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ABSTRACT

In the present study, the distribution of dopamine (DA) was identified light microscopically
in all segments of the rat, cat, and monkey spinal cord by using immunocytochemistry with
antibodies directed against dopamine. Only fibers and (presumed) terminals were found to be
immunoreactive for DA. Strongest DA labeling was present in the sympathetic intermediolat-
eral cell column (IML). Strong DA labeling, consisting of many varicose fibers, was found in all
laminae of the dorsal horn, including the central canal area (region X), but with the exception of
the substantia gelatinosa, which was only sparsely labeled, especially in rat and monkey. In the
motoneuronal cell groups DA labeling was also strong and showed a fine granular appearance.
The sexually dimorphic cremaster nucleus and Onuf’s nucleus (or 1ts homologue) showed a
much stronger labeling than the surrounding somatic motoneurons. In the parasympathetic
area at sacral levels, labeling was moderate. The remaining areas, like the intermediate zone
(laminae VI-VIII), were only sparsely innervated. The dorsal nucleus (column of Clarke)
showed the fewest DA fibers, as did the central cervical nucleus, suggesting that cerebellar
projecting cells were avoided by the DA projection. In all species, the descending fibers were
located mostly in the dorsolateral funiculus, but laminae I and III also contained many
rostrocaudally oriented fibers. It is concluded that DA 1s widely distributed within the spinal
cord, with few differences between species, emphasizing that DA plays an important role as one
of the monoamines that influences sensory input as well as autonomic and motor output at the
spinal level.  © 1996 Wiley-Liss, Inc.

Indexing terms: dorsal horn, motoneuron, parasympathetic, sexually dimorphic nuclei, sympathetic

The existence of dopamine (DA, also known as oxytyra-
mine or hydroxytyramine) in the brain was already known
for some time (Blaschko, 1939), when it was recognized 1n
the late 1950’s that DA could function as an independent
catecholamine transmitter (Montagu, 1957), possibly 1n-
volved in Parkinson disease (Carlsson, 1959). Initially, DA
was localized with the Falck-Hillarp formaldehyde histofluo-
rescence technique, which was used by Dahlstrom and Fuxe
(1964) for a detailed mapping of DA cell groups, fibers and
terminals in the brain. With respect to the spinal cord, they
concluded that, in contrast to noradrenaline (NA), DA was
not present. However, with the histofluorescence technique
(and its modifications) it is difficult to differentiate between
noradrenergic and dopaminergic fibers and terminals, espe-
cially in areas where they are intermingled. This problem
does not occur with biochemical techniques, which showed
that after transecting the rat spinal cord (Magnusson,
1973) or traumatizing the spinal cord of dogs (Hedeman et
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al., 1974), the NA concentration caudal to the lesion
declined at a different rate than the DA concentration.
These findings suggested a transmitter role for DA, indepen-
dent from NA, even though the DA concentration in the
spinal cord is five to ten times lower than the concentration
of NA (Hedeman et al., 1974; Commissiong et al., 1978;
Karoum et al., 1981; Basbaum et al., 1987). Furthermore,
destruction of the locus coeruleus led to a decrease of the
NA concentration in the spinal cord, although the concen-
tration of DA remained unchanged (Commissiong et al.,
1978). Similarly (partial) depletion of NA by 6-hydroxydopa-
mine did not lead to a change in the DA concentration in the
spinal cord (Mouchet et al., 1982). The use of neurotoxins to
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deplete NA made it also possible to identify DA containing
structures with the histofluorescence technique, since the
labelling observed after such treatment could only be
attributed to the presence of DA. By using this approach, 1t
was found (Skagerberg et al., 1982) that in the spinal cord,
DA was present only in fibers and varicosities, located
mainly in the dorsal horn, the area around the central canal
and in the IML, with only a few scattered fibers In the
ventral horn. The existence of a DA projection to the spinal
cord, separate from NA, was also suggested by experiments
in rat, which combined the retrograde transport of a
Auorescent tracer with histofluorescence (Bjorklund and
Skagerberg, 1979) or tyrosine hydroxylase (TH) immunocy-
tochemistry (Hokfelt et al., 1979). These experiments
<howed the existence of a catecholaminergic projection
from the diencephalon to the spinal cord (diencephalospinal
tract). originating in the A11 cell group and, in the rabbit,
the A13 cell group (Blessing and Chalmers, 1979). The
existence of a DA projection from the paraventricular
hypothalamic nucleus to the spinal cord has also been
suggested (Swanson et al., 1981), but this was not con-
firmed in later studies (Skagerberg and Lindvall, 1985;
Skagerberg et al., 1988). Since neurons in the All cell
group do not contain dopamine-B-hydroxylase (Swanson
and Hartman, 1975), the enzyme synthesizing NA from
DA, they were considered as dopaminergic. Further investi-
gations on the diencephalospinal system (Skagerberg and
Lindvall, 1985) showed that relatively tew cells in the All
cell group provided the DA innervation for the entire spinal
cord through a highly collateralized system. Thus, the
presence of DA as a transmitter 1n the spinal cord and the
existence of a DA projection to the spinal cord originating in
the hypothalamus are now well established.

For an analysis of the laminar distribution of the DA
fibers within the spinal cord, TH immunocytochemistry
was used after destroying the NA terminals with 6-hydroxy-
dopamine treatment (Dietl et al., 1985). This study showed
the highest density of TH-immunoreactive DA fibers 1n
laminae III. IV, X, and the thoracic IML, with few fibers
elsewhere in the spinal cord. The identification of DA by
using high performance liquid chromatography (HPLC)
with electrochemical detection applied to microdissected
spinal cord areas (Basbaum et al, 1987) showed that
highest levels of DA were present in the IML, the dorsal
horn and the central canal region with somewhat lower
levels in laminae VI and VII. A limited, but consistent
amount of DA was also found in the motoneuronal cell
groups, indicating a direct DA innervation of spinal moto-
neurons. The latter finding confirmed the results obtained
with specific uptake of *H-DA, which showed radioactively
labeled terminals in the dorsal as well as the ventral horn
(Kondo et al., 1985). When it became possible to produce
specific antibodies directed against small transmitter mol-
ecules (Storm-Mathisen et al., 1983), including DA and NA
(Geffard et al., 1984, 1986; Buijs et al., 1989), these
transmitters could be directly visualized by immunocyto-
chemistry. With this technique, the presence of DA fibers
and terminals in the spinal cord was confirmed (Yoshida
and Tanaka, 1988; Shirouzu et al., 1990; Mouchet et al.,
1992: Ridet et al., 1992). However, some uncertainty
remained with respect to the intensity of the DA mmnerva-
tion of the motoneuronal cell groups. The present study
was undertaken to investigate in detail the localization of
DA in all spinal segments of the rat, cat and monkey spinal
cord by using immunocytochemistry with highly specific
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antibodies against DA. We found DA immunoreactivity in
all laminae of the spinal cord, without major differences
between species. Labeling was concentrated in the dorsal
horn and the IML. In addition, we found many lightly
stained varicosities in the motoneuronal cell groups, con-
firming the existence of a prominent DA projection to spinal
motoneurons.

