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a b s t r a c t

Thalamic nuclei associated with language including the ventral lateral, ventral anterior, intralaminar and
mediodorsal form a hub that uniquely receives the output of the basal ganglia and cerebellum, and is con-
nected with frontal (premotor and prefrontal) cortices through two parallel circuits: a thalamic pathway
targets the middle frontal cortical layers focally, and the other innervates widely cortical layer 1, poised
to recruit other cortices and thalamic nuclei for complex cognitive operations. Return frontal pathways to
the thalamus originate from cortical layers 6 and 5. Information through this integrated thalamo-cortical
system is gated by the inhibitory thalamic reticular nucleus and modulated by dopamine, representing a
specialization in primates. The intricate dialogue of distinct thalamic nuclei with the basal ganglia, cer-
ebellum, and specific dorsolateral prefrontal and premotor cortices associated with language, suggests
synergistic roles in the complex but seemingly effortless sequential transformation of cognitive opera-
tions for speech production in humans.

� 2012 Elsevier Inc. All rights reserved.
1. Overview: distributed neural circuits associated with
language

The complex neural processing for language involves a large
number of cortical areas and subcortical structures. Among the lat-
ter, damage to ventral lateral (VL), ventral anterior (VA), intralam-
inar, and mediodorsal (MD) thalamic nuclei consistently leads to
language disturbances. This review centers on these thalamic nu-
clei which serve as a hub to link three structures associated with
language: the frontal cortex, the basal ganglia and the cerebellum.
Thalamic nuclei associated with language processes receive the
output of the basal ganglia and the cerebellum and have bidirec-
tional connections with the frontal cortex. As summarized in
Fig. 1, the focus here is on the anatomic organization of this inte-
grated circuit, its monitoring by a fast and early processing inhib-
itory system mediated by the thalamic reticular nucleus (TRN), and
modulation by dopamine, whose precise regulation is essential for
cognitive operations [reviewed in Arnsten and Li (2005)].

The term frontal cortex refers to the large cortical expanse that
includes the motor cortex at its posterior extent, and progressively
more anteriorly the premotor and prefrontal cortices (Figs. 1 and
2). The lateral frontal cortex includes Broca’s region, which is asso-
ciated with language. On the other hand, damage to prefrontal
ll rights reserved.
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areas does not lead to aphasia, but based on the role of prefrontal
areas in sequencing information in working memory, their integ-
rity is essential for fluent speech.

Classical neuropathological and modern imaging studies have
also associated several post-Rolandic areas with language. Among
these, temporal auditory areas that process sound stimuli project
to frontal areas for speech articulation in areas 44/45 (Hickok &
Poeppel, 2004) which make up Broca’s region on the left hemi-
sphere, as well as to prefrontal areas 46 and 9, which are associated
with working memory [reviewed in Saur et al. (2008) and Petrides
and Pandya (2009)]. Post-Rolandic parietal and temporal cortices
associated with language on the left side include Wernicke’s areas,
which are thought to process meaningful speech [reviewed in
Galaburda, LeMay, Kemper, and Geschwind (1978), Toga and
Thompson (2003), Hickok and Poeppel (2004, 2007), Stowe,
Haverkort, and Zwarts (2005), Bennett and Hacker (2006) and Price
(2010)]. These parieto-temporal cortices are connected with the
lateral posterior and pulvinar thalamic nuclei, which project
widely to other cortices as well, including some occipital and pre-
frontal cortices [reviewed in Jones (2007)]. There is some evidence
that damage to the pulvinar or lateral posterior nuclei also results
in language disturbances (Crosson, 1999). This review is based only
on thalamic nuclei associated with premotor and prefrontal corti-
ces whose damage results in severe language disturbances. The fo-
cus is on the frontal cortical connections of these thalamic nuclei,
and their relationship with the basal ganglia and distinct cerebellar
sites associated with language. This review does not consider the
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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Fig. 1. Thalamic nuclei that serve as a hub for distributed neural circuits associated
with language. The nodes of networks that interact with the thalamus include: the
frontal cortex, which consists of motor, premotor, and prefrontal areas; basal
ganglia; cerebellum; dopaminergic groups from the mesencephalic substantia nigra
pars compacta and the ventral tegmental area; and the inhibitory thalamic reticular
nucleus (TRN). Thalamic nuclei: MD, mediodorsal; VA, ventral anterior; VL, ventral
lateral.
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various theories about language processing in the brain, or de-
scribe the large number of post-Rolandic cortices that have been
associated with specific linguistic tasks in functional imaging stud-
ies. Temporal, parietal and occipital cortices have topographic con-
nections with prefrontal and premotor cortices, as described
elsewhere [e.g., (Barbas, 1992, 2000a; Barbas, Ghashghaei,
Rempel-Clower, & Xiao, 2002)].
2. Frontal cortices and language

Lateral areas 44 and 45 in the human brain are situated within
the frontal language region of Broca and have a direct role in
speech production. Area 44 is engaged also during silent speech
(Friedman et al., 1998; Grafton, Fadiga, Arbib, & Rizzolatti, 1997).
In the rhesus monkey brain area 44 lies within the premotor region
and area 45 is located rostrally in the adjacent prefrontal cortex
(Fig. 2A and B). Other premotor cortices include area 6, which is
found behind and largely dorsal to areas 44 and 45. At its most dor-
sal extent area 6 gives way to the supplementary motor area
(SMA), which extends to the medial surface. The SMA is situated
within the dorsal and medial part of area 6 in Brodmann’s map
(Brodmann, 1905; reviewed in Chouinard & Paus, 2006; Dum &
Strick, 2002). On the medial surface, the cingulate motor areas
are located on the cingulate gyrus below the SMA (or area 6 in
Fig. 2, top). The pre-SMA is found anterior to the SMA on the med-
ial and dorsal surface. Areas found below and anterior to the med-
ial premotor cortices include the anterior cingulate cortex (ACC).
The ACC has an important role in vocalization within an emotional
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits ass
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context (Barbas, 2000b), and a key role in allocating attentional re-
sources, both of which are important processes for language.

