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activity (Narita et al., 2000). De Crescenzo et al. (2004)
used Ca?* imaging to show that ryanodine receptor-me-
diated Ca?" release in isolated nerve terminals from mag-
nocellular hypothalamic neurons was increased by Ca®*-
influx-independent depoiarization. In the present study,
however, ryancdine had no effect on the potassium-in-
duced increase in spontaneous IPSCs, suggesting that
Ca?* was not being released via this pathway.

The high K*-induced increase in spontaneous glycine
release was inhibited by U-73122, suggesting a contribu-
tion of PLC to the signaling pathway coupling high K™-
induced increase in presynaptic Ca®* release. PLC is
known to increase intracellular {P5 concentration, and the
inhibitory effect of high concentration of wortmannin (Fig. 6)
also supported the contribution of phosphoinositide break-
down to the high K*-induced potentiation of spontaneous
IPSCs. Interestingly, Thore et al. (2004) reported that PLC
activity is triggered by membrane depolarization in insulin-
secreting INS-1 cells. Depolarization was also reported to
stimulate 1P, production in some cells (Liu et al., 1996,
Gromada et al., 1996), but, in these studies, precise mech-
anism was not investigated. Furthermore, the frequency of
spontaneous miniature postsynaptic currents observed in
cultured retinal ganglion cells (Han et al., 2001) and in rat
barrel cortex neurons (Simkus and Stricker, 2002), and
catecholamine release from adrenal chromaffin cells (Au-
gustine and Neher, 1992) are increased as a consequence
of mobilization of Ca®* though the IP; receptors, and P,
receptor staining was found in nerve terminals of deep
cerebellar nuclei (Sharp et al., 1993). Although the involve-
ment of PLC is consistent with involvement of this pathway
in our current study, our pharmacological results did not
support any contribution of 1P, receptors to the enhanced
glycine release. This may reflect the lack of suitable mem-
brane-permeable 1P, receptor antagonists. XeC was ini-
tially reported to be an inhibitor of IP; receptors (Gafni et
al., 1997) but Solovyova et al. (2002) demonstrated that
XeC empties the endoplasmic reticulum Ca** stores but
does not inhibit IPy-induced Ca?* release. The other re-
ported blocker of 1P, receptors employed, 2-APB, has also
been reported to inhibit the Ca**-ATPase (Missiaen et al.,
2001) and fransient receptor potential (TRP) channels (Xu
et al., 2005).

Since the experiments were performed in the absence
of extracellular Ca2*, the spontaneous IPSCs observed in
the present study were presumably miniature evenis. On
the other hand, the amplitude of spontaneous IPSCs was
increased during high K* application even in the absence
of extraceliular Ca?*. Because the high K™ solution had no
effect on the current evoked by exogenously applied gly-
cine, it is not likely that the changes in spontaneous ISPC
amplitude resulted from a postsynaptic effect of high K*. In
addition, the rise time of spontaneous IPSCs during high
K* application was not significantly different from that re-
corded under control conditions, suggesting that the large-
amplitude spontaneous IPSCs did not result from spatial
summation of independent events occurring at distant
postsynaptic sites. Thus, it is possible to assume that the
increase in spontaneous IPSC amplitude may be due to

H. Ishibashi et al. / Neuroscience xx (2007} xxx

synchronous multivesicular release of glycine from single
or adjacent release sites. Llano et al. (2000) have shown
that large miniature GABAergic IPSCs observed in rat
cerebellar Purkinje cells are due to the synchronous re-
lease of multiple vesicles regulated by Ca?* release from
presynaptic Ca?* stores. The multivesicular release,
which is dependent on presynaptic Ca?" stores, has also
been proposed at excitatory synapses (Sharma and Vija-
yaraghavan, 2003; Gordon and Bains, 2005). In these
studies, the synchronized multivesicular release is also
accompanied with a marked increase in the frequency of
spontaneous transmitter release. In the present study,
BAPTA-AM inhibited the high K™-induced increase in the
spontaneous IPSC amplitude and frequency. Thus, it may
be possible that the high K*-induced Ca®* release from
presynaptic stores triggered highly synchronized exocyto-
sis of multiple readily releasable vesicles, which might
generate large-amplitude spontanecus IPSCs. However,
further studies are required to explore this possibility.

