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The neuropathies of the peripheral, central and 
autonomic nervous systems are known to be caused 
by hyperglycemia, a consequence of the deregulation 
of glucose in diabetes. Several in vivo models such 
as streptozotocin-induced diabetic rats, mice and 
Chinese hamsters have been used to study the 
pathogenesis of diabetic neuropathy because of their 
resemblance to human pathology. However, these in 
vivo models have met with strong ethical oppositions. 
Further, the system complexity has inherent limitations 
of inconvenience of analyzing ephemeral molecular 
events and crosstalk of signal transduction pathways. 
Alternative in vitro models have been selected and 
put to effective use in diabetic studies. We critically 
review the use of these in vitro models such as primary 
cultures of dorsal root ganglia, Schwann cells and 
neural tissue as well as neural cell lines which have 
proved to be excellent systems for detailed study. We 
also assess the use of embryo cultures for the study of 
hyperglycemic effects on development, especially of 
the nervous system. These systems function as useful 
models to scrutinize the molecular events underlying 
hyperglycemia-induced stress in neuronal systems 
and have been very effectively used for the same. 
This comprehensive overview of advantages and 
disadvantages of in vitro systems that are currently 
in use will be of interest especially for comparative 
assessment of results and for appropriate choice of 
models for experiments in diabetic neuropathy.  
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Introduction

Diabetic neuropathy is a painful complication involving 
progressive neuronal damage and dysfunction. It aff ects 
the sensory nerves,[1] the autonomic nervous system[2,3] 
and even the central nervous system (CNS).[4] Increasing 
evidence indicates that one of the major causes of diabetic 
peripheral neuropathy is an over-production of reactive 
oxygen species which leads to oxidative stress,[5-8] 
mitochondrial dysfunction,[9,10] neuronal damage[11] and 
Þ nally apoptosis.[12,13] The eff ect of diabetes on the central 
nervous system has also been recorded in the form of 
changes in the structure of the blood brain barrier,[4] 
neurophysiology,[14] increased neuronal apoptosis[15-17] 
and reduction in cognitive abilities.[18,19] On the other 
hand, evidence challenging neuronal death by apoptosis 
and survival mechanisms in operations has also been 
reported.[20-23] This information has accumulated by using 
a variety of in vitro and in vivo experimental models. 

Several animal models of diabetic neuropathy have 
been developed which include streptozotocin-induced 
(STZ-induced) diabetic rats,[24,25] STZ-induced diabetic 
mice,[26-27] Chinese hamsters[28] and Otsuka Long-Evans 
Tokushima Fatt y (OLETF) rats.[29,30] Each has been used 
appropriately to address speciÞ c questions because of 
their part pathological resemblance to humans, their 
amenability to genetic manipulation and/or generation 
of transgenic animals.[31,32] While in vivo studies provide 
physiological and cellular details of diabetic neuropathy, 
the system complexity present obscures the details of 
ß eeting molecular events that may decide cell death 
or survival under glucose stress. The use of simpler in 
vitro systems is hence imperative to circumvent these 
problems.[10,12,13] Despite strong ethical justiÞ cation, very 
few such in vitro models have been developed. The most 
extensively used in vitro models are primary culture 
of dorsal root ganglia neurons and the neuroblastoma 
cell line. Here, we critically review the advantages and 
disadvantages of in vitro systems used as models of 
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diabetic neuropathy. Table 1 summarizes such in vitro 
models and their eff ectiveness in the study of diabetic 
neuropathy.

Primary Cultures as a model system

Dorsal root ganglia neurons
Neurons isolated from dorsal root ganglia (DRG) of 
mammals such as rodents and hamsters rendered 
diabetic by treatment with drugs such as streptozotocin 
and alloxan[16,24,33] have been used for study of diabetic 
neuropathy. Use of this system has its share of 
controversies arising because of delays in collection of 
sample and possible loss of critical time points, thus 
providing litt le scope to analyze spatial and temporal 
details of molecular events occurring in neuronal 
dysfunction. Further, rendering an animal diabetic 
is met with strong and legitimate ethical opposition. 
Primary culture of DRG neurons from normal untreated 
mammalian embryos are now preferred as the next 
best candidate[10,13,16,33,34] as they partly overcome ethical 
opposition, mimic events occurring in vivo to some 
extent and permit detailed molecular analysis.[35-37] It is 
important to note that some biological att ributes such as 
responsiveness to growth factors vary in DRG neurons 
of embryonic and adult origin.[38] 

Primary cultures of DRG neurons harvested from 
normal animal systems has been cultured in an 
appropriate growth media,[10,13,17,34,36] thus overcoming the 
interference of hormones and external agents that may 
modulate behavior of cells in hyperglycemic conditions. 
Further, conspicuous changes in morphology such as 

reduction in neurite extension,[39] changes in the activity 
of enzymes involved in the tricarboxylic acid cycle, 
electron transport chain, antioxidant systems[19] and 
molecular events involved in mitochondrial dysfunction 
leading to apoptosis.[9,10,16,37] have been demonstrated 
using primary cultures of DRG neurons. 