MATERIALS AND METHODS

A detailed analysis was performed on material obtained
from adult male Wistar rats, three female cats, one female
monkey (Macaca fasicularis) and one male monkey (Ma-
caca arctoides). All the animals were obtained through the
‘hstitutional animals facility, housed and handled accord-
ing to national guidelines, supervised by an institutional
animal care and usage committee. The male monkey was
bred by a pharmaceutical company and had not been
involved in any previous testing. The female monkey, which
had been obtained from an institutional research facility,
had been involved in behavioural experiments, without any
known pharmacological testing. They were kept in our
institutional facility for at least 1 year in good health. The
other animals were obtained from approved breeders
through the institutional experimental animal facility. Be-
fore perfusion, the animals were deeply anaesthetized with
pentobarbital (70 mg/kg) intraperitoneally.

Immunocytochemical procedures

The animals were perfused transcardially with 50 ml
(rats), 150 ml (cats) or 500 ml (monkeys) of saline contain-
ing 10 mM ascorbic acid, pH 7.4, followed by 1 liter (rats),
9.5 liters (cats), or 4 liters (monkeys) of 10 mM ascorbic acid
in 0.05 M acetate buffer, pH 4.0 (AAAB), containing 5%
glutaraldehyde. After perfusion, the spinal cords were
dissected and all the spinal segments were identified and
cut with a razor blade. They were kept overnight at 4°C 1n
AAAB, containing 30% sucrose. The following days, 30 pm
sections were obtained on a sliding freezing microtome
from all cervical, lumbar, and sacral, as well as half the
thoracic and the rostral coccygeal spinal segments. The free
floating sections were collected in Tris-buffered saline, pH
7.4, containing 10 mM ascorbic acid (TBSA). Some spinal
cord segments were cut in horizontal or sagittal sections.
The free floating sections were rinsed in TBSA and kept for
several days in the same liquid at 4°C. Next they were
treated with TBSA, containing 1% borohydrate (NaBH4)
for 30 minutes at room temperature. They were then rinsed
several times in TBSA and incubated overnight at 4°C with
a polyclonal DA antibody from rabbit ( “Jannes’’) (Buys et
al., 1984; Voorn and Buiyjs, 1987) diluted 1:4,000 in Tris-
buffered saline, pH 7.4 (TBS), containing 0.5% Triton
¥-100 and 10 mM ascorbic acid. In rat and cat, several
sections were also treated with a different DA antibody
(Steinbusch and Tilders, 1987; Steinbusch et al., 1991)
(SanBio B.V., Uden), diluted 1:2,000 1n [Tris-buffered
saline (TBSA)]. After the primary DA antibody, the sections
were rinsed thoroughly with TBS and a goat anti-rabbit
(GAR) antibody (“Betsy,” diluted 1:100, 1 hour incubation)
was applied. Subsequently the sections were rinsed with
TBS and incubated with a rabbit peroxidase antiperoxidase
(PAP) complex (Nordic, 1:1,000, 1 hour), rinsed in TBS
followed by phosphate buffer (0.1 M, pH 7.4). These
incubations were performed at room temperature. Then
the sections were reacted with 0.05% 3,3'-diaminobenzi-
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dine in the presence of 0.01% hydrogen peroxide in phos-
phate buffer (0.1 M, pH 7.4). After rinsing in phosphate
buffer, the sections were mounted onto glass slides with a
chromealum-gelatine solution, and some were subse-
quently counterstained with 0.05% thionin. Finally, all
sections were dehydrated, coverslipped and examined with
bright and darkfield illumination. As a control, some of the
sections were processed after substitution of the primary
antiserum with TBS. This resulted in no contrast staining.

DSP-4 experiments

In order to deplete NA in the spinal dorsal horn, four rats
received an intraperitoneal injection (50 mg/kg) of N-(2-
chloroethyl)-N-ethyl-2-bromobenzylamine (DSP-4) (Jons-
son, 1983), and two rats received an intraperitoneal saline
injection. After a period of 2 weeks, the rats were deeply
anaesthetized and perfused for DA immunocytochemistry
as described above. Alternate 30 wm frozen sections were
processed for either DA or dopamine-[3-hydroxylase (DBH)
immunocytochemistry. For DA immunocytochemistry the
same procedure was used as described above except for the
GAR antibody (Vector, 1:200, 1 hour incubation) and the
rabbit-PAP complex (Nordic, 1:800, 1 hour incubation). For
DBH immunocytochemistry the sections were preincu-
bated in a solution of 5% normal goat serum (NGS) 1n
phosphate buffer (PB; 0.1 M, pH 7.4) containing 0.9% NaCl
and 0.3% Triton X-100 for 90 minutes. Next they were
incubated for 2448 hours at 4°C with rabbit anti-DBH
(Eugene Tech; 1:750) in 0.1 M PBS (pH 7.4) containing
0.3% Triton-X100 and 2% NGS. Hereafter, the sections
were rinsed and incubated (1-2 hours) with biotinylated
GAR (Vector; 1:200). After a few rinses, biotin avidin
complex (Vector) was applied (1-2 hours). Finally, the
sections were reacted with 3,3'-diaminobenzidine in the
presence of 0.01% hydrogen peroxide, rinsed several times
in PB, mounted on glass slides with chromealum, dehy-
drated, coverslipped, and examined with bright and dark-
field 1llumination.

RESULTS

The distribution of DA immunoreactivity was examined
light microscopically in transverse, horizontal, and sagittal
sections from nearly all segments of the rat, cat, and
monkey spinal cord (Figs. 1-11). DA immunoreactivity was
present almost exclusively in fibers and (presumed) termi-
nals. Labeled neuronal cell bodies were found in all species
only in the rostral part of C1. Labeled neuronal cells (0-5
cells per section) were found in the ventrolateral funiculus
and in the area immediately dorsal of the central canal. In
all likelihood these cells represented the caudal extension of
the Al and A2 cell group, respectively, as described by
Dahlstrém and Fuxe (1964) in the lower medulla. Labeled
neuronal cell bodies were never found in other areas of the
spinal cord. DA fibers and varicosities were found 1n all
laminae of the spinal grey matter at all spinal levels, but
with considerable differences in regional density.

The following detailed descriptions were made from
sections treated with the ‘‘Jannes’ DA antibody for which
the method was optimized. An identical labeling pattern
was obtained by using the Sanbio DA antibody. The distri-
bution of the DA immunoreactivity will be described sepa-
rately for the dorsal horn, the ventral horn and various
“specialized areas” in the spinal cord. In addition, the
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location of the descending fibers in the white and grey
matter will be described.

Dorsal horn

Within the dorsal horn of the rat, cat and monkey spinal
cord, DA immunoreactivity was found in all laminae (Figs.
1-7. 10). As a rule, labeling was moderate in lamina I,
sparse (rat and monkey) to moderate (cat) in lamina 1l
(substantia gelatinosa) and strong in laminae III-V. In
lamina I of rat and monkey there were many short fibers
with varicosities and occasional patches of labeling consist-
ing of many small-caliber fibers and varicosities, which
sometimes seemed to exceed the width of lamina I in dorsal
or ventral direction. Only a few varicose fibers were travers-
ing lamina II. In the cat the difference in labeling intensity
between laminae I and II was less pronounced. In laminae
I11, IV, and V, including the neuropil of the lateral reticular
part of these laminae, thick fibers with clear varicosities
formed a dense network. Horizontal and parasagittal sec-
tions (Fig. 11) showed that most fibers in lamina III, as well
as those in laminae I and II, were oriented predominantly in
a rostrocaudal direction, but in lamina V and, to a lesser
extent, in lamina IV, this rostrocaudal orientation of the
fibers was not observed; instead they were oriented more
randomly. The area around the central canal contained only
a few rostrocaudally oriented fibers. In transverse sections
it appeared that many dorsoventrally oriented fibers at the
medial border of the dorsal horn terminated in the central
canal region or crossed to the other side, mostly into the
dorsal grey matter. In addition to these general aspects of
DA immunoreactivity in the dorsal horn, there were also
differences between species as described below.

