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The distributions of substance P-like immunoreactivity (SPLI) 
and leucine-enkephalin-like immunoreactivity (LENKLI) in 
subnucleus caudalis of normal adult rats were compared 
with those observed in the adult rats that sustained tran- 
section of the infraorbital (IO) nerve either on the day of birth 
or in adulthood. All immunocytochemical experiments in the 
neonatally nerve damaged rats were carried out at least 60 
d after the nerve transection. In the animals that sustained 
nerve transections as adults, brains were processed for im- 
munohistochemistry between 7 and 60 d after the lesions. 
In the rats that sustained IO nerve transections as adults, 
there was a transient reduction in the density of the SPLI in 
layers I and II of ipsilateral subnucleus caudalis. It was most 
apparent about 2 weeks after the nerve transection and re- 
turned to near normal values by 60 d after the lesion. In the 
rats that sustained IO nerve transections on the day of birth, 
there was no reduction in the density of SPLI in caudalis, 
and the band of staining on the deafferented side of the 
brain stem was actually 40% wider than that on the intact 
side. Neither neonatal nor adult IO nerve transection had 
appreciable effects upon the distribution of LENKLI in the 
rat’s trigeminal brain-stem complex. 

In another series of experiments, rats that sustained neo- 
natal transection of the IO nerve had this same nerve recut 
in adulthood. Twelve days after the second lesion, the brains 
of these animals were processed for SPLI. There was a 
marked reduction in the density of the staining for this pep- 
tide on the deafferented side. This last result is consistent 
with the interpretation that the increased distribution of SPLI 
in the neonatally nerve damaged rats is due, at least partially, 
to reorganization of primary afferents. 

There is a substantial literature, recently reviewed by Aldskogius 
et al. (1985) concerned with the effects of peripheral nerve 
damage upon the primary afferent innervation of the spinal cord 
and brain stem. Most studies that have addressed this issue can 
be grouped into one of two types: those that have examined 
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effects of nerve damage upon all primary afferents from a given 
nerve using anterograde or retrograde tract tracing techniques 
(e.g., Grant and Arvidsson, 1975; Westrum et al., 1976; Sugi- 
moto and Gobel, 1982; Jacquin and Rhoades, 1983, 1985; Selt- 
zer and Devor, 1984; Arvidsson, 1986) and those that have 
concentrated upon subsets of afferents that could be demon- 
strated by either histochemical or immunohistochemical stain- 
ing (e.g., Rustioni et al., 197 1; Knyihar and Csillik, 1976; Jesse1 
et al., 1979; McGregor et al., 1984; Tessler et al., 1985). 

In considering the central consequences of peripheral nerve 
damage, it is important to correlate data for all of the fibers 
comprising a given regenerate nerve with those that can be 
obtained by demonstrating neurochemically distinct subsets of 
these axons immunocytochemically. The utility of such exper- 
iments resides in that they may provide information regarding 
the type(s) of fibers that retain or reestablish their central pro- 
jections after transection of their peripheral axons (Fitzgerald, 
1985; Fitzgerald and Vrbova, 1985). 

The infraorbital (IO) nerve and its innervation of the trigem- 
inal (V) brain-stem complex in rodents offers an interesting 
opportunity to carry out such correlative experiments for several 
reasons. First, the central distribution of axons from this V 
branch in normal adult rats has been defined with anterograde 
tracing methods (Arvidsson, 1982; Jacquin and Rhoades, 1983). 
Second, the effects of damage to this nerve have been well de- 
fined with these techniques. Transection of the IO nerve in adult 
rats produces no change in the overall distribution of its central 
terminals as demonstrated by transganglionic transport of HRP 
(Renehan et al., 1986). Neonatal transection of the nerve, on 
the other hand, results in a major reduction in the density of 
staining in V nucleus principalis, subnucleus oralis, subnucleus 
interpolaris, and the magnocellular portion of subnucleus cau- 
dalis (Jacquin and Rhoades, 1983, 1985; Chiaia et al., 1987). 
A dense projection to layers I and II of caudalis is, however, 
retained. A third reason that the IO nerve and its innervation 
of the V brain-stem complex is interesting for examination of 
subsets ofprimary afferents after damage is that the distributions 
of several peptides thought to be contained in primary afferent 
terminals, and in particular substance P, have been well de- 
scribed for this region (e.g., Hokfelt et al., 1975; Ljungdahl et 
al., 1978; Cue110 et al., 1978; Cue110 and Kanazawa, 1978; Del 
Fiacco and Cuello, 1980; Sakanaka et al., 1982; Cue110 et al., 
1985). 

