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bundle in the cat sacral spinal cord: an ultrastructural study
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Abstract

The distribution and synaptic arrangement of thyrotropin-releasing hormone-, substance P- and enkephalin-immunoreactive
axonal boutons have been studied in the ventrolateral nucleus (Onuf’s nucleus) of the upper sacral spinal cord segments in the cat.
For this purpose, the peroxidase-antiperoxidase immunohistochemical technique was used. Immunoreactive axonal boutons were
traced in complete series of sections in order to reveal synaptic contacts with the bundled dendrites of the ventrolateral nucleus.
As judged from the cross-sectional diameter of the postsynaptic dendrites, the distribution of immunoreactive boutons was non-
random. Enkephalin-immunoreactive axonal boutons, presumed to be mostly of segmental origin, displayed a rather restricted dis-
tribution to mainly (> 80%) medium-to-large dendrites. Thyrotropin-releasing hormone-immunoreactive boutons, that derive from
supraspinal levels, were also found to impinge on medium-to-large dendrites (> 80%), indicating a proximal location within the
dendritic trees. The skewness toward large postsynaptic dendrites was even more marked for thyrotropin-releasing hormone- than
for enkephalin-immunoreactive boutons. Substance P-immunoreactive boutons, that are of either supraspinal or spinal origin,
showed a more even distribution throughout the dendritic trees, including both thin distal branches and thick proximal dendrites.
In view of the well-known fact that virtually all thyrotropin-releasing hormone-immunoreactive boutons in the ventral horn co-
contain substance P (and serotonin) it was assumed that substance P-immunoreactive boutons in synaptic contact with the finest-
calibre dendrites as well as most of those with a very proximal juxtasomatic location on the dendritic trees were of segmental origin,
while those impinging on medium-to-large dendrites could be of either spinal or supraspinal origin. Fine-calibre dendrites (< 1
um) represent about 25% of the dendritic branches in the ventrolateral nucleus, but receive, with the exception of substance P (8%),
very little (< 3%) peptidergic or GABAergic (Ramirez-Leén and Ulfhake, 1993) input, although the degree of dendritic membrane
covering by bouton profiles in the ventrolateral nucleus does not seem to vary much with the calibre of the postsynaptic dendrite
(Ramirez-Leon and Ulfhake, 1993). Both substance P- and enkephalin-immunoreactive axonal boutons established synaptic con-
tact with more than one dendrite. Furthermore, one and the same bouton could be found in contact with two dendrites that were
coupled to each other by a dendro-dendritic contact of desmosomal or puncta adherentia type. This synaptic arrangement was,
however, not seen among thyrotropin-releasing hormone-immunoreactive boutons, indicating that these axonal boutons act on a
single postsynaptic element, while inputs intrinsic to the spinal cord can show a divergence also at the terminal level.
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microscopy

1. Introduction located in two clearly defined motor nuclei of the sacral

spinal cord (e.g. Onuf, 1900; Romanes, 1951; Ueyama et

In the cat, the striated muscles of the pelvic floor and al., 1984): the ventromedial nucleus (VMN; supplying

the external sphincters are innervated by motoneurons the levator ani and the bulbospongiosus muscles; Sato et

al., 1978) and the ventrolateral nucleus (VLN; supplying

— i the sphincter urethrae, the sphincter ani externus and
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et al., 1980). A characteristic of the VMN and VLN is
that their motoneuron dendrites are arranged into
rostro-caudally running dendritic bundles (e.g. Scheibel
and Scheibel, 1970; Matthews et al., 1971; Dekker et al.,
1973; Kerns and Peters, 1974; Anderson et al., 1976;
Konishi et al., 1978; Schroder, 1980; for review, see
Roney et al., 1979). The functional significance of the
dendritic bundle formations has not been established,
but it has been suggested that the frequently occurring
dendro-dendritic contacts (see e.g. Matthews et al.,
1971; Kerns and Peters, 1974) may indicate sites for
information transfer.

According to several studies, both the VMN and
VLN are innervated by classical transmitters, such as
5-hydroxytryptamine (5-HT, serotonin) and noradrena-
line (e.g. Kojima et al., 1984, 1985; Micevych et al.,
1986; Tashiro et al., 1989a,b), as well as by neuropep-
tides, such as substance P (SP), enkephalin (ENK) and
somatostatin (e.g. Glazer and Basbaum, 1980; Hunt et
al., 1981; Erdman et al., 1984; Schroder, 1984; Konishi
et al., 1985, Micevych et al., 1986; Tashiro et al.,
1989a,b). Thyrotropin-releasing hormone (TRH), a pep-
tide that has been shown to coexist with 5-HT in axons
in the ventral horn of the spinal cord (Appel et al., 1987;
Staines et al., 1988; Arvidsson et al., 1990; Wessendorf
et al., 1990), has only been reported in the VLN of pri-
mates (Lechan et al., 1984; Rajaofetra et al., 1992).

