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Summary

The development of the cauda equina syndrome in the dog and the involvement of spinal nitric oxide synthase
immunoreactivity (NOS-IR) and catalytic nitric oxide synthase (¢cNOS) activity were studied in a pain model caused by
multiple cauda equina constrictions. Increased NOS-IR was found two days post-constriction in neurons of the deep
dorsal horn and in large, mostly bipolar neurons located in the internal basal nucleus of Cajal seen along the medial
border of the dorsal horn. Concomitantly, NOS-IR was detected in small neurons close to the medioventral border of
the ventral horn. High NOS-IR appeared in a dense sacral vascular body close to the Lissauer tract in S1-S3 segments.
Somatic and fiber-like NOS-IR appeared at five days post-constriction in the Lissauer tract and in the lateral and medial
collateral pathways arising from the Lissauer tract. Both pathways were accompanied by a dense punctate NOS
immunopositive staining. Simultaneously, the internal basal nucleus of Cajal and neuropil of this nucleus exhibited high
NOS-IR. A significant decrease in the number of small NOS immunoreactive somata was noted in laminae I-II of L6-
S2 segments at five days post-constriction while, at the same time, the number of NOS immunoreactive neurons located
in laminae VIII and IX was significantly increased. Moreover, high immunopositivity in the sacral vascular body
persisted along with a highly expressed NOS-IR staining of vessels supplying the dorsal sacral gray commissure and
dorsal horn in S1-S3 segments. ¢cNOS activity, based on a radioassay of compartmentalized gray and white matter
regions of lower lumbar segments and non-compartmentalized gray and white matter of S1-S3 segments, proved to be
highly variable for both post-constriction periods.
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Introduction Yoshizawa 1976, Gathier 1976, Wiesel et al. 1984,
Cricun and Cricun 1988, Gleave and MacFarlane 1990,

Functional disorders that arise after cauda equina ~ Boden et al. 1990), compressing L3-S5 nerve roots in
compression, classified clinically as cauda equina  humans to a different extent and in varying intensities by
syndrome (CES), may be caused by herniated lumbar  means of spinal stenosis (Bartleson et al. 1983,
discs (De Palma and Rothman 1970, Crock and  Humphrey 1990, Haldeman and Rubinstein 1992) or by
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compression caused by spinal neoplasmas (Gilbert et al.
1978) or metastatic tumors (Yap €t al. 1978, Aroney et al.
1981, Tsukada et al. 1983, Sorensen et al. 1984, Hitchins
et al. 1987, Jaradeh 1993). In the last decade, several
canine (Delamarter et al. 1990, Konno et al. 1995a,b,
Sato et al. 1995, Mao et al. 1998), porcine (Olmarker et
al. 1989a,b, Pedowitz et al. 1989, Olmarker et al.
1990a,b,c, Olmarker 1991, Olmarker et al. 1991,
Olmarker and Rydevik 1992, Olmarker et al. 1992, 1993,
Rydevik 1993, Konno et al. 1995a, Cornefjord et al.
1996, 1997) and rat (Kawakami and Tamaki 1992,
Iwamoto et al. 1995, Sayegh et al. 1997, Yamaguchi et
al. 1999) models of compression-induced cauda equina
syndrome have been used to assess the consequences of
the compression of lower lumbar and sacral nerve roots
cortical evoked

on vascular and neural anatomy,

potentials, impairment of impulse propagation and
changes in neurotransmitters. In addition, correlative
behavioral, neurological, neurophysiological and
morphological analyses have been performed. However,
recent efforts to assess and describe pathophysiological
mechanisms have indicated that mechanical stimulation
of the affected lumbosacral nerve roots results not only in
anatomical and functional changes of affected nerve
roots, but may also involve gray and white matter of the
lumbosacral segments. In an attempt to identify the extent
and intensity of the involvement of intrinsic spinal cord
neurons following an acute or persistent cauda equina
compression, a model of somatovisceral pain consisting
in multiple cauda equina constrictions (MCEC) was used
(Marsala et al. 1995). Surprisingly, a clearly expressed
anterograde degeneration of sacrococcygeal and L7
dorsal root fibers was detected in S1-S3 and lower lumbar
segments along with anarrow band of degenerated
gracile fascicle. Moreover, a transneuronal degeneration
of middle-sized and large neurons was noted in S1-S3
segments and, sporadically, in L7 segments.
Concomitantly, a fully developed retrograde degeneration
was reported affecting motoneurons in the ventrolateral
portion of the ventral horn in S1-S3 segments (Marsala et
al. 1995). A recent study, using the same model of
incipient cauda equina syndrome in the dog, confirmed
that segmental and laminar distribution of Fos-like
immunoreactivity and nicotinamide adenine dinucleotide
phosphate diaphorase (NADPH-d) positivity and double-
labeled Fos-like immunoreactivity and NADPHd staining
of neurons could be detected in lower lumbar and sacral
segments of the canine spinal cord (Orendacova et al.

