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Abstract

The striatal return through the thalamus is largely neglected in current studies dealing with basal ganglia function, and its role
within this circuitry remains obscure. In this contribution the thalamus is regarded as an important place of interaction between
the input and the output organization of the basal ganglia. In support of this idea, a brief overview is provided of some of the
most recent findings concerning the thalamus in relation to the basal ganglia circuitry. In particular, we have focused on the
thalamostriatal projections themselves, on the output of the basal ganglia to the thalamus and also on the overlapping territories
between the thalamic projection of the output nuclei and the thalamostriatal neurons. These data support the existence of several
thalamic feedback circuits within the basal ganglia neural system. Finally, some considerations are provided upon the functional
significance of these thalamic feedback circuits in the overall organization of the basal ganglia. © 1999 Elsevier Science B.V. All
rights reserved.
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1. Introduction

The basal ganglia form a group of subcortical nuclei
functionally linked with the organization of complex
motor behaviors and also with cognitive and motiva-
tional aspects of behavior (Nauta and Feirtag, 1986;
Graybiel, 1995; Schultz, 1997). They are involved in a
great looping circuit in which neocortical and other
afferent systems can be brought back onto the motor
cortex after a sequential connectional array between the
input and the output nuclei of the basal ganglia. The
cortical input reaches the basal ganglia through its
main input structure, the striatum, and after neural
processing at the striatal level, it is conveyed towards
the main output nuclei, namely the internal globus

pallidus (entopeduncular nucleus in non-primates) and
the substantia nigra pars reticulata (Graybiel and Rags-
dale, 1979; Alexander et al., 1986; Parent, 1986; Alheid
et al., 1990; Giménez-Amaya, 1991a,b; Hoover and
Strick, 1993; de las Heras et al., 1994; Heimer et al.,
1995; Gerfen and Wilson, 1996). The outflow of the
basal ganglia is then relayed to the thalamus, from
where it is driven back to the cerebral cortex closing the
neural circuit. In addition, the internal segment of
globus pallidus and the pars reticulata of the substantia
nigra also project to premotor regions of the brainstem.
Finally, diverse internal regulatory loops are also
present among other components of the basal ganglia,
such as the nigrostriatal dopaminergic pathway from
the pars compacta of the substantia nigra, and the
regulatory loop from the external segment of the globus
pallidus to the subthalamic nucleus (Parent, 1986; Al-
heid et al., 1990; Heimer et al. 1995; Gerfen and
Wilson, 1996).
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0891-0618/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.
PII: S 0 8 9 1 -0618 (99 )00010 -1

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Dadun, University of Navarra

https://core.ac.uk/display/83570963?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


E. Mengual et al. / Journal of Chemical Neuroanatomy 16 (1999) 187–200188

In addition to the cerebral cortex, the thalamus con-
stitutes another important source of excitatory inputs
to the striatum (see references in Parent, 1986; Alheid et
al., 1990). This structure, at the crossroads of brain-
stem, basal ganglia and telencephalic circuits, is actively
implicated in shaping afferent signals through in-
hibitory processes and it participates in highly complex
integrative functions (Steriade et al., 1997). The thala-
mostriatal projections were firstly demonstrated in hu-
mans by Vogt and Vogt in 1941 (Vogt and Vogt, 1941;
Parent, 1986) and since then they have been described
in the majority of species. These striatal afferent projec-
tions from the thalamus appear to be almost exclusively
ipsilateral and they innervate the whole striatum (cau-
date nucleus and putamen), including its most ventral
and medial part, the nucleus accumbens (Parent, 1986;
Alheid et al., 1990).

Although the thalamostriatal connections have been
subject of numerous studies in different species, and
despite the fact that these projections are included or
mentioned in some models of basal ganglia organiza-
tion (Alexander and Crutcher, 1990; Chesselet and
Delfs, 1996), current studies dealing with the basal
ganglia function and/or dysfunction actually neglect
this striatal return. This has been pointed out by several
authors (Féger, 1997; Chesselet and Delfs, 1997; Smith
et al., 1998). In contrast, physiological and clinical
studies point to the thalamus as a key structure within
the neural circuitry of the basal ganglia (Marsden and
Obeso, 1994; Schneider and Rothblat, 1996; Wichmann
and DeLong, 1996). However, its role within the basal
ganglia function remains obscure. The goal of this
article is to make a brief overview of some of the more
recent findings concerning the thalamus in relation to
the basal ganglia circuitry. In particular, we will focus
on the thalamostriatal projections themselves, on the
output of the basal ganglia to the thalamus and also on
the overlapping territories between the thalamic projec-
tion of the output nuclei and the thalamostriatal neu-
rons. When all these data are taken into account, the
thalamus merges as an important place of interaction
between input and output systems of the basal ganglia,
and some light is thrown on the role that the thalamus
could be playing in this neural circuitry.

