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Abstract The A1l dopaminergic cell group is the only
group among the A8-A16 dopaminergic cell groups that
includes neurons innervating the spinal cord, and a decrease
in dopaminergic transmission at the spinal cord is thought
to contribute to the pathogenesis of restless legs syndrome.
However, the mechanisms regulating the neuronal activ-
ity of A1l dopaminergic neurons remain to be elucidated.
Unraveling the neuronal composition, distribution and con-
nectivity of A1l neurons would provide insights into the
mechanisms regulating the spinal dopaminergic system.
To address this, we performed immunohistochemistry for
calcium-binding proteins such as calbindin (Calb) and par-
valbumin (PV), in combination with the retrograde tracer
Fluorogold (FG) injected into the spinal cord. Immunohis-
tochemistry for Calb, PV, or tyrosine hydroxylase (TH), a
marker for dopaminergic neurons, revealed that there were
at least three types of neurons in the All region: neurons
expressing Calb, TH, or both TH and Calb, whereas there
were no PV-immunoreactive (IR) cell bodies. Both Calb-
and PV-IR processes were found throughout the entire
All region, extending in varied directions depending on
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the level relative to bregma. We found retrogradely labeled
FG-positive neurons expressing TH, Calb, or both TH and
Calb, as well as FG-positive neurons lacking both TH and
Calb. These findings indicate that the A1l region is com-
posed of a variety of neurons that are distinct in their neu-
rochemical properties, and suggest that the diencephalospi-
nal dopamine system may be regulated at the Allregion
by both Calb-IR and PV-IR processes, and at the terminal
region of the spinal cord by Calb-IR processes derived
from the Al1 region.

Keywords Al1 region - Heterogeneity - Calbindin -
Tyrosine hydroxylase - Restless legs syndrome

Introduction

Dopamine plays crucial roles in a variety of physiologi-
cal functions such as reward, motor function, motivation,
goal-directed behavior, memory, learning and pain [1-3].
Dopaminergic neurons are enriched in several brain regions
designated as A8—A16 [1]. Among these, the A1l dopa-
minergic system is the only dopaminergic system that gives
rise to descending projections to the spinal cord [2, 4, 5].
In addition to these particular neural connections, the fact
that dopaminergic receptors are present in the spinal cord,
and that dopamine receptor agonists alleviate the symptoms
of restless legs syndrome (RLS), led to the hypothesis that
hypo-activity of A1l neurons is a contributing factor in the
pathogenesis of RLS [3]. However, the mechanisms regu-
lating or modulating the A11 dopaminergic system remain
to be elucidated.

Regarding the regulation or modulation of activity
of the All dopaminergic system, electron microscopy
revealed that dopaminergic neurons of the All region
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were innervated by inhibitory inputs of gamma-amin-
obutyric acid (GABAergic) terminals [6]. However, it
is unknown whether the terminals of these GABAergic
neurons are derived from neighboring neurons or from
other brain entities outside the All region, or whether
excitatory inputs innervate the dopaminergic neurons of
the A11 dopaminergic system. Several recent lines of evi-
dence have suggested functional heterogeneity of the A1l
region, in which distinct components of the A1l region
carry out distinct physiological functions. For example,
Pappas et al. demonstrated that neurons in the caudal
aspect of the All region have more responsibility for
dopamine release at the spinal cord than those in the ros-
tral aspect [7]. Abdallah et al. demonstrated that neurons
in the rostral to middle aspect of the Al1 region are more
activated than those in the caudal part during migraine
[8]. However, it is unknown whether the A1l region has
heterogeneity in its morphological organization.

Many regions of the central nervous system have been
found to display heterogeneity in neuronal composition
using immunohistochemistry for calcium-binding pro-
teins as distinctive markers for many neuronal popula-
tions [9]. These areas include the cortex, substantia nigra
[10], ventral tegmental area [11], thalamus [12], stria-
tum, nucleus accumbens [13, 14], spinal cord and dorsal
root ganglion [15]. In the A1l region, it was reported
that almost all of the dopaminergic neurons (93% of TH-
positive neurons) express calretinin and only a small
population of dopaminergic neurons (9% of TH-positive
neurons) express calbindin (Calb) [9]. To investigate
the organization and neuronal composition of the All
region, with emphasis on the distribution and connectiv-
ity of non-TH neurons, which may regulate or modulate
the dopaminergic neurons, we performed immunohisto-
chemistry for TH, Calb and PV.

