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Abstract: One of the common clinical observations regarding long-standing 

diabetes is peripheral neuropathic pain, probably due to its destructive effects on 

the pain modulating neurons of the dorsal gray column of the spinal cord. 

Accordingly, the current study was aimed to analyze the effect of experimental 

hyperglycemia on pain modulating neurons in the lamina I-III of lumbar region of 

spinal cord of albino rats. Thirty-six albino rats with average weight ~250 g were 

grouped equally into six. Diabetes was induced with a single dose of streptozotocin 

(STZ, 60 mg/kg, i.p.). At the end of each experimental period, rats were euthanized 

by deep ether anesthesia, blood was collected and animals were perfused with 

Karnovsky fixative. Spinal cord was dissected and processed for histopathological 

and morphometric parameters and blood for biochemical analysis. Biochemical 

analysis of all diabetic groups revealed increased serum creatinine and reduced 

serum total protein. Histopathology and histomorphometry of dorsal gray column 

and ependymal cells and surrounding structures revealed that with the 

progressively increasing duration of hyperglycemia was associated with decreased 

number of pain modulating neurons in the lamina I-III as well as ependymal cell 

and in addition deposition of collagen fibers in the tunica adventitia of spinal 

arteries and around the small spinal vessels. The associations of long-standing 

hyperglycemia with reduction of dorsal gray column inter neurons, demyelination 

of nerve fibres and excessive deposition of collagen fibers in the tunica adventitia 

of blood vessels appear to be important contributing factors likely to be 

responsible for the diabetes-induced peripheral neuropathic pain. 

Keywords: Collagen; Diabetes; Dorsal gray column; Neuropathic pain; 

Streptozotocin 

 

INTRODUCTION 

Diabetic myelopathy is a complication of 

diabetes mellitus characterized by gradually progressive 

degeneration of spinal cord [1] and manifested as 

hyperreflexia and non dermatomal extremity numbness 

[2]. Many animal studies have confirmed that increased 

oxidative stress and altered balance between pro- and 

antioxidants, probably plays a major role in the 

development of diabetic complications including 

diabetic neuropathy through common final common 

pathway inciting cellular injury [3,4]. Increased 

neuronal glucose level and oxidative stress may have 

association with many glucose-related pathogenetic 

pathways [5,6] and related neurotoxicity may induce 

variety of functional and structural abnormalities in 

both central and peripheral nervous systems [7].  

Generally sensory neurons are more vulnerable to 

conditions of oxidative stress like those in diabetes and 

their association may provide explanation for prominent 

sensory loss and pain in diabetic patients. Excessive 

polyol flux, micro angiopathy, and oxidative stress 

involving alteration of neuron phenotype, mitochondrial 

dysfunction, ion channel alterations, and abnormal 

growth factor signaling, molecular changes in sensory 

neurons have been identified in diabetic models patients 

[8].  Another related study revealed that the long-term 

diabetics lead to the poly neuropathy that is coupled 

with limb numbness, allodynia, and insensitivity to 

injury, which leads to foot ulceration and may 

necessitate amputation [9]. 

 

Rexed’s laminae (Lamina I to X), is an 

architectural classification based on the cytological 

differentiations of the neurons in different regions of the 

gray matter of the spinal cord. The dorsal gray column 

contains 90% interneuron’s and 10% tract cells [10]. 

Laminae I and II are the superficial part of the dorsal 

horn. Lamina 1 also called Lamina marginalis and 

Layer of Waldeyer [10]. Modulation of nociceptive and 

pruritoceptive transmission occur in the dorsal part of 

gray column [11,12] and is transmitted to CNS from 

PNS [10]. Laminae I-III of the dorsal horn contains a 

large number of inhibitory interneuron’s that modulate 

sensory information via GABA and or Glycine before 

this is transmitted to the brain and to other regions of 

the spinal cord and these neurons are considered to have 
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anti-nociceptive function [13,14]. In addition some 

researchers also found excitatory (glutamatergic) 

neurons which overlaps with other neurons [11] 

consisting of two morphological classes vertical and 

radial cells [15]. High threshold nociceptive afferent 

fibres terminate mainly in its superficial layers (laminae 

I and II) and low-threshold mechanosensitive afferent 

fibres mainly innervate the deep dorsal horn (laminae 

III–V) [10]. Chronic pain such due to the increased 

sensitivity to noxious stimuli (hyperalgesia) and the 

painful perception of input from non-nociceptive fibres 

(allodynia) are at least partially due to dysfunctions of 

dorsal horn inter neurons [16]. 

 

There are fewer studies available on the 

morphological and histopathological changes of dorsal 

horn of spinal cord [17] therefore, the present study 

aims at the assessment of alteration in the morphometric 

and microscopic parameters of inter-neurons, glial cells, 

nerve fibres, supporting tissue and vasculature in the 

dorsal horn especially lamina I-III of lumbosacral 

segments of the spinal cord with respect to the 

progressive duration of STZ-induced hyperglycemic 

state of 2W, 1M, 2M, 4M, and 6M periods. 