For these reasons, we decided to evaluate the effects of neo- 
natal and adult IO nerve transection upon the distribution and 
density of substance P-like immunoreactivity (SPLI) in the rat’s 
V brain-stem complex. In these same animals, we also assessed 
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the distribution of leucine-enkephalin-like immunoreactivity 
(LENKLI). This peptide has a distribution in caudalis that 
matches, fairly closely, that of substance P (Simantov et al., 
1977), and it is thought to arise from brain-stem neurons rather 
than primary afferents (Hiikfelt et al., 1977). 

Materials and Methods 

Experimental animals. In all, 34 Sprague-Dawley rats were employed 
in this study; 5 were normal adults, 18 were adults (60-75 d of age) that 
had sustained transection of the IO nerve within 12 hr of birth, and 11 
were adults (120-l 80 d of age) that received transections of the IO nerve 
between 7 and 60 d prior to sacrifice. 

Nerve transections. All neonatal nerve transections were carried out 
after animals were anesthetized by placement on a bed of crushed ice. 
The IO nerve was exposed just behind the vibrissal pad and transected 
according to the methods that have been described by Jacquin and 
Rhoades (1983, 1985). No attempt was made to reapproximate the cut 
ends of the nerve, and the facial wound was closed with cyanoacrylate. 
After surgery, pups were rewarmed and returned to their mothers. 

LI were obtained from 5 neonatally nerve-damaged rats in the following 
manner. Every Nissl-stained section through caudalis was traced, and 
the boundaries between the V spinal tract (TrV), lamina I-II, and lamina 
III were added to these drawings. The boundaries of the regions in which 
heavy SPLI and LENKLI were observed were also charted separately. 
These drawings were then used to compute the average cross-sectional 
area of layers I and II and the average width of these laminae in the 
center of the region innervated by 10 primary afferents (Jacquin and 
Rhoades, 1983). Cross-sectional areas, perimeters, and widths of SPLI 
and LENKLI were obtained in the same manner. All of these mea- 
surements were made with the aid of a graphics tablet that was interfaced 
to an IBM PC. Effects of nerve damage were evaluated by comparing 
data from the intact and deafferented sides of the brain stem (with paired 
t tests). Each animal contributed a single data point to each of these 
analyses. 

Adult nerve transections were accomplished under sodium pento- 
barbital anesthesia. These animals were placed in a headholder, and the 
IO nerve was exposed caudal to the vibrissal pad. It was then transected, 
and the wound was closed. As in the neonates, no attempt was made 
to bring the proximal and distal stumps of the nerve into apposition. 

In 3 animals that sustained neonatal transection of the IO nerve, this 
V branch was recut 12 d prior to sacrifice. In these rats, the nerve was 
transected in the orbit according to methods that have been detailed by 
Jacquin et al. (1984). 

Perfusion and tissue processing. Rats were deeply anesthetized with 
ether and killed by transcardial perfusion. After a saline wash, 250-300 
ml of 4.0% paraformaldehyde in 0.10 M sodium phosphate buffer (pH 
7.4) was slowly perfused over 30 min. The fixative was washed out with 
100-l 50 ml 10% sucrose buffer, which also served as a cryoprotectant. 
Immediately after the perfusion was complete, the brain was removed 
and stored overnight in 30% sucrose buffer at 4°C. The next day, a 
complete series of 40-pm-thick coronal or horizontal sections was cut 
with a freezing microtome. Three series composed of every third section 
were made; one was processed for SPLI, one for LENKLI, and the third 
was stained with cresyl violet. 