It has been reported that presynaptic depolarization
per se modulate transmitter release in the absence of
Ca?*-influx (Parnas et al., 2000). Membrane depolariza-
tion has also reported to affect the affinity of some
G-protein-coupled-receptors for the agonists. For exam-
ple, the membrane depolarization increases the affinity of
M1 muscarinic receptor and metabotropic glutamate re-
ceptor (mGluR1a) to the agonists (Ben-Chaim et al., 2003;
Ohana et al., 2006). In the rat spinal cord, on the other
hand, the activation of presynaptic glycine autoreceptors
causes the membrane depolarization and increases Ca®™-
influx, which in turn increases the glycine release (Jeong et
al., 2003). If these presynaptic receptors are voltage-de-
pendent and membrane depolarization increases their af-
finity, the low conceniration of glycine, available at the
presynaptic terminals, may suffice to increase the glycine
release by releasing Ca®* from intracellular stores. How-
ever, the properties of presynaptic glycine receptors are
largely unknown at present. Thus, further studies are
needed to clarify this possibility.

CONCLUSION

In conclusion, our present results demonstrated that the
extracellular high K™ condition is able to cause a Ca®"*-
influx independent release of Ca®* from intraceliular Ca*~*
stores resulting in a marked increase in exocytosis of
glycine-containing synaptic vesicles. These resuits may
suggest that high K*-induced presynaptic depolarization
regulates fransmitter release, not only by activating Ca®™-
influx but also by internal Ca®* release. Understanding
more precise pathways by which high K™ triggers this
Ca®* release is an important step for fully understanding
synaptic fransmission in the CNS.
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Sammary. In the coursc of a morphelogical investigation
of age-related changes in the rat spinal cord, using
nicotinamide adenine dinucleotide phosphate-diaphorase
(NADPH-d) histochemistry, we found abondant NADPH-
d positive bodies, which were characteristically expressed
in the aged lumbosacral spinal cord. Together with a
normally stained fiber network and a few neurons, the
dense, spheroidal NADPH-d positive bodies occurred
in portions of the sacral dorsal spinal cords, such as the
dorsal commissural nucleus, intermediolateral nuclei,

and superficial dorsal horn, and were scattered through.

out the dorsal white column. These NADPH-d positive
bodies were occasionally ebserved in a fibrous structure.
Two morphologically distinctive subsets of NADPH-
d positive bodies were noted in the spinal cord of rats
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aged 8 to 36 months: 1) highly-densc spheroidal shapes
with sharp edges; 2) moderately-dense spheroidal or
multiangular shapes with a central “core” and a peripheral
“hale”. The quantitative analysis, particularly the
stereological measurement, confirmed a gradual increase
in the incidence and size of NADPH-d positive bodies with
increasing age. With nNOS immunohistochemistry, no
corresponding structures to NADPH-d positive bodies were
detected in aged rats; thus NADPH-d activity is not always
specific to the NO-containing neural structures. The major
distribution of the NADPH.d positive bodies in the aged
lumbosacral spinal cord indicates some anomalous changes
in the neurite, which might account for a disturbance in
the aging pathway of the autonomic and sensory nerve in
the pelvic visceral organs.

Introduction

The lower lumbar and sacral spinal cord is important for
controlling the function of the large intestine, the pelvic
muscle, and the reproductive organs (Berkley et al..

- 1993). The sacral spinal cord is intimately associated

with bowel, bladder, and sexual dysfunction (Cohen et
al., 1991; Willis et al., 1999; Berkley, 2005). The dorsal
commissural nucleus (DCN) is a cellular column, about
300 ym in diameter in the transverse plane, located on
the midline of the dorsal gray matter above the dorsal
commissure in the L6-S1 spinal segments of rats. In
comparison with the other segments of the spinal cord, the
sacral DCN is the more massive gray matter. The DCN
is analogous to the region of the dorsal gray commissure
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(DGC) in the S1-3 segments of the cat spinal cord. This
region receives the terminals of visceral afferent fibers
in the pelvic nerves and somatic afferent fibers for the
pudendal nerves through the Lissauer’s tract (LT) and its
lateral- and medial-collateral projections (McKenna and
Nadelhaft, 1986; Thor et al., 1989; Liu ef al., 1998). The

retrograde transganglionic labeling of primary afferénts

from the bladder (Wang et al., 1998), urethra (Vizzard er
al., 1995), and external urethral sphincter (Nadelhaft and
Vera, 1996).as well as from the penile nerve (McKenna
and Nadelhaft, 1986) has confirmed that the DCN/DGC
is a component of the reflex pathways that control the
functions of the pelvic viscera (de Groat and Steers,
1990).

Some structures of the brainstem have a neuro-
anatomically reciprocal relationship with the lumbo-
sacral spinal cord (Al-Chaer er al., 1996; Wang ez al.,
1999). The sacral DCN, which is involved in the central
processing of pelvic visceral information, is also implicated
in the nociceptive, analgesia, and autonomic functions
(Wang et al., 1999). With their excitatory connections
to parapsympathetic preganglionic neurons in the
segments of the lumbosacral spinal cord, the pontine
micturition center projections to the inhibitory
interneurons in the sacral spinal cord are thought to
contribute to micturition by relaxing the external urethral
sphincter (Sie et al., 2001). Functional evidence also
indicates that the sacral DGC reccives terminations
from the somatic and visceral afferents (Al-Chaer et al.,
1996). ' .

