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ABSTRACT
Although it is one of the most distinctive and earliest recognized features in the spinal cord,

the substantia gelatinosa (SG) remains among the most enigmatic of central nervous system
regions. The present neuroanatomical studies employed transganglionic transport of horseradish
peroxidase conjugates of choleragenoid (B-HRP) and the B4 isolectin of Bandeiraea simplicifolia
(IB4-HRP) on opposite sides to compare the projection patterns of myelinated and unmyelinated
cutaneous primary afferents, respectively, within the superficial dorsal horn of the spinal cord in
postnatal mice, from shortly after birth to adulthood. Putative unmyelinated afferents labeled
with IB4-HRP gave rise to a dense sheet of terminal-like labeling restricted to the outer half of the
SG. In contrast, myelinated inputs labeled with B-HRP gave rise to a similarly dense sheet of
terminal-like labeling that occupied the inner half of the SG. This adult organization, with two
dense sheets of terminal labeling in the superficial dorsal horn, was clearly evident shortly
after birth using these markers, prior to the emergence of the SG. Furthermore, the location of
the SG proper varied considerably within the dorsoventral plane of the dorsal horn according to
mediolateral and segmental locations, a finding that was also seen in comparative studies in rat
and cat. These findings caution against equating the SG in particular, and the superficial dorsal
horn in general, with nociceptive processing; at minimum, the SG subserves a clear duality of
function, with only a thin portion of its outermost aspect devoted to pain. J. Comp. Neurol. 417:
88–102, 2000. © 2000 Wiley-Liss, Inc.
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The substantia gelatinosa (SG) of Rolando, a distinctive
translucent layer capping the dorsal horn of the spinal
gray matter, is the primary termination site of unmyeli-
nated cutaneous primary afferents (Sugiura et al., 1986;
see also Réthelyi, 1977; Ralston and Ralston, 1979). Be-
cause most of these afferents are nociceptors (Burgess and
Perl, 1973; Perl, 1984), the SG is widely held to play a
pivotal role in pain processing (reviewed in Cervero and
Iggo, 1980; Willis and Coggeshall, 1991; Light, 1992). A
purely nociceptive role for the SG, however, is vitiated by
numerous lines of evidence. Notably, low-threshold
C-mechanoreceptors, which constitute a significant per-
centage of unmyelinated afferents in certain skin regions
(Shea and Perl, 1985), terminate in the SG alongside
nociceptors (Sugiura et al., 1986). Further, there are nu-
merous reports from Golgi studies (Ramón y Cajal, 1909;
Scheibel and Scheibel, 1968; Beal and Fox, 1976; Beal,
1979; Beal et al., 1988), transganglionic transport tech-

niques (Proshansky and Egger, 1977; Smith, 1983; Rivero-
Melián and Grant, 1990), and single fiber analyses (Light
and Perl, 1979; Woolf, 1987; Shortland et al., 1989; Short-
land and Woolf, 1993) that certain classes of myelinated
afferents innervating low-threshold mechanoreceptors ex-
tend up into the inner SG from deeper laminae.

The extent to which these projections overlap those from
unmyelinated afferents remains unclear. On the one
hand, an elegant series of physiological recordings from
the small neurons in the inner SG have reinforced previ-
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ous neuroanatomical findings (above) by revealing that
low-threshold myelinated inputs constitute a major input
to this area (reviewed in Light, 1992). On the other hand,
the inner SG is widely accepted to be the predominant
termination site for a large subpopulation of unmyeli-
nated afferents (e.g., Silverman and Kruger, 1988, 1990;
Wang et al., 1994). There would appear, therefore, to be
extensive overlap between myelinated and unmyelinated
cutaneous afferents in the inner SG.

Since its introduction in cats, the cytoarchitectonic lam-
ination scheme of Rexed (1952, 1954) has served as the de
facto standard for investigations of dorsal horn organiza-
tion across diverse mammalian species (1952, p. 459; see
also Martin and Fisher, 1968; Marsh, 1972; Ralston, 1979;
Clark, 1984; Molander et al., 1984). The boundaries of the
SG, the most conspicuous layer in the dorsal horn, have
figured prominently in the delineation of additional lam-
inae. However, one of the greatest controversies surround-
ing Rexed’s subdivision of the dorsal horn centered on the
synonymization of the SG with lamina II and, as its cor-
ollary, the exclusion from the SG of lamina III (reviewed
in Cervero and Iggo, 1980; see also Altman and Bayer,
1984). Even at the time, such a monolithic treatment of
the SG appeared to be contraindicated by observations of
additional layering within this region (Rexed, 1952), lay-
ers that are now formally recognized as lamina II outer
(IIo) and inner (IIi). The single defining attribute by which
the SG can be differentiated unambiguously from under-
lying lamina III is the absence of myelin. By contrast,
cytoarchitectonic analyses have proved to be limited in
their ability to resolve laminae II and III because both are
composed of nearly identical cell populations exhibiting
only slight differences in average size, staining properties,
dendritic organization, and packing density (Rexed, 1952;
Szentágothai, 1964; Scheibel and Scheibel, 1968; Ralston,
1971; Kuhlenbeck, 1975; Beal and Fox, 1976; Altman and
Bayer, 1984; Bicknell and Beal, 1984). Nowhere have
these limitations become more apparent than in birds, in
which different investigators using Rexed’s criteria ob-
tained markedly conflicting results in the same species (cf.
Martin and Brinkman, 1970; Brinkman and Martin, 1973;
Leonard and Cohen, 1975); however, analyses of cutane-
ous inputs have revealed a major difference within birds
wherein these two populations of gelatinosal neurons (i.e.,
laminae II and III) have become separated across the
mediolateral axis of the superficial dorsal horn in a large
assemblage of species (Woodbury and Scott, 1991; Wood-
bury, 1992, 1998), in contrast to earlier cytoarchitectonic
(Leonard and Cohen, 1975) and Golgi analyses (Ramón y
Cajal, 1891, 1909; Matsushita, 1968).

The present investigations of lamination in the superfi-
cial dorsal horn of mice were undertaken to provide a
framework for developmental studies of the central termi-
nations of single, physiologically identified cutaneous af-
ferents and their response to excess target-derived neuro-
trophins (Woodbury et al, in preparation). In light of the
inability of cytoarchitectonic criteria to provide unequivo-
cal identification of superficial dorsal horn laminae (cf.
Marti et al., 1987; Mirnics and Koerber, 1995), we have
focused instead on analyses of the central termination
sites of myelinated versus unmyelinated fibers labeled via
transganglionic transport of neuroanatomical tracers. In
rodents, two ligands provide excellent candidates for these
studies: choleragenoid (B), the binding subunit of cholera
toxin, and the B4 isolectin (IB4) from Bandeiraea simplici-

folia, have been shown to label preferentially the central
projections of myelinated and unmyelinated cutaneous
primary afferents, respectively (Robertson and Arvidsson,
1985; Robertson and Grant 1985; Rivero-Melián and
Grant, 1990; LaMotte et al., 1991; Kitchener et al., 1993;
Wang et al., 1994). In the present study, the central label-
ing patterns produced by B- and IB4-HRP were first char-
acterized in adult mice following injections into a variety
of peripheral locations. We then worked backward in on-
togeny to extend these findings into neonatal mice.