The distributions of SPLI and LENKLI were determined using the 
immunoperoxidase procedure of Hsu et al. (1981). Accordingly, free- 
floating sections were washed in 3.0% goat serum in 0.10 M sodium 
phosphate buffer (pH 7.4) incubated with a primary antibody for 16- 
18 hr at 4°C. The 2 primary antibodies were polyclonal antibodies 
directed against rabbit substance P or leu-enkephalin, conjugated to 
keyhole limpet hemocyanin and were generated in goats (Immuno Nu- 
clear Corp). The primary antibodies were diluted in a solution of 3.0% 
goat antiserum and 0.4% Triton X in 0.10 M sodium phosphate buffer 
(pH 7.4). The working dilutions were 1:3500 and 1:2000 for the anti- 
substance P and anti-enkephalin, respectively. Subsequently, the tissue 
was immersed in a 0.45% solution of biotinylated goat anti-rabbit an- 
tibody for 60-90 min and then a 1.8% solution of avidin-bound per- 
oxidase (Vector) for 45 min. Both the secondary antibody and the per- 
oxidase solutions were diluted in 3.0% goat serum in 0.10 M phosphate 
buffer. The peroxidase was mixed with 0.0 17% hydrogen peroxide in a 
solution of 1.5% diaminobenzidine in Tris buffer (pH 7.4) for 7-10 min 
at room temperature. Reacted sections were mounted on chrom-alum 
subbed slides, dehydrated, cleared, and coverslipped. 

A series of 3 controls for the immunocytochemical reaction were 
performed. In the first 2 controls, the tissue was processed without being 
incubated with either the primary or the secondary antibody. These 
controls represent a test of antibody specificity. In the third control, a 
solution of primary antibody that had been mixed with an excess of 
antigen (10 pdrnl; Peninsula Labs) was substituted for the primary an- 
tibody. This preabsorption served as a control for antibody specificity, 
as well as providing background levels. No immunoreactivity was ev- 
ident in any of these control experiments. 

Data analysis. Since both SPLI and LENKLI were confined almost 
completely to subnucleus caudalis in all 3 groups of animals (see Re- 
sults), our analyses were restricted to this region. All of the photographs 
used to illustrate our findings for the different experimental conditions 
were taken, developed, and printed under identical conditions. 

Quantitative estimates regarding the distributions ofSPL1 and LENK- 

The relative densities of the SPLI on the partially deafferented and 
intact sides of the brain stem in the different preparations were estimated 
in the following manner: 35 mm Ektachrome slides of 5 sections (spaced 
at 150 km) through subnucleus caudalis were taken for each animal. 
All of these slides were taken and processed at the same time. The 
maximum optical density of SPLI was determined along each of 4 lines 
perpendicular to layers I and II. Each of these lines was within the 
terminal field of the IO nerve. The 4 readings for a given side of each 
section were averaged, and mean density for each side in each animal 
was then computed. These means were used to obtain a ratio between 
the density of the SPLI on the 2 sides of the brain stem for each rat. 
Data from each group of nerve-damaged animals were then compared 
with those from normals by means of independent t tests. The validity 
of this approach was tested in 2 ways. First, ratios were computed for 
5 normal rats using the methods described above. In these animals, the 
expected ratio between the average density of SPLI on the 2 sides of 
the brain stem is 1 .O. The observed average ratio was 0.97 (SD = 0.14). 
We also validated this method by comparing, in the manner described 
above, the density of SPLI on the 2 sides of the fourth cervical segment 
of the spinal cord of each of the nerve-damaged animals. Here again, 
the expected ratio was 1.0, and the observed value was 1.11 (SD = 
0.12). 

Results 
With the exception of an occasional labeled fiber, nucleus prin- 
cipalis (Fig. 1E) and subnucleus oralis (Fig. 1F) were nearly 
devoid of SPLI. This was also true for the rostra1 portion of 
subnucleus interpolaris. In the caudal part of interpolaris (Figs. 
1 G, arrow; 24, however, there was a region dorsal to the nucleus 
itself that contained a dense meshwork of heavily labeled fibers. 
This area (Fig. 2c) was composed of relatively dense accumu- 
lations of small cell bodies and appeared very different from 
more lateral and ventral regions of TrV (Fig. 2B). This region 
has been referred to as the paratrigeminal nucleus (Paxinos and 
Watson, 1982). There were also occasional “pockets” of SPLI 
within the caudal portion of interpolaris itself (Fig. 20, open 
arrow). 

The densest SPLI in the V brain-stem complex was localized 
in layers I and II of subnucleus caudalis (Figs. lH, 34. The 
outermost part of layer I (Fig. 3A, arrows) was relatively devoid 
of SPLI, and heavy immunoreactivity began just ventral to this 
region. In addition, the heavy SPLI did not extend to the ventral 
border of lamina II, but occasional stained fibers were visible 
in the inner portion of this lamina and in layers III-V (Fig. 3D- 
0. 

