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Abstract 

Introduction: This study determined the presence of nitric oxide synthesis isoforms (nNOS, iNOS, and eNOS) in thoracic 

spinal cord segments and nodose ganglia of rats with gamma-irradiated livers. Material and Methods: Male rats (n = 32) were 

divided into equal groups A, B, C, and D. In group A, the controls, no radiation was applied, while groups B, C, and D received 

10 Gy of ionising gamma radiation. The rats of group B were euthanized at the end of the first day (d1), those of group C on the 

second day (d2), and those of group D on the third day (d3). The liver, spinal cord segments, and nodose ganglion tissues were 

dissected and fixed, and the liver sections were examined histopathologically. The other tissues were observed through a light 

microscope. Results: Regeneration occurred at the end of d3 in hepatocytes which were radiation-damaged at the end of d1 and 

d2. On d1, some nNOS-positive staining was found in the neuronal cells of laminae I–III of the spinal cord and in neurons of the 

nodose ganglion, and on d3, some staining was observed in lamina X of the spinal cord, while none of note was in the nodose 

ganglion. Dense iNOS-positive staining was seen on d1 in the ependymal cells of the spinal cord and in the glial cells of the 

nodose ganglion, and on d3, there was still considerable iNOS staining in both tissues. There was clear eNOS-positive staining in 

the capillary endothelial cells of the spinal cord and light diffuse cytoplasmic staining in the neurons of the nodose ganglion on 

d1, and on d3, intense eNOS-positive staining was visible in several endothelial cells of the spinal cord, while light nuclear 

staining was recognised in the neurons of the nodose ganglion. Conclusion: The nNOS, iNOS, and eNOS isoforms are activated 

in the spinal cord and nodose ganglion of rats after ionising radiation insult to the liver. 
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Introduction 

Ionising radiation is defined as high-frequency and 

high-energy X-rays and gamma rays that produce 

changes by removing electrons from atoms and 

molecules in organs, tissues, and cells (14). The basic 

effect of the ionising radiation is that it causes cell 

death due to damage of DNA (15, 32). However, with 

the application of ionising radiation, another effect is 

that free radicals are formed that are necessary for life. 

The production and detoxification of free radicals are 

controlled by a very delicate balance in the body. The 

organism is not affected as long as the equilibrium is 

not disturbed between the rates of formation and 

elimination of these molecules. When this balance is 

disturbed – if the oxidants are increased or the 

antioxidants are insufficient – the organism is exposed 

to oxidative stress. In an ongoing imbalanced 

condition, the functioning of the cellular metabolism is 

impaired, and cellular aging, inflammatory damage, 

© 2020 O. Yılmaz et al. This is an open access article distributed under the Creative Commons Attribution- 

NonCommercial-NoDerivs license (http://creativecommons.org/licenses/by-nc-nd/3.0/) 



446 O. Yılmaz et al./J Vet Res/64 (2020) 445-453 

 

and tissue damage ensue in many vital organs with 

resulting molecular destruction, and pain is the 

consequent response (13, 23). 

Nitric oxide (NO) is a gas derived from the amino 

acid L-arginine by the action of the enzyme nitric 

oxidase. NO is a very reactive molecule, and therefore 

has a very short half-life. It is an unusual inhibitory 

neurotransmitter because it does not bind to membrane 

receptors. NO is a stimulating molecule produced by 

endothelial cells and neurons in the brain. It may have  

a function in memory creation, because it is located in 

the hippocampal formation. In addition, NO is also 

found in the olfactory system, cerebellum, striatum, 

cerebral cortex, hypothalamus, mesencephalon, and 

spinal cord (24, 37) and may have a role in the 

development of ependymal cells (29). NO plays a role 

in epileptic activity, nociception (as an important 

determinant (27)), learning and memory, anxiety, 

depression, stress, eating and drinking behaviour, 

sexual behaviour, neuroendocrine functions, the 

modulation of neurotransmitter release, the continuity 

of the blood–brain barrier, the cardiac rhythm, the 

regulation of the sleep–wake cycle, apoptosis, 

differentiation, development, and synaptic plasticity. It 

is also responsible for the neurotoxicity observed in 

diseases such as Alzheimer’s, Huntington’s, and 

cerebral ischaemia (4). 