Rat dorsal horn. In rat (Figs. 1, 6, 7, 10), labeling was
strongest in lamina III and slightly less prominent in
laminae IV and V. In lamina I the intensity of the labeling
was clearly less as compared to the deeper laminae. The
lowest amount of labeling was seen in lamina II where
immunoreactivity was almost absent, apart from some
traversing fibers, which ran mostly in a rostrocaudal direc-
tion (Fig. 11). At the lower cervical as well as the lower
lumbar levels, there was less labeling in the medial part of
laminae I11-V as compared to the lateral part (Fig. 10). The
overall labeling of the dorsal horn was less dense in the
lumbosacral cord than in the cervical cord, although the
general pattern of the labeling was the same at both levels.
The lateral spinal nucleus (not indicated in Fig. 1) was
moderately innervated throughout the spinal cord.

Cat dorsal horn. In cat (Figs. 2, 4), the differences 1n
labeling intensity between laminae was much less as com-
pared to the rat. Strongest labeling was found not only in
laminae II1I-V, but also in lamina I. Lamina II was moder-
ately innervated. Differences in labeling between the medial
and lateral part of laminae II1I-V at low cervical levels were
less pronounced than in rat and monkey. At thoracic levels,
the overall labeling intensity became less than at cervical
levels and labeling in lamina II was sparse, containing
mostly rostrocaudally oriented fibers. Going further cau-
dally to lumbar levels, the labeling intensity increased
again, being strongest at L7. However, like in rat, labeling
was still less intense as compared to the cervical cord.

Monkey dorsal horn. In monkey dorsal horn (Figs. 3,
5-top) the overall labeling intensity was somewhat less than
in the rat and cat. In the Macaca fasicularis, at cervical
levels, lamina I was moderately labeled with fine-caliber
fibers, and in laminae III and IV several thick strongly



Fig. 1. Schematic representation of the dopamine (DA) innervation in selected segments of the rat spinal cord.
For details see text. CeC, central cervical nucleus; CRE, cremaster nucleus; D, dorsal nucleus (column of Clarke);
DL, dorsolateral nucleus; DM, dorsomedial nucleus; IML, intermediolateral nucleus; LCN, lateral cervical

nucleus: PHR, nucleus of the phrenic nerve; SPN, sacral parasympathetic nucleus; VE, ventral nucleus.



CAT

Fig. 2. Schematic representation of the DA innervation in selected segments of the cat spinal cord. For
details see text. CC. column of Clarke (dorsal nucleus); ON, Onuf’s nucleus; for other abbreviations see

Figure 1.




MONKEY

Th10

f the monkey spinal cord.

Fig. 3. Schematic representation of the DA innervation in selected segments o
For details see text. For abbreviations, see Figure 2.



funiculus close to the dorsal horn (see also Fig. 2). Scale bar = 120 pwm.
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labeled fibers were present, mainly in the medial part of this
area. Lamina Il was sparsely labeled, containing a few
rostrocaudally oriented fibers. At thoracic levels, overall
labeling intensity was decreased, with very few labeled
fibers in lamina II. Going further caudally to lumbosacral
levels, the intensity of the labeling increased again, but
lamina II remained sparsely innervated. The same pattern,
including a sparsely innervated lamina II was also found at
sacral levels. In the Macaca arctoides the labeling pattern
was rather different from the other monkey because of a
sparse-to-moderate labeling of laminae III and IV; lamina I
was strongly labeled, and labeling in lamina II was sparse
(Fig. 5-top). This typical pattern of dorsal horn labeling was
especially apparent at cervical levels and was not seen in
rats and cats or in the other monkey.

Ventral horn

The DA immunoreactivity in the ventral horn (Figs. 14,
6-9, 11) had a very different appearance as compared to the
dorsal horn. For a major part this difference was due to the
type of innervation of the motoneuronal cell groups. This
area (lamina IX) received a dense innervation of immunore-
active varicosities, many of which appeared to be smaller
than in other laminae of the spinal cord. In addition,
intervaricose segments were less pronounced, giving the
labeling of the motoneuronal cell groups a fine granular
(punctate) appearance, especially at lower magnifications
(compare Figs. 4, 6, 8 with Fig. 7). Interestingly, this type of
labeling was found in transverse, horizontal, and sagittal
sections, indicating that the innervation pattern is orga-
nized without a predominant orientation, except for some
““specialized areas’’ (see below). In all species a very strong
labeling of the motoneuronal cell groups innervating the
tall muscles was observed at the sacral (Fig. 6) and coccy-
geal segments. This labeling was also of a fine granular
appearance. In the intermediate zone (laminae VII and
VIII) labeling was sparse with only a few traversing fibers.

Rat ventral horn. In the rat ventral horn (Figs. 1, 6, 7,
9) DA immunoreactivity generally appeared as indicated
above. With respect to regional differences, there was a
slightly increased labeling in the ventrolateral group of
motoneurons mainly at the C7 segment (Matsushita and
Ueyama, 1973). DA immunoreactivity in the medial and
lateral motoneuronal cell groups was equally strong both at
low cervical and low lumbar spinal levels. At caudal thoracic
and especially at lumbar levels, there was a slight increase
in varicose fibers in the motoneuronal cell groups and, as a

Fig. 5. Top: Photomicrograph with darkfield illumination of a
section from the monkey L2 segment, which shows DA-immunoreac-
tive fibers and varicosities. Note only very sparse labeling in the dorsal
nucleus (column of Clarke, see Fig. 3) and very strong labeling in the
IML nucleus. Scale bar = 60 um. Bottom: Photomicrograph with
darkfield illumination of a horizontal section from the rat T6-T7
segment, which shows DA-immunoreactive fibers and varicosities. Note
in the midline on the left the central canal and on the right the dorsal
funiculus, indicating that the horizontal section is oriented slightly
dorsoventrally. This makes it possible to see the strong labeling in the
IML nucleus on the right, the labeling in the intercalatus nuclei in the
middle and the central autonomic nuclei on the left. Also note that
neurons of the dorsal nucleus (right, close to the dorsal funiculus,
relatively small at this level) are avoided by the DA fibers. In the lateral
funiculus (located along the entire length of the top and the bottom of
the micrograph) some rostrocaudally oriented fibers can be seen as well
as laterally running fibers, which probably innervate laterally running
dendrites of IML neurons. Scale bar = 140 pm.
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result, the fine granular appearance of the DA immunoreac-
tivity became less conspicuous.