2000, 2001). Both the above-mentioned studies have

clearly demonstrated that the post-constriction response
of intrinsic spinal neurons and, probably of ascending
sensitive pathways is also prompt and may be related to
the pain-processing microcircuits in the dorsal horn
(Grzybicki et al. 1996), including NOS-containing and
NO-synthesizing neurons, which might possibly play
arole in the pathogenesis of the cauda equina syndrome.
The aims of the present study were (i) to map and to
compare the segmental and laminar distribution of NOS-
IR neurons in the dog at different cauda equina post-
constriction times in the lumbosacral segments, and (ii) to
assess the possible changes of the catalytic NOS activity
in compartmentalized gray matter regions and white
matter columns of the lumbar and sacral segments.

M ethods

Adult mongrel dogs (n=18) of both sexes
(weighing 5-12 kg) were used in all the experiments. This
experimental protocol was approved by the Institutional
Animal Care and Use Committee of the Institute of
Neurobiology, Slovak Academy of Sciences, KoSice.

Experimental design and surgical procedures

The dogs were anesthetized with a mixture of
ketamine and xylazine (100 mg/kg and 15 mg/kg b.w.,
im.) and artificially ventilated by arespirator with
oxygen and nitrous oxide (Anemat N8 Chirana, CSSR).
A lumbar laminectomy of the sixth and seventh laminae
was carried out in order to gain access to the cauda
equina (MarSala et al. 1995). Constrictions of the dural
sac were produced by tying four loosely constrictive
ligatures using chromic gut 2 mm apart resulting in
multiple cauda equina constrictions (MCEC) consisting
of protracted stimulation of the central processes of
dorsal root ganglia cells of L7, S1-S3, Col-Co5 and
ventral roots of the same segments (Fig. 1). After
surviving for two days (n=6) and five days (n=6), the
animals were divided into two subgroups and processed
separately for neuronal NOS (nNOS) immunocyto-
chemistry after two days (n=3) and five days (n=3) post-
constriction and for catalytic nNOS activity after two
days (n=3) and five days (n=3) postconstriction. Sham-
operated animals (n=6) underwent sham surgery (cauda
equina exposure without ligation) and two days of
postsurgery survival. Three animals of this group were
used for nitric oxide synthase radioassay and three were
processed for nNOS immunocytochemistry.
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Fig. 1. Schematic drawing depicting the position of four
loosely tightened constrictions around cauda equina
(L,L); L7-G and S1-G point to the corresponding dorsal
root ganglia.

Fig. 2. The specimens from 600 um thick transverse
sections of L4-L7 segments were punched by needles (id
0.6 or 0.8 mm) on a plate cooled in liquid nitrogen (-15
°C). The punches were done separately from laminae |-VI
(dorsal horns -DH), laminae VIl and X (intermediate
zone - 12), laminae VIII-IX (ventral horns - VH), dorsal
columns (DC), lateral columns (LC), ventral columns
(VC). Punches (DH, 1Z, VH, DC, LC, VC) were taken
separately from spinal cord segments, pooled into a
single sample and used for biochemical analysis.

Sample dissection
Experimental animals wused for radioassay
detection of catalytic nitric oxide synthase (cNOS)
activity were reanesthetized after survival and the access
to the lumbar and sacral spinal cord was achieved by
laminectomy. The spinal cord was then -carefully
dissected out and frozen in liquid nitrogen. The respective
segments (L4-L7, S1-S3) and the cauda equina were cut
by cryostat at —12 °C in 600 pum slices. For a regional
distribution of cNOS activity, spinal cord segments
(L4-L7) were divided into the gray matter regions, i.e.
dorsal horn (laminae I-VI), intermediate zone (laminae
VII and X), ventral horn (laminae VIII-IX) and white
matter regions, i.e. dorsal, lateral and ventral columns
(Fig. 2). Spinal cord regions were punched under a
surgical microscope by needles (id 0.4 and 0.6 mm) on a
plate cooled with liquid nitrogen (—15°C). Sacral
segments (S1-S3) were simply divided into white matter

and gray matter.

Neuronal nitric oxide synthase immunocytochemistry

At the end of the survival periods, dogs were
deeply anesthetized with sodium pentobarbital (50 mg/kg
i.v.) and transcardially perfused with heparinized saline
followed by perfusion with 4 % paraformaldehyde in a
phosphate buffer (PB, pH 7.4). Four hours later, complete
spinal cords were removed and were postfixed in the
same fixative overnight at 4 °C followed by immersion in
sucrose (20 %) in phosphate buffered saline (PBS).
Transverse cryostat sections (30 um thick) were cut
through lumbar (L), sacral (S) and coccygeal spinal cord
segments, ten serial sections from each segment. Free
floating sections were immediately processed for
1990) with
sheep antiserum against nNOS (Herbison et al. 1996)
using the Vectastain ABC Elite kit (Vector Lab, Inc,
Burlingame, USA).

Free floating sections from each spinal cord

immunocytochemical staining (Bredt et al.

segment were placed in PBS, 0.1 M (pH=7.4) containing
5 % rabbit serum (RS), 0.2 % Triton X100 (TX) and
0.2 % bovine serum albumin (BSA) for 3 h at room
temperature to block the non-specific protein activity.
This was followed by one day incubation using a sheep
nNOS antibody diluted 1:1500 in PBS containing 0.2 %
TX-100 at 4 °C.