These studies revealed that the central terminals of
IB4-positive fibers were a consistent marker for the outer
SG, not the inner SG as widely held (e.g., Silverman and
Kruger, 1988, 1990). Similar findings in rat and cat sug-
gest that this may represent a general organizational
feature of the SG across mammals. Furthermore, both
IB4-HRP as well as B-HRP gave rise to adult-like patterns
of labeling in the dorsal horn of neonatal mice, in contrast
to previous studies involving the latter marker in neonatal
rats (Fitzgerald et al., 1994), and thus provide novel in-
formation on the laminar organization of the superficial
dorsal horn in early postnatal life. Portions of this work
have been presented in abstract form (Ritter et al., 1998;
Woodbury et al., 1998).

MATERIALS AND METHODS

All experimental procedures were approved by the in-
stitutional animal care and use committee and conform to
NIH guidelines. Experiments were performed on Swiss-
Webster mice (Hilltop Farms, Scottdale, PA) of either sex
and spanning a wide range of postnatal ages, from birth to
adulthood. Mice older than 1 postnatal week were anes-
thetized through intramuscular injections of ketamine
and xylazine (90 and 10 mg/kg, respectively) following
induction with Metofane; in the first postnatal week, ne-
onates were anesthetized by cooling on ice. Horseradish
peroxidase (HRP) conjugates of B-HRP (List Biological
Labs, Campbell, CA) and IB4-HRP (Sigma, St. Louis, MO)
were diluted to a 1% solution in distilled water and in-
jected into a variety of peripheral structures and/or loca-
tions. Injection sites varied across different experiments
and included dorsal root ganglia, thoracic dorsal cutane-
ous nerves, sciatic nerves (exposed in proximal thigh), and
subcutaneously; the latter were typically made into dor-
solateral trunk skin, although injections were also made
into the plantar skin of the hind limb in certain experi-
ments to determine the topology of glabrous skin repre-
sentation within the central projection zone of the sciatic
nerve.

Depending on the size of the injected structure, small
volumes (0.5–2 ml) of tracer were injected through a glass
micropipette (Picospritzer II, General Valve, Fairfield,
NJ), or a Hamilton microsyringe. In most cases, these
separate markers were injected on opposite sides in the
same animal to allow bilateral comparisons of the result-
ing labeling patterns in the dorsal horn. Multiple trans-
port times (12–64 hours) were tested in different experi-
ments to obtain optimal labeling for each marker.

In addition, preliminary comparative studies employing
bilateral applications of these two markers were carried
out in rats and cats for comparison with the findings in
adult mice. For rats, three adult post-partum females
received separate injections of these markers on opposite
sides of the animal, both in the sciatic (2–3 ml) and a dorsal
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cutaneous nerve (1–2 ml) at mid-thoracic levels, under
ketamine/xylazine anesthesia; one animal was sacrificed
after 2 days and the other two after 3 days. The cats used
were two juveniles (11 and 12 weeks old) that were being
used simultaneously in separate studies of the visual sys-
tem by Drs. A. Saul and A. Humphrey in our department;
all surgical procedures and injections were performed us-
ing aseptic techniques while the animals were under gen-
eral anesthesia (halothane in a mixture of nitrous oxide/
oxygen). One animal received injections totaling 10 ml of
each marker into sciatic nerves on opposite sides; the
other animal received multiple subcutaneous injections (5
ml) of each marker on opposite sides, one in the dorsolat-
eral trunk and the other in the posterior thigh. Incisions
were treated with antibiotic prior to closure, and the an-
imals were maintained under general anesthesia until the
experiment was terminated 73–80 hours later.

At the end of the transport time, animals received an
overdose of ketamine-xylazine (300 mg of sodium pento-
barbital in the case of cats). They were then heparinized
and transcardially perfused with 0.9% saline followed by
modified Karnovsky’s fixative [1% paraformaldehyde,
1.25% glutaraldehyde, 5% sucrose in 0.1 M phosphate
buffer (PB); pH 7.4] at 4°C. For mice, the volumes of
perfusates varied from 10 to 100 ml according to animal
size. The appropriate spinal segments were dissected free
in PB and postfixed in the same fixative for 10–20 minutes
before cryoprotection in 30% sucrose in PB overnight at
4°C. Serial transverse sections (25–50 mm) were cut with
a freezing microtome and collected in PB. Transported
HRP was visualized using tetramethylbenzidine (TMB)
histochemistry (Mesulam et al., 1980). Reacted sections
were mounted on subbed slides and air-dried overnight in
the dark at 4°C. The sections were then lightly counter-
stained in 0.1% neutral red (in acetate buffer at pH 4.8),
rapidly dehydrated in graded ethanols, cleared in xylenes,
and coverslipped with Permount. Slides were stored in the
dark at 4°C between analyses.

Cords from a second series of unoperated control mice
were sectioned at 25–200 mm for delimitation of the SG in
hydrated unstained tissue. Sections were viewed at up to
10003 magnification under brightfield, darkfield, polar-
ized light, and differential interference contrast (DIC) op-
tics. High-resolution digitized images were obtained ei-
ther with ScionImage (v1.57) using a Dage 3CCD video
camera and CG-7 capture card (Scion, Frederick, MD) on
a Nikon C600 microscope, or by using a Leaf Microlumina
scanning camera (Scitex, Westborough, MA) attached to
an Olympus BH-2 microscope; minor adjustments of
brightness and contrast were made in Adobe Photoshop
(v5.02) to compensate for variable lighting at the time of
image capture.

RESULTS

As shown in Figure 1, the SG is readily apparent in
unstained hydrated sections of adult mouse cord when
viewed under either brightfield or darkfield illumination;
it forms a thick superficial layer that wraps ventrally
around the lateral and, to a lesser extent, medial aspects
of the head of the dorsal horn, as in other mammals.
Relative to the size of the dorsal horn, the SG is thicker in
mice than in rat or cat, occupying a full third or more of
the head of the dorsal horn in adults. With the aid of DIC
optics, the SG could be readily differentiated from the

underlying nucleus proprius in cleared and stained sec-
tions reacted with TMB and, as seen in Figure 2, was
characterized by the singular homogeneity of its neuropil,
which exhibited a fine granular appearance (see also Fig.
5C,D). The composition of more ventral neuropil was
coarse and heterogeneous by contrast, being traversed by
large numbers of myelinated fibers oriented in both the
longitudinal and transverse planes. The SG seen under
DIC coincided with that visible under darkfield optics.
This ability to visualize the SG in TMB-reacted sections
provided a critical reference for the interpretation of bulk
labeling studies.

In contrast to adults, unambiguous identification of the
SG in neonates was not possible using these techniques,
regardless of section thickness. Indeed, under darkfield
and DIC optics, literally the entire dorsal horn could be
considered SG sensu stricto during the first postnatal
week due to the rudimentary state of myelination in sur-
rounding regions (e.g., Fig. 5E). More subjective estimates
based on cytoarchitecture fared little better, as the whole
dorsal half of the dorsal horn consisted of a condensed cap
of small cells during the first 2 weeks (e.g., Fig. 6G; see
also Marti et al., 1987). However, the use of DIC optics
suggest that this condensed cap is not the equivalent of
the adult SG. That is, subtle differences in the composition
of neuropil similar to those seen between the adult SG and
nucleus proprius became detectable in the outer half of
this cap during the second postnatal week, although these
differences did not equal those seen in adults even after
the third postnatal week; this time course parallels simi-
lar findings in rat (Bicknell and Beal, 1984).

