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Motor Learning: The FoxP2 Puzzle Piece

Mutation of the DNA-binding region of the FOXP2 protein causes an inherited
language disorder. A recent study provides the first data on mice with this
mutation, which exhibit deficits in motor-skill learning and abnormal properties
of neural circuits that contribute to these skills.
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The renowned linguistics philosopher
Noam Chomsky wrote: ‘‘When we
study human language, we are
approaching what some might call
the ‘human essence’, the distinctive
qualities of mind that are, so far as
we know, unique to man’’ [1]. We are
the only species on the planet which
has the language phenotype. How
this singularity evolved has captivated
philosophers and scientists for
centuries, and remains a puzzle.
Enter the genomic era: now geneticists,
in addition to neurologists, linguists
and anthropologists, can take up the
challenge. They sift the genome for
complex multi-genetic components
required for our language ability. In
a revolutionary discovery reported in
2001 [2], the transcription factor
known as FOXP2 was identified as
the monogenetic locus of a mutation
that causes an inherited speech and
language disorder. In an instant,
FOXP2 flashed as a key piece in the
puzzle that connects with other
molecules to pattern the brain for
language. As reported recently in
Current Biology, Groszer et al. [3] have
now genetically engineered mice to
show how human-like FOXP2
mutations alter learned motor
behaviors.

How can studies in mice, which lack
language, help us understand FOXP2’s
function? It is important to recognize
the distinction between language and
speech. Language involves a cognitive
system that conveys and processes
linguistic information. A component
of this system is speech, the vocal
articulation of linguistic information.
Speech involves learning precisely
and rapidly to coordinate complex
sequential movements of lingual,
vocal and respiratory musculature
in order to mimic or create new
sounds. The evolution of speech is

thus a necessary preadaptation for
vocalized language.

The neural mechanisms for
speech as a motor skill may have
their evolutionary roots in more
common ancient circuitries shared with
non-speaking animals. Accordingly,
several animal models, including vocal
learners and non-learners, have been
used to study neural expression
patterns, function, and evolution of
FoxP2 (by convention, human ‘FOXP2’
is capitalized, mouse ‘Foxp2’ is not,
and ‘FoxP2’ denotes the molecule in
mixed groups of animals). In human
embryos, songbirds and rodents,
FoxP2 is expressed in the cortex,
striatum and thalamus in a conserved
manner, suggestive of a role in
the development of these structures
[4–7]. In songbirds — the songs
of which share key features with
speech — expression persists into
adulthood when FoxP2 mRNA is
actively down-regulated in song
control regions by singing. This
implicates FoxP2 in the use, as
well as the development, of such
structures [8], a notion supported by
the finding that targeted knock-down
of FoxP2 in juvenile birds disrupts
their adult songs. Interestingly,
the acoustic abnormalities in
knock-down birds were reported
to resemble those exhibited by
children with developmental verbal
dyspraxia [9].

In general, FoxP2 is highly
conserved, but it appears to have
undergone accelerated evolution
among echolocating bats and along the
lineage between chimpanzees and
humans [10–12]. Though the true cause
of acceleration remains unclear, it is
tempting to hypothesize that in certain
phylogenetic lineages, the molecular
sequence of FoxP2 is critical for
specialized acoustic-motor function.
(but see [13] with regard to birds).
Connected with this idea, FOXP2 was
recently sequenced from Neandertal

bones, where the finding of the modern
human form suggests a more
sophisticated view of these archaic
hominids [14].

FOXP2 was first identified as
the genetic cause of a language
impairment when a missense point
mutation was found to cosegregate
with a disorder that has been inherited
through multiple generations of
a British family, referred to as KE [2].
Just as the famous patient HM has
been important for understanding
hippocampal-based memory, the
KE family is teaching us much about
language. Subsequently, additional
cases of verbal dyspraxia linked to
FOXP2 mutations have emerged,
including one associated with a mutant
that results in an abnormally truncated
protein [15]. In the KE family, affected
members are heterozygous for an
R553H mutation in the DNA-binding
domain of FOXP2, and exhibit
a number of expressive and receptive
linguistic abnormalities. The most
prominent deficit lies in the sequencing
of orofacial movements required
for speech articulation. The
neurobiological basis of these
deficits appears to lie in structural
and functional abnormalities of
cortico-striatal and cortico-cerebellar
circuitries important for learning
and execution of sequential
movements [16].

