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The distribution of nitric oxide synthase immunoreactivity 
(NOS-IR) and the changes in this distribution after periph- 
eral axotomy were examined in lumbosacral afferent and 
preganglionic neurons (PGNs) innervating the pelvic vis- 
cera of the male rat. The visceral neurons in L6-Sl and Ll- 
L2 dorsal root ganglia (DRG) and in the spinal cord were 
identified by retrograde axonal transport following injec- 
tion of Fluorogold (FG) into the major pelvic ganglion 
(MPG). Axotomy was performed by removing the MPG on 
one side 2-4 weeks prior to sacrificing the animals. A dif- 
ferential distribution of NOS-IR was detected in DRG cells 
at different segmental levels of control animals. Signifi- 
cantly greater numbers of NOS-IR cells were present in tho- 
racic (T8, TIO, T12; 30-44 cell profiles/section) and rostra1 
lumbar DRGs (Ll-L2; 3-15 NOS-IR cell profiles/section) 
compared to caudal lumbosacral (L5-Sl) DRGs (0.2-0.7 
cell profiles/section). A significant increase in the number 
of NOS-IR cells was detected in the L6-Sl DRG (p 5 0.001; 
11 NOS-IR cell profiles/section) but not in the L2 or L5 DRG 
ipsilateral to axotomy. In these ganglia, an average of 37.0 
2 4.0% (L6) and 20.6 + 2.2% (Sl), respectively, of FG-la- 
beled pelvic afferent neurons were NOS-IR compared to 1.1 
i 0.5% (L6) and 2.5 t 1.4% (Sl) contralateral to the axo- 
tomy. Following axotomy, a significantly greater percent- 
age of dye-labeled pelvic visceral afferents in the Ll and 
L2 DRG also exhibited NOS-IR in comparison to the con- 
tralateral side. Following axotomy, NOS-IR fibers were de- 
tected along the lateral edge of the dorsal horn extending 
from Lissauer’s tract to the region of the sacral parasym- 
pathetic nucleus (SPN) on the ipsilateral side of the L6 and 
Sl spinal segments. These NOS-IR fibers were not detect- 
ed in adjacent spinal segments (L4, L5, or S2). Axotomy 
also changed the numbers of NADPH-d-positive and NOS- 
IR cells in the region of the SPN in the L6 spinal segment. 
Contralateral to the axotomy 38.3 ? 4.0% of PGNs in the 
L6 spinal segment were colabeled with NOS-IR; however, 
ipsilateral to axotomy, a significantly greater percentage 
(61.0 i- 3.0%; p i 0.01) of PGNs exhibited NOS-IR. Axo- 
tomy did not alter the distribution of PGNs in the Sl seg- 
ment exhibiting NOS-IR. These results indicate that NOS- 
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IR in visceral afferent and PGNs is plastic and can be upre- 
gulated by peripheral nerve injury. 

[Key words: visceral afferent neurons, preganglionic 
neurons, lateral collateral pathway, NADPH-diaphorase, ni- 
tric oxide synthase, sacral parasympathetic nucleus, inter- 
mediolateral cell column, axotomy, dorsal root ganglia] 

Nitric oxide (NO) has been implicated as a neurotransmitter or 
neuromodulator at various sites in the mammalian nervous sys- 
tem (Scherer-Singler et al., 1983; Bredt et al., 1990; Pitkanen 
and Amaral, 1991; Anderson, 1992; Blottner and Baumgarten, 
1992; Schmidt et al., 1992; Valtschanoff et al., 1992b). Neurons 
containing NO have been identified histochemically by the pres- 
ence of nicotinamide adenine dinucleotide phosphate diaphorase 
(NADPH-d) activity or immunocytochemically with an antibody 
for NO synthase (NOS), the enzyme responsible for NO syn- 
thesis (Bredt et al., 1991; Dawson et al., 1991; Vincent and 
Kimura, 1992). 

Previous histochemical and pharmacological studies raised the 
possibility that NO is a transmitter in autonomic reflex pathways. 
in the rat, NADPH-d activity and NOS immunoreactivity are 
present in sympathetic (Anderson, 1992; Valtschanoff et al., 
1992a) and parasympathetic preganglionic neurons in the spinal 
cord (Saito et al., 1992, 1994; Vizzard et al., 1993~) and in some 
parasympathetic postganglionic neurons in peripheral ganglia 
(Burnett et al., 1992; Dail et al., 1992; Keast, 1992; McNeil1 et 
al., 1992a,b; Santer and Symons, 1993; Vizzard et al., 1993b, 
1994b). NADPH-d activity is also present in a large percentage 
of visceral afferent neurons in dorsal root ganglia at various 
levels of the spinal cord of the rat (Aimi et al., 1991; McNeil1 
et al., 1992b; Papka and McNeill, 1992; Vizzard et al., 1993b,c, 
1994b). At the lumbosacral spinal level in the rat NADPH-d 
activity has been identified in bladder, penile, urethral, and pel- 
vic afferent neurons (McNeil1 et al., 1992a,b; Vizzard et al., 
1993b,c, 1994b) as well as in a prominent afferent bundle (lat- 
eral collateral pathway, LCP) projecting from Lissauer’s tract to 
the region of the parasympathetic nucleus (Vizzard et al., 
1993a,c). Prominent NADPH-d-positive afferent fibers are also 
present in Lissauer’s tract and the LCP in S I-S3 spinal segments 
of the cat (Vizzard et al., 1994a). This afferent pathway closely 
resembles the central projections of afferent neurons innervating 
the pelvic viscera (Morgan et al., 1981; Nadelhaft and Booth, 
1984; Steers et al., 1991). 

Although L6-S 1 visceral afferent neurons exhibit NADPH-d 
activity, NOS-IR was not detected in these neurons or in the 
LCP of the rat (Vizzard et al., I994b), cat (Vizzard et al., 1994~) 
or dog (Vixzard et al., unpublished observations). These data 
raise the possibility that in L6-S 1 visceral afferent neurons NOS 
is not synthesized and that NADPH-d is not a marker for NOS. 
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Figure 1: NOS-IR in DRG 

Figure 1. Nitric oxide synthase immunoreactivity (NOS-IR) in dorsal 
root ganglion (DRG) cells at various segmental levels: histogram show- 
ing the numbers of NOS-IR DRG cell profiles/section in thoracic (Tc?, 
TIO, TZ2), rostra1 lumbar (LI, L2), and caudal lumbosacral (L5-SZ) 
DRG. 