2. The thalamostriatal projections

Early retrograde degeneration methods demonstrated
that the main origin of the thalamostriatal projections
were the rostral (central medial, paracentral and central
lateral nuclei) and caudal (centromedian and parafasci-
cular nuclei) intralaminar nuclei (Drooglever-Fortuyn
and Stefens, 1951; Powell and Cowan, 1954; Cowan
and Powell, 1955; Powell and Cowan, 1956). These
projections to the striatum were confirmed by means of

more modern tracing techniques, and additional thala-
mic projections have been also demonstrated. Thus,
projections from the midline thalamic nuclei (paraven-
tricular, paratenial, rhomboid and reuniens nuclei), the
mediodorsal nucleus, the rostral nuclei of the ventral
group and occasional projections from the lateral and
posterior thalamic groups have been reported (Jones
and Leavitt, 1974; Nauta et al., 1974; Royce, 1978; Sato
et al., 1979; van der Kooy, 1979; Veening et al., 1980;
Beckstead, 1984a,b; Macchi et al., 1984; Jayaraman,
1985; Philipson and Griffiths, 1985; Smith and Parent,
1986; Berendse and Groenewegen, 1990; Nakano et al.,
1990; Giménez-Amaya et al., 1995; de las Heras et al.,
1997, 1998a,b, 1999).

From retrograde tracing studies after injections in the
striatum, a clear segregation was soon established be-
tween the thalamic nuclei projecting to the dorsal stria-
tum and the ones projecting to the ventral striatum, so
that when we move down along the dorsoventral coor-
dinate within the striatum, there is a gradual shift from
medial to lateral in the localization of the thalamostri-
atal neurons. An example of this arrangement appears
in Fig. 1, which shows the distribution of retrogradely
labeled cells in the rat thalamus after two injections of
the retrograde tracer Fluorogold (FG) in dorsal and
ventral regions of the rat caudate putamen complex
(Fig. 1, for methodological considerations see Lanciego
et al., 1998). Thus, medially located nuclei, namely, the
midline thalamic nuclei, the mediodorsal nucleus and
the parafascicular nucleus (the medial portion of the
parafascicular nucleus in the rat) send projections to
the ventral striatum, whereas more laterally located
nuclei, such as the rostral intralaminar nuclei, the cen-
tromedian nucleus (the lateral portion of Pf in the rat),
the ventral nuclei and the lateral and posterior groups,
project to the dorsal striatum and dorsal putamen
(Beckstead, 1984a; Nakano et al., 1990; Berendse and
Groenewegen, 1990; Giménez-Amaya et al., 1995; Erro
et al., 1998). Accordingly, some medially located neu-
rons within the ventral, anterior, medial, and lateral
thalamic groups also contribute to the thalamostriatal
projections to the ventral striatum in the primate
(Nakano et al., 1990; Giménez-Amaya et al., 1995).