DRG primary cultures are also convenient systems to 
trace the time kinetics of the molecular events occurring 
during cell death due to oxidative stress.[13,16,34] Most of 
these events have been shown to peak between 1-3 h aft er 
treatment with glucose due to sudden increase in ROS 
and associated stress.[13,16,34] These observations concur 
with in vivo studies.[37] A study by Vincent et al, proposes 
that DRG neurons are able to adapt through feedback 
mechanisms, by reducing aconitase and by increasing 
their antioxidant enzyme activity, thereby preventing 
additional stress in case of a second glucose insult. 
Thus, DRG cultures have been eff ectively used to study 
feedback mechanisms and cumulative molecular eff ects 
in acute hyperglycemia.[13] They are useful in checking 
the effi  cacy of neuroprotectants such as uncouplers.[16,35]

In an excellent study by Gumy et al, culture of ganglia 
of adult mouse was established to quantify apoptosis 
as well as regenerative response of DRG neurons 
and Schwann cells. Interestingly, neuronal apoptosis 
was found to be negligible while cell migration and 
proliferation of Schwann cells was impaired. These 
observations challenged the notion that hyperglycemia 
leads to neuronal apoptosis.[20] This was supported by 
another study where sensory neurons from STZ-treated 
rats, though expressed heightened Caspase 3 activity and 

Table 1: In vitro models used for studies on diabetic neuropathy

 Major fi ndings Models References

Category Details of events  
Mitochondrial events Change in membrane potential, DRG, Schwann Cells, SHSY5Y [16,35,16,53]  
 change in morphology and number,  DRG, Schwann Cells, HSY5Y [10,16,53]
 changes in enzymes and membrane DRG, cortical neurons, HSY5Y, [10,13,41,53,57,58,66]  
 proteins PC12, rodent
Apoptotic changes Caspase activation, other apoptotic DRG, Schwann Cells, cortical [13,15,34,35,16,41, 
 changes neurons, SHSY5Y, PC12 16,53,59]
  DRG, Schwann Cells, cortical [10,13,15,34,35,36,43, 
  neurons, PC12 41,57,58,59]
Generation of ROS  DRG, SHSY5Y, PC12, rodent [13,34,35,6,54,59,60,66]
Other cellular and enzymatic  DRG, Schwann cells, cortical [36], [43] 
changes  neurons, neural crest cells,  [41,45],
  SHSY5Y, schwannoma, PC 12, [54], 
  rodent [62,61,58,59,60,64,66]
Neuroprotection studies  DRG, Schwann cells, cortical [13,15,16,34,35,36], 
  neurons, neural crest cells, [16,41]
  SHSY5Y, schwannoma, PC 12 [45,16,53] [60,66]
Regenerative studies/no apoptosis  DRG/ Schwann Cells [20,21,22]
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peroxynitrite toxicity there was no evidence of apoptosis 
as monitored by transferase mediated dUTP nick-end 
labeling (TUNEL) technique. On the other hand, there 
was evidence of repair cascade in operation as seen by 
upregulation of DNA repair enzyme poly (ADP-ribose) 
polymerase (PARP).[22] Support for hyperglycemia-
induced regeneration has come from explant cultures 
of DRG as well.[23]

Despite the merits, the use of DRG primary cultures 
has some serious limitations, one of them being the 
presence of contaminating neuronal cells such as 
Þ broblasts and Schwann cells.[35] Although the growth 
of non-neuronal cells can be reduced by treatment 
with 5′-fluoru-2′deoxyuridene[34,36,40] or cytosine-D-
arabinofuranoside,[41] this is an important concern 
as co-cultures can yield results which are markedly 
diff erent from monocultures. In fact, Vincent et al, report 
that, under similar hyperglycemic conditions, cultured 
embryonic rat DRG neurons that were depleted of 
Schwann cells showed more susceptibility to caspase 
activation than DRG neurons co-cultured with Schwann 
cells or mature rat DRG neurons cultured with satellite-
like supporting cells.[35] On the other hand, this ability 
of DRG neurons to grow as co-cultures can be used as 
an advantage for addressing questions regarding the 
speciÞ c roles of surrounding cells in normal physiology.