Situated in front and above lateral areas 44 and 45, dorsolateral
prefrontal areas 46 and 9 have synergistic roles in cognitive pro-
cesses and are engaged in language functions that require holding
information within working memory. Areas 46, 9, and the ACC
have strong connections with neighboring premotor cortices, and
especially its dorsal and medial sectors via corticocortical connec-
tions, as well as through common nuclei in the thalamus [reviewed
in Ward, Jr. and McCulloch (1947), Goldman-Rakic, Bates, and
Chafee (1992), Barbas (2000a) and Luebke, Barbas, and Peters
(2010)]. As discussed below, the key thalamic nuclei of these pre-
frontal and premotor cortices are robustly linked with the basal
ganglia, and several sites within the same nuclei receive the output
of the cerebellum.
3. Thalamic nuclei associated with language

The role of the thalamus in language began to be appreciated
with the introduction of stereotactic surgery, conducted in an at-
tempt to ameliorate tremor and other motor symptoms in disor-
ders such as Parkinson’s disease. Patients with surgical lesions in
the motor-related ventral lateral nucleus (VL; see Table 1 for
nomenclature), showed deficits in naming objects and short-
term verbal memory [reviewed in Petrovici (1980)]. The role of
VL in language function was subsequently corroborated using
the independent approach of electrical stimulation [reviewed in
Johnson and Ojemann (2000)]. More recently, neuroimaging
studies of aphasic patients with subcortical lesions have de-
scribed deficits in language after damage to thalamic nuclei,
including anomia, verbal paraphasias, reduced verbal output
and fluency, with relative sparing of language comprehension
(Nadeau & Crosson, 1997; Radanovic & Scaff, 2003). Similar def-
icits have been described after vascular lesions of the thalamus
affecting the tuberothalamic and paramedian arteries, which
supply the thalamic reticular nucleus (TRN) and several anterior,
medial and ventral thalamic nuclei [reviewed in Schmahmann
(2003)].

The thalamic infarcts that most frequently produce aphasia in-
volve the left side, consistent with the lateralization of language to
the left hemisphere in the majority of individuals, and the pre-
dominant ipsilateral connections between the thalamus and cor-
tex. Because vascular or other lesions in humans usually affect
more than one nucleus, it is not possible to attribute specific def-
icits to distinct thalamic nuclei. The difficulties in pinpointing the
specific damage after vascular lesions are compounded in cases
where blood flow is significantly reduced in several brain areas
without apparent damage to the system that is visible in images
of the living brain [reviewed in Nadeau and Crosson (1997)]. In
spite of these difficulties, the collective evidence from stereotactic
surgery, electrical stimulation and imaging studies in aphasic pa-
tients with thalamic stroke implicate the VL, MD, intralaminar
(especially the centromedian–parafascicular, CnMd–Pf) and the
VA nuclei as the most likely candidates with a significant role in
language [(Carrera & Bogousslavsky, 2006; Carrera, Michel, &
Bogousslavsky, 2004; Nadeau & Crosson, 1997); reviewed in
Schmahmann (2003)].

The above thalamic nuclei have several features in common:
they receive the output of the basal ganglia and/or the cerebellum,
two structures that have key roles in language processes. These nu-
clei are also connected with the frontal cortex, which includes the
frontal language areas, other lateral and medial premotor areas as
well as dorsolateral prefrontal areas implicated in cognitive tasks
and sequential processing, which have an integral role in language
processing, as elaborated below.
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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Table 1
Motor thalamic nuclei in macaque monkey and human.

Macaque (Olszewski (1952)) Human (Hirai and Jones (1989))

VAmc VAmc
VApc VA
VLm VMp
VLo VLa
VLc VLp dorsal part
Area X VLp anteromedial part
VPLo VLp ventral part

The most commonly used nomenclature for the macaque monkey and human
thalamus subdivides the ventral nuclei into anterior, lateral and posterior. The oral
portion of the ventral posterior lateral nucleus (VPLo) of the macaque is considered
here to be part of VL because of its pattern of subcortical and cortical connections.
The VPLo nucleus of Olszewski (Olszewski, 1952) is equivalent to the ventral part of
VL (VLp) in the human (Hirai & Jones, 1989), the most preferred target for thala-
motomy to alleviate tremor. In this review we use the Hirai and Jones terminology
to refer to studies in humans and the map of Olszewski of the macaque thalamus to
describe connections.
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Fig. 2. The frontal cortex in the primate brain. (A and B) Medial (top) and lateral (bottom) views of the rhesus monkey (A) and human (B) brains show cingulate, orbital, and
lateral prefrontal, premotor cortices and the primary motor cortex. Abbreviations: ACC, anterior cingulate cortices; as, arcuate sulcus; cc, corpus callosum; cgs, cingulate
sulcus; cs, central sulcus; ifs, inferior frontal sulcus; LPFC, lateral prefrontal cortices; M1, primary motor cortex; OFC, orbitofrontal cortices; Pre-SMA, anterior supplementary
motor area; ps, principal sulcus; SMA, supplementary motor area; sfs, superior frontal sulcus; Thal, thalamus.
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4. Thalamic nuclei connected with frontal cortices are
innervated by the basal ganglia

Thalamic nuclei with a demonstrated role in language (VL, VA,
MD and intralaminar) receive the output of the basal ganglia
(Figs. 3 and 4A) and have bidirectional connections with frontal
language areas and the prefrontal cortex (Alexander, Delong, &
Strick, 1986; Anderson, 2001; Graybiel, 2000; Groenewegen,
Berendse, Wolters, & Lohman, 1990; Haber, 2003; Haber &
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits ass
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McFarland, 2001; Joel & Weiner, 1994; Middleton & Strick, 2000;
Mitchell, Cooper, & Griffiths, 1999; Parent, Levesque, & Parent,
2001; Pribram, 1986; Rosvold, 1972; Xiao & Barbas, 2004). The
projections from the basal ganglia to the above thalamic nuclei
emanate from the internal segment of the globus pallidus (GPi)
and the substantia nigra pars reticulata (SNr) [reviewed in Haber
and McFarland (2001) and Groenewegen (2003)]. The topographic
association of frontal areas with the basal ganglia was demon-
strated with the use of retrograde transneuronal tracers injected
in premotor and prefrontal cortices. The viral tracer injected in a
given frontal area was transported back to neurons in the thalamus
and from the thalamus back to GPi/SNr. These studies showed that
the amount of territory associated with prefrontal areas in GPi is
comparable to the amount of volume occupied by projection
neurons directed to the premotor and motor cortices through the
thalamus [reviewed in Middleton and Strick (1994, 2000, 2002)].

Detailed classical and recent neuroanatomical studies have
established that the entire frontal cortex has a special relationship
with the basal ganglia not enjoyed by other cortices. Thus, while all
cortices project topographically to the input nuclei of the basal
ganglia (the caudate or putamen), only the frontal cortex receives
indirect feedback from the basal ganglia, mostly through the tha-
lamic VL, VA and MD nuclei. This circuitry suggests that informa-
tion from the entire cortex can be accessed selectively by the
frontal cortex.

