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Abstract

Serotonergic axons in the superficial dorsal horn were examined at the light and electron
microscopic levels using an antibody specific for serotonin (5-HT). Immunoreactive 5-HT axons
were most numerous in lamina I and fewest in lamina IIb. The 5-HT axons tended to orient
rostrocaudally as they traveled long distances in the gray matter. Based on the size of the 5-HT
varicosities along a strand of axon, at least three different types of 5-HT axons were observed at the
light microscopic level. Ultrastructurally, 5-HT-immunoreactive axonal endings contained either a
mixture of flattened and small oval agranular vesicles or a relatively homogeneous population of
oval vesicles. 5-HT endings synapsed primarily on small caliber dendritic shafts. They also were
found synapsing on large caliber dendritic shafts, dendritic spines, and neuronal cell bodies. Based
on the laminar location of 5-HT axosomatic synapses and the presence of 5-HT synapses on different
morphological types of dendrites, we propose that 5-HT modulates the response properties of at
least three different types of neurons in the superficial dorsal horn.

Participation of the neurotransmitter serotonin (5-HT)
in the modulation of the response of neurons to noxious
input has been demonstrated in numerous experimental
paradigms (see Dubner and Bennett, 1982; Messing and
Lytle, 1977, for a review). Iontophoresis of 5-HT in the
dorsal horn typically produces a profound inhibition of
the response of neurons to noxious stimulation (Randic
and Yu, 1976; Belcher et al., 1978; Jordan et al., 1979;
Griersmith and Duggan, 1980), although some spinothal-
amic tract neurons in the deeper laminae are excited by
5-HT (Jordan et al., 1979). Intrathecal injections of 5-HT
produce analgesia (Yaksh and Wilson, 1979) and 5-HT
depletion partially blocks stimulation-produced analgesia
(Akil and Mayer, 1972) and morphine analgesia (Tenen,
1968). Determination of the site of action of 5-HT is thus
crucial to our understanding of the mechanisms of pain
and analgesia. 5-HT-containing axonal endings have been
characterized ultrastructurally in the medullary dorsal
horn of the cat following the uptake of exogenously
applied [°H]5-HT (Ruda and Gobel, 1980). Morphologi-
cally similar endings were shown to degenerate after
exposure to the 5-HT neurotoxin, 5,6-dihydroxytryptam-
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ine (5,6-DHT) (Ruda and Gobel, 1980). Moreover, the
same types of endings were shown to originate in the
medial brain stem reticular formation which contains
numerous 5-HT neuronal cell bodies (Ruda et al., 1981).
5-HT input was found to occur primarily on dendrites
throughout laminae I and II. The presence of 5-HT
synapses in these two laminae raises the possibility of
multiple sites of action of 5-HT in the dorsal horn. Since
the medullary and spinal dorsal horns bear numerous
similarities with respect to laminar organization and the
morphological types of intrinsic neurons (Gobel et al.,
1981a), it is also important to determine if the similarity
continues with respect to the location of 5-HT input.
Recent technical advances have produced a well char-
acterized antibody to 5-HT (Steinbusch et al., 1978, 1982)
which allows the visualization of 5-HT axons at the light
(Steinbusch, 1981) and electron microscopic levels. The
immunocytochemical technique has an advantage over
the classical histofluorescence of endogenous 5-HT
(Dahlstrom and Fuxe, 1964, 1965; Fuxe, 1965) in that the
marker does not fade, demonstrates superior sensitivity,
and can be identified at the ultrastructural level. Immu-
nocytochemistry is preferred to autoradiographical dem-
onstration of 5-HT following the uptake of exogenously
applied [°H]5-HT in that it is possible to see the entire
axon, including the intervaricose portion. Autoradiogra-
phy only reveals isolated aggregates of silver grains which
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overlie sites of the active uptake of ["H]-56HT. Addition-
ally, immunocytochemistry does not require the long
exposure times commensurate with autoradiography.
This study employs the highly sensitive immunocyto-
chemical technique to characterize 5-HT axons in the
lumbar enlargement of the cat spinal cord and compares
them with previous observations obtained in the medul-
lary dorsal horn with autoradiography (Ruda and Gobel,
1980).