Schwann cells
Primary cultures of Schwann cells from Sprague-
Dawley rat embryos have been exposed to high glucose 
in vitro to investigate the pathogenesis of diabetic 
neuropathy.[16] Such studies report hyperglycemia-
induced molecular events which concur with those 
reported in DRG neurons.  [37] However, isolating 
maximum possible Schwann cells from a fresh nerve is 
diffi  cult because the abundant connective tissue cells 
and other myelinating cells oft en overwhelm Schwann 
cells.[42] They do not readily att ach to a substratum and 
show poor proliferation, many cells dying within 24 h of 
plating.[42] Further, Schwann cell cultures have had their 
share of controversies regarding their ability to mimic 
certain in vivo events such as a change in the activity of 
aldose reductase.[33,43]

Neural crest cells 
Neural tube fusion demonstrated in Sprague-Dawley 
rats treated with STZ suggests teratogenic eff ects of 
hyperglycemia on the developing nervous system.[44] 
An in vitro model was developed by Suzuki et al, using 
primary culture of neural crest cells of embryos from 

the malformation prone substrain of STZ-induced 
diabetic female rats on gestation day nine. This study 
demonstrated that exposure to high glucose reduces cell 
number and inhibits cell migration.[45] This system was 
also used effi  ciently to demonstrate the neuroprotective 
eff ects of antioxidant N-acetylcysteine and superoxide 
dismutase against hyperglycemia.[45]

Cortical neurons  
Neuropathy of the CNS in various in vivo models as 
well as in human diabetic patients has been extensively 
reported in the form of cognitive deficits.[4,18,19] To 
determine the cellular and molecular events underlying 
these defects, in vitro short term cultures of cortical 
neurons from diabetic rats have been developed and 
used to demonstrate an increase in apoptosis and 
decrease in neurite formation as a consequence of 
hyperglycemia.[41] Molecular events involved in retinoic 
acid signaling indicate that exogenously administered 
retinoic acid can help avoid CNS complications in vivo.
[41] In vitro systems thus provide data which can be used 
to develop therapeutic strategies against hyperglycemia-
induced CNS neuropathy. 

Organotypic Cultures

Developed by Hogue in 1940, organotypic cultures 
involve the culturing of slices of the brain in monolayers 
in rolling tubes or coverslips.[46] This technique has an 
edge over other in vitro systems in that the tissue retains 
its original connective and structural organization 
thus mimicking exact physiological conditions.[46] 
Slice cultures of DRG neurons have been reportedly 
maintained for almost ten days and can be used for 
electrophysiological studies.[46] Aft er undergoing several 
modiÞ cations, cover slips have now been replaced by 
culture plates coated with adherent protein.[47] Such 
cultures have already proven to be efficient tools 
in investigating ischemic neurodegeneration in the 
hippocampus and in testing neuroprotective drugs.[48- 50] 
An elegant study has been carried out using explant 
cultures of DRG and nodose ganglia by Sango et al, 
which demonstrates that in contrast to other reports, 
high glucose was not a potent killer of neurons but may 
cause regenerative changes seen as neuritogenesis. [23] 
The use of organotypic cultures has substantially 
resolved the ethical issues of using STZ-induced diabetic 
animals for studying electrophysiological parameters, 
axonal transport and changes in axon morphology. 
Reports of impairment in slow transport and changed 
morphology of axons in STZ-induced diabetic mice[51,52] 
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have emphasized the need to create effi  cient models to 
study such parameters. 

In conclusion, primary cultures of neural cells have 
provided valuable data on high glucose-induced 
cellular damage. However, these systems are relatively 
heterogeneous due to the presence of rapidly dividing, 
non-neuronal contaminating cells such as Þ broblasts.[47] 
Moreover, cells undergo alteration in their properties, 
cease to divide and eventually die out, surviving only a 
few passages in vitro.[46] This limits the use of techniques 
that require large cell numbers.[47] To overcome some of 
these drawbacks, transformed cell lines came into use.

Transformed Cell Lines as a Model System

A variety of cell lines have been used to study diabetic 
neuropathy, depending on the questions being addressed. 
Most of these cell lines are easily obtainable and can be 
cultured to form inÞ nite passages.[47] Cells also extend 
processes to form networks and become electrically 
active.[46] They can synthesize neurotransmitt ers and 
express neurotransmitt er receptors, thus resembling 
human physiological state.[46] These cell lines are now 
used as robust models to unravel the molecular basis of 
glucose induced changes.[53-61]

Neuroblastoma cell line
One of the most extensively used cell lines to study 
diabetic neuropathy is the neuroblastoma cell line 
SHSY5Y,[53,54] a thrice cloned sub-line of the neuroblastoma 
cell line SK-N-SH established in 1970 from a metastatic 
bone tumor.[55] These cells, when treated with high 
glucose, show results similar to those observed using 
DRG neurons and Schwann cells.[16] In addition, SHSY5Y 
cells have also been used eff ectively to demonstrate 
changes in signal transduction.[54] Pathways that lead 
to abnormal nitric oxide production and changes in the 
activity of the Na+/K+ Pump have also been studied.[54] 
Neuroblastoma cells have also been extensively used 
to screen the effi  cacy of uncouplers [16] and insulin-like 
growth factor-1[53] as neuroprotectants and to investigate 
their mechanism of action. 