After with the
antibody, sections were washed several times in PBS and

treatment primary nNOS

then incubated in biotinylated anti-sheep secondary
antibody 1:200 for 2 h. The bound specific antibodies
reacted with the avidine-biotin peroxidase solution for 1 h
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and were visualized by wusing 0.05 % 3,3,44-
diaminobenzidine hydrochloride (DAB) in 0.05 M Tris
buffer containing 0.001 % H,0,. All sections were
mounted on slides, dried, dehydrated and coverslipped
with Permount. Negative controls were applied by
omitting the primary antibody.

Nitric oxide synthase radioassay

The radioassay detection of cNOS activity was
determined by the conversion of [*H]-arginine to [*H]-
citrulline according to the method of Bredt and Snyder
(1990) with a slight modification by Strosznajder and
Chalimoniuk (1996). Frozen samples of the spinal cord
were divided into two parts and separately homogenized
in 100-150 pl of an ice-cold Tris-HCI buffer (10 mM,
pH=7.4). Aliquots of homogenates (200 pg/ml), carried
out in triplicate, were incubated for 45 min (37 °C) with
10 uM [*H] L-arginine (1 pCi), 1 mM NADPH, 1 uM
calmodulin in a Hepes buffer (50 mM, pH=7.4)
containing | mM dithiothreitol (DTT), 1 mM ethylene-
acid (EDTA), 100 uM flavin
mononucleotide (FMN), 100 upuM flavin adenine
dinucleotide (FAD), 2 mM CaCl,, 15 uM tetrahydro-
biopterin (H4B) in a final volume of 300 pl. The reaction

diaminetetraacetic

was stopped by an addition of 1 ml of ice-cold Hepes
buffer (100 mM, pH =5.5) containing 10 mM EDTA.
Samples were applied to a Dowex AG 50W-X8 cationic-
exchange column (Na” form) in order to remove the [*H]-
L-arginine. The columns were washed with 2 ml of
deionized water to elute the [’H]-L-citrulline. Samples
were centrifuged at 1000x g for 5 min and aliquots
(0.5 ml) of supernatant fractions were mixed with 5 ml of
Bray’s fluid into scintillation vials and then counted in a
Beckman LS-3801 spectrometer. Cpms were converted to
dpms using [*H]-quenched standards. Levels of [*H]-
citrulline were computed after subtracting the blank
in the

absence of enzyme activity. Protein determination was

which represented nonspecific radioactivity
done according to Bradford (1976). The results were
expressed as dpm/pg protein. The percentage distribution
of ¢cNOS activity was calculated from control values
(taken as 100 %).

Laminar quantitative distribution of NOS-IR
somata was counted from 10 serial sections of three
animals (n=3) in the control group and three animals
(n=3) surviving five days post-constriction. Profiles
counting of all NOS-immunoreactive neurons occurring
in the corresponding laminae was performed. Transverse
sections were prepared from L6-S2 segments and the
number of NOS-IR somata in the control group was

compared with animals surviving five days post-
constriction. The results were statistically evaluated by
ANOVA as well as by the Tukey-Kramer test. The data
S.EM. P<0.05 value was

considered significant when compared to the controls.

are given as means *

Satigtical analysis

The results of nNOS immunoreactivity along
with the radioassay detection of cNOS activity were
statistically evaluated by ANOVA as well as by the
Tukey-Kramer test and have been given as means *
S.E.M.

Results

Segmental and laminar distribution of nitric oxide
synthase immunoreactivity in the lumbar and sacro-
coccygeal spinal cord in sham- operated animals

In the transverse sections of lower lumbar and
sacrococcygeal segments three components of NOS-IR
staining could be detected. First, somatic NOS-IR
involving spinal cord neurons of various types was found
in the superficial (laminae I-1T) and deep (laminae I11-VI)
dorsal horn layers along the rostrocaudal axis of all
segments studied (Fig. 3A). However, considerable
differences could be detected in the intensity of NOS-IR
staining. While small NOS-IR neurons occurring in
laminae I-II appear as lightly-stained round or elongated
elements with poorly branched dendrites, the staining of
many large multipolar NOS-IR neurons occurring in the
deep dorsal layers was graded from light- to dark-brown.
Similar NOS-IR neurons were present around the central
canal in the lower lumbar segments close to the
subependymal layer (lamina X) and along the lateral
margin of the intermediate zone (lamina VII). The most
pronounced somatic NOS-IR was found in the internal
basal nucleus of Cajal located along the medial border of
the dorsal horn in the lower lumbar and sacral segments
(Fig. 3B). This contained large, mainly bipolar neurons
with two thick long-stem dendrites, one reaching into the
dorsal horn and another pointing to the dorsal
commissure or even crossing to the opposite side and
ending in the pericentral gray matter (Fig. 3E). An up-to-
date, unidentified, irregularly shaped and rostrocaudally
oriented cell column with a clearly expressed somatic
NOS-IR was detected in the dorsomedial and central
portion of the ventral horn and in the medial part of the
intermediate zone in L4 to S2 segments corresponding to
the lumbar enlargement (Figs 3C, 3D and 4). The
majority of the medium-sized and large multipolar
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NOS-IR neurons were located in laminae VII-IX.  neurons were often seen to penetrate into the white matter
However, the neurons located in lamina VIII clearly  of the lateral and ventral columns or, occasionally, an
prevailed over those located in the border zone around the ~ axon-like process was seen to enter the lateral or ventral
gray matter of the ventral horn. Long dendrites of these  columns.

