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Abstract  

Nitric oxide (NO) mediation in the spinal cord injury induced by intrathecal (i.t.) dynorphin (Dyn) administration was studied with 
NADPH-diaphorase (Nd) histochemistry. Normally, there was rarely NO synthase (NOS) activity in spinal cord motoneurons, and Dyn 
A(1-17) I0 nmol, which produced only transient paralysis, did not induce Nd/NOS expression in ventral horn cells. After a paralyzing 
dose of i.t. Dyn A(1-17) 20 nmol, which definitely produced permanent paraplegia and neuronal death, Nd/NOS began to express in 
motoneurons at 30 min, increased in numbers and intensities at 2-4 h and persisted up to 8 h. Most of Nd/NOS motoneurons disap- 
peared at 24 h coincident with the neuronal death. Quite a few intensively-stained Nd-positive small cells and swollen varicosities be- 
came visible only in rats with permanent paraplegia and neuronal death, beginning at 2 h, maximizing at 3-4 h and remaining up to 
24 h. These results suggest that NOS expression was induced in the ventral horn of spinal cord, including small cells and varicosities as 
well as motoneurons closely correlated in time and degree with pathological changes in motoneurons caused by spinal Dyn neurotoxic- 
ity. 
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NADPH-diaphorase (Nd) histochemical staining re- 
veals the architecture of nitric oxide (NO)-producing cells 
and cellular processes in great detail [18] and has been 
universally adopted as a specific marker for NO synthase 
(NOS) cells [5,18,19]. Recently, experimental studies 
regarding the role of NO in the central nervous system 
(CNS) injury have been very controversial. Most experi- 
ments in vitro have clearly demonstrated that NO medi- 
ates the neural injury induced by excitatory amino acid 
(EAA) overstimulation and calcium overload [6]. NO 
donor, given in vitro [6] or in vivo [11], directly induced 
neuronal degeneration. NO/NOS has been reported to be 
involved in the acute and chronic CNS injury [2]. Inhibi- 
tion of NOS has been reported to have a neuroprotective 
role in focal cerebral ischemia [2,21,22], spinal root 
avulsion [19] and glutamate neurotoxicity [6]. Quite re- 
cently, however, NOS inhibition was proved to aggravate 
cerebral ischemic damage [4,15], and infusion of L- 
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arginine [13] or NO donors [21] ameliorated the ischemic 
infarction after middle cerebral artery occlusion in rats. 
Nd/NOS activities in motoneurons of spinal cord began to 
express only 1-2 weeks after ventral root avulsion and 
appeared to be related to the neural regenerative processes 
following injury [19]. 

Dynorphin (Dyn) is an endogenous agonist of tc-opioid 
receptor and participates in spinal nociceptive processes 
[ 16]. But, intrathecal (i.t.) administration of Dyn at higher 
doses has been widely reported to induce dose-dependent 
hindlimb paralysis [8,12]. We have demonstrated that this 
is an EAA- and calcium-mediated phenomenon, since 
both N-methyI-D-aspartate (NMDA) receptor antagonists 
and calcium channel blocker prevent the spinal cord from 
Dyn neurotoxicity [17]. The purpose of this study is to 
investigate whether NO mediates Dyn neurotoxicity. 

Experiments were performed on Wistar rats (250- 
300 g). Under pentobarbital sodium (40 mg/kg) anesthe- 
sia, an intrathecal line was implanted to the lumbar en- 
largement according to Yaksh and Rudy (1976). Twenty- 
four hours later, Dyn A(I-17)  (from Peninsula, lot num- 
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Fig. 1. Nd/NOS staining of spinal sections from normal control rats and under different experimental conditions. (A) Most motoneurons were Nd/NOS- 
negative in saline-treated rats. (B) A few motoneurons were slightly Nd/NOS-stained at 30 min after Dyn 20 nmol. (C) Several intensively stained cells 
were circling the lateral motoneuron group and an isolated Nd-positive large cell had rich long processes (big arrow) at 2 h after Dyn. (D) A lot of  
Nd/NOS-positive small cells, neurites, vancosities (right) and motoneurons (left) became clearly visible 3 h after Dyn. (E) Magnification from (D). (F) 
Some motoneurons and small cells are still Nd/NOS-positive at 4 h after Dyn. (G) Nd/NOS-positive motoneurons were scarcely seen but a few small 
cells and varicosities remained intensively Nd-stained at 24 h after Dyn. (H) Magnification from (G). (1) A few intensively-stained Nd/NOS-positive 
small cells and swollen varicosities were seen in the ventral horn and root at 3 h after Dyn. x, laminae X; v, ventral; d, dorsal; i, lateral incision for 
labelling: f, neurites; arrows, varicosity; arrowheads, motoneurons; fine arrows, small cells. Scale bars = 100/.tm. 

ber 22260) or saline was infused in a volume of 10~1 
followed by 10/~1 of saline to flush the catheter within 
I min. Hindlimb neurological function was evaluated 
over a 48 h period after infusion. Neurological function 
was scaled by the eight-point method of Faden (1987). 

