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Abstract

In the present study we have employed immunoperoxidase techniques to investigate the distri-
bution of vasoactive intestinal polypeptide (VIP)-like immunoreactivity in the spinal cord and
sensory ganglia of the cat. The spinal distribution of VIP-containing neuronal processes was also
compared with that of substance P (SP), somatostatin (SOM), and cholecystokinin-8 (CCK) at
lumbar, sacral, and coccygeal levels.

At sacral levels, VIP was found to be contained in small and medium-sized primary sensory
neurons and in dorsal rootlets. Deafferentation, by either ganglionectomy or dorsal rhizotomy,
resulted in a nearly complete loss of VIP immunoreactivity in the spinal cord. The spinal distribution
of VIP fibers and terminals was most dense and extensive in sacral segments. Forming a thin shell
around the dorsal horn, collaterals, apparently originating from Lissauer’s tract, projected either
medially or laterally through lamina I. Laterally, many VIP axons terminated in lateral laminae V
to VII. Others projected further through the neck of the dorsal horn to medial lamina V and the
gray matter near the central canal. Medially, VIP axons descended through lamina I to expand into
terminal fields in the posterior commissure and medial lamina V.

At the ultrastructural level, VIP-like immunoreactivity was found in dense core vesicles within
axonal enlargements containing both large dense core and smaller clear round vesicles. Synaptic
connections were infrequently observed but, when encountered, were of the simple axodendritic
type.

The spinal distribution of VIP-containing fibers was remarkably similar to that reported for
pelvic nerve visceral afferents, both in termination patterns within the spinal gray matter and in
localization to the sacral cord. The density of SP-, SOM-, and CCK-containing fibers and terminals
was constant at all levels examined (L4 to Co4). In marked contrast, the distribution of VIP fibers,
much like that of pelvic nerve afferents, was mostly confined to sacral segments.

Thus, although SP, SOM, and CCK may be contained within a population of sacral visceral
afferents, they must be common to afferent systems in other segments as well. VIP, however,
appears to be preferentially contained within pelvic visceral afferent fibers confined mostly to sacral

segments.

Although originally isolated from the gastrointestinal
tract (Said and Mutt, 1970), vasoactive intestinal poly-
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peptide (VIP), a compound containing 28 amino acid
residues, was soon discovered in both neural cell lines
and nervous tissue (Bryant et al., 1976; Larsson et al.,
1976; Said and Rosenberg, 1976). Subsequent studies
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have demonstrated a widespread, but selective, distribu-
tion of immunoreactive VIP in both the central and
peripheral nervous systems (Fuxe et al., 1977; Emson et
al., 1978, 1979; Besson et al., 1979; Giachetti and Said,
1979; Larsson, et al., 1979; Loren et al., 1979; Costa et
al., 1980; Hokfelt et al., 1980; Gibson et al., 1981; Yaksh
et al., 1982).

Our initial investigations of the immunohistochemical
distribution of VIP in the spinal cord were prompted by
brief but consistent descriptions of the presence of VIP
fibers in the superficial layers of the spinal dorsal horn
and the gray matter surrounding the central canal (Gib-
son et al., 1981; Hokfelt et al., 1982). The superficial
dorsal horn has been shown to play a major role in
nociceptive function (Christensen and Perl, 1970; Ku-
mazawa and Perl, 1976), and more recently, the region
around the central canal has been suggested to process
noxious information (Honda and Perl, 1981). The re-
ported distribution of VIP within these two spinal re-
gions, and the cellular localization of VIP in some small-
diameter sensory neurons (Lundberg et al,, 1978), sug-
gested a possible nociceptive function for VIP-containing
neuronal elements in the spinal cord.

Utilizing both light and electron microscopic immu-
nohistochemical techniques, we have investigated the
origin and distribution of VIP-like immunoreactivity in
the lumbar, sacral, and coccygeal spinal segments of the
cat. Our results demonstrate the presence of VIP im-
munoreactivity in dense core vesicles of primary afferent
fibers of the sacral spinal cord and reveal a much wider
distribution within the gray matter than has been de-
scribed previously. The nearly complete restriction of
VIP fibers to the sacral segments is in agreement with
recent preliminary reports (Basbaum and Glazer, 1982.
Kawatani et al., 1982). It is suggested that, unlike sub-
stance P, somatostatin, or cholecystokinin, VIP-contain-
ing fibers may be preferentially associated with an affer-
ent system, such as the pelvic visceral nerves, which is
restricted to the sacral spinal cord. Portions of these data
have been presented previously in abstract form (Honda,
1982).

