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Abstract 

Neurons in Rexed’s lamina I have the bulk of their dendritic arbors confined within this lamina. 
This study examines the morphology and synaptic connections of primary axons which generate 
axonal endings in lamina I of the spinal dorsal horn and are in position to deliver their inputs directly 
to lamina I neurons. Primary axons were made visible for light and electron microscopical study by 
applying horseradish peroxidase (HRP) to the severed central stumps of cervical and lumbar dorsal 
roots and allowing sufficient time for the orthograde movement of the HRP into the terminal axonal 
arbors. Golgi preparations provided supplementary light microscopical views of these axons. Lamina 
I receives the terminal arborizations of two very different kinds of primary axons. One of these 
generates many ultrafine endings along unbranched, long rostrocaudally oriented, strand-like collat- 
erals which arise from thin parent branches in Lissauer’s tract. In view of these thin parent branches, 
most ultrafine primary axons are considered to be unmyelinated (C) primary axons. The second 
kind of primary axon generates large caliber endings on branched collaterals. These arise from 
relatively thick parent branches in Lissauer’s tract which, on the basis of their size, are considered 
to be myelinated (A& primary axons. 

The scalloped endings of both primary axons lie in the interior of glomeruli where they form 
axodendritic synapses on small dendritic shafts and spines. It is at these synapses that these two 
kinds of primary axons are thought to transfer nociceptive and thermal inputs directly to the 
dendritic arbors of lamina I neurons. Transmitter release at these axodendritic synapses in response 
to primary inputs can be modified, probably diminished or inhibited, by synaptic events within the 
glomeruli from at least three sources. Synaptic vesicle-containing dendrites form dendroaxonic 
synapses on primary endings and two kinds of axons form axoaxonic synapses either on primary 
endings or on the intervaricose segments of the primary axons. 

It has now been established through the use of anatom- 
ical and physiological techniques that Rexed’s (1952) 
lamina I is one of the major locations of long distance 
projection neurons in the spinal and medullary dorsal 
horns (e.g., Price and Dubner, 1977; Gobel et al., 1981; 
Hockfield and Gobel, 1978; Willis et al., 1979 for reviews). 
Most lamina I neurons receive nociceptive inputs from 
primary neurons with small caliber axons which conduct 
in the C and A6 ranges (Christensen and Perl, 1970; 
Kumazawa and Perl, 1978; Light et al., 1979; Bennett et 
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al., 1981). Some also receive innocuous inputs (Bennett 
et al., 1981; see Price and Dubner, 1977 for review). One 
of the most important current questions relating to the 
neural circuitry of the dorsal horn concerns the manner 
in which different kinds of primary afferent inputs reach 
lamina I neurons. 

Golgi and intracellular horseradish peroxidase (HRP) 
studies have shown that lamina I neurons may send an 
occasional dendrite into the overlying white matter (Ra- 
mon y Cajal, 1911; Gobel, 1978) and that a rare lamina I 
neuron may send a dendrite into deeper layers of the 
dorsal horn (Ramon y Cajal, 1911; Beal, 1979; Light et 
al., 1979; Bennett et al., 1981). However, most lamina I 
neurons have their flattened dendritic arbors confined 
within lamina I (Gobel, 1978). The presence of primary 
axonal endings in lamina I as well as in lamina II and the 
deeper layers of the dorsal horn suggests that primary 
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inputs could reach lamina I neurons over two routes: 
directly on their dendrites in lamina I and indirectly via 
an excitatory interneuron (Gobel, 1979). 

Recently, a number of studies using several different 
experimental approaches have addressed the question of 
the termination sites of A6 and C primary axons in 
laminae I and II. These studies have led to two different 
interpretations as to how these axons are distributed in 
these laminae. One interpretation is based on light (La 
Motte, 1977) and electron microscopical (EM) (Ralston 
and Ralston, 1979) degeneration studies as well as on 
studies in which physiologically identified AS primary 
axons were injected intra-axonally with HRP (Light and 
Perl, 1979) and electrophysiological studies of neurons in 
laminae I and II (Kumazawa and Perl, 1978; Light et al., 
1979). These studies suggest that C primary axons ter- 
minate predominantly in lamina II and that AS primary 
axons terminate in lamina I. The second interpretation 
is based on EM degeneration studies (Gobel and Binck, 
1977) and on studies in which primary axons were filled 
with HRP (Gobel and Falls, 1979) and suggests that 
lamina I is an important termination site of C primary 
axons and lamina II is an important termination site of 
A6 primary neurons. While neither of these interpreta- 
tions in their original conception precluded the other, 
they are nonetheless frequently thought of as mutually 
exclusive and remain at the heart of one of the major 
issues in the neural circuitry of the dorsal horn. 

The present study was undertaken because earlier 
independent studies identified two kinds of primary end- 
ings in lamina I. One was a very small ending (Gobel and 
Binck, 1977; Gobel and Hockfield, 1977) and the other 
was a relatively large ending (Light and Perl, 1979; Ral- 
ston and Ralston, 1979). Such observations suggested 
that lamina I may not simply receive the terminal arbors 
of a single kind of primary axon but that two or more 
different kinds of primary axons may terminate there. If 
this were in fact the case, it would help to clarify some of 
the earlier above mentioned disparate views which inti- 
mated that lamina I received the terminal arbors of only 
a single kind of primary neuron. 

Recently, horseradish peroxidase (HRP) has been ap- 
plied to the central portions of severed dorsal roots in 
order to fill primary axons and demonstrate different 
morphological aspects of primary axons in the spinal 
cord (Light and Perl, 1977; Proshansky and Egger, 1977; 
Beattie et al., 1978; Gobel and Falls, 1979). This method 
has several important advantages over more traditional 
degenerative techniques for studying primary axons in 
the spinal cord. First, filling of the primary axons with 
HRP occurs relatively quickly. This makes it possible to 
use short postoperative survival times following dorsal 
root rhizotomy, i.e., less than 1 day, so that primary 
axons can be viewed before they fragment or become 
detached from their synaptic connections. This obviates 
the difficulties in interpreting small endings as such or as 
degenerating fragments of larger endings. Second, it dis- 
plays large numbers of primary endings in contrast to the 
relatively small number of degenerating primary endings 
seen at any given postoperative survival time since all 
primary axons do not degenerate at the same time. Third, 
primary endings can be viewed in the light microscope as 
well as in the electron microscope. 

This study shows that lamina I receives the terminal 
arborizations of two kinds of primary axons, both of 
which are thought to deliver nociceptive inputs to the 
dendrites of lamina I neurons. One of these, the ultrafine 
axon, generates the smallest primary endings thus far 
uncovered in the spinal cord and these are thought to 
originate from nociceptive primary neurons with unmye- 
linated (C) axons. The other one contains large caliber 
endings and thick parent branches of the size of small 
(A6) myelinated axons. The morphology of their endings 
and their branching pattern suggest that they belong to 
the small myelinated AS high threshold mechanorecep- 
tive primary axons which have been shown to terminate 
in part in lamina I (Light and Perl, 1979). 

