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ABSTRACT  

 

Molecular mechanisms underlying diabetes-induced painful neuropathy are poorly 

understood. In the streptozotocin-induced diabetic rats, we have demonstrated that mechanical 

hyperalgesia, a common symptom of diabetic neuropathy, was correlated with an early 

increase of ERK, p38 and JNK phosphorylation in the spinal cord and dorsal root ganglion at 

three weeks of the diabetes. This change was specific of hyperalgesia because non 

hyperalgesic rats failed to have such an increase. Immunoblots analysis showed no variation 

of protein levels, suggesting a post-translational regulation of the corresponding kinases. In 

diabetic hyperalgesic rats, immunocytochemistry revealed that all phosphorylated MAPKs 

colocalized both with the neuronal (NeuN) and microglial (OX42) cell-specific markers but 

not with the astrocyte marker (GFAP) in the superficial dorsal horn-laminae of the spinal 

cord. In these same rats, a seven-day administration (5 µg/rat/day, i.t.) of U0126, SB203580 

and SP600125, which inhibit MEK, p38 and JNK respectively, suppressed mechanical 

hyperalgesia and decreased phosphorylation of the kinases. To characterize the cellular events 

upstream of MAPKs, we have examined the role of the NMDA receptor known to be 

implicated in pain hypersensitivity. The prolonged blockade of this receptor during seven 

days by MK801 (5 µg/rat/day, i.t.), a non-competitive NMDA receptor antagonist, reversed 

hyperalgesia developed by diabetic rats and blocked phosphorylation of all MAPKs. These 

results demonstrate for the first time that NMDA receptor-dependent phosphorylation of 

MAPKs in spinal cord neurons and microglia contribute to the establishment and chronic 

maintenance of painful diabetic hyperalgesia and that these kinases represent potential targets 

for pain therapy. 
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INTRODUCTION  

 

Peripheral sensitive neuropathies represent a common and debilitating complication of 

diabetes (type 1 and 2) and affect an increasing proportion of diabetic patients as their disease 

progress. Even though antidepressants and antiepileptics have been shown to be partially 

effective, clinical studies have reported the difficulty of managing pain due to these 

neuropathies (Sindrup and Jensen, 1999), which may be due to changes in peripheral nerve or 

to neuronal processing, e.g. central sensitization in the spinal cord (Woolf and Salter, 2000). 

While the pathophysiological and neuroanatomical changes associated with the development 

of neuropathic pain are well documented, the molecular and cellular mechanisms underlying 

its initiation and maintenance still remain poorly understood. 

The mitogen-activated protein kinase (MAPK) cascade is a family of serine/threonine kinases 

that are activated by dual phosphorylation on threonine and tyrosine residues. The MAPKs 

play a pivotal role in transducing extracellular stimuli into intracellular post-translational and 

transcriptional responses (Widmann et al., 1999) and include extracellular signal-regulated 

protein kinase (ERK), p38-MAPK (p38) and c-Jun N-terminal kinase (JNK). The MAPKs 

have been classically involved as regulators of cell proliferation, differentiation and survival 

but are now recognized to have a major role in the generation of pain hypersensitivity. 

In several models associated with peripheral tissue inflammation, persistent inflammatory 

hyperalgesia can be prevented by MEK inhibitors (Galan et al., 2002; Ji et al., 2002a) or p38 

inhibitors (Ji et al., 2002b; Svensson et al., 2003a,b). Recent studies have reported that 

MAPKs are activated in experimental neuropathic pain models. After peripheral nerve 

damage, phosphorylation at the spinal level of ERK (Ciruela et al., 2003; Obata et al., 

2004a,b; Zhuang et al., 2005) or p38 (Jin et al., 2003; Schafers et al., 2003; Tsuda et al., 2004) 

contributes to the painful behavior generated in these models. Moreover, peripheral axotomy 
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has been shown to induce long-term JNK activation in dorsal root ganglion (DRG) neurons 

(Kenney and Kocsis, 1998). In the lumbar DRG of streptozotocin (STZ)-induced diabetic rats, 

a model of type 1 diabetes, ERK and p38 are activated 8 weeks after the induction of the 

disorder whereas JNK is activated later, at 12 weeks (Fernyhough et al., 1999; Purves et al., 

2001). At 12 weeks duration, JNK is also activated in the rat (Fernyhough et al., 1999) and 

human (Purves et al., 2001) sural nerve. Chronic treatment of STZ-induced diabetic rats with 

a p38 inhibitor prevents neuronal dysfunction such as the classical defect of slowed nerve 

conduction (Agthong and Tomlinson, 2002). All the animal studies have been carried out at 

an advanced stage of the diabetes whereas the painful symptoms, as hyperalgesia, appeared 

more precociously, from 3 weeks (Courteix et al., 1993). Moreover, most reports did not 

correlate the pain behavior of diabetic rats with the MAPKs activation. In addition, the status 

of the three MAPKs isoforms has never been studied simultaneously in the model of diabetic 

neuropathy. In view of that, the present study performed in a STZ-induced model of diabetes 

firstly investigated whether early activation of ERK, JNK and p38, assessed by their 

phosphorylation status, occured in the spinal cord and in DRG, in which cells it happened at 

the spinal level and if this activation contributes to the mechanical hyperalgesia developed by 

diabetic rats.  

In the chronic context of diabetes-induced hyperalgesia, the upstream effectors of spinal 

MAPKs activation have never been investigated. The NMDA receptor has been shown to be 

involved in diabetic hyperalgesia (Malcangio and Tomlinson, 1998; Begon et al., 2000). In 

addition, in acute and inflammatory pain models, activation of the p38 (Svensson et al., 

2003a) and ERK pathways (Ji et al., 1999; Kawasaki et al., 2004) are NMDA receptor-

dependent. An other aim of our study was therefore to determine the link between the NMDA 

receptor, MAPKs activation and hyperalgesia in diabetic rats. 
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MATERIALS AND METHODS 

 

1. Animals 

Male Sprague-Dawley rats (Charles River, France), initially weighting 201-225 g, were 

housed four per cage under standard laboratory conditions and allowed food and water ad 

libitum. Animal care and experiments were carried out in accordance with the Committee for 

Research and Ethical Issues of the IASP (Zimmermann, 1983).  