Materials and Methods

The immunocytochemical localization of 5-HT was
examined in the lumbar spinal cord of six adult cats
prepared by intracardiac perfusion with 4 liters of 4%
paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phos-
phate buffer at pH 7.4. Following the perfusion, the spinal
cord was removed, placed in fresh fixative for 2 hr at 4°C,
and subsequently stored in 0.1 M phosphate buffer at 4°C
overnight. Fifty-micrometer sections for light microscopy
(LM) and 100-um sections for electron microscopy (EM)
were cut with a Vibratome in both the transverse and
sagittal planes. The sections were processed for immu-
nocytochemistry using the peroxidase-antiperoxidase
(PAP) immunocytochemical staining method of Stern-
berger (1979). Sections were incubated in 1° antisera at
a dilution of 1:5,000 to 1:20,000 overnight at 4°C with
gentle agitation. The characteristics of the 5-HT antisera
were as previously described (Steinbusch et al., 1978,
1982). Following a rinse in phosphate-buffered saline and
30 min in 3% normal goat serum, the sections were
incubated sequentially in goat anti-rabbit IgG (1:50) and
PAP (1:80, LM; 1:40, EM) (Sternberger-Meyer Immu-
nochemical, Inc.) for 30 min at room temperature. Tiss-
sue processed for light microscopy was treated with 0.75%
Triton X-100 in the 1°, 2°, and PAP incubations, while
that used for electron microscopy was not exposed to any
penetrating agents. The immunocytochemical reaction
product was developed by incubation of the tissue sec-
tions in 0.05% diaminobenzidine hydrochloride (Sigma)
and 0.01% hydrogen peroxide in 0.1 M phosphate buffer
for 6 to 12 min.

For light microscopy, the sections were mounted on
gelatin-coated slides and cleared in xylene. Camera lucida
drawings of 5-HT axons were made with a Zeiss drawing
tube and a X 100 oil immersion lens. Measurements of
the size of immunoreactive varicosities were made in the
sagittal plane from photographically enlarged drawings
of 100-um Iengths of axonal strands at a final magnifica-
tion of X 3,500. For EM analysis, the tissue was postfixed
for 1 hr in 2% osmium tetroxide in 0.1 M phosphate
buffer, dehydrated in a graded series of ethanol, and flat-
embedded in Epon/Araldite resin (Polysciences, Inc.) on
a plastic slide. To reduce the possibility of a sampling
error, six different blocks of tissue were examined ultra-
structurally. Serial thin sections were cut, collected on
Formvar-coated slot grids, and examined with a Zeiss
EM 10C electron microscope. Thin sections were exam-
ined routinely before and after counterstaining with lead
citrate. In unstained sections, the electron-dense PAP
reaction product stands out against a pale unlabeled
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neuropil, permitting observation of lightly labeled struc-
tures.

Results

Light microscopic observations of 5-HT-
immunoreactive axonal endings

Serotonergic axons are found in all laminae of the
spinal cord dorsal horn (Fig. 1). Within each lamina,
differences can be noted with respect to the density,
trajectory, and size of the 5-HT-immunoreactive axons
and varicosities. This paper will confine its discussion of
5-HT axons to the superficial dorsal horn, laminae I and
1I. The data will reflect analysis of 5-HT axons in both
the transverse and sagittal planes of the lumbar enlarge-
ment.

Transverse plane. In the transverse plane, 5-HT im-
munoreactivity in laminae I and II of the dorsal horn is
observed primarily as isolated, punctate profiles and
short strands of 5-HT axons with a few en passant
varicosities (Fig. 1, A and B). Long strands of 5-HT
axons traveling in the transverse plane are observed
infrequently in laminae I and II except on the dorsal
border of lamina I, beginning at Lissauer’s tract. Here, a
small bundle of 5-HT axons travels along the top of
lamina I, thinning out as it curves along the lateral and
medial edges of the dorsal horn (Fig. 1, A and B). These
fibers are particularly noticeable in an area directly me-
dial to Lissauer’s tract.

The density of immunoreactive 5-HT axons is highest
in lamina I and decreases slightly in lamina Ila (Fig. 1B).
The ventral part of lamina II, lamina IIb, contains no-
ticeably fewer immunoreactive profiles (Fig. 1B). This
density difference is most apparent in the lateral part of
the dorsal horn below the root entry zone (Fig. 14). In
the monkey, the decrease in the density of 5-HT input to
lamina IIb is even more pronounced than in the cat (M.
A. Ruda, unpublished observations).

Islands of neuropil, composed of neuronal cell bodies
and dendrites that extend out from lamina I into the
overlying white matter, contain dense amounts of 5-HT-
immunoreactive profiles (Fig. 1, A and C). Isolated 5-
HT-immunoreactive axons with varicosities are rarely
seen in the dorsal fasciculus. When observed, they are
located in the ventral part of the dorsal fasciculus, medial
to lamina V. The dorsolateral fasciculus contains a few
small 5-HT-immunoreactive axons. Some 5-HT axons
also are found extending into Lissauer’s tract for a short
distance (Fig. 1, A and D). These axons have many
varicosities and extend in a dorsoventral direction so as
to orient parallel to the incoming primary afferent axons
(Fig. 1D). P