Materials and Methods 

Four adult cats were anesthetized deeply with sodium 
pentobarbital. Cervical laminectomies were performed in 
two cats in order to expose the cervical dorsal roots, 
while lumbar dorsal roots were exposed in the other two 
cats following lumbar laminectomies. Either all cervical 
or all lumbar dorsal roots on one side then were severed 
approximately midway between the spinal cord and their 
dorsal root ganglia. Crystalline HRP (Sigma type VI) 
then was either placed directly on the cut roots or 
crushed into them with fine rat-toothed forceps. Then 
small drops of saline were applied from a fine injection 
needle to dissolve the HRP and to keep the dorsal roots 
moist. The HRP was kept on the cut central ends of the 
dorsal roots for 8 hr in both cervical root experiments 
and for 6 and 12 hr in the two lumbar root experiments. 
Subsequently, the cats were perfused with a solution 
containing a 0.12 M phosphate buffer, 1% glutaraldehyde, 
and 1% paraformaldehyde. Following the perfusion, the 
appropriate segments of spinal cord were cut into blocks 
containing one to three dorsal roots and then stored in 
the same fixative overnight. The following day, the blocks 
were cut on an Oxford Vibratome into 100~pm sections in 
the parasagittal plane in the case of the lumbar segments 
and in planes ranging from horizontal to parasagittal in 
the case of the cervical segments. Next the sections were 
rinsed in phosphate buffer and immediately processed 
with diaminobenzidine and CoClz (Adams, 1977) for HRP 
reaction product. The sections then were dehydrated in 
a graded series of glycerin solutions (Gobel et al., 1980), 
transferred to pools of 100% glycerin on glass slides, and 
coverslipped. After preliminary examination, some of the 
sections were processed for EM analysis according to a 
procedure described elsewhere (Gobel et al., 1980) and 
then thin-sectioned in either the parasagittal or horizon- 
tal plane. With the exception of some small dendrites 
which exhibit signs of internal membranous degenerative 
changes (Figs. 9a and ll), the neuropil remained well 
preserved despite having passed through the histochem- 
ical incubation solutions and glycerin prior to osmication. 
The rest of the lOO-pm sections were rehydrated in a 
descending series of glycerin solutions, then dehydrated 
in ethanol, cleared in xylene, and mounted in Permount 
for light microscopical study. Camera lucida drawings 
were made using a Zeiss light microscope which was 
fitted with a x 100 long working distance lens, a x 1.6 
auxiliary magnifying lens (Optivar) which was mounted 
above the objective lens turret, a Zeiss drawing tube 



The Journal of Neuroscience Ultrafine Primary Axons in Lamina I 1165 

which was mounted above the Optivar, and x 10 oculars. 
This arrangement provided a final magnification of x 

1600 which was sufficient to visualize and reproduce 
accurately the widths of the finest unmyelinated portions 
(-0.3 pm) of the HRP-filled primary axons. 

In addition, thick sections (150 to 300 pm) were cut by 
hand in either the horizontal or parasagittal planes from 
Golgi preparations (see Gobel, 1978 for preparative de- 
tails) of the cervical dorsal horn. These sections were 
used to examine the course and morphology of axons 
suspected of being primary axons in lamina I and in 
Lissauer’s tract. In the drawings made from the Golgi 
and HRP specimens, the line at the right denotes the 
border between lamina I and either Lissauer’s tract or 
the dorsal funiculus. The scale bars in the drawings 
represent 10 pm and the scale bars in the electron 
micrographs represent 0.5 pm. 

Results 

Ultrafine primary axons. Two kinds of HRP-filled 
primary axonal endings are seen light microscopically in 
the 100~pm HRP sections-large elliptical endings, mea- 
suring 1 x 2 pm or larger (Fig. 2), and much finer 
spherical and elliptical endings, most of which measure 
less than 0.5 pm across their short diameter (Figs. 1 and 
2). The latter endings are the smallest primary endings 
found thus far in the spinal or medullary dorsal and 
ventral horns and will be referred to as the ultrafine 
primary endings. 

Ultrafine primary endings are found throughout lam- 
ina I in two patterns, i.e., occasionally in small clusters 
and most commonly in rows of varying length (Fig. 1). 
Within these rows, 10 to 15 endings may be visible at a 
single focal plane (Fig. 2). Most of the endings in the 
clusters can be resolved into rows of endings with small 
changes in focal plane. 

Both patterns can be found in electron micrographs. 
Figure 3 illustrates five closely spaced, HRP-filled, ul- 
trafine primary endings. The ability to section through 
so many endings strongly suggests that they are con- 
nected and are part of the same axonal branch. The two 
endings at the right are shown to be connected in an 
adjacent section (see Fig. 9a) and several other examples 
of connections between adjacent ultrafine endings have 
been observed (Fig. 5). The cluster pattern is illustrated 
in Figure 4 where six ultrafine endings surround a lamina 
I neuronal cell body. Although ultrafine endings are 
found frequently in the vicinity of cell bodies, they have 
never been seen synapsing on them. 

Figures 5 and 9a demonstrate that neighboring ultra- 
fine endings are linked by thin intervaricose segments 
and are part of the same axon. At the light level, the 
inter-varicose segments, while occasionally visible, usually 
are not seen because the relatively small amount of HRP 
present in these segments does not provide for sufficient 
contrast to distinguish them from the background neu- 
ropil (Figs. 1 and 2). However, when lamina I is examined 
in the parasagittal or horizontal planes in Golgi prepa- 
rations, many examples of ultrafine axons can be seen in 
which the axonal endings as well as the inter-varicose 
segments are clearly visible (Figs. 6 and 7). The Golgi 
reaction product stands out sharply against the back- 
ground and shows that one kind of ultrafine axon consists 

of fine strands (0.3 pm or less in diameter) along which 
are strung numerous small closely spaced ultrafine end- 
ings. The endings vary in shape from spherical to highly 
elliptical forms which are more than twice as long as they 
are wide (Fig. 6). The most common pattern of endings 
along an ultrafine axon is a group of two to five or more 
of the smallest spherical endings preceded and followed 
by a somewhat larger elliptical form. This pattern also 
can be seen at the light level in the lOO+m HRP sections 
(compare Figs. 1 and 6). Side branching along that por- 
tion of an ultrafine axon bearing endings is rare and, 
when it does occur, the side branch is very short and 
usually contains only one or two endings (Fig. 6). 

A few ultrafine axons in both Golgi and HRP speci- 
mens have been traced back into Lissauer’s tract (Figs. 
7 and 8). Within Lissauer’s tract, the preterminal or 
parent branches of the ultrafine axons are the same 
caliber as their ending-bearing segments in lamina I, i.e., 
-0.3 to 0.5 pm in diameter, which corresponds to the 
diameters of most of the unmyelinated axons that have 
been seen in electron micrographs of Lissauer’s tract (K. 
Chung et al., 1979; Gobel and Falls, 1979). The preter- 
minal segments in Lissauer’s tract undergo many sharp 
bends every few micrometers and, with one possible 
exception (Fig. 8)) do not bear endings. During the course 
of the study, large numbers of ultrafine axons were fol- 
lowed for long distances in Golgi specimens where these 
thin axons as well as thicker ones (1.0 pm and larger in 
diameter), which are probably myelinated (Figs. 18 and 
19), are clearly visible. Ultrafine axons could never be 
traced back to these thicker axons either in lamina I or 
in Lissauer’s tract. This suggests that the ultrafine axons 
are continuations of the unmyelinated primary axons in 
Lissauer’s tract. 

