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Neurons of rat neocortex and spinal cord express NADPH-diaphorase after heterotopic allo- 
transplantation into the sciatic nerve. These peculiarity of diaphorase expression in transplan- 
ted cells in comparison with brain cells developing in situ suggest an important role of affer- 
ent and efferent relationships in the development of NO mechanisms in neurons. 
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Nitric oxide (NO), a regulator of brain activity, is now 
often referred to new transmitters. In the brain NO is 
formed from arginine in the reaction catalyzed by NO- 
synthase (NOS) possessing diaphorase activity. NOS 
carries electrons from NADPH to a one-electron ac- 
ceptor [3]. NADPH-diaphorase (NADPH-d) indicates 
the presence of NO in cells [3]. In the CNS NO is 
present in vascular endotheliocytes, microglia, astro- 
cytes, and neurons of various brain structures [5-7, 
9,10]. The number of NO-positive neurons increases 
after brain injuries, in hypoxia and ischemia [6,12]. 
NO is involved in the regulation of cerebral bloodflow 
[7]. Therefore, it was of interest to study NO-positive 
cells in the nervous system under conditions of neuro- 
transplantation, which allowed us to trace the histoge- 
netic processes associated with injuries to donor and 
recipient tissues, changed microenvironment, and for- 
mation of atypical afferent and efferent innervation. 
We studied the development of NADPH-positive neu- 
rons of the rat embryonic neocortex and spinal cord 
in heterotopic transplants. 

METHODS 

Twenty male and 5 female Wistar rats (200 g) were 
used in the study. Embryonic neocortex (n=12) and 
spinal cord (n=6) from a 15-day-old rat were trans- 
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planted under ether narcosis as described previously 
[ 1,4]. Neocortical neurotransplants were studied 7, 11, 
15, and 30-60 days after transplantation, spinal cord 
transplants after 30-60 days. The respective brain com- 
partments from newborn and 2-month-old rats served 
as the control. The animals were sacrificed by ether 
narcosis, the material was fixed in 4% paraformalde- 
hyde (Fluka) in phosphate buffer (pH 7.2) for 2.5 h 
and washed with 15% sucrose for 24 h. NOS was de- 
tected by histochemical test for NADPH-d. Histologi- 
cal sections (30-50 ~t) were made on a freezing micro- 
tome and stained for 30 min at 37~ in a solution 
containing 1 mg/ml [3-NADPH (Sigma), 0.3 mg/ml 
NBT (Sigma), and 0.3% Triton X-100 (Serva) (pH 
7.2), dehydrated in ascending alcohols, and embedded 
in Canadian balm. Staining solution without 13-NADPH 
was used as the control. 

RESULTS 

Neurotransplants of  different size were seen in 
70-80% longitudinal sections of sciatic nerves of  
recipient rats at all terms (Fig. 1, a, b). Our previous 
experiments showed that transplanted neuroepithe- 
lial cells of embryonic neocortex and spinal cord sur- 
vived and differentiated into neuroblasts, young and 
mature neurons within 1-2 months after transplanta- 
tion into damaged sciatic nerve [ 1,4]. Uni- and bipo- 
lar neurofibroblasts with round light nuclei and 1-2 
nucleoli appeared in transplants on day 7 postope- 
ration and then merged into clusters [4]; all these 
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Fig. 1. Fragments of embryonic spinal cord (E15; a) 
and neocortex (b, c) 2 months after heterotopic 
transplantation into sciatic nerve of adult rats. Reaction 
to NADPH-diaphorase, x l00  (a, b), • (c). Arrows 
show NADPH-positive nerve cells in the neocortex 
transplant. R: recipient nerve fibers; GI: glial lining; T: 
transplant. 

neuroblasts were NADPH-d-negative. At this term, 
only capillary endotheliocytes in the transplants and 
endotheliocytes and vascular smooth-muscle cells in 
the recipient nerve were NADPH-positive. In vascu- 
lar smooth-muscle cells, NOS is regulated by cyto- 
kins, interleukin-1, and some other substances [11]. 
The appearance of  NADP-positive smooth-muscle 
cells in blood vessels of the nerve is apparently due 

to the presence of interleukin-1 synthesized in nerve 
trunk after injury [13]. 

It was demonstrated that neurogenesis in embryo- 
nic transplants is synchronous with in situ develop- 
ment and differentiation [2,8]. Morphological analysis 
showed that differentiation of some neural elements 
(NE) in transplants 7 days after transplantation was 
similar to cell differentiation in the corresponding 
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brain structure in newborn rats [2]. In contrast to 7-day 
transplants, both the neocortex and spinal cord of  new- 
born rats contained NADPH-positive NE. In the neo- 
cortex these were some small cells (9x13 p) with pro- 
cesses. The spinal cord of newborn rats contained much 
more NADPH-positive NE that the neocortex. There 
were bi-, multipolar, and triangular NE. Many cells 
were larger than in the neocortex (13• p), some of  
them were located near blood vessels. Sometimes thin 
branching processes of  these cells reached the capilla- 
ry walls, their length of  some processes was 70-90 ~t. 

