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Abstract The present study aimed to investigate whe-
ther the pedunculopontine projection to the thalamus
overlaps with identified thalamostriatal neurons. These
projections were studied using a dual tract-tracing proce-
dure combining anterogradely transported biotinylated
dextran amine (pedunculopontine projections) and retro-
gradely transported Fluoro-Gold (thalamostriatal projec-
tions). Overlapping thalamic territories between thala-
mostriatal neurons and the axon terminals arising from
the pedunculopontine tegmental nucleus were observed
in the midline (paraventricular) and in the intralaminar
(centrolateral, central medial, paracentral and parafasci-
cular) thalamic nuclei. Other thalamic nuclei, such as the
ethmoid, intermediodorsal, mediodorsal, paratenial, pos-
teromedian, ventromedian, ventrolateral and rhomboid
thalamic nuclei, displayed a lesser degree of overlap.
These observations suggest the existence of presumptive
contacts between thalamostriatal neurons and axons
emerging from the pedunculopontine tegmental nucleus,
therefore supporting the possible existence of feedback
circuits in the rat basal ganglia in which the tegmento-
thalamic projection would play a mgjor role.
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Abbreviations aca Anterior commissure, anterior part -
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Ag agueduct (Sylvius) - B basal nucleus (Meynert) -

cc corpus callosum - CL centrolateral thalamic nucleus -
CM central medial thalamic nucleus - CnF cuneiform
nucleus - CPu caudate putamen - ECIC external cortex of
theinferior colliculus - EP entopeduncular nucleus -
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Eth ethmoid thalamic nucleus - F nucleus of the fields
of Forel - fr fasciculus retroflexus - GP globus pallidus -
|AM interanteromedial thalamic nucleus -

IMD intermediodorsal thalamic nucleus - LD laterodorsal
thalamic nucleus - LHb lateral habenular nucleus -

LP lateral posterior thalamic nucleus - LV lateral
ventricle - MD mediodorsal thalamic nucleus -

MHb medial habenular nucleus - MiTg microcellular
tegmental nucleus - ml medial lemniscus -

mt mammillothalamic tract - PC paracentral thalamic
nucleus - PF parafascicular thalamic nucleus -

Po posterior thalamic nuclear group -

PPTg pedunculopontine tegmental nucleus -

PV paraventricular thalamic nucleus - Re reuniens
thalamic nucleus - Rh rhomboid thalamic nucleus -

Rt reticular thalamic nucleus - scp superior cerebellar
peduncle - sm stria medullaris of the thalamus -

SN substantia nigra - SPF subparafascicular thalamic
nucleus - SPTg subpeduncular tegmental nucleus -

STh subthalamic nucleus - Sub submedius thalamic
nucleus - xscp decussation of the superior cerebellar
peduncle - VL ventrolateral thalamic nucleus -

VM ventromedial thalamic nucleus - VPM ventral
posteromedial thalamic nucleus - VPL ventral
posterolateral thalamic nucleus - VPPC ventral posterior
thalamic nucleus, parvicellular part - ZI zonaincerta

Introduction

The basal ganglia are a group of subcortical structures
related to the organization of movement as well as to
cognitive and motivational processes (Albin et al. 1995;
Graybiel 1995; Parent and Hazrati 1995; Gerfen and
Wilson 1996). The main output of the basal gangliais di-
rected to the cortex with a relay in the thalamus. The
most caudal brain nucleus receiving projections from the
basal ganglia is the pedunculopontine tegmental nucleus
(PPTg). Anterograde and retrograde tract-tracing proce-
dures and neurophysiological studies have reported the
existence of a close and reciprocal relationship between