EM analysis of the endings of the HRP-filled ultrafine 
primary axons shows that they are scalloped endings 
which have several other neural processes impressed into 
their surface. Many ultrafine primary endings are almost 
fully surrounded by neural processes and lie in the inte- 
rior of small glomeruli. Within these glomeruli, eight 
different kinds of processes surround the primary end- 
ings. These include three kinds of dendritic processes, 
two kinds of axonal endings, a pale process with numer- 
ous dense core vesicles, unmyelinated axons, thick fila- 
ment-filled astrocytic processes, and sheet-like astrocytic 
processes. The dendrites receive slightly asymmetrical 
axodendritic synapses from the primary ending (Figs. 5, 
9, a and d and 10). The most common dendritic processes 
are fine spine heads (S) which may contain mitochondria 
(Fig. 9d), tubular forms of agranular reticulum (Fig. 9d), 
and an occasional dense core vesicle (Fig. 9d) but do not 
contain aggregates of agranular synaptic vesicles. 

These S spines, in addition to receiving axodendritic 
synapses from the primary endings, also receive dendro- 
dendritic synapses from adjacent dendritic spine heads 
which contain synaptic vesicles. These vesicle-containing 
spines (SJ are small, turgid structures with a more or 
less spherical or slightly elliptical shape and a pale cyto- 
plasm (Fig. 9, a and b). When S, spines can be traced 
back to their parent dendritic shafts, they are seen to 
arise from thin necks through which pass a few neuro- 
tubules and tubular forms of agranular reticulum (Fig. 
9b). The S, spines contain a mixture of different sized 
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small synaptic vesicles which include small spheres and 
ellipses as well as highly flattened ones whose long di- 
ameters are at least twice that of their small diameters. 
They also contain a few dense core vesicles. An important 
feature which distinguishes these S, spines from other 
synaptic vesicle-containing processes in the lamina I 
glomeruli is that their synaptic vesicles are typically 
found in small focal clusters and do not fill out all parts 
of the spine head (Figs. 9, a to d and 10). These clusters 
typically are found along the cell membrane at synapses 
(Figs. 9, a and d and 10) as well as in the interior of the 
spine head. S, spines form short symmetrical dendroden- 
dritic synapses on adjacent S spines (Fig. 9d). They also 
synapse on extremely fine (O.l- to 0.3~pm) structures (Fig. 
9a) which are postsynaptic to primary endings at asym- 
metrical synapses (Fig. 9b) and therefore are considered 
to be fine caliber dendrites. At their dendrodendritic 
synapses, the smooth contour of the S, spines becomes 
either somewhat flattened (Fig. 9d) or somewhat concave 
(Fig. 9a, right inset) where it embraces the postsynaptic 
dendrite. 

The S, spines also synapse on the primary ending at 
dendroaxonic synapses (Figs. 9d and 10). These den- 
droaxonic synapses always appear relatively short in 
single micrographs, i.e., about 0.1 to 0.2 pm, in contrast 
to the somewhat longer axodendritic synapses of the 
primary ending which can attain lengths of 0.5 to 0.6 pm 
(Fig. 9d). The dendroaxonic synapses are characterized 
by a small cluster of synaptic vesicles at the presynaptic 
membrane, an absence of conical presynaptic densities, 
and a synaptic cleft which contains some dense material 
and is either the same width as or only slightly wider 
than the adjacent intercellular space (Figs. 9d and 10). 
These dendroaxonic synapses, like their counterparts in 
lamina II (Gobel, 1976), are shorter than the adjacent 
axodendritic synapses. Although the presence of the 
dense HRP reaction product within the primary ending 
precludes the determination of the presence of postsyn- 
aptic dense material at the dendroaxonic synapses, post- 
synaptic densities have never been seen subjacent to the 
axolemma of scalloped endings in normal material. 
Therefore, these dendroaxonic synapses are considered 
symmetrical. Dendroaxonic synapses are found in the 

depths of the scalloped depressions in a primary ending 
(Figs. 9d, 10, and 14) as well as along the rim of these 
depressions (Fig. 9a, right inset). A final characteristic of 
the S, spines is that they receive synapses only from 
primary endings (Fig. 9a), whereas S spines receive syn- 
apses from non-primary endings as well (Fig. 9d). 

The ultrafine primary endings also form asymmetrical 
synapses on small dendritic shafts (Figs. 9a and 10). 
These shafts possess the typical characteristics of higher 
order dendrites, i.e., they are relatively fine, with diam- 
eters of 1.5 pm or less, and they contain neurotubules, a 
few elongated mitochondria, and vesicular and tubular 
forms of agranular reticulum but lack granular endoplas- 
mic reticulum or polysomes (Fig. 10). In Figure 9, a and 
b show that some dendrites which give rise to S, spines 
receive primary inputs on their shafts as well as on their 
spine heads from the same primary axon. 

Two other processes which contain synaptic vesicles 
also are found around the perimeter of lamina I glomeruli 
built around ultrafine primary axonal endings (see P, and 
PZ in Figs. 9d and 10). Since they have never been seen 
receiving synapses from the primary endings, they are 
thought to be axonal endings. They differ from the S, 
spines in several respects: they generally have more 
elongated irregular shapes; their cytoplasm in most in- 
stances is somewhat darker than that of the S, spines; 
their synaptic vesicles, rather than being clustered, are 
dispersed more evenly throughout the entire ending; and 
their synapses on dendrites exhibit rows of prominent 
conical presynaptic densities (Figs. 9d and lo), whereas 
S, spines either lack them entirely or, rarely, contain a 
single one. These endings generally resemble the small P 
endings surrounding primary endings in the lamina II 
glomeruli (Gobel, 1974). 

Two distinct kinds of these peripheral or P axonal 
endings can be distinguished on the basis of the morpho- 
logical appearance of their synaptic vesicles. One of these 
(Fig. 9d) has the same kind of synaptic vesicles found in 
the S, spine heads, i.e., a mixture of small spherical and 
elliptical vesicles with a substantial number of flattened 
ones. This ending will be designated as the PI ending. 
The second one, which will be called the Pp ending (Fig. 
lo), also contains a mixture of spherical and elliptical 

Figure 1. HRP-fiied, spherical and elliptical ultrafine primary endings are found throughout lamina I. They are seen in small 
clusters such as the one at the lower left and aligned in rows (arrows). The thin connecting intervaricose segments usually are not 
seen at the light level. Scale bar, 10 pm. 

Figure 2. This field contrasts the size of the ultrafine primary endings with those of the large caliber primary axons and shows 
that both axons are found close to each other in lamina I. Ten or more ultrafine primary endings typically can be seen at a single 
focal plane. All of the HRP-fiied endings between the arrows were visible at a single focal plane. Scale bar, 10 pm. 