As the SG is defined in theory and practice on the basis
of negative evidence (i.e., lack of myelination), methods
that provide positive identification will thus be required
during the first week when myelination state is in flux. We
therefore investigated the possibility of obtaining this in-
formation from the central projection patterns of myelin-
ated versus unmyelinated afferents labeled via the spe-
cific transport of HRP-ligands. These projection patterns

Fig. 1. Brightfield photomicrograph of an unstained hydrated sec-
tion through the dorsal horn of an adult mouse near the level of the
first lumbar segment. Arrowheads mark the border between the sub-
stantia gelatinosa (SG) and nucleus proprius (NP). Note that SG
occupies a relatively large proportion of the dorsal horn. DC; dorsal
column. Scale bar 5 100 mm.
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were first characterized in adults before extending similar
studies to younger animals.

Transganglionic labeling: Adults
Mice. The central labeling patterns of B-HRP and IB4-

HRP in mice were similar in nearly all respects to previ-
ous findings in rats (e.g., Kitchener et al., 1993; Rivero-
Melián and Grant, 1990; Wang et al., 1994, 1998a; present

studies). As seen in Figures 2 and 3, transganglionic
transport of each marker on opposite sides of the animal
gave rise to reciprocal, non-overlapping patterns of label-
ing in the dorsal horn, indicating that B-HRP and IB4-
HRP labeled distinct subsets of primary afferents. How-
ever, notable differences in the apparent selectivity of
these markers were evident between different injection

Fig. 2. Differential interference contrast (DIC) photomicrographs
of the central labeling patterns of IB4-HRP (A, C, E) and B-HRP (B,
D, F) following injections of each marker separately into the sciatic
(A–D) and dorsal cutaneous nerves (E, F) on opposite sides of adult
mice; all pairs show dorsal horns from the same section. All sections
reveal that IB4- and B-positive fibers terminate in the outer and inner
halves, respectively, of the SG; arrowheads mark the ventral border of

the SG. The section in A, B is rostral in the region of the “U” formed
by the sciatic central projections, whereas C, D is more caudal near
the base of the U; arrows in the latter mark the site near Lissauer’s
tract (LT) where the SG begins to become deflected ventrally from the
dorsal edge of the dorsal horn by the hemi-lamina (asterisks) inter-
posed between the marginal layer and SG in medial lumbar segments
(see text). Scale bar 5 50 mm in A and B; 100 mm in C–F.
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sites. While some of this non-selectivity was indicative of
bulk (i.e., non-selective) uptake by acutely damaged neu-
rons or their processes (see IB4-HRP, below; see also Neo-
natal mice section), differences in the populations of affer-
ents labeled at different injection sites may also contribute
to this variability. For example, dorsal root ganglion
(DRG) injections, in addition to damage-induced uptake,
may be further complicated by transport of B-HRP in

unmyelinated non-cutaneous afferents, some of which also
bind IB4 (Wang et al., 1998b, see also Robertson et al.,
1993; Quigg, 1991). Therefore, the following descriptions
in adults are focused primarily on sciatic and dorsal cuta-
neous nerve (DCN) injections, with particular emphasis
on the pattern of labeling in the SG from presumed cuta-
neous afferents. For convenience, the phrases “terminal-
like” and “terminal” are used interchangeably to denote
dense aggregates of punctate TMB reaction product, al-
though electron microscopical reconstruction of labeled
elements is ultimately required to verify the nature of this
labeling.

B-HRP. Transganglionic transport of B-HRP gave rise
to large numbers of labeled fibers in the dorsal columns
and Lissauer’s tract along with their collaterals and ter-
minals in the dorsal horn. Across the horizontal axis, the
dorsal horn projections of the sciatic nerve formed a char-
acteristic U-shaped pattern (e.g., Figs. 2B,D, 3D), whereas
DCN projections formed a trapezoid along the lateral edge
of the dorsal horn (e.g., Fig. 2F), as in rats (Smith, 1983;
Ygge and Grant, 1983; Woolf and Fitzgerald, 1986). In
addition, sciatic injections also gave rise to heavy
terminal-like labeling in the intermediate gray, Clarke’s
column, and ventral horn, as well as large numbers of
labeled motoneurons (not shown), reflecting additional
non-cutaneous components in this nerve.

Across the radial axis of the dorsal horn, dense
terminal-like labeling was seen as a thin flat sheet in the
marginal zone (lamina I) as well as a separate, wedge-
shaped projection extending into the neck of the dorsal
horn (e.g., Figs. 2B,D,F, 3D). The latter consisted of a
diffuse, loosely organized deeper projection that was
capped dorsally by a thin, tightly packed layer of radially
oriented patches, or tufts. These tufts were not readily
apparent medially in lumbar segments receiving glabrous
inputs and are presumably characteristic of hairy skin.
The dorsal extremes of these dense tufts were sharply
delimited and separated from the labeling in lamina I by
a narrow yet distinct gap; diffuse labeling that was often
present in this gap appeared to be highly linear in the
transverse plane and presumably represents fibers in pas-
sage. Interestingly, this dense superficial band of
terminal-like labeling exhibited the greatest somatotopic
precision of all the B-HRP-labeled fibers (Ritter et al., in
preparation; see also Fig. 2C,D); moreover, it occupied the
entire ventral half of the SG (Fig. 2B,D,F).

IB4-HRP. Transganglionic transport of IB4-HRP on
the opposite side of the animal labeled dorsal horn projec-
tions that exhibited similar somatotopy and were in reg-
ister with the dense superficial band of tufts labeled with
B-HRP (e.g., Figs. 2A,C,E, 3A–C). In contrast to B-HRP,
however, IB4-HRP labeling in the white matter was
largely confined to Lissauer’s tract. In the gray matter,
transported IB4-HRP was restricted to a thin dense sheet
of terminal-like labeling forming radially oriented patches
in the superficial dorsal horn; faintly labeled motoneu-
rons, presumably reflecting non-specific uptake by dam-
aged fibers (Kitchener et al., 1993; Wang et al., 1994),
were nearly always present following sciatic injections but
were generally few in number (but see Neonatal mice
section, below).

As illustrated in Figure 2A,C, and E, this dense sheet of
IB4-positive terminals occupied the outer half of the SG, in
the region left vacant by B-HRP. Relative to the size of
neuronal somata in this region, the thickness of this sheet

Fig. 3. Serial brightfield photomicrographs of the central labeling
patterns following injections of IB4-HRP (A–C) and B-HRP (D) into
the sciatic nerves on opposite sides of an adult mouse; B and D are
taken from the same section. The midline is to the right. Note the
sharp inflections in the medial portion of the IB4-positive terminal
sheet seen at these levels (closed arrows in A–C), which are main-
tained over many sections before flattening out; open arrows (A–D)
mark the area of transition where the SG is forced by the unlabeled
hemi-lamina (asterisks) from its superficial position laterally to a
more ventral position medially. Note also that dorsoventral shifts in
the IB4-positive terminal sheet (open and closed arrows) are paral-
leled by similar, compensatory shifts in the B-positive terminals (D;
see also Fig. 4A–D for similar findings in rats). Scale bar 5 100 mm
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spanned approximately 3–4 cell diameters. Although the
ventral edge of this dense band was sharply delimited,
additional (albeit far more diffuse) labeling frequently
extended into the ventral half of the SG and occasionally
into the nucleus proprius, in accord with previous studies
in rats (e.g., Wang et al., 1994; present studies). Interest-
ingly, the amount and extent of this diffuse ventral label-
ing varied considerably between cases. It was least prev-
alent in experiments involving DCN or subcutaneous
injections in which motoneuronal labeling was minimal
and most prevalent following DRG injections; in the latter
cases, large-diameter fibers were often seen extending
well into the neck of the dorsal horn. Thus, whereas some
of this diffuse labeling ventral to the dense terminal sheet
is likely to reflect specific labeling of unmyelinated cuta-
neous fibers (e.g., Sugiura et al., 1986), some may also
represent non-selective uptake by damaged afferents
and/or selective uptake by non-cutaneous afferents
(above).