Fig. 3. Microphotographs showing the distribution of somatic, fiber-like, punctate and axonal NOS immunopositivity in
the L6 and L7 segments. A,B — somatic (N), fiber-like (asterisk) and punctate (cross) NOS immunopositivity are seen
inthe dorsal horn and internal basal nucleus of Cajal (IBC); DC, dorsal column; VC, ventral column. C,D —
the distribution of NOS-IR somata in the dorsomedial region of the ventral horn (LVIII); VC, ventral column. E —
somatic (asterisk), fiber-like and punctate (cross) NOS immunopositivity in the internal basal nucleus of Cajal (I1BC);
DC, dorsal column. F — thick NOS immunopositive (arrows) and NOS immunonegative axons (arrowheads)
in the ventral column (VC). Bars A,B,C,D and F = 100 pm; E = 50 zm.
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Fig. 4. Camera lucida drawing depicting the location
of NOS immunopositive somata (arrows) in the
dorsomedial portion of the ventral horn (LVIII) and
intermediate zone (1Z2). Transverse sections cut through
the upper portion of L6-S2 segments.

The patterns of the fiber-like NOS-IR may be
arbitrarily divided into two groups for analyzing the
occurrence of NOS-IR fibers in the gray or white matter
of the lower lumbar and sacral segments. Short fiber-like
fragments that are rarely covered by spines are currently
seen in the superficial dorsal horn (laminae I-II). They
may be a part of the dendritic branches of small NOS-IR
somata identified in the same layers or may come from
terminal ramifications of the thin unmyelinated axons
(C-fibers) entering the dorsal horn via the dorsal roots.

Similar NOS-IR fragments could be seen in the neuropil
around the central canal (lamina X) and in the dorsal gray
commissure. However, the existence of short NOS-IR
fragments at both sites is often obscured by densely
packed NOS-IR puncta. A quite different pattern of fiber-
like NOS immunoreactivity was found in the deep dorsal
horn layers (laminae III-VI) along the rostrocaudal axis.
This consisted of thick, often tortuous and spinous
dorsoventrally oriented fibers sometimes traceable to the
pericentral region. The course and the ramification
pattern suggest that they are dendrites of the large
multipolar NOS-IR somata described in laminae III-VI.
A highly differentiated fiber-like NOS-IR pattern of large
bipolar neurons occurring in the internal basal nucleus of
Cajal was seen along the medial border of the dorsal horn
of all lumbosacral segments. Dendritic ramifications were
arranged in such a way that dorsally oriented thick stem
dendrites were running in the dorsal direction traceable
into the medial dorsal horn, while dendrites oriented in an
opposite direction were oriented ventromedially into the
dorsal commissure (Figs 3B and E).

Punctate, non-somatic NOS staining found in the
neuropil of some gray matter regions formed the third
component of NOS immunoreactivity in the lumbosacral
segments. Superficial dorsal horn (laminae I-II) in all
segments studied, dorsal gray commissure (DGC) in
S1-S3 segments and the Onuf’s nucleus in S1-S3
segments proved to be sites of high punctate NOS-IR. In
the superficial dorsal horn and DGC the density and
staining of NOS-IR puncta were found to be almost
homogeneously distributed across the mediolateral extent
of the superficial dorsal horn and DGC. In contrast, the
punctate NOS-IR in the neuropil of the Onuf’s nucleus
appeared as adense accumulation of NOS-IR puncta
around NOS-immunoreactive neurons of Onuf’s nucleus.
High power magnification revealed that the majority of
NOS-IR puncta at all these loci range between 0.5-0.7
Um in diameter.

Surprisingly, a high number of axonal NOS-IR
profiles was detected in the white matter of lower lumbar
and sacral segments. Numerous, mostly thin NOS-IR
axons were found in the dorsolateral funiculus in all
segments and in the juxtagriseal portion of the lateral
column of the lumbar enlargement. A massive occurrence
detected
juxtagriseal layer of the ventral column all along the

of NOS-IR axonal profiles was in the
lumbosacral segments. Prominent, non-varicose, large-
caliber NOS-IR axons were present throughout the
rostrocaudal extent in the ventrolateral portion of the
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lateral and ventral columns, being most prevalent in the
medial portion of the ventral column (Fig. 3F). Finally, at
lower lumbar and sacral levels, a clearly expressed axonal
NOS-IR was found in the Lissauer tract and along the

border of the
corresponding with the location of the lateral (LCP) and

lateral and medial dorsal horn

medial (MCP) collateral pathways, respectively.

Table 1. The number of NOS-IR neurons in laminae I-II, laminae III-VI, laminae VII and X and laminae VIII-IX in
lower lumbar (L6, L7) and sacral (S1, S2) segments of the dog spinal cord in control and five days after multiple cauda

equina constrictions (MCEC).