A similar situation exists for somatic afferent neurons in the 
adjacent L4-L.5 DRG, which contain relatively few NOS-IR 
neurons (Verge et al., 1992; Zhang et al., 1993). However, fol- 
lowing sciatic nerve injury the levels of NOS protein and NOS 
mRNA are markedly increased (Verge et al., 1992; Zhang et al., 
1993). Increased NADPH-d staining or NOS-IR has also been 
noted following axotomy in motoneurons (Gonzalez et al., 1987; 
Wu, 1992, 1993; Wu et al., 1994) and in some PGNs (Vizzard 
et al., 1993a) but not in other neurons (Vizzard et al., 1994a; 
Zhang et al., 1993). 

The present study was undertaken to examine the effect of 
axotomy on NOS expression in visceral neurons. Results indi- 
cate that NOS-IR in visceral afferent and efferent neurons is 
upregulated by peripheral axotomy, suggesting that NOS gene 
expression is plastic and that neurons that do not normally syn- 
thesize NOS can synthesize the protein after interruption of ax- 
onal connections with the peripheral target organs. 

A preliminary report of these results has appeared in an ab- 
stract (Tang et al., 1994). 

Materials and Methods 
In rats, the pelvic postganglionic innervation to the bladder, colon, and 
reproductive organs originates primarily in one large ganglion, the ma- 
jor pelvic ganglion (MPG) (Keast and de Groat, 1989; de Groat and 
Booth, 1993). Preganglionic efferent axons terminate in the MPG and 
afferent axons to the pelvic viscera pass through the MPG. Male Wistar 

Figure 2. Photomicrographs of NOS-IR afferents neurons in thoracic (T8, TZO) and lumbar (L6) dorsal root ganglia (DRG). Numerous NOS-IR 
DRG cell profiles are present in the T8 (A) and Tl0 (DRG) (B). Bundles of NOS-IR-stained axons (A, arrowheads) are also present. Very few 
NOS-IR cells (<I ceil protilelsection) are present in the L6 DRG contralateral (C, confru) to axotomy as well as in control animals; however, 
numerous NOS-IR cells (20.fold increase) are present in the L6 DRG ipsilateral (D, ipsi) to axotomy. Scale bar, 25 pm for A-D. 
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Figure 3. Photomicrographs of Fluorogold (FG)-labeled NOS-IR pelvic visceral afferent neurons in the L6 dorsal root ganglia (DRG) ipsilateral 
to axotomy. A and B, Bright-field (A) and fluorescence (B) photomicrographs of the same DRG section (28 pm) showing NOS-IR (A) and FG- 
labeled pelvic visceral afferent neurons (B). In A, NOS staining was visualized using diaminobenzidine HCl and nickel intensification. This type 
of staining often obscured the dye such that FG was only obvious in the nucleus and in small cytoplasmic granules. Pelvic visceral afferent neurons 
(white arrows) that are NOS-IR (bluck arrows) are indicated. C and D, Fluorescence photomicrographs of the same DRG section (28 km) showing 
NOS-IR (C) and FG-labeled pelvic visceral afferent neurons (D). In C, NOS staining was visualized with an immunofluorescence technique. Pelvic 
visceral afferent neurons that are NOS-IR are indicated (white arrows). In B and D, some pelvic visceral afferents that are not colabeled with NOS 
are indicated by whife nrrowheads. Scale bar, 30 p,rn for A-D. 

Table 1. Numbers of nitric oxide synthase-immunoreactive 
(NOS-IR) dorsal root ganglion (DRG) cell profiles/section at 
rostra1 lumbar (Ll-L2) and caudal lumbosacral (L5-Sl) levels 
ipsilateral and contralateral to peripheral axotomy 

Cell profiles/section 

DRG Ipsilateral Contralateral 

Ll 18.7 + 1.8* 14.9 ? 1.2 
L2 3.9 +- 0.9 3.2 Ifr 0.6 
L5 0.6 t 0.3 0.2 2 0.1 
L6 10.6 rfr l.l* 0.5 +- 0.1 
Sl 10.5 t 2.0” 0.7 2 0.1 

Normally, very few NOS-IR cell profiles are present in the caudal lumbosacral 
(L5-Sl) DRG; however, many NOS-IR cell profiles are present in rostra1 lum- 
bar levels (LI). Following axotomy, there is a significant increase in the num- 
ber of NOS-IR cell profiles in the L6-Sl DRG @ 5 0.001) ipsilateral to ax- 
otomy as well as a significant increase in NOS-IR cell profiles in the Ll DRG 
0, 5 0.05) ipsilateral to axotomy. In contrast, no significant increase was de- 
tected in the L2 or L5 DRG after axotomy. Numbers of NOS-IR cell profiles 
in LI-L2 and LS-Sl contralateral to axotomy are not significantly different 
from the numbers of NOS-IR cell protiles in control animals. 

rats (n = 14, 200-250 gm) were anesthetized (halothane, 2%) and the 
MPG on one side was surgically removed through a midline abdominal 
incision to interrupt axons of the pelvic visceral afferent cells in the 
lumbosacral dorsal root ganglia (DRG) and the preganglionic neurons 
in the spinal cord. The incision was closed and the animals allowed to 
recover. In five of these animals 1 week prior to MPG removal, Fluo- 
rogold (FG; 1 ~1, 4%, w/v; Fluorochrome Inc., Englewood, CA) was 
injected into the MPG on both sides to retrogradely label preganglionic 
neurons in the lumbosacral spinal segments and pelvic afferent neurons 
in the DRG. After axonal transport of dye, the MPG was removed on 
one side. Two to four weeks following MPG removal, the animals were 
deeply anesthetized with pentobarbital (50-60 mg/kg, i.p.) and then 
sacrificed via intracardiac perfusion first with oxygenated Krebs buffer 
(95% O,, 5% CO?) followed by 4% paraformaldehyde. After perfusion, 
the spinal cords were quickly removed and postfixed for 2-6 hr. Tissue 
was then rinsed in phosphate-buffered saline (0.1 M NaCl, in phosphate 
buffer, pH 7.4) and placed in ascending concentrations of sucrose (lo- 
30%) in 0.1 M phosphate-buffered saline for cryoprotection. DRG (T8, 
TIO, T12, Ll, L2, L5-Sl) were sectioned at a thickness of 28 pm and 
the spinal cord (Ll, L2, L5-Sl) was sectioned in the transverse or 
sagittal (L5-S I) plane at a thickness of 42 p,m on a freezing microtome. 
Tissue from control animals (n = 4) (i.e., no axotomy or FG injection 
into the MPG) was processed in an identical manner as above. 
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Table 2. Pelvic visceral afferent neurons exhibiting NOS-IR 

DRG 

Cell profiles/section Colabel (%) 

FG NOS-IR FG with NOS NOS with FG 

Ll Tpsi 9.9 + 2.9 19.4 + 1.5” 29.6 + I .O* 25.8 k 8.9” 
Contra 10.3 + 2.1 13.2 ? I.0 9.6 -t 4.3 9.2 k 3.5 