In addition to this nuclear segregation that character-
izes the thalamostriatal projections in relation to their
target region within the striatum, and focusing on the
dorsal striatum, there are some other features in the
organization of the thalamostriatal projections that are
commonly shared only by the projections arising from
specific thalamic nuclei. Thus, thalamic neurons in the
ventral nuclei (ventral anterior, ventral lateral and ven-
tral medial thalamic nuclei) are retrogradely labeled
almost exclusively after rostral injections in the rostral
caudate nucleus, that is, they almost exclusively project
to rostral striatal areas (Tanaka et al., 1986; Erro et al.,
1998; de las Heras et al., 1998b, 1999). Within these
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Fig. 1. Schematic drawings illustrating two examples of the organization of the thalamostriatal neurons in the rat projecting to different regions
of the caudate putamen complex, after single injections of the retrograde tracer Fluorogold (FG) in the caudate putamen complex. Left (top) injection
site in the dorsal portion of the caudate putamen complex and (A-C), retrogradely labeled neurons from case C-8. Right (top) injection site in
the ventral portion of the caudate putamen complex and (A%-C%), retrogradely labeled neurons from case C-24. Note the clear mediolateral topography
displayed by the thalamic cells projecting to dorsal vs. ventral regions of the caudate putamen complex. Each dot represents one retrogradely labeled
neuron. Stippled areas correspond to fiber tracts. Abbreviations: aca, anterior commisure, anterior part; AcbC, accumbens nucleus, core; AD,
anterodorsal nucleus; AM, anteromedial nucleus; APTD, anterior pretectal nucleus, dorsal part; AV, anteroventral nucleus; CL, centrolateral nucleus;
CM, central medial nucleus; CPu, caudate putamen; Eth, ethmoid nucleus; F, nucleus of the fields of Forel; fr, fasciculus retroflexus; G, gelatinosus
nucleus; gcc, genu of the corpus callosum; IAM, interanteromedial nucleus; IMD, intermediodorsal nucleus; LD, laterodorsal nucleus; LHb, lateral
habenular nucleus; LP, lateral posterior nucleus; LV, lateral ventricle; MD, mediodorsal nucleus; MHb, medial habenular nucleus; ml, medial
lemniscus; mt, mammillothalamic tract; PC, paracentral nucleus; PF, parafascicular nucleus; Po, posterior nuclear group; PR, prerubral field; PrC,
precommisural nucleus; PT, paratenial nucleus; PV, paraventricular nucleus; Re, reuniens nucleus; Rh, rhomboid nucleus; RI, rostral interstitial
nucleus of the medial longitudinal fasciculus; Rt, reticular nucleus; sm, stria medullaris of the thalamus; VL, ventrolateral nucleus; VM, ventromedial
nucleus; ZI, zona incerta.
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Fig. 2.
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nuclei, the retrogradely labeled neurons after single
tracer injections in the striatum appear widely dis-
tributed and organized in dorsoventral bands (Tanaka et
al., 1986; de las Heras et al., 1997, 1998a,b, 1999), with
a consistent mediolateral topography to corresponding
areas of the striatum in the different species (Tanaka et
al., 1986; Nakano et al., 1990; de las Heras et al., 1997,
1998a,b, 1999; Erro et al., 1998). Remarkably, no dou-
ble-labeled neurons could be found in any of these nuclei
after two fluorescent tracer deposits in different rostro-
caudal, dorsoventral or mediolateral regions of the cat
caudate nucleus or after putamen vs. caudate nucleus
deposits in the squirrel monkey (Fig. 2, for methodolog-
ical considerations see de las Heras et al., 1999; see also
Parent et al., 1983; de las Heras et al., 1997, 1998a, 1999).
This may indicate the high specificity of the topograph-
ical thalamostriatal projections arising from the subdivi-
sions of the ventral nuclei, which is emphasized by the
high degree of segregation displayed by the motor-re-
lated subcortical afferents to these subdivisions (see
Section 3).

In contrast, some other features characterize the tha-
lamostriatal projections arising from the rostral in-
tralaminar nuclei. After deposits of retrograde tracers in
different regions of the striatum, retrogradely labeled
cells are always present within these nuclei (Figs. 1 and
2). In the cat, however, a higher number of cells within
the lateral wing of the rhomboid nucleus and the dorsal
mediodorsal nucleus were projecting to the rostral re-
gions of the caudate nucleus, whereas the caudal part of
the rhomboid nucleus seemed to project mainly to
caudal striatal areas (Fig. 2A-B). A certain mediolateral
topography could also be observed, so that medial
injections gave rise to retrograde labeling closer to the
ventricle than lateral injections, in a somewhat center-pe-
riphery fashion (Fig. 2A%-B% and de las Heras et al.,
1998b; Erro et al., 1998). Contrarily to the widespread
distribution pattern observed in the ventral nuclei, the
thalamostriatal cells within the rostral intralaminar nu-
clei were arranged in dense clusters (Parent et al., 1983;
de las Heras et al., 1998b, 1999) and when two retro-
grade tracers were used, the clusters containing one
tracer were intermingled with the ones containing the
other. This arrangement suggests a possible modular
organization of this projection. These neurons do collat-
eralize within the striatum, as revealed by the presence

of double-labeled neurons, although their number is very
low (Fig. 2 and Parent et al., 1983; de las Heras et al.,
1999). Such collateralization occurs both in the medio-
lateral and rostrocaudal coordinates but not in the
dorsoventral coordinate in the cat striatum (de las Heras
et al., 1999). Remarkably enough, the double-labeled
neurons tend to be localized at the transitional areas
between the two single labeled populations (Fig. 2A-B,
2A%-B%). These findings are in keeping with the data
obtained from axonal tracing after very small injections
of biocytin in the central lateral nucleus or in associative
thalamic nuclei, such as the mediodorsal or the lateral
dorsal nuclei, in the rat. The axons of these cells, which
were typical bushy relay cells, were found to arborize
sparsely in the striatum, forming well-defined rostrocau-
dally oriented bands of varicose, loosely organized col-
laterals, which seemed to contact en passant a large
number of neurons (Deschênes et al., 1995). This loosely
organized collateralization may account for the poor
retrograde labeling displayed by thalamostriatal neurons
within the rostral intralaminar nuclei after localized
retrograde tracer injections (de las Heras et al., 1999).