It is well known that NO is produced by isoforms 

of nitric oxide synthase (neuronal NOS, inducible 

NOS, endothelial NOS, and bacterial NOS). In general, 

nNOS is a neuronal and essential form, iNOS is a form 

that is distributed throughout the body after suitable 

stimulation or induction, and eNOS is found  

in the vascular endothelium (6) located in endothelial 

cells (2). Recently, bNOS activity has been determined 

in several bacterial species, including notorious 

pathogens such as Staphylococcus aureus and Bacillus 

anthracis (12). 

The liver is associated with all of the stimulation 

in the body, both humoral and neural. The brain is 

potentially stimulated to respond to the sensory 

information associated with the metabolic, immune, 

and other functions of the liver (5, 11, 22). It can alter 

these functions through hormonal and neural pathways 

(31). The neural relationship between the liver and the 

central nervous system is both vagal sensory 

(parasympathetic) and spinal sensory (sympathetic). 

Most of the stimuli transmitted by the vagus nerve are 

delivered to the nucleus of the solitary tract via the left 

nodose ganglion and a small part via the right nodose 

ganglion. Spinal sensory stimuli are transmitted 

through spinal nerves 7–13 to the thoracic spinal cord. 

Vagal sensory nerve cell bodies are located in the 

nodose ganglion (NG), and spinal sensory nerve cells 

are found in the dorsal root ganglion (DRG) (5). 

In this study, we aimed to investigate the  

NOS isoforms (nNOS, eNOS, and iNOS) 

immunohistochemically in the spinal cord and nodose 

ganglion of rats exposed to ionising gamma radiation of 

the liver. 

Material and Methods 

Experimental animals. A total of 32 rats aged  

4–5 weeks, with a body weight of 190–210 g were used 

in the study. The animals were housed at a standard 

temperature (22 ± 1°C), and in a 12-h light–dark cycle 

environment. They were given drinking water and 

standard pelleted rat food ad libitum. At the end of the 

three-day period of the experiment, the study  

was terminated. Then, the rats were anaesthetised  

with a combination of ketamine (50 mg/kg, intra 

peritoneally) and xylazine (10 mg/kg, intra 

peritoneally) and euthanised. Thoracic spinal cord 

segments (th 7–13) and the nodose ganglia were 

removed and fixed by immersion for 2 h in 10% 

buffered formalin. 

Exposure to radiation. The rats were randomly 

classified into four groups of eight per group. The 

radiation groups (B, C, and D) received 10 Gy of 

ionising gamma radiation. The irradiations were 

performed using a cobalt-60 teletherapy device. The 

beam concentration was placed at the appropriate depth 

for the liver region in the ionising radiation groups. The 

scheme was as follows: 

1) Group A: The control group, to which no 

ionising gamma radiation was applied; 

2) Group B: 10 Gray (Gy) of ionising gamma 

radiation was applied and the experiment was 

terminated on the first day; 

3) Group C: 10 Gy of ionising gamma radiation 

was applied and the experiment was terminated on the 

second day; 

4) Group D: 10 Gy of ionising gamma radiation 

was applied and the experiment was terminated on the 

third day. 

Light microscopic examination. At the end of 

the dissection and fixation, tissue samples (liver, 

thoracic spinal cord segments (th 7–13), and the nodose 

ganglia) were embedded in paraffin blocks and serial 

sections of 4 μm were taken with a microtome and 

prepared on slides. All the sections were stained with 

haematoxylin-eosin. Then, the liver sections were 

examined histopathologically by light microscopy 

(Nikon Eclipse 80i-DS-RI2, Japan). In the next phase, 

immunohistochemical staining for nNOS, iNOS, and 

eNOS was performed in the remaining tissue sections 

using the immunoperoxidase method. Commercial 

antibodies were visualised on 4-μm-thick paraffin 

sections using an indirect streptavidin/biotin 

immunoperoxidase kit (Histostain Plus Bulk Kit, 

Zymed, USA). The thoracic spinal cord segments  

(th 7–13) and nodose ganglion sections were incubated 

with primary antibodies (nNOS, ab1376; iNOS, 

ab15323; eNOS, ab76198; all at 1/100 dilution; all 
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Abcam, UK) overnight at 4°C. Finally, to visualise the 

reactions, the sections were reacted for 5–15 min with 

diaminobenzidine. The sections were observed and 

photographed through the light microscope. 