 

2. Induction of diabetes 

Rats were rendered diabetic with an intraperitoneal (i.p.) injection of STZ (75 mg/kg) 

(Zanosar®, Pharmacia, France) dissolved in distilled water. Diabetes was confirmed 2 and 3 

weeks later by measurement of tail vein blood glucose levels with Glucotide® and a 

reflectance colorimeter (Glucometer® 4, Bayer Diagnostics, France). Only rats with a final 

blood glucose level > 14 mM were included in the study. Control rats were administered only 

with distilled water (1 ml/kg, i.p.). This model has been previously described in detail by 

Courteix et al. (1993). 

 

3. Behavioral studies 

 

3.1. Nociceptive test procedure 

Animals were habituated to the testing environment daily for 3 days before baseline testing. 

The rats were submitted to the paw-pressure test previously described (Randall and Selitto, 

1957). Nociceptive thresholds, expressed in grams, were measured using an Ugo Basil 

analgesimeter (Bioseb, France) by applying increasing pressures to the left hind paw until a 
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squeak (vocalisation threshold) was elicited. The test was repeated until three stable 

thresholds values were obtained. The maximal pressure was set at 450 g. 

 

3.2. Experimental design 

To correlate the painful status of animals and the expression of phosphorylated forms of 

MAPKs, rats were submitted to the paw-pressure test 3 weeks after the induction of diabetes. 

Rats were considered hyperalgesic when reduction in nociceptive pain thresholds was more 

than 15 % of the value obtained before the STZ injection. 

The study of both MAPKs pathways and NMDA receptor involvement in diabetes-induced 

hyperalgesia was performed by inhibiting MEK (which is an upstream kinase of ERK), JNK 

and p38 by U0126, SP600125, SB503580 respectively, and by blockade of the NMDA 

receptor with MK801. Fourteen days after induction of diabetes, only diabetic hyperalgesic 

rats were included. A chronic treatment by intrathecal (i.t.) route with  MAPKs inhibitors (5 

µg/rat/day) was performed in these rats according to previous studies (Ji et al., 2002a; Jin et 

al., 2003; Obata et al., 2004a; Sweitzer et al., 2004) between the 2nd and the 3rd week of the 

disease. The dose of MK801 (5 µg/rat/day, i.t.) has been determined after preliminary data 

and according to previous studies performed in diabetic rats showing the need of chronic 

treatment to reverse hyperalgesia (Malcangio et al., 1998; Begon et al., 2000). Therefore, the 

diabetic hyperalgesic rats were intrathecally treated with the different drugs or the vehicle 

from day 15 to day 21 after the induction of the trouble. Each experiment was performed 

blind using different animals in randomized blocks to assess the effects of the different 

treatments under the same lapse of time and environmental conditions. At day 22, rats whose 

vocalisation thresholds were increased by 25 % compared to nociceptive thresholds measured 

before treatment (at day 14) were considered as having an improved pain status. Rats were 
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then sacrificed by decapitation. Lumbar enlargements of the spinal cord and L4-L5 DRG were 

rapidly removed, frozen in liquid nitrogen and kept at –80°C. 

 

3.3. Drugs and intrathecal administration 

U0126 (1,4-Diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)butadiene), SB503580 (4-(4-

Fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridyl)1H-imidazole) and SP600125 

(Anthra[1,9-cd]pyrazol-6(2H)-one) were purchased from Biomol (France). The NMDA 

receptor antagonist MK801 ((5R,10S)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]-

cyclohepten-5-10-imine hydrogen maleate) was obtained from Sigma (France). Intrathecal 

injections of drugs or vehicle (saline containing 10 % dimethylsulfoxyde) were performed 

under isoflurane anaesthesia (4 % induction, 2 % maintenance), as previously described 

(Mestre et al., 1994). Briefly, the anaesthetised rat was held in one hand by the pelvic girdle 

and a 25-gaugeX1-inch needle connected to a 25 µl Hamilton syringe was inserted into the 

subarachnoidal space between lumbar vertebrae L5 and L6, until a tail flick was elicited. The 

syringe was held in position for few seconds after the injection of a volume of 10 µl/rat. 

Intrathecal injection of vehicle had no effect on nociceptive thresholds/behavior, protein 

expression and protein phosphorylation. 

 

4. Immunoblotting analysis 

Spinal cord enlargements and DRG, homogenized in 400 µl of ice-cold lysis buffer (50 mM 

HEPES, pH 7.5, 150 mM NaCl, 10 mM EDTA, 10 mM Na4P2O7, 2 mM orthovanadate, 100 

mM NaF, 1 % Triton X-100, 0.5 mM phenylmethylsulfonylfluoride, 20 µM leupeptin, 100 

IU/ml aprotinin, Sigma, France), were incubated for 20 min at 4°C and then centrifuged at 

16,000 g for 15 min. The protein concentration of tissue lysates was determined with a BCA 

Protein Assay Kit (Interchim, France). Proteins were then electrophoresed in 10 % SDS 
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polyacryalmide gels and transferred to nitrocellulose membrane (BioTrace NT, France). 