The location of IB4-labeled terminals within the radial
axis of the dorsal horn exhibited striking variation across
the mediolateral plane at different segmental levels, in a
manner that appeared to be correlated with hairy versus
glabrous skin representation. As seen in Figure 2A, B, E,
and F, in thoracic and lumbar segments receiving inputs
solely from hairy skin, these terminals constituted an
essentially planar sheet that closely followed the contours
of the superficial dorsal horn across its entire mediolateral
width; this was particularly evident in the dermatomal
projections of thoracic DRGs (not shown, but see Fig. 1g,h
in Wang et al., 1998a). However, in lumbar segments
containing glabrous skin representation, this superficial
position of IB4-positive terminals was evident mainly in
the lateral dorsal horn only, in the region representing
hairy skin of the foot; further medially, this sheet was
deflected ventrally away from the dorsal edge of the dorsal
horn to variable and in some cases considerable depths
(e.g., Fig. 2C,D). Injections into the plantar surface of the
foot revealed that this latter region coincided with the
glabrous skin representation (not shown).

As illustrated in Figure 3, abrupt focal infolding of this
IB4-positive sheet was observed at multiple rostrocaudal
locations within this area. These inflections were located
slightly lateral to the medial edge of the dorsal horn and
were maintained over 150–250 mm in the rostrocaudal
axis before flattening out. These ventral excursions ap-
peared to be periodic and, as verified under DIC optics, did
not appear to reflect physical distortions of the sheet by
penetrating fiber bundles. In all cases, compensatory ven-
tral shifts were evident in the projections labeled on the
opposite side with B-HRP, such that these marked ventral
shifts in the IB4-positive terminals did not lead to in-
creased overlap between the projections of unmyelinated
and myelinated afferents (e.g., arrows in Fig. 3).

Interestingly, the variably thick neuropil lying atop
the deeper sheet of IB4-positive terminals in these seg-
ments (asterisks in Figs. 2C,D, 3) differed markedly in
composition from that which characterizes the SG
proper. While containing neurons of similar size to
those in the SG, this superficial region was far more
heterogeneous than SG proper and was extensively dis-
rupted by fibers oriented in both the longitudinal and
transverse planes; as a result, it closely approximated
the nucleus proprius in terms of the amount of reflected
light (e.g., see Fig. 4A,C for the same region in rat).

Moreover, many of the neuronal somata within this
region were oriented in the horizontal plane, in contrast
to the predominantly radial orientation of SG neurons;
however, large neurons, similar to those found in the
marginal layer, were not observed.

Alternating between brightfield, darkfield, and DIC op-
tics to visualize the location and extent of IB4 labeling in
reference to the borders of the SG proper, it was clearly
evident that regardless of its depth within the dorsal horn,
the dense IB4-positive sheet remained confined to the
dorsal half of the SG across its entire mediolateral width.
That is, the SG proper is forced ventrally away from the
dorsal edge of the dorsal horn in these medial lumbar
segments, perhaps a result of the increased numbers of
afferent inputs from distal skin. In this light, the longitu-
dinal periodicity of infoldings in the IB4-positive terminal
sheet, coupled with their relative constancy in position
across the mediolateral plane, raises the intriguing possi-
bility that they may indirectly signal the presence of local
increases in innervation density (e.g., tactile fovi), proba-
bly associated with the highly sensitive glabrous pads
(data not shown). That such morphologically visible tactile
fovi may be of more general occurrence in mammals was
suggested by the findings of similar infoldings of the IB4-
positive sheet in rats and cats, in roughly the same me-
diolateral position as seen in mice, as shown in Figure 4.

Rats. Despite numerous studies of the central labeling
patterns of B- and IB4-positive cutaneous fibers in rats
(Robertson and Arvidsson, 1985; Robertson and Grant,
1985; Rivero-Melián and Grant, 1990; LaMotte et al.,
1991; Kitchener et al., 1993; Wang et al., 1994), bilateral
comparisons of these patterns to assess their relative po-
sition and degree of terminal overlap within the SG have
not been conducted.

As noted previously, the SG was thinner in rats than
mice relative to the size of the dorsal horn. As is evident in
Figures 4A,B and 5A,B, B-HRP labeled fibers consistently
extended up into the ventral SG, similar to the results in
mice and in accord with previous findings in rats (Rivero-
Melián and Grant, 1990; but see LaMotte et al., 1991).
However, these fibers did not appear to extend as far into
the SG as in mice, occupying only one-fourth to one-third
of the ventral SG; in most sections, the dorsal two-thirds
or more of the SG was occupied by the dense sheet of
IB4-positive terminals. As in mice, the dorsoventral loca-
tion of the IB4-positive sheet varied markedly across the
mediolateral axis of lumbar segments. Again, reciprocal,
compensatory shifts in the position of B- and IB4-positive
fibers relative to the dorsal edge of the dorsal horn (Fig.
4A–D) suggested that this dorsoventral variation in IB4
labeling did not result in increased overlap between these
separate populations of fibers. Moreover, that the dense
IB4-positive terminal sheet marks the location of the outer
SG proper across the entire mediolateral axis of the dorsal
horn, regardless of its depth, was even more apparent in
rats than mice using this battery of optical techniques
(Fig. 4A,B).

Cats. In contrast to rodents, the central labeling pat-
terns following transganglionic transport of IB4-HRP and
B-HRP in cutaneous fibers in cats were not reciprocal. As
shown in Figures 4 and 5, whereas the pattern of IB4-
labeling in the cat cord appeared to be identical to that
seen in rodents, even shifting from a superficial position
laterally to a slightly deeper position in medial lumbar
segments (Fig. 4E), transport of B-HRP gave rise to label-
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ing across all laminae, as seen in Figure 4F. This apparent
lack of B-HRP specificity for myelinated fibers is in agree-
ment with earlier reports in cats (Robertson and Grant,
1985) and reflects similar findings in primates (Tong et al.,
1999). As in mice and rats, the terminals of IB4-positive
fibers were restricted to the outer half of the SG in the
juvenile cats examined, as shown in Figure 5C and D.
Whether these terminals continue to occupy the same
relative proportion of the SG in more mature cats remains
to be determined.