The relationship of the cortex with the basal ganglia is orga-
nized into two major loops that have opposite functions with re-
spect to activation of motor (VL, VA) thalamic nuclei and MD, as
summarized in Fig. 3. A ‘direct’ pathway originates from excitatory
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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Fig. 4. Innervation of the primate thalamus from the basal ganglia, cerebellum, and
connections with prefrontal cortices, based on pathway studies in non-human
primates [e.g., (Erickson, Melchitzky, & Lewis, 2004; Francois, Tande, Yelnik, &
Hirsch, 2002; Rouiller, Liang, Babalian, Moret, & Wiesendanger, 1994; Sakai,
Stepniewska, Qi, & Kaas, 2000; Sakai et al., 1996; Sidibe, Pare, & Smith, 2002)]. (A)
Matched coloring shows projections from the output nuclei of the basal ganglia. (B)
Shows projections from the output of the cerebellum through the dentate nucleus.
(C) Overlap of A and B. D (left), Prefrontal connections with the thalamus. (D)
(right), Relative distribution of thalamic projection neurons directed to cingulate
and orbital limbic areas (top, limbic) and to the eulaminate areas 46, 8 and 9
(bottom). Quantitative data are from: Barbas et al. (1991) and Dermon and Barbas
(1994). Abbreviations: A, anterior nuclei; Ci, internal capsule; Cl, centrolateral
nucleus; CnMd, centromedian nucleus; GLd, lateral dorsal nucleus geniculate; GM,
medial nucleus geniculate; GPe, globus pallidus external; GPi, globus pallidus
internal; LD, lateral dorsal nucleus; Lme, external lamina; Lmi, internal lamina; LP,
lateral posterior nucleus; M, midline nuclei; MDdc/mc/mf/pc, the densocellular
(dc), magnocellular (mc), multiform (mf), and parvicellular (pc) subdivisions of the
mediodorsal (MD) nucleus; Pcn, paracentral nucleus; Pul, pulvinar nucleus; TRN,
thalamic reticular nucleus; SNr, substantia nigra reticulata; STN, subthalamic
nucleus; VAmc/pc, magnocellular (mc) and parvocellular (pc) subdivision of the
ventral anterior (VA) nucleus; VL, ventrolateral nucleus; VLc, caudal ventrolateral
nucleus; VLo, oral ventrolateral nucleus; VPLc, caudal subdivision of the ventral
posterior-lateral nucleus; VPLo, oral subdivision of the ventral posterior-lateral
nucleus; VPM, medial ventroposterior nucleus; VPMpc, parvocellular subdivision of
the medial ventroposterior nucleus; Zi, zona incerta.

Fig. 3. Direct and indirect basal ganglia loops. The entire cortex projects to the basal
ganglia. The diagram shows the direct and indirect pathways through the basal
ganglia. Excitatory pathways are shown in green and inhibitory in red. Pathways
that are common to the direct and indirect pathways are shown by solid green
arrows. The cortex projects to the striatum (arrows a and b). Cortical axons
terminate on inhibitory neurons of either the caudate or putamen, depending on
their origin in the cortex. The direct pathway (heavy dotted line, solid arrowheads)
projects from the striatum to GPi/SNr, which projects to the thalamus. Neurons in
the GPi/SNr are inhibited by the direct pathway and therefore they cannot inhibit
the thalamus (X, inhibited pathway). The thalamus remains free to project to the
frontal cortex and back for movement. The indirect pathway (fine dotted line,
silhouette arrowheads) takes a different route: from the striatum it projects and
inhibits GPe. The GPe projects to the excitatory subthalamic nucleus (STh). The
inhibited GPe leaves the STh free to activate GPi/SNr, which inhibits the thalamus,
preventing activation and movement. Dopaminergic pathways from the substantia
nigra pars compacta (SNc) have opposite effects on the two parallel pathways
because they interact with distinct types of dopamine receptors found on neurons
in the striatum. In the direct pathway, dopaminergic axons interact with D1
receptors, which are excitatory. In the indirect pathway, dopaminergic axons
interact with D2 receptors, which are inhibitory. Abbreviations: GPe, external
segment of the globus pallidus; GPi, internal segment of the globus pallidus. SNc,
substantia nigra pars compacta; STh, subthalamic nucleus; MD, mediodorsal
thalamic nucleus; VA, ventral anterior thalamic nucleus; VL, ventral lateral thalamic
nucleus.
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cortical neurons in layer 5 and terminates on inhibitory neurons in
the striatum (caudate or putamen). Striatal neurons innervate (and
inhibit) the GPi/SNr, which are also inhibitory, resulting in disinhi-
bition of thalamic nuclei. This circuit is thought to allow initiation
of motor responses through bidirectional connections between the
thalamus and frontal cortex. The indirect pathway originates from
excitatory cortical neurons in layer 5 and innervates the striatum
as well. But these striatal neurons project to the external segment
of the globus pallidus (GPe), which innervates the excitatory sub-
thalamic nucleus, which projects and activates inhibitory neurons
of the GPi/SNr, resulting in inhibition of thalamic neurons (Fig. 3).
The indirect pathway is thought to inhibit inappropriate
movements.

The output of the basal ganglia to thalamic nuclei that project to
frontal cortices likely has a key role in motor functions, including
speech production, which depends on coordination of multiple cor-
tical areas to translate sound into the complex process of speech.
Parkinsonian patients have difficulty in initiating speech, which
may be rooted to disruption of a loop through the basal ganglia,
its projection to the thalamic nuclei VA/VL and MD and projection
to premotor, and dorsal prefrontal cortices and the ACC (Xiao &
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits associated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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Barbas, 2004). In this context, another thalamic nucleus, the ante-
rior medial, which is connected robustly with limbic areas in the
ACC, is innervated by the anterior tip of GPi as well (Xiao & Barbas,
2002b), which thus connects the basal ganglia with limbic cortices.
This circuit may help explain the inability of Parkinsonian patients
to change facial expression in emotional situations.