Normal distribution of LENKLI in the rat’s V brain-stem 
complex 

The distribution of LENIUI was similar to that of SPLI in the 
V brain-stem complex (compare Fig. lE-H with Z-L). This 
similarity extended to the existence of a dense and previously 
unreported (for rat, but see Shults et al., 1985, for corresponding 
data from cat) plexus of immunoreactive fibers in the paratri- 
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Figure 2. Photomicrographs illustrating SPLI in the caudal portion of subnucleus interpolaris. A, Dense meshwork of SPLI in the paratrigeminal 
nucleus. B, Same region in a section stained for Nissl substance. Note the clusters of small cells. C, Another portion of TrV. Note the lack of 
stained neurons. D, Photomicrograph of a horizontal section (solid arrow3 point toward rostra1 and lateral) illustrating an interstitial pocket of SPLI 
(open arrow). Calibration bar, 250 pm (A-D). 

geminal nucleus (Figs. lK, arrow; 4A). LENIUI was also visible 
in the interstitial pockets in the caudal portion of subnucleus 
interpolaris (Fig. 4B). As was case for SPLI, heavy LENKLI did 
not extend all the way to the dorsal border of lamina I (Fig. 4C- 
E). On the other hand, heavy immunoreactivity was visible 
deeper in layer II than was the case for SPLI (compare Figs. 3 
and 4). Immunoreactive fibers, as well as an occasional im- 
munoreactive cell, could also be seen in the magnocellular lam- 
inae of caudalis (Fig. 4, F, G). 

Efects of adult transection of the IO nerve upon the 
tftriqutions of SPLI and LENKLI in the V brain-stem 

Transection of the IO nerve in adult rats produced a significant 
reduction in the density of SPLI in the portion of caudalis nor- 
mally innervated by the IO nerve (Table 1A). This change was 
most readily visible 1 O-l 4 d after the lesion (compare Fig. 5, A 
and B). By 60 d after the nerve transection (Fig. 5, D, E), the 

c 

density of SPLI in caudalis had returned to near normal levels 
(Table 1B). There was no appreciable change in the laminar 
distribution of SPLI at any point following the IO nerve lesion. 
Transection of the IO nerve in adult rats produced no change 
in the distribution or density of LENIUI in the trigeminal brain- 
stem complex (Fig. 5, F, G). We also observed no qualitative 
changes in the cytoarchitectonic organization of subnucleus cau- 
dalis in the rats that sustained adult transections of the IO nerve. 

Effect of neonatal transection of the IO nerve upon SPLI and 
LENKLI in the V brain-stem complex of the adult rat 
The effects of neonatal IO nerve damage were qualitatively dif- 
ferent from those observed after adult damage of this V branch. 
Neonatal transection of the IO nerve produced no significant 
reduction in the density of SPLI on the deafferented side of the 
brain stem (Table 1C). In fact, the average ratio between the 
SPLI densities on the partially deafferented and intact sides 
(1.17, SD = 0.19) was nearly significantly different from that 

Figure 1. Photomicrographs illustrating the distribution of SPLI and LENIUI in the V brain-stem complex of the rat. A-D, Transverse sections 
stained with cresyl violet for definition of the borders of V brain-stem nuclei. PrV, principalis; SpO, subnucleus oralis; SpZ, subnucleus interpolaris; 
SpC, subnucleus caudalis; TrV, V spinal tract. E-H, Distribution of SPLI in sections from the same levels as those illustrated in A-D. The arrow 
in G denotes the heavy immunostaining in the paratrigeminal nucleus. Note also the heavy staining in layers I and II of SpC. Z-L, Sections reacted 
for LENIUI. The arrow in K indicates labeling in the paratrigeminal nucleus. Note also the heavy immunoreactivity in layers I and II of caudalis. 
Calibration bar, 500 pm (A-L). 
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Figure 3. Photomicrographs illustrating details of the distribution of SPLI in subnucleus caudalis. A, Bright-field photomicrograph that depicts 
the distribution of SPLI in subnucleus caudalis of a normal rat. Dashed line denotes the lamina I-II border, small arrows denote the upper portion 
of lamina I in which SPLI is very light. B, Dark-field photomicrograph of the same section. C, Bright-field photomicrograph of an adjacent section 
stained with cresyl violet. D-F, Substance P-positive fibers in lamina III-IV and V. E, Higher-power photomicrograph of boxed area in F. Calibration 
bxr: 250 pm for A-D and F and 125 Mm for E. 