At 30 min, 2, 3, 4, 8 and 24 h after i.t. Dyn A(1-17) 
10 nmol and 20 nmol, respectively, rats were deeply an- 
aesthetized again with pentobarbital sodium and perfused 
transcardially with 0.1 M phosphate buffered saline (PBS) 
followed by 4% paraformaldehyde in 0.1M PBS. The 
spinal cord 2 cm rostral and caudal to the tip of the im- 
planted catheter were dissected and postfixed for 2-3 h in 
the same fixative at 4°C, then cryoprotected in 30% su- 
crose overnight. 

Sequential vibratome transverse sections (40/~m) were 
collected in 0.1 M PBS. Then, freefloating sections were 
incubated in a freshly-prepared reaction solution contain- 
ing 0.1 M PBS (pH 7.4), 0.4% Triton X-100, 0.25 mg/ml 

nitroblue tetrazolium and 1.0 mg/ml fl-NADPH (Sigma) 
at 37°C for 1-2 h. Some of the Nd-stained sections were 
counterstained with neutral red for their cytoarchitecture. 
To control variability in histochemical procedure, all the 
sections went through the same staining run for the same 
period of time. Furthermore, the saline-controlled sections 
labelled by incision were mixed with sections from Dyn- 
treated rats and stained in the same staining tube. The 
numbers of Nd-positive cells (including motoneurons and 
small cells) and the total numbers of motoneurons con- 
taining a clearly visible nucleus in the ventral horn were 
counted in 10-20 random sections per animal using a 
10x objective and brightfield illumination. Differences 
between saline control and various experimental treat- 
ments were analyzed with one-way ANOVA and FLSD 
comparison. Statistical significance was determined at 
P < 0.05. 

In the saline-treated control rats, isolated Nd-stained 
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Table 1 

Numbers  of motoneurons  (Mn) and Nd-posi t ive cel ls  (Nd) per section (bilateral) in medial  (MV) and lateral (LV) ventral  horn fol lowing i.t. Dyn A ( 1 -  

17) 20 nmol  

Group Saline (80) Dyn A ( I - 1 7 )  20 nmol 

30 min (60) 2 h (60) 3 h (40) 4 h (60) 8 h (40) 24 h (40) 

MV Mn 47 _+ 8 42_+ 12 31 _ 2* 9 _  1" 3 5 _  2* 2 0 _  2* 6-+ 1 '  
MV Nd t - 0.2 4 _ 0.5* 7 _+ 0.6* 5 _ 0.4* 5 - 0.7* 5 :t: 0.7* 1 _+ 0.3* 
LV Mn 82 + 18 64 _ 10 49 _+ 2* 28 _+ 2* 47 _+ 4* 33 _+ 2* 7 _+ 1" 
LV Nd 2 __. 0.4 14 __. 1.4" 18 _+ 1.2" 17 _ 1.2" 16 _+ 1.4" 10 _+ 1.1" 5 -+ 1 

Values  represent  mean  _ SEM. Numbers  of  sections are in parentheses,  and 20-30  sections per animal  were counted. 
*P < 0.05, s ignif icant ly  different from saline-treatment.  

cells were rarely seen in the ventral horn, usually in the 
medial portion (Fig. 1A). In Dyn-treated rats, the effect 
varied with the dose of Dyn used. At 10 nmol, which pro- 
duced only transient paralysis with the present batch of 
Dyn, no significant changes in the morphology and distri- 
bution of Nd-stained neurons were noticed at all time 
points after i.t. Dyn A(1-17). There were neither any 
significant changes of total motoneurons nor pathological 
findings. 

Abnormal Nd/NOS expression and pathological 
changes became visible after i.t. Dyn A(1-17) 20 nmol, 
which consistently produced permanent paraplegia. 
Larger population and stronger staining of Nd-positive 
cells and neurites were observed. The cell bodies of a few 
motoneuron began to be lightly stained at 30 min after 
injection (Fig. 1B). The number and intensity of Nd- 
positive cells in the ventral horn, especially its lateral 
portion, increased significantly at 2-4 h and persisted up 
to 8 h (see Table 1, Fig. 1C-F). While the Nd/NOS- 
negative motoneurons appeared purely red in saline con- 
trol rats, the Nd/NOS-positive motoneurons stained pur- 
plish as a mixture of blue (Nd-stained) and red (Neutral 
red counterstained). The Nd/NOS staining of motoneu- 
rons varied in intensity and site. The nucleus and most 
distal processes of the Nd-positive motoneuron were not 
stained. Quite a few unipolar or bipolar Nd-positive small 
cells (4-18/ tm)  and their fibers were most deeply stained 
in the region of the ventral horn where the motoneurons 
were lost, in sharp contrast to the contralateral ventral 
horn (Fig. 1D). They were most significant at 3-4 h. 
Some varicosities were also swollen. Some of the inten- 
sively-stained Nd-positive neurites and swollen varicosi- 
ties were found to extend into the ventral root or reach the 
pia surface (Fig. 1I). The maximal numbers of Nd- 
positive small cells and swollen varicosities per section at 
2, 3, 4 and 8 h were 4, 18, 19 and 15, respectively. At 
24 h, the majority of the stained motoneurons disap- 
peared, while a few Nd-positive small cells and swollen 
varicosities were still visible (Fig. 1G,H, Table 1). 