Transganglionic labeling: Neonatal mice

In early neonates, nerve injections of HRP-ligands into
nerves frequently resulted in non-selective transport, pos-

sibly due to fiber damage. For example, the pattern of
central labeling following sciatic nerve injection of IB4-

Fig. 5. DIC (A–D) and darkfield photomicrographs (E) of central
labeling in rat (A, B), cat (C, D), and P7 mouse (E). Labeling in rat (A,B)
shows injections of IB4-HRP (A) and B-HRP (B) into the DCN nerve on
opposite sides. Labeling in cat (C,D) shows IB4-positive terminals of the
sciatic nerve at L6 (A, below Lissauer’s tract) and L5 (D, medial edge of
dorsal horn). Note that IB4-positive terminals are in outer SG (arrow-
heads as in previous figures). In P7 mouse (E, injected on P6), note that
IB4-HRP labels a superficial terminal sheet (double arrows, left dorsal
horn) that co-localizes with a distinct gap in the B-HRP labeling (open
arrow, right dorsal horn). Scale bars 5 50 mm in A–D; 100 mm in E.

Fig. 4. Comparative darkfield (A,B) and brightfield photomicro-
graphs (C–F) of the central labeling patterns following injections of
IB4-HRP (A, C, E) and B-HRP (B, D, F) into the sciatic nerves on
opposite sides of adult rat (A–D) and 11-week-old cat (E, F). Segmen-
tal levels are L4 of rat (A–D) and L7 of cat (E, F). In A and B, note that
the SG is forced away from the dorsal edge of the dorsal horn (dotted
lines) by a variably thick and highly reflective hemi-lamina (asterisk);
arrowheads mark the ventral (A) and dorsal (B) borders of the SG. As
seen in mice (Fig. 3), pronounced ventral deflections in the otherwise

planar sheet of IB4-terminals are seen in medial lumbar dorsal horn
of rat (A,C) and cat (E); open and closed arrows as in Figure 3. In rats
as in mice, these dorsoventral shifts are accompanied by compensa-
tory shifts in B-HRP labeling (B,D). In cats, B-HRP labels projections
throughout the dorsal horn (i.e., both superficial and deep laminae; F),
indicating a lack of specificity of this marker for myelinated fibers in
this species (cf. Figs. 3D, 4D for rodents). DC, dorsal column; DR,
dorsal root; LT, Lissauer’s tract. Scale bars 5 100 mm in A–D; 200 mm
in E, F.
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Figure 5.
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HRP often precisely mirrored that seen on the opposite
side following injection of B-HRP, with extensive labeling
seen throughout the dorsal column, dorsal horn, interme-
diate gray, and ventral horn, including large numbers of
motoneurons (not shown). Although this non-selective
IB4-HRP labeling was fainter than that seen following
B-HRP injection on the opposite side, such non-selectivity
in one marker raises caution that a reciprocal non-
specificity may also occur in another marker under these
conditions. To help minimize these problems, most appli-
cations of HRP-ligands in early neonates involved subcu-
taneous injection of a small bolus (0.5–1 ml) of tracer
solution. Nevertheless, in view of the potential for spuri-
ous labeling of fibers damaged at the injection site (as well
as the problems posed by fibers-in-passage), central pro-

jections were examined across their entire rostrocaudal
extent in order to compare sections containing the heavi-
est entry of labeled fibers with sections both rostral and
caudal to the segment(s) of entry.

In sections outside the site of heaviest entry, both
B-HRP and IB4-HRP gave rise to patterns of central la-
beling in neonates that were notably adult-like in overall
appearance, as shown in Figures 5E and 6. This could be
seen as early as P4. At earlier postnatal ages (e.g., P0–3),
it was difficult to obtain consistent labeling with the small
boli employed in these studies. However, by the end of the
first postnatal week and beyond, B-HRP gave rise to a
discrete dense band of fine terminal-like labeling in the
superficial dorsal horn (arrowheads in Fig. 6), which
capped a more ventral, loosely organized projection from

Fig. 6. Brightfield photomicrographs of central labeling following
subcutaneous (A–F) and sciatic nerve injections (G, H) of B-HRP
(A–D, F, H) and IB4-HRP (E, G) during the first 2 postnatal weeks in
neonatal mice. Panels show labeling following injections at P0 (A,
24-hour survival), P2 (B, 24 hours), P6 (C,D, 52 hours), and P12 (E–H,
48 hours); all sections except C lie just outside the heaviest entry of
labeled fibers. Note the adult-like patterns of labeling provided by
these markers from the first postnatal week onward. Even in the
earliest neonates studied, a gap (open arrows) separates the heaviest
labeling of B-HRP in the superficial dorsal horn, seen as a dense,
patchy terminal sheet (arrowheads), from labeling in the marginal
zone (filled arrows); this gap corresponds to the terminal field of
IB4-positive fibers (E, H; see also Fig. 5E). Although diffuse B-HRP
labeling is evident in all sections, the location of this gap is readily

apparent even in sections through the site of heaviest entry (C). To
visualize the nature of this diffuse labeling better, the focal plane in C
and D was adjusted slightly beneath the counterstained cells to re-
duce contrast. These two sections, 500 mm apart, reveal that a large
portion of this diffuse staining appears to stem from the marginal
zone (filled arrows); note the diminution of this labeling away from the
entry zone (D). In G and H, the lack of correspondence between the
combined terminal sheets of IB4- and B-positive afferents and the
apparent SG estimated from cytoarchitecture (dotted line in G) is
evident. (The medial diminution in labeling in SG suggests that not
all fascicles within the sciatic were equally exposed to IB4-HRP in this
case). For abbreviations, see Figure 4. Scale bars 5 25 mm in A–F; 100
mm in G, H.
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large-diameter afferents. Moreover, an obvious gap (open
arrows in Figs. 5E, 6) separated this dense superficial
band from labeling in the marginal zone (filled arrows in
Fig. 6); a similar gap could be detected at even earlier
postnatal ages just outside the segment of entry (e.g.,
P1–3; Fig. 6A,B). By contrast, IB4 gave rise to a thin band
of labeling centered within the confines of the gap pro-
duced by B-HRP labeling (Figs. 5E, 6E,F); at 3–4 cell
diameters, the relative thickness of this terminal sheet
closely matched that seen in adults.

However, specific labeling with IB4-HRP was difficult to
demonstrate in the earliest neonates studied (Pl following
injections 18–24 hours earlier at PO), possibly reflecting
the greater capacity for damage-induced labeling of puta-
tive myelinated inputs (above) as well as a later pheno-
typic maturation of IB4-positive afferent terminals in the
spinal cord and/or skin (Plenderleith et al., 1992; see also
Mattio et al., 1981; Fitzgerald and Gibson, 1984; Coimbra
et al., 1986). Furthermore, IB4-HRP labeling in the dorsal
horn was also far more labile than B-HRP; although IB4-
positive projections to the dorsal horn could be demon-
strated 18–24 hours after skin injections at P6, this label-
ing was greatly diminished by 43 hours. By contrast,
B-HRP labeling remained largely unchanged up to 52
hours post injection (e.g., Fig. 6C,D). By 64 hours, how-
ever, the dense superficial band subjacent to the gap had
begun to diminish in intensity in contrast to the deeper
projections, which remained well labeled.

This superficial gap was frequently obscured by diffuse
labeling in sections near the site of heaviest entry of fibers
labeled with B-HRP (e.g., Fig. 6C). This was most notable
under darkfield and polarized illumination due to the
extensive diffraction of scattered light, and was reminis-
cent of previous findings in neonatal rats (Fitzgerald et al.,
1994; see also Coggeshall et al., 1996). However, this
diffuse labeling was greatly diminished (and often unde-
tectable) in sections both rostral and caudal to this main
entry site (e.g., Fig. 6D); in many sections there appeared
to be no more labeling in this area than seen in adult TMB
material. Notwithstanding fibers-in-passage, a significant
amount of this diffuse labeling appeared to arise from the
marginal zone; this point, along with the diminution of
marginal zone labeling outside the segment of heaviest
entry, can be seen by comparing Figure 6C and D.