Results 

Histopathological examination. In the control 

group, a normal histological appearance of the liver 

was determined (Fig. 1A). On the first day after 

irradiation, the vesicular structure in the nuclei of 

hepatocytes was replaced by a grey homogenous mass. 

Furthermore, it was noted that the nuclei of hepatocytes 

were smaller and marginally hyperchromatic, while the 

cytoplasm was paler (Fig. 1B). 

On the second day, it was found that these changes 

had also taken place in the nuclei of the hepatocytes in 

all regions of the liver lobules, and in addition, partial 

shrinkage had occurred in these nuclei, and hydropic 

degeneration was seen in their cytoplasm (Fig. 1C). 

On the third day, the second-day changes were 

less prominent in two cases, but in the remaining cases 

the nucleus and cytoplasm of hepatocytes had a normal 

appearance (Fig. 1D). This shows that the regeneration 

of hepatocytes occurred on the third and later days after 

the rats’ irradiation. 

Immunohistochemical examination. The 

presence and distribution of all forms of NOS were 

investigated in the spinal cord and nodose ganglion by 

immunohistochemical staining on the first, second, and 

third days. Rexed lamination was used to identify the 

locations of NOS-positive cells in the spinal cord (25). 

 

 

 

Fig. 1. Histopathological examination of the liver. A – the control group; B – the first day; C – the second day; D – the third day 
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n-NOS immunoreactivity. On the first day, 

nNOS-positive cells were observed in the superficial 

lamina (lamina I–II) of the spinal cord of the rats which 

received ionising radiation to the liver. These cells 

were also found to a lesser extent in lamina III–IV  

(Fig. 2A, arrows). In the nodose ganglia, nNOS 

immunoreactivity was seen as mild perineural staining 

in several cells (Fig. 2B, arrows). 

On the second day, it was seen that nNOS 

immunoreactivity decreased in lamina I–II to one or 

two cells (Fig. 2C, arrows). The immunoreactivity of 

nNOS in nodose ganglia also decreased and was seen 

perineurally in one cell (Fig. 2D, arrow). 

On the third day, a few nNOS-positive cells were 

observed in lamina X of the spinal cord with no 

remarkable staining in the nodose ganglia (Fig. 2E, F), 

and nNOS-positivity was detected very mildly in the 

nucleus of the neurons in the nodose ganglia (Fig. 2F). 

The immunoreactivity of nNOS, which was present in 

both tissues on the first day, lessened on the second 

day, and disappeared on the third day. 

 

 
Fig. 2. nNOS immunoreactivity. A – the first day, in the spinal cord; B – the first day, in the nodose ganglion; C – the second day, in the spinal 

cord; D – the second day, in the nodose ganglion; E – the third day, in the spinal cord; F – the third day, in the nodose ganglion 
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iNOS immunoreactivity. On the first day, 

intensive iNOS immunoreactivity was observed in the 

ependymal cells around the central canal of the spinal 

cord. In addition, lamina X had intense, long axonal 

staining (Fig. 3A). In the nodose ganglia, iNOS 

staining was observed commonly as fine granules in the 

cytoplasm of neurons (Fig. 3B). 

On the second day, the immunoreactivity of iNOS 

was evident with less intensity than on the first day in 

the ependymal cells of the central canal of the spinal 

cord. Also, lamina X had weaker and shorter axonal 

staining than on the first day (Fig. 3C). In the nodose 

ganglia, iNOS staining was seen as thin granules  

(Fig. 3D, thick arrows) in the cytoplasm of neurons, 

and more prominently in some neuroglial cells  

(Fig. 3D, arrows). 