  

MATERIAL AND METHODS 

Non-diabetic rats of either sex (Total- 36 rats) 

weighing approximately 250g were obtained from 

central animal house, AMU, Aligarh after approval 

from Institutional Animal Ethics Committee (No: 

9025/2014). Prior to commencement of the 

experiments, all animals were placed in the clean well 

ventilated, properly maintained new environmental 

condition and monitored daily with regard to body 

weight, for a period of one week. They were supplied 

with standard pellet diet and water ad libitum and 

maintained on a 12/12 h light/dark cycle. After one 

week of acclimatization, animals were divided into 

following six groups having six rats per group: (1) Non-

diabetic healthy Control, age-matched (2) Diabetic 

Experimental groups: Two week, (3) One month (4) 

Two month (5) Four month and (6) Six month. After 12 

hour fasting, experimental diabetes was induced by 

single dose of streptozotocin (STZ) (60 mg/kg, aqueous 

sol., i.p.). Blood sugar level was monitored with 

Glucometer (Dr Morepen GlucoOne BG03 Blood 

Glucose Meter) from the blood obtained from lateral 

tail vein before beginning and after 48 hour of 

streptozotocin injection. Animals with blood sugar level 

250 mg/dl and above were considered as diabetic. Both 

body weight and blood glucose levels of all animals in 

each group were monitored biweekly. After assigned 

periods from the onset of diabetics, age-matched control 

and diabetic rats were euthanized with over dose of 

ether general anesthesia and whole body was perfusion-

fixed with Karnovsky fixative. After two days spinal 

cord from lumbo-sacral segment were carefully 

dissected out and processed for paraffin embedding. 

Five μm thick paraffin sections stained with 

Hematoxyline & Eosin (H & E), Luxol fast blue (LFB), 

Cresyle Violet (CV) and PicroSirus (PSR) stained 

sections were studied under  trinocular microscope 

(Olympus, BX40, and Japan) and relevant images were 

recorded under x 400 magnification with digital camera 

(Sony 18.2 MP, Japan). Measurements were made by 

using software Motic image version 2.0 were used for 

histopathology and histomorphometry. At the end of 

assigned experimental periods blood samples were 

obtained from direct puncture of heart and collected 

into sterilized plastic vials. Samples were allowed to 

clot, centrifuged at 2500 rpm for 30 minutes; the serum 

was separated, stored and subsequently assayed for 

serum total protein content and serum creatinine level 

by using Avantor Benesphera
TM

 clinical chemistry 

Analyzer C61. The data related to the density and 

number of neurons in the lamina I -III, serum total 

proteins and serum creatinine level were statistically 

analyzed and the significance calculated using one way 

‘ANOVA’ followed by Tukeys test. All numerical 

values were expressed as Mean ± SD and the value of 

P<0.005 was considered as statistically significant. 

 

RESULTS 

Clinical Observation 

General clinical manifestations of diabetes 

such as polyphagia, polydipsia, and polyuria were 

observed in all diabetic groups after STZ-induction of 

diabetes. The mean values of body weight in all diabetic 

groups were reduced at all experimental stages as 

compared to control groups and after 2 days of STZ 

administration. The blood sugar level in all diabetic 

groups showed the hyperglycemic state (> 500 mg/dl) 

throughout experimental periods. Data exhibited in our 

previous studies [18]. 

 

Microscopic observations 

General observation of Cyto and 

myeloarchitectonic characteristics of spinal gray 

column: In all groups CV, LFB and PSR stained tissue 

revealed a clear outline of Cyto- and myeloarchitectonic 

characteristics of spinal gray column. However the 

lamina I in all groups were observed as a thin cell layer 

located at the edge of the dorsal horn having loosely 

dispersed cells consisting of small sized neurons, and 

myelinated as well as non myelinated nerve fibers. 

Lamina II or substantia gelatinosa of Rolando had 

densely packed small sized neurons and non-myelinated 

nerve fibers. Lamina III appeared curved having small 

and medium sized neurons, less closely packed than 

lamina II and thin bundles of myelinated fibers cross 

lamina III in all groups but in lamina IV had features 

very similar to lamina III but also contained additional 

large sized neurons. Lamina V had fewer neurons than 

lamina I to IV but the thickness and number of the 

bundles of myelinated nerve fibers were high. Lamina 

VI located at the base of the dorsal cell column and had 
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many small and medium-sized neurons at its medial 

area and multipolar neurons seen at its lateral part. 

Lamina VII connects ventral and dorsal horn and 

central part. Lamina VIII located on the medial part of 

the ventral horn and contains different sized neurons. 

Lamina IX on the lateral part of the ventral horn contain 

multi polar motor neurons while lamina X or substantia 

grisea centralis connects two half of gray column 

forming anterior and posterior gray commissure. 

Myelinated nerve fibers and small sized neurons were 

observed this region (Figure 1, 2 and 3). 

 

 
Fig-1: Photomicrographs showing the part of dorsal gray column of control groups. Note: Cytoarchitecture 

laminae (1-6) and some myelinated nerve bundles. A very uncommon location of neuron within the lateral white 

column (CT-b) (↑) and blood vessels (*), CV and LFB stains; initial magnification X 100. 

 

 
Fig-2: Photomicrographs showing myelo-architecture of spinal cord of Control rats. Note: Different lamina (1-

10), medullary blood vessels (→) and central canal (*). LFB and PSR stain; initial magnification X 40 (CT-1) and 

X100 (CT-2) 

 

 
Fig-3: Photomicrographs showing the part of gray column showing lamina 8-10 (CT-a) and unusual location of 

neuron in posterior white column (CT-b).  LFB, PSR and CV stains; initial magnification X 100. Inset: Showing 

neurons of the posterior white column (*) as in CT-b. X 1000. 