Figure 3. Five aligned black HRP-fiied ultrafine primary endings (1 to 5) span a distance of 16 pm in the rostrocaudal axis of 
lamina I. All are probably part of the same axon and the connection between endings 4 and 5 is shown at higher magnification in 
Figure 9a. Magnification x 9,100. Scale bar, 0.5 pm. 

Figure 4. Six HRP-filled ultrafine primary endings (I to 6) are grouped around the cell body of a small lamina I neuron. 
Ultrafine or large primary endings have never been found synapsing on lamina I neuronal cell bodies. Magnification x 10,600. 
Scale bar, 0.5 pm. 

Figure 5. Two elliptical HRP-filled ultrafine primary endings are connected by a short thin intervaricose segment. Two spine 
heads (S) without synaptic vesicles are pressed into shallow scalloped depressions in the left primary ending where they receive 
slightly asymmetrical axodendritic synapses from the primary ending. These primary endings are comparable in size, shape, and 
proximity to those seen at the light level, such as those in Figure 1. A, Sheet-like astrocytic process. Magnification x 31,500. Scale 
bar, 0.5 pm. 
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vesicles but with many more larger ellipses than the P1 
ending. In contrast to the P1 ending, the Pz ending has 
relatively few flattened vesicles. 

P endings have been found in the following synapses 
in the lamina I glomeruli. P1 endings form symmetrical 
(Fig. 9d) and slightly asymmetrical (Fig. 15) axodendritic 
synapses on S spine heads and axoaxonic synapses on 
ultrafine primary axons (Fig. 9a). PZ endings form asym- 
metrical axodendritic synapses on dendritic shafts (Fig. 
10) and axoaxonic synapses on ultrafine primary axons 
(Fig. 14). The axoaxonic synapses are probably symmet- 
rical. Here again, although the HRP reaction product 
would obscure postsynaptic densities, such densities have 
not been seen in scalloped endings in normal material. 

Three other kinds of processes commonly enter these 
glomeruli and become impressed into the surface of ul- 
trafine primary endings. These include smoothly con- 
toured pale processes which contain numerous large 
dense core vesicles and variable amounts of agranular 
vesicles (Fig. 9c). Their smooth contours and pale cyto- 
plasm suggest that they may be dendritic spines. How- 
ever, they have not been found in synaptic contact with 
either the primary ending or with the other components 
of the glomeruli. Many of the clusters of extremely small 
processes that the ultrafine primary axons pass through 
are undoubtedly unmyelinated axons (Fig. 5), with some 
of these being other primary axons (Fig. 9, a and c). 
Some, however, receive asymmetrical synapses from ul- 
trafine primary endings and may be fine dendrites (Fig. 
9b). Large filament-filled glial processes, which are very 
common in lamina I, especially in its most superficial 
parts, are found frequently impressed into ultrafine pri- 
mary endings (Fig. 15). No synaptic or junctional spe- 
cializations have ever been found between these glial 
processes and the primary endings. Finally, appreciable 
portions of the surface of ultrafine primary endings are 
covered by fine sheet-like astrocytic processes which may 
(Fig. 5) or may not (Fig. 10) contain filaments. 

A second kind of ultrafine primary axon also courses 
in lamina I (Fig. 8). It differs from those in Figures 6 and 
7 in that it contains many fine highly elongated endings 
but relatively few spherical ones. In addition, the endings 
are generally much more widely spaced although two or 
three endings are occasionally found within a lo-pm 
length of axon. The HRP-filled ultrafine primary axon in 
Figure 8 is traced from Lissauer’s tract where it originates 
from a fine parent branch which is about 0.3 pm in 
diameter. In Lissauer’s tract, it bifurcates once and fol- 
lows a tortuous undulating course. The diameters of the 

two daughter branches are the same as that of the parent 
branch. Once it enters lamina I, it becomes aligned in the 
rostrocaudal axis close to the outer border of lamina I 
and was followed for 965 pm, of which only the first 424 
pm are illustrated. It does not bifurcate or generate any 
side branches. 

An EM search of parasagittal sections has identified 
many highly elongated, elliptical, HRP-filled primary 
endings which fit the dimensions of some of the endings 
in Figure 8. Some of the longest ones measure 5.4 pm in 
length (Fig. 14) but only 0.5 pm or less across their short 
diameter. These highly elongated primary endings have 
thin unmyelinated inter-varicose segments (Fig. 12) and, 
like their shorter counterparts in Figures 5,9, and 10, are 
scalloped endings which lie in the interior of glomeruli 
(Figs. 13 and 14). Within these highly elongated glomer- 
uli, the primary ending is surrounded by the same kinds 
of neural processes that make up the smaller primary 
glomeruli, i.e., S spines (Fig. 13), S, spines (Fig. 14), 
dendritic shafts (Fig. ll), and P axonal endings (Fig. 14), 
pale processes with many dense core vesicles (Fig. ll), 
and unmyelinated axons (Fig. 12). 

Large caliber primary axons. The lamina I neuropil 
also contains many large primary endings (Figs. 16, 20, 
and 21). Most of these have an ellipsoidal shape and 
measure 1.0 pm or larger across their short diameter and 
3 to 4 pm or more in length. An analysis of parasagittal 
and horizontal sections of lamina I in the HRP-cut root 
experiments and in Golgi specimens indicate that these 
large endings originate from an entirely different kind of 
primary axon, i.e., an axon with a thick (l.O- to 1.5~pm in 
diameter) parent branch (Figs. 17 to 19). These axons 
can be followed for considerable distances in Lissauer’s 
tract and lamina I where they typically run for distances 
up to several hundred micrometers in one direction and 
then sharply reverse directions at hairpin turns only to 
run back in the direction from which they came (Fig. 19). 
The parent branches of these axons branch frequently in 
Lissauer’s tract without appreciable changes in diameter 
(Fig. 17). They ultimately wend their way through Lis- 
sauer’s tract and enter lamina I where some of the 
branches continue to reverse direction (Figs. 17 and 18) 
and divide. In lamina I and perhaps also in the deeper 
parts of Lissauer’s tract, they give rise to several thin 
collaterals (0.1 to 0.5 pm in diameter) which bear the 
large endings. These collaterals are distinguished from 
the ultrafine primary axons by two features in addition 
to the larger size of their endings. They generate their 
endings over much shorter lengths (Figs. 17 and 18) than 

Figure 6. An ultrafine axon in lamina I (I), when filled with Golgi reaction product, demonstrates its thin intervaricose 
segments. One hundred three closely spaced endings are found along this 120qm length of axon. The axon gives rise to only one 
short side branch which bears a single ending. All of the endings between the arrows were visible at a single focal plane. Scale 
bar, 10 pm. 

Figure 7. This ultrafine axon is filled with Golgi reaction product. Its thin parent branch, after running in the long axis of 
Lissauer’s tract (L), turns sharply and enters lamina I (I) where it gives rise to numerous ultrafine endings. The parent branch 
and the intervaricose segments measure about 0.3 F, which corresponds to the diameters of most of the unmyelinated axons in 
both lamina I and Lissauer’s tract. Scale bar, 10 pm. 