The nicotinamide adenine dinucleotide phosphate-
diaphorase (NADPH-d) reaction is used as a marker
to characterize some neuronal properties. Neurons
with NADPH-d activity have been shown to exhibit
colocalization with several neuropeptides in various brain
nuclei (Spike et al., 1993). NADPH-d activity has also
been used as a marker for nitric oxide synthase (NOS) in
neurons (Young et al., 1997). Nitric oxide (NO) is known
as an important transmitter at the peripheral synapses of
the urogenital tract, particularly in the transmission of
nociceptive information in the spinal cord (Rice, 1995).

Recently, Doone et al. (1999) have reported that

. NADPH-d positive cell bodies and [iber networks are
densely stained in the DCN of adult animals. A large

pumber of NADPH-d positive neurons in the spinal cord
appear to be involved in visceral regulation. The NADPII-
d activity of the DCN/DGC and the intermediolateral
system at the segments of the lumbosacral spinal cords
may have a special role in the reflexes of the pelvic
organs. Changes in the neurochemical properties of these
neurons after a spinal cord injury may be mediated by
pathological changes in the target organs (i.e., urinary
bladder) and/or spinal cord. NADPH-d positive neurons
innervate most of the pelvic organs, such as the penile
tissue (Tamura ef al., 1995), internal anal sphincter
(Lynn et al., 1995), and lower urinary tract (Persson ef
al., 1993). Pelvic visceral organ-related physical and
functional changes are known to occur frequently with
advancing age. To the best of our knowledge, however,
studies of NADPH-d histochemistry are still lacking for
the lumbar and sacral spinal cord of aged rats. The main
aim of this study was 10 investigate age-related changes in
the NADPH-d positive structures of the lumbar and sacral
spinal cord of the rat that may lead to impaired neural
control of the pelvic organs in old age.

Materials and Methods

Animals and tissue preparatioh

Expcriments were performed using 2- (n = 10), 4- (n =
5), 8 (n=25),12- (n=15), 18- (n=5), 24- (n=7) and
36- (n = 5) month-old male or female Wistar rats. The
mean body weight of female or male rats at each age is
shown in Table 1. The animals were anesthetized with
sodium pentobarbital (50 mg/kg. i.p.). The chest cavity
was opened and a cannula was inserted into the ascending
aorta via the left ventricle. Perfusion was performed
intracardially using 100 to 150 m£ of 0.9% NaCl, followed
by 4% paraformaldehyde in a 0.1 M phosphate-buffer (PB,
pH 7.4). The volume of the perfusion was approximately
300 ml in young adult rats and 500 m# in old rats. The
spinal cords were rapidly removed and postfixed with 4%
paraformaldehyde in 0.1 M PB, left at 4C for two hours,
and then placed in 25% sucrose overnight.

Staining was performed using [ree [loating seclions.
The spinal cords from the cervical to coccygeal segments

Abbreviations: DCN: dorsal commissural nucleus, DGC: dorsal gray commissure, LT: Lissauer’s tract,
NADPH-d: nicotinamide adenine dinucleotide phosphate-diaphorase, NOS: nitric oxide synthase, NO : nitric
oxide, PB: phosphate-buffer, NBT: nitro blue tetrazolium, PBS: phosphate buffered saline, LZ: Lissauer's zone,
ILN: inlermediolateral nuclei, ANB: age-related NADPH-d positive bodies, NAD: neuroaxonal dystrophy,

DRG: dorsal root ganglia,
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were cut coronally into 40 um sections on a cryostat.
Some of the spinal cords of the aged rats were cut
horizontally in order to check the orientation of the
NADPH-d positive bodies. To check the shape of these
structures in the aged rats, coronal sections of a 100
um thickness were also made. Most of the spinal cord
sections from the young and old rats were stained and
examined by NADPH-d histochemistry, with incubation in
0.1 M Tris-HCl (pH 8.0), 0.3% Triton X-100 containing
1.0 mM reduced-NADPII (Sigma, St. Louis, MO, USA)
and 0.2 mM nitro blue tetrazolium (NBT, Sigma), at
37 C for 90 to 120 min. The reaction was stopped by
washing the sections with the phosphate buffered saline
(PBS, 0.05M).