L2 Ipsi 3.0 k 0.5 3.4 k 0.1 28.4 k 3.9” 18.2 k 5.0’” 
Contra 2.8 k 0.5 2.8 k 0.6 6.0 +- 2.3 7.6 k 2.5 

L6 Ipsi 34.1 + 2.2 12.1 + 1.7” 37.0 k 4.0” 90.9 + 5.0” 

Contra 38.6 + 3.2 0.5 i 0.3 I.1 & 0.5 6.6 + 6.6 

Sl Ipsi 22.8 2 1.0 8.1 k 1.3* 20.6 k 2.2”’ 93.0 2 4.2:” 

Contra 26.9 k 2.8 0.6 2 0.3 2.5 2 I.4 8.7 k 6.4 

To determine the percentage of pelvic visceral alferent neurons exhibiting NOS-IR, Fluorogold (FG) was injected 
into both ma.jor pelvic ganglia (MPG) I week prior to the removal of the MPG on one side. The numbers of FG- 
labeled and NOS-IR cell profiles/section in the Ll, L2, L6, and Sl DRG and the percentage of visceral afferent 
neurons colabeled with NOS-IR (FG with NOS) ipsilateral and contralateral to axotomy are Indicated. Followmf 
axotomy, the percentage of dye-labeled visceral afferent neurons exhibitin, (7 NOS-IR at each DRG level (LI, L2, 
L6, Sl) significantly increased @ 5 0.01) ipsilateral to axotomy, as did the percentage of NOS-IR neurons with FG 
labeling (NOS with FG). 

Neuronul nitric oxide synthusr (NOS) immunohistochemistry. DRG 
and spinal cord sections were processed, respectively, on slides or using 
a free-floating method. The tissue was first incubated with potassium 
phosphate-buffered saline (KPBS) plus 0.4% Triton X-100 for 60 min 
and then incubated for 24-48 hr at 4°C with a rabbit polyclonal antibody 
(I :4SOO; #676 I-9, Abbott Laboratories, Abbott Park, IL) to rat cerebel- 
lar NOS. The rabbit polyclonal antibody to rat cerebellar NOS is spe- 
cific for NOS isoform I from the brain and does not cross-react with 
NOS isoforms II or III from induced macrophages or endothelial cells, 
respectively (Schmidt et al., 1992). After thorough washing, sections 
were exposed to biotinylated anti-rabbit IgG followed by streptavidin- 
horseradish peroxidase (I :300). Staining was visualized with 0.05% 
3’,3’-diaminobenzidine HCI with nickel intensification (nickel ammo- 
nium sulfate) in acetate buffer (pH 6.0) plus urea HZ02. Sections were 
rinsed in KPBS (pH 7.4). air-dried overnight, and coverslipped with 
Entellan. In one-half of the experiments (n = 7) NOS was also detected 
using an immunofluorescence technique. Sections were incubated on 
slides for 24-48 hr in a humidified box at 4°C with NOS antisera (I: 
4500). After several rinses with KPBS for 30 min, tissue was incubated 
with Cy 3-conjugated anti-rabbit IgG (1:600) (Jackson Immuno- 
Research Laboratories, West Grove, PA). Sections were again washed 
in KPBS for 30 min before coverslipping with a I:3 mixture of phos- 
phate-buffered saline and glycerin. These sections were viewed using a 
Leitz fluorescence microscope with a Ploempak N2 filter. Omitting the 
NOS antibody eliminated NOS immunoreactivity (-IR). 

NADPH ditrphorusr (NADPH-d) histochrmistry. Alternate sections of 
spinal cord (LI, L2, LS-Sl) were processed on slides for NADPH-d 
activity according to the procedure of Vincent and Kimura (I 992). Sec- 
tions were incubated in 0.1 M phosphate buffer (pH 7.4) containing 
0.3% Triton X-100, 0.1 mglml nitroblue tetrazolium (NBT; Sigma 
Chemical Co., St. Louis, MO), and I .O mg/ml P-NADPH (Sigma Chem- 
ical Co., St. Louis, MO) at 37°C for 304.5 min. Following the reaction, 
the sections were rinsed in phosphate buffer (pH 7.4), air-dried over- 
night, and coverslipped with glycerin in phosphate buffer. Omitting ei- 
ther NADPH or NBT in the incubation solution completely blocked all 
neuronal and fiber staining. 

Qucmt$crrtion. NOS-IR cells were counted in I O-25 serial sections 
of each DRG (Ll, L2, LS-S I ) ipsilateral and contralateral to the pe- 
ripheral axotomy. For spinal cord levels T8, TIO, and T12 only NOS- 
IR neurons in the contralateral DRG (i.e., opposite to axotomy) were 
counted since these ganglia do not send axons to the MPG (de Groat 

and Booth, 1993). Only cell protiles with a nucleus were analyzed. 
Dorsal root ganglion and spinal cord sections with dye-labeled cells 
were viewed under a Leitz fluorescence microscope with a Ploempak 
N2 filter (340-380 nm excitation wavelength for visualizing FG). Cells 
colabeled with dye and NOS were similarly counted. NOS staining 
using diaminobenzidine HCI and nickel intensification often obscured 
the tracer dye fluorescence in the cytoplasm such that dye fluorescence 
was only evident in the nucleus and in small cytoplasmic granules in 
NOS-IR cells (Vizzard et al., I993c, l994b). Visualizing NOS-IR with 
an immunofluorescence technique eliminated this technical difficulty. 
Increased numbers of NOS-IR in DRG cells were not significantly dif- 
ferent 2, 3, or 4 weeks after axotomy. Thus, the data from all survival 
periods were treated as a single group. NADPH-d activity in DRG was 
not quantified after axotomy due to the large numbers of these cells and 
the variations in staining intensity (i.e., intense, moderate, light) (Viz- 
zard et al., 1993a-c. I994a), which would make it difficult to detect 
changes in staining. Counts of all NADPH-d-positive and NOS-IR cells 
in the region of the sacral parasympathetic nucleus (SPN, lateral lam- 
nae V-VII) in L6-S I were made in 12-15 consecutive spinal cord sec- 
tions from each segment in each animal. Cell counts are presented as 
average number of cell profiles per section (mean i- SEM). The results 
are not corrected for double counting. Comparisons between the nun- 
bers of NOS-IR cells in the DRG and numbers of NOS-IR/NADPH-d 
cells in the SPN ipsilateral or contralateral to the peripheral axotomy 
were made using Student’s I test for paired data. Comparisons between 
numbers of NOS-IR DRG cells or NADPH-d/NOS-IR cells in the re- 
gion of the SPN in control versus experimental groups were made with 
analysis of variance. Differences were considered significant if P 5 
0.05. 