The basal ganglia have a key role in behavioral switching, tim-
ing and sequential processing [reviewed in Lieberman (2002),
Graybiel (2008) and Coull, Cheng, and Meck (2011)], which are
essential components for language. Moreover, the basal ganglia
show a high degree of plasticity as learned responses become
habitual (Graybiel, 2008), as exemplified when children acquire
language. However, debates abound as to whether the role of the
basal ganglia in language is specific or assistive [e.g., (Chan, Ryan,
& Bever, 2011)]. The problems of Parkinsonian patients in initiating
speech, for example, may be part of the general problem of initiat-
ing any movement. In this context, the basal ganglia provide an
excellent example of the use of a canonical circuitry in evolution
for diverse functions (Lieberman, 2002). Parallel or partly overlap-
ping circuits through the cortex and the basal ganglia underlie not
only motor processes but also emotional and cognitive processes
[reviewed in Alexander et al. (1986), Middleton and Strick
(2000), Haber (2003) and Graybiel (2008)], which are essential
for language. Problems with sentence processing in Parkinsonian
patients may thus reflect disruption of circuits that link the stria-
tum with frontal language areas 44/45, and the rostrally situated
prefrontal cortex (Grossman, 1999).
5. Cerebellar role in language and its connections with
language-related thalamic nuclei

Another major structure with a role in language is the cerebel-
lum. Functional imaging studies have provided evidence that the
lateral cerebellum, which has greatly expanded in evolution, is in-
volved in high-order cognitive processes, including working mem-
ory, executive functions and language [reviewed in Stoodley and
Schmahmann (2010)]. The cerebellar areas implicated in these
functions include lobules IV, V and VI, which are linked with mo-
tor/premotor areas, and Crus I and II, which are connected with
prefrontal and posterior parietal cortices [reviewed in Stoodley
and Schmahmann (2010)].

The role of the cerebellum in language is intricately linked to a
circuit that includes several thalamic nuclei associated with lan-
guage, as described above, as well as with the projection zones of
these thalamic nuclei to frontal language-related areas 44/45, adja-
cent dorsolateral prefrontal areas and medial areas in the ACC and
the pre-SMA cortex. The cerebellar connections with frontal pre-
motor and high-order association cortices are bidirectional and
indirect, akin to the pattern described above for the basal ganglia.
This indirect circuitry involves projections from the cortex to pon-
tine nuclei, which project via the mossy fiber system to the cere-
bellar cortex. Return projections from the same cerebellar sites
that receive frontal cortical input terminate in the dentate nucleus
of the deep cerebellar nuclei [reviewed in Strick, Dum, and Fiez
(2009)]. The deep cerebellar nuclei project to motor-related tha-
lamic nuclei, including subdivisions of VL and ventral posterior lat-
eral oralis (VPLo), area X, MD, and the intralaminar paracentral,
central lateral and CnMd–Pf nuclei (Fig. 4B). These nuclei project
widely to the frontal cortex, including the frontal language areas
and the prefrontal cortex.

Using viral transneuronal tracers, it was found that prefrontal
connections with the cerebellum are selective, involving mostly
medial and lateral subdivisions of area 9 and dorsal area 46 [re-
viewed in Strick et al. (2009)], the same areas that have the stron-
gest connections with thalamic nuclei associated with the basal
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits ass
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ganglia (Xiao & Barbas, 2004). Importantly, the ventral part of
the deep cerebellar dentate nucleus, which is the source of trans-
thalamic projections to contralateral areas 9 and dorsal area 46,
also projects to the pre-SMA [reviewed in Strick et al. (2009)]. Pro-
jections from the cerebellar cortex to the prefrontal cortex are con-
tralateral, so that functional imaging studies involving linguistic
processing or verbal working memory involve the right cerebellum
and left frontal language areas and dorsolateral prefrontal cortices
(Marvel & Desmond, 2010; Stoodley & Schmahmann, 2010; Strick
et al., 2009).
6. Segregation and overlap of thalamic zones from the basal
ganglia and cerebellum and connections with frontal cortex

Classical studies had emphasized that the basal ganglia and cer-
ebellum target different parts of the thalamus, or at least different
sectors of the same nuclei [for review of earlier literature and dis-
cussion see (Sakai, Inase, & Tanji, 1996)]. Fig. 4A shows the main
thalamic sites that receive the output of the basal ganglia and
Fig. 4B shows those that receive projections from the output of
the cerebellum. Reevaluation of the relationship of projections
from the two structures in macaque monkeys showed zones of
preferential projections from the GPi to the ventral lateral oralis
(VLo) and VA (especially its parvicellular sector, VApc), and from
the cerebellar output to VPLo and area X. However, there were
interdigitated and overlapping projections in the thalamus from
these structures as well. The overall pattern suggests a mirror im-
age in the principal thalamic targets of projections from each struc-
ture, with pallidal input being highest in VApc, followed by the
ventral lateral oralis (VLo), ventral lateral caudalis (VLc), area X
and VPLo, while projections from the cerebellar output show the
opposite trend (Sakai et al., 1996). These relationships are depicted
in the superimposed projections from the basal ganglia and the
cerebellum in Fig. 4C.

The above nuclei have robust connections with premotor and
motor cortices. Ventral premotor areas situated within or behind
the lower limb of the arcuate sulcus in macaque monkeys (areas
44, and subdivisions of ventral area 6), are connected with the
VA as well as with the motor thalamic nuclei VLo, ventral lateral
medialis (VLm) and area X (Djiok and Barbas, personal observa-
tions). The primary motor cortex (MI or area 4) has comparatively
weaker connections with the VA and strong connections with the
VL and VPLo (Barbas, Henion, & Dermon, 1991; Dermon & Barbas,
1994; McFarland & Haber, 2002).

The VA has bidirectional connections with premotor and motor
cortices as well, as described in many studies [e.g., (Jurgens, 1984;
Kievit & Kuypers, 1975, 1977; Kultas-Ilinsky, Sivan-Loukianova, &
Ilinsky, 2003; McFarland & Haber, 2002; Miyata & Sasaki, 1984;
Wiesendanger & Wiesendanger, 1985)]. These connections involve
VAmc as well as the VApc, with some degree of topographic spec-
ificity. For example, VApc has connections with the anterior part of
dorsal premotor areas, including the SMA and the rostral part of
the dorsal premotor cortex, as well as cingulate areas 24a–c. Cau-
dal premotor areas have connections with the posterior part of
VAmc.

Overlapping projections from the output of the basal ganglia
and the cerebellum in the thalamus are also found in the lateral
part of MD and in the intralaminar nuclei (Sakai et al., 1996), both
of which have robust connections with dorsolateral prefrontal
areas 9, 46 and 8. These cortices have a key role in cognitive oper-
ations, including working memory.