Pheochromocytoma cell line
The pheochromocytoma (PC12) cell line, derived from 
catecholamine secreting adrenal chromaffi  n tumor cells 
in rats,[56] has been recognized as a robust model to study 
neuronal dysfunction in elevated glucose levels.[56-60] 
The cell line has been used successfully to investigate 
the involvement of pro-apoptotic mitochondrial protein 
Bax,[57] occurrence of nuclear fragmentation,[57] carbonyl-

induced stress,[58] reactive oxygen species,[59] nerve 
growth factor signaling[59] and nitric oxide-induced 
stress.[60] Neuroprotection studies have also been carried 
out in vitro using tetrahydrobiopterin, a cofactor for nitric 
oxide synthase.[60] The level of diff erentiation of PC12 
cells, however, needs to be taken into account during 
analysis of results as naive and diff erentiated cells may 
yield entirely contradictory results. This contradiction 
has been reported in a study by ShariÞ  et al, where it was 
observed that the same elevated glucose level required 
seven days to reduce viability in naïve PC12 cells[57] as 
against three days in diff erentiated PC12 cells in a study 
by Koshimura et al.[60]

Schwann cell line
Eff ect of hyperglycemia has been studied on immortalized 
cell lines of Schwann cells of various origins.[61,62] Cell 
line derived from adult mouse, IMS32, which is positive 
for S100 and p75NTR immunoreactivity, expression of 
laminin, essential transcription and neurotrophic 
factors, has been effi  ciently used in detailed studies on 
diabetic neuropathy by Sango et al.[62] This study reports 
that exposure to elevated glucose leads to events such 
as intracellular sorbitol accumulation, enhanced activity 
of enzyme aldose reductase and upregulation of certain 
essential genes.[62] Schwannoma cell line JS-1 derived from 
rat has been used to demonstrate signiÞ cant decrease in 
expression of PKC-α and decrease in proliferation.[61] An 
advantage of cell lines is that unlike primary Schwann 
cell cultures, they closely mimic in vivo events such as 
hyperactivity of polyol pathway. [61,62] However, there 
are limitations also, for example the IMS32 cells form 
abnormal ball-shaped colonies in conß uent cultures 
and also fail to myelinate mouse axons as do primary 
Schwann cell cultures.[62] 

In general, while cell lines are excellent models for the 
study of diabetic neuropathy, some inherent problems 
need to be addressed. For example, clonal cells are 
incapable of developing dendrites, axons or forming 
myelin.[46] Further, the uniform extent of exposure of 
cells to high glucose in monocultures fails to mimic in 
vivo heterogeneous conditions where cells are exposed 
to variable glucose levels. In fact, Halliwell proposes 
that cells in culture do not represent behavior of cells in 
vivo because the cell culture media tends to catalyze the 
oxidation of compounds added to the media. More ROS are 
produced in culture since reactions occur at almost 95% 
oxygen (O2), 5% carbon dioxide (CO2) and 150 mm HgO2 
conditions.[63] These conditions are limited in physiological 
environment where cells are exposed to lower oxygen 
concentrations (1-10mm Hg). Finally, the presence of 
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metals such as iron in diff erent forms in media and 
calf serum also exacerbates the eff ect of high glucose. [63] 
However, it may be argued that as the protective eff ects 
of intercellular physiological antioxidants in environment 
are minimal, the observation of the role of intracellular 
antioxidant responses to hyperglycemic stress becomes 
easily discernable. Another hindrance to the use of cell 
culture models is the possibility that the eff ect of glucose 
may be due to osmotic shock. However, this has been dealt 
with by the use of controls treated with mannitol[15,43] or 
fructose.[55] Hence, results from in vitro studies can be 
extrapolated to in vivo situations, but with considerable 
skepticism.

In vitro Models of Whole Embryo Culture

Rodent whole embryo culture 
The rodent whole embryo culture is a comparatively 
old technique devised by Dr. New[46,64,65] and consists 
of the culture of embryos in the head-fold stage from 
an euthanized diabetic pregnant animal in rotating 
bott les containing media and the serum of diabetic 
animals. [46,64] This technique is thus ideal to determine the 
teratogenesis induced by hyperglycemia in the embryos 
of type-1 diabetic mothers[64,65] and can be modiÞ ed 
depending on the requirement of the experiment. 

The rodent whole embryo culture has also been used 
successfully for detailed molecular studies. A study 
by Akazawa reports that exposure to a high glucose 
condition downregulates the expression of glucose 
transporter GLUT-1 aft er 48 h of glucose treatment.[66] 
An increase in ROS formation, deÞ ciency in  myo-inositol, 
accumulation of sorbitol, increase in the activity of the 
hexamine pathway and an increases the number of 
apoptotic cells which show upregulation of Bax protein 
and activation of caspase 3 has been demonstrated using 
this system.[66] 

Shell-less cultures of chick embryos 
In an interesting study by Datar and Bhonde using 
the chick embryo by the shell-less culture technique. 
Whole embryos along with the associated yolk and 
thin albumin were cultured in a sterile bowl at 37°C 
in 80-85% humidified atmosphere.[67] The study 
demonstrated increased mortality and exencephaly 
in embryos aft er treatment with high glucose for 24 
and 48 h.[67] This technique serves as an excellent 
model to study hyperglycemia-induced embryopathies 
including abnormalities of the developing nervous 
system. Since interferences due to other conditions like 

hypoinsulinemia and ketoacidosis can be eliminated 
and osmotic changes accounted for, this technique also 
allows narrowing down to a single causal factor. [67] 
Datar and Bhonde have reported neural tube defects 
aft er exposure to high glucose. The strength of whole 
embryo culture is the ease with which it can be set up 
and observed. However, its use is restricted because it 
cannot address problems related to adult neuropathies.

