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Study of the afferents of the rat globus pallidus (GP) with Fluoro-gold, a retrograde tracer, revealed retrogradely labeled neurons in the
ipsilateral parafascicular nucleus of the thalamus (PF), a previously undescribed afferent of the rat GP. We used the anterograde tracer,
Phaseolus vulgaris-leucoagglutinin (PHA-L), to confirm and extend our findings. After injections of PHA-L in the PF, labeled fibers with
varicosities and terminal specializations were observed in the ipsilateral GP. The topographical organization of the projection is such that lateral
and ventral PF neurons project preferentially to respective parts of the GP, and medial PF neurons project primarily to the ventral GP. There
were very few labeled fibers seen in the dorsal or medial GP. The presently described projection from the PF to the GP provides an additional

route for the PF to influence basal ganglia circuitry.
INTRODUCTION

The mammalian basal ganglia are a group of large,
subcortical nuclei that play a role in motor, motivational
and cognitive behaviors®. Although it is not known how
the basal ganglia function as a unit or how any one of its
component nuclei influences behavior, pathologies of the
different nuclei within the basal ganglia can lead to a wide
spectrum of movement disorders?.

The rat globus pallidus, homologous to the lateral
segment of the primate globus pallidus, is connectionally
situated between the primary afferent structure of the
basal ganglia, the striatum (CPu), and the primary
efferent structures of the basal ganglia, the entopedun-
cular nucleus (homologous to the medial segment of the
primate globus pallidus) and the substantia nigra pars
reticulata. Based on numerous cytoarchitectural, cyto-
chemical and connectional studies, the rodent pallidum
has been recognized to consist of the ventral pallidal (VP)
and the conventional, dorsal pallidal (GP) divisions'®
17.20.49.54 Both the VP and the GP contain high concen-
trations of iron in their neuropil and high concentrations
of Leu-enkephalin-containing striatal afferents, but the
VP is differentiated from the GP by its dense substance
P innervation'®>°, While the majority of the VP extends
rostrally, ventral to the anterior commissure, there is a
small area of the caudal VP that lies dorsal to the anterior

commissure, where it occupies the ventromedial part of
the conventionally recognized GP*6.The GP is known to
have reciprocal connections with the CPu®30-31% the
subthalamic nucleus®?*-2 and the substantia nigra®'%%".
The rat GP has also been reported to receive a projection
from the dorsal raphe® and the pedunculopontine teg-
mental nucleus®®*' and to send projections to the
paraventricular nucleus of the thalamus, the reticular
nucleus of the thalamus and the cerebral cortex!”*51,
Through these connections the GP is in a position to play
a central role in basal ganglia function.

Because the GP is a small nucleus pierced by fiber
bundles and located deep within the telencephalon it has
been difficult to study the afferents of this nucleus with
retrograde tracers. Fluoro-gold (FG), a stilbene deriva-
tive, is reported to be optimal for studying the afferents
of deep brain nuclei because it is only taken up by
damaged fibers of passage, if at all, and can be ionto-
phoretically injected into a small brain area®”**. Using
FG to study the afferents of the rat GP we noted evidence
for a previously undescribed projection from the para-
fascicular nucleus of the thalamus (PF). We confirmed
this projection by injecting the anterograde tracer,
Phaseolus vulgaris-leucoagglutinin (PHA-L)", into the
PF and noted the presence of fibers with varicosities and
terminal boutons in the GP.
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MATERIALS AND METHODS

Animal care and stereotaxic surgery

Adult Sprague-Dawley rats (240-380 g; Harlan, Portage, MI)
were housed in group cages and given food and water ad libitum.
The animals were anesthetized with chloral hydrate (400 mg/kg,
i.p.) prior to placement in a stereotaxic frame, where the head was
positioned with bregma and lambda in the same horizontal plane.
Injection coordinates were taken from the atlas of Paxinos and
Watson® and for the GP were: AP, -0.5 to -1.0 mm; ML, -3.5 to
-3.7 mm; DV, -6.0 to 6.5 mm from bregma. Variations in the
coordinates were used to obtain injection sites throughout the GP.
The coordinates used for the PF injections were: AP, -3.8 mm; ML,
-0.8 mm; DV, —6.0 mm from bregma.