The thalamic nuclei associated with the prefrontal cortex are
shown in Fig. 4D. While the prefrontal cortex has classically been
associated with the thalamic MD nucleus, it is also connected with
several other nuclei in macaque monkeys, including the VA, VL, the
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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anterior medial, intralaminar and midline nuclei and the medial
pulvinar [e.g., (Bachevalier, Meunier, Lu, & Ungerleider, 1997;
Barbas et al., 1991; Cavada, Company, Tejedor, Cruz-Rizzolo, &
Reinoso-Suarez, 2000; Dermon & Barbas, 1994; Goldman-Rakic &
Porrino, 1985; Kievit & Kuypers, 1977; Morecraft, Geula,
& Mesulam, 1992; Preuss & Goldman-Rakic, 1987; Xiao & Barbas,
2002a, 2002b, 2004; Zikopoulos & Barbas, 2007b)]. Among these,
the thalamic nuclei affected at least in some cases of thalamic
aphasia include the VL, MD, VA, intralaminar CnMd–Pf and midline
nuclei (Carrera & Bogousslavsky, 2006; Carrera et al., 2004; Nadeau
& Crosson, 1997). Circuits that link these thalamic nuclei with the
prefrontal cortices are thought to have a role in language function
(Nadeau & Crosson, 1997; Petrovici, 1980).

The connections of the above thalamic nuclei with the prefron-
tal cortex are unequal in density (Fig. 4D, pie charts) and show var-
iation in their laminar distribution in the prefrontal cortex, as
elaborated below. Quantitative analysis has shown that limbic pre-
frontal cortices, situated on the medial surface in the ACC, and the
posterior orbitofrontal cortex, have the most distributed thalamic
connections. Lateral prefrontal cortices also have connections with
many thalamic nuclei, but they receive input from a higher propor-
tion of projection neurons from MD, and especially its parvicellular
(MDpc) and multiform (MDmf) divisions (Barbas et al., 1991;
Dermon & Barbas, 1994; Xiao, Zikopoulos, & Barbas, 2009).
7. The thalamic VA nucleus is a common link for prefrontal and
premotor cortices

The VA nucleus is of particular interest because in primates it
has dense common connections with prefrontal as well as premo-
tor cortices (Fig. 5), including areas that are associated with lan-
guage processes. Consequently, the VA is considered here in
more detail, but the laminar patterns of connections extend to
other motor-related nuclei (subdivisions of VL and VPLo), as well
as MD. Classic studies have established that all prefrontal cortices
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits ass
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are connected with the VA [e.g., (Chiba, Kayahara, & Nakano, 2001;
Ilinsky, Jouandet, & Goldman-Rakic, 1985; Kievit & Kuypers, 1977;
Kunzle, 1978a; Kunzle, 1978b; McFarland & Haber, 2002; Preuss &
Goldman-Rakic, 1987; Yeterian & Pandya, 1988); reviewed in
(Cavada et al., 2000)]. Moreover, there is a degree of topographic
specificity in the connections, which involve mostly VAmc
(Dermon & Barbas, 1994), with preferential projection of the ven-
tral sector of VA to orbitofrontal cortices, and the dorsal sector to
dorsolateral prefrontal areas (Barbas et al., 1991). More recent
findings indicate that the prefrontal projections to the VA are more
extensive than previously thought.

Importantly, dorsolateral prefrontal cortices (areas 8 and 9) and
the ACC (areas 24 and 32) have the most robust connections with
the VA (Xiao & Barbas, 2004; Xiao et al., 2009). The ACC has a key
role in vocalization and emotional communication [reviewed in
Vogt and Barbas (1988)], exemplified by separation calls emitted
when infant monkeys become separated from their mother
(Barbas, 2000b). Humans with damage to the ACC exhibit the aki-
netic mute syndrome, characterized by inability to initiate speech
even though they can speak (Devinsky, Morrell, & Vogt, 1995),
which resembles the classical neglect syndrome within the motor
domain (Xiao & Barbas, 2004). Based on its robust connections
with all prefrontal as well as premotor cortices, the VA may be a
central link for structures that underlie cognition, attention,
emotions and action.
8. The connections between thalamus and frontal cortex have a
specific laminar organization

The above discussion highlights the topographic specificity of
pathways linking thalamic nuclei with the frontal cortex. However,
the laminar relationships of these connections are also important
for understanding thalamo-cortical recruitment in behavior. The
classical circuit that links the thalamus with the cortex involves
a projection from the thalamus that terminates in the middle
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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layers (Fig. 6). In the primary visual cortex, the thalamic projection
from the lateral geniculate nucleus terminates exclusively within
the highly specialized layer 4. However, in all other cortices, the
classical thalamo-cortical projection terminates in layer 4, as well
as the lower part of layer 3 and the upper part of layer 5. We refer
to this projection as termination in the middle layers. The recipro-
cal projection from the cortex to the thalamus arises from layer 6
in all cortical systems [reviewed in Steriade, Jones, and McCormick
(1997) and Jones (2007)].

However, there is a parallel circuit that links the thalamus with
the cortex. This frequently overlooked pathway has a complemen-
tary laminar distribution to the circuit described above (Fig. 6). In
this circuit, a pathway from the thalamus terminates in layer 1, and
in several prefrontal and premotor areas it also innervates layers 2
and the upper part of layer 3; we refer to this pathway as a projec-
tion to the upper layers. Projections to the thalamus from prefron-
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits ass
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tal cortices, in general, originate from cortical layer 5 as well as
layer 6. The contribution of layer 5 to the thalamic projection var-
ies depending on thalamic destination. For example, projection
neurons from layer 5 directed to the thalamic MD or to anterior nu-
clei constitute about 20% of all prefrontal projection neurons, with
the rest found in layer 6 (Xiao et al., 2009). Frontal projection neu-
rons to motor thalamic nuclei have a different laminar distribu-
tion: they originate nearly as frequently from layer 5 as they do
from layer 6 (Xiao & Barbas, 2004). In addition, frontal projection
neurons that innervate VA/VL occupy primarily the upper part of
layer 5, whereas projection neurons that innervate MD occupy
the deep part of layer 5, showing a distinct sublaminar organiza-
tion (Xiao et al., 2009).

The significance of this pattern is based on the fact that cortical
layer 5 neurons project to other motor-related subcortical struc-
tures as well (Guillery, 1995). In frontal cortices the upper part of
layer 5 includes the majority of projection neurons directed to
the striatum in several species including primates (Arikuni &
Kubota, 1986; Goldman-Rakic & Selemon, 1986; Selemon &
Goldman-Rakic, 1985; Tanaka, Jr., 1987; Thomson & Bannister,
2003; Yeterian & Pandya, 1994). On the other hand, neurons in
the deep part of layer 5 of frontal cortices project to several tha-
lamic nuclei, such as the intralaminar, which then project widely
to several cortical areas (Catsman-Berrevoets & Kuypers, 1978;
Thomson & Bannister, 2003). This evidence suggests specificity in
layer 5 projection neurons directed to VA/VL, on one hand, and
to MD, on the other hand, which may be differentially recruited
in behavior.