For nNOS immunohistochemistry some sections
were processed using the avidin-biotin-peroxidase
method. These sections were incubated first in
0.3% H20:2 to neutralize the endogenous peroxidase.
Then a polyclonal sheep antiserum raised against
recombinant rat nNOS (a gift from Dr. Emson)(1:2000)
was applied to the sections for 48 h. Subsequently,
the sections were incubated with biotinylated rabbit
anti-sheep IgG (Jackson ImmunoReseach Lab. Inc,,
West Grove, PA, USA) (1:300) and then processed
with peroxidase-conjugated streptavidin (Dako Inc,
Kyot0){1:500). The immunoreaction was revealed by
using 3,3' diaminobenzidine (0.03% in Tris-HCl) as a
chromogen. Normal rat scrum, normal sheep scrum or
PBS was replaced with the primary antibody for control
immunohistochemistry. No specific staining was observed
in controls. Sections were mounted on gelatinized slides,
air-dried, dehydrated, and finally coverslipped.

Some sections were processed by double-staining with
NADPH-d histochemistry and nNOS immunochemistry.
After NADPH-d histochemistry, the NADPH-d positive
sections were maintained in PBS for the subsequent nNOS
immunohistochemistry as above.

Table 1. Body weight of rats (g).

Measurement by image analysis

The sections were photographed and examined

~under an optical microscope. The NADPH-d positive

spheroid counts were based on an examination of five
to eight sections through the rostrocaudal extent of the
lumbosacral spinal cord. Digital images of the sections in
the sacral spinal cords were captured using a Leica CCD
camera mounted on the microscope, coupled to a capture
board in a PowerMac computer. These digitized images
were then analyzed using NIH-Image software (version
1.62), with which each type of histochemical-positive
structure was counted in a specific region.

Stereological measurement

The numerical density and diameter of NADPH-d
positive bodies in the region dorsal to the central canal
of the sacral spinal cord were estimated as described
in earlier studies (Zhang et al., 2002), using an optical
dissector (West and Gundersen, 1990). In brief, sections
(25 um thick) were evaluated by using Olympus BX50
microscope. Tmages were captured with a video camera
(WV-CP410/6; Panasonic) and transmitted to a computer.

In each section, fields of observations were systematically
sampled randomly using a computer-assisted motorized
stage (Sichuan University, Chengdu and Smart Image
Technology. Beijing) with a sampling intcrval of 62.5
um in the X and Y planes. Sampling was carried out
using a rectangular frame (optical dissector; 25 um X

20 um) generated by a software package (Smart Image
Technology) and superimposed on each image at X 2679
total magnification. For each section, the focus was first
on the uppermost surface, after which the focus plane
was shifted down (Z-plane) in the tissue for 3 um for
the “guard space” to start evaluation. Thereafter, 15
um of each tissue section was systematically examined
by focusing down in the section at 1 um each step to
generate 15 optical sections and counting the NADPH-d

2M 4M &M 12M 18M 24 M 36 M
Female 179.8+17.3  275%18.6 335%145 365+5.8 39513 500259
(n) (%) ) 2 @ @ (3 ©
Male 283.8+38.8 413%32.2 4733%252 540 =10 577.3% 225 6325538 636467
() 5. 3 (3) (3) 3 “ (5
M: month old
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Fig. 1. Micrographs of NADPH-d reactivity in aged (24-month-old) (A, C) and young adult (2
month-old) (B, D) rats at the sacral spinal cord. A: The age-related NADPH-d positive bodies (ANB)
in the SDCN of an aged rat. Arrows indicate highly dense spheroidal shapes with sharp edges;
black arrowheads indicate moderately dense spheroidal or multiangular shapes. B: There are no ANB
in young rats. The lateral collateral pathway of LT is visible in C and D. C: ANB (arrows) are
accumulated in the ILN, LZ in the lateral dorsal marginal to dorsal horn, and LT of aged rats, which
contrasts with the lack of ANB in young rats (D). Open arrowheads indicate NADPH-d positive
neurons. DC: dorsal column, SDCN: sacral dorsal commissural nucleus, CC: central canal, LT:
Lissauer's tract. ILN: intermediolateral nuclei. LZ: Lissauer’s zone. Scale bar = 100 ym
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E

Fig. 2. The ANB between 8 and 36 months of age in sacral DCN. A: 8 months; B: 18 months; C: 24. months; D: 36 months.

Arrows indicate small ANB. Open arrowheads indicate neurons. DC: dorsal column. Scale bar = 100 ym

positive bodies as they came into focus. The numerical
density of these bodies was estimated by dividing their
total number by the total volume of the dissectors (25 ym
X 20 ym X 15 pym) used for the counting. To obtain their
diameter, all round or elliptical NADPH-d positive bodies,
which were to be counted according to the dissector
principle were serially sectioned with a 0.5 um distance
between optical scctions and the diamcter of the largest
profile of each NADPH-d positive body, i.e. the diameter
of these bodies, was measured.

