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lmmunocytochemical Evidence That Neurotensin Is Present in 
Glutamatergic Neurons in the Superficial Dorsal Horn of the Rat 
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In order to determine whether glutamate is enriched in neu- 
rotensin-containing axons in the superficial dorsal horn of 
the rat spinal cord, we have carried out preembedding im- 
munocytochemistry with an antiserum to neurotensin and 
then used a postembedding immunogold method with anti- 
serum to glutamate. The immunogold label (corresponding 
to glutamate-like immunoreactivity) over 40 neurotensin-im- 
munoreactive boutons in laminae I and II of the lumbar dorsal 
horn was compared with that over nearby axons that formed 
asymmetrical or symmetrical synapses. In addition, for 20 
of these boutons, the labeling was compared with that over 
mossy and parallel fiber terminals (both of which are thought 
to use glutamate as a transmitter) from sections of cere- 
bellum that had been processed together with those of spinal 
cord. 

Glutamate-like immunoreactivity was consistently high over 
neurotensin-immunoreactive boutons relative to most sur- 
rounding profiles. lmmunostaining over these boutons was 
slightly (11%) lower than that over matched terminals that 
formed asymmetrical synapses, but considerably higher than 
that over the terminals that formed symmetrical synapses. 
The level of glutamate immunoreactivity in neurotensin-im- 
munoreactive boutons in dorsal horn was similar to that in 
cerebellar parallel fiber terminals, but significantly lower than 
that in mossy fiber terminals. 

These results suggest that glutamate is a transmitter used 
by neurotensin-immunoreactive axons in the dorsal horn, 
and since these axons are thought to be largely or entirely 
derived from neurotensin-containing neurons in laminae I- 
Ill, they provide immunocytochemical evidence for a popu- 
lation of excitatory glutamatergic neurons in this region. 

[Key words: glutamate, excitatory neuron, spinal cord, 
pep tide] 

The superficial part of the spinal dorsal horn (laminae I-III) 
contains densely packed small neurons (Rexed, 1952) and many 
of these have axons that terminate locally (Bennett et al., 1980; 
Nandi et al., 1993). Immunocytochemical studies have provided 
evidence that some of these neurons contain the inhibitory 
transmitter GABA, and that this may coexist with glycine or 
ACh (Hunt et al., 1981; Barber et al., 1982; Magoul et al., 1987; 
Todd and McKenzie, 1989; Carlton and Hayes, 1990; Todd and 
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Sullivan, 1990; Maxwell et al., 199 1; Todd, 199 1). However, 
these cells only account for approximately 30% of the neuronal 
population in laminae I and II, and 46% of that in lamina III 
(Todd and Sullivan, 1990) and the majority of neurons in each 
of these laminae therefore do not appear to contain any of these 
transmitters. 

Although the classical neurotransmitter(s) used by the re- 
maining neurons is not known, there are several lines ofevidence 
that suggest at least some of these cells are excitatory, and use 
glutamate or a related acidic amino acid. If H-D-aspartate is 
injected into spinal gray matter, it is accumulated by a popu- 
lation of neurons in laminae I-III (Rustioni and Cuenod, 1982) 
and these cells are not GABA immunoreactive (Antal et al., 
199 1). It is likely that this uptake mechanism is restricted to 
neurons that use an acidic amino acid as a transmitter (Streit, 
1980). In addition, some neurons with cell bodies in the super- 
ficial dorsal horn have been shown to give rise to axons that 
form asymmetrical synapses (Light and Kavookjian, 1988; Spike 
and Todd, 1992) and this type of synapse is thought to be 
generally associated with excitatory transmission. However, 
synaptic ultrastructure may not be a reliable guide to transmitter 
content, since there have also been reports of glutamic acid 
decarboxylase- and GABA-immunoreactive boutons that form 
asymmetrical synapses in the dorsal horn (McLaughlin et al., 
1975; Carlton and Hayes, 1990). There is also a great deal of 
physiological evidence that dorsal horn neurons receive much 
of their sensory input through polysynaptic pathways, presum- 
ably involving excitatory interneurons (for review, see Woolf, 
1989). 

It has so far proved difficult to identify glutamatergic neurons 
in the spinal dorsal horn with immunocytochemistry. When 
antisera to glutamate are applied to spinal cord sections, im- 
munoreactive cell bodies are seen in the superficial dorsal horn 
(Weinberg et al., 1987; Miller et al., 1988) and it was concluded 
in these studies that the immunoreactive cells were glutama- 
tergic neurons. However, there is much evidence that the pres- 
ence of glutamate-like immunoreactivity (glutamate-LI) in cell 
bodies is not a reliable marker for neurons that use glutamate 
as a transmitter, since the cell bodies of neurons that are thought 
not to use glutamate (including motor neurons and presumed 
GABAergic and glycinergic neurons) may possess glutamate-11 
(Ottersen and Storm-Mathisen, 1984; Yingcharoen et al., 1989; 
Walberg et al., 1990). It is thought that, unlike the situation 
with glycine and GABA, the “metabolic pool” of glutamate is 
sufficiently large that it can be detected in the cell bodies of 
many neurons (Fonnum, 1984; Yingcharoen et al., 1989). 