Fluoro-gold tract tracing and enkephalin immunocytochemistry

Fluoro-gold (FG; Fluoro-chromes, Englewood, CO; 2.5% in
acetic acid, pH 2.9) was jontophoretically injected (1~5 HA, 7son
7 s off, for 4-25 min) into the GP of 19 rats using a glass
micropipette with an inside tip diameter of 20-50 pm, Following a
survival time of 4-10 days the animals were perfused with 200 ml of
0.1 M sodium phosphate-buffered saline (NaPBS) with 0.1%
sodium nitrite, followed by 400 ml of 4% paraformaldehyde in 0.1
M phosphate buffer (NaPB). The brains were postfixed in the same
fixative for 1~2 h and transferred to 20% sucrose in NaPB
overnight. Frozen coronal sections were cut at 40 um and collected
in NaPB with 0.01% sodium azide. The sections were mounted onto
gel-subbed slides, dehydrated in graded alcohols to xylene and
coverslipped with DPX (Gallard-Schlesinger, Carle Place, NY).

To assist in the precise mapping of injection sites while using the
fluorescence microscope, we took advantage of the high concen-
tration of Leu-enkephalin (L-ENK) found in the neuropil of the
GP'®*2, Regularly spaced sections were processed for L-ENK
fluorescence immunocytochemistry to help mark the dorsal and
lateral boundaries of the GP. All incubations were preceded by 3
washes with gentle agitation in 0.02 M potassium-phosphate
buffered saline (KPBS), and incubations were carried out in the
same buffer with 0.3% Triton X (Sigma, St, Louis, MO) on a
rotator. The sections were incubated in primary antibody raised in
rabbit (Incstar, Stillwater, MN; 1:1000 ditution) for 48 h at 4 °C.
They were then incubated in a donkey anti-rabbit secondary
antibody linked to 7-amino-4-methylcoumarin-3-acetic acid (AMCA;
Jackson ImmunoResearch, West Grove, PA; 1:25 dilution) for 1 h
at room temperature. Finally they were mounted onto gel-subbed
slides, air-dried and coverslipped with DPX.

Every other section was analyzed for FG on either a Leitz
Orthoplan or Aristoplan microscope equipped with epifluorescence.
FG and AMCA fluorescence was visualized using an ultraviolet
filter block.

PHA-L tract tracing

PHA-L (2.5% in 10 mM NaPBS, pH 8.0; Vector Labs, Bur-
lingame, CA) was iontophoretically injected (5 uA, 7 s on 7 s off,
for 20 min) into the PF of 8 rats via a glass micropipette with an
inside tip diameter of 10-30 um. A control injection was placed in
the adjacent mediodorsal nucleus of the thalamus in one animal.
Following a 10-day survival animals were perfused with 200 ml of 0.1
M NaPBS with 0.1% sodium nitrite followed by either 400 ml of 4%
paraformaldehyde in 0.1 M NaPB or 4% paraformaldehyde with
0.1% glutaraldehyde in 0.1 M NaPB. The brains were postfixed in
the same fixative for 1-2 h before being transferred to 20% sucrose
in NaPB. Frozen coronal sections were cut at 40 um and collected
in 0.02 M KPBS buffer with 0.01% sodium azide. Every third
section was processed for PHA-L immunocytochemistry. These
sections were washed twice before incubation in goat anti-PHAL
antibody (Vector Labs; 1:1000 dilution) for 48 h at 4 °C. The
sections were washed 3 times and then incubated in biotinylated
rabbit anti-goat antibody (Vector Labs; 1:100 dilution) for 1 h at
room temperature. After 3 washes the sections were incubated in
the Vectastain ABC solution (Vector Labs) for 1 h at room
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temperature. Fifty ml of freshly made 0.0125% diaminobenzidine
tetrahydrochioride (DAB) solution were filtered and H,0, and
nickel chloride were added to final concentrations of 0.06% and
0.015%, respectively. After 5-15 min in the DAB solution on a
shaker table, the reaction was stopped by $ quick rinses in distilled
water, and the sections were transferred to KPBS. Finally, sections
were mounted on gel-subbed slides, dehydrated in graded alcohols
to xylene and coverslipped with Permount (Fisher Scientific). All
washes and incubations were done in 0.02 M KPBS buffer with 2%
normal rabbit serum and 0.3% Triton X until the wash preceding the
ABC incubation; after that wash all steps were carried out in plain
0.02 M KPBS buffer. Each wash and each incubation was carried
out with gentle agitation.

Sections were viewed on a Leitz Dialux microscope under
brightfield or darkfield illumination. Adjacent sections were stained
with Cresyl violet and injection sites and transport were mapped
with the aid of a drawing tube. Some of the immunoreacted sections
were also counterstained with Cresyl violet.