In their recent study, Groszer et al.
[3] characterized the basic motor
aspect of this phenotype through
analogy, by investigating motor-skill
learning in Foxp2 mutant mice. In
collaboration with the Mammalian
Genetics Unit of the Medical Research
Council in the United Kingdom, they
took over 5,000 F1 offspring from
N-ethyl-N-nitrosourea randomly
mutagenized founders, and examined
genomic DNAs for mutations in Foxp2.
Incredibly, they identified a mouse that
carried the R552H mutation identical to
the one harbored by the KE family (the
552nd amino acid in the mouse protein
is equivalent to the 553rd in the human
protein). After a series of backcrosses
with wild-type mice to remove
potentially confounding mutations, the
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Figure 1. Impaired motor-skill learning in Foxp2 heterozygous mice.

Heterozygous mice carrying the same point mutation in Foxp2 as affected members of the KE
family (‘KE’ mice) exhibited markedly impaired motor-skill learning which may be explained by
abnormal neural circuitry (upper panel). On the accelerating rotarod test, ‘KE’ mice performed
comparably to wild-type mice on the first trials, but over subsequent trials showed slower
improvement (lower panel). In ‘KE’ mice, the dorsal striatum, which is implicated in this type
of motor-skill learning, lacked normal plasticity as measured by induction of long-term depres-
sion. (Adapted from [3].)
R552H line was established, ready for
anatomical, cellular, and behavioral
investigations.

R552H homozygous mice show
profound deficits, including reduced
weight gain and delayed maturation of
the righting reflex, and die a few weeks
after birth. Interestingly, the cerebellum
of these mice is disproportionately
small, while its gross histoarchitecture
remains intact. Heterozygotes, on the
other hand, are fully viable with no
gross neuroanatomical changes
and normal base-line motor abilities.
Strikingly, when it comes to learned
motor skills, these mice are impaired
in performance on two assays: the
tilted voluntary running-wheel and
the accelerating rotarod. On both,
heterozygotes perform no worse
than normal mice on the first trial,
but they make slower improvements
over subsequent trials compared to
their wild-type littermates (Figure 1).

In accordance with these behavioral
results, in the heterozygous mice,
neurons in the dorsal striatum, a region
implicated in skill learning on the
accelerating rotarod [17], were found
to lack a form of plasticity known
as long-term depression. The
impairment is ‘experience-dependent’
as non-tetanized ‘naı̈ve’ neurons
exhibit normal intrinsic properties and
input-output curves. In another circuit,
this time in the cerebellum, parallel
fiber-to-Purkinje cell synapses also
show altered plasticity, evident in
enhanced paired-pulse facilitation.
Pieced together, these observations
depict a role for Foxp2 in motor-skill
learning involving cortico-striatal and
cortico-cerebeller circuitries, two
networks implicated in human speech.
Planned work in conditional mutants
promises to reveal any real-time
contributions of Foxp2 to these
behaviors.

The new work of Groszer et al. [3]
addresses a controversy from an earlier
study on Foxp2 knockout mice [18].
The latter study found that stranded
heterozygous knockout pups had
reduced ultrasonic vocalizations
known as isolation calls, which
typically cause the mother mouse
to locate the pup. In contrast, the
R552H heterozygote pups emit
normally structured isolation calls at
similar numbers to their wild-type
littermates. Careful analysis of different
calls and call properties suggest that
severe Foxp2 mutations (heterozygous
null or homozygous R552H) cause
developmental delays that leave the
pups less physically able to produce
isolation calls. Assuming such calls
are unlearned (which is likely given
their function in newly born mice),
the normal calls of the KE-like
heterozygotes are not surprising as
they reinforce the notion that FoxP2
is critical for learned motor skills.

Each emerging piece of information
has helped to fill in our incomplete
picture of FoxP2 function. The
identification of genes regulated by
FoxP2 provides additional pieces
to the puzzle [19,20]. Pioneers of
this approach used chromatin
immunoprecipitation coupled with
promoter microarrays to identify the
downstream gene targets to which
FOXP2 directly binds. The profiles
of these genes suggest roles in
a wide range of functions including
morphogenesis, neurite growth, axon
guidance, synaptic plasticity and
neurotransmission. Through
multidisciplinary approaches, more
pieces of the jigsaw puzzle have been
turned over. Now we are to interconnect
them and complete the picture.
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and Pääbo, S. (2002). Molecular evolution of
FOXP2, a gene involved in speech and
language. Nature 418, 869–872.