The main source of thalamostriatal inputs to the
striatum are the caudal intralaminar nuclei. Thus, retro-
gradely labeled neurons were consistently found in the
parafascicular nucleus in the rat (Fig. 1), in the centro-
median–parafascicular complex in the cat (Beckstead,
1984a; Jayaraman, 1985; de las Heras et al., 1998b,
1999), and either in the centromedian or the parafascic-
ular nuclei in the squirrel monkey or primate, after
deposits of retrograde tracers in any striatal region
(Parent et al., 1983; Nakano et al., 1990; Sadikot et al.,
1992a). Again, this is consistent with anterograde tracing
studies and axonal labeling studies which have shown
the wide rostrocaudal extension of these projections, so
that depending upon the site of injection into the
parafascicular and centromedian or ethmoid nuclei,
labeled fibers could be found in all regions of the dorsal
striatum (Sadikot et al., 1992a; Deschênes et al., 1996).

A clear topography has been detected in the thalamos-
triatal projection from the caudal intralaminar nuclei in
the primate (Parent et al., 1983; Nakano et al., 1990;
Fénelon et al., 1991; Sadikot et al., 1992a), and a certain
mediolateral topography has been also described in the
cat (Beckstead, 1984a; de las Heras et al., 1999) and rat
(Erro et al., 1998). Sparse double-labeled cells were

Fig. 2. Schematic drawings illustrating the organization of the distinct thalamostriatal neuronal populations projecting to two different regions of
the caudate nucleus, after concomitant injections of two retrograde fluorescent tracers, Fast Blue (FB) and Diamidino Yellow (DY), in the cat.
Left (top) localization in a sagittal drawing, of the FB and DY deposits in different rostrocaudal sectors of the caudate nucleus, and (A-B),
retrogradely labeled neurons from case C-35. Right (top) localization in a coronal drawing of the FB and DY injections in different mediolateral
sectors of the cat caudate nucleus, and (A%-B%), retrogradely labeled neurons from case C-36. Each dot represents one retrogradely labeled neuron.
FB neurons are depicted in blue, DY neurons in yellow, and double-labeled neurons in red. Abbreviations: AD, anterodorsal nucleus; CeM,
central medial nucleus; Cl, claustrum, CL, central lateral nucleus; Cm, centromedian nucleus; CN, caudate nucleus; D, dorsal; DY, Diamidino
Yellow; FB, Fast Blue; IC, internal capsule; LD, laterodorsal nucleus; LH, lateral habenular nucleus; MD, mediodorsal nucleus; MDd, dorsal
mediodorsal nucleus; MH, medial habenular nucleus; P, putamen; Pc, paracentral nucleus; Pt, paratenial nucleus; PvA, anterior paraventricular
nucleus; PvP, posterior paraventricular nucleus; R, rostral; RB, retroflex bundle; Rh, rhomboid nucleus; SMe, stria medullaris; Th, thalamus.
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detected in the monkey (Parent et al., 1983), whereas in
the cat the number of double-labeled cells was slightly
higher than in the rest of thalamic nuclei (de las Heras
et al., 1999). Remarkably, the thalamostriatal cells
within the rat parafascicular and ethmoid nuclei were
morphologically different from the bushy cells located
in the rostral intralaminar and associative thalamic
nuclei, and so were their terminations in the target
areas. Thus, these large relay cells resembling those of
the reticular thalamic nucleus with few and poorly
branched dendrites, gave rise to thalamic fibers that
branched heavily in the striatum, forming well-spaced
and dense clusters of terminals (Deschênes et al., 1996).
Interestingly, these axons continue towards the cortex
where they branch very sparsely, whereas the thala-
mostriatal fibers arising from the bushy cells, arborize
more heavily in the cerebral cortex (Deschênes et al.,
1995).