Cat ventral horn. In cat (Figs. 2, 4), as in rat, DA
immunoreactivity was much stronger in the motoneuronal
cell groups as compared to the intermediate zone. However,
the differences in the type of labeling between the two
areas, as found in rat, was much less apparent in cat. This
was due on the one hand to an increased number of labeled
fine-caliber fibers and varicosities in the intermediate zone;
on the other hand, the number of labeled large varicosities
and fibers in the motoneuronal cell groups was increased.
At low cervical levels there was especially strong labeling in
the ventral motor nucleus (Matsushita and Ueyama, 1973),
at the C7-C8 segments. At thoracic and high lumbar levels
the intermediate zone was almost devoid of labeling, but
labeling of the motoneuronal cell groups remained strong.

Monkey ventral horn. In the monkey ventral horn
(Figs. 3, 8) the fine granular aspect of the DA immunoreac-
tivity in the motoneuronal cell groups was in sharp contrast
to the thick varicose fibers in the dorsal horn. Thick
varicose fibers were also found in the intermediate zone,
but here the number of fibers and varicosities was much
less. The difference in density and intensity of the labeling
between the intermediate zone and the motoneuronal cell
groups became less apparent at the cervical and lumbar
enlargements because of a stronger labeling in the interme-
diate zone. Also in these areas the labeling in the motoneu-
ronal cell groups was somewhat stronger.

Specialized areas

Central cervical nucleus. The central cervical nucleus,
just dorsolateral to the central canal, is present mainly at
high cervical levels, but is often difficult to delineate. It
received a very sparse DA innervation, consisting mainly of
a few fibers traversing the nucleus.

Lateral cervical nucleus. The lateral cervical nucleus,
which is located at the segments C1-C3, is most prominent
in the cat and monkey. It received a moderate innervation
with DA fibers and varicosities.

Region around the central canal. The region around
the central canal, also referred to as lamina X, received a
strong DA innervation, consisting of both thick- and fine-
caliber fibers and varicosities (Figs. 1-6). This innervation
was limited to the region directly surrounding the central
canal and a somewhat wider area extending bilaterally in a
dorsolateral direction. This area also contained several
crossing DA fibers, which were located in the dorsal grey
commissure and appeared to run toward the contralateral
dorsal horn rather than the ventral horn.

Phrenic nucleus. In transverse sections of the C4-C6
segments, a characteristic group of motoneurons, corre-
sponding to the nucleus of the phrenic nerve (Kuzuhara
and Chou, 1980), was observed ventromedially in the
ventral horn (Figs. 1-3, 9). DA immunoreactivity in the
phrenic nucleus showed a fine granular aspect, similar to
that of surrounding motoneurons. In longitudinal and
sagittal sections the phrenic motoneurons were easily
distinguished by their longitudinally organized dendrites.
In contrast to the findings 1n the transverse sections, DA
immunoreactivity was stronger in the area containing these
longitudinal dendrites than in the surrounding neuropil
(Fig. 9). It was, therefore, concluded that the DA labeling
of the phrenic nucleus was somewhat stronger than the
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Fig. 6. Photomicrograph with darkfield illumination of a section from the rat S1 segment, which shows
DA-immunoreactive fibers and varicosities. Note the labeling In the area of the parasympathetic

preganglionic neurons just medial of the descending fibers in the dorsolateral funiculus (white arrowheads).
Also note the strong, punctate labeling in the motoneuronal cell groups. Scale bar = 70 pm.




Fig. 7. Top: Photomicrograph with darkfield illumination of a section
from the rat C1 segment, which shows DA-immunoreactive fibers and
varicosities in the dorsal horn. Note the strong labeling in laminae III-V and
the moderate labeling in lamina I, although labeling in lamina II (the
substantia gelatinosa) is only sparse. See Figure 1 for laminar arrangement.
Scale bar = 65 pm. Bottom: Photomicrograph with darkfield illumination

of the motoneuronal cell groups from a section from the rat L5 segment,
which shows DA-immunoreactive fibers and varicosities. Note the abun-
dance of small varicosities, presumably terminals, with a paucity of intervari-
cose fibers, although the position of many varicosities suggests that they are
interconnected. The motoneurons appear as “‘black holes.” The ventral
funiculus can be seen below and left. Scale bar = 35 pum.
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Fig. 8. Photomicrograph with darkfield illumination of a section
from the monkey L3 segment, which shows a very large number of
DA-immunoreactive fibers and varicosities around the motoneurons of
the cremaster nucleus. Note that this strong innervation is also present

surrounding motoneurons and organized predominantly 1n
a longitudinal fashion.

Sympathetic preganglionic neurons. The sympathetic
preganglionic neurons are located in the spinal segments
between caudal C8 and L3. The large majority of the
sympathetic preganglionic neurons are located 1n the IML
and a few neurons are present near the central canal
(central autonomic nucleus) or the area in between (nucleus
intercalatus) (Strack et al., 1988). All these areas, but
especially the IML, received a very strong DA innervation
(Fig. 5). Cell bodies often stood out as small unlabeled areas
in a massively innervated region. The area between the
IML and the central canal, which contains many dendrites
of sympathetic neurons, also received a strong DA innerva-
tion, which sometimes appeared as a heavily labeled band
between the IML and the central canal. In horizontal
sections (Fig. 5) the DA immunoreactivity was clearly seen
to be organized in a ‘‘ladderlike’ pattern (Hosoya et al.,

1991).

along (presumed) dendritic bundles (white arrowheads) that radiate in
several directions. Also note the fine granular labeling in the other
(medial and lateral) motoneuronal cell groups, but the intermediate
zone is only sparsely innervated. Scale bar = 100 pm.

Dorsal nucleus (column of Clarke). The dorsal nucleus
(also known as the column of Clarke) contains large cells,
projecting to the cerebellum, and 1s located in segments T1
to L3 (Grant et al., 1982). DA innervation was nearly absent
with only an occasional fiber and some terminallike struc-
tures (Fig. 5); most fibers seemed to avoid the nucleus.

Cremaster nucleus. The cremaster nucleus, a sexually
dimorphic motor nucleus innervating the cremaster muscle,
is located primarily in the segments L1 and L2 and 1s most
prominent in the male (Nagy and Senba, 1985). In the male
arctoides monkey the cremaster nucleus received a very
strong DA innervation (Fig. 8). In transverse sections the
same strong innervation was sometimes seen 1n mediolater-
ally oriented dendritic bundles, which are known to belong
to cremaster motoneurons (Fig. 8). In male rats and female
cats. the cremaster nucleus also received a stronger innerva-
tion in comparison with surrounding motoneurons, but
this labeling was less prominent than in the male monkey.
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Fig. 9.
section through the ventral horn of the rat C4-C5 segments. The
ventrolateral funiculus is located on the left side of the micrograph and
the ventromedial funiculus is located on the right side. Note the
longitudinally oriented DA labeling in the area of the phrenic nucleus