 

 

Histopathology 
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In all groups, generally varying sized neuron 

was observed in the spinal cord gray matter separated 

by bundles of myelinated nerve fibers of different 

thickness. The ventral grey column, in both control and 

diabetic groups neurones were multipolar and of 

different sized separated by bundles of myelinated 

nerve fibres in all groups. Though comparable features 

were also observed in prolonged diabetic groups, in 6M 

diabetic group they showed slight alteration in the 

motor neurons in the form of slight shrinkage and 

poorly stained myelinated fiber in majority of cases 

(Figure: 7). Blood capillaries were often seen close to 

the different sized motor neurons in all groups (Figure: 

4). Dorsal horn of control group show groups of varying 

sized sensory neurons and other inter neurons densely 

packed with in bundles of myelinated and non-

myelinated nerve fibers.  

 

Ependymal cells were seen as simple cuboidal 

or low columnar type of lining cells having variable 

number of cilia and microvilli of all STZ- induced 

diabetic and age-matched control groups. In control 

group central canal was clearly surrounded by 

ependymal cells and disorganized arrangements as well 

as loss of ependymal cells around the central canal were 

clearly observed in 6M diabetic group as compared to 

control group (Figure: 5). In all groups blood vessels 

were quite commonly observed in the spinal cord and 

capillaries were located very close to neuronal stoma. 

The PSR and LFB stains revealed the connective tissue 

in the tunica adventitia of the anterior spinal vessels and 

capillaries of spinal cord which had fewer collagen 

fibers in control groups. However, in the prolonged 

hyperglycemic group of 6M the collagen fibers revealed 

added the thickening in the tunica adventitia of anterior 

spinal vessels and capillaries of spinal cord. Commonly 

the amount of collagen thickness showed a direct 

correlation with the duration of diabetes as compared to 

the age-matched controls (Figure 6). 

 

 
Fig-4: Photomicrographs showing the part of ventral gray column of control and 6M diabetic groups. Note: 

almost uniformly arranged myelinated nerve fibers (˄), multi polar motor neurons (>), and blood capillary (*). 

CV stains; initial magnification X 1000. 

 

 
Fig-5: Photomicrographs showing central canal lined by ependymal cells of control and 6M diabetic groups (>>), 

central canal (↑↑), myelinated nerve fiber (˄), neuron (↑), and blood vessels (*). Note: the ependymal cells in 6M 

appear to be more numerous having denser apical specialization and also associated with focal disruption in their 

continuity possibly due to cell death. CV stains; initial magnification X 1000. 
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Fig-6: Photomicrographs showing red stained collagen (>>) in the adventitial of anterior spinal arteries of 

control and 6M diabetic groups. Note heaping up of collagen in 6M as compared to control, myelinated nerve 

fiber (↑), RBC (˄). LFB and PSR stains; initial magnification upper pannel X200  and lower panel X 1000. The 

inset shows (6M-a) motor neuron (*) with blood capillaries (>) in its close vicinity, x 1000.  

 

Histopathological Observation 

Total neuronal number in given area (10000µm
2
)  

The total neuronal number in 10000 μm
2
 areas 

of the dorsal gray column (lamina I-III) of the rat spinal 

cord revealed decrement of mean number of the 

neurons in the lamina of I-III of diabetic group as 

compared with age- matched controls. However, the 

decrement is significant (P<0.005) only in 1M, 2M, 4M 

and 6M diabetic groups (Figure 7, 8 and Table 1). 

 

 
Fig-7: Photomicrographs showing the lamina I-III of dorsal gray column of all diabetic groups. Note lamina I-

III, myelinated nerve fiber (˄) inter neurons (>>), blood capillaries (*) and dorsolateral tract (↑). LFB and CV 

stains; initial magnification X 1000 
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Fig-8: Showing that the number of total neurons in the lamina I-III was decreases with advancement of duration 

of hyperglycemia as compared with age-matched control groups 

 

Table-1: Showing changes in the number of ependymal cells lining the central canal and neurons of 

dorsal gray column Lamina I-III (mean±SD). 

Groups 2W 1M 2M 4M 6M 

Control 23.11±1.96 22.86±2.35 23.58±2.15 21.54±3.19 22.60±2.19 

Diabetic 22.75±2.15 20.76±1.37 17.82±2.78 14.61±2.27 10.42±1.59 

 

Biochemical analysis 

In the current study, the serum creatinine level 

were significantly (P<0.05) increases in all diabetic 

groups as compared to age-matched control groups 

except 2W diabetic group. The serum total protein 

levels significantly (P<0.05) decreases in all diabetic 

groups as compared to corresponding control group as 

presented earlier [19]. 

 

DISCUSSION 

Hyperglycemia occurs due to reduced 

secretion of anabolic insulin hormone from the beta-

cells of pancreas or decreased tissue response to insulin 

[20]. This is followed by complex low-grade 

inflammation [21] and reduction of body weight due to 

increased muscle wasting as a result of increased 

protein catabolism in muscles and release of amino 

acids for gluconeogenesis [22,23]. In the current study, 

STZ-induced diabetic groups exhibit the hyperglycemic 

state as well as marked reduction of mean body weight 

throughout experimental period as compared with age-

matched control groups. Pervious related studies also 

observed hyperglycemia and reduction of body weight 

during the experimental periods [3,24] and this was 

found to be in agreement with present study. 