Fig. 1 Cameralucida drawings
of theinjection sitesin the CPu
and in the PPTg corresponding
to the cases included in this
study. Schematic drawings are
rostrocaudally arranged accord-
ing to the injection sitein the
CPu. The shading around some
injection sites represents the
spread of the tracer

the PPTg and several basal ganglia structures such as the
entopeduncular nucleus (EP), the subthalamic nucleus
(STh) and the substantia nigra (SN) (Saper and Loewy
1982; Jackson and Crossman 1983; Scarnati et al. 19874,
Rye et al. 1987; Spann and Grofova 1989; Lavoie €t al.
1990; Lavoie and Parent 19944). Basal ganglia structures
lack direct access to pontomedullary or spinal nuclei and
the PPTg has therefore been considered a link between
the basal ganglia and the brainstem and spinal cord. Fur-
thermore, recent behavioral experiments have made it
possible to hypothesize that the PPTg could be a critical
site through which limbic information from the ventral
striatum concerned with motivation and reinforcement
can gain access to motor outflow coming from the dorsal
striatum and directed towards pontomedullary systems
(Winn et al. 1997). In addition to its connections with the
basal ganglia, the PPTg sends a dense projection to the
thalamus, which is implicated in the regulation of the
sleep-wake cycle (Jones 1991).

As apart of our ongoing studies on the thalamic inter-
action between the input and output pathways of the ba-
sal ganglia and their related nuclei, we have examined
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the relationship between the thalamostriatal neurons and
the peduncul opontine projections to the thalamus, to elu-
cidate the possible existence of thalamic areas of overlap
between both pathways. Retrograde and anterograde
tracer experiments with Fluoro-Gold (FG) and biotinyla-
ted dextran amine (BDA) were performed in the rat in
order to identify the cells of origin of the thalamostriatal
projections and the thalamic afferents coming from the
PPTg and to further analyze the thalamic overlap of
these projections in a single section.

Materials and methods

Female Wistar rats (n=9; body weight ranging from 200 to 230 g)
were used in this study. Animals were anesthetized (0.1 ml/100 g)
with an intramuscular injected mixture of 4:3 parts Ketaset (1% of
a solution of ketamine) and Rompun (2% of a solution of xyla-
cine) respectively, and placed in a stereotaxic frame. In a single
surgical session a 10% solution of biotinylated dextran amine
(BDA, Molecular Probes Europe, Leiden, The Netherlands) in
0.01 M phosphate buffer, pH 7.25, was iontophoretically delivered
into the PPTg through a glass micropipette (inner tip diameter
20-30 pm) using a 5 PA positive pulsed direct current (7 s on/off
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Fig. 2A-D Cameralucida
drawings of four coronal sec-
tions through the thalamus
rostrocaudally arranged, show-
ing the retrogradely labeled
neurons and the anterogradely
labeled fibers corresponding to
case R-20. Inset illustrates the
injection sites related to this
case

for 5 min). Then, a 2% solution of Fluoro-Gold (FG, Fluoro-
chrome, Englewood, CO) in 0.1 M cacodylate buffer, pH 7.3, was
iontophoretically injected into the ipsilatera caudate putamen
(CPu), according to the same iontophoretical parameters described
above for the BDA injections. Stereotaxic coordinates were taken
from the atlas of Paxinos and Watson (1998). Animals were han-
dled at al times according to the Society for Neuroscience Policy
on the Use of Animals in Neuroscience Research and also the
European Communities Council Directive 86/609/EEC. After a
survival time of 7 days, the animals were anesthetized with an in-
traperitoneal overdose of 10% chlora hydrate in distilled water
and perfused transcardially. Perfusion was performed with a sa-
line-rinsing solution at body temperature, immediately followed
by 500 ml cold fixative containing 4% paraformaldehyde, 0.1%
glutaraldehyde and 0.2% saturated picric acid in 0.125 M phos-
phate buffer, pH 7.4. After the perfusion, the skull was opened and
the brain removed and stored in a cryoprotective solution prepared
according to the method of Rosene et al. (1986). Coronal frozen
sections (40 pm thick) were obtained in a sliding microtome and
collected in 0.125 M phosphate buffer, pH 7.4. A total of ten se-
ries of each brain were obtained. The first series was processed for
the simultaneous visualization of anterogradely transported BDA
and somatopetally transported FG. Sections were first incubated in
an ABC solution (avidin biotin complex, Vector, Burlingame, CA)
for 90 min and then reacted with 30% H,O, in the presence of