Photomicrograph with darkfield illumination of a horizontal

Lumbosacral motoneurons. 'The motoneurons, which
innervate, through fibers in the pudendal nerve, the anal
and urethral sphincter muscles, and related muscles, form
a special group of motoneurons (Schrgder, 1980). They are
somewhat smaller than the surrounding (somatic) motoneu-
rons and they are sexually dimorphic (McKenna and Nadel-
haft, 1986). In different species these motoneurons are
located in different areas of the ventral horn. In rat two
different groups can be distinguished, namely, the nucleus
dorsomedialis (DM) (also known as the spinal nucleus of the
bulbocavernosus, SNB) and nucleus dorso lateralis (DL)
(Schrgder, 1980). In cat the DM and DL nuclel, as distin-
guished in the rat, are fused to form a ventrolaterally
located nucleus, designated (like in man) as Onuf’s nucleus
(Sato et al., 1978; Ueyama et al., 1984). In monkey the
organization is similar to the cat (Nakagawa, 1980). The
DM and DL nuclei in the rat and Onuf’s nuclei in the cat
and monkey received a strong DA innervation, which was

(white arrowheads), presumably alongside dendrites of phrenic moto-
neurons. Also note that the longitudinally oriented labeling appears
somewhat stronger than the labeling in the surrounding neuropil. Scale
bar = 55 pm.

much stronger than dorsolaterally located motoneurons,
which innervate muscles associated with the foot. Some-
times prominent dendritic bundles were seen radiating
laterally and medially from Onuf’s and DL nuclei and
laterally from the DM nucleus. These bundles also received
a strong DA innervation. The intensity of the labeling in the
sexually dimorphic nuclei was similar to that of the tail-
muscle motoneurons, which first appear ventromedially in the
ventral horn, at the S1 segment. In addition, a ventral group of
motoneurons, innervating the levator ani muscle, also received
a strong DA innervation, similar to Onuf’s nucleus.

Sacral parasympathetic area. The sacral parasympa-
thetic area, located mainly in the segments S1-S4 (depend-
ing on species) contains the parasympathetic nucleus. This
area showed a stronger DA innervation than the surround-
ing intermediate zone (Fig. 6), but it could not be deter-
mined whether the DA fibers terminated specifically on the
preganglionic parasympathetic neurons.
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Location of the descending dopamine fibers

In all animals most of the descending DA fibers were
located in the dorsolateral funiculus (Figs. 1-6) and, to a
limited extent, in the lateral and ventrolateral funiculi at
cervical levels. An occasional fiber was seen in the ventrome-
dial and dorsal funiculi. In sagittal and horizontal sections
it was found that the funicular fibers showed few varicosi-
ties and appeared as relatively straight structures. Occasion-
ally a fiber gave rise to a collateral, often at a right angle,
which ran to the lateral part of the dorsal horn. Collateral
fibers, which originated from stem fibers in the dorsolateral
and lateral funiculi, were rarely seen to reach the ventral
horn. Apart from the fibers in the funiculi there were also
rostrocaudally oriented fibers in the dorsal horn, most
notably in laminae I and III, but also in lamina II (Fig. 11).
In the region around the central canal there were a large
number of fibers, including several rostrocaudally oriented
fibers. However, it appeared from sagittal and horizontal
sections that these fibers form a minority and hence do not
contribute significantly to the descending DA system.

DSP-4 experiments

Sections from the spinal cords of rats treated with DSP-4,
which only affects the NA fibers in the dorsal horn (Jons-
son, 1983), were processed for DBH immunocytochemistry
(Fig. 10), and alternate sections from the same (DSP-4-
treated) rat were processed for DA immunocytochemistry
(Fig. 10). In these DSP-4-treated rats there were very few
DBH-immunoreactive fibers in the dorsal horn, but the
ventral horn contained many DBH-immunoreactive fibers.
These results are similar to those described previously
(Fritschy and Grzanna, 1989; Lyons et al., 1989). By
contrast, the alternate sections showed many DA-immuno-
reactive fibers and varicosities throughout the spinal grey
matter, including the dorsal horn, with the same pattern
and 1ntensity as in untreated rats. This demonstrated that
the absence of (nor)adrenergic fibers, as visualized by the
lack of DBH immunoreactivity, did not influence the DA
immunoreactivity. Alternate sections from saline injected
control rats, treated for DBH (Fig. 10) or DA immunocyto-
chemistry as the DSP-4-treated rats, showed many immu-
noreactive fibers and varicosities throughout the dorsal and
ventral horn in a similar pattern as found in the present
study for DA or described elsewhere for DBH (Westlund et
al., 1983; Fritschy and Grzanna, 1990; Rajaofetra et al.,
1992b).

Fig. 10. Photomicrograph with darkfield illumination of the dorsal
horn from the rat C7 segment. Top: Dopamine-B-hydroxylase (DBH)-
immunoreactive fibers and varicosities in a control (saline-injected) rat.
Note that, in comparison with the DA labeling (bottom), the density of
the DBH labeling is similar in all laminae of the dorsal horn (including
lamina II) and the relatively fine caliber of the fibers. Middle: DBH
immunoreactive fibers and varicosities two weeks after treatment with
the neurotoxin DSP-4. Note that most DBH labeling has disappeared
after DSP-4 treatment (compare with control animal in top micro-
graph). Bottom: DA-immunoreactive fibers and varicosities 2 weeks
after treatment with the neurotoxin DSP-4 (same rat as in middle
micrograph). Note that the DA immunoreactivity has not changed
significantly in the absence of (nor)adrenaline (see middle micrograph),
providing direct proof that the DA immunoreactivity is not located in
(nor)adrenergic fibers and varicosities. Scale bar = 90 pum.
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rostral

Fig. 11. Schematic drawings of the DA labeling in the rat low
cervical spinal cord. Top: Three-dimensional drawing of the low
cervical spinal cord. On the left the labeling is as it appears in a
transverse section, on the right the plane of section of the drawing
below is indicated. Bottom: Labeling in a sagittal section as indicated
above. Note the rostrocaudally oriented fibers in laminae I-III, the
more random orientation in lamina IV and especially lamina V, the
paucity of labeling in laminae VII and VIII and the punctate labeling in
lamina IX.

DISCUSSION

The present study shows the distribution of DA in the
spinal cord of the rat, cat, and monkey. It provides a
detailed study of all parts of the spinal cord, including the
various specialized areas. Below the specificity of the DA
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antibodies that we used will be discussed. Then the topo-
craphical distribution of the labeling, as compared with the
other monoamines, will be discussed, followed by some

functional considerations.

Methodological aspects

The distribution of DA in the rat, cat, and monkey spinal
cord was determined by using immunocytochemistry with
highly specific antibodies directed against (glutaraldehyde-
bound) DA. Nevertheless the possibility that the DA anti-
body reacted with adrenergic and/or noradrenergic termi-
nals should be considered, not because of cross-reactivity of
the antibodies (see below), which have been extensively
tested and used, but rather because the DA antibodies may
recognize DA, which is present as a precursor in (nor)adren-
ergic terminals. However, biochemical studies in areas with
a high NA and a low DA innervation, like the cerebellum
and hippocampus, have shown that the DA concentration 1s
only 1-3% of the NA concentration (Commissiong et al.,
1978: Westerink and Mulder, 1981; Verhage et al., 1992).
These studies further showed that destruction of the locus
coeruleus, and consequently the NA innervation of several
brain areas, including the cerebellum and hippocampus,
had no effect on DA levels in those areas (Westerink and De
Vries, 1985). This would indicate that even in areas with a
relatively high NA and a low DA concentration, DA repre-
sents the transmitter pool rather than the “‘precursor pool”’
of NA. Subsequent biochemical and/or anatomical studies
in cerebellum (Panagopoulos et al., 1991; Ikai et al., 1992)
and hippocampus (Verney et al., 1985; Verhage et al., 1992;
Gasbarri et al., 1994) confirmed the existence of a DA
projection independent from the NA innervation. Further-
more we have found (Van Dijken and Holstege, 1995) that
:n the external cuneate nucleus and the area postrema of
the lower brainstem there was a strong immunoreactivity
for DBH. but labeling for DA was virtually absent (by using
the same ‘‘Jannes’’ antibody as we have used in the present
study). This indicated that the DA "precursor pool”” 1n
(nor)adrenergic terminals was too low to be identified by
the DA antibody, probably due to a very high turnover rate
of DA in these terminals. These findings further showed
that there is no cross-reaction of the DA antibody with NA,
confirming the high specificity of the antibody. On the other
hand, it should be mentioned that (nor)adrenergic cell
somata, like those in the locus coeruleus, show some
immunoreactivity for DA, probably because more DA 1S
present as a precursor in the somata than in the terminals
of (nor)adrenergic neurons (see also Geffard et al., 1984).