The diversity of termination patterns of thalamostri-
atal projections is further widened when it is taken into
account that they are also organized following the
compartmental striatal chemoarchitecture (Berendse et
al., 1988; Ragsdale and Graybiel, 1991; Sadikot et al.,
1992b; Deschênes et al., 1996). A detailed study of the
termination of the caudal intralaminar nuclei in the
squirrel monkey reveals that both the centromedian
and the parafascicular thalamic fibers terminate exclu-
sively on the matrix compartment, but in addition, the
heterogeneity is further increased in regard to their
postsynaptic elements, given that the centromedian nu-
cleus terminates to a higher extent on dendritic spines
than the parafascicular nucleus (Sadikot et al., 1992b).

In summary, the wide variety of organization pat-
terns within the thalamostriatal projections regarding
their thalamic arrangement, their collateralization and
their termination patterns, reveals that this projection,
as a whole, may be more complex than previously
thought, and also allows to hypothesize whether differ-
ent subsets or even different systems of thalamostriatal
projections, whose influence were completely different
from each other might underlie the thalamostriatal
organization.

3. The output organization of the basal ganglia to the
thalamus

The internal segment of the globus pallidus (entope-
duncular nucleus in non-primates) and the pars reticu-
lata of the substantia nigra are the main output nuclei
of the basal ganglia, which convey the information
processed within the basal ganglia towards the thala-
mus and also towards several structures within the
midbrain tegmentum (see, for review, Parent and
Hazrati, 1995a). In addition, the external segment of
the globus pallidus (globus pallidus in non-primates)

also projects to the thalamus, though less prominently
(see, for review, Parent and Hazrati, 1995b).

The main thalamic recipients of the basal ganglia
outflow are, the so-called motor thalamus, which com-
prises mainly the ventral anterior and ventral lateral
nuclei and the ventral medial nucleus to some extent,
and the rostral and caudal intralaminar nuclei (Ilinsky
and Kultas-Ilinsky, 1987). There are additional thala-
mic nuclei that receive pallidal/nigral connections, such
as the mediodorsal and reticular thalamic nuclei, and
the lateral habenula which specifically receives afferent
connections from the internal segment of the globus
pallidus (Nauta, 1979; De Vito and Anderson, 1982;
Ilinsky et al., 1985; Sakai et al., 1996).

The terminal fields of both pallidal and nigral affer-
ents to the thalamus have been extensively studied in
several species (see references in Sidibé et al., 1997;
Sakai et al., 1998). In the primate thalamus, both the
motor thalamus and the caudal intralaminar nuclei are
well-developed, with architectonically distinct nuclei
and subnuclei (Asanuma et al., 1983; Ilinsky and Kul-
tas-Ilinsky, 1987; Stepniewska et al., 1994). In this
species, pallidal and nigral afferents are largely segre-
gated, so that the nigral afferents terminate in the
medial portion of the ventral anterior nucleus, in the
mediodorsal nucleus and in the ventral portions of
Cm–Pf, whereas pallidal projections occupy the lateral
portions of VA and the oral (anterior) portion of the
ventral lateral nucleus, the ventral medial nucleus, and
the centromedian and parafascicular nuclei (Ilinsky et
al., 1985; Ilinsky and Kultas-Ilinsky, 1987; Percheron et
al., 1993, 1996; Sakai et al., 1996; Sidibé et al., 1997).
Regarding the remaining species, although there seems
to be a progressive increase in the segregation of cir-
cuits from rodents to carnivores to primates in the
organization of the motor thalamus (Kultas-Ilinsky and
Ilinsky, 1986; Sakai and Patton, 1993), and probably in
the caudal intralaminar nuclei as well, such segregation
is also basically observed in the motor thalamus and
caudal intralaminar nuclei in the carnivores (Hendry et
al., 1979; Nauta, 1979; Sakai and Smith, 1992; Sakai
and Patton, 1993). In rodents, a gross segregation is
visible, so that the nigral afferents occupy a more
medial position than the pallidal afferents in the ventral
anterior–ventral lateral nucleus (compare Fig. 3A with
Fig. 3 from Sakai et al., 1998), and also in the rostral
intralaminar and mediodorsal nuclei, where even a
complementary pattern is hinted (see Fig. 3A-A%, B-B%;
for methodological considerations see Lanciego et al.,
1998). The segregation is less clear in the parafascicular
nucleus, but the preferential terminal field of nigral
afferents is more medially located than the pallidal one
(Fig. 3C-C%). In contrast, the ventral medial nucleus
seems to be a highly convergent nucleus both in rodents
and carnivores (see Fig. 3A-A%, B-B%, and Hendry et al.,
1979; Sakai and Patton, 1993).
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Fig. 3. Schematic drawings illustrating the terminal fields of pallidothalamic and nigrothalamic fibers in the rat, after injections of the anterograde
tracer byotinilated dextran amines (BDA). Anterogradely labeled terminal fields are represented by shaded areas. Left (top) injection site in the
entopeduncular nucleus from case C-42, and (A-C), anterograde labeling in a rostrocaudal sequence. Right (top) injection site in the substantia
nigra from case C-39, and (A%-C%), anterograde labeling in a rostrocaudal sequence. Darker areas correspond to areas of higher density of
terminals. Stippled areas correspond to fiber tracts. Abbreviations as in Fig. 1 and APTV, anterior pretectal nucleus, ventral part; EP,
entopeduncular nucleus; Gu, gustatory nucleus; PoMn, posteromedian nucleus; SNR, substantia nigra, reticular part; SPF, subparafascicular
nucleus; VPM, ventral posteromedial nucleus.
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No significant differences were found between the
ultrastructural characteristics of nigral and pallidal
axon terminals, and both displayed a common pattern
of synaptic innervation of their targets (Grofová and
Rinvik, 1974; Kultas-Ilinsky et al., 1983; Kultas-Ilin-
sky and Ilinsky, 1990; Sidibé et al., 1997). These stud-
ies have shown that the main postsynaptic target of
the afferent fibers are the postsynaptic dendrites of
relay cells (Grofová and Rinvik, 1974; Kultas-Ilinsky
et al., 1983; Kultas-Ilinsky and Ilinsky, 1990; Sidibé et
al., 1997) or identified thalamocortical neurons (Kaya-
hara and Nakano, 1996; Sakai et al., 1998).