Figure 8. The thin parent branch (-0.3 pm in diameter) of this HRP-filled ultrafine primary axon branches once and takes a 
somewhat erratic course through Lissauer’s tract (L). It enters lamina I (I) and runs rostrally in lamina I, without branching, for 
965 pm-well beyond the bottom of the figure. It differs from the ultrafine axons in Figures 6 and 7 in that its endings are more 
highly elongated and more widely spaced along the axon. Scale bar, 10 pm. 
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the ending-bearing segments of ultrafine axons. For ex- 
ample, all 13 endings of the fine collateral in Figure 18 
are generated over a distance of 60 pm, whereas ultrafine 
axons generate their endings over much longer lengths, 
e.g., 120 pm for the ultrafine axon in Figure 6 and 965 pm 
for the axon in Figure 8. The ending-bearing segments of 
the larger caliber primary axons typically branch, while 
the ultrafine axons do not. At these branch points, one of 
the daughter branches usually will reverse direction and 
travel back toward its parent branch (Fig. 18). The 
recurrent daughter branch typically generates fewer end- 
ings than the daughter branch which continues on in the 
direction of its parent branch (Figs. 17 to 19). Some of 
the large endings, especially terminal ones, frequently 
will give off small spine-like extensions (Figs. 2 and 21). 

Although large caliber primary axons generate endings 
throughout lamina I (Fig. 16) and share common terri- 
tories with ultrafine primary axons in lamina I (Fig. 2), 
they probably generate their endings in a much more 
focal manner than the ultra&e axons. For example, the 
large caliber primary axon in Figure 19, although covering 
almost 700 pm in the rostrocaudal axis, generates its 
endings in three relatively small foci. Three separate fine 
collaterals (Fig. 19, arrows 4) converge and generate their 
endings in a common focus. From depth measurements 
made with the fine focus knob of the light microscope, 
all of the endings in this focus are located within 29 pm 
of each other in the transverse plane, i.e., at right angles 
to the page. 

EM observations confirm the existence and appear- 
ance of these large primary endings in lamina I (Figs. 20 
and 21). Like the ultra&e primary endings, they expand 
from thin intervaricose segments, a portion of which is 
visible in Figure 20a, and they lie in the interior of 
glomeruli (Figs. 20b and 21). The neural processes sur- 
rounding the large primary endings are similar to the 
ones surrounding the ultrafine primary endings and in- 
clude dendritic spines with (SJ and without (S) synaptic 
vesicles (Fig. 20, a and b), dendritic shafts (Figs. 206 and 
21), and P1 endings (Fig. 20b). 

Discussion 

Identity of the large caliber and ultrafine primary 
axons. One of the major findings of this study is that 
lamina I receives the terminal arborizations of two mor- 
phologically distinct kinds of primary axons. These two 
primary axons differ in the length and branching pattern 
of their ending-bearing collaterals, in the distribution of 
their endings along these collaterals, in the size of their 
endings, and in the diameter of their parent branches 
(compare Figs. 6 to 8 with Figs. 17 to 19). The ultrafine 
primary axons are thought to arise from the smallest 
primary neurons, i.e., those with either unmyelinated or 
possibly extremely small myelinated axons, while the 
large caliber primary axons are undoubtedly myelinated 
and comprise part of the contingent of small AS myeli- 
nated axons. On the basis of measurements made on the 
long diameters of cross-sectioned axons in Lissauer’s 
tract (S. Gobel, W. M. Falls, and E. Humphrey, unpub- 
lished observations), one cannot simply divide the two 
kinds of axons into unmyelinated and myelinated groups 
since there is a slight overlap in the diameters of the 
largest unmyelinated axons and the smallest myelinated 
axons (without their myelin sheaths) in the vicinity of 
0.5 to 0.6 pm. Nonetheless, ultrafine primary axons with 
parent branches measuring 0.3 pm are almost certainly 
unmyelinated while large caliber primary axons with 
parent branches measuring 1.0 pm or more are almost 
certainly myelinated. 

Several observations suggest that the ultrafine and 
large caliber primary axons may fit in the C and A6 
neurophysiological categories, respectively, for primary 
axons. To date, the terminal arborizations of several 
different kinds of myelinated primary axons which ramify 
in the dorsal and ventral horns have been characterized. 
These include the high threshold mechanoreceptor which 
arborizes in laminae I and V and around the central canal 
(Light and Perl, 1979), the small myelinated axons which 
generate their endings in lamina II (Beal and Fox, 1976; 
Gobel and Falls, 1979), the D-hair follicle afferent which 

Figure 9. Serial sections through two endings and a thin intervaricose segment of an HRP-filled ultrafine primary axon in 
lamina I which illustrate the form and synaptic connections (arrows) of the ultrafine glomerulus. a, The left primary ending 
forms slightly asymmetrical axodendritic synapses on a dendritic shaft (D) and on a spine head (S) without synaptic vesicles. The 
primary ending at the right forms a slightly asymmetrical axodendritic synapse on a spine head (S,) which contains scattered 
synaptic vesicles which do not fii out the spine head. The S, spine in turn synapses (upper right inset) on a small dendrite (*) and 
on the crest of a scalloped depression in the primary ending. A PI axonal ending forms an axoaxonic synapse (shown at higher 
magnification in the upper left inset) on the intervaricose segment of the primary axon. Magnification X 26,600; insets, x 50,000. 
Scale bar, 0.5 pm. b, The S, spine of a originates from the dendritic shaft (D) by a short thin neck. The small dendrite (*) receives 
an asymmetrical synapse (inset) from the primary ending. Magnification X 26,600; inset, x 70,000. Scale bar, 0.5 pm. c, The 
scalloped primary ending at the right in a is almost fully surrounded by small neural processes. These include, starting at the 
lower left, an unidentified process with numerous dense core vesicles, the S, spine of a and b, a second S, spine head (S:), a P, 
axonal ending, a S spine head, and a third S, spine head (SZ*). Two other HRP-filled primary axons are seen at the bottom of the 
field. Magnification x 26,000. Scale bar, 0.5 pm. d, This serial section illustrates the synaptic connections of some of the 
components of the glomerulus identified in c. The primary ending and the PI ending form asymmetrical and symmetrical 
synapses, respectively, on the S spine head. Two of the S, spine heads (SC ,Sv**) form symmetrical dendrodendritic synapses on 
the S spine and one of these (S:*) forms a dendroaxonic synapse on the primary ending in the depths of scalloped depression. 
Magnification X 39,700. Scale bar, 0.5 pm. 