All data was entered and tabulated in Excel (Microsoft).
‘T'he resulting values were presented as means £ SEM.
Adobe Photoshop images were scanned directly into the
program and reprinted with no noticeable degradation.
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Results

All the experimental data presented here focus on the
dorsal part of the lower lumber and sacral spinal cord,
especially the superficial dorsal horn, Lissauer’s zone
(LZ), LT, the intermediolateral nuclei (ILN), in the
dorsal commissure, and the region around the central
canal where NADPH-d positive bodics appcarced after
a certain age of adult rats. The NADPH-d staining
revealed a moderately dense fiber network of dendrites
and axon terminals as well as moderately stained, small-
and medium-sized peurons in the spinal cord of young
adult rats aged 2 or 4 months (Fig. 1B. D). A positive
fiber network and a few stained neurons were observed
in the DCN, which is termed sacral DCN in the sacral
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Fig. 3. Higher magnifications of ANB in sacral DCN (A-F, I) and the dorsal horn (G, H).
Open arrows in A and E indicate an ANB with a central “core” and a peripheral “halo.” In B
and C numerous dots cluster around the ANB. In D, F and G, black arrows indicate ANB with
vacuoles. In F, arrowheads indicate a moderately dense “core” in a swollen fibrous structure.
In G and H, highly dense ANB in the dorsal horn show distinct outlines. In I, arrowheads

indicate a moderately dense spheroid in a fibrous structure. DC: dorsal column, LZ: Lissauer's
zone. Scale bar = 50 ym
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Fig. 4. Histograms showing number and area fraction
(obtained by means of image analysis) of the ANB (2-
dimenstional profiles) in a segment of the sacral spinal cord.
A: Average number of ANB in the gray matter was calculated
by dividing the number by the arca of the gray matter in cach
of the sections. B: Average number in the DC was calculated
by dividing the number by the area of the DC in each of the
sections. C: Area fraction was the percentage of the area
of the ANB in the gray matter dorsal to the CC of the sacral
spinal cord. - ' v
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spinal cord. These results coincide with those obtained
from previous studies of the spinal cord (Doone e? al.,
1999). In aged rats (Fig. 1A, C), the pattern of fiber-
like NADPH-d activity in the superficial dorsal horn and
pericentral region of the lower lumbar and sacral spinal
cord was found to be quite different from that in young
adult rats (Fig. 1B, D), especially in the dorsal part of
the DCN (S1-S3). When compared with the young
adult rats, the NADPH-d positive bodies were clearly
located at the point where the primary pelvic sensory
transganglionic fibers terminate (arrows in Fig. 1A, C).
In addition, there were NADPH-d positive neurons with
Golgi-like dendrites (open arrowheads in Fig. 1A-D).
The LT was prominent in the $1-S3 segments but not in
the adjacent L5-L6 and Cx1 or thoracolumbar segments.
In the sacral spinal cord segments, NADPH-d reactivity
in the fiber bundle extending from the LT to the sacral
parasympathetic nucleus became more pronounced. The
NADPH-d-positive bodies in the sacral segments occurred
in those fibers extending in a unique distribution from the
LT through laminae I along the lateral edge of the dorsal
born to the region of the sacral parasympathetic nucleus
(Fig. 1C). The NADPH-d positive bodies also occurred
in the coccygeal segments of aged rats, but none of these
profiles were found in the young adult rats. The NADPH-
d positive bodies were also found in the root filument and
occurred more frequently in the dorsal roots. There was
no major difference between males and femalces for any
features of these bodies.

The NADPH-d positive bodies, mostly highly dense,
small round, or oval (Fig. 2, 6), were first observed at
8 months (Fig. 2A). Figures 2B-D show a subsequent
increase in the incidence and size of the NADPH-d
positive bodies in the sacral DCN after 8 months of age.
The basic morphology of the NADPH-d positive bodies
in the aged rats was studied. While a major group of
strongly stained bodies was present in the DCN (Fig. 1A,
C) in the lumbosacral spinal cord of rats aged 24 months,
there were also NADPH-d positive neuronal somata with
fine dendrites. The NADPH-d positive bodies often were
accompanied by moderately-stained, small- and medium-
sized dots (Fig.3A~C). In addition. the NADPH-d positive
bodies were characterized by large- and medium-
sized, spherical, or small bodies with diverse shapes.
Two morphologically distinctive subscts of the NADPH-
d positive bodies were noted: 1) highly-dense spheroidal
or irregular shapes with sharp edges (Fig. 3B, H) (type 1):
and 2) moderately-dense spheroidal or irregular shapes
with a central dense “core” and peripheral “halo” (Fig. 3A,
C-G. D (type 2). The type 1, which was often intensely
stained, was distributed in the dorsal part of the gray
matter and dorsal column of the white matter throughout
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Fig. 5. Stereological quantitative analysis‘of the ANB in the sacral spinal cord. A: Diameter of ANB in the
region dorsal to the CC. B: Numerical density of ANB in the region dorsal to the CC.