Materials and Methods

Tissue preparation. Deeply anesthetized (sodium pen-
tobarbital; 40 mg/kg) adult cats of both sexes were per-
fused through the carotid artery with 0.4% paraformal-
dehyde in 0.075 M phosphate-buffered saline (PBS) at
37°C. This was followed by 4% paraformaldehyde for
light microscopy (LM) or 3 to 4% paraformaldehyde/
0.2% glutaraldehyde for electron microscopy (EM), both
in 0.1 M PBS at 4°C. Spinal segments and ganglia were
carefully excised and postfixed in 2 to 4% paraformal-
dehyde for 6 to 12 hr at 4°C, then rinsed with frequent
changes in 0.01 M PBS at 4°C for at least 24 hr. In some
cases, animals were pretreated with a subdural applica-
tion of colchicine (10 ul; 2 to 4% in saline) and main-
tained anesthetized for 24 hr before perfusion.

Immunohistochemical procedures. Both transverse and
horizontal Vibratome sections (50 um) from spinal seg-
ments lumbar 4 through coccygeal 4 were collected in
PBS. To promote the penetration of reagents, the LM
sections were then subjected to a series of ethanols (50%,
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10 min; 70%, 15 min; 50%, 10 min; PBS). The sections
destined for EM analysis were pretreated with a less
harsh series of ethanols (10-25-50-25-10%) for 2 min
each before being returned to PBS.

All sections were then placed in 2% normal sheep
serum (NSS) in PBS (10 min) before being incubated
with primary antisera at 4°C for approximately 24 hr.
Following this incubation, sections were processed ac-
cording to the unlabeled antibody (peroxidase-antiper-
oxidase; PAP) method (Sternberger, 1979), using modi-
fications previously described (Petrusz et al., 1975). This
consisted of sequential applications of sheep anti-rabbit
gamma globulin (Antibodies Inc., Davis, CA) and PAP
complex (Sternberger-Meyer Immunocytochemicals,
Jarrettsville, MD), both used at dilutions of 1:100 for 20
min at room temperature. Subsequent to the PAP incu-
bation, sections were reacted with 0.075% 3,3’ -diaminob-
enzidine tetrahydrochloride monohydrate (DAB; Aldrich
Chemical Co., Milwaukee, WI) and 0.002% H,O; in Tris
buffer for 10 min. Following 10-min rinses, first in Tris
buffer and then in PBS, LM sections were mounted on
slides, dried, sometimes counterstained, cleared, and cov-
erslipped; EM sections were processed as described be-
low. Most of the data presented are from Vibratome-
sectioned material. The results have been confirmed with
the PAP technique in both frozen and paraffin-embedded
material.

Antisera employed. All primary antisera were produced
in rabbits and diluted in PBS (0.1 M)/NSS (1%)/NaN;
(0.1%). An antiserum raised against unconjugated syn-
thetic porcine VIP (No. 676) was kindly supplied by
Calbiochem-Behring Corp. (Palo Alto, CA) and was used
at dilutions of 1:4000 to 1:8000. The antiserum raised
against thyroglobulin-conjugated somatostatin (No. 669)
was generously provided by S. Reichlin (New England
Medical Center, Boston, MA). This serum was used in
this study at dilutions of 1:4000 to 1:6000. Antisera
directed against substance P (No. 353) and cholecysto-
kinin 56_33 (CCK-8; No. 7183), both conjugated to hemo-
cyanin, were obtained commercially from Immunonu-
clear Corp. (Stillwater, MN) and utilized at dilutions of
1:1000 to 1:3000.

Control absorptions. The specificity of each primary
antiserum was tested by preabsorption with a graded
series of concentrations (0.015 to 150 ug of antigen/ml
of antiserum at working dilution) of each of the following
antigens: synthetic porcine VIP (Peninsula Laboratories,
San Carlos, CA), substance P (Beckman Instruments,
Inc., Palo Alto, CA), somatostatin (Sigma Chemical Co.,
St. Louis, MO), and cholecystokinin .4 35, sulfated
(Sigma).