Prolonged hyperglycemia as well as reduced 

intra cellular anti oxidants is believed to be related with 

the systemic and cellular oxidative stress followed by 

high generation of free radicals beyond the scavenging 

abilities of endogenous antioxidant defenses resulting in 

macro-and microvascular dysfunction [25] which 

initiates cellular injury leading to many diabetic 

complications [26]. Long standing hyperglycemia leads 

to glucose neurotoxicity [27] and non-enzymatic protein 

glycation and enhanced the flux of glucose through the 

polyol pathway [28] which leads to alterations of high 

levels of polyunsaturated lipids in the brain, direct lipid 

peroxidation causing lipid membrane disruption and 

consequent slow progressive functional and structural 

neurodegenerative changes [7,29].  

The structure and orientation in terms of cyto- 

and myelo-architecture of gray column of the spinal 

cord were reported to be similar in the control and 

diabetic groups [30] which are in agreement with the 

findings of the present study. Moreover in all groups 

different laminar arrangement by different sized 

myelinated nerve bundles and aggregation of different 

sized neurons can easily be observed. However, in the 

prolonged diabetic groups especially the 6M diabetic 

group showed some structural alterations in terms of 

poor staining myelin possibly indicating partial 

demyelination in majority of nerve fibres. One related 

study observed alterations of myelin in different regions 

of the nervous system due to decreased myelin-

associated glycoprotein, auto antibodies to myelin basic 

protein, myelin damage induced by nitric oxide, 

impairment of oligodendrocyte function, and inhibition 

of glial cell proliferation [31]. Another study explains 

that insulin necessary for the expression of myelin 

glycoprotein P0 and also necessary for the maintenance 

of myelin structure [32]. Generally tract neurons and 

other interneurons were located within gray column. In 
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the current study in the control groups, some tract 

neurons were also located inside the white matter 

mainly lateral and posterior white column. Significance 

of such displaced neurons is not yet clear.  

 

Ependymal cells are non-neuronal and 

modified glial cells characterized by simple ciliated 

columnar cells which line the central canal of the spinal 

cord. These cells are believed to be responsible for the 

exchange of nutrients from CSF to extracellular fluid in 

the neuropil the spinal cord [33, 34], in addition they 

also provide mechanical, chemical as well as metabolic 

support [35]. However it acts as spinal cord-CSF 

crossing point. They express the glucose transporters 

GLUT1 and GLUT2, the Na
+
/K

+
/2Cl

−
 co-transporter, 

and the monocarboxylate transporter 1, all of which can 

move water against an osmotic gradient [36]. Brain 

glycogen is metabolized by enzymes, glycogen 

phosphorylase and glycogen synthase [37]. The 

glycogen phosphorylase brain isoform occurs mainly in 

astrocytes, but interestingly it can also be found in 

several other cell types, such as the choroid plexus cells 

and ependymal cells [38]. In hyperglycemia their 

biological activity and quantity is also reduced [39]. In 

the current study, the central canal in all groups is 

covered by a various sized ependymal cells. However, 

in prolonged hyperglycemic group structural alteration 

of ependymal cells could be noticed. This result was in 

agreement with those of other investigators who 

reported structural and functional disturbances of 

ependyma in prolonged hyperglycemia [39]. 

 

Basement membrane thickening is the most 

prominent and characteristic feature of diabetic 

microangiopathy [40]. Insoluble frame work of 

collagen, elastin, glycoproteins, proteoglycans – 

hyaluronans and integrins in the extra cellular matrix of 

vascular adventitia which is responsible for the 

mechanical supports as well as complex interaction 

between cells or between cells and extra cellular matrix 

of vessels [41]. The basic components of the collagen is 

an amino acids which is wound together to form triple-

helices of elongated fibrils [42]. In fibrosis, collagen 

fibrils is produced by fusion of short and thin fibrils 

with tapered ends and extracellular matrix alterations by 

the activation of pro-sclerotic cytokines and protease or 

anti-protease systems initiate alterations of the extra 

cellular matrix and angiogenesis [43]. Types I, II, and 

III collagen are the fibrillar – interstitial collagens 

which responsible for diabetic induced fibrosis [41]. In 

our previous study [44] the collagen in the tunica 

adventitia of anterior cerebral artery was found to be 

thicker in diabetic group than that of the control group. 

Fibrosis in relation to dorsal root ganglion [45] has also 

been described. In the present study, the control group 

showed thin collagen fibres around the tunica adventitia 

of anterior spinal artery while the prolonged diabetic 

group of 6M showed remarkable presence thick 

collagen fibres. Fibrosis in aforementioned locations 

may be explained by the fact that PKC-β and p38 

mitogen activated protein kinase expression in redox 

reaction was found in diabetic heart which is 

responsible for the progression of fibrosis [46]. 

Moreover AGE and RAGE interaction and increased 

expression of TGF-β which accelerate to the 

development of fibrosis and neoangiogenesis [47].  

 

It has generally been reported that chronic 

hyperglycemia enhances neuronal alterations. The 

present study described the alterations in the neuronal 

number in the laminaI-III of rat dorsal gray column of 

the spinal cord resulting from prolonged STZ- induced 

hyperglycemia. There was a statistically significant loss 

of neurons in the laminaI-III of 2M, 4M and 6M 

diabetic groups as compared with age-matched control 

groups. Some experimental studies reported that 

hyperglycemia causes decrease in the number of 

neurons in gray matter [48]. Hyperglycemia accelerates 

polyol pathway and aerobic glycolysis followed by 

accumulation of excess amount of lactic acid in the 

brain, leads to brain acidosis [49, 50] and dehydration, 

both involved in reduction of blood flow and ischemia 

[51]. Ischemia-related edema involves stimulation of 

Na-K-Cl co-transporter system facilitating edema 

formation and swelling of endothelial cells [52]. 