Results 

Transection of the preganglionic and visceral afferent axons was 
performed by removal of the MPG, which is the principal source 
of the parasympathetic postganglionic innervation as well as a 
significant contributor to the sympathetic innervation to the blad- 
der, colon, and reproductive organs (for review see, de Groat 
and Booth, 1993). Thus, MPG removal transected L&S1 para- 
sympathetic and L I -L2 sympathetic preganglionic axons as well 
as visceral afferent axons from the rostra1 lumbar and caudal 

FiRwe 4. Distribution of NOS-IR in the Lh spinal cord following axotomy on the left side. A and B. Photomicrographs of the axotomized (A) 
and normal side (R) of the dorsolateral quadrant of the spinal cord. NOS-IR is present bilaterally in cells and fibers in the superficial dorsal horn 
and in the region of the sacral parasympathetic nucleus (SPN). Greater numbers of NOS-IR cells in the region of the SPN are present ipsilateral 
to axotomy. C and 0. Higher-power photomicrographs of the SPN of the axotomized (C) and normal (n) side. E and F, Fluorescence photomicro- 
graphs of the same SPN section showing FG-labeled preganglionic neurons (PGNs) (E) and NOS-IR (F) preganglionic neurons (PGNs). PGNs 
exhibiting NOS-IR (orrows) are indicated. Scale bar, I25 p.m for A and B, 80 pm for C and L), 30 km for E and F. 
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Table 3. Comparison between NADPH-diaphorase (NADPH-d) 
and NOS-IR in cells within the region of the sacral 
parasympathetic nucleus (SPN) in the L6-Sl spinal segments in 
control animals and in axotomized animals, ipsilateral (Ipsi) and 
contralateral (Contra) to axotomy 

Cell profiles/section 

NADPH-d NOS-IR 

L6 Control 6.5 k 0.6 6.4 k 1.3 

Axotomy 
lpsi 8.9 * os* 9.8 2 OS* 
Contra 5.1 e 0.6 5.4 2 0.8 

Sl Control 3.8 + 0.6 4.5 2 0.4 

Axotomy 
lpsi 5.2 + 0.9 5.3 + 0.3 

Contra 4.9 k 1.0 5.3 * 0.5 

The numbers of NADPH-d-positive and NOS-IR neurons in the SPN were not 
signiticantly different in control animals and in axotomized animals contralat- 
era1 to the axotomy. However, there was a significant increase (p 5 0.01) in 
the number of NADPH-d-positive and NOS-IR cells in the SPN ipsilateral to 
axotomy compared to the contralateral SPN in the L6 segment. No significant 
changes in the numbers of NADPH-d-positive or NOS-IR SPN cells were 
detected on either aide in the Sl segment. There was no significant difference 
in the numbers of neurons in the L6-S I segments exhibiting NADPH-d activity 
or NOS-IR. 

lumbosacral DRG. The presence of these populations of axons 
in the MPG was confirmed by retrograde labeling of the neurons 
following injection of FG into the MPG. 

Neurons 
Dorsal root ganglia (DRG) 

A differential distribution of NOS-IR was detected in DRG neu- 
rons at different levels of the spinal cord in control animals. 
Considerably larger numbers of NOS-IR neurons were present 
in T8, Tl 0, and T 12 DRGs (30-44 cell profiles/section; Figs. 1, 
2) and rostra1 lumbar (Ll-L2) DRGs (3-15 cell profiles/section) 
compared to caudal lumbosacral DRGs (0.2-0.7 cell pro- 
files/section; Figs. 1, 2). A marked decrease in NOS-IR neurons 
occurred between the Ll and the L2 DRG (Fig. 1). At all levels 
(thoracic, lumbar, and sacral), NOS-IR neurons were small (15- 
20 pm) and medium (25-32 km) sized. Some of these neurons 
exhibited NOS-IR processes (Fig. 3A). Numerous NOS-IR ax- 
ons as well as axonal varicosities occurred throughout the gan- 
glia (Fig. 2A). Variations in NOS staining intensity (i.e., intense, 
moderate and light) were observed but this staining variation 
was not as dramatic as that observed for NADPH-d staining in 
DRG (Vizzard et al., 1993b,c). 

Following removal of the MPG on one side the number of 
NOS IR neurons increased approximately 20-fold in L6 and SI 
DRGs ipsilateral to the ganglionectomy (Table 1, Fig. 2); how- 
ever, there was not a significant change in the numbers of NOS- 
IR cells (W-0.7 cell profiles/section) in the contralateral DRGs, 
which had numbers equivalent to those in ganglia from control 
rats (n = 4; 0.6 2 0.1 NOS-IR cell profiles/section in both L6 
and SI DRG). After axotomy, the increase in NOS-IR in the 
ipsilateral L6 and S1 DRGs was highly significant (p 5 0.001; 
- I I NOS-IR cell profiles/section). A smaller increase occurred 
in the LI ganglia (18.7 + I .8 NOS-IR cell profiles/section), 
whereas the numbers of NOS-IR neurons in L2 and L5 DRG 
on either side were not altered (Table 1). Following axotomy, 
NOS-IR was restricted primarily to small- and medium-sized 
DRG neurons as noted in control animals. 

Table 4. Preganglionic neurons (PGN) exhibiting NOS-IR 
ipsilateral and contralateral to axotomy 

Cell profiles/section % Colabel 
SPN PGN NOS-IR (PGN with NOS) 

L6 Ipsi 10.5 * 0.9 9.4 2 1.6” 61.0 + 3.0* 

Contra 11.3 k 0.6 4.3 i 0.5 3x.3 + 4.0 

SI Ipsi 7.7 + 0.9 5.1 2 0.4 37.7 +- 1.4 

Contra 9.0 + 0.6 5.0 k 0.6 36.1 k 2.4 

To determine the percentage of PGNs exhibiting NOS-IR, Fluorogold (FG) wab 
injected into both major pelvic ganglia (MPG) 1 week prior to the removal of 
the MPG on one side. These data are from a separate group of animals from 
those listed in Table 3. The numbers of FG-labeled PGNs and the numbers of 
NOS-IR cells in the region of the sacral parasympathetic nucleus (SPN) ipsi- 
lateral and contralateral to axotomy are indicated for the L6&SI spinal seg- 
ments. lpsilateral to axotomy, significantly 0, 5 0.01) increased numbers of 
NOS-IR cells are present in the region of the SPN in the L6 segment. lpsilateral 
to axotomy in the L6 segment there was also a signiticant @ 5 0.01) increase 
in the percentage of PGNs exhibiting NOS-IR. No change in the numbers of 
NOS-IR cells in the SPN or the percentage of PGNs exhibiting NOSIR was 
detected in the Sl segment. 