Surgical deafferentation. Unilateral deafferentation of
the sacral cord was accomplished under sterile conditions
in anesthetized animals (sodium pentobarbital; 35 mg/
kg). The contribution of dorsal root afferent fibers to
VIP immunoreactivity was assessed by a dorsal rhizo-
tomy. The dorsal roots (S1 to S3) were visualized and
sectioned unilaterally through a partial laminectomy of
the L6 and L7 vertebrae. A unilateral ganglionectomy
was performed to evaluate the possible contribution of
ventral root afferents to VIP immunostaining. Sacral
ganglia (S1 to S3) were visualized and excised through
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an opening made in the dorsolateral aspect of the sacrum.
Both types of experimental animals were allowed to
survive for 12 days following surgery.

Electron microscopy. Subsequent to immunohisto-
chemical processing, Vibratome sections were flat em-
bedded for EM as described by Metz et al. (1983). Briefly,
the sections were reacted in a phosphate-buffered 2%
osmium tetroxide solution for 40 min, washed in PBS,
dehydrated in graded ethanols and propylene oxide, and
embedded in a mixture of Epon and Araldite epoxy resins
between Teflon-coated coverslips. After polymerization,
the coverslips were removed and the sections were ex-
amined with the light microscope. Selected regions of the
dorsal horn containing VIP-positive structures were pho-
tographed and traced with a drawing tube attachment.
These regions were then cut from the flat embedded
sections and glued to the surface of a blank Epon block.
The blocks were trimmed, and the sections were recut
into serial ultrathin sections on an ultramicrotome and
mounted onto Formvar-coated, single-slot grids. Both
unstained sections and those contrasted with uranyl
acetate and lead citrate were studied under a JEM 100B
electron microscope.

Results

Light microscopic observations

Control absorptions. Specific staining by each anti-
serum was diminished in a progressive fashion by im-
munoabsorption with very low concentrations (0.015 to
1.5 pg/ml of antiserum) of its respective antigen. For
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example, VIP immunostaining in the dorsal horn was
blocked by more than 50% with 0.015 ug of VIP/ml; the
remaining dorsal horn staining, as well as that in Lis-
sauer’s tract and around the central canal, was not abol-
ished until concentrations of 1.5 ug/ml were employed.
Preabsorption of the antisera with an excess of heterol-
ogous antigens (150 ug/ml) did not indicate any signifi-
cant cross-reactivity with other peptides in this study.
This does not, however, eliminate the possibility that
other, as yet unidentified or untested endogenous mole-
cules might contain cross-reactive amino acid sequences.
VIP-like immunoreactivity in the spinal cord. At the
light microscopic level, VIP-like immunoreactivity was
easily distinguishable as a dense and uniformly distrib-
uted DAB reaction product, imparting a Golgi-like ap-
pearance to positively stained elements. A consistent
feature of VIP-immunoreactive staining in the spinal
cord was its apparent restriction to fiber-like structures.
VIP was clearly visualized in long continuous axons,
preterminal and terminal arborizations, and in both en
passant and terminal enlargements. Within the sacral
spinal cord, VIP was characteristically distributed to
three regions: the superficial dorsal horn, the interme-
diate zone, and the gray matter adjacent to the central
canal. As Figure 1 illustrates, these regions form a single
semicircular area in the transverse plane. The origin,
trajectories, and projection patterns of VIP-containing
fibers in each of these areas will be described in detail.
VIP was found in many dorsal root fibers, and some
fibers occasionally were seen traveling in the dorsolateral
funiculus. The densest labeling, however, was concen-

Figure 1. Typical pattern of VIP-like immunoreactivity in a transverse section of sacral spinal cord. Arrows indicate
immunoperoxidase staining in laminae I and V to VII, and dorsal to the central canal. Unless noted otherwise, this and
subsequent photomicrographs are of 50-um Vibratome sections from the second sacral segment stained according to the PAP