The examination of glutamate immunoreactivity in axon ter- 
minals appears to be a more reliable way of identifying neurons 
that use glutamate as a transmitter. When the postembedding 
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immunogold technique is used with glutamate antisera, there is 
an almost linear relationship between gold particle density and 
glutamate concentration (Ottersen, 1989) and it is therefore 
possible to compare the relative concentrations of glutamate- 
immunoreactive material in different profiles. In the cerebellum 
it has been shown that the level of glutamate-11 is significantly 
higher in mossy and parallel fiber terminals (which are thought 
to release glutamate) than in other cellular compartments, in- 
cluding granule cell bodies that give rise to parallel fibers (Som- 
ogyi et al., 1986). Elsewhere in the CNS enrichment of gluta- 
mate-L1 has been demonstrated in axon terminals that are 
thought to be glutamatergic (e.g., Montero and Wenthold, 1989; 
Maxwell et al., 1990; Broman and Ottersen, 1992). This suggests 
that within axon terminals it is possible to identify the “trans- 
mitter pool” of glutamate. 

A dense plexus of neurotensin-immunoreactive fibers is pres- 
ent in laminae I and II of the dorsal horn, and neurotensin- 
immunoreactive neuronal cell bodies are located in laminae I- 
III, with very few present in deeper laminae (Gibson et al., 198 1; 
Hunt et al., 198 1; Jennes et al., 1982; Seybold and Elde, 1982; 
Yaksh et al., 1982; Leah et al., 1988). The neurotensin-im- 
munoreactive cells in these laminae do not appear to project to 
the brain (Leah et al., 1988) and they are not GABA immu- 
noreactive (Todd et al., 1992). Since dorsal root section and 
spinal hemisection do not cause a detectable depletion of neu- 
rotensin-11 (Ninkovic et al., 198 1; Yaksh et al., 1982) im- 
munoreactive axons in laminae I and II are presumably derived 
(at least mainly) from intrinsic interneurons located in laminae 
I-III, which do not contain GABA. In this study we have used 
preembedding immunocytochemistry to identify neurotensin- 
immunoreactive axons and have then performed postembed- 
ding immunostaining to determine whether they are enriched 
with glutamate-11. In addition, in some cases we have compared 
the levels of glutamate-11 in neurotensin-immunoreactive ax- 
ons in the dorsal horn with those in cerebellar parallel and mossy 
fiber terminals, since there is strong evidence that these latter 
types of axon use glutamate as a transmitter (Sandoval and 
Cotman, 1978; Stone, 1979; Garthwaite and Brodbelt, 1990). 

Materials and Methods 
Tissue preparation andpreembeddingimmunocytochemistry. Four adult 
Albino-Swiss rats of either sex (190-270 gm) were deeply anesthetized 
and perfused through the left ventricle with a fixative containing 1% 
formaldehyde, 1% glutaraldehyde in 0.1 M phosphate buffer. The L4 
spinal segment was removed from each animal, and the cerebellum was 
also removed from two animals. The tissue was rinsed in buffer over- 
night and sectioned on a Vibratome at 60 pm. The spinal cord segments 
were cut into transverse sections and the cerebella were cut at right 
angles to the long axis of the folia. The sections were treated with 1% 
sodium borohydride for 30 min (Kosaka et al., 1986) rinsed extensively 
in phosphate-buffered saline (PBS), and incubated overnight in rabbit 
antiserum to neurotensin (Peninsula) diluted to 1: 10,000 in PBS con- 
taining 1% goat serum. They were further processed by an immunogold- 
silver method (Chan et al., 1990). The sections were rinsed in PBS and 
incubated for 3 hr in goat anti-rabbit IgG coupled to 1 nm gold particles 
(Biocell) diluted 1:lOO in PBS containing 1% goat serum. They were 
then rinsed in PBS, postlixed for 30 min in 2% glutaraldehyde, rinsed 
thoroughly in PBS and water, and treated with a silver intensification 
method (IntenSE M, Amersham UK) according to the manufacturer’s 
instructions. The optimal time for the intensification step was found to 
be between 1 1 and 15 min at approximately 20°C. The sections were 
then rinsed in water, osmicated, dehydrated in acetone, and flat-em- 
bedded in Durcupan between glass coverslips. Control sections of spinal 
cord were processed in the same way, except that the primary antiserum 
was treated with synthetic neurotensin (Sigma; 10 &ml diluted anti- 
serum) for 1 hr before the reaction. 