Our control experiments for the spinal cord with DSP-4-
treated rats, in which DBH labeled (nor)adrenergic termi-
nals in the dorsal horn had disappeared almost completely,
showed that the DA immunoreactivity was still present in
those rats. Moreover, the intensity and the pattern of the
DA labeling were identical to those 1n untreated rats. A
similar finding was obtained in a study (Mouchet et al.,
1992) by using rats treated with 6-OHDA, which causes a
specific degeneration of noradrenergic terminals, leaving
the dopaminergic terminals largely unaffected. These experi-
ments showed that in 6-OHDA-treated rats, DA-immunore-
active fibers were still present, although in other 6-OHDA-
treated rats the NA immunoreactivity had disappeared.
Taken together, the various data demonstrated that the DA
antibody did not recognise DA in noradrenergic terminals,
nor did it cross-react with NA.
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[t may be concluded that in the spinal cord, including the
motoneuronal cell groups, a DA innervation 1s present,
which is independent of the (nor)adrenergic innervation.
Moreover, the DA labeling in the spinal cord as found in the
present study represented exclusively DA fibers and termi-

nals.

Topographical distribution

The results of the present study show that in rat, cat and
monkey DA fibers and varicosities are present in all laminae
of the spinal grey matter throughout the spinal cord, but
with clear regional differences. The general pattern of
labeling of the DA fibers and terminals is similar in the
species investigated. DA labeled neuronal cell bodies were
only found in the rostral C1 segment, probably represent-
ing the caudal extension of the medullary Al and A2 cell
oroups. Although many neurons in the Al and A2 cell group
contain DBH, some of them were found to be immunoreac-
tive for dopamine (Magbool et al., 1993) or TH (Mouchet et
al.. 1986) and not for DBH, indicating that they actually
represented dopaminergic neurons. Labeled (neuronal) cell
bodies were never identified below rostral C1, which 1s In
contrast to the finding (Mouchet et al., 1986) of TH-
:mmunoreactive neurons at the S1 segment. If both obser-
vations were correct it must be assumed that these TH-
labeled cells are not able to convert L-dopa (the TH product)
into dopamine, as has been shown to occur in the hypothala-
mus (Meister et al., 1988; Steinbusch et al., 1991).

Dorsal horn. In the dorsal horn, the lack of innervation
of the substantia gelatinosa is the most conspicuous find-
ing, which is consistent throughout all species, but least
obvious in the cat. Previous studies in rat, by using
immunocytochemistry with an antibody directed against
DA (Yoshida and Tanaka, 1988; Mouchet et al., 1992; Ridet
et al., 1992), have described the same pattern of innervation
of the dorsal horn as in the present study. Similar to the
distribution of DA, serotonin also showed a widespread
innervation of the dorsal horn including a sparse innerva-
tion of the substantia gelatinosa, especially in its inner part.
In rat (Marlier et al., 1991), cat (Ruda et al., 1982) and
monkey (Kojima and Sano, 1983; LaMotte and Lanerolle,
1983) serotonin-immunoreactive labeling in the dorsal
horn was found to be strongest in lamina I and outer lamina
11, whereas there was only sparse labeling in the inner part
of lamina II. Laminae III-VI were only moderately inner-
vated. The distribution of the DA labeling in laminae [11-V
is slightly different from the serotonergic innervation since
the DA labeling is stronger (rat) or similar (cat and monkey)
as compared to the labeling in lamina I. An extensive
‘nnervation of the dorsal horn has also been described for
NA- or DBH-immunoreactive fibers and terminals in the
rat (Westlund et al., 1983; Fritschy and Grzanna, 1990;
Hagihira et al., 1990; Rajaofetra et al., 1992b), cat (Doyle
and Maxwell, 1991) and monkey (Westlund et al., 1984).
The low innervation of lamina II, which is typical for DA
and serotonin, is less obvious in case of NA, although a
stronger innervation of the outer part ot lamina II versus
the inner part has been suggested (Westlund et al., 1983;
Hagihira et al., 1990; Rajaotetra et al., 1992b). Also in our
study with DBH, the difference between DA and NA with
respect to the innervation of the substantia gelatinosa was
very clear (cf. Fig. 10-top and bottom). In several areas the
DA innervation of lamina I appeared as patches occasion-
ally located outside the boundaries of this lamina. Whether
these patches actually exceeded the border between lami-
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nae I and II or whether there was a local widening of lamina
I, cannot be determined with certainty in the present
material. The finding in one monkey of only sparse labeling
in lamina II and deeper laminae, and lamina I was strongly
labeled (Fig. 5-top), was rather surprising. This finding
showed that regional density can vary, not only between,
but also within species.

The intermediolateral cell column. The IML, which is
located from caudal C8 to L3 (Strack et al., 1988), received a
massive DA innervation and this was also true for the
nuclei that may be considered as the medial extensions of
the IML toward the central canal: the nucleus intercalatus
and the central autonomic nucleus, located just dorsal and
dorsolateral to the central canal. These findings are in
agreement with previous reports on the DA 1innervation of
the spinal cord (Skagerberg et al., 1982; Yoshida and
Tanaka, 1988; Mouchet et al., 1992; Ridet et al., 1992). The
IML is characterized by a patchy organization with den-
dritic bundles interconnecting the sympathetic subnuclei,
forming a ‘‘ladderlike’ pattern when viewed in horizontal
sections (Romagnano and Hamill, 1984; Hosoya et al.,
1991). The DA innervation exactly mimics this discontinu-
ous organization, indicating that the DA fibers are aimed at
the sympathetic preganglionic neurons and their dendrites.
A similar ‘‘ladderlike’ pattern of innervation was found
with many other transmitters, including NA, serotonin,
adrenaline, and various peptides like substance P, oxytocin,
vasopressin, neurotensin, somatostatin, neuropeptide Y,
and enkephalin (Swanson and McKellar, 1979; Glazer and
Ross, 1980; Holets and Elde, 1982; Westlund et al., 1983;
Romagnano and Hamill, 1984; Krukoft, 1987; Fuxe et al.,
1990; Hosoya et al., 1991; Rajaofetra et al., 1992b).