technique.
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trated in Lissauer’s tract (LT) and represented predom-
inantly longitudinally oriented smooth and varicose ax-
ons (Fig. 2A). VIP fibers, apparently originating from
LT, formed a thin shell around the dorsal horn, project-
ing either medially or laterally through the most super-
ficial layer of the dorsal horn, the marginal zone, or
Rexed’s lamina I (Rexed, 1952) (Figs. 1 and 2, A and B).
Appearing in transverse sections as a thin, dense band
in lamina I, the VIP axons contained many beaded
varicosities along their lengths and some terminal en-
largements. The axons in lamina I did not appear to
branch extensively, and only occasional fibers could be
seen entering the underlying gray matter (Fig. 2B).
When viewed in horizontal sections, the fibers within
lamina I were seen to be oriented in both longitudinal
and transverse directions (Fig. 24). The laterally di-
rected band of fibers within lamina I continued ventrally
along the edge of the dorsal horn, coalescing into dense
periodic bundles as they approached the neck of the
dorsal horn. The fibers then turned medially to sweep
through the most ventral regions of lamina V. This
bundling of VIP fibers as they coursed medially through
the neck of the dorsal horn can be seen in Figure 3A. In
this horizontal section through ventral lamina V, dorso-
laterally directed fibers have gathered into periodic bun-
dles separated by 150 to 200 um, and some fibers have
already turned medially.

When viewed in transverse sections, the lateral bun-
dles of VIP fibers characteristically were seen to segre-
gate into three and sometimes two divisions (Figs. 1 and
3B). A small dorsal branch sweeps upward to form ter-
minal fields in the lateral regions of lamina V, with some
fibers projecting further to medial lamina V. A second
small branch of the lateral bundles was often observed
to follow a more ventrally directed course through lamina
VII. Arborizations of the ventrally coursing VIP fibers
usually occurred within the region of the sacral parasym-
pathetic nucleus. Often, fibers could be traced further
into the ventral horn where they dispersed in a random
fashion, and in the rostral sacral cord they appeared to
terminate near Onuf’s nucleus.

The major division of the lateral bundles was directed
primarily at the central canal, with apparent terminal
fields being issued along its course through ventral lam-
ina V and lamina VII. Upon approaching the dorsal edge
of the central canal, the bundles began to disperse, losing
their periodicity. Extensive VIP arborizations were evi-
dent in the posterior commissural gray matter, with
many fibers crossing the midline (Fig. 4A4). Often, fibers
were seen approaching this region after descending along
the medial contour of the dorsal horn. The gray matter
surrounding the central canal (lamina X) contained a
great number of short, discontinuous VIP-containing
profiles, giving the appearance of randomly oriented
preterminal axons and terminal enlargements. Of partic-
ular interest was the presence of VIP fibers in close
association with the ependymal cell layer surrounding
the central canal (Fig. 4, A and B). Fibers were usually
observed to extend great distances on either side of the
ependymal cell layer, and fibers crossing this cell layer
were frequently encountered (Fig. 4B).
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VIP-like immunoreactivity in sensory ganglia. The an-
tigenicity of VIP-containing cells in the dorsal root gan-
glia was very labile and sensitive to many conditions
such as perfusion and the degree of postfixation. Im-
munostaining was thus variable and inconsistent. How-
ever, in a limited number of colchicine-pretreated ani-
mals, sensory cells in sacral dorsal root ganglia were
clearly shown to contain VIP-like immunoreactivity.

As demonstrated in paraffin-embedded tissue (Fig. 5),
immunostaining was found predominantly in small and
medium-sized cells. For cells sectioned through the nu-
cleus, diameters ranged from 10 X 20 ym to 25 X 35 um.
Positively stained axons were observed in close proximity
to cell bodies. VIP-positive coiled axonal profiles were
often seen, resembling the encapsulated glomerular ar-
rangement of the proximal portions of myelinated fibers
described for dorsal root ganglion cells (Ramon y Cajal,
1909).

Deafferented animals. Unilateral deafferentation of the
sacral cord (S1 to S3) by either dorsal rhizotomy or
ganglionectomy resulted in a nearly complete loss of VIP
immunostaining in the ipsilateral dorsal horn. Although
substantially reduced in number, occasional fibers were
detected ipsilateral to the lesion in LT and lamina X, in
lumbar through coccygeal levels. Only an occasional fiber
could be seen to leave LT and enter the lateral edge of
the marginal zone. No differences in VIP staining were
detected between the ganglionectomized and rhizotom-
ized animals.

Restriction of VIP to the sacral cord: Comparisons with
substance P (SP), somatostatin (SOM), and cholecystoki-
nin-8 (CCK). The distribution of VIP-like immunoreac-
tivity was compared with that of SP, SOM, and CCK in
adjacent Vibratome sections from lumbar, sacral, and
coccygeal segments (L4 to Cod). SP and CCK were
distinctly localized to the superficial dorsal horn (lami-
nae I, II, and outer III), the intermediate gray matter
(especially lateral laminae V to VII), and the region
dorsal to and surrounding the central canal, and were
diffusely distributed within the ventral horn. The distri-
bution of immunoreactivity for SOM in the spinal cord
was very similar to that of SP and CCK, with the
exception that only the inner portions of lamina II and
the outer parts of lamina III were stained.