Embryonic stem cell line
Another system that deserves att ention as a possible 
candidate for studies on diabetic neuropathy is the 
human embryonic stem cell line. Their unique property 
of pluripotency[68] allows the derivation of various 
neuronal cell types in vitro, directly or indirectly, 
and thus helps in the investigation of the molecular 
events underlying the toxic effects of glucose on 
various neuronal cell types. Human embryonic stem 
cells-derived embryoid bodies may also prove useful 
to address investigations regarding hyperglycemia-
induced embryonic neuropathies, as they very closely 
mimic the early developing embryo.[69] Being derived 
from human embryos, these may prove to be immensely 
reliable and may resemble human tissue very closely. 
The main limitation of this model is the painstaking and 
delicate process of growing them on feeder layers[69,70] 
which increases the risk of intercellular contamination. 
Culture of stem cells on feeder free media containing 
high amount of human basic Þ broblastic growth factor 
has been tried out.[68] 

Conclusion

A variety of model systems, each with its own set of 
advantages and limitations, are available for the study 
of diabetic neuropathy. In vitro models are useful to 
study intricate interaction of various molecules in the 
pathogenesis of diabetic neuropathy. An in vivo study 
would be required to conÞ rm the occurrence of similar 
conditions in the presence of other interfering factors. 
Choosing an appropriate model system best suited 
for the study undertaken can reveal the pathogenesis 
of diabetic neuropathy and embryopathy and drugs 
targeting molecular events at diff erent levels of the 
complication can be designed. 

Acknowledgement

Infrastructural facilities of the Life Sciences Department at 
Sophia College, Mumbai and the Þ nancial support provided 
by the Lady Tata Memorial Trust are warmly acknowledged. 

Hattangady, et al.: In vitro models of diabetic neuropathy

[Downloaded free from http://www.ijddc.com on Saturday, October 09, 2010, IP: 59.183.146.111]



148 Int J Diab Dev Ctries | October-December 2009 | Volume 29 | Issue 4

References

1. Zochodne DW, Verge VM, Cheng C, Sun H, Johnston J. 
Does diabetes target ganglion neuron? Progressive sensory 
neuron involvement in long-term experimental diabetes. Brain 
2000;124:2319-34.

2. Vinik AI, Ziegler D .Diabetic cardiovascular autonomic neuropathy. 
Circulation 2007;115:387-97.

3. Vinik AI, Maser RE, Mitchell BD, Freeman R. Diabetic autonomic 
neuropathy. Diabetes Care 2003; 26:1553-79. 

4. Horani MH, Mooradian AD. Eff ect of diabetes on the blood-brain 
barrier. Curr Pharmaceut Design 2003;9:833-40.

5. Sytze van Dam P. Oxidative stress and diabetic neuropathy: 
Pathophysiological mechanisms and treatment perspectives. 
Diabetes Metab Res Rev 2002;18:176-84.

6. Vincent AM, Russell JW, Low P, Feldman EL. Oxidative stress in the 
pathogenesis of diabetic neuropathy. Endocr Rev 2004;25:612-28.

7. Niedowicz DM, Daleke DL. The role of oxidative stress in diabetic 
complications. Cell Biochem Biophys 2005;43:289-330.

8. Pop Busui R, Sima A, Stevens M. Diabetic neuropathy and oxidative 
stress. Diabetes Metab Res Rev 2006;22:257-73.

9. Rolo AP, Palmeira CM. Diabetes and Mitochondrial function: role 
of hyperglycemia and oxidative stress. Toxicol Appl Pharmacol 
2006;212:167-78.

10. Leinninger GM, Backus C, Sastri AM, Yi Y, Wang C, Feldman EL. 
Mitochondria in DRG neurons undergo hyperglycemic mediated 
injury through Bim, Bax and the Þ ssion protein Drp1. Neurobiol 
Dis 2006;23:11-22.

11. King RH. The role of glycation in the pathogenesis of diabetic 
polyneuropathy. Mol Pathol 2001;54:400-8.

12. Greene DA, Stevens MJ, Obrosova I, Feldman EL. Glucose-induced 
oxidative stress and programmed cell death in diabetic neuropathy. 
Eur J Pharmacol 1999;375:217-23.