the lower lumber and sacral segments. It occasionally
occurred in the lateral funiculus of the white matter as
well. The type 2 was mainly localized in the gray matter
of the massive dorsal part of the spinal cord. In the sacral
segment. the NADPH-d positive bodies were detected in
the dorsal root, dorsal horn, ILN, and the area surrounding
the central canal.

Statistical data indicated that the number and area of
the NADPH-d positive bodies in the transverse plane of
sections progressively increased from 8 up to 18 months
(Fig. 4). Thereafter their drastic increase was evident
at 24 and 36 months (Fig. 4). The diameter of the
transverse-sectioned NADPH-d positive bodies ranged
from 2 to 36.9 um. The time course of changes in the
diameter (Fig. 5A) and numerical density (Fig. 5B) in the
section of the 40-100 ym thickness were presented in

the stercological data. With increasing age, the diameter

increased up to a maximum of 36.9 um (Fig. 5A).

In the horizontal (Fig. 6A, C, E-H) sections, the
NADPH-d positive bodies displayed a variety of shapes.
They were spheroid or fusiform in shape (Fig. 6A, C, E,
F)., with the longitudinally oriented fibrous form (Fig. 3F,
I) (Fig. 6G, H). The longitudinally oriented swelling of
the NADPH-d positive bodies occurred more frequently
in the dorsal column (Fig. 6G) and dorsal horn (Fig. 6II).
At higher magnifications (Fig. 6F, G, H), the size of the
typical NADPH-d positive bodies was much bigger than
that of the regular NADPH-d positive neuronal processes.
The longest of the fibrous structures was more than
300 um both in horizontal (Fig. 6F, G, H) and coronal
sections (not shown).

In the other segments of the spinal cord of aged

rats (cervical, thoracic, and rostral parts of the lumbar
spinal cord), the NADPH-d positive bodies occasionally
occurred in the dorsal column and dorsal horn (data not
shown here). In the young rats, no NADPH-d positive
bodies were found in the corresponding segments of
the spinal cord. The distribution of NADPH staining
and neuronal NOS-immunoreactivity in the spinal cord
was investigated to evaluate the potential role of NO in
lumbosacral afferent and spinal autonomic pathways as

“well as to compare the distribution of these two markers.

No structures corresponding to NADPH-d positive bodies
were detected by nNOS immunohistochemistry (Fig. 7 A-
D). There were no spheroidal nNOS positive structures in
the spinal cords of the aged rats. In the double-stained
sections, there were three subgrouped neurons: both
single labelings of the NADPH-d positive neurons (open
arrowhcads in Fig. 7A-D) and nNOS-immunorcactive
neurons (black arrowheads in Fig. 7A-D), and double-
labeling neurons (open arrows in Fig. 7 A, C, D). The
NADPH-d positive bodies in aged rats were confirmed to
be negative for nNOS (black arrows in Fig. 7 A-C).

Discussion

Age-related changes in NADPH-d were examined in
the lumbosacral spinal cord across almost the entire rat
life span. The NADPH-d positive bodies with unique
morphology first appeared in the sacral DCN, LZ, dorsal
horn. LT, ILN, and dorsal column in 8~12 month-old
rats. Statistical data indicated that they progressively
increased in number and area with age. Thus our study
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Fig. 6. Horizontal sections of 24-month-old rats (A, C, E-H) in comparison with those of
2-month-old rats (B, D). A and C show horizontal sections taken at the same levels as B
and D, respectively. Note abundant ANB in sacral DCN (A) and LT (C). E shows a higher
magnification from imset A, whilc F shows that from inset C. A longitudinally oricnted
NADPH-d positive fibrous structure is shown at the level of the DC (G) and dorsal horn (H).
Black arrows: ANB, open arrowheads: NADPH-d positive neurons, black arrowhead: a
vacuole in the NADPH-d positive fibrous structure. SDCN: sacral dorsal commissural
nucleus, LT: Lissauer's tract. Scale bar = 100 um
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T Lt W

Fig. 7. Double-staining of NADPH-d histochemistry combined with nNOS immunohistochemistry in an 18-month-o0ld rat. A:

et

sacral DCN; B: dorsal horn; C: ILN: D: area around the CC. The ANB (black arrows) are positive for NADPH-d and negative for
nNOS. Black arrowheads: single-labeled nNOS-positive neurons, open arrows: double-labeled neurons, open arrowheads: single
labeled NADPH-d positive neurons. SDCN: sacral dorsal commissural nucleus, LZ: Lissauer’s zone, ILN: intermediolateral nuclei.