To determine if MPG removal induced an increase in NOS- 
IR in a specific population of DRG neurons, Fluorogold (FG) 
was injected into the MPG 1 week prior to its subsequent re- 
moval to label pelvic visceral afferent neurons. In the ipsilateral 
L6 and Sl DRG, an average of 34.1 -t 2.2 cell profiles/section 
and 22.8 + 1.0 cell profiles/section, respectively (n = 5 ani- 
mals) were FG labeled after injection of dye into the MPG (Ta- 
ble 2, Fig. 3). In these ganglia an average of 37.0 f 4.0% (L6) 
and 20.6 +- 2.2% (Sl), respectively, of FG-labeled pelvic affer- 
ent neurons were NOS-IR compared to 1.1 t 0.5% (L6) and 
2.5 ? 1.4% (Sl) contralateral to the axotomy (Table 2, Fig. 3). 
At rostra1 lumbar levels the percentage of pelvic visceral affer- 
ents normally expressing NOS-IR was higher than in L6-Sl 
DRG (Table 2). Following axotomy, a significantly greater per- 
centage of dye-labeled pelvic visceral afferents in the Ll and 
L2 DRG ipsilateral to axotomy exhibited NOS-IR compared to 
the contralateral side (Table 2) and the percentage of FG-labeled 
cells that were NOS-IR (28-29%) was similar to the percentage 
of FG NOS-IR cells in L6-S 1. The injection of FG into the 
MPG did not alter NOS expression since the numbers of NOS- 
IR DRG cell profiles/section in DRG at various segmental levels 
were not significantly different in animals with or without the 
injection (Tables 1, 2). 

Spinal neurons 

As noted by other investigators (Dun et al., 1992, 1993; Valts- 
chanoff et al., 1992a), in the rostra1 lumbar (Ll-L2) and caudal 
lumbosacral (L6-Sl) spinal cord, NOS-IR was detected in neu- 
rons at various sites: (1) around the central canal, (2) in the 
dorsal commissure, (3) in lamina II of the superficial dorsal horn 
(Fig. 4), and (4) in the region of the autonomic nuclei: inter- 
mediolateral cell column (IML; Ll-L2) (Fig. 5) and the sacral 
parasympathetic nucleus (SPN; L6-Sl) (Fig. 4). Intense NOS- 
IR also occurred in fibers in the superficial laminae (I-II) of the 
dorsal horn and in the dorsolateral funiculus (Figs. 4A,B; 6). 
NOS-IR processes from cells in the region of the IML or SPN 
coursed medially toward the central canal, laterally into the 
white matter, as well as ventrally along the lateral edge of the 
ventral horn (Figs. 4A-D; 5A,C; 7A). A few NOS-IR cells were 
located in the ventral horn (Fig. 6). 

In the L6-Sl spinal cord the numbers of NADPH-d-positive 
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Figure 5. Distribution of NADPH-diaphorase (NADPH-d) activity at 
various levels of the spinal cord (L6, L5, L2). NADPH-d-positive cells 
and fibers are present in the superficial laminae of the dorsal horn in 
all segmental levels examined (A, L6; B, L.5; C, L2). Some NADPH-d- 
positive cells are also present in deeper laminae of the dorsal horn. 
NADPH-d-positive cells are also present in the autonomic nuclei: the 
sacral parasympathetic nucleus (SPN, A) in L6-Sl spinal segments and 
the intermediolateral cell column (IML, C) in thoracolumbar spinal seg- 
ments. NADPH-d-positive fiber staining extending from Lissauer’s tract 
along the lateral edge of the dorsal horn to the region of the SPN (i.e., 
lateral collateral pathway, LCP) was present only in L6-Sl spinal seg- 
ments and not in adjacent (L5, B) or rostra1 lumbar (L2, C) segments. 
Scale bar, I50 pm for A-C. 

(range, 3.8-6.5 cell profiles/section) and NOS-IR neurons 
(range, 4.5-6.4 cell profiles/section) in the region of the SPN at 
each segmental level in control animals and on the contralateral 
side of axotomized animals were not significantly different (Ta- 
ble 3). In addition, the numbers of NADPH-d-stained neurons 
were equivalent to the numbers of NOS-IR neurons (Table 3). 
However, ipsilateral to axotomy the numbers of NADPH-d and 
NOS-IR cells in the region of the SPN in the L6 spinal segment 
were significantly increased (Table 3, Fig. 4C,D). For example, 
on the side contralateral to the axotomy an average of 5.1 + 
0.6 cell profiles/section and 5.4 + 0.8 cell profiles/section were 
NADPH-d positive and NOS-IR, respectively, whereas the ip- 
silateral side had an average of 8.9 i 0.5 cell profiles/section 
and 9.8 ? 0.5 cell profiles/section that were NADPH-d positive 
and NOS-IR, respectively. The differences between the two 
sides were statistically significant (p 5 0.01). However, axotomy 
did not alter the numbers of NADPH-d/NOS-IR cells in the re- 
gion of the SPN in the Sl segment (Tables 3, 4). Similarly, no 
difference in the numbers of NADPH-d-positive cells in the 
region of the IML in the Ll-L2 segments was detected after 
axotomy (-8 cell profiles/section on each side in Ll and 6 cell 
profiles/section on each side in L2). 

To determine the distribution of NOS-IR in preganglionic neu- 
rons (PGNs) projecting to the pelvic viscera, FG was injected 
into the MPG bilaterally I week prior to its removal to retro- 
gradely label preganglionic neurons in the spinal cord. Within 
the region of the SPN in the L6 segment, an average of 10.5 + 
0.9 cell profiles/section and 1 1.3 + 0.6 cell profiles/section (n 
= 3 animals) ipsilateral and contralateral to axotomy, respec- 
tively, were FG labeled (Table 4). All NOS-IR cells in the region 
of the SPN in both the L6 and Sl spinal segments were FG 
labeled (Fig. 4&F). On the contralateral side, 38.3 t 4.0% of 
PGNs in the L6 spinal segment were colabeled with NOS-IR. 
Ipsilateral to axotomy, a significantly greater percentage (61.0 
+ 3.0%; p 5 0.01) of PGNs exhibited NOS-IR (Table 4). In 
contrast, in the Sl spinal segment, the percentage of PGNs ex- 
hibiting NOS-IR was unaffected by axotomy (Table 4). The 
numbers of NADPH-d-positive or NOS-IR cell profiles/section 
in the region of the SPN in control animals without FG (Table 
3) are not significantly different from those in animals injected 
with FG (Table 4). 