The VLN motoneurons have properties that make
them different from other somatic motoneurons; they
are for example selectively spared even in advanced
stages of amyotrophic lateral sclerosis (ALS; see e.g.
Mannen et al., 1977; Sung, 1982). Furthermore, peptide
immunoreactivity is reduced/lost in most other regions
of the ventral cord in cases of ALS, while the dense pep-
tidergic innervation of the VLN is spared (Gibson et al.,
1988, Katagiri et al., 1988). It has therefore been
speculated that the peptidergic input to this nucleus
might contribute to the maintenance of motoneuron in-
tegrity.

Another property of the mentioned sacral motor nu-
clei is the sexual dimorphism that has been described in
the rat. Thus, it has been shown that VLN (Jordan et al.,
1982; McKenna and Nadelhaft, 1986) and VMN
(Breedlove and Arnold, 1980, 1981; McKenna and
Nadelhaft, 1986) motoneurons are both larger and more
numerous in male rats when compared to females. In-
terestingly, no such sex differences have been en-
countered in the nearby located somatic (retro-)
dorsolateral motor nucleus (Jordan et al., 1982; McKen-
na and Nadelhaft, 1986) that supplies the intrinsic mus-
cles of the sole of the foot (e.g. Romanes, 1951; Ulfhake
and Kellerth, 1983). The sex differences in the VLN and
VMN arise during early development and are androgen
dependent (Jordan et al., 1982; Breedlove and Arnold,
1983a,b). Androgens are furthermore believed to be

critical for the maintenance of the synaptic inputs to the
VMN motoneurons in adult male rats (Matsumoto et
al., 1988).

As far as we know, no systematic ultrastructural study
of the peptidergic innervation of the VLN has been done
in the cat. This study was therefore initiated to obtain
information on the distribution and synaptic arrange-
ment of TRH-, SP-, and ENK-immunoreactive (IR) ax-
onal boutons with the bundled dendrites of the VLN.
The data obtained was also compared with similar
observations of GABA-IR boutons (Ramirez-Leén and
Ulfhake, 1993). Some of the results have been published
in abstract form (Ramirez-Ledn et al., 1993).

2. Materigls and methods

Three adult female cats (body wt. 3 kg) were
anesthetized with pentobarbitone-sodium (35-40 mg/kg
body wt.) i.p. and perfused through the descending
aorta with calcium-free Tyrode’s buffer at 35°C, follow-
ed by either a fixative mixture containing 4%
paraformaldehyde, 0.2% (SP, TRH) or 0.5% (ENK)
glutaraldehyde and 0.2% picric acid (Ulfhake et al.,
1987a) dissolved in 0.1 M phosphate-buffered saline
(PBS) or 2% glutaraldehyde alone in 0.1 M PBS (SP,
TRH; Ulfhake et al., 1987b). After the perfusion the spi-
nal lumbosacral segments were quickly removed and
placed in fresh fixative.

The spinal cord tissue was processed for the
peroxidase-antiperoxidase (PAP) method (Sternberger
et al., 1970), essentially following the protocols of Stein-
busch et al. (1978). After repeated rinses in 0.1 M PBS,
the tissue blocks were placed in 5% sucrose buffer at 4°C
until they sank. They were then cut in a series of 40-um-
thick transverse sections on a Vibratome (Oxford Lab.,
USA). The vibratome sections were treated with 1% so-
dium borohydride for 30 min (Willingham, 1983), and
rinsed in 0.1 M PBS, followed by 0.05 M tris-buffered
saline (TBS). The sections were then incubated with pri-
mary antisera (see Table 1) at room temperature on a
shaking table as follows: wash 10 min X 3 in TBS; 1%
normal serum in TBS for 30 min; primary antiserum
against TRH, SP or ENK diluted in 0.05 M BS (see
Table 1) for 12 h; wash 10 min X 3 in 0.05 M TBS;
bridge-antibody (goat anti-rabbit, rabbit anti-rat or rab-
bit anti-mouse; Dakopatts, Copenhagen, Denmark)
diluted 1:40 or 1:60, for 2 h; wash 10 min X 3 in TBS;
PAP-antibody complex (rabbit, rat or mouse PAP com-
plex; Dakopatts, Copenhagen, Denmark) diluted 1:400
or 1:600, for 1 h; wash 10 min X 2 in TBS followed by
10 min in 0.05 M Tris—HCI; reaction with diaminoben-
zidine (Sigma, St. Louis, MO, USA) dissolved in 0.05 M
Tris—HC1 (50 mg/100 ml) and 0.3% H,0,. The reaction
process was checked in the light microscope and stopped
by transferring the sections to 0.05 M Tris—HCI. After
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Table 1
Antisera used in this study