The functional segregation of corticostriatal projec-
tions is largely maintained through the circuitry of the
basal ganglia (Alexander et al., 1986; Parent and
Hazrati, 1995a), and it is also preserved to a high
extent in the pallidothalamic projection (Sidibé et al.,
1997). Thus, the ventrolateral two-thirds of the inter-
nal segment of the globus pallidus, which receive pro-
jections from the sensorimotor striatum, project to the
principal ventrolateral nucleus and the central part of
the centromedian nucleus. In turn, the dorsal one-third
and the rostromedial pole of the internal segment of
the globus pallidus, which receive projections from the
associative and limbic striatum, project to the parvo-
cellular ventral anterior nucleus and the rostrodorsal
part of the parafascicular nucleus (Sidibé et al., 1997).
Therefore some associative and limbic cortical infor-
mation, which is largely processed in segregated corti-
costriatopallidal channels, converges to common
thalamic nuclei.

Finally, the external segment of the globus pallidus
projects to the reticular thalamic nucleus (see Hazrati
and Parent, 1991, and Gandia et al., 1993 and refer-
ences therein). In the rat, the paraventricular, lateral
habenular and mediodorsal nuclei are also targets of
the globus pallidus (see references in Heimer et al.,
1995). Interestingly, the pallidoreticular projections in
the rat are also segregated from the nigral afferents to
the reticular thalamic nucleus (Gandia et al., 1993).
These results illustrate the existence of another impor-
tant route through which the basal ganglia, via their
output nuclei, may control the thalamic flow towards
the cerebral cortex or towards brainstem structures
like the superior colliculus, and may also control the

intrathalamic neural communication (see references in
Gandia et al., 1993).

4. Overlapping thalamic territories between the input
and the output projections of the basal ganglia

Abundant studies have dealt with the relationships
between the output of the basal ganglia and the thalam-
ocortical projection at different levels, and some of the
more recent ones have compared the pallidal/nigral
terminal fields vs. thalamocortical neurons, by means of
either single or double-labeling techniques at the light
and/or electron microscopic levels, or using transneu-
ronal techniques (Schell and Strick, 1984; Ilinsky et al.,
1985; Alexander et al., 1986; Groenewegen, 1988; Alex-
ander et al., 1990; Hoover and Strick, 1993; Kayahara
and Nakano, 1996; Sakai et al., 1998). In contrast, little
has been reported regarding the relationships between
the output of the basal ganglia and the thalamic input
to the striatum (de las Heras et al., 1997, 1998a).
Double-labeling experiments were carried out in the cat
injecting in the same animal either one or two retro-
grade fluorescent tracers in the caudate nucleus, and
HRP–WGA as an anterograde tracer, in the substantia
nigra (Fig. 4, for methodological considerations see de
las Heras et al., 1998a). The thalamic distribution of
retrogradely labeled thalamostriatal neurons and
anterogradely labeled nigrothalamic terminals was ana-
lyzed in adjacent sections and compared in superim-
posed drawings. Wide overlapping thalamic territories
were observed between the neurons projecting to the
caudate nucleus and the nigral afferents in the rostral
nuclei of the ventral thalamic group (ventral anterior
nucleus, ventral anterior–ventral lateral complex and
ventral medial nucleus), whereas more restricted areas
of overlap were visible in the rostral (rhomboid, para-
central, central lateral, dorsal mediodorsal nuclei) and
caudal intralaminar nuclei (centromedian–parafascicu-
lar complex) (Fig. 4B-B% and de las Heras et al., 1998a).
In the rat, the overlapping thalamic territories were
visualized in the same section, by means of double-la-
beling experiments using Fluorogold as retrograde
tracer and byotinilated dextran amine (BDA) as the
anterograde tracer (Fig. 5, for methodological consider-