Small numbers of FG-labeled sympathetic preganglionic neu- 
rons (PGNs) were detected in the IML at Ll-L2 spinal levels 
following injection of dye into the MPG. In the Ll segment, an 
average of 1.3 + 0. I cell profiles/section and 1.2 2 0.1 cell 
profiles/section (n = 3 animals) ipsilateral and contralateral to 
axotomy, respectively, were FG labeled. Ipsilateral and contra- 
lateral to axotomy 91.6 t 6.0% and 91.0 ? S.O%, respectively, 
of the PGNs exhibited NADPH-d activity. In the L2 segment, a 
slightly greater number of FG-labeled cells were present in the 
IML (ipsilateral, 2.2 -+ 0.1 cell profiles/section; contralateral, 
2.1 & 0.2 cell profiles/section). Axotomy did not influence the 
percentage of FG-labeled cells that were NADPH-d positive (ip- 
silateral, 90.0 ? 2.8%; contralateral, 93.0 + 1.5%). In the rat, 
preganglionic neurons are also abundant in the region dorsal to 
the central canal between T13 and L2 where they form the dorsal 
commissural nucleus (Hancock and Peveto, 1979). In the Ll and 
L2 segments, respectively, an average of 3.1 + 0.3 and 3.3 + 
0.3 FG-labeled cell profiles/section were observed in the dorsal 
commissural nucleus. A similar percentage of these pregangli- 
onic neurons were also NADPH-d positive (n = I; Ll, 88%; 
L2, 96%). 
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Figure 6. Bright-field photomicrographs showing the effect of unilateral (n’ght side) axotomy on nitric oxide synthase immunoreactivity (NOS- 
IR) in a transverse section of the L6 spinal segment. A, Low-power photomicrograph showing NOS-IR neurons and fibers bilaterally in the superficial 
laminae of the dorsal horn, in the region of the sacral parasympathetic nucleus (WN), and around the central canal. A few NOS-IR cells are present 



Fibers 

Caudul lumbosacral spinal cord 

As described previously (Vizzard et al., 1993a,c, 1994a), prom- 
inent NADPH-d activity in the lumbosacral (L6-Sl) segments 
occurred in afferent fibers within and extending from Lissauer’s 
tract along the lateral edge of the dorsal horn in laminae 1 and 
V to the region of the SPN (Fig. 5A); however, these afferent 
projections do not exhibit NOS-IR (Vizzard et al., 1994b) (Fig. 
6AJ3). NADPH-d afferent projections were not present in every 
section, suggesting that they occur intermittently along the ros- 
tral-caudal axis as noted for visceral afferent projections labeled 
with wheat germ agglutinin horseradish peroxidase (WGA-HRP) 
or horseradish peroxidase (HRP) (Steers et al., 1991). The gen- 
eral location of the NADPH-d fibers in lamina I and its selective 
segmental distribution are very similar to the central projections 
of pelvic nerve visceral afferents designated the lateral collateral 
pathway of Lissauer’s tract (LCP) (Morgan et al., 198 1; de Groat 
et al., 1986). These bundles were not present in L5 or S2 spinal 
segments. Following axotomy, no obvious change in the ap- 
pearance or segmental distribution of NADPH-d activity in the 
LCP was detected on either side of the L66S I spinal cord. How- 
ever, following axotomy, NOS-IR fibers were detected along the 
lateral edge of the dorsal horn extending from Lissauer’s tract 
to the region of the SPN on the ipsilateral side of the L6 and 
Sl spinal segments (Fig. 6A,C). Increased NOS-IR was also of- 
ten detected in Lissauer’s tract as well as in the dorsolateral 
funiculus following axotomy (Fig. 6). These NOS-IR fibers in 
the LCP were not present in adjacent spinal segments (L4, L5, 
or S2), nor were they present at rostra1 lumbar (Ll-L2) spinal 
levels before or after axotomy. The NOS-IR fiber staining in the 
LCP was not present in every transverse section. In addition, 
many sections did not contain the entire fiber bundle from Lis- 
sauer’s tract to the base of the dorsal horn, possibly due to a 
rostrocaudal orientation of the bundle, which carried it out of 
the plane of the section. Thus, in some sections, NOS-IR fiber 
staining was clustered immediately dorsal to SPN cells or was 
intermingled with SPN cells (Figs. 4C, 7). NOS-IR fibers did 
not extend from the LCP medially to the region of the dorsal 
commissure as noted for WGA-HRP-labeled pelvic visceral af- 
ferents (Nadelhaft and Booth, 1984; Steers et al., 1991). In sag- 
ittal sections, ipsilateral to axotomy, clusters of NOS-IR fibers 
were located dorsal to the SPN and also intermingled with cells 
in the region of the SPN (Fig. 7B). In contrast, no NOS-IR fibers 
were located in a similar region of the SPN on the contralateral 
side (Fig. 71)). NOS-IR cells were randomly distributed through- 
out the region of the SPN. Some processes of these SPN cells 
coursed dorsally into the NOS-IR fibers. Processes from SPN 
cells projecting into the NOS-IR fiber bundle were easily distin- 
guished from the latter since the NOS-IR fiber bundles were 
more diffuse in appearance in contrast to the distinct processes 
of SPN cells. NOSIR on the axotomized side was more prom- 
inent in fibers coursing rostrocaudally along the dorsal and dor- 
solateral edge of the dorsal horn (Fig. 7C). No obvious changes 
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in NOS-IR in cells or fibers were detected on either side in the 
remainder of the dorsal horn. 

Discussion 

The present study revealed that under normal conditions NOS- 
IR is differentially expressed in afferent and preganglionic ef- 
ferent neurons (PGNs) projecting to the pelvic viscera. Periph- 
eral axotomy markedly increased NOS expression in both types 
of visceral neurons; however, the increase was most prominent 
in afferent neurons in caudal lumbosacral dorsal root ganglia 
(DRG), which normally had very few NOS-IR cells. Although 
NOS-IR was detected in DRG cells at various segmental levels, 
it was present in considerably more cells at thoracic (T8, TIO, 
T12) and rostra1 lumbar (Ll) levels in comparison to caudal 
lumbosacral (L5-S 1) levels. In agreement with a previous study 
on NADPH-d activity in DRG of the rat (Aimi et al., 1991), the 
present results suggest a more prominent role for NO in thoracic 
versus lumbosacral afferent pathways. 

Under normal conditions NOS-IR was present in considerable 
numbers of L6-Sl PGN but only in a small percentage of vis- 
ceral afferent neurons at this segmental level. The relationship 
between NOS-IR and NADPH-d activity was also different in 
the two types of neurons. The two histochemical markers were 
present in a similar percentage of PGN (Vizzard et al., 1993c), 
whereas in visceral afferent neurons NADPH-d staining was 
much more common than NOS-IR (Vizzard et al., 1994b). Thus, 
NADPH-d activity is a reliable marker for NOS-IR in PGN but 
not in visceral afferent neurons. 