Membranes were blocked 1 h at room temperature (RT) with TBS/T (10 mM Tris-HCl, pH 

7.6, 140 mM NaCl, 0.1 % Tween-20) containing 5 % nonfat dry milk and incubated overnight 

at 4°C with the indicated antibodies (anti-total ERK1/ERK2, JNK1, p38 antibodies, 

polyclonal, anti-rabbit, 1:200, Tebu, France ; anti-phospho-ERK, phospho-p38, phospho-JNK 

antibodies that recognize ERK, p38 and JNK only when activated by dual phosphorylation at 

Thr202/Tyr204, Thr180/Tyr182 and Thr183/Tyr185, respectively, and do not detect non 

phosphorylated MAPKs, monoclonal, anti-mouse, 1:2000, Cell Signaling Technology, 

Beverly, MA). The blots were washed three times in TBS/T and incubated for 1 h at RT with 

HRP-conjugated secondary antibody (Pierce, Rockford, IL), developed in ECL solution 

(SuperSignal West Pico Chemiluminescent Substrate, Pierce) for 5 min and exposed onto 

BioMax hyperfilms (Kodak, France) for 1-30 min. The intensity of immunoreactive bands 

was quantified using Phoretix Advanced® Software and normalized against a loading control. 

Results were expressed as the percentage change from control, where control is the mean 

result from at least three spinal cords of animals that received saline or vehicle. 

 

5. Immunohistochemistry 

Three weeks-aged diabetic hyperalgesic rats were perfused transcardially with 4 % 

paraformaldehyde in 0.1 M PBS, pH 7.4. The lumbar spinal cords were removed, postfixed in 

the same fixative for 1 h at 4°C, deshydrated and included in paraffin. Antigen retrieval was 

performed by bringing slides to sub-boiling 10 min in 10 mM sodium citrate, pH 6, and 

cooling at RT for 30 min. Then, spinal sections were incubated 10 min in a solution 

containing 3 % H2O2 and blocked with 5 % donkey serum for 1 h at RT. For double 

immunofluorescence staining, spinal cords were incubated overnight at 4°C with a mixture of 

monoclonal anti-phospho-MAPK antibody (anti-phospho-p38, phospho-ERK, phospho-JNK, 
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anti-rabbit, 1:100, Cell Signaling Technology, Beverly, MA) and monoclonal neuronal 

specific nuclear protein (NeuN) (neuronal marker, anti-mouse, 1:200, Chemicon, Temecula, 

CA), glial fibrillary acidic protein (GFAP) (astrocyte marker, anti-mouse, 1:200, Chemicon) 

or anti-OX-42 (CD11b, microglial marker, anti-mouse, 1:200, Chemicon) antibodies followed 

by a mixture of FITC- and rhodamine-conjugated secondary antibody (anti-rabbit or anti-

mouse, 1:100, FluoProbes, France) for 2 h at RT. Non-specific staining was determined by 

excluding the primary antibodies. Images were captured using a Nikon microscope equipped 

for epifluorescence (Tokyo, Japan) operated by a Lucia® Software. 

 

6. Statistical analysis 

Three to eight rats were included for each group for quantification of immunoblots and 

behavioral studies. Data are expressed as mean ± S.E.M. Differences between groups were 

compared by a two-way analysis of variance (ANOVA) followed by either a Dunnett's test to 

analyse the time course of the effect of different treatments on vocalisation thresholds, or by 

Student’s t-test in unpaired series to compare kinase activity obtained after different 

treatments or for relationships between pain thresholds and phosphorylation of MAPKs. 

Correlations were assessed by Pearson’s simple correlation coefficient. The criterion for 

statistical significance was p<0.05. 
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RESULTS 

 

1. Biological and clinical parameters 

Two weeks after the STZ injection, 70.7 % (n = 81) of the rats presented a significant 3.58 ± 

0.3 fold increase (p < 0.001) in glycemia compared to that before injury (before STZ : 7.76 ± 

0.14 mM ; week 2 : 27.79 ± 1.05 mM). Only diabetic rats were included in the studies. No 

significant difference was observed for glycemia after chronic treatment with the vehicle, 

selective MAPKs inhibitors or the NMDA receptor antagonist, demonstrating that these 

treatments had no effect on this parameter. 

The analysis of the pain behavior showed a significative reduction (41.4 ± 1.5 %, p < 0.01) in 

the vocalisation thresholds two weeks after the induction of diabetes in 72,8 % (n = 59) of the 

diabetic rats (before STZ : 357.1 ± 8.2 g, week 2 : 209.1 ± 9 g). In the absence of treatment, 

this decrease was maintained three weeks after the induction of diabetes (week 3 : 198.3 ± 12 

g). No variation in the thresholds were observed in 27,2 % of the diabetic rats and in control 

animals two and three weeks after the injection of STZ or distilled water respectively. 

The mean body weight of all the rats (n = 122) used in the experiments was 213 ± 2.5 g before 

STZ, 249 ± 6 g and 284.1 ± 4.2 g two weeks after injection of STZ or distilled water, 

respectively. General health state of the animals have been considered. Loss of more than 10 

% of the initial body weight, loss of activity and piloerection were criteria that justify the 

removal of diabetic animals. Thus, hyperalgesia observed in STZ-induced diabetic rats was 

specific to diabetes and not due to the general health state of the animals. 
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2. Spinal MAPKs involvement in diabetes-induced hyperalgesia 

 

2.1. Expression of phosphorylated forms of MAPKs  

We first investigated whether the phosphorylation of MAPKs isoforms was modified at three 

weeks of diabetes, an early stage of the disease with hyperalgesia (Courteix et al., 1993). 