Postembedding immunocytochemistry. Two or three sections of spinal 
cord from each rat and one section of cerebellum from two rats were 
mounted onto resin blocks. Ribbons of ultrathin sections (silver-gold 
interference color) were cut from spinal cord with a diamond knife and 
mounted in serial order onto Formvar-coated nickel mesh grids or 
uncoated copper mesh grids. Approximately four sections were collected 
on each grid, and nickel and copper grids were used alternately. Ultrathin 
sections were also cut from cerebellum and mounted onto Formvar- 
coated nickel grids. Postembedding immunocytochemistry was per- 
formed (on those sections on nickel grids) by the method of Holstege 
(199 1) with a rabbit antiserum to conjugated glutamate (Amel). Briefly, 
grids were placed for 1 hr on a droplet of PBS containing 0.1% T&on-X 
100 (PBST), stored overnight at 4°C on droplets of glutamate antiserum 
diluted 1:40,000 in PBST. rinsed. and incubated for 2 hr with eoat 
anti-rabbit IgG coupled to’ 10 nm gold particles (Biocell) diluted 1%: 
At the end of the immunoreaction, the sections were lightly stained with 
lead citrate. Spinal cord sections on copper grids did not undergo the 
postembedding reaction and were stained with uranyl acetate and lead 
citrate. 

In order to confirm that the secondary antibody was not recognizing 
neurotensin antibodies from the preembedding reaction, the pos- 
tembedding reaction was carried out on some grids with omission of 
glutamate antiserum. Control sections for the postembedding reaction 
were treated as described above, except that the glutamate antiserum 
was incubated with glutamate conjugated to bovine serum albumin for 
1 hr before this was applied to the sections. The conjugate was made 
by the method of Storm-Mathisen et al. (1983) and 0.1 ~1 was added 
to 50 ~1 of diluted antiserum (1:40,000). The glutamate antiserum is 
reported to show no cross-reaction with aspartate, GABA, @-alanine, 
glycine, or glutamine (manufacturer’s specification). 

To allow for comparison between neurotensin-immunoreactive bou- 
tons in dorsal horn and parallel and mossy fiber terminals in cerebellum, 
all of the grids of spinal cord sections from two of the animals were 
processed in parallel with grids containing sections of cerebellum (from 
the same animal). To ensure the minimum possible variation in incu- 
bation conditions, in each case a grid of spinal cord and one of cere- 
bellum were processed on the same droplets of immunoreagents and 
rinsing solutions. 

Analysis. Forty neurotensin-immunoreactive boutons were used to 
obtain quantitative data: 10 from each of the four rats. These were taken 
from two or three Vibratome sections from each rat, such that no more 
than five boutons were obtained from a single Vibratome section. The 
neurotensin-immunoreactive axonal boutons were initially identified 
on sections from copper grids (which had not been reacted by the pos- 
tembedding method). In order to confirm that the bouton was neuro- 
tensin immunoreactive, it was examined and photographed on at least 
three sections. Only boutons that contained silver particles on each of 
these sections and had a minimum of 10 particles were accepted as 
being immunoreactive. For comparison, in each case the nearest axonal 
boutons that formed asymmetrical and symmetrical synapses were also 
identified (again, on sections that had not been reacted with glutamate 
antiserum). The neurotensin-immunoreactive bouton and the boutons 
forming asymmetrical and symmetrical synapses were then examined 
and photographed on a nearby section that had been reacted with glu- 
tamate antiserum. For 20 ofthese neurotensin-immunoreactive boutons 
(obtained from seven different grids), corresponding sections of cere- 
bellum that had been processed on the same droplets were also analyzed. 
For each of the seven grids of cerebellar tissue, 10 parallel fiber boutons 
and three mossy fiber terminals were selected at random and photo- 
graphed. The selection was made at a sufficiently low magnification that 
gold particles could not be seen. 

The densities of gold particles overlying these profiles were analyzed 
from photomicrographs by means of a digitizing tablet connected to an 
IBM-compatible computer and VIDAS 2.1 image analysis software (Kon- 
tron Electronic, Munich). For the boutons from spinal cord and for 
cerebellar parallel fiber terminals, the area of the profile was divided by 
the number of gold particles (for neurotensin-immunoreactive profiles 
the area occupied by silver particles was subtracted, since these would 
have obscured overlying gold particles). For mossy fiber terminals, a 2 
Nrn2 circle was placed randomly over the terminal three times, and the 
average of the gold particle densities within these areas was calculated. 

To allow comparison between the groups of matched profiles in the 
dorsal horn, each of the 40 neurotensin-immunoreactive boutons and 
the boutons forming symmetrical synapses were normalized against the 
corresponding bouton that formed an asymmetrical synapse, by giving 
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the latter a value of 100%. The resulting percentages were then converted 
to logarithms to allow calculation of the mean percentages for each type 
of profile. In one case, a bouton that formed a symmetrical synapse 
contained no gold particles, and therefore had a normalized value of 
0%: this bouton was excluded in order to allow an average value to be 
calculated. The 20 neurotensin-immunoreactive boutons that were to 
be compared with cerebellar material were similarly normalized against 
the average gold particle density in the 10 parallel fiber and three mossy 
fiber terminals that were examined on the equivalent grid, and the results 
were treated in the same way. 