Two to four weeks following peripheral axotomy, NOS ex- 
pression markedly increased in lumbosacral afferents and in L6 
PGN. However, the increase was most striking after axotomy in 
the L6-Sl afferent neurons (20-fold increase in number) and 
less prominent in L6 PGN (2-fold increase in number). The per- 
centage of L6-Sl and Ll-L2 visceral afferent neurons exhibit- 
ing NOS-IR was similar after axotomy, 20-37% and 2829%, 
respectively. However, the percentage increase in NOS-IR in 
L6-S 1 visceral afferents was much greater (8-34-fold) than that 
in Ll-L2 visceral afferents (3-5-fold) since NOS-IR was present 
in a higher percentage of Ll-L2 neurons in control animals (6- 
9% vs l-2.5%). The fact that not all visceral afferent neurons 
express NOS-IR after axotomy could reflect the inability of 
some neurons to increase NOS expression or may indicate that 
the neurons that did not respond were not completely axotomi- 
zed (i.e., they may have axonal branches that project to areas 
outside the MPG, such as satellite ganglia). Clearly, the cells 
sent axons into the MPG since they were labeled by dye injec- 
tions; however, these axons might represent only one part of the 
peripheral axonal projection of the cells. 

NOS upregulation might require transection of the entire pe- 
ripheral axonal pathway. This view is supported by a comparison 
of the present findings with previous observations (Vizzard et 
al., 1993a) that revealed that ventral rhizotomy increased the 
percentage of L6 and Sl PGNs exhibiting NADPH-d staining. 

in the ventral horn. NOS-IR tibers (arrow) are present on the axotomized side extending from Lissauer’s tract (LT) along the lateral edge of the 
dorsal horn to the region of the SPN. NOS-IR is not present in the same region on the normal side (kfi side). Increased NOS-IR in fibers is also 
apparent in LT and in the dorsolateral funiculus (DLF) on the axotomized side in comparison to the normal side. B and C. Higher-power photo- 
micrographs of the dorsal horn and SPN regions of the normal (B) and axotomized (C) sides. NOS-IR fibers (arrows) are present in the lateral 
collateral pathway (LCP) on the axotomized side (C) but similar NOS-IR fibers are absent on the normal side (R). Scale bar, 300 pm for A, 80 
pm for B and C. 
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Figure 7. Fluorescence photomicrographs showing the distribution of NOS-IR in sagittal sections of the L6 spinal cord ipsilateral and contralateral 
to axotomy. A, Orientation figure of a transverse section from a control animal of the L6 spinal cord showing the approximate location (wrrical 

c&i@, line) of the sections in B-II. K and C are in the same plane of section, with C illustrating only the dorsal part (Lissauer’s tract. LT: dorsal 
horn, I>H) of the section and A illustrating the ventral part near the region of the sacral parasympathetic nucleus (SPN). R. Ipsilateral to axotomy, 
clu\ter\ of NOS-IR hberj (rrr~rrc) are located dorsal to the SPN and also intermtngled with cells in the region ot the SPN. In contrast, no NOS- 
IR fiber5 are located 111 a similar region of the SPN on the contralateral side (n). C, NOS-TR fibers (c~~,~/z~rrrl\) projectmE rostrocaudally within 
LT are present on the axotomized s;e along the dorsal and dorsolateral edge of the DH. Scale bar. 150 pm for A, i3frfor @and I), 190 kh for C. 

As noted above, NADPH-d reflects NOS-TR in PGNs. Thus, Sl 
PGN can respond to complete axotomy with NOS upregulation. 
However, \incc MPG removal in the pre\ent study did not elicit 
an increase in NOS-IR in SI PGN, it must be concluded that 
these neuron\ send axonal branches to sites in the pelvic plexus 
outside the MPG and that the\e yurvlving axons are sufficient 
to prevent NOS upregulation. It is noteworthy that even with 
complete axotomy \ome PGN neuron\ (e.g., sacral PGN in the 
cat) (Vizt.ard et al., 1994a) do not express NADPH-d/NOS-IR. 
Similarly, sciatic nerve transection in the monkey is without ef- 
fect on NOS expre\\ion in either the DRG or spinal cord (Zhang 
et al., 1993), whereas sciatic nerve transection in the rat results 
in dramatic change< In NOS expre\\ion in each of these areas 
(Verge et al., 1992; Zhang ct al., 1993). Following axotomy, 30- 
50% of neuron\ in cranial motor nuclei (i.e., hypoglossal nucle- 
us, dorsal motor nucleus. and motor nucleus of the facial nerve) 
ip\ilateral to axotomy express NADPH-d/NO.!-IR (Yu, 1994). 

Thus, various factors may affect injury-induced NOS expres- 
sion. 

Alterations in the expression of other genes are known to 
occur in DRG cells following peripheral nerve injury. Down- 
regulation of substance P (Jesse1 et al., 1979; Neilsch and Keen, 
1989), calcitonin gene-related peptide (Noguchi et al., 1990), 
somatostatin (McGregor et al., 19X4), and laminin-binding pro- 
tein (Ren et al., 1993) has been reported in DRG cells following 
peripheral axotomy. On the other hand, increase in expression 
of vasoactive intestinal polypeptide (VIP) (McGregor et al., 
19X4), galanin (Hiikfelt et al.. 1987). neuropeptide Y (NPY) 
(Wakisaka et al., 1991), and growth-associated protein (GAP- 
43) (Woolf et al., 1990; Tang et al.. 1994) has been detected in 
axotomized DRG cells. Following injury NOS mRNA is colo- 
calized in DRG cells with various peptides (VIP, galanin, and 
NPY) that do not normally coexist with NOS (Verge et al., 
1992). 
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In addition to the upregulation of NOS-IR in the L6-S 1 DRG 
neurons following axotomy, NOS-IR fibers extending along the 
lateral edge of the dorsal horn from Lissauer’s tract (LT) to the 
region of the SPN also became obvious in these same segments 
on the side of the axotomy (Fig. 6) suggesting that increased 
amounts of NOS enzyme are transported centrally into the af- 
ferent nerve fibers in the LCP following peripheral nerve injury. 
This fiber tract resembles the central projections of pelvic vis- 
ceral afferents (i.e., lateral collateral pathway, LCP) and 
NADPH-d-containing primary afferents (Fig. 5) (Vizzard et al., 
1993a,c, 1994a). In contrast, at other spinal levels where NOS- 
IR was present in numerous DRG cells before axotomy (i.e., 
Ll), NOS-IR fibers were not detected along the lateral edge of 
the dorsal horn despite a significant increase in the percentage 
of visceral afferents exhibiting NOS-IR after axotomy. Other 
investigators (Zhang et al., 1993) have reported increases in 
NOS-IR hbers in superficial lamina II of the L4-L5 dorsal horn 
following sciatic nerve transection (Zhang et al., 1993). 