On the third day, the immunoreactivity of iNOS 

was determined to be less intense than on the second 

day in the ependymal cells of the central canal of the 

spinal cord. The axonal staining in lamina X was 

weaker than on the second day (Fig. 3E). This three-

day pattern in the spinal cord shows a gradual reduction 

in iNOS-expression. In the nodose ganglia, iNOS 

staining was noticed as thin granules in the periphery of 

the cytoplasm of neurons, and in the neuroglial cells 

(Fig. 3F). 

 

 

 

Fig. 3. iNOS immunoreactivity. A – the first day, in the spinal cord; B – the first day, in the nodose ganglion; C – the second day, in the spinal 

cord; D – the second day, in the nodose ganglion; E – the third day, in the spinal cord; F – the third day, in the nodose ganglion 
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e-NOS immunoreactivity. On the first day, NOS-

positive staining was found in the capillary endothelial 

cells of the spinal cord (Fig. 4A, arrow). In the nodose 

ganglia, light diffuse cytoplasmic staining was 

observed in the neurons (Fig. 4B). 

On the second day, light eNOS-positive staining 

was observed in one or two endothelial cells of the 

spinal cord (Fig. 4C, arrows). In the nodose ganglion, 

diffuse cytoplasmic and intense local staining were 

determined in the neurons (Fig. 4D). 

On the third day, intense eNOS-positive staining 

was visible in several endothelial cells of the spinal 

cord (Fig. 4E, arrows). A gradual slight increase in 

eNOS expression in the spinal cord was seen. However, 

light nuclear staining was observed in the neurons of 

the nodose ganglia (Fig. 4F). 

 

 

 

Fig. 4. eNOS immunoreactivity. A – the first day, in the spinal cord; B – the first day, in the nodose ganglion; C – the second day, in the spinal 

cord; D – the second day, in the nodose ganglion; E – the third day, in the spinal cord; F – the third day, in the nodose ganglion 
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Discussion 

The basic mechanism of action of ionising 

radiation results in tissue and various levels of cell 

damage in many vital organs, such as the liver, and 

nociceptive pain may be experienced (13, 23). NO is  

an important neurotransmitter substance in nociceptive 

events of the body (27). The sensory hepatic nerves of 

the liver – the vagal and spinal afferent innervation of 

the liver – are well known anatomically, which guides 

the investigation of the effects of damage to the liver on 

the nervous system (5). 

It has long been known that the mechanism 

underlying the sense of pain is the release of NO from 

the spinal cord (20, 27). As an example of the 

mechanism in effect, nociceptive behaviours have been 

observed to manifest less in most animal models after 

intrathecal administration of NOS inhibitors (17, 18, 

27). It has been reported that NO is activated as a result 

of pain following ionising radiation applied to the liver 

region (19, 32). This information supports the data 

found in our study that demonstrate the 

immunoreactivity of the NOS isoforms in the spinal 

cord and the nodose ganglion. However, the present 

study is the first report that expresses the 

immunoreactivity of the NOS isoforms in the spinal 

cord and the nodose ganglion after ionising radiation 

applied to the liver region where the pain might have 

occurred. 

Although the three forms of NOS (nNOS, iNOS, 

and eNOS) are all found in the nervous system (1), 

nNOS predominates in terms of the source of NO in 

neurons and their localisation in the synaptic area 

following NO synthase-interacting protein application 

(9). Normally, nNOS immunoreactivity was confirmed 

in the dorsal root ganglia (26, 36, 38), the neurons of 

the superficial layer of the dorsal horn of the spinal 

cord, around the central canal, and the neurons of the 

intermediolateral column cells following noxious 

peripheral stimulation (10, 30, 34, 36). In addition, 

nNOS immunoreactivity was observed in some motor 

neurons of the ventral horn of the spinal cord of rats 

following induction of chronic arthritis (36). The 

release of nNOS in the superficial layer of the dorsal 

horn does not occur during the first few days after 

birth, and begins to develop in the second week (16, 30, 

36). In the postnatal development phase, its activity 

was determined in the ependymal cells of the central 

canal (29). In the present study, the findings for nNOS-

immunoreactivities supported those in the cited 

literature. 