The density and distribution of SP-, SOM-, and CCK-
containing neuronal elements were constant at all levels
examined (Fig. 6). In distinct contrast, the distribution
of VIP-containing fibers was almost entirely limited to
the gray matter of the sacral segments (Fig. 6). The
proportion of LT occupied by VIP fibers progressively
decreased both rostrally and caudally until only small
bundles persisted at L4 and Co4. Similarly, only isolated
VIP terminals could be visualized in lamina X in the
most rostral and caudal segments examined.

Electron microscopic observations

All VIP-containing axons and varicosities examined
contained both clear round and large (80 to 100 nm)
dense core vesicles. The VIP-positive reaction product
was frequently seen in the dense core vesicles and, al-
though some dense core vesicles remained unstained, no



The Journal of Neuroscience Localization of VIP in the Sacral Spinal Cord 2187

Slpty 5 Y

Figure 2. Immunoreactive VIP in horizontal (A) and transverse (B) sections through the superficial dorsal horn. A, In this
horizontal section, Lissauer’s tract (LT) is densely labeled. VIP fibers can be seen leaving LT (arrows) and are oriented in both
transverse and longitudinal directions in lamina I (I). B, The dense band of VIP fibers confined to lamina I appears to originate
from Lissauer’s tract (LT'). Only occasional fibers enter the outer portions of lamina II (arrows). DF, dorsal funiculus.
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Figure 3. VIP fibers in horizontal (A) and transverse (B) sections through the neck of the dorsal horn. A, In this horizontal
section through ventral lamina V, three bundles of fibers (arrows) have begun to issue branches (arrowheads) directed medially.
Note the periodicity of the bundles that is evident in the horizontal plane. In B, the lateral bundle of fibers has separated into
three branches as it projects through laminae V to VII. The middle branch of fibers (arrow) is directed at the central canal. LF,
lateral funiculus.
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originating from the medial bundle of fibers traveling through lamina I descend along the midline (large arrow). Those originating
from the lateral bundles project to the central canal and cross the midline. B, Long VIP fibers travel along either side of the
ependymal cell layer. Note that VIP fibers (small arrow) often run within the ependymal cell layer (e). pc, posterior commissure.
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Figure 5. Low (A) and high (B) power photomicrographs of VIP-immunoreactive sensory neurons in paraffin sections of the
second sacral dorsal root ganglion. Thick VIP axons (arrows) can often be seen close to the cell bodies. Some large unstained
cells are indicated by asterisks. Calibration, 50 um.

staining was observed in clear round vesicles. Diffuse

staining was often observed in the cytoplasm.
Examination of the dorsal roots revealed fine unmye-

linated axons (0.3 to 0.5 pm diameter) containing both

clear synaptic and positively stained dense core vesicles
(Fig. 7A). Within the widened neuropile of lamina I in
S2, both fine-caliber interconnecting and enlarged vari-
cose portions of VIP-positive fibers could be seen. Even
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Figure 6. Comparison of the rostrocaudal distribution of SP, SOM, CCK, and VIP immunoreactivity. Each camera lucida
drawing is a composite of two adjacent 50-ym Vibratome sections.

at low powers of magnification (Fig. 7B), immunoposi-
tive profiles were easily recognizable due to the heavy
concentration and staining of dense core vesicles. The
varicosities were relatively large, often reaching 4 to 5
um in their longest dimensions (Fig. 7C).

Synaptic contacts of VIP-containing fibers with adja-
cent profiles were rarely observed. When encountered,
the most frequent type of interneuronal connection was
an axodendritic synapse (Fig. 7, B to D) exhibiting an
accumulation of electron-dense material attached to both
pre- and postsynaptic membranes. The clustering of
vesicles characteristically associated with most synaptic
specializations was not evident in VIP-containing en-
largements. This may, however, have been a consequence
of the unusually dense packing of both dense core and
clear synaptic vesicles in virtually every VIP-positive
varicosity examined.