Results 
Neurotensin immunoreactivity 
When the Vibratome sections of dorsal horn were viewed with 
the light microscope, neurotensin-11 was seen as small black 
profiles in laminae I and II and occasional gray cell bodies 
located on either side of the border between laminae II and III 
(which could be identified because of the absence of myelin 
from the ventral part of lamina II). The immunostaining was 
clearly restricted to the most superficial parts of the sections. 
Immunostaining was completely absent in sections that had 
been incubated in primary antiserum that had been treated with 
neurotensin. 

Electron microscopy revealed that silver particles of varying 
sizes were specifically concentrated over certain axonal boutons 
in laminae I and II (Figs. 1-3). There was also accumulation of 
silver particles in occasional large dendrites and neuronal cell 
bodies, particularly near the border between laminae II and III. 
No labeled axonal boutons were seen in lamina III. A few silver 
particles were scattered over the neuropil; however, this back- 
ground could easily be distinguished from specific labeling since 
silver particles were not present over the same profiles in serial 
sections. The density of silver particles was greatly reduced in 
tissue that was located more than a few micrometers from the 
original surface of the Vibratome section. 

Neurotensin-immunoreactive boutons varied in size and 
shape. The mean cross-sectioned area of the 40 boutons used 
for quantitative analysis was 0.99 brn2 (kO.06 SEM). They con- 
tained many agranular vesicles, which were usually round and 
which often filled the profile. Dense-cored vesicles were gen- 
erally also present, but in small numbers (O-Yprofile in a single 
section), although a few boutons contained considerably more 
of these vesicles (Fig. Id). The dense-cored vesicles were often 
present at the periphery of the profile (Fig. 2a-c), and were never 
seen to be clustered near active sites of synapses. Silver particles 
were frequently associated with dense-cored vesicles, although 

they were often independent of them (however, large particles 
may have obscured underlying dense-cored vesicles). In several 
cases, the immunoreactive boutons were presynaptic to den- 
drites (Fig. lc,d) and sometimes to cell bodies (Fig. lef). Syn- 
aptic specializations were generally of the asymmetrical type 
(Fig. 1c.f) but were occasionally symmetrical (Fig. Id). 

Glutamate immunoreactivity 
The absolute densities of 10 nm gold particles (corresponding 
to glutamate-11) in sections of dorsal horn varied considerably 
between different grids. However, in all cases the gold particle 
density was particularly high over many axons that contained 
round vesicles. These were often seen to form asymmetrical 
synapses and sometimes constituted the central axons of syn- 
aptic glomeruli. The density of gold particles was low over pro- 
files that contained flattened vesicles or formed symmetrical 
synapses (Fig. 2d) and was variable over other structures (den- 
drites and cell bodies). The neurotensin-immunoreactive bou- 
tons were always enriched with gold particles, compared to most 
of the surrounding structures (Figs. 2d, 3a). The densities of 
gold particles over the 40 neurotensin-immunoreactive boutons 
and the corresponding boutons that formed asymmetrical or 
symmetrical synapses are shown in Figure 4. Although there 
was considerable variation in the absolute values, the density 
of gold particles in neurotensin-immunoreactive boutons was 
consistently higher than that in the boutons that formed sym- 
metrical synapses, and usually similar to that in the boutons 
that formed asymmetrical synapses. The density ofgold particles 
in neurotensin-immunoreactive boutons was found to be, on 
average, 88.9% of that in the boutons that formed asymmetrical 
synapses, while the density in the boutons that formed sym- 
metrical synapses was 26.9% of that in the boutons that formed 
asymmetrical synapses. The differences between the densities 
in neurotensin-immunoreactive boutons and those in the other 
two groups were both significant (p < 0.05 when compared to 
“asymmetrical” boutons; p < 1 x 10m7 when compared to 
“symmetrical” boutons; Wilcoxon’s signed rank test). The back- 
ground gold density was estimated by examining the lumina of 
two capillaries on one section from each grid that was examined. 
The density of gold particles over the resin in these capillaries 
was never more than 0.5 particlesl~m*. 