Sagittal plane. 5-HT axons in laminae I and II of the
dorsal horn can best be observed in the sagittal plane,
where a single axon can be followed for several hundred
micrometers as it travels rostrocaudally (Fig. 1, C and
D). The 5-HT-immunoreactive axons appear as long
strands with numerous boutons en passant. Occasionally,
the axons branch and give rise to two long strands which
often continue in the same direction as the parent axon
(Fig. 2B). The rostrocaudal orientation of the 5-HT-
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Figure 1. Light microscopic demonstration of immunocytochemically stained 5-HT axons. A, Transverse section of the lumb.
enlargement of the spinal dorsal horn immunocytochemically stained for 5-HT. Darkly stained 5-HT-immunoreactive axons are
found in all laminae of the dorsal horn. Lamina IIb (asterisk) contains noticeably fewer fibers than the other laminae in the
dorsal horn. 5-HT-positive fibers also are found in discrete areas of neuropil in the white matter above the dorsal horn (arrow)
(see also C). Magnification x 54. B, Higher magnification of the area immediately adjacent to the dorsal root entry zone in A. The
density of 5-HT-containing axons is highest in lamina I, decreases somewhat in lamina Ila, and is clearly least in lamina IIb. Short
strands of 5-HT-immunoreactive axons with numerous bulbous varicosities are observed. Magnification x 220. C, Sagittal section
of the lumbar spinal cord. In addition to the dense fiber plexus within the dorsal horn, bundles of 5-HT-positive axons are found
in the overlying white matter (arrows). These 5-HT axons with numerous varicosities orient in the rostrocaudal plane. They
appear to innervate the neuronal cell bodies and dendrites which occasionally are found above the dorsal horn proper. This area
of gray matter most likely represents displaced portions of lamina 1. The surface of the spinal cord is at the top of the illustration
(arrowhead). Magnification X 54. D, Higher magnification of a sagittal section of the lumbar spinal cord. 5-HT-immunoreactive
axons orient primarily in the rostrocaudal direction. A few axons traverse dorsoventrally in lamina Il (arrowhead). Each axon
contains numerous darkly stained bulbous varicosities. Some 5-HT axons turn dorsally to enter Lissauer’s tract (arrow). In the
sagittal plane, individual 5-HT axons can be followed for several hundred micrometers. Magnification x 170. Scale bars, 100 ym.

containing axons is most striking in lamina I, where many
axons with numerous 5-HT-immunoreactive varicosities
position themselves parallel to the dorsal surface of the
dorsal horn as they proceed for long distances. In lamina
I1, the primary orientation of the 5-HT axons is still
rostrocaudal, although many axons travel at some angle

to the dorsal surface of the dorsal horn, crossing a larger
dorsoventral expanse of the lamina. Additionally, some
axons follow a highly curved path within lamina II (Fig.
1D). This trajectory results in several different 5-HT
axons crossing over the same area, forming a meshwork
of 5-HT axons intertwined in the neuropil of lamina II.
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The immunoreactive 5-HT axons in laminae I and II
are marked by numerous varicosities of different sizes
which are closely spaced but occur at varying intervals
along the strand. The dimensions of 5-HT varicosities
are marked by a swelling of the axon as well as by the
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Figure 2. Camera lucida drawings of 5-HT-immunoreactive
axons in the sagittal plane in laminae I and II of the dorsal
horn. Three different morphological types of axons can be
distinguished by the dimensions of the varicosities which occur
along the axonal strands. A and B are the most common types
found in the superficial laminae, while ¢ype C is found infre-
quently. The axon in B is illustrated at a point where the parent
axon has branched to form two similar axonal strands. Scale

bar, 10 pm.
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noticeably darker immunocytochemical staining of vari-
cose portions of the axon as compared to the intervari-
cose segment. Based on the size of the varicosities on a
single axonal strand, the 5-HT-immunoreactive axons
can be divided into at least three different types. All
three types are found in both laminae I and II. The most
common type of 5-HT axon has both large and small
bulbous varicosities intermingled along its length (Fig.
2A). The varicosities measure 1.2 to 3.5 um in length,
with most falling in the range of 2.0 to 3.0 um. The width
of the varicosities varies from 0.8 to 2.0 um, although
most measure 1.5 to 2.0 um. A second type of 5-HT axon
is characterized by small elongated varicosities whose
diameter is just slightly larger than that of the intervar-
icose segment of the axon (Fig. 2B). A larger bulbous
varicosity occasionally is observed along the length of
this type of axon (not illustrated). The width of this type
of axon’s varicosities is relatively uniform and ranges
from 0.7 to 1.0 pm, with most varicosities measuring 0.9
pm. The length of the immunoreactive varicosity is var-
iable and ranges from 1.0 to 2.5 um, with most varicosities
measuring 1.5 to 2.0 um in length. Axons containing these
thin boutons en passant are commonly encountered,
especially in lamina II. A third type of 5-HT axon is
distinguished by numerous large elongated varicosities
and a thick intervaricose axon (Fig. 2C). These large
varicosities occasionally are interspersed with smaller

unlabeled neuropil by the presence of the electron-dense PAP reaction product. In this example, two 5-HT axons (asterisks) are
labeled. The 5-HT unmyelinated axons often are found intermingled in groups of similar profiles which are unlabeled.