The dorsal nucleus (column of Clarke). This nucleus 1s
located in the same segments as the IML. It projects mainly
to the cerebellum (Grant et al., 1982). In contrast to the
IML, the dorsal nucleus received very few, if any, DA-
immunoreactive fibers. The serotonergic innervation of the
nucleus dorsalis is also low but not absent (Kojima et al.,
1983a; Polistina et al., 1990). It is interesting to note that
the central cervical nucleus, which also projects to the
cerebellum (Matsushita and Hosoya, 1979), received a very
sparse DA innervation as well. This might suggest that
cerebellar-projecting neurons are avoided by the DA fibers.
On the other hand, there are many more neurons, apart
from the nucleus dorsalis and the central cervical nucleus,
that project to the cerebellum (Grant et al., 1982). Since
these cells are scattered over different locations in the
spinal cord, it will be difficult to determine whether or not
they receive a monoaminergic innervation. The reason for
the avoidance by dopamine of spinal nuclei projecting to the
cerebellum is still unclear.

The ventral horn. The presence of DA in the motoneuro-
nal cell groups of the ventral horn was discovered much
later than in the dorsal horn (Yoshida and Tanaka, 1988;
Shirouzu et al., 1990; Ridet et al., 1992). The most conspicu-
ous aspect of the DA labeling in the motoneuronal cell
groups was its fine granular, punctate-like aspect, which
was especially apparent in the rat. This appearance, that 1s
probably caused by a large number of small, lightly stained
terminals, may have been the reason why initially the
existence of dopaminergic terminals in the ventral horn was
denied or neglected. Also in our material, after a less than
optimal fixation or immunocytochemical procedure, the DA
labeling in the ventral horn was the first to disappear.
Thus, sensitive techniques are necessary for the anatomical
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identification of dopaminergic terminals in the ventral
horn, which is in line with the biochemical observation that
the DA concentration in the ventral horn is significantly
lower than in the dorsal horn (Fleetwood-Walker and
Coote, 1981; Basbaum et al., 1987). Apparently, the fine
granular network in the motoneuronal cell groups of the
ventral horn i1s derived mostly from fibers in the dorsal
horn, which are running through the intermediate zone to
reach the motoneuronal area. Other monoaminergic trans-
mitters, like serotonin and NA, have also been reported to
show a finer appearance in the motoneuronal cell groups
than in the dorsal horn (Kojima et al., 1983a; Fritschy et al.,
1987). The strongest labeling in the motoneuronal cell
groups was found in the cremaster nucleus, situated ventro-
medially at rostral lumbar levels, and in Onuf’s nucleus (in
cat and monkey) and its homologue in the rat (see the
Results section) at the lumbosacral level. These sexually
dimorphic nuclei also receive a strong innervation of seroto-
nin, NA and various peptides (Kojima et al., 1983b, 1985;
Kojima and Sano, 1984; Nagy and Senba, 1985; Uda et al.,
1986; Newton and Hamill, 1988; Wang et al., 1989; New-
ton, 1990; Poulat et al., 1992; Rajaofetra et al., 1992a). We
are presently investigating the DA innervation of these
nuclel in more detail, especially with respect to possible
differences in innervation between males and females.

DA and glutamate. In most parts of the spinal cord, the
distribution of the DA immunoreactivity is very similar to
the distribution of NA and serotonin. In this respect it is
interesting to note that immunoreactivity for glutamate or
glutaminase (a glutamate synthesizing enzyme) was pre-
sent in serotonergic neurons of the raphe nuclei (Kaneko et
al., 1990; Nicholas et al., 1992; see also Holstege, 1996) and
noradrenergic neurons in the locus coeruleus area (Kaneko
et al., 1990; Fung et al., 1994; Liu et al., 1995), all of which
give rise to descending spinal projections. These findings
suggest an extensive colocalization of glutamate with sero-
tonin and with NA. In view of the many similarities
between the different monoamines, it may be speculated
that the dopaminergic terminals in the spinal cord also
contain glutamate, as was also suggested by the presence of
glutaminase in dopaminergic neurons in the Al1 cell group
(Kaneko et al., 1990) from which the spinal dopaminergic
terminals originate.

Functional considerations

DA fibers and terminals are located throughout the
spinal grey matter. Consequently it is to be expected that
DA will influence both sensory and motor systems as well as
various autonomic functions. Below the effects of DA on
some major spinal cord functions, and the receptors in-
volved, will be discussed.

DA effects on sensory transmission. Initially the effects
of DA on sensory processing of peripheral sensory informa-
tion in the spinal cord were studied by measuring the
latencies of several (spinal) reflexes, like the hot-plate and
tail-flick reflexes, following application of DA and various
DA agonists (Barasi et al., 1987; reviewed in Jensen, 1986) .
These studies generally showed an increase in latency,
suggesting an inhibition of sensory (pain) transmission. In
most cases these effects could be reversed by dopamine D2
receptor (D2) antagonists. However, effects on spinal re-
flexes may also be produced by influencing the motor
component of the reflex. This problem does not occur with
direct recordings from spinothalamic tract neurons in the
superficial or deep dorsal horn. These studies showed that
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in monkey (Willcockson et al., 1984) DA decreased the
response of dorsal horn cells to glutamate and to Nnoxious
pinch. In rat and cat (Fleetwood-Walker et al., 1988) DA or
a D2 agonist, iontophoretically applied to dorsal horn
neurons, selectively inhibited the responses of these neu-
rons to noxious stimuli, although the responses to nonnoci-
ceptive stimuli were unaffected. The same results were
obtained after stimulating the A1l DA cell group, from
where the DA spinal projections originate. All these effects
were reversed by a D2 receptor antagonist. More recently,
evidence was found that spinal DA is involved in the
antinociceptive effects of morphine (Weil-Fugazza and Go-
defroy, 1991) and cocaine (Kiritsy-Roy et al., 1994). These
effects could also be antagonized by D2 antagonists. How-
ever, the exact mechanisms involved are still unclear.

All the above studies indicate a prominent role of D2
receptors in mediating the antinociceptive effects of DA.
This is in agreement with ligand binding studies on DA
receptors in the spinal cord that show the existence of D2
receptors in the dorsal horn (for details and references see
Van Dijken et al., 1996). Furthermore, recent in situ
hybridization and immunocytochemical studies on the local-
ization of spinal D2 receptors in our laboratory (Van Dijken
et al., 1996) have also shown the existence of neurons 1n the
dorsal horn, including lamina I, expressing D2 receptors.
Taken together, the various data indicate that DA exerts an
inhibitory effect on nociceptive transmission in the spinal
dorsal horn, mediated by D2 receptors, but the eftects on
nonnociceptive transmission and the involvement of D1
receptors may be less prominent.