Antigen  Specification Dilution Raised in Reference Absorption test
ENK Leu-ENK; NOCI (mono-

clonal) 1:100 Mouse Cuello et al., 1984 Arvidsson et al., 1992
SP NC1/34 (monoclonal) 1:200 Rat Cuello et al., 1979 Arvidsson et al., 1990
TRH 4319 (polyclonal) 1:1000-2000 Rabbit Visser et al., 1978 Arvidsson et al., 1990

repeated rinses in buffer the sections were transferred to
Marchi’s osmium solution, dehydrated in a graded
series of acetone or ethanol, and embedded in Epon (=
Agar 100 resin; Agar Aids, Essex, England; SP, TRH)
or Durcupan ACM (Fluka Chemie AG, Buchs,
Switzerland; ENK) between plastic foils. The sections
incubated with antiserum against ENK were immersed
in a solution of 2% glutaraldehyde in PBS for 1 h be-
tween the rinses in PBS and the Marchi staining, in
order to improve the fine structure preservation.

The antisera used here have been characterized in pre-
vious studies, showing their selectivity in staining for
TRH-, SP- or ENK-like immunoreactivity (LI), respec-
tively. Thus, radioimmunoassay showed no cross-
reactivity for the antiserum against SP with brain pep-
tides such as @-endorphin, leu-enkephalin, met-
enkephalin or somatostatin (Cuello et al., 1979), nor did
the antiserum against ENK cross-react with a number of
investigated peptides (8-endorphin, dynorphin, vaso-
active intestinal peptide, bombesin, angiotensiny,
neurotensin, bradykinin and somatostatin; see Cuello et
al., 1984). The TR H-antiserum was shown to bind more
selectively to the antigen against which it was raised,
than to several TRH derivatives (Visser et al., 1978). Ac-
cording to control experiments, there was a complete
absence of immunostaining after preabsorption of the
antisera with an excess of the respective antigen (tested
according to Wessendorf and Elde, 1985; see Arvidsson
et al., 1990 for SP and TRH test results, and Arvidsson
et al., 1992 for ENK test results). Finally, control sec-
tions incubated according to the PAP protocol describ-
ed above, but omitting the respective primary antisera,
were completely devoid of specific immunostaining. It
can, however, not be completely ruled out that a hither-
to unrecognized peptide possessing an epitope to which
the antiserum cross-reacts, is present in the studied
tissue.

Two vibratome sections for each immunoreactivity
were re-embedded in Epon (SP, TRH) or Durcupan
ACM (ENK), trimmed down and cut in series of ultra-
thin sections on an ultramicrotome (LKB, Stockholm,
Sweden), mounted on alternating one-hole formvar-
coated copper grids or nickel mesh grids and counters-
tained with uranyl acetate and lead citrate. As mention-
ed in earlier studies, there was a general decrease in
staining intensity with increasing depth of the tissue sec-
tions (see e.g. Priestley and Cuello, 1983; Ulfhake et al.,

1987a). Since the main aim of this study was to obtain
information on the synaptic arrangement of IR axonal
boutons with the bundled dendrites of the VLN, the se-
lected vibratome sections for electron microscopy were
those that could provide the best fine structure and had
a high specific-to-background signal ratio. Normally
these sections contained a fewer number of IR profiles,
but also in such sections labeled profiles were still
encountered at some depth (~10-15 pm).

The ultrathin sections were analyzed and photograph-
ed in a 301 or CM12 Philips electron microscope. To
identify synaptic complexes, IR axonal boutons were
traced from end to end through serial consecutive sec-
tions. In most cases, each bouton profile was photo-
graphed on each or every second section. The cross-
sectional area of the postsynaptic elements (i.e.
dendrites) was measured directly from the micrographs
(final magnification x 21,624) using a digitizing tablet
(Summagraphic™) and a Bioquant™ image analysis
system (R&M Biometrics, Inc., Nashville, TN, USA).
From these data the equivalent dendritic diameters (= 2
X (sq.root(area/w))) were calculated in order to arrange
the postsynaptic dendrites into diameter bins and esti-
mate the distribution of the studied peptides within the
dendritic trees of the VLN. Only dendrites cut perpen-
dicularly, i.e. those with a rostro-caudal orientation,
were subjected to analysis. This was determined by in-
spection of the neurotubuli profiles that appeared as
elongated rather than circular or near-circular, if not cut
at a right angle. Dendrites that extend into the ventrolat-
eral bundle (VLB) deriving from other adjacent neuro-
nal groups (see also Discussion) will in most cases have
an oblique or transverse path.