Magnification % 42,000. Scale bar, 0.5 ym.
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varicosities less than half their size. The dimensions of
the varicosities along these axons range from 1.0 to 4.0
pm in length and 1.0 to 3.0 pm in width. Most of the large
varicosities have a width of at least 2.0 pm. This type of
axon is the least common type encountered in the super-
ficial dorsal horn, while it often is seen in the ventral
horn.

Ultrastructural characteristics of 5-HT-
immunoreactive axonal endings

At the ultrastructural level, immunocytochemically la-
beled 5-HT axonal endings are marked conspicuously by
the electron-dense PAP reaction product which coats the
outer membrane of the agranular and granular vesicles,
the outer mitochondrial membrane, and the dense core
of the granular vesicles. The reaction product also is
dispersed in the axoplasm. The intervaricose portion of
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the axon is labeled distinctly with PAP reaction product
along the microtubules and axolemma (Figs. 3 and 4).
The unmyelinated portion of the 5-HT-immunoreactive
axon often is found in bundles of similar profiles less than
0.5 pm in diameter, most of which are unlabeled (Fig. 3).
These small unmyelinated axons probably represent the
terminal arbors of the parent 5-HT axons which descend
to the spinal cord from the brain stem. Immunoreactive
5-HT myelinated axons are not found within the super-
ficial laminae of the dorsal horn.

5-HT-immunoreactive axonal endings are predomi-
nantly dome shaped and vary in size from slight vesicle-
filled thickenings of the axon just slightly larger than the
intervaricose segment (Fig. 4) to large bulbous varicosi-
ties (Figs. 5 and 6). The dimensions of the 5-HT-immu-
noreactive boutons seen at the EM level are comparable
to those observed at the LM level (compare Figs. 2, 4, 5,

TR,

Figure 4. 5-HT-immunoreactive axonal ending synapses (arrow) on a small caliber dendritic shaft. The diameter of the 5-HT
ending is just slightly larger than that of the intervaricose portion of the axon (arrowheads) which also contains PAP reaction

product. Magnification X 40,800. Scale bar, 0.5 ym.

Figure 5. Large nonsynaptic 5-HT-immunoreactive varicosity lightly labeled with PAP reaction product around the large dense
core vesicles and agranular synaptic vesicles. The dimensions of this varicosity is one of the largest encountered at the

ultrastructural level. Magnification x 37,200. Scale bar, 0.5 pm.

Figure 6. A slightly scalloped 5-HT-immunoreactive central ending has several dendritic profiles impressed into its surface
(arrows). Synapses (solid arrows) are found on two of these profiles. Magnification X 36,000. Scale bar, 0.5 ym.
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and 6). Serotonergic endings characteristically form a
single synapse on dendrites or neuronal cell bodies. They
do not appear to be involved in axoaxonic synapses,
although they often are found adjacent to vesicle-con-
taining profiles. Rarely, the 5-HT endings form large
scalloped endings which synapse on several different
postsynaptic structures which are impressed into their
surface (Fig. 6). Serotonergic axonal varicosities often are
observed without a synaptic specialization in a single
thin section (Fig. 5). These varicosities are characteris-
tically full of both agranular and large granular vesicles
and contain several mitochondria. At times, they are
replete with large dense core vesicles. Serial section anal-
ysis of these varicosities demonstrates that, in five to six
thin sections, most varicosities form a synaptic junction
with a nearby neuronal profile. The synaptic junction of
5-HT axonal endings measured at the ultrastructural
level is small (0.25 to 0.6 pm) when compared with the
total length of varicosity measured at the light micro-
scopic level (1 to 4 pm).

Dome-shaped 5-HT-immunoreactive axonal endings
can be divided into two major types based on the mor-
phology of their agranular synaptic vesicles. The first
type of ending contains a mixture of agranular vesicles
which extend from flattened elongated vesicles to round
and oval vesicles (Fig. 74). The second type is charac-
terized by a relatively homogeneous population of
slightly oval agranular vesicles (Fig. 7B). Both types of
endings contain a variable number of large dense core
vesicles and are found throughout laminae I and II. The
5-HT endings containing pleomorphic vesicles and those
with oval vesicles resemble the D1 and D2 endings,
respectively, that were characterized in the medullary
dorsal horn in [°H]5-HT uptake studies and in 5,6-DHT
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degeneration studies (Ruda and Gobel, 1980). The same
types of endings were shown to originate from the medial
brain stem following anterograde transport of [°H]leucine
(Ruda et al., 1981).