DA effects on motor control. At present only a few
studies have investigated the effects of DA on spinal motor
output. In an early study in cat (Barasi and Roberts, 1977),
an increase in the field potential of antidromically activated
motoneurons was found, after iontophoretic application of
DA in the motoneuronal cell groups. This effect was blocked
by a (nonspecific) DA receptor antagonist. These results
suggested that DA produced an increase in motoneuron
excitability. This effect may be accomplished by enhancing
clutamate activated currents, as shown in cultured embry-
onic chick motoneurons (Smith et al., 1995). A similar
mechanism, that is, the facilitation of motoneuronal excita-
tion by other transmitters, like glutamate, has also been
proposed for serotonin and noradrenalin (White and Neu-
man, 1980; White, 1985). Other studies have investigated
the effect of DA or DA receptor agonists and antagonists on
various monosynaptic and polysynaptic spinal reflexes with
contradictory results. In some cases, facilitation was found
(Dupelj and Geber, 1981), but other workers reported an
inhibitory effect (Carp and Anderson, 1982; Ono and
Fukuda, 1984: Pehek et al., 1989). In addition, 1t was found
in spinal rats (Maitra et al., 1993) that intravenously
applied apomorphine, a nonselective DA receptor agonist,
had an inhibitory influence on Renshaw cell bursts elicited
by electrical stimulation of the ventral roots, but a similar
concentration of apomorphine had no effect on the monosyn-
aptic reflex from the dorsal root. A recent study on the
monosynaptic reflex in acutely spinalized rats—by using
various DA agonists and antagonists like apomorphine and
bromocriptine (a D2 agonist) (Kamijo et al., 1993)—showed
a depression of this reflex, which was mediated by neither
D1 nor D2 receptors.

In a separate line of experiments, mostly performed in
the late sixties (reviewed in Grillner, 1975) the effects of
3.4-dihydroxyphenylalanine (DOPA) were investigated. An
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intravenous injection of DOPA produced walking on a
treadmill in the spinal cat and had powerful, but compl-
cated, effects on various other reflexes (Andén et al., 1966b:;
Commissiong and Sedgwick, 1974; Grillner, 1975). Since
DOPA is a precursor in the DA and NA synthesis and active
only after decarboxylation (Andén et al., 1966a), 1t was
cenerally assumed that the synthesis of DA from DOPA
and the subsequent formation and release of NA, were
responsible for the effects of DOPA in the spinal cord. This
assumption was based on pharmacological experiments
(Jurna and Lundberg, 1968) and the supposition that DA
was present only as a precursor for NA (see the introduc-
tory section of this article). However, there are indications
that DA may also play a role in mediating the effects of
DOPA (Carp et al., 1989). A recent study (Skoog and Noga,
1995) in cat and guinea pig on the effects of iontophoreti-
cally applied DA on group II afferent fibers showed a
significant depression of the monosynaptic field potential of
electrically stimulated group II fibers, but there was no
effect on group I fibers. It was further suggested that the
effects in the dorsal horn were mediated by D1 as well as D2
receptors, and those in the intermediate zone were not
mediated by DA receptors. This latter finding would fit with
the low amount of DA that we have found in the intermedi-
ate zone. The strong innervation of the sexually dimorphic
nuclei in the spinal cord suggests a specific function of DA
in this special group of motoneurons. The finding (Van
Dijken et al., 1996) that D2 receptors were present in the
(the homologue of) Onuf’s nucleus in the rat would
strengthen this idea, although the specific function of DA 1n
these cases is unclear. Taken together it may be concluded
that the effects of DA on motor output are diverse and
exerted on the motoneuronal as well as on the interneuro-
nal level. It seems likely that different types of DA receptors
are involved, but some effects may be produced by non-DA
receptors. Also a presynaptic action should not be excluded
(Maitra et al., 1993). More detailed analyses of the effects of
DA on individual (moto)neurons, rather than on groups of
cells or on reflexes, are needed to broaden our understand-
ing of the effects of DA on the motor system, and to compare
the cellular physiology of DA with the actions of NA and
serotonin (reviewed in White et al., 1996). In view of the
presence of DA in the motoneuronal cell groups the ques-
tion arises whether part of the disturbed motor pertor-
mance in Parkinson disease may be attributed to changes in
DA neurotransmission at the spinal level (Lindvall et al.,
1983). However, there is no evidence that A11 dopaminer-
gic neurons are affected in Parkinson disease and 1n
addition it was shown (Scatton et al., 1986) that the DA
concentration in the spinal cord of parkinsonian patients
was the same as compared to healthy subjects. Therefore, 1t
seems at present unlikely that changes in spinal DA are
involved in producing the motor deficits associated with
Parkinson disease.

DA effects on autonomic functions. The dense DA
innervation of the preganglionic neurons in the IML,
suggests that DA is strongly involved in regulating the
sympathetic outflow. Studies on the effects of DA have
focussed mainly on blood pressure and heart rate, which are
controlled by the preganglionic sympathetic neurons in the
upper thoracic area (Lahlou et al., 1990). Intrathecal
administration of D1 and D2 receptor agonists showed that
hypotensive effects could be obtained after D1 and also after
D2 receptor activation, although bradycardia was related
only to D2 receptor activation (Pellissier and Demenge,
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1991). Our recent study (Van Dijken et al., 1996) by using
in situ hybridization and immunocytochemistry also showed
the presence of D2 receptors in the IML. Iontophoretic
application of DA onto a very limited number of pregangli-
onic sympathetic neurons at the Th-2 segment induced an
increase 1n firing rate of these neurons (Lewis and Coote,
1990), suggesting an increase in blood pressure and heart
rate. However, it was shown in the same study that the
effects of NA, which were investigated in much more detail
than those of DA, were inhibitory in high doses and
excitatory in low doses. If the same mechanism also applies
to the effects of dopamine, it may explain that the effects of
DA on the sympathetic preganglionic neurons regulating
blood pressure and heart rate, are not straightforward. The
effects of dopamine may depend not only on the types of
receptors that are involved, but also on the concentration of
the transmitter released and on the interaction with many
other transmitters that are present in the IML.

The DA innervation of the sacral cord suggests a specific
innervation of the preganglionic parasympathetic neurons,
although this innervation is much less pronounced than the
innervation of the sympathetic preganglionic neurons in
the IML. With respect to the effects of DA on the parasym-
pathetic nuclel there are no data available. The high degree
of collateralization in the DA diencephalospinal projection
would imply that dopamine is released simultaneously in
many different areas of the spinal cord, including the
sympathetic and parasympathetic preganglionic neurons. If
the release of DA is part of a specific type of behaviour, it is
to be expected that DA will exert opposing effects on
sympathetic and parasympathetic preganglionic neurons.
Whether this is indeed the case is presently unclear.

CONCLUSION

This study shows the existence of a distinct and extensive
DA innervation of the sensory, motor, and autonomic areas
of the spinal cord of the rat, cat and monkey. Although the
concentration of DA in the spinal cord is much less than
that of NA and serotonin, evidence is now accumulating for
specific effects of DA in these spinal cord areas, 1.e. an
inhibitory effect on sensory transmission, a mainly facili-
tory (but probably mixed) effect on motor transmission and
a complicated, probably mainly inhibitory, effect on sympa-
thetic outflow. However, more detailed studies are needed
to determine the effects of DA in specific areas of the spinal
cord with more certainty. The distributions of DA, NA, and
serotonin are very similar, which strengthens the idea that
the monoamines have a similar mode of operation and may
have similar effects, although their activity may be regu-
lated differently, depending on the behavioural context.

This study emphasizes that besides NA and serotonin,
DA should also be included when considering the monoamin-
ergic effects on spinal processing. In fact, the interaction
between the various monoamines may be of even greater
importance than the effect of the respective transmitters
alone. Investigations along this line may prove worthwhile.
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