RESULTS

Fluoro-gold tract tracing and enkephalin immunocyto-
chemistry
Fluoro-gold injection sites appear gold and AMCA

Fig. 1. Photomicrograph of a FG injection site centered in the GP,
with minimal spread into the internal capsule (ic). The neuropil of
the GP is immunoreactively labeled for L-ENK, which defines the
striopallidal border. CPu, caudate putamen. Scale bar: 200 um.
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labeled fibers appear blue under the UV filter. The
injection sites were spherical, varied in size from approx-
imately 600-1500 ugm in diameter (Fig. 1) and were
characterized by a very small necrotic core surrounded by
FG-filled neurons in diffusely labeled neuropil. In gen-
eral, the use of a shorter iontophoretic injection time and
lower iontophoretic current resulted in a smaller injection
site, which was necessary to restrict the injection to the
GP. Although these injection parameters also resulted in
fewer, less intensely labeled, retrogradely filled neurons
there was no difficulty in identifying labeled neurons. All
retrogradely labeled neurons contained golden granules
in their cytoplasm and proximal processes.

All of the injection sites resulted in retrogradely
labeled neurons in the known afferents of the GP such as

Fig. 2. Location and number of retrogradely labeled neurons in
selected sections of the PF of the animal whose injection site is
shown in Fig. 1. The levels of the PF in these schematic coronal
sections correspond to selected levels depicted in the atlas of
Paxinos and Watson; A = -3.80 mm, B = -4.16 mm and C = -4.30
mm from bregma. CL, central lateral nucleus; CM, central medial
nucleus; fr, fasciculus retroflexus; Hb, habenula; MD, mediodorsal
nucleus; PrC, precommissural nucleus; PVP, posterior paraventric-
ular nucleus; III, third ventricle.

the CPu, the subthalamic nucleus, the substantia nigra,
the pedunculopontine tegmental nucleus and the dorsal
raphe. In addition to these areas, retrogradely labeled
neurons were also noted in the ipsilateral PF in each case.

The AMCA-labeled L-ENK fibers effectively marked
the striopallidal border allowing precise mapping of the
injection site with respect to the GP (Fig. 1). The 19
animals were divided into 3 groups based on the location
and extent of these injection sites. Seven brains con-
tained injection sites that were restricted to the GP with
little or no spread to surrounding nuclei. Four animals
had injection sites that were centered in the GP but
spread to the VP and the bed nucleus of the stria
terminalis, and the remaining 8 animals had injection
sites centered in the GP with some overlap into the CPu.

In the first group the injection sites were considered
restricted to the GP because: (1) they did not extend
outside the dorsal and lateral borders of the GP as
marked with the AMCA-tagged secondary antibody for
L-ENK; (2) they did not result in labeling of neurons in
the somutomotor cortex, which would have indicated
involvement of the CPu; and (3) they avoided the
supracommissural part of the VP. In each case these
injections resulted in retrogradely labeled neurons in the
PF nucleus. The labeled PF neurons were found primar-
ily ventral and medial to the fasciculus retroflexus in 3 of
the animals, primarily lateral to the fasciculus retroflexus
in two of the animals and both ventromedial and lateral
to the fasciculus retrofiexus in the remaining two animals
(Fig. 2).

Because the medial-lateral position of the GP changes
with respect to midline from its rostral to caudal extent,
and because the rostral and caudal portions of the
nucleus are relatively narrow, it was difficult to obtain an
FG injection site that was restricted to any single
quadrant of the GP throughout its length. Analyzing
material only from animals where the injection sites were
restricted to the GP made the topographical organization
of this projection difficult to interpret. While the injec-
tions restricted to the GP provided direct evidence for the
projection, it was the other two injection groups that
established the topography.

Injection sites centered in the GP that spread laterally
into the CPu resulted in many retrogradely labeled
neurons lateral to the fasciculus retroflexus, in the
dorsolateral portion of the PF (Fig. 3A). Since the CPu
is known to receive a dense projection from the PF**, the
labeling in PF in these animals undoubtedly included
neurons projecting to the CPu as well as the GP. In this
group of injection sites, retrogradely labeled neurons
were also seen in the rostral intralaminar nuclei, includ-
ing the central medial and central lateral nuclei, and in
the somatomotor cortex.
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Fig. 3. Retrogradely labeled neurons in the ipsilateral PF following injections of FG centered in the lateral GP, A and medial GP, B. Midline
is to the right in both photomicrographs. The lateral injection site spread into the adjacent CPu, and the medial injection site included part
of the bed nucleus of the stria terminalis and the VP. fr, fasciculus retroflexus. Scale bars: A and B, 50 um.

