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Abstract 

The application of sodium nitropmsside, which degrades to nitric oxide (NO) in solution, inhibits early post-denervation depolarization 
of isolated rat diaphragm fibres. The observation that 'old' solutions of sodium nitroprusside (that have been allowed to decompose) are 
without effect and that haemoglobin, oxadiazolo quinoxalinone (ODQ) and methylene blue can antagonize the inhibition normally 
produced by sodium nitroprusside suggests that the inhibitory effects of sodium nitroprusside on early post-denervation depolarization are 
mediated by NO and guanylyl cyclase. This is in accord with our recent observations with NO synthase activation and inhibition in the 
diaphragm. 
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1. Introduct ion 

Short-l ived molecules of  nitric oxide (NO) have a large 
number of  actions in the nervous system, from NMDA 
receptor-mediated neurotoxicity (Dawson et al., 1991, 
1992) to affecting memory processes (Barinaga, 1991). 
NO modulates synaptic plasticity (Zorumski and Izumi, 
1993; Edelman and GaRy, 1992) and transmitter secretion 
(Hirsch et al., 1993) and regulates activity-dependent gene 
expression in neurones (Peunova and Enikolopov, 1993; 
Kalb and Agostini,  1993). It has recently been shown that 
the NO-producing enzyme, NO synthase, is regulated by 
various processes such as neuronal activity (Matsumoto et 
al., 1993), neuronal damage (Verge et al., 1992; Wu, 1993; 
Solodkin et al., 1992) and different agents, e.g., nerve 
growth factor (Hirsch et al., 1993). Nitric oxide also 
controls the development  of  spinal cord motoneurones 
(Kalb and Agostini,  1993). We have recently demonstrated 
that NO also participates in the function of  adult neuro- 
muscular synapses where it appears to be a retrograde 
transmitter which is produced in the muscle as a conse- 
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quence of  glutamate and probably also acetylcholine re- 
lease. Incubation of  denervated muscles in the presence of 
exogenous glutamate, acetylcholine and carbachol induces 
Ca2+-dependent synthesis of  NO in the sarcoplasm which 
in turn slows down the early post-denervation depolariza- 
tion (Urazaev et al., 1995a,b, 1997). In the present experi- 
ments we checked the specificity of the NO effect using an 
exogenous source of NO, sodium nitroprusside, which 
releases this radical into aqueous solutions (B/Shine et al., 
1991). 

2. Materials  and methods  

Diaphragms were isolated from male Wistar  rats, 180- 
200 g of  body weight, under ether anaesthesia. We used 
3 - 4  mm wide strips of  parallel intact muscle fibres of the 
diaphragm with no extramuscular nerve stump. The muscle 
strips were pinned with glass needles to the silicone rubber 
bottom of  transparent glass dishes, with 12 ml of glutamic 
acid-free medium No. 199 (Hanks '  salts to which 4.0 g/1  
NaHCO 3 was added for stabilizing pH to 7.2-7.4) ,  and 
were placed in a moist atmosphere of  5% CO 2 and 95% 
0 2 at 37°C for 180-200 rain. Standard glass microelec- 
trodes (tip resistance 15-20 M f L  filled with 2.5 M KC1) 
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were used for rapid recording of the resting membrane 
potential of 2 5 - 3 0  superficial muscle fibres in each strip 
(within 5 - 1 0  min) (Urazaev et al., 1987a). In each group, 
3 - 4  strips of several muscles were used. One-way analysis 
of variance showed no significant difference in mean 
resting membrane potential (RMP) between individual tis- 
sues and all RMPs from each experimental group were 
therefore pooled. 

