R552H) cerebellum.
At present, the biological significance of up-regulation of Tac! is
not known, but it may be worth noting that 7ac! is a precursor of
substance P expressed in area X of songbirds’ brains, in which
Foxp2 is up-regulated during vocal learning (11). Furthermore,
up-regulation of Gabra may be associated with language impair-
ment in some autistic patients (24) because impairment of social
behavior is accompanied by an increase in inhibitory synaptic
transmission as recently shown in the neuroligin-3 (R451C) knockin
mice, the model mouse for autism (25). Pgrl5l, which is highly
expressed in numerous subregions of the hypothalamus (26), was
down-regulated in the homozygous Foxp2 (R552H) cerebrum and
cerebellum.

Immature Cerebellar Development with Abnormal Dendrites and USVs
and Motor Impairment. The cerebellum is involved in coordinated
movement. The Foxp2 (R552H) mutation prevented the develop-
ment of the cerebellum and the maturation of the dendrites of the
Purkinje cells (Fig. 3B) but did not prevent the migration of granule
cells from the external granule layer into the internal granule layer
(Fig. 34), suggesting that the maturation of Purkinje cells is closely
associated with the development of the cerebellum. However, the
heterozygous mice with normal morphological development of the
cerebellum showed poorer dendrite arbors of Purkinje cells and less
abundant synaptophysin than wild-type mice (Fig. 3 B and D),
suggesting that the USV and motor impairment of the heterozygous
and homozygous Foxp2 (R552H)-KI mice are closely associated
with the immature dendritic array of Purkinje cells rather than with
the immature development of the cerebellum including incomplete
folia formation (Fig. 3). Thus, it is likely that the Foxp2 (R552H)
mutation causes the immature development of Purkinje cells with
poor dendrites, resulting in the reduction of the number of synapses
on the parallel fibers causing the differences in the USVs and motor
impairment.

The USVs and motor impairment in the homozygous Foxp2
(R552H)-KI and Foxp2-KO mice suggest that (i) Foxp2 is inde-
pendently essential for the motor neural system and USV neural
system or (i) Foxp2 is essential for the neural system, which is
shared with the motor and USV neural system. The affected
members (heterozygotes) of the KE family have an impaired ability
to perform coordinated movements that are required for speech,
verbal dyspraxia, and orofacial impairment but do not show ab-
normalities in single simple oral movements and limb praxis. Some
of the affected members of the KE family have problems not only
with speech but also with complex non-speech mouth movement;
these two abnormalities are not significantly correlated with each
other in these individuals. Thus, speech impairment is not corre-
lated with the impairment of general movement but instead the
impairment of some special coordinated movement.

Heterozygous Foxp2 (R552H)-KI mice also showed slight motor
impairment (Fig. 2 4 and B), except for a small percentage of the
population showing low motor activity, and impairment of USV
quality such as short-length USVs (Fig. 2D), suggesting that a
particular part of the motor system, but not the entire motor system,
is shared with the USV neural system. In humans, two neural
systems, the temporal lobe and frontal basal ganglia, parietal, and
cerebellar structures, have been proposed to be involved in lan-
guage (27), and the cerebro-thalamo-cortical neural system is
involved in the motor neural system. The neural system shared with
the motor neural and USV (speech) learning neural brain systems
within the neurocognitive framework must be addressed by further
anatomical, physiological, and biochemical analysis of the heterozy-
gous Foxp2 (R552H)-KI mice. The heterozygous Foxp2
(R552H)-KI mouse model presented here will be a useful model

Fujita et al.

system for the study of the molecular mechanism causing the USV
(speech) impairment.

Nuclear Aggregates in the Purkinje Cells and Cerebral Neurons. Foxp2
has two NLS signals flanking both ends of the forkhead domain and
translocates to the nuclei to form foci in vitro (9). Foxp2 (R552H)
showed cytoplasmic and nuclear localization in vitro (Fig. 5) (9),
whereas in the brain it predominantly showed nuclear localization
in the neuronal cells. Foxp2 (R552H) aggregated in the cytoplasm
and nucleus in vitro by 24 h, and also in the nucleus of the Purkinje
cells (P10) (Fig. 3C). This suggests that R552 may not be essential
for Foxp2 nuclear localization and that the RS52H mutation may
induce a conformational change causing self-aggregation, likely via
the polyglutamine tract (40 mer). Cytoplasmic or nuclear aggre-
gates of Foxp2 (R552H) may be due to the balance between the
nuclear translocation system and the self-aggregation of Foxp2
(R552H). This balance may be cell type-dependent, and in the
developing neurons nuclear translocation could be faster than
self-aggregation of Foxp2 (R552H), resulting in nuclear aggrega-
tion rather than cytoplasmic aggregation. However, Foxp2-KO
mice showed severe motor impairment as well as abnormal USVs
(P10), suggesting that the nuclear aggregates are not directly
involved in the USV and motor impairment (P10).