observed in the normals (t = 2.03, df = 12, p = 0.06). Fur- 
thermore, the band of staining on this side was actually broader 
than that on the intact side of the brain stem. Data from one 
neonatally nerve-damaged rat are illustrated in Figure 6. The 
trigeminal spinal tract is substantially shrunken, but the band 
of staining on the deafferented side is considerably wider than 
that on the intact side. The cross-sectional area of SPLI on the 
deal&rented (*SD) side was 9 1.7 -t 12.8% of that on the intact 
side (Table 2A). This difference was not statistically significant 
(t = 1.5, df = 4, p > 0.3). The small reduction in the area of 
SPLI on the deafferented side was associated with a larger (16.5 f 
6.9%) decrement in the perimeter of the band of SPLI on this 

side (t = 4.55, df = 4, p < 0.02). The fact that a significant 
reduction in perimeter did not produce a like decrement in area 
was due to the fact that the band on the deafferented side was 
40.5 f 22.9% wider than that on the intact side (t = 3.49, df = 
4, p < 0.03). 

Interpretation of the result described in the preceding para- 
graph requires additional information regarding the effect of 
neonatal IO nerve transection upon the cross-sectional area, 
perimeter, and width of layers I and II. Our evaluation of cresyl 
violet-stained sections (Fig. 7) demonstrated a 4.1 + 16.0% 
reduction in the average cross-sectional area of layers I and II 
and a 20.7 + 6.2% decrease in their average perimeter (Table 
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Figure 4. Details of LENKLI in caudal interpolaris and subnucleus caudalis of a normal rat. A, Meshwork of immunoreactive fibers in the 
paratrigeminal nucleus. B, Interstitial pocket of LENKLI (horizontal section; arrows point rostrally and laterally). C, Bright-field photomicrograph 
that shows the heavy LENKLI in layers I and II of caudalis. Note the region of very light staining (arrows) just ventral to TrV. D, Same section 
in a dark-field photomicrograph. E, Adjacent cresyl violet-stained section. F, Light LENKLI in layers II-V. G, Immunoreactive cell in layer V. 
Calibration bar, 250 pm for A-F and 125 pm for G. 

2B). There was also a slight, but significant increase in the width the deafferented side (Fig. 8, A, B), this fraction increased to 
of these laminae (7.2 + 3.8%, t = 4.09, df= 4, p < 0.02). Thus, 40.3 f 4.3% (t = 8.69, df = 4, p < 0.001). Two alterations in 
on the intact side of the brain stem (Fig. 8, C and D), the band the distribution of SPLI were responsible for this change. First, 
of SPLI occupied 21.9 + 3.5% the width of layers I and II. On the region of light staining in upper lamina I was filled with 



2240 Rhoades et al. l Caudalis Substance P and Enkephalin 

Figure 5. Results obtained with transection of the IO nerve in adult rats. A and B, Subnucleus caudalis on 2 sides of the same transverse section 
from a rat that sustained transection of the IO nerve 10 d prior to sacrifice. Note the reduction in SPLI in the portion of caudalis (between the 
arrowheads) normally innervated by the IO nerve. C, Higher-power photomicrograph of the deafferented side of the brain stem from an adjacent 
section. Note the reduction in the density of staining (arrows) at the boundary of IO central territory in layers I and II. D and E, Two sides from 
the same section stained for SPLI in a rat that sustained transection of the IO nerve 60 d prior to sacrifice. There is no qualitative difference in 
the density of SPLI on the deafferented (0) and intact (E) sides. F and G, Both sides of the brain stem in a section reacted for LENKLI from a rat 
that sustained transection of the IO nerve 10 d prior to sacrifice. There are no qualitative differences between the distributions and densities of the 
staining on the 2 sides. Calibration bar: C, 250 pm; G, 500 wrn (also applies to A, B, and D-F). 
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Figure 6. Photomicrographs illustrating the effect of neonatal transection of the IO nerve on the distribution of SPLI in subnucleus caudalis. A, 
Intact side; B, deafferented side of caudalis. C and D, Higher-power micrographs of the SPLI in caudalis on the intact (C’) and deafferented (0) 
sides of the brain stem. Note that, while subnucleus caudalis is clearly shrunken on the deafferented side, the band of SPLI in layers I and II is 
clearly wider. Note also that the region of light labeling in the upper portion of lamina I that is observed in normals and the intact side of nerve 
damaged animals is very heavily labeled on the deafferented side of the brain stem. Calibration: A and B, 500 pm; C and D, 250 pm. 