In summary, these two dense terminal-like sheets la-
beled by the transport of B-HRP and IB4-HRP, respec-
tively, provide valuable positive evidence of lamination in
the superficial dorsal horn of neonatal mice. In view of
their strikingly adult-like spatial relationships, the sim-
plest interpretation is that these sheets in combination
delimit the boundaries of the incipient SG in early neona-
tal life. Importantly, this delineated region is far thinner
than, and hence does not correspond to, the larger “sub-
stantia gelatinosa” estimated from cytoarchitecture dur-
ing this period (e.g., Fig. 6G). Nevertheless, the fact that
these dense sheets occupy the same relative amount of the
dorsal horn as in adults, and correspond precisely with the
SG proper when the latter first becomes detectable using
DIC optics, suggests that the larger substantia gelatinosa
of younger neonates estimated on the basis of Nissl stain-
ing and/or darkfield illumination (see above; see also
Marti et al., 1987) is not equivalent to the SG proper seen
in adults.

DISCUSSION

The present studies demonstrate that transganglionic
transport of IB4- and B-HRP applied to skin sensory af-
ferents on opposite sides of the body gives rise to reciprocal
patterns of labeling in the dorsal horn of mice, just as it
does in rats. Given the relatively close phylogenetic rela-
tionship between murid rodents, these similarities are not
unexpected and argue that these HRP-ligands label ho-
mologous subsets of primary afferents in these species.
Interestingly, these neuroanatomical findings underscore
a striking duality in the SG; the population of putative
unmyelinated afferents identified by IB4-HRP formed a
dense sheet of terminal-like labeling in the outer half of
the SG, whereas the inner half of the SG was occupied by
a dense sheet of terminal-like labeling from putative my-
elinated fibers labeled with B-HRP. That both sheets ex-
hibited parallel, compensatory shifts in the dorsoventral
plane at the same mediolateral positions suggests that
they occupy discrete, non-overlapping regions of neuropil,
possibly interdigitating along their common border.

IB4-positive afferents terminate in outer SG

Interpreted within the context of the lamination scheme
of Rexed (1952), the present findings reveal that the dense
sheet of IB4-positive terminals occupies lamina IIo. This
conclusion, supported by similar findings in rats and cats,
is at odds with the widely held view that these afferents,
which share identity with neurons expressing fluoride-
resistant acid phosphatase (FRAP; see Wang et al., 1994
and references therein), terminate in lamina IIi (Coimbra
et al., 1974; Fitzgerald and Vrbová, 1985; Silverman and
Kruger, 1988, 1990; Wang et al., 1994; Doubell et al.,
1997; but see Coimbra et al., 1986; Ribeiro-Da-Silva et al.,
1986).

The reasons underlying this discrepancy are not en-
tirely clear. A partial explanation may stem from the fact
that most earlier studies reporting a IIi localization may
have focused on the medial dorsal horn at the level of the
enlargements (e.g., Silverman and Kruger, 1988, 1990;
Wang et al., 1994), a region where this terminal sheet is
clearly forced ventrally from the dorsal edge of the dorsal
horn. Thus, the overall depth of this sheet in the dorsal
horn, in combination with striking differences seen be-
tween IB4 and neuropeptide staining in this region (e.g.,
Silverman and Kruger, 1988, 1990), may have facilitated
the interpretation of a IIi localization for IB4 staining.
Examination of this earlier work, however, reveals that
the reported staining of IB4 in lamina IIi, along with the
pronounced difference between IB4 and neuropeptide lo-
calization, is characteristic of medial dorsal horn only; the
IB4-staining in the lateral dorsal horn occupies a superfi-
cial position (Silverman and Kruger, 1988, 1990; Wang et
al., 1994, 1998a), as in the present studies.

Although this discrepancy has not been addressed pre-
viously, with the battery of optical techniques used in the
present study, this sheet could clearly be seen to occupy
the outer half of the SG proper across its entire mediolat-
eral extent, whereas the inner SG was occupied by the
terminals of B-positive fibers. That is, it is the SG itself
that is deflected away from the dorsal edge of the medial
dorsal horn, forced ventrally by a variably thick and
highly reflective (i.e., fibrous) region that remains largely
devoid of IB4- and B- positive inputs. It should be noted,
however, that greater IB4 staining is seen in this region
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following transport of higher concentrations of lectin
(Wang et al., 1994) as well as in direct binding studies
(Molander et al., 1996 and references therein), conditions
that might be expected to provide enhanced visualization
of axons as well as terminals; lectin binding studies would
be further influenced by IB4-positive afferent inputs from
non-cutaneous targets (Wang et al., 1998b) as well as
binding by non-neuronal elements (Streit and Kreutzberg,
1987; Plenderleith et al., 1992; Molander et al., 1996).

The apparent lack of myelinated inputs to this thick-
ened region, coupled with a similar absence of large (i.e.,
marginal) neurons and differences in the predominant
orientation of fibers, serves to distinguish it from the
classical marginal layer (i.e., lamina I of Rexed, 1952). As
this region is also distinguished from the SG (above),
these findings point to a previously unrecognized hemi-
lamina interposed between the SG and marginal layer in
the medial dorsal horn, which, like Rexed’s lamina VI,
attains its greatest size in lumbar segments. The fact that
this apparent hemi-lamina corresponds to the previously
described neuropeptide-positive/IB4-negative region in
the superficial dorsal horn (Silverman and Kruger, 1988;
1990), a region that is also well demarcated by brain-
derived neurotrophic factor (e.g., Fig. 4A in Kerr et al.,
1999), leads to the intriguing hypothesis that the
neuropeptide-positive/IB4-negative subpopulation of un-
myelinated DRG afferents (Hunt and Rossi, 1985; Wang
et al., 1994) may be predominantly localized to glabrous
skin. Further work will be required to test this hypothesis.

Perhaps the greatest confounding factor contributing to
the discrepancy in the position of IB4 labeling is the lack of
independent corroboration of the limits of the SG proper in
earlier studies, all of which relied on estimates based on
the general position of labeling in the dorsal horn with
respect to a standardized cytoarchitectonic lamination
scheme. However, as evidenced by the wide variation in
laminar estimates by different groups working on the
same species (see Introduction), cytoarchitectonic criteria
cannot unambiguously resolve superficial laminae; a
prime example of this in rodents can be seen by contrast-
ing Figure 4 of Mirnics and Koerber (1995) with that of
Marti et al. (1987). Despite its unchallenged utility as a
general descriptor of the overall laminar organization in
the dorsal horn, the cytoarchitectonic scheme of Rexed
fails to account adequately for the present findings on the
lamination patterns of primary afferent inputs to the SG.
That is, the continuous sheet of terminals arising from the
IB4-positive fibers varies between lamina IIo to what
would be considered lamina III in certain regions.