Moreover production of oxidative stress and excessive 

formation of free radical followed by consumption of 

NADPH [53] and reduction in levels of protective 

endogenous antioxidants [54,55] also involved. Related 

biochemical alterations induces mitochondrial 

fragmentation, AGE as well as RAGE increased 

secondary neuronal death by oxidizing proteins, 

damaging DNA, and inducing the lipid peroxidation of 

cellular membranes [29, 56]. Programmed cell deaths in 

diabetes mellitus also affect neurons because of 

disturbed trophic support possibly due to decreased 

insulin or insulin-like growth factor signaling, or an 

increase in cytokines such as TNFa [57, 58]. These 

evidences and current results which point out that 

prolonged hyperglycemia accelerate alterations of the 

dorsal gray column neuron of the spinal cord. In 

addition, gradual loss of neuropathic pain sensation is 

possibly due to altered function or loss of pain 

modulating neurons in the lamina I-III of the dorsal 

gray column of spinal cord. Some investigators reported 

hyperglycemia induces alterations of gray matter and 

white matter [59]. However, experimental studies 

suggested that hyperglycemia and associated oxidative 

stress have subsequent negative effects on neurons. In 

this context, the pattern of white matter abnormalities 

may be related to the progression of the age because 

hyperglycemia is known to induce acceleration of brain 

ageing [60]. One research finding also suggests that 

blood-brain barrier glucose transport activity is lower in 

white matter than the gray matter [61]. 
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Creatinine has been found to be a fairly 

reliable biomarker of kidney function. Elevated 

creatinine level due to pure clearance of creatinine 

signifies impaired kidney function and also associated 

with greater protein catabolism [62]. In general 

creatinine is an amino acid derived from muscle 

metabolism and it is cleared by tubular secretion [63]. 

Insulin resistance followed by high muscle metabolism 

results elevated serum creatinine due to diabetic 

nephropathy [62,64]. The current study revealed that 

high serum creatinine level in all STZ-induced diabetic 

groups is corresponding to the duration of 

hyperglycemia. The current and previous results 

demonstrated a positive correlation between duration of 

hyperglycaemia and the development of diabetic related 

nephropathy. Total serum protein decreases in all STZ-

induced diabetic groups compared with control. Similar 

results have been shown in other related studies [65,66]. 

One study suggests reduction of total serum protein due 

to low-grade inflammatory process in prolonged 

hyperglycemia [67]. 

 

CONCLUSION 

Based on the histopathological, 

histomorphological and biochemical findings it is 

concluded that hyperglycemia-induced neuronal 

cytotoxicity, reduction of neurons of lamina I-III and 

alteration of micro-vascular environment appear to be 

the significant contributing factors in the development 

of neuropathic pain and dorsal gray column dysfunction 

in chronic diabetes.  

 

Conflict of interest 

The authors declare that they have no conflict 

of interest 

 

ACKNOWLEDGMENTS 

The authors would like to gratefully 

acknowledge all kinds of support and co-operation 

received from Department of Anatomy, and 

Neuroanatomy laboratory, JN Medical College, Aligarh 

Muslim University, Aligarh. 

 

REFERENCES 

1. Eltorai, I. M. (2016). Rare Diseases and Syndromes 

of the Spinal Cord. Springer. 

2. Houten, J.K., & Lenart., C. (2016). Diabetes and 

cervical myelopathy. Journal of Clinical 

Neuroscience, 27, 99-101. 

3. Doddigarla, Z., Parwez, I., Abidi, S., & Jamal, A. 

(2017). Effect of Chromium Picolinate and 

Melatonin either in Single or in a Combination in 

Alloxan Induced Male Wistar Rats. Journal of 

biomedical science. Biomedical Sc, 6, 1-7.  

4. Sytze van Dam, P. (2002). Oxidative stress and 

diabetic neuropathy: pathophysiological 

mechanisms and treatment 

perspectives. Diabetes/metabolism research and 

reviews, 18(3), 176-184. 

5. Andersen, J. K. (2004). Oxidative stress in 

neurodegeneration: cause or consequence?. Nature 

Reviews Neuroscience. 10, 18–25. 

6. Tomlinson, D. R., & Gardiner, N. J. (2008). 

Glucose neurotoxicity. Nature Reviews 

Neuroscience, 9(1), 36-45. 

7. Guven, A., Yavuz, O., Cam, M., Comunoglu, C., & 

Sevi˙ nc, O. R. (2009). Central nervous system 

complications of diabetes in streptozotocin-induced 

diabetic rats: a histopathological and 

immunohistochemical examination. International 

Journal of Neuroscience, 119(8), 1155-1169. 

8. Toth, C., Brussee, V., Cheng, C., & Zochodne, D. 

W. (2004). Diabetes mellitus and the sensory 

neuron. Journal of Neuropathology & 

Experimental Neurology, 63(6), 561-573. 

9. Talbot, S., Chahmi, E., Dias, J. P., & Couture, R. 

(2010). Key role for spinal dorsal horn microglial 

kinin B 1 receptor in early diabetic pain 

neuropathy. Journal of neuroinflammation, 7(1), 

36. 