Axodendritic synapses. Serotonergic axodendritic syn-
apses are found throughout laminae I and II. They occur
with the greatest frequency in lamina I, decrease in
number somewhat in lamina Ila, and are the fewest in
lamina [Ib. In the superficial neuropil of the dorsal horn,
5-HT-immunoreactive axonal endings synapse most
commonly on small caliber dendritic shafts with a di-
ameter of approximately 1 um (Fig. 7). Large caliber
dendritic shafts, which represent the proximal portion of
the cell’s dendritic tree, also receive synapses from 5-HT-
immunoreactive axonal endings, although the frequency
of this type of contact is somewhat less than that ob-
served on small caliber dendritic shafts. The smallest
caliber dendritic profiles (less than 0.5 pm in diameter)
receive an occasional 5-HT synaptic contact (Fig. 8).
These profiles often are found in bundles of similar
profiles, some of which probably represent the thin ter-
minal portion of the dendritic tree or the long necks of
dendritic spines. Dendritic spines also receive 5-HT syn-
aptic input, although this type of relationship is the least
common site of 5-HT axodendritic synapses (Fig. 9). 5-
HT-immunoreactive axodendritic contacts are most fre-
quently of the symmetrical type, with a slight accumu-
lation of dense material on the presynaptic and postsyn-
aptic sides of the synaptic junction (Fig. 9). The dense
PAP reaction product in the presynaptic 5-HT ending
tends to obscure the dense material at the synapse.
Asymmetrical 5-HT axodendritic synapses also are found
in laminae I and II of the dorsal horn. This type of
contact varies from slightly asymmetrical, with a modest
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Figure 7. 5-HT-immunoreactive axonal endings which synapse (arrow) on dendrites may contain either a mixture of flattened
(white arrowheads) and oval vesicles (A) or a relatively homogeneous population of oval vesicles (B). Unlabeled axonal endings
(asterisk) which contain morphologically similar types of vesicles, such as the flattened vesicles illustrated here (black
arrowheads; compare A and B), often synapse on the same neuron as endings immunoreactive for 5-HT. Magnification X 38,400,

Scale bar, 0.5 um.
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Figure 8. The smallest caliber dendritic profiles of dorsal horn neurons also receive synapses from 5-HT axonal endmgs In this
particular example, the synapse is slightly asymmetncal (arrow). Magnification X 46,500. Scale bar, 0.5 pm.

Figure 9. Dendritic spines occasionally receive 5-HT input. The same dendritic spine which receives a symmetrical 5-HT
synapse (arrow) is also postsynaptic to an unlabeled central ending (asterisk). Magnification X 36,000. Scale bar, 0.5 pm.

Figure 10. In addltlon to symmetrical synaptic junctions, 5-
HT-immunoreactive axonal endings occasionally form asym-
metrical contacts with a prominent subsynaptic density (arrow-
heads). Magnification X 49,600. Scale bar, 0.5 pm.

accumulation of dense material on the postsynaptic side
(Fig. 8), to a prominent asymmetrical synapse, with a
heavy accumulation of dense material (Fig. 10). The
prominent asymmetrical synapse is the least common
type.

The dendrites in laminae I and II of the dorsal horn
which receive 5-HT input may originate from at least
three different morphological types of neurons. The most

common type of dendrite is characterized by a light to
moderate cytoplasmic matrix and is found in both lami-
nae I and II (Fig. 114). A second type is distinguished
by a denser cytoplasmic matrix (Fig. 11B) and is located
primarily in lamina II, especially lamina IIb. The third
type of dendrite is unique in that flattened agranular
synaptic vesicles are present in its shaft (Fig. 11C). This
type of dendrite has a light cytoplasmic matrix which
typically appears disrupted and contains large cavities
(Fig. 11, C and D). It is usually found in lamina I.

Axosomatic synapses. Symmetrical 5-HT axosomatic
synapses (Fig. 12) are found in laminae I and II. Both 5-
HT axonal endings with pleomorphic vesicles and those
with oval vesicles form axosomatic synapses. In lamina
I, neuronal cell bodies sometimes are contacted by sev-
eral 5-HT-immunoreactive axonal endings. Since each
lamina of the dorsal horn contains different morpholog-
ical and functional types of neurons (Bennett et al., 1979,
1980, 1981; Light et al., 1979), the observation of axoso-
matic synapses in each lamina suggests that 5-HT input
is received by more than one type of neuron.

Discussion

arotonin axons can be localized immunocytochemi-
cally to both laminae I and II of the spinal cord of the
cat. Their decidedly rostrocaudal orientation with nu-
merous varicosities suggests that a single axon makes
multiple contacts with dorsal horn neurons whose den-
drites are oriented in the rostrocaudal direction. Studies
of horseradish peroxidase-filled primary afferent axons
demonstrate that, in the superficial laminae, some pri-
mary axons distribute as single long strands with many
varicosities and few branches (Gobel et al., 1981b). Some
of these primary axons may represent Ad or C nocicep-
tors. The similar morphology and orientation of the 5-



Figure 11. Three different morphological types of dendrites receive 5-HT input. A, The most common type of dendrite which
receives synapses (arrow) from 5-HT axonal endings has a light cytoplasmic matrix. This particular 5-HT ending is partially
sheathed by a glial cell which exhibits endogenous peroxidase activity in ‘a lysosome (asterisk). Magnification X 37,800. B, The
second type of dendrite is distinguished by a denser cytoplasmic matrix which has a darker appearance. In this example, the same
portion of a dendrite which receives a synapse (arrow) from the labeled 5-HT ending in the upper right of the figure was observed
in serial sections to receive a second 5-HT synapse from the preterminal 5-HT varicosity in the lower left (asterisk). Magnification
X 50,400. C, The third type of dendrite to receive 5-HT input is distinguished by the presence of flattened agranular vesicles
(arrowheads) at focal sites within the dendritic shaft. Magnification % 37,200. D, In serial section analysis, the vesicle-containing
dendrite in C receives a synapse (arrow) from the labeled 5-HT ending at a site some distance from the focal accumulation of
flattened vesicles. Magnification X 37,200. Scale bars, 0.5 pm.