Materials and Methods
Animals

Adult male Sprague-Dawley (SD) rats (Charles River,
Tsukuba, Japan) were housed under temperature- and
humidity-controlled conditions on a 12-h light/dark cycle
with ad libitum access to food and water. All experiments
were performed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Labora-
tory Animals and were approved by the Animal Research
Committees of Dokkyo Medical University School of
Medicine. All efforts were made to minimize animal suf-
fering and the number of animals used in the study.

Fluorogold Retrograde Tracer Injections

In five 8-week-old SD male rats, laminectomy was per-
formed over the spinal cord region of interest. Unilateral
injections of Fluorogold (FG; Fluorochrome, Englewood,
CO) were placed between the L2 and L5 level of the spinal
cord. FG (4%) was dissolved in 0.1 M sodium cacodylate
and delivered using an iontophoresis pump (Kation Scien-
tific, Minneapolis, MN) for 20 min with 7-s on/off intervals
and positive pulses of 5 pA through a 1.0-mm glass pipette
with a tip diameter of 50 um. After the surgical procedure,
the animals were maintained for 30 days before perfusion,
to allow time for the neuronal tracer to be retrogradely
transported.

Sample Preparation for Anatomical Analysis

Four 8-week-old SD male rats were anesthetized with
sodium pentobarbital (Kyoritsu Seiyaku, Tokyo, Japan)
and transcardially perfused with 0.9% saline, followed by
a fixative containing 4% paraformaldehyde in 0.1 M phos-
phate buffer (PB). Rat brains were removed and immersed
in the fixative solution at 4 °C overnight. The solution was
replaced with 30% sucrose solution, and brains were frozen
in dry ice powder. Sixteen-micrometer-thick coronal sec-
tions from rat brains were cut in a cryostat and collected
sequentially in six receptacles containing 4% paraformalde-
hyde in 0.1 M PB. Sections were then put in a cryoprotect-
ant solution containing 30% polyethylene glycol and 30%
sucrose and stored at —20 °C until use.

Immunohistochemistry

Consecutive sections were rinsed several times with 0.1 M
phosphate-buffered saline (PBS) containing 0.3% Tween
20 (PBS-T). The free-floating sections were then put in a
blocking solution containing 4% bovine serum albumin in
PBS-T. After incubation in the blocking solution for 1 h,
sections were put in a blocking solution with primary anti-
body directed against TH (1:500 dilution, Cat#AB152,
Millipore, Darmstadt, Germany), Calb (1:500 dilution,
Cat#C9848, Sigma-Aldrich, St. Louis, MO), PV (1:500
dilution, Cat#P3088, Sigma-Aldrich) or glutamate decar-
boxylase (GAD; 1:500, Cat#AB1511, Millipore) at 4°C
overnight. The specificity of these primary antibodies was
confirmed by comparison of the immunostaining patterns
with those of previous reports (Supplementary Informa-
tion). Sections were then incubated for 2 h at room tem-
perature in a 1:200 dilution of the fluorescence-conjugated
secondary antibody (Alexa Fluor 568, Cat#A11036 for TH
or GAD; Alexa Fluor 488, Cat#A11001 for Calb or PV,
Invitrogen, Chicago, IL). After rinsing with PBS-T, sec-
tions were examined under a fluorescence microscope.
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Data Analysis

The histological material was examined with an AX80
microscope (Olympus, Tokyo, Japan) equipped with a
DP-72 CCD camera (Olympus) and digital images were
acquired using a BZ-X700 (Keyence, Tokyo, Japan) or
BX-51 (Olympus) light microscope equipped with a DP-73
CCD camera (Olympus). All digital images were processed
with Adobe Photoshop CC (Adobe Systems Inc., San Jose,
CA). The nomenclature and boundaries of brain regions
were determined using the Rat Brain Atlas [16].

Cell Counting

Acquired digital images were analyzed for a cell counting
and a cellular co-expression of TH, calbindin, or FG. We
examined sections at intervals of 120 um (every sixth sec-
tion of 20-um-thick sections) throughout the All region
and compared the number and distributions of each type
of cell at three levels, in which a previous study reported
that TH neurons exhibit distinct distributions [7]. A neuron
was considered as a positive neuron when immunoreactiv-
ity was at least 5 um in diameter and it was observed in the
entire cell body. A neuron was considered as a double or
triple labeled cell when immunofluorescent pattern through
one channel was the same with that through another chan-
nel without changing the focus.