The highest proportion of layer 5 corticothalamic projection
neurons in prefrontal cortices is found in dorsolateral areas (e.g.,
areas 9 and 46) and the ACC (e.g., areas 24 and 32). In non-human
primates, VA and VL are strongly interconnected with ventrolateral
prefrontal areas, spanning ventral area 46, ventral area 8, and area
12 (Fig. 5) (Xiao et al., 2009). The homologue of human area 45 in
rhesus monkeys is situated between these regions (Petrides &
Pandya, 2002, 2009; Schenker et al., 2008). All of these areas are ro-
bustly interconnected in primates, participating in circuits involved
in cognitive and attentional functions. Area 9 is situated at the cusp
of premotor and prefrontal areas and has a role in planning sequen-
tial tasks requiring response monitoring and attentional control
(Fuster, 1993; Goldman-Rakic, 1987; Hikosaka et al., 1999; Levy &
Goldman-Rakic, 2000; Petrides, 1995, 1996; Sakai et al., 1999). Area
9 is connected with premotor and ACC areas, which are engaged
when cognitive demands are high, such as monitoring performance
during conflicting events (Botvinick, Nystrom, Fissell, Carter, &
Cohen, 1999; Brown & Braver, 2008; Carter et al., 2000; Devinsky
et al., 1995; Milham et al., 2001; Miller & Cohen, 2001; Paus,
2001; Walton, Croxson, Behrens, Kennerley, & Rushworth, 2007).
The high proportion of projection neurons in layer 5 in dorsolateral
and medial prefrontal areas may have a role in processing sequen-
tial events for action, mechanisms that are essential for the motor
and cognitive aspects of language.

The significance of the above observations is also based on the
laminar specialization of the cortex at the level of cortical columns.
For example, the thalamo-cortical projection to the middle layers is
focal. On the other hand, the parallel projection to the upper layers
is widespread (Fig. 6). Moreover, the upper part of cortical layer 5
includes mostly large pyramidal neurons which have long apical
dendrites that reach layer 1; they also have long horizontal den-
drites that extend laterally over several millimeters within layer
5 (Mountcastle, 1997; Tardif, Probst, & Clarke, 2007), and are
thought to have a role in binding information across cortical col-
umns (Stettler, Das, Bennett, & Gilbert, 2002; Wiesel & Gilbert,
1989). Computational models predict that the middle-deep layers
of prefrontal cortex store information temporarily, whereas the
upper layers group items represented in deep layers, facilitating
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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sequential processing in working memory (Grossberg & Pearson,
2008).

8.1. The two parallel circuits between thalamus and cortex have
distinct functional and neurochemical features

Functional and neurochemical features distinguish the two par-
allel circuits that link the thalamus with the cortex. In primates,
each circuit contains a driving and a modulatory limb in mirror-
like arrangement [reviewed in Jones (2007)]. A driving pathway
has features suggesting assured transmission of a signal to the
postsynaptic neuron. Driving pathways include those that carry
sensory signals from the periphery to the thalamus, or motor com-
mands from subcortical movement-related centers, and consist of
focally projecting large synaptic terminals, which interact mostly
with fast ionotropic glutamate receptors. A modulatory pathway
modifies the overall activity of the recipient neuron without neces-
sarily eliciting an action potential. Modulatory pathways are more
abundant and widespread, and contain small boutons that pre-
dominantly interact with metabotropic glutamate receptors to
modify neuronal activity (Casagrande, Guillery, & Sherman, 2005;
Guillery, 1995; Guillery & Sherman, 2002; Jones, 1998a, 1998b;
Reichova & Sherman, 2004; Rouiller & Welker, 2000; Sherman &
Guillery, 1998).

Complementary loops are also found in the reciprocal pathways
linking frontal cortices with their associated thalamic nuclei,
including the VA and MD (Xiao et al., 2009; Zikopoulos & Barbas,
2007b). The driving limb of the first circuit (or loop) that links
the thalamus with the prefrontal cortex, originates mainly from
core neurons of the thalamus, which express the calcium-binding
protein parvalbumin (PV). Thalamic PV neurons, which are excit-
atory, give rise to a pathway that projects focally through mostly
large boutons, which innervate the middle layers of the cortex
(Fig. 6, d1). PV thalamic neurons, in turn, are innervated by pyrami-
dal neurons in layer 6 of the cortex, through small boutons that
interact postsynaptically with metabotropic glutamate receptors
(Fig. 6, m1). This feedback corticothalamic projection has a modu-
latory role and completes the first circuit.

The parallel circuit that originates from pyramidal neurons in
cortical layer 5 innervates through large and small terminals tha-
lamic projection neurons that mainly express the calcium-binding
protein calbindin (CB). This cortical pathway interacts postsynapti-
cally mostly with ionotropic glutamate receptors (Fig. 6, d2), driv-
ing activity of CB thalamic neurons. Thalamic CB neurons, which
are also excitatory, constitute the ascending modulatory projection
that innervates mainly the superficial layers of the cortex (Fig. 6,
m2). This projection terminates expansively and mostly through
small boutons in the superficial cortical layers, and especially layer
1, where it impinges on the apical dendrites of layer 5 pyramidal
neurons from neighboring sites (Larkum, Senn, & Luscher, 2004;
von Stein, Chiang, & Konig, 2000). This pattern of projection sug-
gests spread of activation beyond the original focus (Haber &
McFarland, 2001; McFarland & Haber, 2002; Zikopoulos & Barbas,
2007b). Activation of fast firing driver neurons in layer 5 of the cor-
tex thus provides a mechanism for transmission of signals across
several cortical areas (Guillery, 1995; Guillery & Sherman, 2002;
Rouiller & Welker, 2000; Sherman & Guillery, 1998). This idea is
in agreement with evidence that in prefrontal cortex, activation
of layer 5 pyramidal neurons may initiate slow wave oscillations
that propagate vertically to other layers (Sanchez-Vives &
McCormick, 2000; Ulbert, Heit, Madsen, Karmos, & Halgren,
2004). Through these extensive thalamocortical projections to
layer 1 of prefrontal cortices, circuits through the VA may interact
with circuits through MD and other thalamocortical systems to
process and integrate information used to plan, communicate,
and execute flexible behaviors.
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The significance of terminal size is based on evidence that large
boutons have more mitochondria, more synaptic vesicles, and form
larger synapses than small boutons (Bunce & Barbas, 2011;
Germuska, Saha, Fiala, & Barbas, 2006; Medalla & Barbas, 2009,
2010; Pierce & Lewin, 1994; Shepherd & Harris, 1998; Zikopoulos
& Barbas, 2007b). Consistent with their increased mitochondrial
content, which is activity dependent (Thomson, 2000), large bou-
tons may be present in highly active networks. Physiologic and
modeling studies have shown that the enlarged axon caliber of
large boutons allows fast transmission, and increases the probabil-
ity that multiple vesicles are released with each action potential
(Murthy, Sejnowski, & Stevens, 1997; Rosenmund & Stevens,
1996). These properties suggest that large boutons are more effi-
cient in activating their targets, conveying essential information.
In contrast, feedback corticothalamic input from layer 6 neurons
modulates thalamic activity through small boutons.