10. Punnakkal, P., Schoultz, C., Haenraets, K., 

Wildner, H., & Zeilhofer, H. U. (2014). 

Morphological, biophysical and synaptic properties 

of glutamatergic neurons of the mouse spinal dorsal 

horn. The Journal of physiology, 592(4), 759-776. 

11. Todd, A. J. (2010). Neuronal circuitry for pain 

processing in the dorsal horn. Nature Reviews 

Neuroscience, 11(12), 823-836. 

12. Hoon, M. A. (2015). Molecular dissection of 

itch. Current opinion in neurobiology, 34, 61-66. 

13. Polgar, E., Durrieux, C., Hughes, D. I., & Todd, A. 

J. (2013). A quantitative study of inhibitory 

interneurons in laminae I-III of the mouse spinal 

dorsal horn. PloS one, 8(10), e78309, 1-10. 

14. Ross, S. E., Mardinly, A. R., McCord, A. E., 

Zurawski, J., Cohen, S., Jung, C., & Tolias, C. 

(2010). Loss of inhibitory interneurons in the 

dorsal spinal cord and elevated itch in Bhlhb5 

mutant mice. Neuron, 65(6), 886-898. 

15. Maxwell, D. J., Belle, M. D., Cheunsuang, O., 

Stewart, A., & Morris, R. (2007). Morphology of 

inhibitory and excitatory interneurons in superficial 

laminae of the rat dorsal horn. The Journal of 

physiology, 584(2), 521-533. 

16. Zeilhofer, H. U., Benke, D., & Yevenes, G. E. 

(2012). Chronic pain states: pharmacological 

strategies to restore diminished inhibitory spinal 

pain control. Annual review of pharmacology and 

toxicology, 52, 111-133. 

17. Mesnage, B., Gaillard, S., Godin, A. G., Rodeau, J. 

L., Hammer, M., Von Engelhardt, J., & 

Cordero‐Erausquin, M. (2011). Morphological and 

functional characterization of cholinergic 

interneurons in the dorsal horn of the mouse spinal 

https://saudijournals.com/


 

 

Muhamed Faizal et al.; Saudi J. Med. Pharm. Sci.; Vol-3, Iss-11B (Nov, 2017):1242-1252 

Available Online:  https://saudijournals.com/   1250 
 
 

cord. Journal of Comparative Neurology, 519(16), 

3139-3158. 

18. Faizal, M.P.A., & Khan, A,A., (2017). Impact of 

Experimental Hyperglycemia on the Lumbosacral 

Dorsal Root Ganglia of Albino Rats. International 

Journal of Medical and Health Science, 6(3), 158-

164. 

19. Faizal, M., & Khan, A. A. (2017). Effect of 

streptozotocin-induced diabetes on the autonomic 

ganglia of albino rats. Anatomy, 11(2), 51-60. 

20. Balcerczyk, A., Chriett, S., & Pirola, L. (2017). 

Insulin Action, Insulin Resistance, and Their Link 

to Histone Acetylation. Handbook of Nutrition, 

Diet, and Epigenetics, 1-22. 

21. Ernst, M.C., & Sinal, C.J. (2010). Chemerin-at the 

crossroads of inflammation and obesity. Trends in 

Endocrinology and Metabolism, 21, 660-667.  

22. Air, E.L., Strowski, M.Z., Benoit, S.C., Conarello, 

S.L., Salituro, G.M., Guan, X.M., Liu, K., Woods, 

S.C., & Zhang, B.B. (2002). Small molecule 

insulin mimetics reduce food intake and body 

weight and prevent development of obesity. Nature 

medicine, 8(2), 179-183. 

23. Jain, D., Bansal, M.K., Dalvi, R., Upganlawar, A., 

& Somani, R. (2014). Protective effect of diosmin 

against diabetic neuropathy in experimental rats. 

Journal of Integrative Medicine, 12(1), 35-41. 

24. Elsy, B., Khan, A. A., & Maheshwari, V. (2017). 

Therapeutic potential of d-δtocotrienol rich fraction 

on excisional skin wounds in diabetic rats. Our 

Dermatol Online, 8, 1-9. 

25. Baldissera, M. D., Souza, C. F., Grando, T. H., 

Cossetin, L. F., Sagrillo, M. R., Nascimento, K., & 

Klein, B. (2017). Antihyperglycemic, antioxidant 

activities of tucumã oil (Astrocaryum vulgare) in 

alloxan-induced diabetic mice, and identification of 

fatty acid profile by gas chromatograph: New 

natural source to treat hyperglycemia. Chemico-

Biological Interactions, 270, 51-58. 

26. Ceriello, A. (2005). Postprandial hyperglycemia 

and diabetes complications. Diabetes, 54(1), 1-7. 

27. Liu, Z., Ma, C., Zhao, W., Zhang, Q., Xu, R., 

Zhang, H., & Xu, S. (2017). High Glucose 

Enhances Isoflurane-Induced Neurotoxicity by 

Regulating TRPC-Dependent Calcium 

Influx. Neurochemical research, 42(4), 1165-1178. 

28. Giugliano, D., Ceriello, A., & Paolisso, G. (1996). 

Oxidative stress and diabetic vascular 

complications. Diabetes care, 19(3), 257-267. 