Fig. 4. Schematic drawings illustrating the overlapping territories between the thalamostriatal neurons projecting to the caudate nucleus, and the
nigrothalamic terminal fields in the cat, obtained from adjacent sections and depicted onto one. The thalamostriatal neuronal populations were
obtained either after a single retrograde fluorescent tracer injection or after concomitant injections of the two retrograde fluorescent tracers FB
and DY. The nigrothalamic terminal fields were obtained by means of injections of the anterograde tracer HRP–WGA. Left, A, localization in
a sagittal drawing of the DY deposit in the caudate nucleus (middle) injection site in the substantia nigra, and B, overlapping territories between
retrogradely labeled neurons (yellow dots) and nigral terminal fields (light red) from case C-35. Right (A%), localization in a sagittal drawing of
the FB and DY injections in different rostrocaudal sectors of the cat caudate nucleus (middle) injection site in the substantia nigra, and (B%),
overlapping territories between retrogradely labeled neurons (yellow or blue dots) and nigral terminal fields (light red), from case C-36. Each dot
represents one retrogradely labeled neuron. FB neurons are depicted in blue and DY neurons in yellow. Abbreviations as in Fig. 2 and AC, anterior
commissure; AV, anteroventral nucleus; CP, cerebral peduncle; Ep, entopeduncular nucleus; Re, reuniens nucleus; Rt, reticular thalamic nucleus.



E. Mengual et al. / Journal of Chemical Neuroanatomy 16 (1999) 187–200 195

Fig. 4. (Continued)



E. Mengual et al. / Journal of Chemical Neuroanatomy 16 (1999) 187–200196

Fig. 5. Schematic drawings illustrating the thalamic areas of overlap between the thalamostriatal neurons projecting to the ventral striatum and
the nigrothalamic projections in the rat, after single injections of the retrograde tracer FG in the ventral striatum and single injections of the
anterograde tracer BDA. The double-labeling was visualized in the same section as depicted in the drawings. (Top) left, injection site in the ventral
striatum, and right, injection site in the substantia nigra. (A-D), rostrocaudal sequence of overlapping territories between retrogradely labeled
thalamostriatal neurons and nigrothalamic afferents. Neurons retrogradely labeled with FG are represented by dots. Anterogradely labeled
terminal fields are represented by shaded areas. Darker areas correspond to areas with a higher density of terminals. Stippled areas correspond
to fiber tracts. Abbreviations as in Figs. 1 and 3.

Fig. 6. Microphotographs of coronal sections through the rat brain from case C-1, illustrating the overlapping territories between the
thalamostriatal neurons projecting to ventral portions of the caudate putamen complex, after an injection of the retrograde tracer FG, and the
nigrothalamic fiber terminals, after and injection of the anterograde tracer BDA. (A), deposit of FG in the ventral portion of the caudate putamen
complex. (B), injection of BDA in the substantia nigra. (C), coronal section through the caudal thalamus showing the retrogradely labeled cells
in the medial portion of the parafascicular nucleus, immersed within a terminal field of nigrothalamic fibers. (D), boxed area in (C), at a higher
magnification. Scale bar: (A-C), 400 mm; (D), 50 mm. Abbreviations as in Fig. 1, and ac, anterior commissure; PVP, posterior paraventricular
nucleus; SNC, substantia nigra pars compacta; SNR, substantia nigra pars reticulata; VTA, ventral tegmental area of Tsai.
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ations see Lanciego et al., 1998). In this case, the
retrograde tracer was placed in the nucleus accumbens,
and the retrograde labeled neurons were located, as
expected (see Section 2), in the midline thalamic nuclei,
in the mediodorsal nucleus and dorsomedially in the
rostral intralaminar nuclei (Fig. 5A–D). Remarkably,
the nigral terminal field, that was patchy in the
mediodorsal nucleus and in the rostral intralaminar
nuclei, displayed a pattern that seemed to be comple-
mentary to the retrogradely labeled neurons, either
bordering the bulk of the thalamostriatal neurons (Fig.
5A), or occupying areas of less labeling (Fig. 5C) or
even gaps among areas of labeling (Fig. 5B). Despite
this complementary pattern, the marginal borders of the
nigral terminal fields were still in contact with at least
some thalamostriatal neurons. Fig. 6 illustrates another
example in the rat of convergence between thalamostri-
atal neurons projecting to ventral regions of the caudate
putamen complex, and the nigrothalamic terminals (Fig.
6, for methodological considerations see Lanciego et al.,
1998).