CC: central canal. Scale bar = 100 ym

revealed a specific occurrence of the age-related NADPH-
d positive bodies (AINB) in dorsal part of the lumbosacral
spinal cord. The sacral DCN receives terminations from
the somatic and visceral afferents (Honda, 1985; Al-
Chaer et al., 1996) and the parasympathetic preganglionic
neuronal somata are located in the ILN. The ANB were
observed in both regions. Additionally, this segment of
the spinal cord is known to be associated with bowel,
bladder, and sexual dysfunction. Recently, Santer et al.
(2002) demonstrated that the sympathetic preganglionic
neuron populations that project into the major pelvic
ganglion, and the spinal inputs that they receive, exhibit

a number of degenerative changes in aged rats (24
months old) which were not seen in the parasympathetic
preganglionic neuronal populations. However, the
distribution of the ANB overlapped both the efferent
and afferent pathways of the autonomic system, which
regulates the pelvic organs.

The ANB occurred in the DCN of the lumbosacral
spinal cord. These spheroids also occurred throughout the

dorsal column at all levels of the spinal cord, particularly

at the lumbosacral spinal cord (Fig. 1A, 6G). Recently.
projections from the DCN have been implicated in
visceral nociception as discrete lesions of the dorsal
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column have been found to relieve pelvic pain in patients
(Willis et al., 1999). This clinical evidence is supported
by anatomical studies using rats and monkeys. The axons
of the neurons in the area adjacent to the central canal,
including the ventral DCN, where nociceptive neurons are
lacated, have been shown to travel in the dorsal column to
the gracile nucleus and in the ventrolateral quadrant to the
reticular formation (Al-Chaer ez al., 1996; Wang ez al.,
1999).

In our experiments, that the ANB: were negative
for nNOS was detected either by nNOS immunohisto-
chemistry or by double-staining of the NADPH-d
histochemistry combined with nNOS immunohisto-
chemistry. Although the NADPH-d positive neurons were
sometimes labeled by nNOS immunohistochemistry,
there were several examples of non-colocalization. It
has been argued that NADPH-d activity in the fixed
brain is used as a marker for nNOS, and that NADPH-
d and nNOS are actually the same enzyme (Dawson et
al., 1991). In contrast, Tracey et al. (1993) suggested
that NOS represents only a fraction of the total cellular
NADPH-d activity and that these activities are not
always co-localized. Doone et al. (1999) also found
some different aspects of NADPH-d staining and nNOS-
immunoreactivity between the sympathetic preganglionic
neurons in the thoracic and rostral lumbar segments and
parasympathetic preganglionic neurons in the sacral
scgments of guinca pigs. The NADPH-d positive fibers
of the LT only occurred in the S1-S3 segments, but for
the most part, exhibited no nNOS-immunoreactivity.
Similar results were obtained in the cat (Vizzard ef al.,
1994). These results demonstrate that NADPH-4 activity
is not always a specific histochemical marker for the NO-
containing neural structures. It is evident that nNOS has
a NADPH-d activity (Tracey et al., 1993), and that nNOS
contains the amino acid sequences and co-factor binding
sites needed to confer diaphorase activity (Bredt ez al.,
1991). There are, however, enzymes with diaphorase
activity that do not synthesize NO (Matsumoto ef al.,
1993). Since the NBT reaction product is the result
of the enzymatic reduction of NBT by NADPH-d, an
increase in the amount of the reaction product indicates
an increase in the enzymaltic activity. Thus, NADPH-d
histochemistry and the immunocytochemical labeling of
nNOS do not absolutcly label the same ncuron population.
The inferences relating NADPH-d histochemistry to
the presence of NOS may be misleading since Young
et al. (1997) suggest that NADPH-d activity neither
indicates the existence of a specific NOS isoform nor
clearly discriminates between NOS and other enzymes
e.g., cytochrome P450 reductase, which may have some
NADPH-d activity.
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Both in horizontal and coronal sections the ANB
displayed fibrous structures (approximately 200-300 ym)
or a nerve fiber-like orientation (multifocal interruption of
a long slender process by spheres). On the basis of these
profiles, we suggest that they are a part of the neurite in
the lumbosacral dorsal spinal cord. As for their origin, the
question arises as to whether portions of the age-related
structures come from the glia or blood vessels. The ANB
were clearly distinguished from the glia and endothelium,
as the size of typical ones was evidently bigger than the
regular glia and they were not found in any detectable
microblood vessels under the light microscope. It is,
however, still possible that some of them reside in the ghia
and/or microvessels as fine remnants.