Table 1. Ratios of optical density of SPLI on the partially deafferented side of the brain stem to that on the intact side in the various nerve 
damaged rats used in this study (A-D) 

D. Neonatal and 
A. Adult IO B. Adult IO C. Neonatal IO adult IO nerve 
nerve lesion nerve lesion nerve lesion lesions (12 d 
(lo-14 d (60 d (260 d survival after 
survival) survival) survival) second lesion) E. Normals 

Rat 1 0.24 Rat 1 0.89 Rat 1 1.21 Rat 1 0.30 Rat 1 1.15 
2 0.31 2 1.02 2 1.43 2 0.21 2 1.08 
3 0.18 3 0.78 3 1.30 3 0.39 3 0.91 
4 0.39 4 0.94 4 0.94 4 0.88 

5 0.88 5 1.13 5 0.83 
6 1.22 
7 1.41 
8 0.91 
9 0.99 

B 0.284 8 0.90 8 1.17 8 0.30‘7 B 0.97 
SD 0.09 SD 0.09 SD 0.19 SD 0.09 SD 0.14 

Data from 5 normal (E) animals arc also presented for purposes of comparison. 
a Significant difference between the average ratio observed for a group of nerve damaged rats and that for the normals (independent t test, p i 0.05). 
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Figure 7. Photomicrographs that show the effect of neonatal IO nerve section upon the width of layers I and II in caudalis. A and B, Low-power 
photomicrographs through the middle of the anteroposterior extent of caudalis. Note the shrinkage of the entire nucleus on the deafferented (left) 
side. C and D, Higher-Dower nhotomicrogranhs made from these same sections. Note that layers I and II are slightly thicker on the deafferented - _ 
side. Calibration bar: k and B, 500 pm; C and D, 250 pm. 

Discussion 
heavy SPLI (Fig. 8A, also see Fig. 6A), and second, the band of 
immunostaining extended deeper into layer II. 

Neonatal transection of the IO nerve produced slight reduc- 
tions in the cross-sectional areas and perimeters of LENKLI in 
layers I and II of caudalis (Fig. 9, Table 2C). 

Source of the SPLI in caudalis of the neontally nerve- 
damaged rats 
We recut the IO nerve in 3 adult animals that had previously 
sustained neonatal transection of the same nerve, waited 12 d, 
and then sacrificed the rats and processed their brains for the 
demonstration of SPLI. All 3 of these animals had a markedly 
reduced density of SPLI on the deafferented side of the brain 
stem (Fig. 10, Table 1 D). This result is consistent with the con- 
clusion that primary afferent fibers are at least partially respon- 
sible for the dense SPLI observed in adult rats that have sus- 
tained neonatal transection of the IO nerve. 

Normal organization of SPLI and LENKLI in the rat’s V 
brain-stem complex 
Overall, the distributions of SPLI and LENIUI that we ob- 
served in normal rats agreed closely with those previously re- 
ported by other investigators (e.g., Hokfelt et al., 1975; Del 
Fiacco and Cuello, 1980; Sakanaka et al., 1982). Little SPLI 
was present in the principalis, oralis, or rostra1 interpolaris. The 
most rostra1 regions that contained dense SPLI and LENKLI 
were the interstitial pockets of caudal interpolaris and the para- 
trigeminal nucleus. Ljungdahl et al. (1978) reported “islands” 
of substance P-positive fibers in the caudal portion of inter- 
polaris in the rat, and Schults et al. (1985) have also noted rostra1 
islands of substance P staining in cat in a region, which they 
refer to as the interstitial nucleus of TrV (also see Falls and 
Phelan, 1984). As in our material, this region also stained for 
leucine enkephalin in the cat (Schults et al., 1985). 
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Figure 8. Photomicrographs illustrat- 
ing the relationship between the width 
of the region of heavy SPLI and that of 
lamina I-II in a single nerve-damaged 
animal. In these sections, heavy SPLI 
subtends 44% of the width of layers I 
and II on the deafferented side (A and 
B). On the intact side (C and D), SPLI 
occupies 24% of the width of layers I 
and II. Calibration bar, 250 pm (applies 
to all panels). 