Compounds and their sources were as follows: a selec- 
tive inhibitor of  NO-sensitive guanylyl cyclase, I H- 
[ l ,2 ,4]oxadiazolo[4,3-a]quinoxal in- l -one (ODQ, Tocris 
Cookson UK, USA), methylene blue (Serva, Germany), 
human haemoglobin A ~, sodium nitroprusside and the rest 
of the compounds (Sigma, USA). Haemoglobin was re- 
duced with sodium dithionate, dialysed and kept lYozen in 
aliquots at - 1 8 ° C  as described by Martin et al. (1985). 
'Fresh '  nitroprusside preparation: crystalline sodium nitro- 
prusside was stored under a nitrogen atmosphere in the 
dark at 4°C and dissolved in the bath 3 min before 
immersion of the muscle strip. One-week-old sodium ni- 
troprusside (Garry et al., 1994; Lindgren and Laird, 1994) 
was obtained either by keeping a I X 10 -~ M aqueous 
solution of sodium nitroprusside under ultraviolet light at 
20°C for 7 days (solution A), by keeping a I × 10 ~ M 
aqueous solution of sodium nitroprusside in the dark at 
4°C for 7 days (solution B), or by keeping crystalline 
sodium nitroprusside under ultraviolet light at 20°C for 7 
days and dissolving it in the bath 3 min before the muscle 
strip was placed therein (solution C). 

The SigmaStat  program, version 0.1 /'or Windows 
(Jandel Corporation 1992-1994) was used for statistical 
analyses. Parametric analysis of variance (ANOVA) of 
experimental groups versus control group was made by 
multiple comparisons using the Bonferroni t-test. 

3. Results 

In the muscle strips, the average resting membrane 
potential measured within 10-15 rain after section was 
- 7 4 . 5  inV. After 3 h it became depolarized by about 8 
mV to - 6 6 . 6  mV (Table I). In the presence of 1 X 10 4 
M fresh sodium nitroprusside for 3 h, the fall in resting 
membrane potential was substantially reduced ( - 70.0 mV, 
Table 1). Sodium nitroprusside therefore effectively re- 
duced the post-denervation depolarization probably due to 
release of NO during sodium nitroprusside hydrolysis 
(B{ihme et al., 1991). 

Since sodium nitroprusside also breaks down into other 
tniscellaneous by-products such as ferricyanide, we evalu- 
ated the ability of one-week-old and light-inactivated 
sodium nitroprusside to change the early post-denervation 
depolarization. Incubation of muscles with I X 10 4 M 
sodium nitroprusside in either solution A, B or C (see 
Section 2) for 3 h did not prevent the drop of  resting 
membrane potential significantly ( P  < 0.05, Table 1). 

To assess whether the sodium nitroprusside-evoked rest- 
ing membrane potential decrease was due to the generation 
of NO, new solutions of sodium nitroprusside were applied 
to muscles that had been pre-exposed to 2 X 10 5 M 
reduced haemoglobin for 5 min. Since haemoglobin binds 
NO, it should prevent NO from accumulating and exerting 
its action (Barinaga, 1991; Hu and EI-Fakahany, 1993; 
Meller  and Gebhart ,  1993). Table 1 shows that 
haemoglobin completely eliminated the sodium nitroprus- 
side-induced protection of the resting membrane potential 
drop in muscles concurrently exposed to freshly dissolved 
sodium nitroprusside. 

It is known that the main target of NO action is 
guanylyl cyclase (Moncada et al., 1991: Nathan, 1992). If 
NO from sodium nitroprusside acts through guanylyl cy- 
clase, then 1 H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-l-one 
(ODQ), a novel guanylyl cyclase-specific inhibitor 
(Garthwaite et a l ,  1995), should eliminate the sodium 
nitroprusside effect. Table 1 demonstrates that 1H- 
[1,2,4]oxadiazolo[4,3-a]quinoxalin-l-one eliminated the 
sodium nitroprusside-induced protection against resting 
membrane potential depolarization as effectively as did 
methylene blue which is considered as an inhibitor of both 
NO synthase (Meller and Gebhart, 1993) and guanylyl 
cyclase (Mayer et al., 1993). 