Figure 12. 5-HT-immunoreactive axosomatic synapses occur
in both laminae I and II. This 5-HT axonal ending in lamina I
contains pleomorphic vesicles and forms a symmetrical synapse
(arrow) on a neuronal cell body adjacent to a small somatic
spine (S). Part of the cell’s nucleus (N) also is present. Mag-
nification X 42,000. Scale bar, 0.5 pm.

HT axons allows them to follow the distribution of the
nociceptive afferents closely. Since 5-HT axoaxonic syn-
apses are not found in the superficial dorsal horn, the
parallel orientation of 5-HT and primary afferent axons
in lamina I demonstrates that 5-HT input is situated
strategically to influence primary afferent input soon
after it is transmitted to dorsal horn neurons. The rostro-
caudal orientation of 5-HT may explain, in part, the
changes in the receptive fields of dorsal horn neurons
after electrical stimulation of the central gray or systemic
administration of morphine. In each case, the receptive
fields of wide dynamic range neurons shrank to small
areas, responsive only to gentle mechanical stimulation
(Hayes et al., 1979). Descending 5-HT axons therefore
may play a role in the modulation of receptive field size.

Ultrastructural observations of 5-HT-immunoreactive
axonal endings localize the monoamine to endings con-
taining either pleomorphic synaptic vesicles or oval syn-
aptic vesicles. The presence of two morphologically dis-
tinct populations of vesicles in 5-HT endings implies that
5-HT endings in the superficial dorsal horn originate
from disparate neuronal cell types which may be located
in different 5-HT nuclear groups. It is not known whether
the nonuniform morphology in synaptic vesicles also
implies a variety in function. Although the morphological
heterogeneity of vesicles in 5-HT endings also has been
observed in other sites in the neuraxis (Chan-Palay, 1975,
1978), there does not appear to be a distinctive morpho-
logical feature of 5-HT endings which distinguishes them
from axons containing other neurotransmitters. In the
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dorsal horn, 5-HT axonal endings resemble those which
contain norepinephrine (Ruda et al., 1979), enkephalin
(Aronin et al., 1981; M. A. Ruda, unpublished observa-
tions), and substance P (Barber et al., 1979; M. A. Ruda,
unpublished observations). Norepinephrine-containing
axonal endings with pleomorphic vesicles and those with
oval vesicles are found in about the same proportion as
similar 5-HT axonal endings, although the total number
of norepinephrine endings in the dorsal horn appears to
be less than that of 5-HT endings. For the peptides
enkephalin and substance P in the superficial dorsal
horn, axonal endings containing round or oval vesicles
are the most common type. We often have observed
axonal endings with morphologically identical synaptic
vesicles synapsing on the same neuronal profile where
only one ending is labeled immunocytochemically (Fig.
7B). The adjacent morphologically identical but unla-
beled ending must contain a different neurotransmitter.
These observations emphasize that the definitive deter-
mination of the presence of a neurotransmitter in an
axonal ending cannot be made based on morphological
criteria alone and requires some type of cytochemical
label.