29. Kumar, P., Raman, T., Swain, M. M., Mishra, R., 

& Pal, A. (2017). Hyperglycemia-induced 

oxidative-nitrosative stress induces inflammation 

and neurodegeneration via augmented tuberous 

sclerosis complex-2 (TSC-2) activation in neuronal 

cells. Molecular neurobiology, 54(1), 238-254. 

30. Rexed, B. (1952). The cytoarchitectonic 

organization of the spinal cord in the cat. Journal 

of Comparative Neurology, 96(3), 415-495. 

31. Kawashima, R., Kojima, H., Nakamura, K., 

Arahata, A., Fujita, Y., Tokuyama, Y., & Kitamura, 

K. (2007). Alterations in mRNA expression of 

myelin proteins in the sciatic nerves and brains of 

streptozotocin-induced diabetic 

rats. Neurochemical research, 32(6), 1002-1010. 

32. Manu, M. S., Rachana, K. S., & Advirao, G. M. 

(2017). Altered expression of IRS2 and GRB2 in 

demyelination of peripheral neurons: Implications 

in diabetic neuropathy. Neuropeptides, 62, 71-79. 

33. Del Bigio, M. R. (2010). Ependymal cells: biology 

and pathology. Acta neuropathologica, 119(1), 55-

73. 

34. Datta, A.K., & Prasad, V.N. (2009). Essentials of 

Neuroanatomy.( 3
rd

 ed.). Current books 

international. 

35. Mitro, A., Gallatz, K., Palkovits, M., & Kiss, A. 

(2013). Ependymal cells variations in the central 

canal of the rat spinal cord filum terminale: an 

ultrastructural investigation. Endocrine 

regulations, 47(2), 93-99. 

36. MacAulay, N., & Zeuthen, T. (2010). Water 

transport between CNS compartments: 

contributions of aquaporins and 

cotransporters. Neuroscience, 168(4), 941-956. 

37. Pfeiffer‐Guglielmi, B., Fleckenstein, B., Jung, G., 

& Hamprecht, B. (2003). Immunocytochemical 

localization of glycogen phosphorylase isozymes in 

rat nervous tissues by using isozyme‐specific 

antibodies. Journal of neurochemistry, 85(1), 73-

81. 

38. Magistretti, P. J., Sorg, O. L. I. V. I. E. R., & 

Martin, J. L. (1993). Regulation of glycogen 

metabolism in astrocytes: physiological, 

pharmacological, and pathological 

aspects. Astrocytes: pharmacology and function, 

243-265.  

39. Henke, B. R., & Sparks, S. M. (2006). Glycogen 

phosphorylase inhibitors. Mini reviews in 

medicinal chemistry, 6(8), 845-857. 

40. Roy, S., Maiello, M., & Lorenzi, M. (1994). 

Increased expression of basement membrane 

collagen in human diabetic retinopathy. Journal of 

Clinical Investigation, 93(1), 438. 

41. Hayden, M. R., Sowers, J. R., & Tyagi, S. C. 

(2005). The central role of vascular extracellular 

matrix and basement membrane remodeling in 

metabolic syndrome and type 2 diabetes: the matrix 

preloaded. Cardiovascular diabetology, 4(1), 9.  

42. Hentzen, N. B., Smeenk, L. E., Witek, J., Riniker, 

S., & Wennemers, H. (2017). Cross-Linked 

Collagen Triple Helices by Oxime 

Ligation. Journal of the American Chemical 

Society, 139(36), 12815-12820. 

43. Ban, C. R., & Twigg, S. M. (2008). Fibrosis in 

diabetes complications: pathogenic mechanisms 

and circulating and urinary markers. Vascular 

health and risk management, 4(3), 575. 

https://saudijournals.com/


 

 

Muhamed Faizal et al.; Saudi J. Med. Pharm. Sci.; Vol-3, Iss-11B (Nov, 2017):1242-1252 

Available Online:  https://saudijournals.com/   1251 
 
 

44. Faizal, M., & Khan, A. A. (2017). A 

Histomorphological Study on the Olfactory Bulb of 

Diabetic Albino Rats. International Journal of 

Clinical and Experimental Medical Sciences, 3(4), 

47. 

45. Malak, H. W. A., Saleh, S. I., El Din, R. A. S., & 

Hamid, H. F. A. (2015). Histological and 

immunohistochemical study on the consequences 

of acute glycemic level alteration on the dorsal root 

ganglia and sciatic nerve integrity in neonatal 

albino rats. Egyptian Journal of Histology, 38(2), 

332-345. 

46. Adebiyi, O. A., Adebiyi, O. O., & Owira, P. M. 

(2016). Naringin reduces hyperglycemia-induced 

cardiac fibrosis by relieving oxidative stress. PloS 

one, 11(3), e0149890. 

47. De Vriese, A. S., Flyvbjerg, A., Mortier, S., Tilton, 

R. G., & Lameire, N. H. (2003). Inhibition of the 

interaction of AGE–RAGE prevents 

hyperglycemia-induced fibrosis of the peritoneal 

membrane. Journal of the American Society of 

Nephrology, 14(8), 2109-2118. 

48. Khaksar, Z., Jelodar, G. A., & Hematian, H. 

(2010). Morphological changes in the brachial 

enlargement of the spinal cord in offspring of 

diabetic rat. Iranian Journal of Veterinary 

Research, 11(2), 119-124. 

49. Rehncrona, S. (1985). Brain acidosis. Annals of 

emergency medicine, 14(8), 770-776. 