Statistical analyses included Kruskal-Wallis analysis
of variance for multiple groups, Mann-Whitney two-
sample test (U-test) and contingency table analysis of
bin data. The level of significance was set at P < 0.05.

The use of cats and the performed experiments for the
purpose of this study were approved by the Local
Ethical Committee (i.e., Stockholms Norra Djurfor-
sOksetiska Namnd; project N27/90).

3. Results

Fig. 1A shows the general appearance of the VLN.
The neuropil is completely dominated by the occurrence
of rostro-caudally oriented dendrites, forming the VLB.
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Also neuronal cell bodies in the a-motoneuron size-
range, presumed to be the parent motoneurons of the
bundled dendrites, can be seen.

The equivalent dendritic diameter (see Materials and
methods) of a reference sample of 358 rostro-caudally
oriented dendrites deriving from a randomly selected
cross-section through the VLN region of the spinal cord,

was compared with the calibre values of a larger materi-
al that comprised dendritic branches (n = 1906) belong-
ing to gastrocnemius a-motoneurons (data replotted
from Burke et al., 1992). As can be seen in the histogram
of Fig. 2A, the distribution of dendrites is rather similar
in the two materials (P = 0.20; U-test of the original
data sets). Furthermore, since the gastrocnemius materi-

Fig. 1. Electron micrographs of TRH-IR boutons in the VLN. (A) Low-power micrograph showing an overview of the VLN. The neuropil is
dominated by the occurrence of bundled dendrites and large neuronal cell bodies. Dotted line indicates the border between white (= wh.m.) and
grey matter. (B) Micrograph from an ultrathin section adjacent to the one in (A), illustrating the framed region at higher magnification. Here, two
TRH-IR profiles (arrow C, arrowhead) can be seen. One of them forms a synaptic junction (arrow C) with a medium-calibre dendrite participating
in a dendro-dendritic contact (arrow D). (C,D) High-power micrographs of the axo-dendritic synaptic complex (C) and the dendro-dendritic contact
site (D; arrowheads). In (C), arrowheads point at Taxi bodies located subsynaptically. (E) One of the few TRH-IR boutons that is in synaptic con-
tact (arrowhead) with a fine-calibre dendrite. (F) A TRH-IR bouton forming a synaptic junction (arrowhead) with a dendrite that participates in
a dendro-dendritic contact (the extent of the apposition is indicated by arrows). Note the intense PAP-labeling of large dense core vesicles (white
arrow). The dendro-dendritic junctional complex is shown at higher magnification in the inset micrograph. Note the juxta-junctional accumulation
of electron dense material. Scale bars: (A) 20 um; (B) 2 um; (C-F) 0.5 pum; inset (F) 0.2 um.
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Fig. 2. (A) Histogram showing the normalized frequency distribution of dendritic branches into different diameter bins for two reference materials;
VLB dendrites (grey) and gastrocnemius motoneuron dendrites (black: data replotted from Burke et al., 1992). Vertical bars represent the frequency
values for each diameter bin, and the upper limit diameter value separating bins has been indicated on the abscissa. Inset shows the relationship
between dendritic branch diameter and proximo-distal path distance from the cell soma for the gastrocnemius material (data replotted from Burke
et al., 1992). Average values and S.D. have been indicated. (B) Electron micrograph of a fine-calibre dendrite (= d) in synaptic contact with three
uniabeled boutons (b = bouton). illustrating that also the finest dendritic branches receive synaptic input. Scale bar: 0.5 um.

al derives from complete reconstructions of
physiologically identified a-motoneurons intracellularly
labeled with horseradish peroxidase, it does not include
any sampling bias for fine-, medium- or large-calibre
dendritic branches.

3.1. TRH-IR axonal boutons

Thirty-four TRH-IR boutons with identified synaptic
complexes were traced in series of consecutive sections.
The postsynaptic element was always a dendrite, with a
diameter of, on average, 3.2 ym (£ 1.4 um S.D.). The
diameter range of the postsynaptic dendrites (0.9-7.1
pm) indicated that TRH-IR boutons may contact both
thick proximal dendrites (Figs. 1B,C,F) and thin distal
branches (Fig. 1E). Dendrites postsynaptic to TRH-IR
boutons were often involved in dendro-dendritic con-
tacts of desmosomal or puncta adherentia type (Figs.
1B,D,F). In addition, some vesicle-containing TRH-IR
axonal varicosities that were traced in series appeared to
be devoid of synaptic specializations and seemed to be
separated from nearby neuronal elements by thin glial
processes (not shown).