Effects of IO nerve transection in adult rats 
The reduction in SPLI observed in rats that sustained transec- 
tion of the IO nerve as adults corresponds well with the results 
of other investigators who have examined effects of peripheral 
nerve transections upon substance P in the brain stem and spinal 
cord. Barbut et al. (198 l), McGregor et al. (1984), and Tessler 
et al. (1985) have all reported that transection of the sciatic 
nerve produces a reduction in the density of substance P im- 
munoreactivity in the spinal cord. Jesse1 et al. (1979) and 
McGregor et al. (1984) obtained corresponding results with ra- 
dioimmunoassay. 

The results of Jesse1 et al. (1979) and Barbut et al. (198 1) 
differed from our own in that they observed no recovery of SPLI 
after nerve transection. In the case of Barbut et al. (198 l), this 

might be explained by the their ligation of the damaged nerve 
which prevented its regeneration. Jesse1 et al. (1979), however, 
took no special measures to prevent regeneration. Tessler et al. 
(1985) did observe a recovery of SPLI at long (over 100 d) 
intervals after sciatic nerve section and ligation in adult cats. 
They attributed this recovery to sprouting by central neurons 
(see Tessler et al., 1980, 198 1, and also Micevych et al., 1986). 
To our knowledge, the effects of peripheral nerve section upon 
central SPLI have not been examined within the V system. 
Several investigators (e.g., Hiikfelt et al., 1977; Cue110 et al., 
1978; Del Fiacco and Cuello, 1980) have, however, noted that 
transection of the V sensory root or lesions of the V ganglion 
itself result in a depletion of SPLI in the V brain-stem complex. 
None of these investigators reported any recovery of SPLI at 
long intervals after such lesions. This last point is important 
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Figure 9. Effect of neonatal transec- 
tion of the IO nerve upon the distri- 
bution of LENIUI in the rat’s V brain- 
stem complex. All photomicrographs 
are from the same horizontal section. 
A and C, Deafferented side; B and D, 
intact side. Dashed lines denote the ros- 
tral and caudal boundaries of caudalis. 
Calibration bar: A and C, 500 pm; 250 
wrn, B and D. 

-- 
8 . 

because it also suggests, as do our own results, that the recovery 
of SPLI is due to primary afferents rather than brain-stem neu- 
rons (also see below). 

The fact that IO nerve lesions did not alter LENIUI in the 
V brain-stem complex is consistent with previous observations 
of Del Fiacco and Cue110 (1980) and Micevych et al. (1986). 

Efects of neonatal IO nerve transection upon the distribution 
of SPLI and LENKLI in the rodent V brain-stem complex 
The effect of neonatal IO nerve transection was qualitatively 
different from that which followed adult lesions of this V branch. 
Neonatal transection of the IO nerve increased the portion of 
layers I and II that contained heavy SPLI, and this coincides 
well with the results of anterograde tracing experiments previ- 
ously carried out in rats that sustained similar lesions. Tran- 

section of the IO nerve in newborn rats resulted in a substantial 
alteration in its innervation of the brain stem. There was a 
marked reduction in the transganglionic labeling observed in all 
V subnuclei after application of HRP to the regenerate nerve, 
but this decrement was least substantial in layers I and II of 
caudalis (Jacquin and Rhoades, 1983,198s; Chiaia et. al., 1987). 

This combination of results suggests the possibility that many 
or most of the V ganglion cells that are axotomized, but ulti- 
mately survive transection of the IO nerve, may be substance 
P immunoreactive. Such a suggestion is, at this point, highly 
speculative, and data that we have obtained in some other ex- 
periments indicate that this may not be the case. The cells in 
sensory ganglia that are labeled by substance P antibodies are 
generally small or medium in size (e.g., Price, 1985). If IO nerve 
transection results in a differential survival of the IO ganglion 
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Table 2. Effects of neonatal IO nerve transection upon distribution 
of SPLI in subnucleus caudalis 