Recently, considerable evidence has accumulated for
the coexistence of a biogenic amine and a neuropeptide
in the same neuronal cell body (see Hokfelt et al., 1980,
for review). In the brain stem raphe cell groups, 5-HT
has been shown to coexist with substance P (Chan-Palay
et al., 1978; Hokfelt et al., 1978), enkephalin (Glazer et
al.,, 1981), and thyrotropin-releasing hormone (TRH) (Jo-
hansson et al., 1981). In an elegant series of double
labeling experiments, substance P-containing neurons
(Bowker et al., 1981b) and enkephalin-containing neu-
rons (Hokfelt et al., 1979; Bowker et al., 1981b) in the
serotonin-rich raphe cell groups were demonstrated to
send their axons to the spinal cord. Most recently, 5-HT
and substance P were localized to the same axonal end-
ings in the spinal cord (Pelletier et al.,, 1981). Based on
similar ultrastructural morphology of some 5-HT, nor-
epinephrine, enkephalin, and substance P endings in the
dorsal horn, it is possible that some endings contain both
an amine and a peptide. However, this criteria cannot be
taken as a valid indicator of coexistence since there is
considerable evidence for uniquely aminergic or pepti-
dergic endings. Further experiments will be needed to
determine the relative frequency of 5-HT input coexis-
tent with a neuropeptide in each lamina of the spinal
cord. The differential laminar staining patterns of en-
kephalin and substance P, when compared with that of
5-HT (M. A. Ruda, unpublished observations), clearly
show that some laminae of the dorsal horn which contain
high levels of 5-HT immunoreactivity contain little, if
any, enkephalin or substance P immunoreactivity, sug-
gesting that some 5-HT axons in the dorsal horn contain
neither enkephalin nor substance P. Based on immuno-
cytochemical staining and radioimmunoassay for sub-
stance P and TRH following application of the 5-HT
neurotoxins, 5,6- and 5,7-DHT, it appears that axons
containing both the amine and peptide are largely con-
fined to the ventral horn (Gilbert et al., 1982). In the
dorsal horn, some descending 5-HT axons may contain
substance P since radioimmunoassay detected a small
drop in substance P levels after treatment with the
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neurotoxin 5,6-DHT (Gilbert et al., 1982). A slight
amount of substance P staining remains in the dorsal
horn after rhizotomy to remove substance P-containing
primary afferent input (Hokfelt et al., 1975; Barber et al.,
1979; Jessell et al., 1979), but this may be due, in part, to
the staining of the dendritic and axonal arbors of intrinsic
substance P neurons (Hunt et al., 1981).

Although there is evidence for enkephalin-containing
cell bodies in the brain stem which send their axons to
the spinal cord (Hokfelt et al., 1979; Bowker et al., 1981b),
the contribution of descending enkephalin, or for that
matter, coexistent 5-HT and enkephalin, axons to the
neural circuitry of the dorsal horn is not clearly defined.
Undoubtedly, most of the enkephalin staining in the
dorsal horn can be attributed to intrinsic enkephalinergic
dorsal horn neurons which are located in laminae I, 11,
I11, and V (Glazer and Basbaum, 1981; Hunt et al., 1981;
Bennett et al., 1982). Immunocytochemical analysis of
enkephalin following transection of the spinal cord dem-
onstrates no detectable change in the staining pattern
(Seybold and Elde, 1980; Naftchi et al., 1981). These dat=
suggest that descending enkephalin axons, if present in
the dorsal horn, reflect only a small component of the
total amount of enkephalin present. Radioimmunoassay
of enkephalin levels after treatment with the 5-HT neu-
rotoxin 5,6-DHT shows an increase of enkephalin rather
than the decrease that would be expected if 5-HT and
enkephalin coexist in the same axon {Gilbert et al., 1982).
1t is possible that the increase in enkephalin levels is due
to transneuronal effects. Thus, despite the morphological
similarity between immunocytochemically labeled 5-HT
and enkephalin axonal endings, it is unlikely that most
5-HT endings in the dorsal horn also contain enkephalin.

Serotonin is found in the same laminae with similar
density in both the medullary and spinal dorsal horns.
Previous studies using the uptake of [°’H]5-HT to mark
5-HT axonal endings autoradiographically have identi-
fied several different morphological types of 5-HT end-
ings in the medullary dorsal horn (Ruda and Gobel,
1980). Our immunocytochemical observations in the
spinal dorsal horn are in general agreement with those
made in the medulla. In the superficial laminae of both
the medullary and spinal dorsal horns, most 5-HT axonal
endings are dome shaped and synapse primarily on den-
drites and occasionally on neuronal cell bodies. The
vesicle complement of the 5-HT endings identified in this
study resemble that of the D1 and D2 endings described
in the medulla. The D1 type ending is characterized by
the presence of flattened agranular vesicles, while the D2
type ending contains mainly oval agranular vesicles.
However, using the immunocytochemical technique in
the spinal dorsal horn, 5-HT endings of the D1 type tend
to have a greater mixture of vesicle shape, ranging from
flattened vesicles to small oval vesicles. Dome-shaped
endings containing almost exclusively highly flattened
vesicles (Ruda and Gobel, 1980) are not labeled immu-
nocytochemically. In addition, immunocytochemically
labeled D2 type endings tend, at times, to contain round
vesicles in addition to oval vesicles. These slight morpho-
logical differences may be due to several factors. The
concentration of aldehyde fixatives used in each study
differed significantly, potentially altering vesicle shape
(Walberg, 1966). Since only the immunocytochemical
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technique requires the development of the reaction prod-
uct in diaminobenzidine, incubation of the tissue in this
medium prior to osmication also may alter the morphol-
ogy of the vesicles by chemical changes produced in the
labeled ending during the development of the PAP re-
action product. Additionally, the PAP reaction product
coats the vesicles and may obscure their true shape.
Lastly, the subtle differences in vesicle morphology in
some endings in the medullary and spinal dorsal horns
may reflect a different “parent” cell origin in the brain
stem serotonergic cell groups. In the rat, the cervical
spinal cord, but not the lumbar spinal cord, receives
afferents from serotonin neurons in the midbrain reticu-
lar formation and central gray (Bowker et al.,, 1981a).
Although some serotonergic cell groups project to several
levels of the spinal cord (Bowker et al., 1981a), it is
unclear as to whether the same 5-HT neuron issues
collaterals to all levels of the spinal cord.