The fine structure of TRH-IR boutons in the VLN
was similar to that previously described in the L7 motor
nucleus of the cat (Ulfhake et al., 1987a) and coincided
also in general with that reported here for SP-IR
boutons (see Fig. 3B and also below). Thus, TRH-IR
boutons contained mainly small agranular vesicles,
apparently of spherical or pleomorphic type, and a vary-

ing number of intensely labeled large granular (dense
core) vesicles (Fig. {F). Taxi bodies could sometimes be
encountered subsynaptically (Fig. 1C).

3.2. SP-IR axonal boutons

Twenty-six SP-IR boutons disclosing clear synaptic
specializations were traced in series. They were seen in
synaptic contact with bundled dendrites that had, on
average, a diameter of 2.9 um (£ 2.2 um S.D.; range
0.9-10.6 um). Thus, both small- (Fig. 3A) and large-
calibre dendrites (not shown) receive SP input. An
interesting feature, not observed among TRH-IR
boutons, was that one and the same SP-IR bouton could
be found in synaptic contact with two adjacent dendrites
(Figs. 3C.D). Vesicle-containing IR axonal varicosities
that appeared devoid of synaptic specializations were
also found in the SP material (not shown).

The PAP labeling pattern of SP-IR boutons did not
differ from that of TRH-IR boutons. Synaptic vesicles
were either of the small agranular or large granular
(dense core) type (Fig. 3B). The vast majority of the IR
boutons were heavily labeled with PAP reaction prod-
uct, which impeded a detailed analysis of vesicle shape.
In lightly stained boutons (see e.g. Fig. 3B) the shape of
agranular vesicles appeared, however, to be spherical or
pleomorphic.

3.3. ENK-IR axonal boutons
Twenty-nine ENK-IR boutons were traced through
the section series and all of them were in synaptic con-
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Fig. 3. Electron micrographs of SP-IR boutons in the VLN. (A) Two SP-IR boutons (b, b,), each of them forming a synaptic junction {(arrow-
heads) with a fine-calibre dendrite (d,, d,). (B) SP-IR boutons (stars), two of them in close apposition with a longitudinally sectioned proximal
dendrite (d). The region indicated by a big arrow is seen at higher magnification in the inset micrograph. The mitochondria (arrows in inset) and
dense core vesicles (arrowheads in (B)) of the labeled bouton (B;) are coated with PAP reaction product, which is to be compared with the ones
of the adjacent unlabeled bouton (B,). Note also the spherical shape of the agranular vesicles in B, (arrowhead in inset) compared to the flat vesi-
cles (double arrowheads in inset) seen in B,. (C,D) Selected micrographs from a series of ultrathin sections through an SP-IR bouton that is in
synaptic contact (arrowheads) with two adjacent dendrites, d; and d4. Scale bars: (A) 0.5 um; (B-D) 1 um; inset (B) 0.2 ym.
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tact with bundled dendrites (Figs. 4A—~D). The diameter
of the postsynaptic elements was on average 2.7 um ( +
I.1 um S.D.; range 1.1-5.3 um). A difference between
ENK-IR boutons and those IR to TRH or SP, was that
non-synaptic ENK-IR profiles were not seen. As in the
SP material, one and the same ENK-IR bouton could be
found in synaptic contact with two adjacent dendrites
(Figs. 4A,C,D). The postsynaptic dendrites involved in
such arrangements were often coupled to each other by
dendro-dendritic contacts (Figs. 4A,C,D).

The PAP labeling characteristics were identical to
those of the TRH and SP materials; ENK-IR boutons

contained thus both small agranular and large dense
core vesicles. The former vesicles appeared to be spher-
ical in shape (Figs. 3B,C), which agrees with the results
from a previous ultrastructural study of the cat sacral
parasympathetic ganglia (Kawatani et al., 1989).

3.4. Distribution of IR boutons within the dendritic
arborizations

As has been previously shown (e.g. Ulfhake and
Kellerth, 1981), dendritic diameter declines with increas-
ing path distance from the cell soma (see also inset to
Fig. 2A), due to both calibre decrease across branching