Immunoblots analysis with specific anti-phospho-ERK, anti-phospho-p38 or anti-phospho-

JNK antibodies, that detect ERK, p38 and JNK only when activated by dual phosphorylation,  

revealed an increased phosphorylation of MAPKs in the spinal cord (Fig. 1A-C ; upper 

panels) and in DRG (Fig. 2A-C ; upper panels) of diabetic hyperalgesic rats compared to 

control or diabetic non hyperalgesic rats. Phospho-ERK and phospho-p38 were not detectable 

in the spinal cord of control and diabetic non hyperalgesic rats (Fig. 1A-B ; upper panels) 

while the three phosphorylated MAPKs were below detection levels in the DRG (Fig. 2A-C ; 

upper panels) of the same animals, even if membranes are autoradiographed for a longer 

period of time. These results suggest that very low levels of phosphorylated forms of MAPKs 

were present in control and diabetic non hyperalgesic rats. In the spinal cord, densitometric 

quantification of JNK immunoblots showed a significant 6.13 fold ± 0.5 and 5.5 ± 0.2 

increase (p < 0.001) in phosphorylation of the kinase in diabetic hyperalgesic rats compared to 

control and diabetic non hyperalgesic animals, respectively (Fig. 1C ; upper panel). 

Regression analysis showed that diabetes-induced phosphorylation of MAPKs conversely 

correlated significantly with pain thresholds in the spinal cord (P-ERK : r= 0.81 ; P-p38 : 

r=0.82 ; P-JNK : r=0.84 ; p < 0.0001 ; Fig. 1D-F) and in DRG (P-ERK : r= 0.80 ; P-p38 : 

r=0.75 ; P-JNK : r=0.85 ; p < 0.0001 ; Fig. 2D-F). No variation of total ERK1/ERK2, p38 or 

JNK1 protein expression was observed in the spinal cord (Fig. 1A-C ; lower panels) and in 

DRG (Fig. 2A-C ; lower panels), whatever the behavioral or glycemic status of animals. 

Together, these results suggested that post-translational activation of MAPKs in the spinal 
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cord and in DRG was specific of hyperalgesia and not directly due to metabolic alterations of 

diabetes.  

 

2.2. Cellular localization of spinal activated MAPKs 

Phosphorylated forms of ERK, p38 and JNK were localized mainly to the superficial dorsal 

horn-laminae of the spinal cord (Fig. 3A). To identify the cell types that expressed spinal 

phospho-MAPKs in three weeks-aged diabetic hyperalgesic rats, double immunofluorescence 

staining of phospho-MAPKs was performed with several cell-specific markers : neuronal 

specific nuclear protein (NeuN) for neurons, glial fibrillary acidic protein (GFAP) for 

astrocytes and OX-42 (CD11b) for microglia. The three MAPKs in their activated sated were 

expressed in neuronal (Fig. 3B-D) and microglial (Fig. 3E-G) cells since they colocalized 

with NeuN and OX-42, respectively. However, the three MAPKs do not appear to be 

expressed in astrocytes, as no colocalization could be detected between theses isoforms and 

GFAP (Fig. 3H-J). 

 

2.3. Influence of MAPKs inhibition on diabetes-induced hyperalgesia 

To determine the role of spinal MAPKs phosphorylation in nociceptive behavior, we 

examined the ability of U0126, SB503580 and SP600125, which are specific inhibitors of 

MEK (an upstream kinase in the activating cascade of ERK), p38 and JNK, respectively, to 

antagonize mechanical hyperalgesia evoked by diabetes. The chronic intrathecal treatment (5 

µg/rat/day for 7 days) of U0126 (Fig. 4A), SB503580 (Fig. 5A) or SP600125 (Fig. 6A) in 

diabetic hyperalgesic rats significantly increased nociceptive thresholds by 57.4 ± 0.3 % 

(from 235.0 ± 40.9 g to 370.0 ± 52.9 g ; p < 0.05), 78.8 ± 3.9 % (from 185.0 ± 6.5 g to 330.8 

± 32.2 g ; p < 0.01) and 54.7 ± 0.4 % (from 240.0 ± 19.8 g to 371.3 ± 28.1 g ; p < 0.01), 

respectively. The chronic administration of DMSO, used as vehicle, failed to induce any 
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change in pain scores. Nociceptive thresholds obtained after a seven-day inhibition of MEK, 

p38 or JNK were not significantly different from pre-diabetes scores (thresholds after U0126 

treatment : 370.0 ± 52.9 g versus 392.5 ± 53.8 g before diabetes ; after SB503580 treatment : 

330.8 ± 32.2 g versus 355.0 ± 17.3 g before diabetes ; after SP600125 treatment : 371.3 ± 

28.1 g versus 405.0 ± 20.1 g before diabetes), demonstrating that the three MAPKs pathways 

participate in mechanical hyperalgesia observed in diabetic rats (Fig. 4-6A). 

Immunoblots analysis were subsequently carried out on the lumbar spinal cord of the vehicle 

and MAPK inhibitor-treated diabetic hyperalgesic animals. When nociceptive thresholds were 

increased after U0126, SB503580 or SP600125 treatment, phosphorylation of ERK1/ERK2 

(Fig. 4B), p38 (Fig. 5B) or JNK1 (Fig. 6B) isoforms at the spinal level significantly decreased 

(p < 0.001) by 90.5 ± 2.2 %, 73.6 ± 10.8 %, 87.2 ± 2.5 % and 62.8 ± 4.0 %, respectively, 

compared to the phosphorylation measured in the vehicle-treated rats. No significant 

difference in the expression of total ERK1/ERK2 (ERK1 : 91.6 ± 5.7 % ; ERK2 : 108.6 ± 5.4 

% ; Fig. 4C), p38 (113.2 ± 6.3 % ; Fig. 5C) or JNK1 (96.0 ± 5.1 % ; Fig. 6C) proteins was 

observed in rats treated with respectively the MEK, p38 or JNK inhibitor compared to 

vehicle-treated animals, suggesting a post-translational regulation of the corresponding 

proteins. Then, the specificity of the three MAPKs inhibitors was tested on the same lumbar 

enlargements of the spinal cord. The phosphorylation of p38 and JNK1 in U0126-treated rats 

was not significantly modified compared to that measured in vehicle-treated rats (after U0126 

treatment : P-p38 : 91.7 ± 8.3 % ; P-JNK1 : 110.5 ± 13.8 % versus after vehicle treatment). 