Within the cerebellum, the density of gold particles was ele- 
vated over parallel and mossy fiber terminals (Fig. 3c,d). The 
mean densities of particles over the 10 parallel fiber and three 

Figure 1. Examples of neurotensin-immunoreactive boutons in sections that had not undergone postembedding immunocytochemistry. u-c, Three 
serial sections through a lightly labeled bouton (A) that progressively surrounds a small dendritic profile (D). In each micrograph the bouton contains 
silver particles, some of which are indicated with arrows. Some of these particles are associated with dense-cored vesicles. In c the bouton forms 
an asymmetrical synapse with the dendrite (D). d, A neurotensin-immunoreactive bouton that contains many dense-cored vesicles forms a 
symmetrical synapse (arrow) onto a small profile. e and f, Adjacent sections through a small neurotensin-immunoreactive axon (A) that forms an 
asymmetrical axosomatic synapse (between arrows) onto a cell body (s). Part of the nucleus (N) can be seen in e. Scale bars, 0.5 pm. 
Figure 2. u-c, Three serial sections through a neurotensin-immunoreactive axon (A), that forms an oblique synapse (between arrows) onto a 
dendrite (D,). A nearby bouton (B), which contains flattened vesicles, and another dendrite (DJ are also seen. d, A section adjacent to c that had 
been reacted with glutamate antiserum; 10 nm gold particles, representing glutamate-11, are concentrated over the neurotensin-immunoreactive 
axon (A), and are present at much lower densities over the two dendrites (D, and D,) and the bouton (B). Scale bar, 0.5 pm for u-d. 
Figure 3. A comparison between the glutamate-11 over a neurotensin-immunoreactive bouton and that over cerebellar parallel and mossy fibers. 
a, A section through a neurotensin-immunoreactive axon (A). The section has been reacted with glutamate antiserum, and 10 nm gold particles 
(representing glutamate-11) are more numerous over A than over other structures, including a vesicle-containing profile (k’). b, An adjacent section 
through the same neurotensin-immunoreactive axon (A). This section had not been reacted with glutamate antiserum, and the silver particles from 
the preembedding reaction are clearly seen. c, A section through the molecular layer of the cerebellum to show three parallel fiber terminals (P,- 
P,) forming synapses (arrows). d, Part of a mossy fiber terminal (AM), from the granular layer. The section of cerebellum from which c and dare 
taken was processed on the same droplets of immunoreagents as that from which a is obtained. Note that the gold particle density over the 
neurotensin-immunoreactive axon is similar to the densities over the parallel fibers, but lower than that over the mossy fiber terminal. Scale bar, 
0.5 wrn for u-d. 
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Profile number 

Figure 4. A diagram to show the gold particle density (representing level of glutamate-11) in the 40 neurotensin-immunoreactive boutons (thick 
line) and in the matched boutons that formed asymmetrical synapses (upper thin line) and symmetrical synapses (lower thin line). Each number 
along the abscissa represents three profiles, one of each type. Although there is considerable variation in the absolute density of gold particles, the 
densities in the neurotensin-immunoreactive boutons are generally similar to those in the boutons that formed asymmetrical synapses, and both 
are higher than the densities in the boutons that formed symmetrical synapses. Even though the values are not continuously variable, each set of 
points is joined by lines, in order to facilitate comparison between the gold particle densities of members of each set. Note that boutons numbered 
from 2 1 to 40 are those that were compared with equivalent sections of cerebellum. 

mossy fiber terminals from each grid are shown in Table 1, 
together with the identities of the neurotensin-immunoreactive 
boutons to which they correspond (the bouton numbers are the 
same as those in Fig. 4). The neurotensin-immunoreactive bou- 
tons had a density of gold particles that was 107.4% of that in 
parallel fiber terminals and 69.4% of that in mossy fiber ter- 
minals. The difference in gold particle density between neuro- 
tensin-immunoreactive boutons and mossy fiber terminals was 
highly significant (p < 0.00 1, Wilcoxon’s signed rank test); how- 
ever, there was no significant difference between neurotensin- 
immunoreactive boutons and parallel fiber terminals. 

When the postembedding reaction was carried out with glu- 
tamate antiserum omitted, no 10 nm gold particles were seen 
on the sections (Fig. 5~). Ifthe primary antiserum was incubated 
with glutamate conjugated to BSA, the reaction was strongly 
suppressed and very few particles were observed in any profiles 
(Fig. 56). 

Discussion 

One of the major problems in identifying neurons that use glu- 
tamate as a transmitter is that, unlike the situation with GABA 
and glycine, a significant proportion of the glutamate present in 
the cell bodies and dendrites of neurons may represent a “met- 
abolic pool,” and this cannot readily be distinguished from the 
“transmitter pool” of the amino acid with light microscopic 
immunocytochemistry. However, there is considerable evi- 

dence that glutamate is highly concentrated in axonal boutons 
from which it is released as a transmitter, and that the presence 
of high levels of glutamate-11 in axon terminals provides one 
of the most reliable ways of identifying glutamatergic neurons 
(Somogyi et al., 1986; Montero and Wenthold, 1989; Maxwell 
et al., 1990; Broman and Ottersen, 1992). By identifying the 
axons of particular neurons and estimating the level of gluta- 
mate-L1 in them, it should therefore be possible to determine 
whether or not the cells use glutamate as a transmitter. However, 
it has proved difficult to label the axons of neurons whose cell 
bodies are located in laminae I-III of the spinal dorsal horn. 
Most of these neurons are small and therefore difficult to impale 
with intracellular microelectrodes. Many have axons that appear 
to terminate locally, and cannot be labeled with anterograde 
transport methods, and their axonal boutons do not form char- 
acteristic synaptic configurations that can be recognized in nor- 
mal material. 