PF_~

e
et

e FG labeled neurons
Low to moderate density of BDA labeled fibers
M High density of BDA labeled fibers

nickel-enhanced diaminobenzidine solution (DAB-Ni) for 3-5
min. The incubation was continued in 1:2000 rabbit anti-FG
(Chemicon, Temecula, LA) for 60 h at 40 C under gentle agitation.
Subsequently, sections were incubated in 1:50 swine anti-rabbit
19G for 120 min at room temperature and then in 1:600 rabbit-PAP
(DAKO) for 90 min and finaly stained with diaminobenzidine
(DAB) (Sigma Chemical Co., St. Louis, MO) as the chromogen
for the peroxidase reaction for 5-10 min. Extensive washing with
0.05 M Tris-buffered saline at pH 8.0 (TBS) with 0.5% Triton X-
100 (TBS-Tx) was carried out throughout the procedure. Several
rinsing steps with 0.05 M Tris HCI, pH 7.6, were also conducted
prior to and after the incubations in the chromogen solutions. The
first antiserum was prepared in TBS-Tx, pH 8.0, plus 0.2% bovine
serum albumin (BSA) (Merck, Darmstadt, Germany) to prevent
non-specific binding. Once the staining was completed, the sec-
tions were mounted on glass slides using a 2% solution of gelatin
in 0.05 M Tris/HCI, pH 7.6, dried, quickly dehydrated in toluene,
and coverslipped with Entellan. Adjacent sections were processed
for acetylcholinesterase (AChE) and Nissl stains.

The exact location of the injection sites, the retrogradely la-
beled neurons and the anterogradely labeled fibers in the thalamus
were directly plotted using a camera lucida. Each drawing display-
ing labeling was then scanned (Arcus I, AGFA) in a computer
(Power Macintosh 9500/150) and both the thalamic contours and
the structures displaying labeling were redrawn using Freehand



Fig. 3A-D Cameralucida
drawings of four coronal sec-
tions through the thalamus
rostrocaudally arranged, show-
ing the retrogradely labeled
neurons and the anterogradely
labeled fibers corresponding to
case R-24. Inset illustrates the
injection sites related to this
case

5.5.1 (Macromedia Inc., 1988-1995). In order to better delineate
the different thalamic nuclel for the accurate location of both the
thalamostriatal neurons and the thalamic pedunculopontine affer-
ents, the adjacent Nissl- and AChE-stained series were used as a
reference for the cytoarchitecture.

Results
Injection sites

The retrograde tracer FG was delivered in the striatum at
different stereotaxic coordinates in an effort to cover a
wide extent of this nucleus. One injection site was
placed in the accumbens nucleus (Ach) (R-24). The an-
terograde tracer BDA was injected at different rostrocau-
dal levels of the PPTg. Furthermore, two cases (R-5 and
R-34) received a BDA injection in the border between
the subpeduncular tegmental nucleus (SPTg) and the
PPTg, while the BDA injection in case R-24 was placed
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in the SPTq itself. Leakage of the tracer along the injec-
tion track, resulting in a slight cortical contamination,
was only noticed in one case (R-6). Nevertheless, no sig-
nificant differences regarding the number and distribu-
tion of the thalamic labeled neurons were observed. Fig-
ure 1 summarizes the location and extent of the tracer
deposits in the present study.