Measurement of a Length of a Long Axis of TH-IR
Neurons

A length of a long axis of TH-IR cell within the A11 region
or outside of the A1l region was measured using a tool in
an application software of Adobe Photoshop CC.

Results

Distribution of Calbindin-Immunoreactive Cell Bodies
and Processes within the A11 Region

To determine whether Calb-IR neurons were present in
the A1l region, we performed double-fluorescence immu-
nohistochemistry for Calb and TH. The Al1l region was
readily identified on the basis of the presence of large
cell bodies of TH neurons (arrows in Fig. 1). These All
TH-IR neurons were distinguishable from small TH-IR
neurons (arrowheads in Fig. 1c) belonging to other dopa-
minergic cell groups. Actually, we measured the long
axes of the TH-IR neurons within the All region and
those outside of the All region. The average size of the
TH-IR neurons within the A11 region were 31.54+0.9 um
(mean + SEM, n=78) and those outside of the A1l region
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was 15.66+0.5 uym (mean+SEM, n=12). We exam-
ined sections at intervals of 120 um (every sixth section
of 20-um-thick sections) throughout the All region and
detected Calb-IR cell bodies throughout the entire rostro-
caudal extent of the Al1 region, as defined by the presence
of large TH-IR neurons. Calb-IR neurons were not dis-
tributed homogeneously within the A1l region and exhib-
ited a gradient of distribution along the rostro-caudal axis
(Fig. 1a’—’).

At the rostral level (—3.24 mm from bregma), many
intensely Calb-IR cell bodies were found scattered within
the A1l region, as well as in the thalamus, which is dorsal
to the mammillothalamic tract (mt), and the hypothalamus,
which is ventral to the mt (Fig. 1a’). At higher magnifica-
tion (Fig. 2a—a”), we found Calb-IR neurons intermingled
with TH-IR neurons. Neurons co-expressing both TH and
Calb as well as neurons expressing either TH (arrows)
or Calb (open triangles) were detected (Fig. 3; Table 1).
Among the cell bodies of these TH- and Calb-expressing
neurons, Calb-IR long processes were found extending in a
horizontal direction close to the cell bodies of TH-IR neu-
rons (Fig. 2a”).

At the middle level (—4.16 mm from bregma), we found
a large number of intensely Calb-IR cell bodies within
the A1l region. The density of Calb-IR cells was higher
at this level than that at the rostral level. Those Calb-IR
cell bodies were intermingled with those of TH-IR cells,
which were located in the ventral aspect of the A11 region
(Fig. 1b, b’). Similar to the rostral level, three types of
cells, cells co-expressing both TH and Calb (double arrows
in Fig. 2b-b”), cells expressing TH and lacking Calb
(arrows in Fig. 2b-b”), and cells lacking TH and express-
ing Calb (open triangles in Fig. 2b-b”) were observed at
this level (Fig. 3; Table 1). We also observed more Calb-IR
processes at this level than those at the rostral level, and
these extended in various directions close to the TH-IR cell
bodies.

At the caudal level (—4.44 mm from bregma), many
Calb-IR cell bodies were observed. The density of the
Calb-IR cell bodies was higher than that at the rostral
level, and lower than that at the middle of the A11 region.
We occasionally detected neurons expressing both Calb
and TH as well as neurons expressing either TH or Calb
(Fig. 2c—c”, Fig. 3; Table 1).

Distribution of Parvalbumin-Immunoreactive Cell
Bodies and Processes within the A11 Region

Parvalbumin (PV) is another calcium-binding protein,
mainly expressed in fast-firing GABAergic neurons in
many brain regions. To examine whether neurons express-
ing PV are present in the A11 region, we performed fluores-
cent immunolabeling for PV as well as double-fluorescent
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TH-IR
(caudal)