Prior to axotomy, NADPH-d-positive fibers in the LCP of the 
rat, cat (de Groat et al., 1993; Vizzard et al., 1994~) and dog 
(Vizzard et al., unpublished observations) do not exhibit NOS- 
IR. This mismatch between the two histochemical markers might 
be related to several factors, some of which could be technical, 
such as (1) the NOS protein in the afferent neurons might be an 
isoform not detected by the antibody to rat cerebellar NOS 
(Dawson et al., 1993) or (2) the thresholds for detection of 
NADPH-d and NOS staining are different. However, the present 
results suggest that a real biochemical difference exists between 
NADPH-d activity and NOS-IR in the LCP In the normal rat, 
very few cells in the L6-S I DRG are NOS-IR, which is reflected 
in the absence of NOS-IR in the central projections of these 
cells. It is only after axotomy with the subsequent increase in 
NOS-IR in the L6-Sl DRG that NOS-IR fibers are observed in 
the LCP Although there are numerous instances of colocahza- 
tion of NADPH-d activity and NOS-IR in the nervous system 
(Bredt et al., 1991; Dawson et al., 1991; Belai et al., 1992; 
Saffrey et al., 1992; Schmidt et al., 1992; Ward et al., 1992; 
Young et al., 1992; Fischer et al., 1993) there are also areas in 
the CNS (Hope et al., 1991; Lee et al., 1993; Meller and Geb- 
hart, 1993) as well as in other tissues (Dawson et al., 1991; 
Schmidt et al., 1992) where NADPH-d activity does not appear 
to reflect NOS-IR. Thus, the NADPH-d activity in afferent fibers 
in the LCP demonstrated in this and previous studies in the rat 
(Vizzard et al., 1993a,c) and cat (de Groat et al., 1993; Vizzard 
et al., 1994a) may reflect the presence of enzymes other than 
NOS and indicates that NADPH-d activity is not always a spe- 
cific histochemical marker for NO-containing neural structures. 

Previous experiments in this laboratory demonstrated that 
49.4 ? 12.7% of dye-labeled preganglionic neurons in the L6 
spinal segment were NADPH-d positive (Vizzard et al., 1993~). 
In addition, when cells in the region of the SPN were grouped 
into three categories (i.e., intense, moderate, light) based upon 
intensity of NADPH-d staining, 38% of these cells were cate- 
gorized as intensely NADPH-d stained (Vizzard et al., 1993a). 
The results of the present experiments have demonstrated that a 
similar percentage (38.3 + 4.0%) of preganglionic neurons in 
the L6 spinal segment exhibit NOS-IR. A considerably higher 
percentage (63-88s) of sympathetic preganglionic neurons are 
NADPH-d/NOS positive (Anderson, 1992; Saito et al., 1994). 

Since the SPN contains interneurons and projection neurons 
as well as PGN (Birder et al., 1990, 1994; McNeil1 et al., 1993) 
the question arises as to which cell populations in the region of 

the SPN are NOS-IR. In the present experiments, virtually all 
NOS-IR cells in the SPN of the L6-Sl spinal cord were iden- 
tified as parasympathetic PGNs on the basis of retrograde la- 
beling from the MPG. Thus, NOS-TR must be limited to para- 
sympathetic PGNs and not be present in projection cells and 
presumptive interneurons that are intermingled with and located 
immediately dorsal to PGN (de Groat et al., 1994). This is con- 
sistent with the previous demonstration (Anderson, 1992) that 
virtually all NADPH-d-containing cells in the intermediolateral 
cell column are sympathetic PGNs. 

The relationship between pelvic visceral afferent projections 
and neurons in the SPN was obvious following axotomy when 
NOS-IR was upregulated in fibers in the LCF! Following axo- 
tomy, NOS-IR fibers were detectable in the LCP extending from 
LT to the region of the SPN where they are distributed among 
the dye-labeled and NOS-IR PGNs as well as dorsally to these 
neurons. Recent experiments from this laboratory using pseu- 
dorabies virus (PRV) tracing techniques (de Groat et al., 1994; 
Vizzard et al., 1994d) have demonstrated that the region of the 
SPN is heterogeneous and consists of several cell populations 
(i.e., preganglionic neurons and interneurons). These transneu- 
ronal tracing results are consistent with conventional tract-trac- 
ing methods (Birder et al., 1990, 1994; McNeil1 et al., 1993) 
described in the preceding paragraph indicating that interneurons 
were primarily located dorsal to dye-labeled PGN (de Groat et 
al., 1994). Previous axonal tracing and c,fos studies have also 
revealed that spinal tract cells are intermingled with the PGNs 
in the L6-Sl spinal cord (Birder et al., 1990; McNeil1 et al., 
1993) and that spinal tract cells, interneurons, and PGNs are 
synaptically activated by stimulation of bladder afferents (Birder 
et al., 1990). The present experiments show that pelvic visceral 
afferent neurons that upregulate NOS after peripheral axotomy 
send projections in the LCP that terminate in close proximity to 
interneurons and tract neurons as well as PGNs in the region of 
the SPN. 

The mechanism by which NOS-IR is upregulated in visceral 
afferents and PGNs following axotomy is uncertain but may 
involve one of the following signals: (1) interruption of a con- 
tinuous flow of neurotrophic factors (e.g., NGF) from peripheral 
target organs (i.e., bladder, colon, sex organs) that normally pre- 
vent the expression of NOS; axotomy eliminates trophic factor 
inhibition and results in the upregulation of NOS; (2) chemicals 
taken up by injured axons from the extracellular environment 
may act to upregulate NOS expression; or (3) regulatory proteins 
synthesized by the cell body and subsequently transported in the 
axons may be altered due to axonal damage resulting in retro- 
grade transport of the altered protein to the cell body, where it 
can be incorporated into the nucleus and affect gene expression 
(Walters, 1994; Walters et al., 1994). 

The function of NO formed by enhanced expression of NOS 
in visceral afferent cells and PGNs following axotomy is uncer- 
tain. It has been suggested that induction of NOS-IR in moto- 
neurons following ventral root avulsion is involved in the sub- 

sequent death of lesioned motoneurons because pretreatment 
with an NOS inhibitor significantly increases the numbers of 
surviving motoneurons (Wu and Li, 1993). Increased expression 
of NOS-IR in somatic afferents after sciatic nerve injury has 
been suggested to enhance regeneration by increasing blood flow 
(Verge et al., 1992). In addition, it has been suggested that NO 
may be involved in the generation of spontaneous discharges in 
deafferentated DRG because L-NAME, an NOS inhibitor, sup- 
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presses ongoing activity in spinal rootlets connected to an axo- 

tomized peripheral nerve (Wiesenfeld-Hallin et al., 1993). 
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