Distribution of retrogradely labeled neurons
in the thalamus

After deposits of FG within the CPu, retrogradely la-
beled neurons were always found in the ipsilateral mid-
line and intralaminar thalamic nuclel irrespective of the
location of the FG injection. Retrogradely labeled neu-
rons were found in the ventral, lateral and posterior tha-
lamic groups as a function of the rostrocaudal location of
the injection sites into the CPu. Dorsal CPu injections re-



166

Fig. 4 A, B Injection sites of case R-24. C, D Injection sites of
case R-53. E Low-power photomicrograph of a coronal section
through the thalamus showing the thalamostriatal neurons and the
peduncul opontine fibers in the CM thalamic nucleus of case R-24.
F Low-power photomicrograph showing the thalamostriatal neu-
rons and the pedunculopontine fibers in the PF thalamic nucleus
of case R-53. G Inset taken from E. H Inset taken from F. Scale
bar 2000 pm (A-D); 500 um (E, F); 100 um (G, H)

sulted in aremarkable amount of neuronal labeling in the
following thalamic nuclei: centrolateral (CL), centra
medial (CM), paracentral (PC) and parafascicular (PF)
thalamic nuclei (Fig. 4F). Moderate to low numbers of
neuronal labeling were observed in the ethmoid (Eth),
mediodorsal (MD), paratenial (PT), ventrolateral (VL)
and ventromedial (VM) thalamic nuclel (Fig. 2). The FG
injection in the Acb resulted in abundant neuronal 1abel-
ing in the CM and paraventricular (PV) thalamic nuclei



and more scarcely in the interanteromedial (IAM), inter-
mediodorsal (IMD), MD, reuniens (Re), rhomboid (Rh),
PC, PF and posteromedian (PoMn) thalamic nuclei
(Figs. 3, 4E). Thalamic neuronal labeling located in the
ventral nuclei displayed the following differences re-
garding the rostrocaudal axis: rostral CPu injections eli-
cited a preferential neuronal labeling in the VM and VL
nuclei, while after caudal FG deposits in the CPu, neuro-
nal labeling was mainly found in the ventral posterior,
lateral and posterior thalamic groups.

Distribution of anterogradely |abeled fibers

After restricted BDA injections within the PPTg, labeled
fibers were abundantly found in the basal forebrain (sub-
stantia innominata, preoptic area, nuclei of the stria ter-
minalis and septal nuclei), hypothalamus, pretectal area
and superior colliculus. Different degrees of labeling
were found in basal ganglia structures: high to moderate
anterograde labeling was constantly found in the ventral
palidum (VP), EP, STh and SN. Moderate to low antero-
grade labeling was found in the CPu and in the Ach.
BDA termina fields were found in several thalamic nu-
clei, with a dominant distribution within the midline and
intralaminar nuclei (Figs. 2, 3). Lower to moderate den-
sities of anterogradely labeled fibers were found in the
VM, VL, VPM-VPL, LD, LP and Po thalamic nuclei
(Figs. 2, 3). Almost no differences in the distribution of
labeling related to the location of the tracer deposits in
the PPTg were noticed. The density of the BDA thalamic
labeling varies slightly as a function of the location of
the injection sites in the PPTg. The strongest densities
were observed with rostral BDA deposits, while weaker
projections were noticed in the animals receiving caudal
BDA injections. Tracer deposits in the SPTg (R-24) also
displayed strong thalamic labeling (Fig. 3).

Thalamic areas of overlap between retrograde
and anterograde labeling

Thalamic areas displaying overlap between the terminal
fibers arising from the PPTg to the thalamus and thala-
mostriatal neurons are summarized in Fig. 5. The tha-
lamic area of constant and the most intense degree of
convergence between both projections irrespective of the
FG injection sites was the PF thalamic nucleus (Figs.
2D, 3D, 4FH). A constant overlap was also found in the
CM and Rh thalamic nuclei (Figs. 2A,B, 3A,B, 4E,G). In
most cases, the CL, MD, PC and PV thalamic nuclei also
presented areas of overlap between these projections
(Figs. 2A—C, 3A-C). Inconstant and a lesser degree of
overlap was found in the Eth, IMD, PT, PoMn, VM and
VL thalamic nuclei.