SB503580 is specific to the p38 pathway since the phosphorylation of ERK1/ERK2 and 

JNK1 was not different in vehicle and SB503580-treated rats (after SB503580 treatment : P-

ERK1 : 92.1 ± 13.6 % ; P-ERK2 : 88.1 ± 14.1 % ; P-JNK1 : 127.1 ± 16.8 % versus after 

vehicle treatment). In addition, the JNK inhibitor was specific of this signaling pathway since 
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it did not affect ERK and p38 phosphorylation (after SP600125 treatment : P-ERK1 : 121.1 ± 

28.8 % ; P-ERK2 : 89.6 ± 12.0 % ; P-p38 : 112.4 ± 27.5 % versus after vehicle treatment). 

 

3. Involvement of the NMDA receptor in diabetic hyperalgesia-induced MAPKs 

activation 

As the NMDA receptor was involved in diabetic hyperalgesia (Malcangio et al., 1998; Begon 

et al., 2000), we examined the effect of MK801, a non-competitive NMDA receptor 

antagonist, on both the vocalisation thresholds and the phosphorylation of MAPKs in diabetic 

hyperalgesic rats. Intrathecal administration of MK801 (5 µg/rat/day for 7 days) significantly 

increased (p < 0.001) nociceptive thresholds by 55.8 ± 0.7 % from 192.0 ± 17.4 g  to 299.2 ± 

29.6 g (Fig. 7A) and led to pain scores not significantly different from pre-diabetes ones 

(299.2 ± 29.6 g versus 342.0 ± 8.8 g). No change in hyperalgesia was observed after the 

injection of the vehicle and no side-effects like stereotypies and/or motor dysfunction was 

observed after the administration of the intrathecal dose of MK801. 

In MK801-treated rats, the phosphorylation of ERK1/ERK2, p38 and JNK1 was significantly 

decreased (p <  0.001) by 65.9 ± 7.44 %, 68.8 ± 10.6 %, 68.0 ± 8.6 % and 76.1 ± 3.9 %, 

respectively, compared to the phosphorylation measured in vehicle-treated rats (Fig. 7B-D). 
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DISCUSSION  

 

MAPKs activation in diabetes-induced mechanical hyperalgesia 

The present study reports, for the first time, that an increase of ERK, JNK and p38 

phosphorylation in the spinal cord and in DRG, which reflects an increase of their activation, 

is correlated with a diabetic hyperalgesic state in rats, at an early stage of an experimental 

painful diabetic neuropathy. These cellular changes were not only linked to hyperglycemia 

because diabetic non hyperalgesic rats failed to have such an increase. These data suggest that 

hyperglycemia is a necessary, but not sufficient, condition to obtain hyperalgesia, which agree 

with the ability of insulin to relieve this symptom both in diabetic humans and animals 

(Courteix et al., 1996). Thus, hyperglycemia is not the sole trigger for mechanical 

hyperalgesia and other downstream factors, like MAPKs activation, are needed to determine 

development of altered pain reactions during diabetes. However, the mechanisms by which 

hyperglycemia induced MAPKs activation remains to be elucidated and additional work will 

be required to verify the ability of insulin to reverse this cellular transduction pathway. 

Regarding clinical data, it would be also of a great interest to understand these signaling 

cascades and their contribution to determine the factors of neuropathic pain sensitivity in 

diabetes disease. The involvement of MAPKs phosphorylation in diabetes-induced 

mechanical hyperalgesia was confirmed by the suppression of this painful symptom in 

diabetic rats after seven days-treatment with well-tolerated MAPKs inhibitors. On the 

contrary, the acute administration of these inhibitors was without effect on pain thresholds 

(not shown observation). However, in both the STZ and the chronic constriction injury (CCI) 

models, Ciruela et al. reported that a single intrathecal administration of a MEK inhibitor, 2 

weeks after the induction of the neuropathy, suppressed tactile allodynia and activation of 

ERK1/ERK2 30 min after treatment (Ciruela et al., 2003). This discrepancy may result from a 
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different spatio-temporal kinetic of ERK activation according to the etiology or the 

symptomatolgy of the neuropathic pain models studied. The fact that MAPKs inhibition had 

no immediate effect on hyperalgesia in our model of neuropathy suggests that long lasting 

phenomenon are involved after activation of ERK, p38 and JNK and contribute to the 

generation but also the maintenance of this painful symptom. The observed antihyperalgesic 

effects of the three MAPKs inhibitors are compatible with a role of MAPKs activation via a 

transcriptional regulation. However, the specific targets regulated by MAPKs in the spinal 

cord after painful diabetic neuropathy remain largely unknown. Recently, it has been 

proposed a cascade that involves ERK activation, CREB phosphorylation, induction of 

immediately early genes, e.g. c-fos, Zif 268, Cyclooxygenase 2 (Cox-2), and induction of late 

response genes encoding neuropeptides, e.g. prodynorphin or NK-1, and/or their receptors (Ji 

et al., 2002a,b; Kawasaki et al., 2004). Activation of each element in this cascade could have 

different time course. ERK activation appears to be an initial trigger and persistent activation 

of ERK in dorsal horn neurons for several weeks may play a role in maintaining gene 

expression (Zhuang et al., 2005). P38 is also known to regulate long-term adaptative changes 

(hours to days) in expression of proteins or enzymes, e.g. Cox-2, that are important for spinal 

sensitization (Lasa et al., 2000). Our findings demonstrate a similar implication of the three 

MAPKs in the suppression of diabetes-induced hyperalgesia, suggesting that they might have 

common downstream pathways. It is possible that the transcriptional regulation by the three 

isoforms leads to the altered expression of one or several similar genes involved in diabetes-

induced hyperalgesia. Moreover, it cannot be excluded that MAPKs activation may also 

contribute to changes by non transcriptional means, probably via the phosphorylation of 

kinases, key receptors and ion channels, leading to an increase of the neuronal excitability. 