Figure 10. In this glomerulus, an HRP-fried ultrafine primary ending forms an asymmetrical axodendritic synapse on a small 
dendritic shaft (D) which also receives an asymmetrical axodendritic synapse from a Ps axonal ending that exhibits evenly spaced 
conical presynaptic densities. A S, spine with two small foci of small synaptic vesicles forms a dendroaxonic synapse on the 
primary ending. A second PZ axon courses across the top of the field and a PI ending with its small synaptic vesicles lies at the left. 
A, Astrocytic process. Magnification X 35,400. Scale bar, 0.5 pm. 
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Figures 11 and 12. Examples of highly elongated HRP-fiied ultrafine primary endings. In Figure 11, the primary ending 
embraces three small neural processes in scalloped depressions (arrowheads) and runs along a dendritic shaft (D) on which it 
forms a small synapse (arrow). In Figure 12, a thin unmyelinated intervaricose segment expands into a highly elongated ultrafine 
primary ending. The ending measures 3.7 pm in length but only 0.6 pm across its widest point. This ending is comparable in size 
and shape to many of the elongated ultrafine endings seen at the light level, such as those seen in Figure 8. Scale bars, 0.5 pm. 
Magnification: Figure 11, x 20,000; Figure 12, x 21,100. 

Figure 13. Highly elongated ultrafine primary endings also sit in the interior of glomeruli. The upper scalloped surface of this 
4.2~pm-long primary ending contacts six small neural processes and synapses (oblique arrows) on two of them at the left. One of 
these is a S spine. The primary ending contains numerous elliptical synaptic vesicles whose long diameters generally parallel the 
long axis of the ending as well as two dense core vesicles (arrowheads), elongated mitochondria (M), and neurotubules (vertical 
arrows). Scale bar, 0.5 pm. Magnification x 34,300. 

Figure 14. In this glomerulus, the highly elongated HRP-fiied primary ending is surrounded by the same kinds of neural 
processes which surround the shorter kinds of ultrafine primary endings, such as those in Figures 9 and 10. These include a S, 
spine and a P2 axonal ending. The inset shows a cluster of synaptic vesicles inside of the PZ ending where it forms an axoaxonic 
synapse (arrow) on the primary ending. Magnification X 28,600; inset, x 50,000. Scale bar, 0.5 pm. 
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generates most of its endings in lamina III (Light and 
Perl, 1979), the field receptor afferent which generates 
many endings in laminae III and IV (Light and Perl, 
1979), the slowly adapting type I afferents (Brown et al., 
1978) which generate most of their endings in lamina IV, 
the guard hair afferents with their flame-shaped arbors 
which ramify across lamina III and IV (Brown et al., 
1977), the Pacinian corpuscle afferents which generate 
endings across laminae III to VI (Brown et al., 1980), the 
rapidly adapting afferents of glabrous skin with endings 
in laminae III (Brown et al., 1980), and the large Ia 
muscle afferents which generate their endings in the 
ventral horn (Brown and Fyffe, 1978; Burke et al., 1979). 
Each of these myelinated primary axons shares several 
features in common with the large caliber primary axons 
described in lamina I in this study: they each give rise to 
several, thin, branched, ending-bearing collaterals which 
are finer than their thicker parent branches; these end- 
ing-bearing branches, in turn, generate several relatively 
widely spaced large bulbous endings, The large caliber 
primary axons of lamina I described in this report closely 
match the morphological characteristics of the terminal 
arbors of the AS high threshold mechanoreceptors in 
lamina I (Light and Perl, 1979) in terms of the morphol- 
ogy of their endings and their ending-bearing collaterals 
as well as in the frequent reversal of directions of their 
thicker parent branches. 

The ultrafine primary axons differ from all of the above 
mentioned myelinated primary axons in two important 
respects. Their thin parent branches are the same caliber 
as those portions of the axons which bear endings and 
their endings are much finer and generally more closely 
spaced than those of the myelinated primary axons. The 
ultrafine and large caliber primary axons are considered 
to be two distinct populations of axons, not only on the 
basis of their morphological differences but also because 
an extensive examination of large numbers of ultrafine 
primary axons in lamina I and Lissauer’s tract in Golgi 
preparations failed to provide any evidence that they 
originate from large caliber parent branches. In the same 
context, an examination of the terminal arbors of small 
myelinated AS high threshold mechanoreceptive primary 
axons in lamina I following intra-axonal injections of 
HRP (Light and Perl, 1979) revealed no branches resem- 
bling ultrafine primary axons. In addition, the extensive 
analyses of the laminar distribution of the many different 
kinds of small myelinated primary axons which arborize 
in the dorsal horn (Brown et al., 1977, 1978, 1980; Light 
and Perl, 1979) has shown that only the AS high threshold 
mechanoreceptive primary axon generates endings in 
lamina I (Light and Perl, 1979). Physiological studies 
have described small myelinated cold thermoreceptive 
and heat nociceptive primary axons which terminate in 
the dorsal horn (see Price and Dubner, 1977 for review). 
However, these primary axons have not been found in 
the cat spinal dorsal horn. Therefore, the absence of 
other suitable small myelinated primary axonal candi- 
dates also points to the conclusion that the ultrafine 
axons in lamina I are part of the unmyelinated contingent 
of primary axons. 

The presence of extremely fine primary endings in 
lamina I was recognized first in axonal degeneration 

studies, i.e., in studies employing either trigeminal rhi- 
zotomy (Gobel and Hockfield, 1977) or peripheral nerve 
injuries in which the distal ends of primary axons were 
amputated by extirpating the pulps of teeth (Gobel and 
Binck, 1977). It was recognized in the latter study that 
these small endings in lamina I must belong to a primary 
axon which differed from those which gave rise to the 
large primary endings in lamina II since the small endings 
were the first to exhibit blackened degenerative changes 
following tooth pulp extirpations. It also was noted that 
the degenerative changes in these small primary endings 
occurred prior to the appearance of degenerative changes 
in myelinated axons in the spinal V tract. On the basis of 
that observation, it was hypothesized that the small 
endings in lamina I were probably derived from unmye- 
linated primary axons. Now it is recognized that the 
degenerating small endings in the tooth pulp studies 
represented transverse views of ultrafine primary end- 
ings. The observation in this study that ultrafine primary 
endings are part of primary axons whose thin parent 
branches in Lissauer’s tract are comparable in size to 
most of the unmyelinated axons in Lissauer’s tract (Figs. 
7 and 8) supports that hypothesis. 

There is an impressive body of literature documenting 
the existence of fine unmyelinated primary axons that 
respond to nociceptive and thermal stimuli and conduct 
in the C range (see Burgess and Perl, 1973; Price and 
Dubner, 1977 for reviews). There is also considerable 
evidence documenting that the nociceptive and thermal 
inputs which are transmitted by these unmyelinated 
primary axons are conveyed to lamina I neurons (Chris- 
tensen and Perl, 1970; Price and Mayer, 1975; Price et 
al., 1976, 1978, 1979; Dostrovsky and Hellon, 1978; J. M. 
Chung et al., 1979; Light et al., 1979; Bennett et al., 1981). 
One of the most important current questions concerning 
lamina I neurons relates to the routes by which they 
might receive these inputs. Since all lamina I neurons 
have the bulk of their dendritic arbors confined in lamina 
I (Gobel, 1978), two potential routes exist. First, C noci- 
ceptive and thermoreceptive primary axons could arbor- 
ize in lamina I and transfer their inputs to lamina I 
neurons through direct monosynaptic connections. Sec- 
ond, these primary axons could terminate in deeper lay- 
ers of the dorsal horn and transfer their inputs to excit- 
atory interneurons which, in turn, transfer them to lam- 
ina I neurons. The finding of large numbers of ultrafine 
primary axons in lamina I strongly suggests that a sig- 
nificant part of the nociceptive and thermal inputs reach- 
ing lamina I neurons does so via the first route, i.e., 
through direct monosynaptic connections in lamina I. To 
date, small HRP-filled primary endings comparable to 
the ultra&e primary endings in lamina I have not been 
found in lamina II. 