Laminae
Segment Experimental groups I-11 [1-VI VIl and X VIl and I1X
L6 Control 22.860.78 13.07+0.64 10.87+0.43 21.93+0.23
MCEC (5 days) 6.90+0.50* 12.83%0.76 11.13£0.73 28.66+1.51*
L7 Control 20.77+0.57 12.37£0.75 11.43£0.38 20.13+0.84
MCEC (5 days) 7.83+0.166* 12.76+0.87 12.30+0.66 25.23+0.68*
S1 Control 18.03+0.38 11.60£0.45 11.76£0.20 19.90+0.71
MCEC (5 days) 7.66£0.18* 12.76x0.97 12.83+0.98 27.00+0.42*
S2 Control 18.46%0.38 13.90+0.25 10.93+0.58 21.03+0.41
MCEC (5 days) 10.73£0.23* 12.46+0.35* 14.90+0.23* 26.60+0.27*

*p<0.05 with respect to the controls

Segmental and laminar patterns of nitric oxide synthase
immunoreactivity in lumbar and sacral segments two and
five days after MCEC

Two days after MCEC, two sets of NOS-IR
neurons appeared to respond quite promptly to the
constriction of the central processes of the primary
afferent neurons forming a part of the cauda equina. An
enhanced NOS-IR was noted in the superficial and deep
dorsal horn and in large bipolar NOS-IR neurons located
in the internal basal nucleus of Cajal along the medial
of the dorsal with intensely NOS
immunopositive thick and long dendrites extending in the
dorsal and ventral direction (Figs 5A, 5B and 5C).
Concomitantly, NOS-IR appeared in a few small neurons

border horn,

at the medioventral border of the ventral horn in lumbar
and sacral segments (LS). The contours of the soma were
seen to have adiameter of 10-15 pm and proximal
dendrites, extending to aradius of about 100-150 pm,
some going out in the ventral white column (Fig. 5D).
Unusually high NOS-IR was found laterally to the dorsal
horn and along the ventral border of the Lissauer tract in
a location where a dense vascular plexus could be seen
(Fig. SE) and in DGC containing reach the NOS-IR
capillary network and NOS-IR arterioles (Fig. 5F).
Prominent changes in somatic and fiber-like
NOS-IR were noted five days after MCEC. High NOS-IR
in the Lissauer tract, seen in all LS segments studied, was

accompanied by aclearly expressed fiber-like and
punctate, non-somatic NOS-IR seen not only in the
superficial dorsal horn but also in the lateral (LCP) and
medial (MCP) collateral pathways (Figs 6A and 6B).
Thin bundles of NOS-IR fibers of MCP were found
intermingled with NOS-IR large bipolar neurons in the
internal basal nucleus of Cajal as noted before (Fig. 6C).
A quantitative assessment of somatic NOS-IR performed
in different laminae of L6-S2 segments revealed a highly
controversial lamina-dependent response of NOS-IR
somata. The number of small NOS-IR somata that were
easily identified in control sections of laminae I-II was
significantly decreased in the extent of the lumbar
enlargement, while the number of large NOS-IR somata
occurring in laminae III-VI, with the exception of S2
segment, was not significantly changed (Table 1).
Contrary to the previous finding, the number of middle-
sized and large NOS-IR somata located in laminae VIII
and IX was significantly increased and, moreover, many
NOS-IR neurons in laminae VIII and IX exhibited intense
dendritic NOS immunopositivity (Fig. 6D,E). Finally, in
the intermediate zone (lamina VII) and pericentral region
(lamina X) a significant increase of NOS-IR somata was
found only in the S2 segment. A high NOS-IR of the
sacral vascular body and vessels supplying DGC could be
seen at five days post-constriction (Fig. 6F).
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Fig. 5. Microphotographs showing the response and distribution of NOS-IR in L4-S1 segments two days after cauda
equina constrictions. A — superficial and deep dorsal horn; dc - dorsal column; It - Lissauer tract; Icp - lateral
collateral pathway; spn - sacral parasympathetic nucleus, arrow points to NOSIR fibers running along the outer
border of the dorsal horn and forming the medial collateral pathway (mcp). B — high somatic (arrows) NOS
immunopositivity in the deep dorsal horn layers (LI1I-LIV). C —clearly expressed NOS-IR in the internal basal nucleus
of Cajal (asterisk); dc - dorsal column. D — the appearance of small highly NOS immunoreactive neurons (arrows)
along the ventrolateral periphery of the ventral horn (vh); vc - ventral column. E — intensely stained NOS-IR vascular
body (vb) just below the Lissauer tract (It) and laterally to the dorsal horn; dc - dorsal column. F — high NOS
immunopositivity (arrows) of vessels (v) supplying the dorsal gray commissure (dgc); cc - central canal. Bars AE and
F =100 xm; B,C and D = 50 um.
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Fig. 6. Microphotographs showing the distribution of NOSIR in L6-S2 segments five days after cauda equina
constrictions. A — superficial and deep dorsal horn; dc - dorsal column; It - Lissauer tract; Icp - lateral collateral
pathway; arrow points to a dense accumulation of punctate NOS-IR in the medial dorsal horn and medial collateral
pathway (mcp). B — medial dorsal horn showing high NOS immunopositivity (arrow). C — the internal basal nucleus of
Cajal (asterisk) and medial collateral pathway (mcp); dc - dorsal column; arrow points to NOSIR vessdl in the dorsal
column. D — a highly NOS immunopositive group of neurons (asterisk) in the dorsomedial portion of the ventral horn
(LVHI-LIX); vc - ventral column. E — large NOSIR neurons in the pericentral region (lamina X) with a dendrite
ramifying in laminae LVII-LVIII (d) and axon (&) entering the dorsal portion of the ventral column (vc); cc - central
canal. F — high NOS immunopositivity of vessels (arrows) in the ventral portion of the sacral dorsal gray commissure
(dgc). Bars A= 100 um; bars B,C,D,E and F = 50 tm.
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Table 2. Percentage distribution of catalytic nitric oxide
synthase (cNOS) activity in gray matter and white matter
in cauda equina and in sacral segments (S1-S3), two and
five days after multiple cauda equina constrictions
(MCEC).