The features of the ANB are similar to those referred
to as “neuroaxonal dystrophy (INAD) of primary sensory
fibers” (Ma et al., 1997, 2000). NAD occurs as a NADPH-
positive spheroidal structure in the gracile nuclei of
aged rats (Ma et al., 1997) or in aged humans (Brannon
et al., 1967). From neuropathological studies, Ma et al.

- (2000) have shown that NADPH-d staining could be used

to reveal the neuronal teriminal-pathy of aged conditions.
In their experiments, NADPH-d positive large- and
medium-sized cells were multipolar in shape with
dendrites and axon terminals, together with a few dense
fiber networks and evident in the gracile nucleus of aged
rats (24 months old). The genesis as well as association
to aging of the NADPH-positive NAD is, however,
poorly understood. NAD is regarded as degenerated
products of the primary sensory fiber originating from
ascending terminals in the gracile (Ma et al., 2000).
Unilateral sciatic axotomy causes an increase in the
nNOS expression as well as NADPH-d reactivity in the
ipsilateral gracile nucleus of young rats, which increases
in older rats with the normal aging process (Ma et al.,
2000). Typical spheroidal structures could then block
axonal transport to give rise to morphological changes
identical to denervation. :

In our unpublished data, both the ANB and NAD were
mostly spheroids, while some others had irregular shapes.
The type | of the ANB were homogeously distributed
throughout the dorsal column from all segments of the
spinal cord to the gracile nuclei as shown by our series
of spinal cord sections. The profiles and densities of
NADPH-d staining in the type 1 arc similar to thosc
of NAD. The NADPH-d positive NAD in the gracile
nuclei was, however, more densely stained than the ANB
in the sacral DCN, because most of the NAD bodies
stained earlier than the ANB (data not shown data). 1n
addition, the type 2 of the ANB, with moderately-dense
spheroidal or multiangular shapes and a central core and
a peripheral halo, is distinct from the NADPH-positive
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NAD. Therefore, the ANB may not be completely
described as NAD. The ANB were distributed where the
transganglionic fibers of the afferent pathway pass and
terminate in the aging pathway of the autonomic and/
or sensory system, which regulate the pelvic organ. No
neuroanatomical linkage or connection hetween the ANB
and NAD is known, but in either case some denervation-
like changes due to interruption of the axonal transport are
likely. '

Mohammed and Santer (2001) reported that the total
number of L6 and S1 dorsal root ganglia (DRG) cells
as well as their diameters remain essentially constant
from 3 to 24 months. These results have shown that the
numbers of rat DRG cells do not change during adult life
and that either the neurogenesis of DRG cells in adult rats
or neuronal cell death in aged rats is unlikely to occur.
Dering et al. (1996) suggested that, in the preganglionic
neurons of the lumbar and sacral spinal cord of 4- and 24-
month-old male rats, significant decreases occur in the

number of dendritic branch points and the total dendritic -

length of the sympathetic preganglionic neurons in the
aged rats, relative to the adult group. Recently, Chung
et al. (2005) reported that a reduction in the number of
nNOS-immunoreactive neurons occurs in the central
autonomic nucleus and the superficial dorsal horn of the
spinal cord in aged rats. In addition, the numbet and
length of dendritic branches were significantly affected.
Ranson e? al. (2003) also rcported that DCN and ILN of
the lumbosacral spinal cords in aged rats exhibit notable
depletions in neurotransmitter levels accompanied by
axonal dystrophy. Further morphological studies into
the origin and nature of the ANB should serve toward
understanding the onset of age-related anomalous
structures. We suggest that, with the progression of
cellular loss in the lumbosacral dorsal spinal cord,
* portions of the neurites take the form of nNOS-negative
and NADPH-d positive structures. In our experiment, the
ANB indicated a novel structure, which uniquely occurs
in aged rats, and which may account for the age-related
dysfunction of the axonal transport in some pelvic organs.
In summary, the major new finding revealed by this
study is that the NADPH-d positive bodies are present
in the aged lumbosacral spinal cord, but not in young
rats. From our morphological research, they might be
a swelling of the transganglionic fibers of the LZ in the
lateral dorsal marginal to the dorsal horn, superficial
dorsal horn, ILN, and dorsal part of DCN in the lower
lumbar and sacral spinal cord. On the basis of the main
distribution obtained from NADPH-d staining, it appears
that there is some relationship between the structures and
age-related physical dysfunctions in the pelvic organs.
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