Both Nissl staining with thionin and counterstaining 
with neutral red revealed no histopathological changes in 
motoneurons at 30 min after Dyn A(1-17) 20 nmol. Sig- 

nificant and progressive degeneration (chromatolysis, 
nucleus dislocation, nucleolus disappearances, etc.) and 
even cell death were shown at 2-4 and 8 h (Table 1). At 
24 h, most motoneurons disappeared, leaving vacuoles 
and remnants of dead neurons. 

The abnormal Nd/NOS expression and pathological 
changes were most apparent within the first segment of 
the spinal cord 0.5 cm from the tip of the catheter, and 
less so within the second 0.5 cm segment, varying with 
the severity of Dyn neurotoxicity. 

Increasing evidences indicated that Dyn-induced motor 
dysfunction might involve both opioid and non-opioid 
mechanisms [8]. Activation of NMDA receptor and cal- 
cium overload were also implicated [8,12,16,17]. The 
present study proved morphologically that spinal Dyn 
neurotoxicity induced Nd/NOS expression in ventral horn 
cells in close correlation to motor dysfunction and moto- 
neuronal death. 

The source of NO production after CNS injury was 
unclear. A few in vitro studies have demonstrated that NO 
produced from neurons [6], astrocytes [9] and microglia 
[1] might all mediate neurotoxic injury. Neuronal NO 
production in vivo has been recently reported to exacer- 
bate brain ischemic injury [10]. Nd/NOS expressions 
were induced in astrocyte by brain ischemia [7]. In this 
study, the intensively Nd-stained small cells and swollen 
varicosities appeared only in those rats with irreversible 
permanent paraplegia and severe motoneuron loss. This 
implied that NO generated by the small cells and swollen 
varicosities could be the source of NO that initiated neu- 
ronal death. The type and nature of these small cells and 
swollen varicosities need further investigation. Some of 
the small cells were more than 10/~m in length and had 
unipolar or bipolar processes, which appeared to impli- 
cate themselves as small interneurons. The others, about 
4-10/*m in size, might be glial cells. The enlarged vari- 
cosities and neurites might suggest the abnormal changes 
of axonal transport. 

The induction of Nd/NOS expression in motoneurons 
is a significant but unexplained phenomenon. Nd/NOS- 
positive cells in vivo have been reported to be selectively 
resistant to NMDA neurotoxicity and spared in Hunting- 
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t o n ' s  and  A l z h e i m e r ' s  d i seases  [14]. Here  in the  spinal  

cord,  the  i nduc t i on  o f  n o r m a l l y  d o r m a n t  and  unexp re s sed  

N O S  in m o t o n e u r o n s  m i g h t  he lp  in the i r  surv iva l ,  but  

u l t ima te ly  does  no t  p ro tec t  t h e m  f rom b e i n g  ki l led by i.t. 

Dyn.  W e  specu la te  tha t  the  e x p r e s s i o n  o f  N O S  in moto-  

neu rons  cou ld  be  a par t  o f  the  b o d y  de f ens e  m e c h a n i s m  

as W u  and  Li [ 19] h a v e  sugges ted .  

In conc lu s ion ,  this  is the  first  r epor t  on  the induc t ion  o f  

N d / N O S  e x p r e s s i o n  by  n e u r o t o x i c  agen ts  in m o t o n e u -  

rons ,  and  espec ia l ly  the  N d - p o s i t i v e  smal l  ce l ls  as well  as 

swol l en  var icos i t i es  in the  vent ra l  ho rn  o f  the  spinal  cord.  

T h e y  were  c o i n c i d e n t  wi th  D y n  spinal  neuro tox ic i ty  and  

c lose ly  co r re l a t ed  in t ime  and  d e g r e e  wi th  m o t o r  dys-  

func t ion  and  n e u r o n a l  dea th .  

Th i s  s tudy  was  s u p p o r t e d  by  the  Na t iona l  Na tura l  Sci- 

ence  F o u n d a t i o n  o f  C h i n a  and  C h i n a  Med i ca l  Boa rd  o f  

N e w  York .  W e  are  gra te fu l  to Dr. S o l o m o n  H. Snyder ,  

Dr.  Ted  M.  D a w s o n  and  Dr. J i n g - s h e n g  Liu  for  the i r  

va luab l e  c o m m e n t s  on  our  manusc r ip t .  
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