Studies in humans have shown that activation of the superficial
layers of Broca’s area can spread over long distances both parallel
to the cortical surface to neighboring sites, and also radially within
cortical columns (Tardif et al., 2007). Disruption of the delicate bal-
ance of driving and modulatory frontal cortical and thalamic inputs
and outputs can alter the linkage of frontal cortices with MD, VA/
VL, the basal ganglia and cerebellum, and consequently disrupt
motor and cognitive aspects of language. Such disturbances may
include inability to initiate speech, as in Parkinson’s disease, or ac-
quire language, as in a subgroup of autistic individuals (Stefanatos
& Baron, 2011; Tager-Flusberg & Caronna, 2007).
9. The inhibitory TRN has a role in focusing attention through
the thalamus and prefrontal cortex

To complete the description of the reciprocal loops linking the
thalamus and the cortex it is necessary to take into account the
inhibitory thalamic reticular nucleus (TRN), which occupies a stra-
tegic position between the cortex and the thalamus. The TRN,
which has been implicated in thalamic lesions that disrupt lan-
guage function [reviewed in Nadeau and Crosson (1997)], is a thin
sheet of inhibitory neurons that covers the dorsal thalamus like a
veil. The TRN receives projections from all cerebral cortices and
their associated thalamic nuclei in a topographic manner, but
sends inhibitory output only to the thalamus [reviewed in
Zikopoulos and Barbas (2007a); Fig. 7]. Through this circuitry, the
TRN is poised to intercept and gate thalamocortical communica-
tion and filter signals through the thalamus at an early stage of
processing, enabling focused attention [(Crick, 1984; McAlonan,
Cavanaugh, & Wurtz, 2008; Montero, 1997; Petrof & Brown,
2010; Weese, Phillips, & Brown, 1999); reviewed in Jones (2007)].

Projections from sensory and motor cortices and their associ-
ated thalamic nuclei innervate distinct TRN sites, forming topo-
graphically-organized, modality-specific sectors [reviewed in
Pinault (2004)]. These sectors form limbic, motor, visceral and
somatosensory, visual and auditory subdivisions, found
consecutively along the anteroposterior axis of TRN [reviewed in
Zikopoulos and Barbas (2007a)]. Projections from sensory and mo-
tor cortices to TRN originate from layer 6 and terminate exclusively
as small terminals, suggesting a modulatory function [reviewed in
Zikopoulos and Barbas (2007a)].

Prefrontal cortices and their associated thalamic nuclei, includ-
ing MD, the anterior medial (AM), and VA/VL strongly project to
the frontal/limbic sector of TRN in rhesus monkeys (Zikopoulos &
Barbas, 2006). However, dorsolateral prefrontal areas 46 and 9,
and their principal MD thalamic nucleus, innervate all sectors of
TRN (Fig. 7). This pattern differs from primary sensory, motor, or
other association cortices and their thalamic nuclei, whose projec-
tions are largely confined to their respective TRN sectors. In
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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addition, prefrontal cortices issue significant driver-like projec-
tions to TRN (�10%), which terminate as large boutons and may
originate from large layer 5 pyramidal neurons that project to
the thalamus (Xiao et al., 2009; Zikopoulos & Barbas, 2006,
2007b). These unique prefrontal projections to TRN may allow pre-
frontal cortices and MD to exert top-down control on sensory and
other signals passing through the thalamus, making it possible to
shift rapidly attention to relevant stimuli and suppress distracters
(Barbas & Zikopoulos, 2007; Zikopoulos & Barbas, 2006, 2007a). As
discussed above, the MD thalamic nucleus is a major recipient of
the output of the basal ganglia as well as the cerebellum. In addi-
tion, the amygdala, which projects to MD and most robustly to pos-
terior orbitofrontal cortex and the ACC, also projects widely to TRN
(Zikopoulos & Barbas, 2012). The strength of this projection sug-
gests a powerful influence in shifting attention to emotional
stimuli.
10. Frontal-related thalamic nuclei are modulated by dopamine

Significant modulatory systems originate from neurotransmit-
ter-specific systems from the brainstem and basal forebrain and
innervate the thalamus as well as the frontal and other cortices.
A detailed description of the specific innervation by these systems
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is beyond the scope of this review, with the exception of the dopa-
minergic system, which represents a specialization in primates and
likely affects language function in humans. As discussed above and
illustrated in Fig. 3, dopamine has significant and distinct roles in
the function of the basal ganglia. In addition, in non-human prima-
tes thalamic nuclei that are connected with frontal cortices are
innervated by dopaminergic axons (Fig. 8).

The dopaminergic innervation to the thalamus can be divided
into pathways that express the dopamine transporter (DAT) and
those that do not. The VA, VL and MD are among thalamic nuclei
that receive the densest innervation from DAT-expressing axons,
whose origin has been traced mostly to mesencephalic dopaminer-
gic groups of the ventral tegmental area. The thalamic CnMd–Pf
nucleus receives a moderate innervation of DAT expressing axons.
In contrast, while midline nuclei receive a dense dopaminergic
innervation, it is mediated through axons that are either devoid
or sparsely labeled for DAT, and originate mostly from hypotha-
lamic dopaminergic cell groups (Sanchez-Gonzalez, Garcia-
Cabezas, Rico, & Cavada, 2005). In the human thalamus, VA, VL
and MD are also innervated by DAT-expressing axons, whose
density is even higher than in the monkey in several sites
(Garcia-Cabezas, Rico, Sanchez-Gonzalez, & Cavada, 2007). In both
the monkey and human thalamus the sectors of TRN that are con-
nected with VA, VL and MD have dense plexuses of DAT-expressing
axons (Garcia-Cabezas et al., 2007; Sanchez-Gonzalez et al., 2005).
The significance of this pattern is based on evidence that DAT con-
trols the spatial extent and time that dopamine remains in the
extracellular space (Cragg & Rice, 2004). This evidence suggests
that dopamine signaling in VA, VL, MD and TRN may be more
spatially and temporally restricted than in the midline nuclei.