12. Zhang, J., Webb, D.M., and Podlaha, O. (2002).
Accelerated protein evolution and origins of
human-specific features: FOXP2 as an
example. Genetics 162, 1825–1835.

13. Webb, D.M., and Zhang, J. (2005). FoxP2
in song-learning birds and vocal-learning
mammals. J. Hered. 96, 212–216.

14. Krause, J., Lalueza-Fox, C., Orlando, L.,
Enard, W., Green, R.E., Burbano, H.A.,
Hublin, J.-J., Hanni, C., Fortea, J.,
de la Rasilla, M., et al. (2007). The derived
FOXP2 variant of modern humans was shared
with Neandertals. Curr. Biol. 17, 1908–1912.

15. Macdermot, K.D., Bonora, E., Sykes, N.,
Coupe, A.M., Lai, C.S., Vernes, S.C.,
Programmed Cell D
MazF and MrpC in
Multicellular Develo

Programmed cell death is of ultimate im
animals. Now, programmed cell death h
a multicellular developmental program

Lotte Søgaard-Andersen1

and Zhaomin Yang2

During embryogenesis in animals,
programmed cell death helps to shape
and develop organs and tissues [1].
Cell death has long been known to
occur during the starvation-induced
development of multicellular fruiting
bodies in the bacterium Myxococcus
xanthus [2]. It has been a matter of
debate, however, whether this cell
death is the result of a regulated event
or merely a consequence of starvation.
In a recent publication in Cell, Nariya
and Inouye [3] provide evidence
that cell death during fruiting-body
formation in M. xanthus is the
result of a genetically encoded
programmed cell death system
involving a non-canonical
toxin–antitoxin (TA) system.

Bacterial cells have traditionally been
regarded as autonomous individuals,
each following their own agenda
without interacting with each other.
Over the last decade, however, it has
become increasingly clear that many
bacteria are communal and engage in
intercellular communications within
and across species [4]. These
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intercellular communication systems
allow bacterial cells to display primitive
multicellular behaviours in which
particular processes are regulated as
a function of cell density [4]. The
myxobacteria are the golden standard
for multicellular behaviours in bacteria.
As exemplified by the model organism
M. xanthus, starvation of myxobacteria
results in the induction of
a developmental program that
culminates in the formation of
multicellular, spore-filled fruiting
bodies each containing 100,000
spores [5]. The spores are able to
survive extended periods of starvation;
however, this survival comes at
a price — the death of up to 80% of the
cells in the starving population [2].

TA systems are widespread in
bacteria [6] and their role in
bacterial programmed cell death is
well-documented [7]. Experimental
work in Escherichia coli suggests that
chromosome-encoded TA systems are
stress-response elements that are
induced under unfavorable conditions
such as starvation [6,7]. Canonical TA
systems consist of two components,
a toxin and an antitoxin, encoded by
a two-gene operon. Under favorable
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growth conditions, the antitoxin binds
to and neutralizes the toxin. For
example, in the MazEF system in
E. coli, the MazE antitoxin protein binds
to and inhibits the MazF toxin. The
MazF toxin has endoribonuclease
activity and cleaves mRNAs [8]. The
toxin–antitoxin complex also represses
transcription of the TA operon [6,9]. In
response to starvation, the antitoxin is
rapidly degraded leading to an increase
in transcription of the TA operon and in
the activity of the toxin, which then
causes cell death.

The starting point of the Nariya and
Inouye paper [3] was the identification
in the M. xanthus genome of the
seemingly impossible: an orphan mazF
toxin gene (mazF-mx) without
a flanking mazE antitoxin gene. In fact,
a mazE gene could not be identified
anywhere else in the genome. Purified
MazF-mx showed endoribonuclease
activity in vitro, as expected for a MazF
ortholog. Moreover, a DmazF-mx
mutant, while showing no obvious
phenotype during vegetative growth,
showed a marked reduction in cell
death during starvation compared with
wild type. In addition, the DmazF-mx
mutant was defective in fruiting-body
formation and only produced 8% of the
normal complement of spores. These
findings all pointed to MazF-mx being
a biologically active toxin with an
essential function in M. xanthus
development.

How then do M. xanthus cells survive
the presence of a MazF-like toxin?
Armed with the knowledge that MazF
proteins normally interact with
a protein antitoxin, Nariya and Inouye
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