VIP-positive axons were often found in immediate
apposition to each other (Fig. 7C); no membrane spe-
cializations were detected between such adjacent profiles.
Within the lateral regions of lamina V, the ultrastructure
of VIP enlargements was identical to that found in
lamina I.

Discussion

The present study supports suggestions from both
radioimmunoassay (Yaksh et al., 1982) and immunohis-
tochemical studies (Lundberg et al., 1978; Hokfelt et al.,
1980; Gibson et al., 1981; Basbaum and Glazer, 1982;

Kawatani et al., 1982) that VIP may act as a neurotrans-
mitter/modulator substance in primary afferent neurons.
The principal finding of the present study is that, in
contrast to the relatively constant density and distribu-
tion of SP-, SOM-, and CCK-containing elements in
lumbar through coccygeal segments, VIP-immunoreac-
tive fibers are almost completely confined to the sacral
spinal cord.

Relationship of VIP to primary afferent neurons. The
depletion of immunoreactive VIP fibers within the spinal
cord following deafferentation, as well as the demonstra-
tion of VIP-containing cell bodies within sacral sensory
ganglia, provides direct evidence for the role of VIP as a
transmitter/modulator substance in at least some pri-
mary sensory neurons. Nearly complete losses of VIP
immunoreactivity subsequent to deafferentation have
been reported for lumbar spinal cord with radioimmu-
noassay (Yaksh et al., 1982) and for sacral cord in im-
munohistochemical studies (Kawatani et al., 1982). The
depletion of VIP which we report to follow deafferenta-
tion is probably not due to surgical traumas such as
ischemic damage (Homma et al., 1979) since no change
in Leu-enkephalin immunostaining was detected in ad-
jacent sections.

The VIP fibers in the sacral spinal cord that survived
deafferentation (LT and lamina X) may have repre-
sented incompletely depleted axons containing residual
amounts of VIP. Alternatively, they may have been fibers
of lumbar or coccygeal origin which were not sectioned
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Figure 7. Electron micrographs illustrating ultrastructural localization and synaptic connections of VIP-positive elements. 4,
Two unmyelinated varicose swellings (asterisks) in a dorsal root filament are flanked by unstained myelinated fibers. The thin
portion of another VIP-positive fiber (arrowhead) can be seen. B, Low power micrograph showing VIP-labeled varicosities
(asterisks) in lamina L. The arrow indicates synaptic specialization between an enlargement and a small dendritic profile. C, Two
adjacent VIP-positive varicosities in lamina I (arrowheads indicate membranes in apposition) synapsing (arrows) with the same
dendritic profile. D, Synaptic specializations (arrows) between a VIP-positive enlargement (asterisk) and a dendritic profile.
Calibration, 1 um.
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in the sacral deafferentations. Although most primary
afferents terminate within one to two segments of their
zone of entry, some fibers may extend rostrally or cau-
dally for up to five segments before terminating in the
dorsal horn (Heimer and Wall, 1968; Réthelyi et al.,
1979). The failure of cervical hemisection to produce a
loss of VIP in the spinal cord (Yaksh et al., 1982) argues
against the possibility that long descending fibers con-
tribute to staining that survives deafferentation.

The early reports of VIP in some small sensory neu-
rons (Lundberg et al., 1978) have been extended by our
descriptions to include some medium-sized dorsal root
ganglion cells as well. Furthermore, visualization of VIP
axons in the sensory ganglia indicates fiber diameters
consistent with both unmyelinated and thinly myeli-
nated afferent fibers.

Distribution of VIP fibers in the spinal cord. VIP im-
munoreactivity in the spinal cord was first reported as
being quite sparse (Loren et al., 1979) and later was
described as being localized to the superficial dorsal horn
and lamina X (Gibson et al., 1981; Hokfelt et al., 1982).
It was fortuitous that our studies were initiated in the
sacrococcygeal spinal cord, for it soon became apparent
that the greatest density of VIP-containing fibers existed
within the sacral segments. The distribution of these
fibers is much more extensive than previously described.
VIP fibers in the sacral segments are characteristically
localized in the marginal zone, laminae V to VII, and the
gray matter dorsal to and surrounding the central canal.