In the present study, nNOS immunoreactivity was 

found in the superficial lamina (lamina I–II) of the 

spinal cord of the rats with ionising radiation insult to 

the liver, and to a lesser extent in lamina III–IV. This 

laminar distribution is consistent with the places where 

afferent nerve cells activated by noxious visceral 

stimuli terminate in the spinal cord (7, 8, 33). Given 

that nNOS is more likely to be associated with cells in 

these laminae, it suggests that the presence of nNOS in 

the spinal cord can be interpreted as being provided 

through the sensory pathways. We believe that  

a definitive elucidation could be made with calcitonin 

gene-related peptide (CGRP)-nNOS double staining. 

Indeed, c-Fos-nNOS positive double-labelled cells in 

these laminae were detected as a result of noxious 

stimuli (28). In the nodose ganglion, nNOS 

immunoreactivity is seen as mild perineural staining in 

several cells. The presence of nNOS in both the spinal 

cord and nodose ganglion suggests that the application 

of ionising radiation causes noxious stimuli in the liver. 

The fact that the presence of nNOS in both tissues is 

high at the beginning, then diminishes, and is not seen 

at the end, is consistent with the time-dependent 

decrease reported in the literature (10, 20, 26, 29, 30). 

Inducible NOS was intensely stained in the 

ependymal cells of the spinal cord from the first day, 

and this staining weakened day by day. Ependymal 

cells are considered a type of neuroglia cell. 

Considering that among the functions of neuroglia cells 

is protection of nerve cells (an immune defence 

function) (35), it can be interpreted that changes in the 

liver caused by ionising radiation affect the central 

nervous system, and these radiation stimuli cause 

increased defence activities in the glial cells. Based on 

this hypothesis, the dense presence of iNOS in the 

ependymal cells on the first day and sparser presence 

on the following days suggests that in the central 

nervous system in the early days after ionising 

radiation, NO may have a defensive role in these cells. 

Dense, granular, focal cytoplasmic staining of iNOS in 

the nodose ganglia was observed, and the presence of 

iNOS in these cells is shown for the first time in this 

study. The synthesis of iNOS results from the 

stimulation of microbial endotoxins and cytokines (3, 

21). In this regard, it is necessary to investigate whether 

the iNOS-positive neuron cells in the nodose ganglion 

are activated by the vagal pathway or by the blood 

circulation. 

Endothelial NOS could not be detected in 

significant presence in the spinal cord. However, from 

the first day, it was stained in several endothelial cells. 

In contrast, in the nodose ganglion, mild diffuse 

cytoplasmic staining in neurons on the first day, intense 

local cytoplasmic staining on the second day, and 

nuclear staining on the third day were determined. This 

eNOS pathway in the spinal cord suggests that NO 

activated by eNOS may be involved in nuclear 

regeneration. However, the presence of eNOS in the 

neurons of the nodose ganglia is observed for the first 

time. As there are not enough studies on this subject, 

further studies should be undertaken to clarify what 

kind of nerve cells the eNOS-positive cells are, or 

whether these cells are the same as or different from 

those synthesised by the other isoforms. 

In general, the results of this study are consistent 

with the anatomy of the nerves innervating the liver. 

They support the data representing the innervation of 



452 O. Yılmaz et al./J Vet Res/64 (2020) 445-453 

 

the liver by the spinal and vagal nerves (5). In addition, 

consideration should be given to the possibility that the 

immunoreactivity of the irradiation-induced NOS 

isoforms in the spinal cord is via the agency of sensory 

neurons, due to damage to the skin where the radiation 

was applied. We think that differentiation could be 

achieved with CGRP double-labelling in future studies. 

To conclude, it was observed that three NOS 

isoforms (nNOS, iNOS, and eNOS) were activated in 

the spinal cord and nodose ganglion of rats treated with 

ionising radiation to the liver, and that this occurred in 

different cells (neuronal cells, neuroglia cells, and 

vascular endothelial cells) of the nervous system. 
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