Foxp2 (R552H) nuclear and/or cytoplasmic aggregates caused
ER stress in vitro in cell culture (Fig. 5 E-H), probably because of
the polyglutamine region, because similar observations were de-
tected in cells expressing polyQ cytoplasmic aggregates (19). How-
ever, in the homozygous Foxp2 (R552H) brain, apoptotic markers,
such as TUNEL and antiactivated caspase-3, and ER stress mark-
ers, such as anti-Jun-P and CHOP up-regulation, were negative in
Purkinje cells and the cerebral neurons expressing Foxp2 (R552H)
(unpublished observations). In patients with Huntington’s disease,
apoptotic cell death has not been observed, but in the Huntington’s
R6/2 mouse model containing a polyQ tract (144 mer) (28), ER
stress was detected (29). Thus, cell death and ER stress may not
always be related to the mutated protein aggregates. The cell death
may depend on the type of aggregates such as cytoplasmic or
nuclear aggregates, cell types, and developmental stages. The
nuclear aggregates of Foxp2 (R552H) with a polyQ tract (40 mer)
may induce the cell death of Purkinje cells or cerebral neurons in
the latter developmental stages, causing severe movement defects.
Otherwise, Foxp2 (R552H) nuclear aggregates could potentially
induce continuous weak stresses that may cause the dysfunction of
the cerebral neural system and cerebellar motor neural system
regulating the coordinated movements closely associated with
USVs and the speech-language neural system. The Foxp2 (R552H)
nuclear or Foxp2 (R327X) cytoplasmic aggregate-induced stress
and USVs and motor impairment remain to be studied further.

Here we demonstrated that Foxp2 (R552H)-KI mice related to
the speech-language disorder showed USV and motor impairment
and immature Purkinje cells with poor dendrites and fewer syn-
apses. Some of the neurons of homozygous Foxp2 (R552H) mice
contained nuclear aggregates of Foxp2 (RS552H). The Foxp2
(R552H)-KI mice will be useful for the analysis of the common
molecular mechanism shared with mouse USV and human speech
and the pathogenesis of speech-language disorders.

Materials and Methods

Knockin Construct. A targeting vector for introducing G-to-A transition into exon
17 of the mouse Foxp2 gene locus was constructed by bacterial artificial chro-
mosome (BAC) recombineering using Red/ET recombination (Gene Bridges). The
mouse Foxp2 BAC clone, RP22-156B15, was obtained from the BAC Pl derived
artificial chromosome (BACPAC) Resources Center at Children’s Hospital Oakland
Research Institute. To introduce the mutation, an rpsL-neo counter selection
cassette was inserted into exon 17 of the Foxp2 gene and was subsequently
replaced with the PCR-amplified G-to-A transition sequence. A floxed neo selec-
tion marker for ES cell selection was introduced into intron 17. The Foxp2 (R552H)
knockin targeting vector was finally constructed into pBluescript-MCA/DTA plas-
mid by subcloning the 7.6 kb of upstream and 3.9 kb of downstream sequence of
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the manipulated Foxp2 gene. The targeting plasmid was sequenced to confirm
the G-to-A transition and floxed neo insertion.

Foxp2 (R552H)-KI Mice. Mouse ES cells (PhoenixBio) derived from a 12956/SvEvTac
mouse were used for gene targeting. ES cells were electroporated with the
targeting vector, and G418-resistant clones were isolated. Targeted ES clones
were screened by Southern blot hybridization with 3’ flanking probe. To remove
the PGK-neo marker cassette, a correctly targeted ES cell clone was transfected
with the Cre expression plasmid and grown in the absence of G418 as described
(30). Loss of neo was determined by Southern blot hybridization with the internal
Kl probe. Mutant mice were generated by injection of correctly targeted ES cells
into C57BL/6 blastocysts. F1 mice were bred by crossing of chimeric male offspring
and C57BL/6 female mice. Germ-line transmission of the mutant Foxp2 locus was
assessed by Southern blot hybridization with the internal KI probe. To generate
animals homozygous for the targeted mutation, heterozygous animals were
intercrossed.

Histopathology. The mice were anesthetized and killed by intracardiac perfusion
of 10% formalin. The brain was fixed and embedded in paraffin. Coronal sections
for cerebral hemispheres and transverse sections for cerebellum with pons were
cut at 6-um thickness. The sections were stained with hematoxylin and eosin and
with a Neurotrace 530/615 Nissl stain (Molecular Probes).