The distribution of retrogradely labeled neurons with-
in the thalamus is determined by the location of the trac-
er deposit into the CPu. The thalamic distribution of an-
terogradely labeled fibers is constant independently of
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Fig. 5 Schematic diagram summarizing the general pattern of the
thalamostriatal projection to the CPu and to the Acb and the pro-
jections from the PPTg to the different thalamic nuclei. The
strength of the projections is illustrated by the different line thick-
nesses. The PPTQ projects to all the different thalamic nuclei with
the exception of the submedius thalamic nucleus (Sub). The mid-
line and intralaminar CL, CM, PC, PF and PV thalamic nuclei, as
well as the MD and VM, receive dense projections. The Acb re-
ceives projections mainly from the midline nucleus while the CPu
receives projections from the intralaminar thalamic nuclei and less
often from other thalamic nuclel

the location of the BDA injection within the PPTg.
Therefore, the degree and distribution of overlap be-
tween these two projection systems seem to depend only
on the placement of the CPu injections. After FG injec-
tions in the Acb, the thalamic nuclel showing most in-
tense overlap were the CM, PF and PV (Fig. 3), while af-
ter injections in the dorsal and lateral CPu, the highest
degree of overlap was found in the CL, lateral MD and
PF thalamic nuclel (Fig. 2).

Discussion
Technical considerations

The reliability of the anterograde and retrograde tract-
tracing procedures used in this study has been widely
documented elsewhere (Schmued and Heimer 1990;
Veeman et al. 1992; Ragjakumar et a. 1993). A serious
drawback to injecting a retrograde tracer within the CPu
is the possible uptake of the tracer by the thalamocortical
fibers. This possibility seems unlikely in our procedure
because the FG injections pass through a very small area
of the cerebral cortex which, according to its size, only
receives very sparse projections. Therefore, we consider
that the retrogradely labeled thalamic neurons observed
in this study originate from terminals located in the CPu,
rather than from cortical terminals. Another point of con-
cern is the possible uptake of the retrograde tracer by fi-
bers of passage, as the CPu of the rat is traversed by nu-
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merous small bundles of cortifugal and corticopetal fi-
bers. Although some discrepancy remains regarding the
FG uptake by fibers of passage (Schmued and Fallon
1986; Pieribone and Aston-Jones 1988; Dado et al. 1990;
Divac and Mogensen 1990), there is general agreement
as to the reduced amount of transport of FG by damaged
fibers traversing the injection site. This uptake is kept to
a minimum by means of iontophoretic delivery of the
dye (Pieribone and Aston-Jones 1988; Schmued and
Heimer 1990). Moreover, complementary data from ex-
periments in our laboratory with anterograde tracer in-
jections in the thalamus have shown a distribution of ter-
minal fields in the CPu, supporting the present results re-
garding the thalamostriatal projection.

Thalamic territories of overlap

The present study provides evidence of the existence of
thalamic areas of overlap between thalamostriatal |a-
beled neurons and axon terminals emerging from the
PPTg. Thalamostriatal labeled neurons were predomi-
nantly found in midline and intralaminar nuclei. These
findings are in agreement with earlier anatomical studies
in the rat (Van der Kooy 1979; Veening et a. 1980;
Berendse and Groenewegen 1990). We have found a la-
teral to medial gradient of neuronal labeling in the tha-
lamic nuclei corresponding to a dorsal to ventral gradient
of the injection sites in the CPu, as previously reported
(Berendse and Groenewegen 1990).

Retrograde and anterograde tract-tracing studies have
demonstrated in the rat that PPTg cholinergic neurons
project directly to the midline and intralaminar thalamic
nuclei as well as to other thalamic nuclel (Sugimoto and
Hattori 1984; Sofroniew et al. 1985; Hallanger et al.
1987, 1990; Grunwerg et al. 1992). The distribution of
BDA anterogradely labeled fibers in the thalamus and
other subcortical structures that we have found in this
study is in agreement with previous reports (Hallanger
and Wainer 1988).