Large central endings which form synapses with sev-
eral different dendritic profiles were termed S type end-
ings in the [?’H]5-HT uptake studies in the medullary
dorsal horn (Ruda and Gobel, 1980). At the light micro-
scopic level, large, dark immunoreactive varicosities are
found in the superficial laminae of the spinal dorsal horn
with dimensions comparable to those of the S type end-
ings. However, at the ultrastructural level in the spinal
dorsal horn, S type endings are rarely labeled immuno-
cytochemically. Although the S type endings were like-
wise rare in the medullary dorsal horn, their occurrence
was somewhat greater than that observed at spinal levels.
This dissimilarity in the frequency of labeled 5-HT S
type endings may reflect differences in the techniques
used to label 5-HT endings in the medulla and spinal
cord. Some S type enings may take up [°’H]5-HT nonspe-
cifically or are not recognized by our antiserum to 5-HT,
perhaps because of the slight amount of 5-HT naturally
present in the ending or because the 5-HT is in a precur-
sor or breakdown form. Large S type endings have been
observed in the cerebellum following the uptake of [°*H]
5-HT, indicating that the large scalloped central ending
is a true morphological type of 5-HT ending (Chan-Palay,
1975). However, this type of 5-HT ending has not been
described in other parts of the nervous system (Descar-
ries et al., 1975; Calas et al., 1976; Leger and Descarries,
1978), suggesting that the 5-HT neurons whose axons
form the S type ending have a limited distribution.

Our analysis of 5-HT in the superficial dorsal horn
indicates that 5-HT acts at multiple sites and may mod-
ulate the response of at least three different neuronal cell
types in the dorsal horn. Since 5-HT axonal endings do
not appear to synapse directly on primary afferent axons
in the cat dorsal horn, their main site of action is on the
intrinsic dorsal horn neurons. A key issue is to determine
which dorsal horn neurons receive 5-HT input. 5-HT
axosomatic synapses are found on neurons in laminae I
and II. Since each lamina contains different neuronal cell
types, the presence of 5-HT synapses on the somata of
neurons in these different laminae provides strong evi-
dence for multiple sites of action of 5-HT in the dorsal
horn. Lamina I contains long distance projection neurons
(Carstens and Trevino, 1978; Brown et al., 1980) in ad-
dition to neurons with a local axonal arbor (Bennett et
al.,, 1981) which may function as interneurons. 5-HT may



1670

modulate the response of thalamic projection neurons to
noxious stimulation either directly or through synapses
on interneurons in the dorsal horn. The dense plexus of
5-HT axons in lamina I is situated strategically to mod-
ulate the response of the projection neurons directly.
Physiological studies suggest that there may be a direct
5-HT input onto lamina I projection neurons (Yezierski
et al,, 1982; Jordan et al., 1979). Anatomical demonstra-
tion of direct 5-HT input onto lamina I projection neu-
rons would provide an important observation of the site
of action of 5-HT.

Lamina II of the dorsal horn is composed almost
entirely of interneurons. Since the outer part of lamina
II contains a dense plexus of 5-HT axons, it is likely that
5-HT axons synapse on the dendrites of lamina II inter-
neurons as well as an occasional synapse on the cell body.
The two major types of interneurons in lamina II include
stalked cells and islet cells (Gobel, 1978), each of which
may receive 5-HT synapses (Hoffert et al., 1982). Stalked
cells are likely candidates to receive 5-HT synapses,
especially since their dendrites are devoid of synaptic
vesicles (Gobel et al., 1980) and, as such, match those in
this study. Islet cells contain round and oval synaptic
vesicles inside of their dendritic shafts and spines and are
proposed inhibitory interneurons (Gobel et al., 1980).
Since no 5-HT synapses are observed on profiles contain-
ing round and oval vesicles, 5-HT input to islet cells, if
present, must occur on parts of the dendritic tree without
vesicles. This would place 5-HT input at sites between
the dendrodendritic and dendroaxonic synaptic transfer
of islet cell information in lamina II. The neuropil of the
superficial dorsal horn also contains dendrites of neurons
whose cell body lies in deeper lamina of the dorsal horn,
such as laminae IV and V (Szentagothai, 1964). It is likely
that the dendrites of these deeper neurons receive 5-HT
input in the superficial dorsal horn (Hoffert et al., 1982).

Based on the presence of 5-HT synapses on the cell
bodies of neurons in laminae I and II and the morpho-
logical differences that one observes in the dendrites
which are postsynaptic to 5-HT-immunoreactive axonal
endings, it is probable that 5-HT acts at multiple sites in
the superficial laminae of the dorsal horn.
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