13. Vincent AM, McLean LL, Backus C, Feldman EL. Short-term 
hyperglycemia produces oxidative damage and apoptosis in 
neurons. FASEB J 2005;19:638-40.

14. Biessels GJ, Kappelle AC, Bravenboer B, Erkelens DW, Gispen WH. 
Cerebral function in diabetes mellitus. Diabetologia 1994;37:643-50.

15. Russell JW, Sullivan KA, Vindebank AJ, Herrmann DN, Feldman 
EL. Neurons undergo apoptosis in animal and cell culture models 
of diabetes. Neurobiol Dis 1999;6:347-63.

16. Vincent AM, Brownlee M, Russell JW. Oxidative stress and 
programmed cell death in diabetic neuropathy. Ann N Y Acad Sci 
2002;959:368-83.

17. Allen DA, Yaqoob MM, Harwood SM. Mechanisms of high glucose-
induced apoptosis and its relationship to diabetic complications. J 
Nutr Biochem 2005;16:705-13. 

18. Cox DJ, Kovatchev BP, Gonder-Frederick LA, Summers KH, 
McCall A, Grimm KJ, et al. Relationships between hyperglycemia 
and cognitive performance among adults with type 1 and type 2 
diabetes. Diabetes Care 2005;28:71-7.

19. SommerÞ eld AJ, Deary Ĳ , Frier BM. Acute hyperglycemia alters 
mood state and impairs cognitive performance in people with type 
2 diabetes. Diabetes Care 2004;27:2335-40.

20. Gumy LF, Bampton RT, Tolkovsky. Hyperglycemia inhibits 
Schwann cell proliferation and migration and restricts regeneration 
of axons and Schwann cells from adult murine DRG. Mole Cell 
Neurosci 2008;37:298-311.

21. Kaimya H. Zhang W, Sima AA. Apoptotic stress is counter balanced 
by survival elements preventing programmed cell death of dorsal 
root ganglia in sub acute type 1 diabetic BB/Wor rats. Diabetes 
2005;54:3288-95. 

22. Cheng C, Zochodne DW Sensory neurons with activated Caspase 3 
survive long term experimental diabetes. Diabetes 2003;52:2363-71. 

23. Sango K, Horie H, Saito H, Ajiki K, Takashiki A, Takeshita K, et al. 
Diabetes is not a potent inducer of neuronal cell death in mouse 
sensory ganglia, but it enhances neurite regeneration in vitro. Life 
Sci 2002;71:2351-68.

24. Schmeichel AM, Schmelzer JD, Low PA. Oxidative injury and 
apoptosis of dorsal root ganglion neurons in chronic experimental 
diabetic neuropathy. Diabetes 2003;52:165-71.

25. Fernyhough P, Gallagher A, Averill SA, Priestley JV, Hounsom L, 
Patel J, et al. Aberrant neuroÞ lament phosphorylation in sensory 
neurons of rats with diabetic neuropathy. Diabetes 1999;48:881-9.

26. Uehara K, Yamagishi S, Otsuki S, Chin S, Yagihashi S. Eff ects 
of polyol pathway hyperactivity on Protein Kinase C activity, 
nociceptive peptide expression, and neuronal structure in Dorsal 
Root Ganglia in diabetic mice. Diabetes 2004;53:3239-47.

27. Kennedy JM, Zochodne. Experimental diabetic neuropathy with 
spontaneous recovery- Is there irreparable damage? Diabetes 
2005;54:830-7.

28. Hirano F, Tanaka H, Okamoto K, Makino Y, Inaba M, Nomura 
Y, et al. Natural course of diabetic peripheral neuropathy in 
spontaneous-onset diabetic Chinese hamsters. Diabetes Res Clin 
Pract 1995;28 Suppl 3:151-59. 

29. Kamenov Z, Higashino H, Todorova M, Kajimoto N, Suzuki A. 
Physiological characteristics of diabetic neuropathy in sucrose-fed 
Otsuka Long-Evans Tokushima fatt y rats. Methods Find Exp Clin 
Pharmacol 2006;28:13-8.

30. Nakamura J, Hamada Y, Sakakibara F, Hara T, Wakao T, Mori K, 
et al. Physiological and morphometric analyses of neuropathy in 
sucrose fed OLETF rats. Diabetes Res Clin Pract 2001;51:9-20 

31. Song Z, Fu DT, Chan YS, Leung S, Chung SS, Chung SK. Transgenic 
mice over expressing aldose reductase in Schwann cells show more 
severe nerve conduction velocity deÞ cit and oxidative stress under 
hyperglycemic stress. Mol Cell Neurosci 2003;23:638-47.

32. Elias KA, Cronin MJ, Stewart TA, and Carlsen RC. Peripheral 
neuropathy in transgenic diabetic mice restoration of C-Þ ber 
function with human recombinant nerve growth factor. Diabetes 
1998;47:1637-42.