Fig. 1 Calbindin-immunoreactive (Calb-IR) cells were present
throughout the entire All region with a gradient of distribution.
Sixteen-micrometer-thick rat brain coronal sections were processed
for double immunofluorescent labeling for TH and Calb. Photomi-
crographs were taken under a fluorescence microscope for TH (red
in a—c) and Calb (green in a’—¢’) at three levels (rostral, —3.16 mm;
middle, —4.16 mm; caudal, —4.52 mm from bregma). Note that Calb-

immunolabeling for GAD and TH. There were a large num-
ber of intensely GAD-IR processes in the rostral (Fig. 4a’)
and caudal (Fig. 4¢’) aspects of the A1l region, and weaker
GAD immunoreactivity was observed in the thalamus

Calb-l
(rostral

Calb-I

5 (caudal

IR cells are intermingled with TH-IR cells throughout the entire A1l
region, which is defined by the presence of large A11 TH neurons
(arrows) distinguishable from small non-A1l TH neurons (arrow-
heads in c). Calb-IR neurons exhibit a gradient of distribution with
a higher density at the middle of the A1l region (b’). 3 V third ven-
tricle, fr fornix retroflexus, mt mammillothalamic tract. Scale bar ¢’
0.1 mm

(upper region in Fig. 4a”) and the middle aspect of the A11
region (Fig. 4b”). In contrast to the Calb immunoreactiv-
ity, PV-IR neuronal cell bodies were not detected, even
though many PV-IR processes were detected throughout
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Fig. 2 Three types of neurons with distinct neurochemical properties
were present in the All region. Sixteen-micrometer-thick rat brain
coronal sections were processed for double immunofluorescent labe-
ling for TH and Calb. Lower magnification pictures were taken under
the fluorescent microscope at three levels from bregma (top panel;
rostral, —3.16 mm; middle, —4.16 mm; caudal, —4.52 mm from
bregma). Delimited areas in lower magnification pictures are shown
at higher magnification under a fluorescence microscope for TH (red

the A1l region (Fig. 4a’—f"). The length and direction of
these PV-IR processes varied depending on the distance
from bregma.

At the rostral level (—3.24 mm from bregma), many
PV-IR processes were observed among TH-IR cell bodies
(arrows in Fig. 4d—d”). These PV-IR processes (open tri-
angles) were visible in the coronal sections as short pro-
cesses extending in various directions, and appeared to be
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in a—c) and Calb (green in a’—c’) at three levels. Merged pictures at
each bregma level were also shown in a”—¢”. Note that three types of
cells are intermingled in the A1l region; neurons co-expressing both
TH and Calb (double arrows), neurons expressing TH but not Calb
(arrows) and neurons expressing Calb but not TH (open triangles).
Calb-IR processes extend among TH-IR cells. Calb-IR processes are
also found close to TH-IR cells. 3V third ventricle, A/l All region,
fr fornix retroflexus, mt mammillothalamic tract. Scale bar ¢’ 0.1 mm

transverse sections of PV-IR processes extending in the
rostral-caudal direction.

At the middle level (—4.16 mm from bregma), many
PV-IR processes (open triangles) were observed as we
observed at the rostral level. In contrast to the PV-IR pro-
cesses observed at the rostral level, we observed many
long processes extending in the ventral-dorsal direction
(Fig. 4¢’).
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Fig. 3 The schematic diagram ® Calb-IR

of three types of neurons
observed in the A1l region.
Green, red, and blue dots
represent Calb-, TH-, and Calb-/
TH- double immunoreactive
cell bodies, respectively. The ¥
average numbers of Calb-IR cell i fr
bodies observed at three levels iy
are shown at the left column, e
and those of TH- and TH-/ ;
Calb- double immunoreactive
cell bodies are shown at the
right column. 3V third ventricle,
[r fornix retroflexus. rostral

Al1 region, —3.16 mm; middle,

Rostral A11 region

—4.16 mm; caudal, —4.52 mm
from bregma

Middle A11 region

3V

fr

3V

At the caudal level (—4.44 mm from bregma), we also
observed many processes within the Al1 region. Similar to
the middle level of the A11, these processes were long pro-
cesses (open triangles) in the coronal sections, extending in
the ventral-dorsal direction (Fig. 4f”).