The three major MAPKs phosphorylate their substrates on the consensus (T/S)P sequence and 

it is possible that they could target some common substrates. Many potential substrates 
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contain this motif and thus could be good candidates for the maintenance of pain 

hypersensitivity. Our results also report that the three MAPKs cascades function in an 

independent-manner to maintain hyperalgesia at three weeks of diabetes, with no cross-talk 

between these pathways, since the inhibition of one MAPK pathway did not affect the two 

other ones. Two mechanisms prevent inappropriate cross-talk between the different MAPKs 

modules (Pouyssegur et al., 2002). First, scaffold proteins create multi-enzyme complexes 

that bring together components of a single kinase cascade. Second, specific docking sites on 

MAPKs which serve for the binding of substrates, activators and regulators increase the 

fidelity and the efficiency of the enzymatic reactions. 

 

Spinal MAPKs activation in neurons and microglia 

Immunohistochemistry studies performed at three weeks of diabetes revealed that spinal 

enhanced MAPKs immunoreactivities were mainly observed in the superficial dorsal horn-

laminae and were present in NeuN- and OX-42-positive cells, which are specific markers of 

neuronal and microglial cells, respectively. Although hyperalgesia was originally thought to 

result exclusively from altered neuronal activity in the primary sensory and spinal cord 

neurons, there is evidence indicating that glial cells may also play a role in the pathogenesis of 

pain, probably via the release of neuroactive factors including prostanoids and cytokines 

(Watkins et al., 1997, 2001). Microglia is activated in the spinal cord in cancer pain models 

(Mantyh et al., 2002) or after nerve injury (Winkelstein et al., 2001) and neuropathic pain is 

reduced by minocycline, a microglial inhibitor (Raghavendra et al., 2003). P38 in microglia 

have been implicated in the generation of mechanical allodynia and thermal hyperalgesia 

observed in inflammatory (Svensson et al., 2003a,b) and nerve injury pain models (Jin et al., 

2003). On the other hand, spinal nerve ligation induces ERK activation in microglia (Zhuang 

et al., 2005). A crucial question is the nature of communication between sensory neurons and 
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microglia. It is difficult to determine whether microglial and/or neuronal MAPKs are 

responsible for the effects seen in this study. The activation of microglial MAPKs might 

represent a direct effect of glutamate, released from the afferent terminals and binding to 

NMDA receptors present on microglia. But it is also possible that the activation of MAPKs in 

microglia is an indirect effect of neuronal NMDA receptor activation, mediated by factors 

released from neurons upon stimulation. 

 

NMDA receptors involved upstream of MAPKs activation in painful diabetic 

hyperalgesia 

Multiple transmitter receptors, as ionotropic NMDA, non-NMDA glutamate receptors and G-

protein coupled receptors, are coupled to MAPKs activation in the superficial laminae of the 

spinal cord. The NMDA receptor functions as a Ca2+ channel and glutamate signaling through 

this receptor induces phosphorylation of p38 in primary neuronal cultures (Chen et al., 2003) 

and in dorsal horn microglia (Svensson et al., 2003a,b). Moreover, inhibition of p38 

attenuates NMDA-evoked release of prostaglandin E2 and the resulting hyperalgesia 

(Svensson et al., 2003a). As hyperalgesia due to diabetic neuropathy is supported by 

pharmacological studies implicating glutamatergic pathways (Malcangio and Tomlinson, 

1998; Begon et al., 2000), we investigated if the NMDA receptor may be involved upstream 

of spinal MAPKs activation in diabetic hyperalgesia. Our results indicate that blockade of the 

NMDA receptor with the MK801 antagonist administered by intrathecal route suppressed 

hyperalgesia and decreased ERK, JNK and p38 phosphorylation in the same diabetic rats. 

This suggests that NMDA receptor activation is needed to induce spinal MAPKs 

phosphorylation and consequently hyperalgesia. This conclusion is reinforced by the 

observation of a similar degree of antihyperalgesic effect and enzyme inhibition by both 

NMDA antagonist and MAPKs inhibitors (e.g. 55.8% and 54.7% of vocalisation thresholds 
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increase, 76.1% and 62.8% of enzyme inhibition for MK801 and JNK inhibitor, respectively). 

Previous studies found that phophorylation of ERK is partially inhibited by NMDA 

antagonists after C-fiber stimulation induced by electrical stimulation or application of 

capsaicin whereas blockade of both NMDA and AMPA receptors totally suppressed 

activation of ERK (Kawasaki et al., 2004). Calcium entry through the NMDA receptor ion 

channel or other receptors may be responsible for initiating activation of the three MAPKs 

pathways in our painful diabetic neuropathy. Several intermediates depending on calcium 

such as NO synthesis (Yun et al., 1999), PKC or calmodulin kinase (Fukunaga and 

Miyamoto, 1998) or the protein tyrosine kinase PYK2 (Lev et al., 1995), a member of the Src-

family protein tyrosine kinases, may be good candidates to participate in the activation of 

MAPKs in our model of diabetic neuropathy.  

In conclusion, we provide for the first time substantive evidence that a cascade initiated by 

NMDA ionophore activation leading to diabetic hyperalgesia is dependent on the 

phosphorylation of the three MAPKs isoforms in both spinal neurons and microglial cells. 

Our results add further support to the hypothesis that glial cells play an important role in the 

genesis of diabetic neuropathic pain and cooperate with neurons to regulate its development. 

It is likely that MAPKs mediate alterations in gene expression and then contribute to the 

establishment and chronic maintenance of this neuropathic pain. Thus, MAPKs pathways play 

a significant role in spinal sensitization processing induced by diabetes and represent potential 

targets for pain therapy of these painful metabolic neuropathies. 