Spinal cord regions dpm/ug protein
2 days after 5 days after
MCEC MCEC
Gray matter 55.6%1.7* 127.6+2.2%*
White matter 45.0£1.7* 130.8+8.5
Cauda equina 34.14£2.7* 72.9+1.8*

five days post-constriction. With regard to the white
matter, all three columns exhibited a significant increase
of ctNOS activity at two days postoperatively (Table 3).

Table 3. Percentage distribution of catalytic nitric oxide
synthase (cNOS) activity in gray matter regions, i.e.
dorsal horn (laminae I-VI), intermediate zone (laminae
VII and X), ventral horn (laminae VIII-IX) and white
matter columns (dorsal, lateral and ventral) in lower
lumbar segments (L4-L7), two and five days after
multiple cauda equina constrictions (MCEC).

The enzyme activity was determined by the conversion of
[®H]-arginine to [3H]-citrulline (dpm/ug protein). The
results were expressed as percentage of control values.
Data are given as means + SE.M. of nine separate
experiments (carried out in triplicate) *P<0.05 with
respect to contrals.

The distribution of catalytic nitric oxide synthase activity
in the gray matter regions and white matter columnsin
the lumbosacral segments and cauda equina two and five
days after MCEC

The radioassay of cNOS activity was performed
in region-specified samples of the gray and white matter
of lumbar (L4-L7) and (S1-S3)
including samples of the cauda equina. Significant

sacral segments,
changes of cNOS activity were noted at both post-
constriction periods in the cauda equina comprising the
nerve roots of lumbar (L7) and sacral (S1-S3) segments.
Non-compartmentalized gray matter of S1-S3 segments
proved to be highly wversatile since, at two post-
constriction days, a significant decrease followed by
a significant increase of cNOS could be detected at five
days while, in the non-compartmentalized white matter, a
significant decrease of cNOS activity was apparent only
at two days post-surgery (Table 2). A more complex
response of NO-synthesizing neurons appeared in the
compartmentalized gray and white matter in the L4-L7
segments two and five days post-constriction. While a
significant decrease of cNOS activity was found in the
dorsal horn (laminae I-VI) at two days post-surgery,
followed by a mild decrease at five days, ctNOS activity
in the intermediate zone (lamina VII) and pericentral
region (lamina X) was comparable with that seen in
control samples. In the ventral horn (laminae VIII and
IX) a significant increase of cNOS activity was found

Spinal cord regions dpm/ug protein

2 days 5 days

after MCEC  after MCEC

Dorsal horn 78.0+2.0* 85.612 .4
Intermediate zone 98.2+1.7 113.6£3.8
Ventral horn 101.0x1.4 175.37.7*
Dorsal column 174.949.0* 114.1+4.8
Lateral column 229.943.8%* 109.4+6.5
Ventral column 237.942 4% 113.31£6.2

The enzyme activity was determined by the conversion
of [*H] -arginine to [®H]-citrulline (dpmVpg protein).
Theresults were expressed as percentage of control
values. Data are given as means + SE.M. of nine
separate experiments (carried out in triplicate) *P<0.05
with respect to controls.

Neurological function were tested in all the
animals before surgery and then daily for five days.
Sudden motor and sensory disturbances of the lower
limbs combined with acute bladder dysfunction were
noted in both groups of animals subjected to multiple
cauda equina constriction. While paraparesis was the
most common finding in animals surviving two day
postconstriction, during prolonged compression period,
i.e. after five days a fully developed paraplegia appeared
in all animals with MCEC.

Discussion

Single or two-level compression of the lower
lumbar and sacral nerve roots by herniated lumbosacral