Fig. 4. Electron micrographs of ENK-IR boutons in the VLN. (A) Low-power micrograph of a region in the VLN, where several ENK-IR boutons
(arrowheads) can be seen in the vicinity of bundled dendrites. (B) Micrograph from an ultrathin section adjacent to the one in (A) (see arrow B).
showing an ENK-IR bouton in synaptic contact (arrow) with a medium-calibre dendrite. Note the spherical shape of the synaptic vesicles. (C,D)
Micrographs from ultrathin sections adjacent to the one in (A} (see arrow C). An ENK-IR bouton is seen forming synaptic junctions (arrows in
(C) and (D)) with two dendrites (d;, d5) that are coupled to each other. Big arrowheads in (C) and (D) point to the dendro-dendritic contact site.
Small arrowheads in (C) indicate the presence of dense core vesicles in the labeled bouton. Scale bars: (A) 2 pm: (B=C) 0.5 pm; (D) 0.2 pm.
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Fig. 5. (A-D) Histograms illustrating the normalized frequency distribution of the diameter of bundled dendrites (black vertical bars) postsynaptic
to boutons IR to (A) TRH, (B) SP, (C) ENK or (D) GABA (data replotted from Ramirez-Ledn and Ulfhake, 1993), respectively. Vertical bars
represent the frequency values for each diameter bin, and the upper limit diameter value separating bins has been indicated on the abscissa. The
data sets have been compared with a reference material of VLB dendrites (grey vertical bars; see also Fig. 2A). (E) In this diagram the VLB reference
sample has been arranged into 4 bins, each of them comprising about the same number of observations, i.e. ~25%. The data sets of dendrites
postsynaptic to the respective immunoreactivities were arranged accordingly, in order to allow comparison and statistical tests (for details, see text).
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points and calibre tapering between branching nodes.
The probability of encountering thick dendrites is
therefore higher close to the cell body, while the reverse
is true for fine-calibre dendrites. Thus, the proximo-
distal location of synaptic inputs within the dendritic
trees can be inferred from the size of the postsynaptic
dendrites. The current data sets obtained from ENK, SP
and TRH immunostaining were therefore plotted
against the reference sample of VLB dendrites described
above (see Fig. 2A), in order to judge if the distribution
of the respective synaptic inputs was biased towards
proximal or distal dendritic branches (see Fig. 5). For
comparison, a data set of GABA-IR boutons inner-
vating the bundled dendrites of the VLN (data replotted
from Ramirez-Leon and Ulfhake, 1993) was also in-
cluded.

In the histograms of Fig. 5 it can be seen that only SP-
IR boutons displayed a frequency distribution in-
dicating that this input is rather evenly distributed
across the dendritic trees of the VLN. The other three
messenger substances showed an only marginal (TRH,
GABA) or no input at all (ENK) on fine-calibre bran-
ches. Analysis of variance revealed a statistically signifi-
cant variance between the original data sets of dendrites
(Kruskal-Wallis; P < 0.001). In order to study this fur-
ther, the reference sample of VLB dendrites was divided
into 4 diameter bins (< 0.98 um, n = 89; 0.98-1.57 um,
n=90; 1.58-2.17, n=89; > 2.17 um, n =90), with
each bin comprising about the same number of observa-
tions. The 4 groups of dendrites postsynaptic to the dif-
ferent immunoreactivities were then arranged into the
same diameter bins as the VLB sample (see Fig. SE) and
subjected to contingency table analysis. Chi-square
statistics revealed that the distribution of both ENK-
and TRH-IR boutons displayed a highly significant
deviation (P < 0.001) from the distribution of the refer-
ence sample, with a marked skewness towards thicker
dendrites. Also the distribution of GABA-IR boutons
differed from that of the VLB sample (P < 0.01), while
the population of dendrites postsynaptic to SP-IR
boutons did not disclose a corresponding statistically
significant difference (P = 0.06).

4. Discussion

4.1. Origin and spatial distribution of TRH-, SP- and
ENK-IR synaptic boutons in the VLN

The motoneurons supplying the sphincter urethrae,
the sphincter ani externus and the ischiocavernosii mus-
cles are the main neuronal components of the VLN (e.g.
Sato et al.. 1978; Kuzuhara et al., 1980; Schroder, 1980;
McKenna and Nadelhaft, 1986). Anatomical studies
have shown that these motoneurons are the source of or-
igin for the dendrites in the rostro-caudally oriented
VLB (see e.g. Roney et al., 1979; Bellinger and Ander-

son, 1987). Dendritic profiles included in this study were
all confined to the VLB region and had a rostro-caudal
orientation. Thus, it is most likely that the vast majority
derived from VLN motoneurons, although an inter-
neuronal origin can not be completely excluded for a
minor portion of the dendrites. Dendrites extending into
the VLN from adjacent nuclei in the ventral horn will in
most cases have a radial or transverse orientation (see
e.g. Ulfhake and Kellerth, 1983) and have thus been
excluded from the dendritic profiles analyzed here.