In the third group of animals the injection sites were
centered in the ventromedial GP but spread ventrally and
medially to include the VP and bed nucleus of the stria
terminalis. These injections resulted in retrogradely
labeled neurons in the PF that were located medial to the
fasciculus retroflexus (Fig. 3B). In addition to the known
sources of afferents to the GP, the other areas that were
noted to contain retrogradely labeled neurons in these
brains included the paraventricular nucleus of the thal-
amus, the lateral hypothalamus, the central nucleus of
the amygdala, the ventral tegmental area and the nucleus
accumbens.

Several of the animals that were used in this study had
injection sites that spread into the internal capsule and in
each case there was no difference in the areas of the brain
labeled, compared to animals where the injection site did
not include the internal capsule.

PHA-L tract tracing
The PHA-L injection sites varied from 400 to 1200 um
in diameter (Fig. 4A) and consisted of numerous labeled

neurons and fibers, surrounded by immunoreactive neu-
ropil. The injection sites were not completely restricted
to the PF in any one animal but all could be utilized in
this study because no FG-labeled neurons had been
observed in the areas immediately surrounding the PF
following FG injection sites restricted to the GP.
Injections of PHA-L were made into various parts of
the PF nucleus in 8 animals, and in each case resulted in
anterogradely labeled fibers in the ipsilateral GP. These
labeled fibers were of 2 types. One type was larger in
diameter with a smooth, wavy shaft and was restricted to
the fiber bundles piercing the GP (Fig. SA). These fibers
did not appear to be making any synaptic contact with
neurons in the GP but to be passing to more rostral
structures, such as the CPu or cortex. They were
interpreted to be fibers of passage and were seen in
animals in which the injection site included the central
medial or central lateral nuclei of the rostral intralaminar
group, both of which are known to project to the CPu
and cortex**. The second type of fiber was noticeably
smaller in diameter and was seen to course between the
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Fig. 4. A: an injection site centered lateral to the fasciculus retroflexus (fr) in the PF. B: low power view of an anterogradely labeled fiber
with varicosities and apparent terminals in the lateral GP following the injection site shown in A. Scale bars: A, 250 um; B, 20 um.

fiber bundles that pass through the GP (Fig. 5A). These
fibers were noted to have numerous varicosities and
terminal boutons on neurons in the GP (Figs. 4B and SA,
B). This type of fiber was observed in the GP of each
brain with an injection site that included the PF nucleus.

PHA-L injection sites in the PF nucleus could be
divided into 3 groups: those centered medial (n = 3),
those centered lateral (n = 4) and those centered ventral
(n = 1) to the fasciculus retroflexus.

Injections placed in the lateral half of the PF nucleus
included small areas of adjacent thalamic structures such
as the central lateral nucleus and the mediodorsal nucleus
rostrally, and the posterior thalamic nucleus and the
gustatory thalamic nucleus caudally. These injections
resulted in very dense anterograde transport to the CPu.
In addition, anterogradely labeled fibers with varicosities
and terminals were seen in the lateral half of the GP (Fig.
4B). Ventrolaterally centered injections resulted in an-
terograde transport preferentially to the ventrolateral
CPu and GP, and dorsolaterally centered injections
resulted in transport preferentially to the dorsolateral
CPu and GP.

Injections placed in the medial half of the nucleus
included adjacent thalamic structures such as the medio-
dorsal and paraventricular nuclei rostrally and the peri-
ventricular fiber system and precommissural nuclei cau-

dally. These injections resulted in labeled fibers with
varicosities and terminals primarily in the ventral part of
the GP. There were very few labeled fibers seen in the
dorsal or medial parts of GP in any of the animals in this
study, even though one injection site was centered in the
dorsomedial PF. The medial injections resulted in dense
anterograde labeling in ventral areas of the striatum and
in the nucleus accumbens.

When an injection site was centered ventral to the
fasciculus retroflexus with minimal spread to the rostral
interstitial nucleus of the medial longitudinal fasciculus,
there were anterogradely labeled fibers with varicosities
and terminals noted in the ventral GP (Fig. 5A,B). There
was also dense anterograde label in the ventral areas of
the striatum and the nucleus accumbens.