Retrograde Tracer Fluorogold Injected in the Rat
Spinal Cord

We detected many retrogradely labeled FG-positive neu-
rons within the A11 region of rats maintained for 1 month
after FG injection into the spinal cord. Several types of
FG-positive neurons were detected, including FG-pos-
itive neurons co-expressing both TH and Calb (double

arrows in 5b-5bb”), and those expressing TH but not
expressing Calb (arrows in Fig. 5b—bb”’). There were also
FG-positive non-TH neurons expressing Calb (arrow-
heads in Fig. 5c—cc”) and lacking Calb (double arrow-
heads in Fig. 5c—cc”) within the A1l region. Although
weak TH immunoreactivity or Calb immunoreactivity
were observed in the location indicated by the double-
arrowhead, immunoreactivities were not in the cell body,
but rather in the processes. Immunoreactivity did not
spread to the entire cell body, such as in the TH-IR cell
bodies (arrows or double-arrows) or Calb-IR cell bodies
(double-arrows or arrowheads). In addition to these FG-
positive cells, we detected a few TH neurons that were
not labeled by FG (open triangles in Fig. 5d—dd”).
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Table 1 Quantification of three neuron types within the A11 region at three different levels

Number of each type of neuron Percentage of Calb/TH

(mean + SEM) in Calb or TH neurons

Calb TH Calb/TH Calb/THin  Calb/TH

Calb (%) in TH
(%)

Rostral 35+11 10+1 2+1 5.8 20.0
Middle 113+15 9+2 3+1 2.5 30.1
Caudal 512 5+1 0+1 0.6 6.3

Each type of neuron (Calb calbindin-immunoreactive TH tyrosine hydroxylase-immunoreactive, Calb/TH Calbindin/TH-double positive) within
the A1l region were quantified at three different levels (n=4). The percentage of Calb/TH-double positive neurons in the total number of Calb

or TH numbers were calculated for each subject

Discussion

In this study, we demonstrated that the A1l region con-
sists of a variety of neurons that are distinct in their neuro-
chemical properties, using antibodies to TH and calcium-
binding proteins. We observed that Calb-IR cell bodies of
A1l neurons were intermingled with TH-IR cell bodies,
and that Calb-IR cell bodies exhibited a characteristic dis-
tribution throughout the entire A11 region with processes
extending among TH-IR neurons. In contrast to the profile
of immunoreactivity for Calb, we did not detect any PV-IR
cell bodies in this region even though we observed many
PV-IR processes. Retrograde tracer experiments revealed
that a variety of FG-positive neurons, including TH neu-
rons either expressing or lacking Calb as well as non-TH
neurons, projected to the rat spinal cord.

Neuronal Heterogeneity Within the A11 Region

A growing body of evidence has been accumulating, show-
ing that dopaminergic cell groups including A8—-A10 con-
sist of not only dopaminergic neurons but also a variety of
neurons distinct in their neurochemical properties [11, 13,
14, 17-26]. However, it is unclear whether the A11 region
is similar to other dopaminergic cell groups in the hetero-
geneity of its neuronal composition. We demonstrated that
there were subpopulations of TH-positive neurons; some
co-expressed Calb and some did not express Calb. In addi-
tion to these TH-positive neurons, the All region also
contained non-TH neurons expressing Calb and non-TH
neurons lacking Calb. These results demonstrated that the
Al1 region is also heterogeneous in neuronal composition,
similar to other dopaminergic cell groups. Calbindin utili-
zation allows for observation of non-TH neurons in the Al1
region in intact animals without any pretreatments (such as
a tracer injection or colchicine treatment for visualization
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of GAD-IR cells), and a greater number of non-TH neurons
can be visualized compared with GAD-IR neurons or retro-
grade-labeled neurons.

Calbindin-Immunoreactive Cell Bodies

It has long been known that there are two subpopulations
of dopaminergic neurons in the midbrain with respect to
expression of Calb (TH neurons expressing Calb and TH
neurons lacking Calb), and that these subpopulations are
distinct in their connectivity and physiological properties
[10, 13, 14, 27]. For instance, midbrain dopaminergic neu-
rons expressing Calb preferentially project to the matrix of
the striatum and are considered to be invulnerable to neu-
rodegeneration [13, 14]. On the other hand, dopaminergic
neurons lacking Calb preferentially project to the patches
of the striatum and are considered to be vulnerable to neu-
rodegeneration [13, 14]. Our finding that some TH neurons
express Calb may indicate that there are two subpopula-
tions of TH neurons, distinct in their connectivity and/or
physiological properties, within the A1l region. Although
it remains to be shown whether differential functional role
exists between Calb-expressing TH-positive neurons and
Calb-lacking TH-positive neurons in the All region, our
findings of differential Calb immunoreactivity among TH
neurons could help further investigations into the elec-
trophysiological properties and a connectivity of these
neurons.