Interestingly, the dopaminergic innervation of the rat thalamus
is scant and restricted to small groups of axons in MD and the mid-
line paraventricular nucleus (Garcia-Cabezas, Martinez-Sanchez,
Sanchez-Gonzalez, Garzon, & Cavada, 2009; Groenewegen, 1988).
Thus, there seems to be an expansion in the extent and density
of the dopaminergic innervation in the primate dorsal thalamus,
which prominently involves the set of thalamic nuclei associated
with language functions (Garcia-Cabezas et al., 2007). The expan-
sion of the dopaminergic innervation in primates parallels the
expansion of dopaminergic innervation of the cerebral cortex
(Berger, Gaspar, & Verney, 1991). Thus, the densely innervated tha-
lamic territories, like VL, VA, MD, and midline nuclei, are connected
ociated with language. Brain & Language (2012), http://dx.doi.org/10.1016/
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with prefrontal cortices that are also innervated by dopaminergic
fibers (Ciliax et al., 1999; Lewis et al., 2001; Williams & Gold-
man-Rakic, 1993), as well as the cortical motor/premotor system
which has the densest dopaminergic innervation in the frontal cor-
tex (Lewis, Campbell, Foote, Goldstein, & Morrison, 1987).
11. Concluding remarks on the thalamic hub that links the basal
ganglia, cerebellum and frontal cortices associated with
language

The motor related thalamic nuclei (subdivisions of VL, VA and
VPLo) and MD link the output of the basal ganglia and cerebellum
with the frontal cortex, in circuits that are engaged for motor and
cognitive aspects of language. For example, inner speech and re-
trieval of appropriate words for fluent speech activate right lan-
guage-related cerebellar sites as well as left dorsolateral
prefrontal areas associated with working memory (Canales et al.,
2002; Marvel & Desmond, 2010; Murdoch, 2010; Strick et al.,
2009). Functions associated with the basal ganglia, such as sequen-
tial processing and behavioral switching, are also necessary for flu-
ent speech as they are for motor functions with which they have
been classically associated. The basal ganglia have an integral role
in learning and plasticity, so that routines of every day life become
habitual (Graybiel, 2005, 2008), a process that may extend to the
acquisition of language in children (Friederici, 2006).

The basal ganglia as well as the thalamus develop early in
ontogeny relative to the cerebral cortex (Darlington, Dunlop, &
Finlay, 1999), and especially Broca’s area, which shows a slow
developmental course until past age 7 (Friederici, 2012). The cere-
bellum has a protracted developmental course, with an early start
in embryogenesis and continued development until 1–2 years after
birth in humans [reviewed in ten Donkelaar, Lammens, Wesseling,
Thijssen, and Renier (2003)].

The relative contribution of the basal ganglia and the cerebel-
lum in language is not well understood. In the context of circuits
the two structures differ in an important way: the output of the
cerebellum to the thalamus is excitatory, but for the basal ganglia
it is inhibitory. Moreover, the basal ganglia have either disinhibito-
ry effects on the thalamo-cortical system via the direct loop, or
inhibitory effects via the indirect loop, as shown in Fig. 3. This cir-
cuitry suggests that whereas the cerebellar output has a direct
excitatory influence on the thalamo-cortical system, the output
of the basal ganglia has a permissive effect on the thalamus, allow-
ing communication with the frontal cortex and initiation of move-
ment. In addition, the basal ganglia have a direct inhibitory effect
on the thalamus, in a circuit that is thought to prevent inappropri-
ate movements (Fig. 3).

Interestingly, the ‘projection’ of the cerebellum through the
dentate nucleus to the thalamus and then to prefrontal cortex ap-
pears to be restricted to dorsolateral prefrontal cortices which are
associated with working memory (Middleton & Strick, 2001). The
restricted prefrontal–cerebellar projections differ from the ubiqui-
tous ‘projection’ of the output of the basal ganglia through the thal-
amus to the frontal cortex. The strong association of the basal
ganglia with prefrontal as well as motor and premotor cortices
suggests control of movements such as speech articulation, which
involves the centrally located mouth and larynx that must be con-
trolled by both hemispheres. Haploinsufficiency of the FOXP2 gene
disrupts structures that have a role in language processes, includ-
ing the basal ganglia and the cerebellum, by affecting the coordina-
tion of movements associated with speech production [reviewed in
Bolhuis, Okanoya, and Scharff (2010), Liegeois, Morgan, Connelly,
and Vargha-Khadem (2011) and Enard (2011)]. On the other hand,
linguistic tasks that involve working memory engage the right lat-
eral cerebellum and the left prefrontal cortex, consistent with the
Please cite this article in press as: Barbas, H., et al. Frontal-thalamic circuits ass
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cerebellar projection to the dominant hemisphere for language
(Gebhart, Petersen, & Thach, 2002). Interestingly, the volumes of
the neocortex and cerebellum increase concomitantly and dispro-
portionately with increase of brain size (Yopak et al., 2010). In
ontogeny the cerebellum and dorsolateral prefrontal cortices de-
velop/and or myelinate late (Flechsig, 1901; von Bonin, 1950;
Yakovlev & Lecours, 1967), which may help explain their shared
engagement in cognitive aspects of language. The most recently
evolved cerebellar structures appear to link seamlessly and effi-
ciently cognitive processes for the selection of language to motor
processes for speech (Leiner, 2010).

Interestingly, the output of the cerebellum projects via the thal-
amus to the putamen, an input stage of the basal ganglia, as well as
to the external segment of the globus pallidus (GPe), via a trisynap-
tic projection (Hoshi, Tremblay, Feger, Carras, & Strick, 2005), sug-
gesting some degree of collaboration between these structures for
a variety of functions [see also (Doyon, Penhune, & Ungerleider,
2003)]. Partial segregation as well as partial overlap of the output
of the cerebellum and basal ganglia in the thalamus is also consis-
tent with the idea that the two structures have complementary as
well as overlapping functions in language. Working together
through a set of thalamic nuclei and their frontal connections,
the basal ganglia and the cerebellum make it possible to link
smoothly streams of thought to effector systems for fluent articu-
lation of language with the same finesse achieved for highly re-
hearsed movements.
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