discs, spinal stenosis, spinal neoplasmas, ischemic

insults, arteriovenous malformations or fragments of the
fractured bones may lead to the development of
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a complex clinical entity called cauda equina syndrome
(Aho et al. 1969, Jaradeh 1993). The occurrence of
a polyradicular symptomatology and accompanying
disorders such as low-back pain, saddle anesthesia,
bladder and colon dysfunction, motor weakness of the
lower extremities or chronic paraplegia suggests that
several neuronal pools may be involved. These include
cutaneous, muscular and visceral nociceptive sensitivity
located in the lumbar and sacral segments. To date we
have a very incomplete understanding of the neuropatho-
genesis of the sensitive disorders that occur when the
nerve roots of the cauda equina are compressed or
damaged. Polyradicular symptomatology and the
heterogeneous nature of the sensitive disorders seen in
the cauda equina syndrome suggest that sustained
stimulation of afferent fibers carrying different sensitive
modalities may play a significant role. The involvement
of visceral primary afferent fibers from the pelvic
(Morgan et al. 1981) and pudendal (Thor et al. 1989)
nerves containing various types of afferent and efferent
axons (Kuru 1965, Martin et al. 1974) may be of primary
importance. The afferent axons of the pudendal nerve
convey input to the sacral spinal cord from cutaneous
receptors in the genitalia and perineal skin, tension
receptors in the urethral and rectal striated musculature,
and mucosal receptors in the urethra and anal canal
(Barrington 1931, Bors 1952, Kuru 1965, Martin et al.
1974). The efferent fibers of this nerve, which are
simultaneously constricted along with the afferent
components, are composed of motor axons which
originate in Onuf’s nucleus in the sacral segments and
sympathetic postganglionic axons that originate from
neurons in the lower lumbar sympathetic chain ganglia
(Kuo et al. 1984), which are not directly involved in
MCEC. Multisegmental termination sites of afferents and
the polyradicular origin of efferents both became
constricted and stimulated in our experimental paradigm.
This points to some differences between MCEC model in
the dog and several neuropathic models, particularly if we
also consider that the central and not the peripheral
processes of the dorsal root ganglia neurons are
constricted (Bennett and Xie 1988, Kim and Chung 1992,
Steel et al. 1994, Choi et al. 1996, Shi et al. 1998,
Ossipov et al. 1999). Since several lines of evidence have
indicated a role of NO in nociceptive processing (Meller
and Gebhart 1993), the expression and activity of NOS in
the DRG neurons and spinal cord were studied in order to
clarify the activation of nociceptive afferents, i.e. how
this activation results in an increased excitability of spinal
neurons in the pathogenesis of nerve injury-induced

thermal hyperalgesia, mechanical allodynia and chronic

neuropathic pain and in the development of
a phenomenon known as central sensitization (Woolf
1983, Dubner and Ruda 1992, Coderre et al. 1993).
Previous studies have shown that an intrathecal
injection of NMDA induces short-lasting hyperalgesia in
mice and the application of an inhibitor of nitric oxide
synthase, L-NAME, administered either systemically or
intrathecally, blocked the NMDA-induced hyperalgesia
(Kitto et al. 1992).

administration of L-arginine, but not of D-arginine,

Similarly, the intrathecal
produced rapid, transient, dose-dependent facilitation of
the nociceptive tail-flick reflex which was completely
suppressed by prior treatment with either L-NAME or
AP5 (Meller et al. 1992). These results suggest that
NMDA-produced facilitation of athermal nociceptive
reflex mediated by activation of an NMDA receptor that
results in an increase of endogenous NO and the
activation of soluble guanylate cyclase in the lumbar
spinal cord. Similarly, a recent study concerning NOS-IR
in the lumbar dorsal root ganglia and spinal cord in rats
and monkeys after peripheral axotomy disclosed that,
after unilateral sciatic nerve section in the rat, the number
of NOS-immunopositive neurons in the
ipsilateral L4 and L5 dorsal root ganglias (DRGs) while
NOS-IR was observed in the ipsilateral dorsal roots and

increased

in an increased number of NOS-IR fibers and terminals in
both outer and inner lamina II of the ipsilateral dorsal
horn. However, the number of NOS-IR somata in lamina
IT of the ipsilateral dorsal horn was reduced. Therefore, it
was suggested that axotomy in rat induces a marked
upregulation of NOS synthesis in primary sensory
neurons. In the monkey, many small NOS-IR somata in
L4 and L5 DRGs appeared but only a few weakly stained
nerve fibers and terminals were found in laminae I-IV at
L4 and L5 lumbar levels. Concurrently, a few NOS-IR
somata were present in lamina X (Zhang et al. 1993). In
a model of peripheral neuropathy induced by ligation of
the left L5 and L6 nerve roots, a bilateral decrease in
NOS activity, assayed separately from the right and left
sides, was found in the lumbar spinal cord, while NOS
activity was increased in the ipsilateral L5 and L6 DRGs
following neuropathic surgery (Choi et al. 1996). Both
observations are consistent with a previous finding
reporting an ipsilateral increase in NOS-IR somata in the
L5 and L6 DGRs in the same model (Steel et al. 1994).
Nevertheless, the question why spinal NOS activity is
bilaterally decreased still remains unanswered. This
phenomenon seemingly contradicts the role that NO is
supposed to play in nociceptive processes. The results of
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the immunohistochemical NOS-IR analysis along with
catalytic NOS activity performed during the incipient
phase of the cauda equina syndrome in the dog results in
an intense involvement of the NO synthesizing neuronal
pools in the lumbosacral segments.