33. Sango K, Saito H, Takano M, Tokashiki A, Inoue S, Horie H. 
Cultured adult animal neurons and Schwann cells give us new 
insights into diabetic neuropathy. Curr Diabetes Rev 2006;2:169-83.

34. Vincent AM, Stevens MJ, Backus C, McLean LL, Feldman EL. 
Cell culture modeling to test therapies against hyperglycemia-
mediated oxidative stress and injury. Antioxidants Redox Signaling 
2005;7:1494-506.

35. Vincent AM, Olzmann JA, Brownlee M, Sivitz WI, Russell JW. 
Uncoupling proteins prevent glucose-induced neuronal oxidative 
stress and programmed cell death. Diabetes 2004;53:726-34. 

36. Leinninger GM, Backus C, Uhler MD, Lentz SI, Feldman EL. 
Phosphatidylinositol 3-kinase and Akt eff ectors mediate insulin-
like growth factor-1 neuroprotection in dorsal root ganglia neurons. 
FASEB J 2004;18:1544-6. 

37. Fernyhough P, Huang TJ, Verkhratsky A. Mechanism of 
mitochondrial dysfunction in diabetic sensory neuropathy. J 
Peripheral Nerv Syst 2003;8:227-35.

38. Molliver DC, Wright DE, Leitner ML, Parsadanian AS, Doster K, 
Wen D, et al. IB4-binding DRG neurons switch fron NGF to GDNF 
dependence in early post natal life. Neuron 1997;19:849-61.

39. Sotelo JR, Horie H, Ito S, Benech C, Sango K, Takenaka T. An in vitro 
model to study diabetic neuropathy. Neurosci Lett  1991;129:91-4.

40. Vincent AM, Russell JW, Sullivan KA, Backus C, Hayes JM, McLean 
LL, et al. SOD2 protects neurons from injury in cell culture and 
animal models of diabetic neuropathy. Exp Neurol 2007;208:216-27.

41. Guleria RS, Pan J, DiPett e D, Singh US. Hyperglycemia inhibits 
retinoic acid-induced activation of rac-1, prevents diff erentiation 
of cortical neurons, and causes oxidative stress in a rat model of 

Hattangady, et al.: In vitro models of diabetic neuropathy

[Downloaded free from http://www.ijddc.com on Saturday, October 09, 2010, IP: 59.183.146.111]



149Int J Diab Dev Ctries | October-December 2009 | Volume 29 | Issue 4

diabetic pregnancy. Diabetes 2006;55:3326-34.
42. Ansselin AD, Corbeil SD, Davey DF. Successfully culturing 

Schwann cells from adult peripheral nerve. Acta Chururgica 
Austriaca 1998;30:15-9.

43. Mouchot C, Tomlinson DR. Glucose-induced Map Kinase activation 
and aldose reductase expression in primary Schwann cell culture. 
J Peripheral Nerv Syst 2000;5:174. 

44. Goldman AS, Baker L, Piddington R, Marx B, Herold R, Egler J. 
Hyperglycemia-induced teratogenesis is mediated by a functional 
deÞ ciency of arachidonic acid. Proc Natl Acad Sci USA 1985;2:8227-
31.

45. Suzuki N, Svensson K, Eriksson UJ. High glucose concentration 
inhibits migration of rat cranial neural crest cells in vitro. 
Diabetologia 1996;39:401-11.

46. Banker G, Goslin K, editors. Culturing nerve cells. Cambridge, 
Massachusett s, London, England: MIT Press; 1991. 

47. Neacşu N, Flonta M. ClassiÞ cation of dorsal root ganglion neurons 
from newborn rat in organotypic cultures. Romanian J Biophysics 
2006;16:77-91.

48. Sundstrom L, Morrison B 3rd, Bradley M, Pringle A. Organotypic 
cultures as tools for functional screening in the CNS. Drug Discov 
Today 2005;10:993-1000.

49. Rytt er A, Cronberg T, Asztély F, Nemali S, Wieloch T. Mouse 
hippocampal organotypic tissue cultures exposed to in vitro 
�Ischemia� show selective and delayed ca1 damage that is 
aggravated by glucose. J Cereb Blood Flow Metab 2003;23:23-33.

50.  Cronberg T, Rytt er A, Asztély F, Söder A, Wieloch T. Glucose 
but not lactate in combination with acidosis aggravates ischemic 
neuronal death in vitro. Stroke 2004;35:753-7.

51. Medori R, Autilio-Gambett i L, Monaco S, Gambett i P. Experimental 
diabetic neuropathy: Impairment of slow transport with changes in 
axon cross-sectional area. Proc Natl Acad Sci USA 1985;82:7716-20.

52. Kishi M, Tanabe J, Schmelzer JD, Low PA. Morphometry of dorsal 
root ganglona in chronic experimental diabetic neuropathy. 
Diabetes 2002;51:819-24.

53. Lehnninger GM, Russell JW, van Golen CM, Berent A, Feldman 
EL. Insulin like growth factor-1 regulates glucose-induced 
mitochondrial depolarization and apoptosis in human 
neuroblastoma. Cell Death Diff  2004;11:885-96.