The fibers comprising this PF projection system fol-
lowed two distinct routes. PHA-L labeled cells located
dorsal and lateral to the fasciculus retroflexus projected
their axons laterally and rostrally via the superior and
intermediate thalamic radiations, as defined by
Gurdijian'®, to reach the dorsal and lateral areas of the
GP and CPu. In contrast, labeled cells located medial and
ventral to the fasciculus retroflexus sent their axons via
the intermediate and inferior thalamic radiations' to
reach the ventral GP, the ventral part of the dorsal
striatum and the nucleus accumbens.
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Fig. 5. High power view of anterogradely labeled fibers in the ventral GP following a PHA-L injection site centered in the ventral PF. The
immunoreacted tissue is counterstained with Cresyl violet. A: labeled fibers are seen in the fiber bundles that pierce the GP and in the neuropil
of the GP. Note that the labeled fibers restricted to the fiber bundles do not have varicosities or terminals (arrowhead). The labeled fibers
in the neuropil, in contrast, are seen to have numerous boutons (arrows). B: labeled fibers with varicosities and apparent terminals, some of
which appear to be in contact with the soma of GP neurons (arrows). Scale bars: A and B, 10 um.

A control injection that was centered in the medio-
dorsal nucleus of the thalamus resulted in numerous
anterogradely labeled fibers in the GP that were large in
diameter, smooth shafted and restricted to the fiber
bundles that pierce the GP. These fibers of passage did
not have varicosities or terminals in the GP but could be
followed through adjacent sections to the ventral agra-
nular insular cortex where varicosities and terminal
specializations were present.

DISCUSSION

The results reported here provide evidence for a
topographically organized projection from the PF nucleus
of the thalamus to the GP in the rat. Although definitive
confirmation of this projection awaits study at the
ultrastructural level, the evidence presented here strongly
supports its existence.

Fluoro-gold was used in this study because it has
several advantages over other fluorescent retrograde
tract tracers including resistance to fading, lack of
diffusion from labeled cells and excellent transport
following small iontophoretic injections®**, Further,

both Pieribone and Aston-Jones*” and Schmued and
Fallon* have investigated the uptake and transport of
this tracer by fibers passing through an injection site.
Both groups concluded that FG was transported only by
damaged axons, following injections of large volumes or
high concentrations of tracer. In this study we used a low
concentration of FG and produced small injection sites,
minimizing the amount of damage to fibers passing
through the area.

In addition to these precautions in the use of FG, we
performed experiments to directly confirm the PF pro-
jections to the GP with anterograde methods. PHA-L
was chosen as an anterograde tracer because it also can
be injected iontophoretically, resulting in a very small
injection site, and because it provides excellent morphol-
ogy of the labeled axons and terminals'>**. Following
injections of PHA-L into the PF, labeled axons could be
traced into the GP and varicosities and terminals were
noted on GP neurons. Axonal varicosities and terminal
specializations visualized at the light microscopic level
and identical in appearance to those seen in this study
have been demonstrated to be synaptic junctions at the
electron microscopic level®®,
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The fiber and terminal labeling in the GP was much
less dense and less obvious than that seen in the CPu,
which may account for the fact that this projection has
received little attention previously and has never been
studied experimentally in the rat. A similar disparity in
projection density is also reported in the dopaminergic
innervation of the CPu and GP from the SN?’. The PF
and SN projections to the GP and CPu may not be as
markedly unequal in density as they appear, from the
point of view of individual target neurons. Rather, this
discrepancy might be explained by the relative sparse
packing of neurons in the neuropil of the GP*, as
compared to the dense population of cell bodies of the
CPu.

The limited available evidence suggests that this
projection is present in several other species. Royce and
Mourey*® reported a projection from the centromedian/
parafascicular nuclear complex to the GP in cat in 1985,
and Sadikot and Parent® have recently reported a
projection from the centromedian and PF nuclei to both
segments of the GP in the squirrel monkey. Two other
studies done in the rat have also suggested this projec-
tion. In an investigation of the afferents of the nucleus
basalis magnocellularis in rat, Haring and Wang'® listed
retrogradely labeled neurons in the PF nucleus following
injections of horseradish peroxidase in the nucleus basalis
magnocellularis or in the adjacent globus pallidus. In
1983 Staines** reported in his PhD thesis that retro-
gradely labeled neurons were seen in the ipsilateral PF
following injections of horseradish peroxidase—wheat
germ agglutinin conjugate in the GP of rats.

In this study both anterograde and retrograde tract
tracing techniques indicate a topographic organization of
this projection. The lateral part of the PF nucleus, lateral
to the fasciculus retroflexus, projects primarily to the
dorsal striatum and to the more lateral parts of the GP,
which are associated with motor aspects of basal ganglia
function®®. The medial PF, on the other hand, is known
to project to the nucleus accumbens!’=*> part of the
ventral striatum, and, as demonstrated in this study, to
the ventral parts of the GP. It appears that through these
connections the medial PF is associated with limbic
aspects of basal ganglia function®. A similar topography
was noted by Beckstead® in the cat and by Sadikot et al.*°
in the primate, where the centromedian nucleus (CM)
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