Fig. 2. Fragments of embryonic spinal cord (E15) 
2 months after transplantation into adult rat nerve. 
Reaction to NADPH-diaphorase, x400. a) moto- 
neuron; b) accumulation of small neurons; c) neuron 
near blood vessel. 

On days 10-11 after transplantation, solitary 
NADPH-positive cells (9• ~t) appeared in the neocor- 
tical transplants. These cells were characterized by a 
thin cytoplasic rim and the absence of  processes. The 
intensity of  specific staining in the transplants was 
much lower than in the neocortex developing in situ. 

After 15 days the number, shape, and intensity of  
NADPH-posit ive staining of  NE in the neocortical 
transplants did not differ from those at the previous 
term. However, glial elements at the periphery of  the 
neocortical transplants between recipient nerve fibers 
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showed a weak NADPH-d-specific staining. Our pre- 
vious studies showed that these cells are morphologi- 
cally similar to ependymocytes, the majority of  them 
express glial fibrillary acidic protein typical of  astro- 
cytes [1]. Positive reaction to NADPH-d in these cells 
agrees with previous reports on NO synthesis in the 
ependyma and astrocytes after brain injuries and dur- 
ing tumor growth [ 10]. 

After 1-2 months NADPH-positive neurons of  the 
neocortical transplant grew in size in comparison with 
the previous terms. They differed from NADPH-posi- 
tive neurons in the corresponding brain structures by 
size, processes, and intensity ofhistochemical reaction 
(Fig. 1, b, c); large cells attained 18x13 It. These cells 
typically had round shape and carried no processes, 
while the majority of  NADPH-positive neurons in the 
brain were 18x45 It, intensely stained, with branching 
processes up to 100 la long. Glial elements at the trans- 
plant periphery were more intensely stained for NADPH-d 
than at the previous term. 

The spinal cord transplants contained more 
NADPH-positive neurons than neocortical transplants 
at this term (Fig. 1, a). They were similar to spinal 
cord neurons in rats of  the corresponding age by stain- 
ing intensity and shape. The transplants contained 
large NADPH-positive motoneurons of  different shape 
lying separately and having numerous dendrites (Fig. 
2, a). Sometimes small NADPH-positive neurons for- 
med clusters similar to developing nuclei of  the spi- 
nal cord (Fig. 2, b). Some neurons lie near blood ves- 
sels (Fig. 2, c). 

The appearance of  NADPH-positive neurons in 
the transplants did not coincide with the formation of  
blood vessels (vascular network in the transplants for- 
med much earlier, during the first days after trans- 
plantation). This does not exclude the involvement of  
NOS-positive neurons in the regulation of  cerebral 
blood flow [7], but further studies are needed to elu- 
cidate the mechanisms of interactions between NADPH- 
positive neurons and elements of the vascular wall. 

Our experiments showed that under conditions of  
heterotopic transplantation the neurons transplanted 
into the peripheral nerve synthesize NADPH-d. The 
spinal cord transplants contain more NADPH-positive 
neurons than neocortical transplants. The synthesis of  
NO in transplanted neurons starts later than in neurons 
developing in situ. Published data suggest that NOS- 
synthesizing cells appear in the CNS during the pre- 
natal ontogeny [5,9]. The role of  NO in developing 
brain is not yet clear. Previous experiments on rat ce- 
rebellar cortex showed that NO can be involved in the 
formation of synaptic contacts in the developing brain 
[9]. The presence of  NOS-positive afferent nerve fi- 
bers stimulate migration and differentiation of  neurons 
by promoting the formation of  normal cytoarchitec- 

tonics. NOS-positive afferent fibers induce NO syn- 
thesis in cerebellar neuroblasts [9]. Other authors also 
demonstrated the important role of  NO in the synapto- 
genesis. C. V. Williams et al. [15] showed that the 
appearance of  NOS-positive cells in the tectum co- 
incided with the formation of  retinal pathways and that 
NOS-positive neurons were connected to the retina. 
Presumably the detected delay in the formation of  
NADPH-posit ive neurons in the transplants can be 
caused by insufficient trophic effect of  afferent fibers. 
In our transplantation model nerve tissue developed in 
the absence of  specific afferent innervation. During 
transplantation into the nerve the synaptic contacts be- 
tween the recipient nerve fibers penetrating into trans- 
plant and the transplanted neurons are insignificant 
and their pattern is unknown [14]. 

Hence, neurons of  the neocortex and spinal cord 
express NADPH-d under conditions o f  heterotopic 
transplantation. The differences in diaphorase expres- 
sion between transplanted and in si tu developing cells 
suggest that afferent and efferent connections play an 
important role in the development of  NO mechanisms 
in nerve cells. 
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