50. Isohanni, P., Carroll, C., Suomalainen, A., & 

Lönnqvist, T. (2017). Defective mitochondrial 

ATPase due to rare mtDNA m. 8969G> A 

mutation–Causing poor growth, developmental 

delay and lactic acidosis. European Journal of 

Paediatric Neurology, 21, e137-e138. 

51. DeBoer, T., Wewerka, S., Bauer, P. J., Georgieff, 

M. K., & Nelson, C. A. (2005). Explicit memory 

performance in infants of diabetic mothers at 1 year 

of age. Developmental Medicine & Child 

Neurology, 47(8), 525-531. 

52. Gardoni, F., Kamal, A., Bellone, C., Biessels, G. J., 

Ramakers, G. M. J., Cattabeni, F., ... & Di Luca, 

M. (2002). Effects of streptozotocin‐diabetes on the 

hippocampal NMDA receptor complex in 

rats. Journal of neurochemistry, 80(3), 438-447. 

53. Saito, R., Tamura, M., Kawano, S., Yoshikawa, Y., 

Kato, A., SASAKI, K., & Yasui, H. (2017). 

Synthesis and biological evaluation of 4-hydroxy-

5-oxo-2, 5-dihydro-1 H-pyrrole-3-carboxamides 

and their zinc (II) complexes as candidate 

antidiabetic agents. New Journal of Chemistry, 41, 

5572-5581. 

54. Klein, J. P., & Waxman, S. G. (2003). The brain in 

diabetes: molecular changes in neurons and their 

implications for end-organ damage. The Lancet 

Neurology, 2(9), 548-554. 

55. Pieme, C. A., Tatangmo, J. A., Simo, G., Nya, P. 

C. B., Moor, V. J. A., Moukette, B. M., & 

Sobngwi, E. (2017). Relationship between 

hyperglycemia, antioxidant capacity and some 

enzymatic and non-enzymatic antioxidants in 

African patients with type 2 diabetes. BMC 

research notes, 10(1), 141. 

56. Hawkins, C. L., & Davies, M. J. (2001). 

Generation and propagation of radical reactions on 

proteins. Biochimica et Biophysica Acta (BBA)-

Bioenergetics, 1504(2), 196-219. 

57. Trejo, J. L., Carro, E., Garcia-Galloway, E., & 

Torres-Aleman, I. (2004). Role of insulin-like 

growth factor I signaling in neurodegenerative 

diseases. Journal of Molecular Medicine, 82(3), 

156-162. 

58. Razi, E. M., Ghafari, S., & Golalipour, M. J. 

(2015). Effect of gestational diabetes on purkinje 

and granule cells distribution of the rat cerebellum 

in 21 and 28 days of postnatal life. Basic and 

clinical neuroscience, 6(1), 6. 

59. Alexandrou, G., Skiold, B., Karlén, J., Tessma, M. 

K., Norman, M., Aden, U., & Vanpee, M. (2010). 

Early hyperglycemia is a risk factor for death and 

white matter reduction in preterm 

infants. Pediatrics, 125(3), e584-e591. 

60. Biessels, G. J., van der Heide, L. P., Kamal, A., 

Bleys, R. L., & Gispen, W. H. (2002). Ageing and 

diabetes: implications for brain function. European 

journal of pharmacology, 441(1), 1-14. 

61. De Graaf, R. A., Pan, J. W., Telang, F., Lee, J. H., 

Brown, P., Novotny, E. J., & Rothman, D. L. 

(2001). Differentiation of glucose transport in 

human brain gray and white matter. Journal of 

Cerebral Blood Flow & Metabolism, 21(5), 483-

492. 

62. Ceriello, A., Morocutti, A., Mercuri, F., Quagliaro, 

L., Moro, M., Damante, G., & Viberti, G. C. 

(2000). Defective intracellular antioxidant enzyme 

production in type 1 diabetic patients with 

nephropathy. Diabetes, 49(12), 2170-2177. 

63. Ronco, C., Grammaticopoulos, S., Rosner, M., De 

Cal, M., Soni, S., Lentini, P., & Piccinni, P. (2010). 

Oliguria, creatinine and other biomarkers of acute 

kidney injury. Fluid Overload: Diagnosis and 

Management. Karger Publishers, 164, 118-127. 

64. Volpi, E., Nazemi, R., & Fujita, S. (2004). Muscle 

tissue changes with aging. Current opinion in 

clinical nutrition and metabolic care, 7(4), 405. 

65. Almeida, D. A. T. D., Braga, C. P., Novelli, E. L. 

B., & Fernandes, A. A. H. (2012). Evaluation of 

lipid profile and oxidative stress in STZ-induced 

rats treated with antioxidant vitamin. Brazilian 

Archives of Biology and Technology, 55(4), 527-

536. 

66. Elsy, B., Khan, A. A., & Maheshwari, V. (2017). 

Therapeutic potential of d-δtocotrienol rich fraction 

on excisional skin wounds in diabetic rats. Our 

Dermatol Online, 8, 1-9. 

https://saudijournals.com/


 

 

Muhamed Faizal et al.; Saudi J. Med. Pharm. Sci.; Vol-3, Iss-11B (Nov, 2017):1242-1252 

Available Online:  https://saudijournals.com/   1252 
 
 

67. Sjoholm, A., & Nystrom, T. (2006). Inflammation 

and the etiology of type 2 

diabetes. Diabetes/metabolism research and 

reviews, 22(1), 4-10. 

https://saudijournals.com/