In many brain regions, Calb-expressing neurons
play a modulatory role. Calb-expressing neurons of the
pedunculopontine nucleus include three types of neu-
rons: glutamatergic, GABAergic, and cholinergic neu-
rons. These neurons innervate the ventral tegmental
area (VTA) and modulate the activity of dopaminergic
neurons of the VTA [28, 29]. In the medial thalamus,
such as the reuniens nucleus and ventromedial nucleus,



Neurochem Res (2017) 42:2142-2153

TH-IR
(rostral)

PV-IR
(rostral)

GAD-|
(rostral

a”

GAD-|
(middIeFS

PV-IR .
"(rostral)

merge
(rost?al)

e”

TH-IR
(caudal)

@ Springer




2150

Neurochem Res (2017) 42:2142-2153

«Fig. 4 Parvalbumin-immunoreactive  (PV-IR) processes were
observed in the All region, but there were no PV-IR cell bodies.
Sixteen-micrometer-thick rat brain coronal sections were processed
for double immunofluorescent labeling for TH and GAD. Consecu-
tive sections were processed for PV immunolabeling. Low magni-
fication pictures taken under a fluorescence microscope show TH
immunoreactivity (red in a—c¢) and GAD immunoreactivity (green in
a”—¢”) at three levels (rostral, —3.16 mm; middle, —4.16 mm; cau-
dal, —4.52 mm from bregma). Note that a large number of intensely
GAD-IR processes were observed in the hypothalamus (ventral)
region including A11, and more weakly GAD-IR processes were pre-
sent in the thalamus (dorsal). The delimited areas in a—c are shown at
higher magnification in d—f and areas corresponding to d—f in consec-
utive sections of Calb immunolabeling are shown in d’—f’. Arrows in
d—f” indicate the locations of TH neurons. Note that PV-IR processes
(open triangles) are found at the surrounding TH positive cells. 3V
third ventricle, fr fasciculus retroflexus, mt mammillothalamic tract.
Scale bars 0.1 mm (in ¢’ for a—¢’, in f* for d—f”)

half of the Calb-IR cells are co-localized with an excita-
tory neurotransmitter, aspartate or glutamate [30]. We
demonstrated that Calb-IR cell bodies are present close
to the TH-IR cell bodies, and many Calb-IR processes
were extending among TH-IR cell bodies in the All
region. Taken together, our findings may indicate that
these Calb-IR neurons regulate the activity of the TH-IR
neurons of the All region, though we were unable to
exclude the possibility that these Calb-IR processes
derived from outside of the A1l region.

Parvalbumin-Immunoreactive Fibers

Electron microscopy has revealed that A1l dopamin-
ergic neurons, as well as other hypothalamic dopamin-
ergic neurons, are innervated by GABAergic termi-
nals [6]. GABAergic neurons are classified into several
groups on the basis of their neurochemical properties
and one subpopulation of GABAergic neurons express
PV [31]. However, the origin of these GABAergic neu-
rons has not yet been identified. In the present study,
we observed intensely GAD-IR processes within the
Al1 region as well as in the hypothalamus, and we only
detected weakly PV-IR processes in All, even though
there were intensely PV-IR processes in the surrounding
area. These results indicate that A11 dopaminergic neu-
rons are mainly regulated or modulated by a PV-lacking
subgroup of GABAergic neurons. In addition, we did
not detect any PV-IR cell bodies within the A1l region,
in spite of several reports demonstrating that GABAer-
gic neurons are present in this region [8, 32, 33]. Taken
together, these results may indicate that non-PV-IR
GABAergic neurons within or outside the All region
regulate the activity of dopaminergic neurons of the Al1
region.
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Regional Heterogeneity of the A11 Region

Several lines of evidence have suggested that the All
region exhibits functional heterogeneity. For instance,
GABAergic neurons in the rostral to middle aspect of the
Al1 region are activated when facial nociceptive stimula-
tion is applied [8]. TH neurons of the caudal A1l region
are more responsible for dopamine release at the rat spinal
cord than those of the rostral All region [7]. Our study
revealed that coronal sections from the rostral levels of the
Al1 region contained short PV-IR processes that varied in
direction, while the caudal levels of the All region con-
tained long PV-IR processes in the perpendicular direction,
indicating that processes observed in the rostral aspects
of All were extending in the rostro-caudal direction and
processes observed in the caudal aspects were extending
in the ventral-dorsal direction. These results indicate that
the A1l region has morphological heterogeneity along the
rostral-caudal axis and part of the functional heterogene-
ity suggested by previous studies [7, 8] may attribute to
the differential morphological property between the rostral
and caudal aspect of the A1l region, such as different ori-
gin of inputs or differential connectivity of neurons in each
subregion.