Synaptic connections. The ultrafine and large caliber 
primary endings in lamina I deliver their inputs to small 
caliber dendritic shafts and spine heads. There have been 
some suggestions that appreciable numbers of primary 
endings synapse on the cell bodies and basal dendrites of 
lamina I neurons (Narotzky and Kerr, 1978). The ap- 
pearance of several primary endings in the vicinity of a 
lamina I cell body, as in Figure 4, could easily give the 
impression in the light microscope that axosomatic con- 
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nections exist as in one of Ramon y Cajal’s drawings of 
the dorsal horn (Fig. 110 in Ramon y Cajal, 1911). How- 
ever, in this study, no primary endings were found syn- 
apsing on or even abutting a lamina I cell body. Recent 
EM degeneration and EM autoradiographic studies (Ral- 
ston and Ralston, 1979) also did not find any evidence of 
axosomatic synapses by primary endings in lamina I. 
These observations do not support the claim by Narotzky 
and Kerr (1978) that 10% of the endings found on lamina 
I cell bodies are of primary axonal origin. 

Spine heads without synaptic vesicles (S spines) are 
the most frequently observed components of the ultrafine 
glomeruli and, generally, at least one of these can be seen 
in each glomerulus, especially if they have been sectioned 
serially (Figs, 9, 10, 13, and 16). A potential source of 
these S spines is the many spiny lamina I neurons, such 
as the spiny pyramid (Gobel, 1978). Other potential 
sources of S spines are neurons in the deeper layers 
which send some of their dendrites into lamina I (Ramon 
y Cajal, 1895,191l; Szentagothai, 1964; Gobel, 1974). One 
of the best ways to understand the synaptic events in the 
ultrafine glomeruli is to consider them from the vantage 
point of the S spines. 

An S spine head receives its primary input from an 
ultrafine primary ending at a single axodendritic synapse 
(Fig. 22). The transfer of primary inputs to S spines and 
their subsequent integration along dendritic shafts which 
bear the S spines can be modified in the ultrafine glo- 
merulus from at least three different sources. The first of 
these are the dendrites with small aggregates of agranular 
synaptic vesicles in their spine (S,.) heads (Figs. 9 and 
22). These dendrites are the second most common proc- 
esses in the ultrafine glomeruli. The laminar location of 
their cell bodies is unknown. Their synaptic vesicles are 
smaller than those found in the vesicle-containing (type 
2) dendrites of the islet cells in lamina II (Gobel et al., 
1980) and therefore are not thought to arise from these 
cells which sometimes send an occasional dendrite into 
lamina I. Their abundance in lamina I suggests that at 
least some probably originate from lamina I neurons. 
The recent demonstration of leucine-enkephalin immu- 

noreactivity in the dendrites of lamina I neurons also 
suggests that lamina I neurons may be a source of vesicle- 
containing dendrites in lamina I which could influence 
primary afferent transmission (Glazer and Basbaum, 
1981). The other sources (Fig. 22) are two kinds of P 
axonal endings which form axoaxonic synapses on the 
ultrafine primary endings and axodendritic synapses on 
the S spine heads. These could arise from recurrent axon 
collaterals of lamina I neurons (Bennett et al., 1981) or 
from axons of neurons in the deeper layers of the dorsal 
horn. However, they are not thought to arise from the 
descending axons of serotonergic neurons in the brain 
stem (Ruda and Gobel, 1980; Ruda et al., 1981). Similar 
kinds of processes and synaptic connections prevail in 
the glomeruli built around large caliber primary endings, 
i.e., S and S, spines, dendritic shafts, and P endings (Figs. 
20 and 21). 

In order to appreciate the synaptic events in the ul- 
trafine glomeruli fully, it is crucial to understand whether 
transmitter release from the S, spines and P endings 
leads to a facilitation or an inhibition of the transfer of 
primary afferent inputs to the S spines and the dendritic 
shafts which receive axodendritic synapses from the pri- 
mary ending (Fig. 22). On the basis of what has been 
learned about synaptic circuitry in other glomeruli in the 
dorsal horn and in several other locations in the central 
nervous system (see Gobel et al., 1980 for review), a two- 
part hypothesis is proposed. First, ultrafine primary end- 
ings transfer noxious and/or thermal inputs simultane- 
ously to at least two kinds of neurons through their 
axodendritic synapses and one of these, i.e., the one with 
S spines, is a lamina I projection neuron whose axon 
leaves the dorsal horn and travels to other locations 
including the thalamus. Second, the neurons with the S, 
spines together with the P endings function to either 
inhibit or decrease the firing rate of the lamina I projec- 
tion neurons with the S spines. They do this either 
postsynaptically through dendrodendritic and axoden- 
dritic synapses on the S spines or presynaptically through 
dendroaxonic and axoaxonic synapses on the ultrafine 
primary endings (Fig. 22). 

Figure 15. Lamina I contains numerous, elliptical, filament-filled, astrocytic processes (A). These are frequently found inside 
lamina I glomeruli where they are pressed into (arrow) scalloped depressions in the HRP-filled ultrafine primary endings. This 
transversely sectioned glomerulus also shows a S spine and a PI axonal ending. Magnification x 36,600. Scale bar, 0.5 ,sm. 

Figure 16. Large primary endings as well as ultrafine primary endings are common in lamina I. This drawing illustrates all of 
the large HRP-filed primary endings visible in lamina I in a single 100~pm-thick parasagittal section. The dashed enclosed area 
at the top circumscribes a deep axon bundle. Scale bar, 10 pm. 

Figure 17. A thick parent branch (striped) of an HRP-filled primary axon branches twice and runs for 120 pm in Lissauer’s 
tract (L). It then turns sharply at a hairpin turn and enters lamina I (I) where it gives rise to a thin short collateral which bears 
several large endings near the outer border of lamina I. Scale bar, 10 pm. 

Figure 18. In this parasagittal section of a Golgi specimen, a thick parent branch (striped) of a suspected primary axon which 
resembles the one in Figure 17 reverses direction twice in Lissauer’s tract (L) and once in lamina I (4 before giving rise to a thin 
collateral. This collateral, after reversing direction and traveling for 200 pm in lamina I, gives rise to several large endings. The 
thin collateral of these axons typically bifurcates when it begins generating its endings. The recurrent daughter branch is usually 
shorter and generates fewer endings than the other daughter branch. Scale bar, 10 pm. 