In light of this great variation in depth, it is clear that
highly divergent laminar termination patterns would be
ascribed to individually labeled IB4-positive afferents that
otherwise differ only in receptive field location. However,
the present findings indicate that such differences in lam-
inar termination patterns would be of doubtful biological
significance. Such variation may help explain the lack of
consensus regarding functional lamination in the dorsal
horn (reviewed in Cervero and Iggo, 1980); postsynaptic
neurons in some areas deep within lamina III are likely to
be functionally identical to neurons in lamina IIo in other
parts of the dorsal horn, the simple consequence of dorso-
ventral variations in the depth of the IB4-positive termi-
nal sheet. Such dorsoventral variability in the location of
the SG proper poses significant concern for studies cen-

tered in medial lumbar segments (e.g., see Baba et al.,
1999 and references therein).

The extent to which IB4/FRAP-positive afferents consti-
tute a functionally homogeneous population is unclear.
They appear to be unique among unmyelinated afferents
in their dependence in adult life on glial cell line-derived
neurotrophic factor (Molliver et al., 1997; see also Silos-
Santiago et al., 1995). However, despite early suggestions
that this population may be further distinguished from
other unmyelinated afferents by a lack of neuropeptide
expression (Hunt and Rossi, 1985; Silverman and Kruger,
1990), there is mounting evidence that this definition is no
longer tenable, as significant percentages of IB4-positive
neurons have been shown to co-localize a variety of neu-
ropeptides (Wang et al., 1994 and references therein).
Furthermore, the tight co-localization between IB4 and
FRAP may apply only to neurons innervating cutaneous
targets, as IB4-positive visceral afferents appear to be
FRAP negative (Wang et al., 1998b; see McMahon and
Moore, 1988; Wang et al., 1998a for muscle afferents).
Recent physiological studies of acutely isolated IB4-
positive neurons provide further evidence of heterogeneity
among these afferents (Stucky and Lewin, 1999). How-
ever, much needed studies on the functional identities of
IB4-positive cutaneous afferents are lacking.

Neonatal labeling

The present studies demonstrate that transganglionic
transport of both B- and IB4-HRP gives rise to notably
adult-like patterns of labeling in the dorsal horn of neo-
natal mice and therefore offers valuable insight into the
laminar organization of the superficial dorsal horn prior to
the emergence of the SG proper. Transport of IB4-HRP
labeled a thin sheet of terminals directly subjacent to the
marginal zone; as early as P6, this sheet could be seen to
form a layer approximately 3–4 cell diameters thick that
was localized to a distinct gap of similar thickness in the
B-HRP labeling, just as in adults.

With respect to B-HRP, these findings run counter to
the results of similar studies in neonatal rats (Fitzgerald
et al., 1994; see also Coggeshall et al., 1996). Pointing to
classical Golgi work (Ramón y Cajal, 1909), these earlier
bulk-labeling studies have given rise to the widely held
perception (e.g., Mirnics and Koerber, 1997) that the
flame-shaped collateral arbors of hair follicle afferents
extend into and remain within the SG throughout the first
3 weeks of neonatal life before retracting out. With respect
to the SG, however, multiple lines of evidence (Proshan-
sky and Egger, 1977; Light and Perl, 1979; Woolf, 1987;
Shortland et al., 1989; Rivero-Melián and Grant, 1990;
Light, 1992; Shortland and Woolf, 1993; present studies)
reveal that there is nothing unusual about the presence of
inputs from low-threshold myelinated afferents in this
region. The important question is whether these project
further into the SG than they normally do.

As detailed in a separate study (Woodbury et al., in
preparation), analyses of the central projections of sin-
gle, physiologically identified hair follicle afferents in
neonatal mice clearly reveal that they do not. This is in
complete accord, therefore, with previous developmen-
tal Golgi studies of putative hair follicle afferents in rat
(Beal et al., 1988). Hence, the apparent discrepancies
between the present bulk labeling study in mice and the
previous study in rats (Fitzgerald et al., 1994) are un-
likely to reflect species differences. It is more likely that
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this apparent discrepancy may simply reflect method-
ological differences compounded by overemphasis on the
unity of the SG and underemphasis on differences in
staining intensity in the earlier studies. In our hands,
darkfield illumination, although unquestionably more
sensitive than brightfield, nevertheless severely com-
promised the ability to delimit the precise boundaries of
heavy labeling due to its reliance on scattered light; the
pronounced halo effect from diffracted light proved es-
pecially problematic in the small sections of cord from
neonates. Moreover, examination of serial sections
throughout the rostrocaudal extent of B-HRP labeling
in neonates revealed considerable variation in the in-
tensity of staining in the region normally restricted to
IB4-positive terminals in adults (i.e., outer SG). Most of
this diffuse staining appeared to arise superficially,
from fibers in the marginal zone. In this regard, it is
important to note that lamina I-specific nociceptors are
also known to give rise to small numbers of inputs to the
SG in adult cats (Light and Perl, 1979).

Using bulk labeling techniques, it is impossible to
ascertain whether the labeling seen in the outer SG of
neonates represents 1) fibers in passage; 2) terminals of
collateral arborizations of myelinated fibers, either from
superficial projections extending ventrally or deeper
projections extending dorsally (e.g., Fitzgerald et al.,
1994; Coggeshall et al., 1996), or 3) non-selective uptake
of B-HRP by intact or acutely damaged unmyelinated
fibers. Indeed, recent findings that the selectivity of
B-HRP for myelinated afferents is not only species-
(Robertson and Grant, 1985; Tong et al., 1999; present
studies in cat) and target- dependent (Robertson et al.,
1993; Quigg, 1991; Wang et al., 1998b), but injury-
dependent as well (Tong et al., 1999) are of critical
concern in this regard. Even in rodents, in which the
selectivity of B-HRP for myelinated cutaneous fibers is
greatest, objective estimates from electron microscopic
studies suggest that at least 25% of the fibers labeled
via B-HRP injections in neonatal rats may have been
presumptive unmyelinated afferents (Coggeshall et al.,
1996); whether the latter were of cutaneous origin is not
known. That synapses were demonstrated in these ear-
lier electron microscopic studies reveals that not all
labeling seen with light microscopy in this region arises
from fibers of passage. However, because these synapses
were labeled via bulk labeling, even basic information
on their identity (i.e., whether arising from fibers cours-
ing ventral or dorsal to the outer SG) cannot be ascer-
tained without serial reconstruction.

Although we cannot exclude the possibility that some
of this diffuse labeling in the present studies was due to
non-selective uptake of B-HRP from unmyelinated fi-
bers, especially that seen at the site of heaviest entry,
the presence of a distinct gap that mirrored the location
of IB4- positive terminals labeled on the opposite side
suggests that these two markers exhibit essentially
adult-like specificities in neonates. Also, although we
also cannot exclude the possibility that some myelin-
ated fibers give rise to this diffuse labeling (see also
Coggeshall et al., 1996), it now seems likely that this
labeling does not represent inappropriate projections
from hair follicle afferents as commonly believed; as
with the dense band of tufts labeled with B-HRP
(present studies), the arborizations of hair follicle affer-

ents appear to be in the same location in neonates (Beal
et al., 1988) as they are in adults (Woolf, 1987).