When regional and laminar patterns of somatic,
fiber-like and punctate NOS immunoreactivity and cNOS
activity, ensuing after MCEC in LS segments two and
five days

post-constriction, are compared with

neuropathic pain models in the rat, considerable
differences could be detected. Prominent NOS-IR was
found in the Lissauer tract at the L6-S3 level, mainly five
days post-constriction, and finely granulated NOS
immunopositivity was seen to continue along the surface
of the dorsal horn, forming narrow bundles traceable in
two directions. A ventrolaterally oriented, intensely
stained NOS-IR bundle seems to correspond with the
location of the lateral collateral pathway (LCP), strongest
in the region of S1-S3 segments and extending along the
lateral dorsal horn into the lateral portion of laminae
V and VI and terminating mostly in the gray matter of the
sacral parasympathetic nucleus (SPN). The location of
the lateral collateral NOS-IR pathway is consistent with
the distribution of visceral primary afferents from the
pelvic nerve to the Lissauer tract and the spinal gray
matter identified by horse-radish peroxidase applied to
the cut pelvic nerve (Morgan et al. 1981). A medially
oriented NOS-IR bundle, classified as a medial collateral
pathway (MCP — Morgan et al. 1981) and seen more
clearly following longer post-constriction time, is in a
close touch with lamina I and tends to move ventrally
along the medial border of the dorsal horn, thus reaching
the internal basal nucleus of Cajal. Occasionally, some
NOS-IR fibers were seen to penetrate into the dorsal gray
commissure (DGC). An increased punctate, non-somatic
NOS-IR seen in the neuropil of the internal basal nucleus
of Cajal, in DGC and in the medial third of the nucleus
proprius and substantia gelatinosa, suggests that the fiber-
like NOS-IR of the MCP may have a direct relationship
with the afferent pathway of the pudendal nerve. This
nerve is known to carry afferents from cutaneous
receptors in the genitalia, perineal skin, tension receptors
in the urethral and rectal striated musculature as well as
from mucosal receptors in the urethra and anal canal
(Bors 1952, Kuru 1965, Martin et al. 1974, Thor €t al.
1989). It should be noted that a clearly expressed NOS-IR
of the MCP is accompanied by a strongly enhanced NOS-
IR of bipolar somata in the internal basal nucleus of
Cajal.

A remarkable finding concerns the description of
an unknown NOS-IR positive neuronal pool located in
laminae VIII-IX in the region of the lumbar intumescence
and containing small, medium-sized and large NOS-IR
somata. While NOS-IR somata, easily recognized in
control sections, were located mostly in the dorsomedial
portion of the ventral horn, many NOS-IR neurons of the
same type were dispersed across the mediolateral extent
of the ventral horn, including the core region, occupied
by lamina VII neurons, or along the ventromedial
periphery of the ventral horn. Moreover, in the model of
MCEC at five days post-constriction, many somata and
dendrites expressed high NOS immunopositivity. It
should be noted that no direct connection between NOS-
IR somata in laminae VIII-IX and ventral roots could be
detected. Moreover, no such NOS-IR somata were visible
in the Onuf’s nucleus and, quite rarely, NOS-IR could
only be found in the neurons of the ventrolateral nucleus.
It is known that both these nuclei respond to a unilateral
transection and ligation of the pudendal nerve by a clear
increase of somatic NOS-IR measured by micro-
1999). It is
noteworthy to mention that the occurrence of NOS

densitometry (Pullen and Humphreys

immunoreactive neurons in the ventral horn have not yet
been recognized, and only a few lightly stained neurons
in the ventral horn have occasionally been observed.
However, cellular staining within the ventral horn and
ventral white matter was generally absent (Vizzard et al.
1994, 1997). At the lower lumbar and sacral levels in
both control and MCEC dogs, a clearly definable column
of NOS-IR neurons occurs in lamina VIII and, to a lesser
a NO-
synthesizing pool in the lumbar enlargement, located in

extent, in lamina IX. This confirms that
the dorsomedial portion of the ventral horn (lamina VIII),
but not participating in the formation of the ventral root
fibers, does really exist. More significantly, in the
incipient phase of the cauda equina syndrome, these
neurons are among the first which respond to MCEC by
means of a strongly enhanced NOS immunopositivity. It
should be mentioned that, regarding the laminar position
and neuronal types, many of the above characterized
neurons may belong to the category of long ascending
propriospinal neurons that have been identified in the
same spinal cord regions by retrograde and tract tracing
studies (Barilari and Kuypers 1969, Matsushita et al.
1979). Concurrently, this finding significantly broadens
the scope of spinal NOS-containing neurons and the
putative role they may play therein (Blot et al. 1994,
Yezierski et al. 1996).
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An unexpectedly high NOS immunopositivity
was found at two and five days postconstriction along the
ventrolateral border of the Lissauer tract and the lateral
border of the dorsal horn in S1-S3 segments. Large,
irregularly shaped patches of NOS-IR continued ventrally
and were traceable to the neck region of the dorsal horn.
They NOS
immunostaining often located in close association with

appeared as apunctate, non-somatic
small vessels which were occasionally seen to pass
medially and to penetrate into the DGC. Here, a clear
NOS
arteriolar branches could be detected, mainly in the
ventral third of the DGC. While the origin of the capillary

and arteriolar NOS immunopositivity could not be

immunopositive capillary network and larger

revealed, two possible sources might be suspected to
enhance the vessel NOS immunopositivity in this region.
One may come from the lateral extension of the highly
NOS immunopositive lateral portion of the Lissauer tract
which blends in this region without a discrete border with
(Morgan et al 1981).
Alternatively, the sustained stimulation of cauda equina

the dorsolateral funiculus

afferents in this experimental paradigm might induce the
expression of nitric oxide synthase type II in some

resident cells, e.g. microglia, in the dorsal horn and
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