Functional Significance

Hypoactivity of the A1l dopaminergic neurons is consid-
ered a contributing factor of the restless legs syndrome.
However, it is largely unknown how these A1l dopamin-
ergic neurons are regulated. There are several reports sug-
gesting the regulation of the A1l dopaminergic neurons.
Electron microscopy have revealed that GABAergic ter-
minals make a synapse on the A1l dopaminergic neurons
[6] and Pappas et al. demonstrated that opioid adminis-
tration increase the amount of release of the dopamine at
the spinal cord, suggesting that A11 dopaminergic activ-
ity increases through a ‘dis-inhibitory’ mechanism, which
maybe GABAergic inputs [34]. However, the origin of
these GABAergic inputs to the A1l dopaminergic neurons
remain to be elucidated. We demonstrated that the All
region consists of not only dopaminergic neurons but also
non-TH neurons surrounding A1l TH neurons. Although
we need further investigation to determine the neurochemi-
cal nature of these non-TH neurons, and whether these
non-TH neurons may regulate the neighboring TH neurons
electrophysiologically, our results demonstrated the possi-
bility that A11 dopaminergic neurons are regulated locally.

Projection to the Spinal Cord

Dopaminergic (TH-positive) projections from the All
region to the spinal cord have been reported previously
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«Fig. 5 Four types of All neurons were labeled by the retrograde
tracer Fluorogold injected into the rat spinal cord. Sixteen-microme-
ter-thick rat brain coronal sections were prepared from brains of rats
injected with Fluorogold (FG) into the spinal cord. The brain sections
were processed for double immunofluorescent labeling for TH and
Calb. Low magnification pictures (a—a’’) were taken under a fluores-
cence microscope for FG (blue in a), TH (red in a’), and Calb (green
in @”). The delimited areas in a—a” are shown at higher magnifica-
tion in b—d”. Pictures in bb—dd’ are merged images of FG and TH
immunolabeling, and bb”-dd” are merged images of FG and Calb
immunolabeling. Note that four types of FG-positive neurons were
observed in the A1l region: FG-positive neurons expressing both TH
and Calb (double arrows), FG-positive neurons expressing TH and
lacking Calb (arrows), FG-positive neurons lacking TH and express-
ing Calb (arrowheads) and FG-positive neurons lacking both TH and
Calb (double arrowheads). We also observed TH-positive neurons
lacking FG and Calb (open triangles) in d—d’. 3V third ventricle; fr
fasciculus retroflexus. Scale bars 0.1 mm (in a” for a—a” and in d”
for b—-d”)

[2, 4, 5, 33]. In these previous studies, it was also
reported that there were projections to the spinal cord
derived from both non-TH and TH neurons of the All
region. However, the neurochemical nature of the non-TH
neurons remains to be elucidated. Some reports demon-
strated that these non-TH neurons are GABAergic neu-
rons by immunohistochemistry for GAD 65/67 [33], but
Kosaka et al. reported that it is hard to detect GABAer-
gic neurons of the All region by immunohistochemistry
for GAD without colchicine treatment [32]. It is likely
that only a small population of intensely GAD-positive
neurons projecting to the spinal cord were detected by
immunohistochemistry for GAD. In the present study, we
demonstrated that several types of A1l neurons, includ-
ing TH neurons, TH neurons co-expressing Calb, non-TH
neurons expressing Calb and non-TH neurons lacking
Calb, all project to the rat spinal cord. Although further
investigations are needed to determine whether these
non-TH neurons are excitatory or inhibitory, our results
indicate that the descending pain inhibitory system via
dopaminergic neurons is regulated by a variety of neu-
rons with distinct neurochemical properties, both within
the terminal region of the A1l neurons at the spinal cord
and locally within the A11 region.
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