That the dense sheets of IB4- and B-positive terminals,
in combination, mark the incipient SG in the second post-
natal week suggests that these markers may identify this
region in earlier postnatal ages when the boundaries of
the SG can only be estimated (e.g., Bicknell and Beal,
1984). The relative constancy in these sheets, particularly
in terms of the amount of superficial dorsal horn occupied
throughout postnatal life, provides compelling evidence
along these lines. This also serves to highlight the lack of
equivalence between the SG proper and the far thicker
“substantia gelatinosa” that is apparent cytoarchitectur-
ally at these ages (e.g., Fig. 6G; see also Marti et al., 1987).
This larger pseudo-SG undoubtedly includes additional
regions ventral to the SG proper that in adults will prob-
ably fall within lamina III. This finding sheds new light on
the earlier reluctance to adopt Rexed’s monolithic treat-
ment of the SG by investigators studying neonatal and
juvenile animals (e.g., Szentágothai, 1964; Scheibel and
Scheibel, 1968; Altman and Bayer, 1984); in part, these
arguments may have revolved around non- homologous
regions.

What is the SG?

Rexed’s confidence that his laminar scheme “will reflect
the structural organization of the spinal cord of at least
the higher mammals” (1952, p. 459) has been largely
borne out by the identification of these laminae across
wide-ranging mammalian species (e.g., Martin and
Fisher, 1968; Marsh, 1972; Ralston, 1979; Clark, 1984;
Molander et al., 1984). As with ontogenetic studies
(above), the biological significance of such comparative
studies is critically dependent on the ability to identify
layers that are homologous across species.

In view of the present findings, it is important to
emphasize that the SG is not a structural component of
the dorsal horn (see also Cervero and Iggo, 1980), but is
instead simply a region of neuropil characterized by
dense and highly somatotopic terminals, the latter aris-
ing from widely dissimilar cutaneous afferents. As these
sheets correspond in location to the incipient SG at
postnatal ages when surrounding dorsal horn neurons
are largely indistinguishable, these dense presynaptic
sheets probably account in large part for the distinctive
translucent appearance of this region in adults. This
underscores a previously overlooked yet critical aspect
of the SG in that it is a region defined in essence by its
lack of myelination, i.e., on the basis of negative evi-
dence. However, negative evidence is clearly insufficient
to support inferences on laminar homologies, which,
explicitly or implicitly, underlie previous attempts to
extend Rexed’s cytoarchitectonic scheme outside cats,
especially since the amount of myelination may be de-
pendent on fiber diameter (reviewed in Ritchie, 1995),
which in turn is likely to be dependent on species size
(e.g., Hardesty, 1902). In other words, afferents of
smaller species (e.g., mouse) may exhibit lesser
amounts of periterminal myelination, leading poten-
tially to a relative expansion of the ventral limits of the
SG. Alternatively, larger animals (e.g., rat) may exhibit
a greater amount of myelination, leading to a retraction
of the ventral limits of the SG.

In this light, inferences concerning the homology of
the SG (Keenan, 1929) as well as Rexed’s laminae

99SUBSTANTIA GELATINOSA LAMINATION



across diverse mammalian lineages (above) may be pre-
mature; although sufficient information will probably
allow reasonable inferences about the homologies of
specific neuronal populations in the dorsal horn, the
same cannot be argued for the SG at present. This latter
point is underscored by the apparent lack of equivalence
between the inner SG of even closely related rodents,
where an increase in SG thickness is positively corre-
lated with the amount of SG occupied by myelinated
inputs. In other words, a good portion of the neuronal
population comprising the inner SG of mice (i.e., IIi)
appears to lie within the arbitrary limits of lamina III in
rats. The inverse, of course, brings us full circle to the
earlier controversy surrounding Rexed’s monolithic
treatment of the SG (Szentágothai, 1964). The notion of
a unitary SG obfuscates the striking duality encom-
passed within this region. In terms of classificatory
value, because the use of the term “substantia gelati-
nosa” tends to obscure rather than illuminate such bi-
ologically significant information, one solution that
should ultimately facilitate investigations of laminar
homologies across vertebrates will be to re-align the
boundary between laminae II and III (e.g., LaMotte et
al., 1991) to reflect this great disparity of inputs.

In conclusion, the present findings help clarify ques-
tions concerning the amount of overlap between myelin-
ated and unmyelinated cutaneous afferents in the inner
SG and suggest that there is very little. The uncertainty
stems from the erroneous conclusion that IB4-positive
unmyelinated fibers terminate in this region (i.e., lam-
ina IIi sensu Rexed, 1952), when in fact these terminals
are restricted predominantly to the outer SG; the inner
SG is occupied by the terminals of myelinated fibers.
This earlier ambiguity may be largely explained by the
existence of an undescribed hemi-lamina interposed be-
tween the SG and marginal zone that reaches its great-
est thickness in medial portions of the enlargements.
The present studies further demonstrate that an adult
laminar projection pattern is evident in the central
terminations of myelinated and unmyelinated fibers in
early postnatal life, well before the time course reported
previously for myelinated inputs. Therefore, both IB4-
and B-HRP can provide valuable information on the
laminar organization in the superficial dorsal horn as
well as on the location of the putative SG prior to the
latter’s appearance during ontogeny.

ACKNOWLEDGMENTS

We thank Ms. Corinne Batchelor and Julie Kopszak for
excellent histological and technical assistance, as well as
Dr. K. Mirnics and two anonymous reviewers for helpful
comments on an earlier version of the manuscript. This
work was supported by a grant from the National Insti-
tutes of Health to H.R.K. (23725).

LITERATURE CITED

Altman J, Bayer SA. 1984. The development of the rat spinal cord. Adv
Anat Embryol Cell Biol 85:1–166.

Baba H, Doubell TP, Woolf CJ. 1999. Peripheral inflammation facilitates
Ab fiber-mediated synaptic input to the substantia gelatinosa of the
adult rat spinal cord. J Neurosci 19:859–867.

Beal JA. 1979. Serial reconstruction of Ramón y Cajal’s large primary
afferent complexes in laminae II and III of the adult monkey spinal
cord: a Golgi study. Brain Res 166:161–165.

Beal JA. Fox CA. 1976. Afferent fibers in the substantia gelatinosa of the
adult monkey (Mucaca mulatta): a Golgi study. J Comp Neurol 168:
113–144.

Beal JA, Knight DS, Nandi KN. 1988. Structure and development of
central arborizations of hair follicle primary afferent fibers. Anat Em-
bryol 178:271–279.

Bicknell HR, Beal JA. 1984. Axonal and dendritic development of substan-
tia gelatinosa neurons in the lumbosacral spinal cord of the rat. J Comp
Neurol 226:508–522.

Brinkman RW, Martin AH. 1973. A cytoarchitectonic study of the spinal
cord of the domestic fowl, Gallus gallus domesticus. I. Brachial region.
Brain Res 56:43–62.

Burgess PR. Perl ER. 1973. Cutaneous mechanoreceptors and nociceptors.
In: Iggo A, editor. Handbook of sensory physiology. Somatosensory
system. New York: Springer-Verlag. p 29–78.

Cervero F, Iggo A. 1980. The substantia gelatinosa of the spinal cord: a
critical review. Brain 103:717–772.

Clark RG. 1984. Anatomy of the mammalian cord. In: Davidoff RA, editor.
Handbook of the spinal cord. New York: Marcel Dekker. p 1–45.

Coggeshall RE, Jennings EA, Fitzgerald M. 1996. Evidence that large
myelinated primary afferent fibers make synaptic contacts in lamina II
of neonatal rats. Dev Brain Res 92:81–90.
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