 

 

ACKNOWLEDGMENTS 
 

The authors thank Séverine Brunet, Jonathan Deyveaux-Gassier, Claire Gorge, Sophie 

Guillemard for technical assistance. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 21

REFERENCES   

 

Agthong S and Tomlinson DR (2002) Inhibition of p38 MAP kinase corrects biochemical and 

neurological deficits in experimental diabetic neuropathy. Ann NY Acad Sci 973:359-362. 

 

Begon S, Pickering G, Eschalier A and Dubray C (2000) Magnesium and MK-801 have a 

similar effect in two experimental models of neuropathic pain. Brain Res 887:436-439. 

 

Chen RW, Qin ZH, Ren M, Kanai H, Chalecka-Franaszek E, Leeds P and Chuang DM (2003) 

Regulation of c-Jun N-terminal kinase, p38 kinase and AP-1 DNA binding in cultured brain 

neurons : roles in glutamate excitotoxicity and lithium neuroprotection. J Neurochem 84:566-

575. 

 

Ciruela A, Dixon AK, Bramwell S, Gonzalez MI, Pinnock RD and Lee K (2003) 

Identification of MEK1 as a novel target for the treatment of neuropathic pain. Br J 

Pharmacol 138:751-756. 

 

Courteix C, Eschalier A and Lavarenne J (1993) Streptozocin-induced diabetic rats: 

behavioural evidence for a model of chronic pain. Pain 53:81-88. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 22

Courteix C, Bardin M, Massol J, Fialip J, Lavarenne J, Eschalier A (1996) Daily insulin 

treatment relieves long-term hyperalgesia in streptozocin diabetic rats. Neuroreport 7:1922-

1924. 

 

Fernyhough P, Gallagher A, Averill SA, Priestley JV, Hounsom L, Patel J and Tomlinson DR 

(1999) Aberrant neurofilament phosphorylation in sensory neurons of rats with diabetic 

neuropathy. Diabetes 48:881-889. 

 

Fukunaga K and Miyamoto E (1998) Role of MAP kinase in neurons. Mol Neurobiol 16:79-

95. 

 

Galan A, Lopez-Garcia JA, Cervero F and Laird JM (2002) Activation of spinal extracellular 

signaling-regulated kinase-1 and -2 by intraplantar carrageenan in rodents. Neurosci Lett 

322:37-40. 

 

Ji RR, Baba H, Brenner GJ and Woolf CJ (1999) Nociceptive-specific activation of ERK in 

spinal neurons contributes to pain hypersensitivity. Nature Neurosci 2:1114-1119. 

 

Ji RR, Befort K, Brenner GJ and Woolf CJ (2002a) ERK MAP kinase activation in superficial 

spinal cord neurons induces prodynorphin and NK-1 upregulation and contributes to 

persistent inflammatory pain hypersensitivity. J Neurosci 22:478-485. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 23

Ji RR, Samad TA, Jin SX, Schmoll R and Woolf CJ (2002b) P38 MAPK activation by NGF 

in primary sensory neurons after inflammation increases TRPV1 levels and maintains heat 

hyperalgesia. Neuron 36:57-68. 

 

Jin SX, Zhuang ZY and Woolf CJ, Ji RR (2003) p38 mitogen-activated protein kinase is 

activated after a spinal nerve ligation in spinal cord microglia and dorsal root ganglion 

neurons and contributes to the generation of neuropathic pain. J Neurosci 23:4017-4022. 

 

Kawasaki Y, Kohno T, Zhuang ZY, Brenner GJ, Wang H, Van Der Meer C, Befort K, Woolf 

CJ and Ji RR (2004) Ionotropic and metabotropic receptors, protein kinase A, protein kinase 

C, and Src contribute to C-fiber-induced ERK activation and cAMP response element-binding 

protein phosphorylation in dorsal horn neurons, leading to central sensitization. J Neurosci 

24:8310-8321. 

 

Kenney AM and Kocsis JD (1998) Peripheral axotomy induces long-term c-Jun amino-

terminal kinase-1 activation and activator protein-1 binding activity by c-Jun and junD in 

adult rat dorsal root ganglia In vivo. J Neurosci 18:1318-1328. 

 

Lasa M, Mahtani KR, Finch A, Brewer G, Saklatvala J and Clark AR (2000) Regulation of 

cyclooxygenase 2 mRNA stability by the mitogen-activated protein kinase p38 signaling 

cascade. Mol Cell Biol 20:4265-4274. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 24

Lev S, Moreno H, Martinez R, Canoll P, Peles E, Musacchio JM, Plowman GD, Rudy B and 

Schlessinger J (1995) Protein tyrosine kinase PYK2 involved in Ca(2+)-induced regulation of 

ion channel and MAP kinase functions. Nature 376:737-745. 

 

Malcangio M and Tomlinson DR (1998) A pharmacologic analysis of mechanical 

hyperalgesia in streptozotocin/diabetic rats. Pain 76:151-157. 

 

Mantyh PW, Clohisy DR, Koltzenburg M and Hunt SP (2002) Molecular mechanisms of 

cancer pain. Nat Rev Cancer 2:201-209. 

 

Mestre C, Pelissier T, Fialip J, Wilcox G and Eschalier A (1994) A method to perform direct 

transcutaneous intrathecal injections in rats. J Pharmacol Toxicol Methods 32:197-200. 

 

Obata K, Yamanaka H, Dai Y, Mizushima T, Fukuoka T, Tokunaga A and Noguchi K 

(2004a) Differential activation of MAPK in injured and uninjured DRG neurons following 

chronic constriction injury of the sciatic nerve in rats. Eur J of Neurosci 20:2881-2895. 