These studies provide evidence for the existence of
thalamic areas in which the input and the output of the
basal ganglia converge. In fact, these sets of experiments
show the possible existence of feedback circuits through
the thalamus, in the basal ganglia organization. Several
ultrastructural studies of nigrothalamic or pallidothala-
mic terminals have reported that the main postsynaptic
target of these afferent fibers are the dendrites of projec-
tion neurons (Grofová and Rinvik, 1974; Kultas-Ilinsky
et al., 1983; Kultas-Ilinsky and Ilinsky, 1990) which in
some cases have been clearly identified as thalamocorti-
cal neurons (Sakai et al., 1998). Ultrastructural studies
of double-labeling experiments are being carried out in
order to elucidate the relation between afferents from
nigral and pallidal afferents and the thalamic projection
neurons to the striatum. This would represent the
anatomical evidence of the existence and putative func-
tionality of these feedback circuits or striato–pallido/ni-
gro–thalamo–striatal loops.

Although the exact function of these potential circuits
is still poorly understood, these findings suggest that the
information processed by the basal ganglia and directed
to the cerebral cortex through the thalamus, could be
reaching again the basal ganglia via the striatum, and
thus influencing its overall organization. It could also be
another way of intrastriatal communication, by which
the processed information could reach functionally dif-
ferent striatal modules.

5. Functional considerations

As far as the morphofunctional organization of the
basal ganglia is concerned, a major finding discussed in
the previous section is the existence, at least in the rat

and cat, of areas of convergence within the thalamus of
the input and the output systems of the basal ganglia.
These anatomical data support the hypothesis that the
output of the basal ganglia might participate in feed-
back subcortical circuits through the thalamostriatal
projections. These circuits, however, may be established
either directly through the pallidothalamic and nigro-
thalamic projections, or indirectly through the pal-
lidoreticular projections. In our opinion, it is
particularly appealing the idea that the final outcome of
the basal ganglia processing can be conveyed either
directly to the cerebral cortex via thalamic relay nuclei,
or sent back to the basal ganglia themselves at the
striatal level through the thalamostriatal pathway. A
third and very suggestive possibility is that this informa-
tion already processed in the basal ganglia can be
directed to both the cerebral cortex and the striatum
using the thalamic cells which project to the cortex and
the striatum by means of collaterals.

These feedback circuits of the basal ganglia through
the thalamus might thus represent the continuation at
the subcortical level of the parallel circuits, which sev-
eral authors support as the way of processing within the
basal ganglia, and even the final link closing the cor-
tico–striato–thalamo–striatal/cortical loops. However,
a certain interaction among these parallel circuits reach-
ing the thalamus might also take place at the thalamic
level, by means of either interneurons or most probably
via the reticular thalamic nucleus.

With or without interaction at the thalamic level of
the output information of the basal ganglia which
reaches the thalamus through parallel or convergent
ways, these feedback circuits of the basal ganglia
through the thalamus may represent another way of
intrastriatal communication. In fact, some anatomical
data presented in this revision illustrate that the output
of the basal ganglia reaches thalamic territories occu-
pied by thalamostriatal neurons that are projecting to
different striatal sectors. Thus, we may hypothesize that
the output of the basal ganglia concerning a specific part
of the striatum might be influencing, via the thalamus,
additional striatal areas and possibly, amplifying the
overall response of the basal ganglia to the cerebral
cortex and/or the brainstem.

Finally, a third functional consideration is that the
reticular thalamic nucleus may also play a crucial role in
establishing feedback circuits of the basal ganglia
through the thalamus. Two possibilities should be taken
into account. First, the pallidoreticular and nigroreticu-
lar connections could have the global effect of inhibiting
or activating different neurons in the reticular thalamic
nucleus depending on the corticostriatal excitation. The
second possibility is that the reticular thalamic cells
might differently influence the thalamocortical and tha-
lamostriatal neurons or even concrete pools of cells
within these thalamic groups.
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