The reciprocal connections existing between the
PPTg and the basal ganglia have been extensively stu-
died (Saper and Loewy 1982; Jackson and Crossman
1983; Ryeet al. 1987; Lee et a. 1988), with emphasis on
their relationship with the SN (Beninato and Spencer
1987; Clarke et al. 1987; Scarnati et al. 1987b; Beninato
and Spencer 1988; Gould et al. 1989; Spann and Grofova
1991; Lavoie and Parent 1994). The pedunculonigral
projection may be an indirect way of modulating striatal
activity, as PPTg nigral afferents synapse onto dopami-
nergic nigrostriatal neurons (Tokuno et al. 1988; Bolam
et al. 1991; Herndndez-L 6pez et a. 1992). In our study, a
PPTg projection has been abundantly found in the SN,
STh, ET and VP, and only moderately within the CPu
and Ach. The relationship existing between PPTg projec-
tions to the basal ganglia and the PPTg projection to the
thalamus has not yet been clarified (Scarnati et al.
1987a). It is interesting to note that the information con-
veyed to the thalamus from the PPTg could influence the

basal ganglia by the direct thalamostriatal projection as
well as by the indirect thalamocorticostriatal pathway
(Dubé et al. 1988; Inglis and Winn 1995).

Based on its projections to the pontine, medullar and
spinal structures, the PPTg has been considered a possi-
ble link between the striatum and lower brainstem sites
(Inglis and Winn 1995). The description of atriad projec-
tion from a single PPTg neuron to the thalamus, brain-
stem and SN supports the role of the PPTg as an integra-
tive structure that could receive different information and
then connect simultaneously with different systems
(Takakusaki et al. 1996). These recent findings have al-
lowed the hypothesis that the PPTg is a critical site where
motor outflow from the dorsal striatum and limbic infor-
mation from the ventral striatum converge and can gain
access to pontomedullary nuclei (Winn et al. 1997).

The major finding of this study is the existence of
several thalamic nuclei in which thalamostriatal neurons
and axon terminals arising from the PPTg appear to
overlap. The thalamic nuclei with a higher degree of
convergence seem to be the CL, CM, MD, PF and PV.
Therefore, the present study could support the existence
of a feedback circuit between the basal ganglia and the
PPTg through the thalamus. It is interesting to note that
overlapping territories between thalamostriatal cells and
nigrothalamic projections have aso been recently
described in the cat (Heras et al. 1997, 1998) as well as
in the primate (McFarland et al. 1998). Our findings are
highly suggestive of presumptive contacts between PPTg
fibers and thalamostriatal neurons, although ultrastruc-
tural confirmation will be required. However, two issues
remain to be elucidated. First, we do not know whether
or not PPTg projections to thalamostriatal neurons are
cholinergic. Ultrastructural observations in the dog indi-
cate that at least some thalamostriatal neurons are inner-
vated by cholinergic terminals which probably arise
from the PPTg (Isaacson and Tanaka 1988). Second, we
also do not know whether they are collateral fibers of
those connecting with thalamocortical neurons. Although
there has been some controversy regarding this point
(Steriade and Glenn 1982; Royce 1983; Macchi et al.
1984; Cesaro et a. 1985), there is a growing body of evi-
dence that suggests that thalamostriatal neurons send
collaterals to the cortex. Anterograde and retrograde
studies in the rat have found some neurons in the PF, and
PV thalamic nuclel send collaterals to the cortex as well
as to various components of the basal ganglia (Des-
chénes et al. 1996; Otake and Nakamura 1998). In both
thalamic nuclei we have found marked areas of overlap
between thalamostriatal neurons and PPTg afferent fi-
bers. Considering that thalamocortical neurons of the
midline and intralaminar thalamic nuclei are under the
influence of chaolinergic inputs coming from the PPTg
(Jones 1991; Hallanger et a. 1990), and bearing in mind
that in those thalamic nuclei most thalamocortical neu-
rons send collaterals to the striatum, it can be speculated
that the ascending PPTg projection to the thalamus may
modulate cortical and basal ganglia activity simulta-
neously.
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