In the present study we have attempted to get around this 
problem by using preembedding immunocytochemistry with an 
antiserum to the peptide neurotensin in order to label axons 
derived from a particular population of dorsal horn neurons, 
and then carrying out postembedding immunostaining to detect 
glutamate-11 on the same tissue. In preliminary studies we found 
that if an immunoperoxidase method [e.g., the avidin-biotin 
complex (ABC) method] was used to detect peptide-containing 
axons, this strongly suppressed subsequent postembedding im- 
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Table 1. Gold particle density in cerebellar parallel and mossy fibers 

Mean gold particle densities + SEM 
Equivalent Parallel fibers Mossy fibers 

Grid boutons (n = 10) (n = 3) 

1 21-25 33.84 f 2.41 61.17 2 2.36 

2 26-30 41.63 f 2.15 44.61 + 5.44 

3 31 48.77 + 5.92 56.67 + 3.50 

4 32-33 32.20 -t 3.34 53.56 k 9.17 

5 34 38.16 k 4.57 63.22 rt 3.30 

6 35-38 29.21 IL 3.74 56.33 + 9.02 

7 39-40 44.85 k 6.14 62.17 k 4.82 

Data are the densities of gold particles in parallel and mossy fibers that were used 
for comparison with 20 of the neurotensin-immunoreactive boutons (those num- 
bered 21-40 in Fig. 4). For each grid, 10 parallel fibers and three mossy fibers 
were selected at random from a single section. The table shows the means and 
SEs of the gold particle densities for the two types of fiber on each of the seven 
grids, and in addition the neurotensin-immunoreactive bouton that was present 
on the grid of spinal cord that was processed on the same droplets during the 
postembedding reaction. 

munogold staining. For this reason, we have used the silver- 
intensified gold method (Chan et al., 1990; Sesack and Pickel, 
1992) to detect neurotensin, since this provides a particulate 
marker that does not appear to interfere with postembedding 
immunogold staining. 

Methodological considerations 
We have previously used the same antiserum to neurotensin 
with the ABC method, and shown that the distribution of im- 
munostained profiles is very similar to that observed in other 
studies of neurotensin-11 in dorsal horn (Gibson et al., 1981; 
Hunt et al., 198 1; Seybold and Elde, 1982; DiFiglia et al., 1984), 
with a dense plexus of fibers in laminae I and II, and many 
neuronal cell bodies located near the border between laminae 
II and III (Todd et al., 1992; Fig. 1). In the present study, 
immunostaining was restricted to the most superficial parts of 
the Vibratome sections, but again punctate staining was seen in 
laminae I and II and some cell bodies were visible in the ventral 
part of lamina II and the dorsal part of lamina III. This staining 
was abolished by preincubation of the antiserum with neuro- 
tensin peptide. 

Although the electron microscopic sections contained a back- 
ground scattering of silver particles, this could readily be dis- 
tinguished from specific labeling by examining serial sections. 
The background staining is probably related to the use of 1% 
glutaraldehyde in the fixative (Kosaka et al., 1986), which was 
necessary in order to retain glutamate in the tissue. Specific 
labeling with silver particles was seen in axonal boutons 
throughout laminae I and II, and these resembled neurotensin- 
immunoreactive boutons observed in previous studies in the 
rat (Seybold and Maley, 1984) and monkey (DiFiglia et al., 
1984), in that they contained many round agranular vesicles 
and, in most cases, few dense-cored vesicles. The common as- 
sociation of silver particles with dense-cored vesicles presum- 
ably reflects the presence of peptides within these vesicles 
(Merighi et al., 1989). DiFiglia et al. (1984) reported that neu- 
rotensin-immunoreactive boutons formed synapses that were 
exclusively asymmetrical, while Seybold and Maley (1984) found 
that some of the synapses were symmetrical and others asym- 
metrical. In the present study most of the synapses formed by 
immunoreactive boutons were asymmetrical, although some 

Figure 5. a, A neurotensin-immunoreactive axon (A) from a section 
that had been processed by the postembedding method, but with omis- 
sion of the glutamate antiserum. No 10 nm gold particles are present, 
indicating that the deposition of these particles is not related to the 
presence of neurotensin antibodies. b, Neurotensin-immunoreactive axon 
(A) in a section treated with glutamate antiserum that had been incu- 
bated with glutamate conjugated to BSA. No 10 nm gold particles are 
present over this axon. Scale bar, 0.5 pm for a and b. 

appeared to be symmetrical (Fig. Id). The presence of a few 
symmetrical synapses may therefore represent a species differ- 
ence between rat and monkey. 