Genotype Assay by PCR. One loxP sequence (ATAACTTCGTATAGCATACATTAT-
ACGAAGTTAT) still remained in the intron between exons 17 and 18 in the
targeted alleles after Cre-mediated removal of the PGK-neo Marker cassette. To
identify the wild-type and targeted alleles, we performed PCR using primer pairs
5'-GATGGTCAAGACCCACTAGT-3' for forward primer and 5'-AGGAGGAGACAG-
CATGCATT-3’ for reverse primer.

Behavior Test. Animals selected from three distinct littermates were tested in
behavioral analyses. Behavior tests including righting and midair righting were
carried out on P6-P10 after the vocalization test. The righting reflex was evalu-
ated by turning the mouse onto its back and noting the delay before it could turn
itself over. For the midair-righting test, the pups were dropped from 30 cm above
a padded surface to observe whether they could right themselves before land-
ing (16).

Vocalization. Animals were assessed for USV monitoring before behavioral test-
ing on P8 and P10. Each pup was separated from its littermates, one at atime, and
placed in a shallow beaker in a soundproof chamber. The pup was then posi-
tioned in the chamber below a microphone connected with the UltraSound Gate
116 detector set (Avisoft Bioacoustic) to detect USVs at 40-100 kHz. Analysis
started after the pup had been habituated to the chamber for 60 seconds; sounds
were recorded for 3-5 min and then saved for later analysis.
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Microarray Analysis. Total RNA of the cerebrum and cerebellum was isolated and
purified from mice (P8) by using the RNeasy Mini kit (Qiagen). Fluorescent
first-strand cDNA was prepared by reverse transcription (SuperScript II; Invitro-
gen) using primers 5'-labeled with Cy-dyes (Cy5). OpArrays slides (Operon), which
printed the global 70-mer oligonucleotide array probes covering ~25,000 genes
and 38,000 transcripts, were used for microarray analysis. Slides were scanned on
aMolecular Dynamics Generation lll scanner to detect Cy5 fluorescence. Raw data
analysis was carried out by using Array Vision 4.0 (Imaging Research).

Site-Directed Mutagenesis. To generate the Foxp2 (R552H) mutant, site-directed
mutagenesis was performed by using the QuikChange Il Site-Directed Mutagen-
esis kit (Stratagene) with the following primers: sense primer, 5'-AAGAATGCAG-
TACATCATAATCTTAGC-3’; antisense primer, 5'-GCTAAGATTATGATGTACTG-
CATTCTT-3'. Underlined nucleotides were mutated sites. Mutations were
confirmed by DNA sequencing.

DNA Construction. The full Foxp2 cDNA was isolated from a mouse brain library
(9). Primers for PCR amplification of Foxp2 cDNA were as follows: full length of
Foxp2 using the forward primer 5'-ATGATGCAGGAATCTGCGACAG-3’ and the
reverse primer 5'-TCATTCCAGGTCCTCAGATAAAGGC-3'. The PCR product was
cloned into the pGEM-T easy vector (Promega) and then subcloned in-frame into
the EcoR1 site of the pEGFP-C1 expression vector (Clontech).

Cell Culture and Transfection. C2C5 Cells were cultured at 37°C in a humidified
atmosphere containing 5% CO; using «-MEM (Sigma) containing 10% FBS.
Transfection was performed by using Lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions.

Immunostaining. Wild-type and Foxp2 (R552H)-KI brains were fixed in 4% para-
formaldehyde in PBS at 4°C overnight. Frozen sections (10 um thick) were cut on
a cryostat and immunostained with rabbit anti-Foxp2 (Abcam), rabbit anti-
GABAgR (Alomone), rabbit and mouse anti-calbindin (Sigma), mouse anti-NeuN
(Millipore), mouse anti-synaptophysin (Chemicon), or goat anti-ROR« (Santa Cruz
Biotechnology). For the immunostaining for the C2C5 cells, the transfected cells
were fixed in 4% paraformaldehyde, washed with PBS, and then incubated with
rabbit anti-c-Jun-p and anti-elF2a-p (Cell Signaling Technology), mouse anti-
CHOP (Santa Cruz Biotechnology), and rabbit anti-m12D341 (antiactivated
caspase-12) (19) overnight at 4°C. Alexa Fluor 488- and Alexa Fluor 568-
conjugated secondary antibodies against mouse, rabbit, and goat IgG were
purchased from Molecular Probes. Nuclei were detected by Hoechst 33342 (Mo-
lecular Probes). The reactivity was viewed by using a confocal laser-scanning
microscope (CSU-10; Yokogawa).
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