The current study shows that there are differences in
the spatial distribution of ENK, SP and TRH inputs to
the VLN motoneurons. It is of interest in this context
that these messenger substances also differ from each
other with respect to their origin(s). Thus, TRH-IR
boutons in the spinal cord motor nuclei have been
shown to derive exclusively from supraspinal levels
(Hokfelt et al., 1980; Johansson et al., 1981; Gilbert et
al., 1982; Arvidsson et al., 1990), and this seems also to
be the case in the VLN (Ramirez-Leon et al., 1994). Fur-
thermore, it has been reported that most, if not all, im-
munoreactive TRH in the motor nuclei is confined to
axonal fibers of the serotoninergic bulbospinal system
(Johansson et al., 1981; Arvidsson et al., 1990). The vast
majority, if not all, of the here studied TRH-IR axonal
boutons belong therefore with all probability to this
system. TRH-IR boutons had a preferential distribution
to medium-to-large dendrites, indicating a proximal
allocation within the dendritic trees of VLN motoneur-
ons (Fig. 6A). In comparison, SP-IR boutons were
encountered impinging on dendrites of all calibre sizes
and with a frequency distribution indicating a more even
allocation throughout the dendritic trees than the other
immunoreactivities studied here (Fig. 6A). SP immuno-
reactivity is found in primary afferents and neurons
intrinsic to the spinal cord (Hokfelt et al., 1975;
Ljungdahl et al., 1978; Tessler et al., 1980, 1981), as well
as in a substantial number of the descending 5-HT-IR
fibers in the ventral horn motor nuclei (Hokfelt et al.,
1978; Johansson et al., 1981; Gilbert et al., 1982; Tashiro
and Ruda, 1988; Arvidsson et al., 1990). This seems also
to be the case in the VLN of the rat (Micevych et al.,
1986) and cat (Erdman et al., 1984; Tashiro et al., 1989b;
Ramirez-Ledn et al., 1994). It may then be that in the
VLN the SP-IR boutons in synaptic contact with thick
stem dendrites and fine-calibre distal branches belong to
circuitries intrinsic to the spinal cord, while those imp-
inging on medium-to-large dendrites can be of either
spinal or supraspinal origin (Fig. 6A). Many of the latter
SP-IR boutons may belong to the descending 5-HT sys-
tem also containing TRH-LIL

The descending 5-HT system (Dahlstrom and Fuxe,
1964) has a well-established facilitatory effect on the
excitation of spinal motoneurons (White, 1985; for
references see also Arvidsson et al., 1990). The role of
the coexistent peptides TRH and SP in serotoninergic
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Fig. 6. (A) Schematic drawing of a VLN dendritic tree showing the spatial distribution of TRH, SP, ENK and GABA inputs. The area depicted
represents the relative distribution of dendritic membrane area at different distances from the cell body. (B) Schematic drawing illustrating the
synaptic arrangement of IR axonal boutons on bundled dendrites of the VLN. TRH-IR boutons are only seen in contact with a single postsynaptic
element. SP- and ENK-IR boutons can also be found in synaptic contact with 2 dendrites, while one and the same GABA-IR bouton often is in

synaptic contact with 2-3 dendrites.

transmission is not fully understood, but TRH can
depolarize motoneurons and is believed to enhance the
facilitatory effect of 5-HT. It has been shown that SP
has a similar effect, and available evidence indicates in
addition that SP acts via presynaptic mechanisms at the
5-HT synapse. Interestingly, it has recently been shown
that the 5-HT system may modulate the descending in-
hibition of spinal sexual reflexes (Marson and McKen-
na, 1992), exerting thus a direct action on pudendal
motoneurons.

The VLN seems to have a denser network of ENK-IR
axons when compared to other motor nuclei of the lum-
bosacral spinal cord (e.g. Glazer and Basbaum, 1980;
Hunt et al, 1981, Romagnano and Hamill, 1985;
Katagiri et al., 1986) such as, for example, the nearby
located (retro-) dorsolateral motor nucleus that supplies
the intrinsic muscles of the sole of the foot (Romanes,
1951; Ulfhake and Kellerth, 1983). The ENKergic distri-
bution is furthermore rather similar to that seen in the
sacral parasympathetic nucleus (SPN; e.g. de Groat et
al., 1983; Romagnano and Hamill, 1985; Katagiri et al.,
1986; Gibson et al., 1988). Thus, the dense ENK-IR
innervation of the SPN and VLN may indicate a parallel
organization of the synaptic input, co-ordinating somat-
ic and parasympathetic reflex circuitries in these regions.