The similarity between the present results and previous re- 
ports of neurotensin immunoreactivity at both light and electron 
microscopic levels strongly suggests that the labeling method 
used in this study provided a reliable way of identifying neu- 
rotensin-containing axons. The failure of spinal hemisection or 
dorsal root section to produce a detectable alteration of neu- 
rotensin-11 in the superficial dorsal horn (Ninkovic et al., 198 1; 
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Yaksh et al., 1982) has been taken as evidence that neurotensin- 
immunoreactive axons in this region are derived from local cells. 
Even if a few of the neurotensin-immunoreactive axons that 
were observed in the present study arose from other sources 
(e.g., cells in deeper laminae), it is likely that at least the great 
majority were derived from neurotensin-containing neurons with 
cell bodies in laminae I-III. 

The appearance of glutamate-11 seen here is also very similar 
to that reported previously in the spinal dorsal horn, with the 
labeling heaviest over axons that contained round vesicles and 
formed asymmetrical synapses, and light over axons with flat- 
tened vesicles that formed symmetrical synapses (Maxwell et 
al., 1990, 1992; Merighi et al., 1991; Westlund et al., 1992). In 
addition, immunostaining was almost completely abolished when 
glutamate conjugated to BSA had been added to the antiserum. 
Since the neurotensin antiserum was also raised in rabbit, it was 
necessary to establish that this was not detected by the secondary 
antibody used for the postembedding reaction. When the glu- 
tamate antiserum was omitted, no 10 nm gold particles were 
present on the sections (Fig. 5a), presumably because the neu- 
rotensin antibodies were sufficiently altered during the dehy- 
dration, osmication, and resin embedding of the Vibratome 
sections that they were not recognized by the anti-rabbit IgG 
coupled to 10 nm gold particles. All of the postembedding stain- 
ing therefore presumably represents glutamate-11. 

In sections of central nervous tissue reacted with antisera to 
glutamate, gold particles are found at varying densities over 
most glial and neuronal profiles (Somogyi et al., 1986) and it 
is therefore necessary to quantify the particle density in order 
to determine whether glutamate-11 is enriched over particular 
structures. Even when different electron microscopic sections 
are reacted by the same protocol, there can be substantial dif- 
ferences in the absolute density of labeling (Ji et al., 199 1). This 
may be due to differences in the retention of glutamate in dif- 
ferent animals during fixation, and also to inadvertent altera- 
tions in the conditions (e.g., ambient temperature) under which 
the reaction was carried out. For this reason, the gold particle 
density in each neurotensin-immunoreactive bouton was com- 
pared with that in nearby profiles from the same section, which 
formed asymmetrical or symmetrical synapses. The former group 
is likely to consist (at least mainly) of axons that use glutamate 
as a transmitter (Maxwell et al., 1990; Merighi et al., 1991) 
while those in the latter group are likely to use GABA, glycine, 
or ACh (McLaughlin et al., 1975; Barber et al., 1978; Ribeiro- 
da-Silva and Cuello, 1990; Todd, 1990; Mitchell et al., 1993). 
Since gold particle densities were high over neurotensin-im- 
munoreactive boutons, compared to other nearby structures, 
and were generally similar to those seen in boutons that formed 
asymmetrical synapses (Fig. 4) it is likely that glutamate is used 
as a transmitter by neurotensin-immunoreactive axons. The 
density in neurotensin-immunoreactive boutons was slightly 
(11.1%) lower than that in the boutons that formed asymmet- 
rical synapses and this difference was found to be significant. 
The latter group is likely to be heterogeneous, and may have 
included boutons of primary afferent, supraspinal and intrinsic 
origin. It may be that one or more of these populations consists 
of axons with a higher density of glutamate than that which is 
present in neurotensin-containing axons, in the same way that 
the level of glutamate-11 has been found to be significantly 
higher in mossy fiber terminals than in parallel fiber terminals 
in the cerebellum (Somogyi et al., 1986). 

To provide further evidence, glutamate-11 in neurotensin- 

immunoreactive boutons was compared with that in cerebellar 
mossy and parallel fiber terminals. In order to minimize vari- 
ation in immunostaining intensity, the cerebellar material had 
been subjected to the same preembedding method, and the sec- 
tions were paired with sections of spinal cord and processed on 
the same droplets of reagents during the postembedding reac- 
tion. The gold particle densities over neurotensin-immuno- 
reactive boutons were similar to those observed in parallel fiber 
terminals, but were significantly lower than those in mossy fiber 
terminals. Since both parallel and mossy fibers are thought to 
use glutamate as a transmitter (Sandoval and Cotman, 1978; 
Stone, 1979; Garthwaite and Brodbelt, 1990) the finding that 
cerebellar parallel fiber terminals and neurotensin-immuno- 
reactive boutons in dorsal horn had similar levels of glutamate- 
LI supports the conclusion that the latter also use glutamate as 
a transmitter. 