Figure 19. The form of the large caliber primary axon of lamina I. This horizontal section of a Golgi specimen encompasses 
Lissauer’s tract and lamina I. The thick parent branch (striped) is picked up dorsally in Lissauer’s tract (arrow I), followed for 
134 pm in its descent through Lissauer’s tract where it reverses directions (arrows 2) at hairpin turns several times and branches 
(arrow 3). In lamina I, it gives rise to several thin collaterals (arrows 4). These collaterals generate large endings in three separate 
clusters. In each cluster, measurements made using the calibrated fine focus control show that endings lie within 12 pm (top 
cluster), 29 pm (middle cluster), and 39 pm (bottom cluster) of each other in the transverse plane, i.e., at right angles to the page. 
These distances are well within the thickness of lamina I. Scale bar, 10 pm. 
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Figure 20. Two EM views through an HRP-filled large caliber primary ending whose dimensions and shape correspond to 
those of the large primary endings seen at the light level in Figures 16 to 19. In a, a large primary ending, like the ultrafine 
primary endings, sits in the interior of a glomerulus and is scalloped over an appreciable portion of its surface. The primary 
ending expands from a thin intervaricose segment at the right and synapses on a S spine which is impressed intoits upper surface. 
It also synapses on a dendritic shaft (D) which is partially visible at the left. In b, several neural processes are impressed into the 
scalloped primary ending. These include a S, spine which forms a dendroaxonic synapse (arrow) on the primary ending, a S spine 
which receives a slightly asymmetrical synapse from the primary ending, a PI axonal ending which probably forms an axoaxonic 
synapse (between the arrowheads) on the primary ending, and other small unidentified neural processes (asterisks). Large caliber 
primary endings contain a mixture of different sized spherical and elliptical agranular synaptic vesicles. A sheet-like astrocytic 
process (A) covers a portion of the primary ending. Scale bars, 0.5 pm. Magnification: a, x 32,800; b, X 47,000. 

Figure 21. Some large caliber primary endings give rise to small spine-like extensions (E) which also have neural processes, 
such as small dendritic shafts (D), pressed into their surface. The arrow denotes the site of a probable axodendritic synapse on 
this shaft. These spine-like extensions are sometimes also visible at the light level as in Figure 2. Magnification x 26,400. Scale 
bar, 0.5 pm. 
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Figure 22. Summary of the components and synaptic connections of the ultrafine glomeruli in lamina I. The major neural 
processes surrounding the centrally situated ultrafine primary axon include small peripheral or P axonal endings and three kinds 
of dendritic processes which receive axodendritic synapses (vertical arrows) from the ultrafine primary axon. These dendritic 
processes include spines with (S,.) and without (S) synaptic vesicles and shafts (D). These surrounding processes are linked 
(horizontal arrows) by the following synapses: S spines receive dendrodendritic synapses from S,. spines and axodendritic 
synapses from P endings; P endings also form axodendritic synapses on dendritic shafts (left) but not on S,. spines. Transmitter 
release from the ultrafine primary axon can be modified at the oblique arrows through the axoaxonic synapses of P endings on 
the axonal endings and intervaricose segments of the ultrafine primary axons and through the dendroaxonic synapses of S, spines 
on the axonal endings of the ultrafine primary axon. Other constituents of ultrafine glomeruli include structures containing several 
dense core vesicles (upper left), filament-filled astrocytic processes (A), sheet-like astrocytic processes (bottom) which cover 
appreciable portions of the ultrafine primary endings, and clusters of small unmyelinated axons. The large caliber primary endings 
in lamina I are surrounded by similar neural processes which are linked by similar kinds of axodendritic, axoaxonic, and 
dendroaxonic synapses. 

Regarding the first part of this hypothesis, EM analy- 
ses of glomeruli in several locations outside of lamina I 
have either shown definitively or strongly suggested that 
scalloped afferent axonal endings in the interior of glo- 
meruli invariably synapse on the dendrites of either a 
projection neuron, such as thalamocortical projection 
neurons in thalamic nuclei (Szentagothai et al., 1966; 
Guillery, 1964; Ralston, 1969; Wong-Riley, 1972) and the 
mitral cell in the olfactory bulb (Pinching and Powell, 
1972), or on an excitatory interneuron whose axon leaves 
the layer where its cell body and dendrites reside, such 
as the cerebellar granule cell (Ramon y Cajal, 1911) or 
the stalked cell in lamina II of the dorsal horn (Gobel et 
al., 1980). 

Regarding the second part of the hypothesis, these 
same EM studies have shown that scalloped afferent 
axons also synapse on the dendrites of inhibitory inter- 
neurons which, in turn, synapse on the dendrites of either 
the projection neuron or the excitatory interneuron. For 
example, in the olfactory glomeruli and in thalamic nu- 
clei, scalloped afferent axons synapse on presumed inhib- 
itory interneurons with synaptic vesicles in their den- 
drites which form dendrodendritic synapses on the pro- 
jection neurons. In the cerebellar cortex, scalloped mossy 
fiber afferent endings synapse on the dendrites of the 
Golgi type II interneuron. These inhibitory interneurons, 
which have been implicated recently as using y-amino- 
butyric acid as their neurotransmitter (McLaughlin et 
al., 1974), form axodendritic synapses on the granule cell 
dendrites. Finally, recent EM analyses of islet cells which 

had been filled intracellularly with HRP in lamina IIa of 
the dorsal horn have shown that these inhibitory inter- 
neurons contained synaptic vesicles in their dendrites 
and formed dendroaxonic synapses on the scalloped end- 
ings and dendrodendritic synapses on dendritic spines 
without synaptic vesicles in the lamina IIa glomeruli 
(Gobel et al., 1980). In that same study, it was shown that 
many of the spines without synaptic vesicles in the 
lamina IIa glomeruli belonged to stalked cells. 

Having drawn these parallels between the ultrafine 
glomeruli in lamina I and glomeruli in other locations, it 
is worth noting- that the dendroaxonic and axoaxonic 
synapses on the ultraline primary axons (Fig. 22) may be 
especially effective in blocking the transfer of primary 
inputs to second order neurons because of the form of 
these primary axons. Most of the primary axons in the 
dorsal horn, such as the large caliber primary axons in 
lamina I (Figs. 17 to 19), as well as those in the deeper 
lamina bear relatively few endings on each ending-bear- 
ing collateral. In contrast, many of the ultrafine primary 
axons bear numerous endings on their long unbranched 
terminal strands (Figs. 6 to 8). A few dendroaxonic or 
axoaxonic synapses on either an ultrafine primary ending 
(Figs. 9, a and d and 14) or on an intervaricose segment 
of an ultrafine primary axon (Fig. 9a) might be sufficient 
to block the invasion of incoming action potentials or the 
electrotonic spread of graded potentials and thus either 
terminate or diminish transmitter release from all of the 
primary endings along the ultrafine strand. In contrast, 
such synapses on an ending-bearing collateral of a large 
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caliber primary axon (Fig. 20b) may only alter transmit- 
ter release from the endings on that particular collateral 
which would only represent a small part of the total 
number of endings of that primary axon, e.g., Figure 19. 
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