Although it has been observed that cell bodies in the
raphé nuclei of the medulla oblongata stain for both 5-
HT- and ENK-LI (Glazer et al., 1981; Hunt and Lovick,
1982; Léger et al., 1986; Millhorn et al., 1989), double
and triple labeling studies have failed to demonstrate a
corresponding degree of coexistence between 5-HT- and
ENK-LI in the ventral horn motor nuclei (Tashiro et al.,
1988; Wessendorf et al., 1990). Furthermore, no major
changes have been reported in the density of ENK-IR

axons in the VLN following spinal cord transection (e.g.
Erdman et al., 1984; Konishi et al., 1985; Micevych et
al., 1986; Romagnano et al., 1987; Tashiro et al., 1989b;
Ramirez-leén et al., 1994), indicating that the main
source of origin for the ENK input to this nucleus is spi-
nal. In this study, ENK-IR synaptic boutons were en-
countered exclusively on medium-to-large dendrites
(Fig. 6A). Thus, ENK-LI does not seem to be associated
with peripheral input(s) to the dendritic trees of the
VLN. ENK has an inhibitory effect on spinal motoneur-
ons (e.g. Zieglginsberger and Tulloch, 1979; Suzuki et
al., 1986) as well as on both central and ganglionic
synapses of the visceral parasympathetic reflex
pathways (de Groat et al., 1983). Whether this in-
hibitory action also is valid for VLN motoneurons re-
mains to be elucidated. It is, however, of interest in this
context that GABA, a well-established inhibitory neuro-
transmitter (for review, see Rudomin, 1990) of mainly
spinal origin (e.g. Tappaz et al., 1976; Barber et al,
1982), has a distribution to the VLN motoneuron den-
drites similar to that of ENK (Ramirez-Leén and
Ulfhake, 1993). However, an extensive GABAergic
input to the cell bodies in the VLN is also present
(Ramirez-Leén and Ulfhake, 1993), which was not
observed among the ENK-IR boutons in the material
studied here.

Fine-calibre dendrites (< 1 um) represent about 25%
of the dendritic branches in the VLB, but receive, with
the exception of SP (8%), very little (< 3%) peptidergic
or GABAergic input, although the degree of dendritic
membrane covering by bouton profiles in the VLN does
not seem to vary much with the calibre of the postsynap-
tic dendrite (Ramirez-Ledn and Ulfhake, 1993; see also
Fig. 2B in this study).
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4.2. Synaptic arrangement of the peptidergic and
GABAergic input to the VLN

It has been shown in the VLN that one and the same
axonal bouton can establish synaptic contact with
several adjacent dendrites (see e.g. Kerns and Peters,
1974; Konishi et al., 1978). This is a common feature of
the GABAergic input to the VLN, where one GABA-IR
bouton can be found in contact with 2-3 dendrites
(Ramirez-Le6n and Ulfhake, 1993). In addition, the
postsynaptic dendrites involved are often coupled to
each other through dendro-dendritic contacts of
desmosomal or puncta adherentia type. In this study we
also show that both SP- and ENK-IR boutons often are
engaged in dual contacts with dendrites, although such
contacts were not as frequent as in the GABA material.
Interestingly, a similar arrangement was not observed
for TRH-IR boutons. According to morphological stud-
ies, axons frequently form en passant synaptic junctions
irrespective of the transmitter content of the axon ter-
minals involved, and this arrangement may be a means
for single axons to diverge to several postsynaptic tar-
gets. Both light and electron microscopic studies of the
5-HT bulbospinal pathway (e.g. Fuxe, 1965; Ulfhake et
al., 1987a; Arvidsson et al., 1990) have shown that en
passant type of boutons is very common in this system.
In this study, it is shown that spinal inputs to the VLN
also display another type of divergence at the terminal
level, while the supraspinal input to the VLN seems
rather to be a point-to-point system with each axonal
bouton acting on a single postsynaptic element (Fig.
6B). A possible role for the divergence at the terminal
level may be to further enhance synchronized activa-
tion/deactivation of VLN motoneurons that participate
in viscero-somatic reflexes such as those resulting in
micturition, defecation and ejaculation.

Finally, a number of TRH- and SP-IR axonal
varicosities that were traced through serial consecutive
sections appeared to lack synaptic specialization and
even direct membrane apposition with neuronal ele-
ments, a feature that has also been reported from the L7
motor nucleus of the cat (Ulfhake et al., 1987a). It is dif-
ficult, however, to judge the frequency of occurrence of
non-synaptic axonal boutons in material as the one used
in this study, since small synaptic specializations may
have escaped detection due to the heavily labeling by
PAP reaction product. Non-synaptic boutons may,
however, represent a considerable fraction of the total
number of boutons (see also Ulfhake et al., 1987a).
Whether such axonal boutons liberate their messenger
molecules into the extracellular space to act in a
‘parasynaptic’ mode through diffusion remains however
to be elucidated.
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