54. Shindo H, Thomas TP, Larkin DD, Karihaloo AK, Inada H, Onaya 
T, Stevens MJ, Greene DA. Modulation of basal nitric oxide-
dependent cyclic-GMP production by ambient glucose, MYO-
inositol, and protein kinase C in SH-SY5Y human neuroblastoma 
cells. J Clin Invest 1996;97:736-45.

55. Biedler JL, Roffl  er-Tarlov S, Schachner M, Freedman LS. Multiple 
neurotransmitt er synthesis by human neuroblastoma cell lines and 
clones. Cancer Res 1978;38:3751-7.

56. Koshimura K, Tanaka J, Murakami Y, Kato Y. Effect of 
high concentration of glucose on dopamine release from 
pheochromocytoma-12 cells. Metabolism 2003;52:922-6. 

57. ShariÞ  AM, Mousavi SH, Farhadi M, Larĳ ani B. Study of high 
glucose-induced apoptosis in PC12 cells: Role of bax protein. J 
Pharmacol Sci 2007;104:258-62.

58. Okouchi M, Okayama N, Aw TY. Hyperglycemia potentiates 
carbonyl stress-induced apoptosis in naive PC12 cells: Relationship 
to cellular redox and activator protease factor-1 expression. Curr 
Neurovasc Res 2005;2:375-86.

59. Lelkes E, Unsworth BR, Lelkes PI. Reactive oxygen species, 
apoptosis and altered NGF-signaling in PC12 pheochromocytoma 
cells cultured in elevated glucose: An in vitro cellular model for 
diabetic neuropathy. Neurotoxicity Res 2001;3:189-203. 

60. Koshimura K, Tanaka J, Murakami Y, Kato Y. Involvement of nitric 
oxide in glucose toxicity on diff erentiated PC12 cells: Prevention of 
glucose toxicity by tetrahydrobiopterin, a cofactor for nitric oxide 
synthase. Neurosci Res 2002;43:31-8. 

61. Kamiya H, Nakamura J, Hamada Y, Nakashima E, Naruse K, 
Kato K, et al. Polyol pathway and protein kinase C activity of rat 
Schwannoma cells. Diabetes Metab Res Rev 2003;19:31-9.

62.  Sango K, Suzuki T, Yanagisawa H, Takaku S, Hirooka H, Tamura 
M, et al. High glucose-induced activation of the polyol pathway 
and changes of gene expression proÞ les in immortalized adult 
mouse Schwann cells IMS32. J Neurochem 2006;98:446-58.

63. Halliwell B. Oxidative stress in cell culture: An under-appreciated 
problem? FEBS Lett  2003;540:3-6.

64. Cockroft  DL, Coppola PT. Teratogenic eff ects of excess glucose on 
head-fold rat embryos in culture. Teratology 2005;16:141-6.

65. Sadler TW. Mouse embryos in culture: Models for understanding 
diabetes-induced embryopathies and gene function. Int J Dev Biol 
1997;41:291-7.

66. Akazawa S. Diabetic embryopathy: Studies using a rat embryo 
culture system and an animal model. Congenital Anomalies 
2005;45:73-9.

67. Datar S, Bhonde RR. Shell-less chick embryo culture as an 
alternative in vitro model to investigate glucose-induced 
malformations in mammalian embryos. Rev Diabetic Studies 
2005;2:221-7.

68. Odorico JS, Kaufman DS, Thompson JA. Multilineage diff erentiation 
from human embryonic stem cells lines. Stem Cells 2001;19:193-204.

69. Pouton CW, Haynes JM. Embryonic stem cells as a source of models 
for drug discovery. Nat Rev Drug Discov 2007;6:605-16.

70. Stojkovic P, Lako M, Stewart R, Przyborski S, Armstrong L, Evans 
J, et al. An autogeneic feeder cell system that effi  ciently supports 
growth of undiff erentiated human embryonic stem cells. Stem 
Cells 2005;23:306-14. 

 
. 

Hattangady, et al.: In vitro models of diabetic neuropathy

Staying in touch with the journal

1) Table of Contents (TOC) email alert 
 Receive an email alert containing the TOC when a new complete issue of the journal is made available online. To register for TOC alerts go to 

www.ijddc.com/signup.asp.

2) RSS feeds 
 Really Simple Syndication (RSS) helps you to get alerts on new publication right on your desktop without going to the journal’s website. 

You need a software (e.g. RSSReader, Feed Demon, FeedReader, My Yahoo!, NewsGator and NewzCrawler) to get advantage of this tool. 
RSS feeds can also be read through FireFox or Microsoft Outlook 2007. Once any of these small (and mostly free) software is installed, add 
www.ijddc.com/rssfeed.asp as one of the feeds.

[Downloaded free from http://www.ijddc.com on Saturday, October 09, 2010, IP: 59.183.146.111]