The present study confirms the spinal distributions of
fibers containing SP (Hokfelt et al., 1975a, b), SOM
(Elde et al., 1978; Hunt et al., 1981), and CCK (Larsson
and Rehfeld, 1979; Maderdrut et al., 1982) reported by
others and is thus not described in great detail. However,
the relatively constant density and distribution patterns
of these three peptides in lumbar through coccygeal
segments indicates that the confinement of VIP immu-
noreactivity predominantly within sacral segments is not
a consequence of experimental procedures such as incom-
plete perfusion of coccygeal segments. The nearly com-
plete restriction of VIP to sacral segments reflects an
actual preponderance of VIP-immunoreactive elements.

The possibility remains that the restriction of VIP to
sacral segments is a reflection of concentration differ-
ences of VIP within individual fibers. In other words,
similar numbers of actual VIP fibers may exist in other
than sacral segments, but the concentration of peptide
is below the level of detectability of the immunohisto-
chemical techniques used in the present study. It is also
conceivable that different molecular forms of the peptide
are present in peripheral nerves associated with lumbar,
sacral, and coccygeal spinal segments. Larsson et al.
(1979) concluded that the authentic octacosapeptide VIP
is localized only to neuronal tissue, and Dimaline and
Dockray (1978) reported that some immunoreactive VIP
components distinct from that corresponding to authen-
tic VIP are localized to endocrine cells. Others have
suggested, however, that molecular variants as well as
authentic VIP are to be found in neural tissue (Dimaline
et al., 1980). Thus it is conceivable that the antiserum
used in the present study recognizes VIP immunoreac-
tivity in the sacral spinal cord that is distinct from that
of other molecular forms of VIP in nearby segments.

Localization of VIP in the Sacral Spinal Cord
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Ultrastructure of VIP fibers. Subcellular fractionation
studies have indicated a vesicular localization of VIP in
both the central (Emson et al.,, 1978) and peripheral
(Lundberg et al., 1981) nervous systems. This has been
confirmed by the immunohistochemical demonstration
of VIP in large dense core vesicles within nerve terminals
in the gut (Larsson, 1977; Sundler et al., 1980) and the
submandibular gland (Johansson and Lundberg, 1981).
Our report of VIP-containing dense core vesicles in nerve
endings that also contain smaller clear vesicles is in
agreement with these works.

The most characteristic features of VIP-containing
enlargements within the spinal cord are their large size
and the frequent occurrence of dense core vesicles. Sim-
ilar axonal profiles in the monkey dorsal horn were
labeled as synaptic profiles with large granular vesicles,
or LGV profiles (Ralston, 1979). The low incidence of
synaptic contacts made by VIP enlargements is in accord
with the observations of Pelletier et al. (1981) who found
that no more than one-half of the VIP-positive axons
examined in the rat brain participated in synapses. The
possibility of humoral (nonsynaptic) mediation of neu-
ronal activity by VIP-containing fibers should be consid-
ered for the spinal cord as well. The lack of clustering of
vesicles at synaptic sites in VIP enlargements and the
attachment of electron-dense material to both sides of
the synaptic cleft make these synapses unique among
synapses described in the spinal gray matter.

Possible functional aspects of VIP in the sacral spinal
cord. One indication of the functional significance of VIP
in the spinal cord may be reflected by the remarkable
similarity between the distribution of VIP fibers and
pelvic nerve visceral afferent fibers, both in their distri-
bution patterns within the gray matter and in their
virtual restriction to the sacral cord. In a very detailed
study, Morgan et al. (1981) utilized the transganglionic
transport of horseradish peroxidase applied to the pelvic
nerve to determine the spinal terminations of visceral
afferents. Pelvic nerve visceral afferent fibers distributed
from LT to form lateral and medial collateral pathways,
similar to the lateral and medial trajectories of VIP fibers
through lamina I. As is the case for VIP fibers, the lateral
visceral collateral pathway curves around the lateral edge
of the dorsal horn to project to laminae V to VII and to
the regions of the posterior commissure and lamina X
where it arborizes in close proximity to the projection
from the medial collateral pathway. It is impressive that
both VIP immunoreactivity and the spinal terminations
of pelvic nerve afferents are largely confined to the sacral
segments. The striking similarities between the distri-
bution pattern of VIP fibers and the spinal terminations
of the pelvic nerve within the sacral segments probably
reflect the presence of VIP immunoreactivity in some
afferent fibers from the pelvic viscera.