I H - [ l , 2 , 4 ] O x a d i a z o l o [ 4 , 3 - a ] q u i n o x a l i n -  l -one  (not  
shown), methylene blue and haemoglobin alone at the 
concentrations used together with sodium nitroprusside 
had no effect on resting membrane potential depolarization 
within 3 h. 

Table I 
Resting membrane potential (mean in mV +S.E.M., inside negative) of 
denervated rat diaphragm fibres with a short distal stump 

Resting tnembrane 
potential (mV) 

10 15 rain qtrer net'l'e section - 74.5 + 0.4 (I 20) 

/~/~er d h incut)aliop~ ill a culture mediun~ 

Control 66.6 ± 0.4 (100) 
FreshSNP 70.0+0.4 (65) 
Fresh SNP + haemoglobin 65.0 + 0.4 (75) 
Haemoglobin - 65.5 +0.3 (80) 
FreshSNP+-ODQ -66.3+0.5 (75) 
Fresh SNP+Methylene blue 65.9+0.4 (85) 
Methylenebluc 66.2+_0.4 (75) 
OM SNP/Solution A 66.4_+0.3 (75) 
OIdSNP/SolutionB 67.7+0.4 (80) 
OIdSNP/SolutionC -65.6+0.4 (75) 

SNP. IX!0 4 M sodiunlnitroprussidc/2Xl0 5 Mhaemoglobin:ODQ, 
I XI0 7 M I H-[I,2.4]oxadiazolo[a.3-a]quinoxalin I o n e / 5 X l O  5 M 
methylene blue. Numbers ill parentheses indicate the number of muscle 
fibres recorded. For the composition of fresh and old SNP. solutions A, B 
and C. see Section 2, One way analysis of variance showed significant 
differences in the mean valtlcs for the Control group and tile Fresh SNP 
group (ill positive direction) and in tile Control group and Fresh SNP plus 
haemoglobin group (small negative change). Other groups vs. Control did 
not differ with P < 0.05. 
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4. Discussion 

Recently we observed that the early post-denervation 
depolarization (Bray et al., 1976) is substantially reduced 
in denervated rat diaphragms bathed with k-glutamate, 
N-methyI-D-aspartate (Urazaev et al., 1995a), acetylcholine 
or carbachol (Urazaev et aI., 1995b,1997). The effects 
were not apparent in the presence of nitro-arginine methyl 
ester (NAME), an inhibitor of NO synthase. This indicates 
that the NO synthase system might be involved in the 
regulation of the membrane potential in muscle fibres. 
Such a function of the NO system is consistent with the 
e v i d e n c e  tha t  t he  n e u r o n a l  i s o f o r m  o f  N O  s y n t h a s e  is 

p r e s e n t  in ra t  s k e l e t a l  m u s c l e s  ( N a k a n e  e t  al . ,  1993;  K o b z i k  

et  al . ,  1994)  a n d  in p a r t i c u l a r  at  t he  n e u r o m u s c u l a r  j u n c -  

t i ons ,  where it might be of neural origin (Oliver et al., 
1996). It is known that short-lived NO molecules might 
function not only as neurotransmitters but also as free 
radicals passing through cell membranes and thus transfer- 
ring information between cells (Barinaga, 1991; Bredt and 
Snyder, 1992). In the present study, the effect of NO 
extracellularly released from the freshly prepared sodium 
nitroprusside on early post-denervation depolarization was 
successfully demonstrated: haemoglobin, which is imper- 
meable and binds NO molecules in the extracellular space, 
neutralized their action. The early post-denervation depo- 
larization is apparently due to activation of the chloride 
inward transport (Betz et al., 1986; Urazaev et al., 1987b) 
which is furosemide-sensitive (unpublished observation). It 
can be hypothesized that the hyperpolarizing effect of NO 
formed from sodium nitroprusside in the present experi- 
ments, on the early post-denervation depolarization is due 
to its potency to activate soluble guanylyl cyclase and the 
production of cGTP which in turn activates specific pro- 
tein kinase(s). Eventually C1 transporter protein may be 
phosphorylated and modulated. 
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