Rat Area Perimeter Width 

A. SPLI deafferentedinormal (O/o) 

1 
2 
3 
4 
5 

B 
SD 

112.5 86.4 172.5 
83.9 74.2 113.3 
88.2 91.0 131.0 
94.0 87.5 154.0 
79.9 78.5 131.9 

91.7 83.5a 140.5” 
12.8 6.9 22.9 

B. Layers I and II deafferentetinormal (%) 

1 
2 
3 
4 
5 

R 
SD 

114.0 72.1 106.7 
88.8 88.9 110.9 

102.0 76.5 104.4 
102.4 78.3 111.2 
72.2 80.6 102.6 

95.9 79.3” 107.2 
16.0 6.2 3.8 

C. LENKLI deafferented/normal (o/o) 

1 81.8 66.1 108.5 
2 90.2 91.8 103.1 
3 80.7 75.7 115.1 
4 89.9 95.6 89.4 
5 83.9 87.0 84.4 

x 85.1” 83.2 100.2 
SD 4.3 12.1 13.09 

B. Effect of neonatal IO nerve transection upon dimensions of layers I and II of 
subnucleus caudalis. C. Effect of neonatal nerve section upon distribution of 
LENKLI in subnucleus caudalis. 
All data are presented as percentages ofcross-sectional areas, perimeters, or widths 
measured on the intact side of the same animal. 

“p c 0.05 on a 2-tailed t test. 

cells that contain substance P, it might be expected that the 
same lesion would result in a differential survival of smaller 
ganglion cells. This is not the case. Neonatal transection of the 
IO nerve does not significantly alter the distribution of soma 
diameters of the V ganglion cells that contribute axons to the 
regenerate IO nerve (Chiaia et al., 1987). 

The data from the experiments in which the nerve was tran- 
sected once in infancy and a second time in adulthood indicated 
that at least a portion of the abnormally widespread SPLI ob- 
served after neonatal IO nerve section arose from primary af- 
ferents. This is also consistent with the anterograde tracing data 
described above and suggests the possibility that substance P 
synthesizing ganglion cells, regardless of their relative numbers, 
may be more successful than other primary afferents in main- 
taining or reestablishing their projections to the brain stem after 
damage to their peripheral axons. 

One other possible explanation of our results is that late- 
growing IO nerve axons from substance P synthesizing ganglion 
cells may have “escaped” our lesions. Neurogenesis in the V 
ganglion is complete by embryonic day 13, 9 d prior to birth 
(Forbes and Welt, 198 1). However, Munger and Rice (1986) 
have provided data indicating that the IO innervation of the 
vibrissa pad is far from complete on the day of birth. While our 
lesions were quite proximal to the region investigated by Munger 

and Rice (1986) and electron microscopic data (Renehan and 
Rhoades, 1984) have indicated that the IO nerve contains more 
fibers at birth than it will in adulthood, it is still possible that 
the net reduction of IO axons reflects both addition and loss of 
fibers and that undamaged axons grew past the point of our 
lesions. However, one additional finding from our laboratory 
suggests that this was not the case. Chiaia et al. (1987) showed 
that single transection of the IO nerve on the day of birth resulted 
in the same number of surviving IO ganglion cells as that ob- 
served in rats that sustained such lesions on the day of birth 
and once each subsequent week until the time of a terminal 
experiment. If a significant number of fibers had not grown past 
the point of the lesion by the day of birth, one would expect to 
observe a greater number of IO ganglion cells in the rats that 
sustained IO nerve damage only on the day of birth. 

The results that we have obtained for SPLI in the medullary 
dorsal horn are very different from those that Fitzgerald (1985) 
has provided for fluoride-resistant acid phosphatase (FRAP)- 
positive primary afferents that innervate the lumbar spinal cord. 
Here, neonatal transection of the sciatic nerve produces a per- 
manent gap in the FRAP staining in lamina II. Furthermore, 
the “filling in” that is observed is the result of sprouting by 
other, undamaged primary afferents. When combined with Nagy 
and Hunt’s (1982) finding that FRAP and substance P are lo- 
calized in different subpopulations of sensory ganglion cells 
(however, see Dalsgaard et al., 1984, for data that suggest that 
FRAP and SPU coexist about 5% of sensory ganglion cells), our 
results and those of Fitzgerald (1985) suggest strongly that dif- 
ferent subpopulations of sensory ganglion cells may respond 
very differently to transection of their peripheral axons. 
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