Neurotensin-containing cells in laminae I-III 
The present results therefore suggest that many, if not all, neu- 
rotensin-containing cells in the dorsal horn are excitatory, glu- 
tamatergic interneurons. Although many neuropeptides are 
present in neurons in laminae I-III of the dorsal horn, there is 
apparently no evidence for significant coexistence of peptides 
in cells that contain neurotensin. Somatostatin-LI is also present 
in neurons that do not contain GABA; however, somatostatin 
and neurotensin do not appear to coexist in axons within the 
dorsal horn, and are therefore presumably contained in different 
populations of cells (Proudlock et al., 1993). Neuropeptide Y 
appears to be present exclusively in GABAergic neurons (Rowan 
et al., 1993). We have recently used a double-labeling immu- 
nofluorescence technique to look for possible coexistence of 
neurotensin with several other peptides that are contained in 
spinal neurons: met-enkephalin, dynorphin, substance P, and 
neurokinin B. Although neurotensin very occasionally coexisted 
with each of these peptides, the great majority of neurotensin- 
immunoreactive profiles did not show immunoreactivity with 
any of these peptide antisera (A. R. Brodbelt, A. J. Todd, and 
R. C. Spike, unpublished observations). It is therefore likely that 
the neurons that contain neurotensin are different from those 
that contain any of these other peptides. Yoshida et al. (1990) 
reported that 75% of neurotensin-immunoreactive neurons in 
the superficial dorsal horn were also immunoreactive with an- 
tiserum to the calcium-binding protein calbindin. Since Antal 
et al. (199 1) found that some calbindin-immunoreactive neu- 
rons in laminae II and III accumulated jH-D-aspartate, this 
group may have included some neurotensin-containing cells. 

Since these neurons are presumably capable of releasing both 
glutamate and neurotensin, and the two compounds may act on 
different targets, it is necessary to consider the function of the 
neurons in terms of the actions of both neurotensin and gluta- 
mate. The actions of neurotensin within the spinal cord are 
relatively poorly understood. When it is injected into the dorsal 
horn by iontophoresis, neurons may be excited (Miletic and 
Randic, 1979; Stanzione and Ziegelgansberger, 1983) or inhib- 
ited (Henry, 1982). If neurotensin is applied directly to the cord 
dorsum it causes expression of the proto-oncogene product c-fos 
in a few neurons, and this is consistent with an excitatory action 
on these cells (Leah et al., 1989). When applied by intrathecal 
injection, neurotensin has an apparent analgesic action, al- 
though this depends on the test that is used (Yaksh et al., 1982; 
Spampinato et al., 1988). 

The existence of excitatory interneurons in dorsal horn has 
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been invoked in order to explain two aspects of the mismatch 
between dendritic trees of dorsal horn neurons and their recep- 
tive field properties. Many cells in deeper laminae have a major 
input from unmyelinated primary afferents but do not have 
dendritic trees that extend into laminae I or II (the major ter- 
mination zone of these afferents; Sugiura et al., 1986), and it 
has been suggested that the inputs from these afferents are con- 
veyed via excitatory interneurons with axons that pass ventrally 
(Ritz and Greenspan, 1985; Woolfand King, 1987). In addition, 
there is no clear relationship between the mediolateral and ros- 
trocaudal spread of the dendritic tree of a neuron, and the size 
of its excitatory receptive field, and this suggests that much of 
the receptive field is due to polysynaptic inputs (Woolf, 1989). 
Since neurotensin-immunoreactive axons are largely restricted 
to the superficial dorsal horn, it is unlikely that neurotensin- 
containing neurons have significant axonal arborizations ventral 
to lamina II, and therefore they are not likely to be involved in 
relaying input from unmyelinated primary afferents to the deep 
dorsal horn. However, it is quite possible that they are involved 
in distributing information from primary afferents to other areas 
of the superficial dorsal horn, and are therefore partially re- 
sponsible for enlarging the receptive fields of other dorsal horn 
neurons or strengthening their responses to peripheral stimu- 
lation. 

It is difficult to use pharmacological techniques to study the 
actions of glutamate released from a particular population of 
spinal interneurons, because of the multiple origins of gluta- 
matergic axons within the dorsal horn. In order to understand 
the actions of glutamate released by these neurons, it will be 
necessary to have further information about the postsynaptic 
targets of their axons and the types of excitatory amino acid 
receptor at which glutamate is acting. By using neurotensin an- 
tisera as markers for the axons of these cells, it may be possible 
to obtain some of this information from immunocytochemical 
studies. 
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