The presence of VIP in dorsal root ganglion cells
similar in size to those innervating the pelvic viscera
supports this contention. Sensory ganglion cells whose
axons travel in the pelvic nerve are mostly of the smali-
diameter population, having average diameters of 23 X
32 um (Morgan et al., 1981), and those with afferent
fibers innervating only the bladder have an average di-
ameter of 30 um (Appelbaum et al., 1980). The diameters
of VIP-containing sensory cells are in keeping with stud-
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ies characterizing the pelvic nerve as being composed of
predominantly thinly myelinated and unmyelinated ax-
ons (Langley and Anderson, 1896; Hulsebosch and Cog-
geshall, 1981). In agreement is a preliminary report dem-
onstrating the presence of VIP in some sensory ganglion
cells labeled by a retrograde tracer applied to the pelvic
nerve (Kawatani et al., 1982).

The presence of VIP in small sensory neurons and
afferent fibers as well as the characteristic distribution
of these fibers to the superficial dorsal horn, lamina V,
and the regions near the central canal raise the possibil-
ity that VIP fibers play a role in nociceptive function.
Nociceptive primary afferents are well represented
within the populations of unmyelinated and thinly mye-
linated sensory fibers (Iggo, 1962; Bessou and Perl, 1969;
Burgess and Perl, 1967). The spinal distribution of thinly
myelinated high threshold mechanoreceptors from both
cutaneous (Light and Perl, 1979) and subcutaneous
(Mense et al., 1981) structures has been described in
detail. These thinly myelinated nociceptors characterist-
ically terminate in laminae I and V and the gray matter
dorsal to and surrounding the central canal, that is,
regions that receive dense projections of VIP fibers.
Given the similar projection patterns of the myelinated
nociceptors, visceral afferents, and VIP fibers, it is
tempting to speculate that VIP is a transmitter candidate
for nociceptive afferents innervating the viscera.

However, there are many dissimilarities in morphology
and ultrastructure between VIP-containing fibers and
myelinated somatic nociceptive afferents. All VIP-posi-
tive axons examined in the dorsal roots were unmyeli-
nated. VIP fibers displayed great numbers of closely
spaced en passant varicosities ranging in size up to 5 um,
and lengths of axon were seldom free of enlargements.
On the other hand, myelinated nociceptors exhibited
smaller-sized enlargements (1.5 to 2.5 um), mostly near
terminal arborizations (Light and Perl, 1979; Réthelyi et
al., 1982). Furthermore, en passant and terminal enlarge-
ments of myelinated nociceptors were densely filled with
clear spherical synaptic vesicles and participated in sim-
ple axodendritic contacts as well as both pre- and post-
synaptic arrangements in glomeruli (Réthelyi et al,
1982). In contrast, VIP enlargements contained both
clear round and large dense core vesicles and were ob-
served to make only axodendritic synapses. Thus, if
visceral nociceptive afferent fibers contain VIP, the mor-
phology of their central axons differs greatly from that
of somatic myelinated nociceptors.

VIP-containing fibers project to laminae I and V and
the gray matter near the central canal, three regions
known to contain cell bodies and processes of nociceptive
spinal neurons (Wall, 1960, 1967; Hillman and Wall,
1969; Christensen and Perl, 1970; Light et al., 1979;
Honda and Perl, 1981). Rather than being related to
nociceptive primary afferents, it seems likely that pro-
jections of VIP fibers, possibly of visceral origin, provide
a basis for the convergence of somatic nociceptive and
visceral afferent impulses. Several descriptions of such
somatovisceral convergence, often in lamina V, have
been reported (Pomeranz et al., 1968; Selzer and Spencer,
1969; Foreman et al., 1981; Milne et al., 1981).

Honda et al.

Vol. 3, No. 11, Nov. 1983

In conclusion, our data show that in lumbar through
coccygeal segments, VIP immunoreactivity is mostly
confined to a population of primary afferents terminating
in the sacral spinal cord. Based on similarities between
the distribution patterns of both VIP fibers and pelvic
visceral afferents within the spinal gray matter, and their
nearly complete restriction to the sacral cord along the
rostrocaudal axis, it is suggested that VIP is contained
in many pelvic visceral afferent fibers. Furthermore, it
is proposed that VIP fibers contribute to the convergence
of information from somatic and pelvic visceral struc-
tures.

Note Added in Proof. Since the submission of this
material for publication, two groups have reported simi-
lar results in several respects to those of the present
investigation (Basbaum and Glazer, 1983; de Groat et
al., 1983).
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