 

Obata K, Yamanaka H, Kobayashi K, Dai Y, Mizushima T, Katsura H, Fukuoka T, Tokunaga 

A and Noguchi K (2004b) Role of mitogen-activated protein kinase activation in injured and 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 25

intact primary afferent neurons for mechanical and heat hypersensitivity after spinal nerve 

ligation. J Neurosci 24:10211-10222. 

 

Pouyssegur J, Vomat V, Lenormand P (2002) Fidelity and spatio-temporal control in MAPK 

kinase (ERK) signallin. Biochem Pharmacol 64:755-763.  

 

Purves T, Middlemas A, Agthong S, Jude EB, Boulton AJ, Fernyhough P and Tomlinson DR 

(2001) A role for mitogen-activated protein kinases in the etiology of diabetic neuropathy. 

FASEB J 15:2508-2514. 

 

Raghavendra V, Tanga F and DeLeo JA (2003) Inhibition of microglial activation attenuates 

the development but not existing hypersensitivity in a rat model of neuropathy. 

J Pharmacol Exp Ther 306:624-630.  

 

Randall LO and Selitto JJ (1957) A method for measurement of analgesic activity on inflamed 

tissue. Arch Int Pharmacodyn 111:409-419. 

 

Schafers M, Svensson CI, Sommer C and Sorkin LS (2003) Tumor necrosis factor-alpha 

induces mechanical allodynia after spinal nerve ligation by activation of p38 MAPK in 

primary sensory neurons. J Neurosci 23:2517-2521. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 26

Sindrup SH and Jensen TS (1999) Efficacy of pharmacological treatments of neuropathic 

pain: an update and effect related to mechanism of drug action. Pain 83:389-400. 

 

Svensson CI, Hua XY, Protter AA, Powell HC and Yaksh TL (2003a) Spinal p38 MAP 

kinase is necessary for NMDA-induced spinal PGE(2) release and thermal hyperalgesia. 

Neuroreport 14:1534-1544. 

 

Svensson CI, Marsala M, Westerlund A, Calcutt NA, Campana WM, Freshwater JD, Catalano 

R, Feng Y, Protter AA, Scott B and Yaksh TL (2003b) Activation of p38 mitogen-activated 

protein kinase in spinal microglia is a critical link in inflammation-induced spinal pain 

processing. J Neurochem 86:1534-1544. 

 

Sweitzer SM, Medicherla S, Almirez R, Dugar S, Chakravarty S, Shumilla JA, Yeomans DC 

and Protter AA (2004) Antinociceptive action of a p38alpha MAPK inhibitor, SD-282, in a 

diabetic neuropathy model. Pain 109:409-419. 

 

Tsuda M, Mizokoshi A, Shigemoto-Mogami Y, Koizumi S and Inoue K (2004) Activation of 

p38 mitogen-activated protein kinase in spinal hyperactive microglia contributes to pain 

hypersensitivity following peripheral nerve injury. Glia 45:89-95. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 27

Watkins LR, Martin D, Ulrich P, Tracey KJ and Maier SF (1997) Evidence for the 

involvement of spinal cord glia in subcutaneous formalin induced hyperalgesia in the rat. Pain 

71:225-235. 

 

Watkins LR, Milligan ED and Maier SF (2001) Glial activation: a driving force for 

pathological pain. Trends Neurosci 24:450-455. 

 

Widmann C, Gibson S, Jarpe MB and Johnson GL (1999) Mitogen-activated protein kinases: 

Conservation of a three-kinase module from yeast to human. Physiol Rev 79:143-180. 

 

Winkelstein BA, Rutkowski MD, Sweitzer SM, Pahl JL and DeLeo JA (2001) Nerve injury 

proximal or distal to the DRG induces similar spinal glial activation and selective cytokine 

expression but differential behavioral responses to pharmacologic treatment. J Comp Neurol 

439:127-139. 

 

Woolf CJ and Salter MW (2000) Neuronal plasticity: increasing the gain in pain. Science 

288:1765-1769. 

 

Yun HY, Dawson VL and Dawson TM (1999) Glutamate-stimulated calcium activation of 

Ras/Erk pathway mediated by nitric oxide. Diabetes Res Clin Pract 45:113-115. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 28

Zhuang ZY, Gerner P, Woolf CJ and Ji RR (2005) ERK is sequentially activated in neurons, 

microglia, and astrocytes by spinal nerve ligation and contributes to mechanical allodynia in 

this neuropathic pain model. Pain 114:149-159. 

 

Zimmermann M (1983) Ethical guidelines for investigations of experimental pain in 

conscious animals. Pain 16:109-110.  

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on July 25, 2006 as DOI: 10.1124/mol.106.025478

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL #25478 

 29

LEGENDS 

 

Fig. 1 : Spinal MAPKs involvement in diabetes-induced hyperalgesia  

Immunoblots showed the increased phosphorylation of ERK1 (P-p44), ERK2 (P-p42), p38 

(P-p38) and JNK1 (P-p46) in the lumbar spinal cord homogenates from 3 weeks-aged diabetic 

hyperalgesic rats compared with control and diabetic non hyperalgesic animals (A-C, upper 

panels). The lower panels (A-C) indicate levels of total ERK1/ERK2, p38 and JNK1 proteins. 

The glycemic and behavioral (hyperalgesic) status of the animals are described under the 

blots. Representative autoradiograms from 8 independent experiments are shown. (D-F) 

Correlations between vocalisation thresholds and phosphorylation of ERK, p38 and JNK in 

control (C), diabetic hyperalgesic (DH) and diabetic non hyperalgesic (DNH) rats. 

 

Fig. 2 : MAPKs involvement in DRG in diabetes-induced hyperalgesia 

Immunoblots showed the increased phosphorylation of ERK1 (P-p44), ERK2 (P-p42), p38 

(P-p38) and JNK1 (P-p46) in the lumbar DRG homogenates from 3 weeks-aged diabetic 

hyperalgesic rats compared with control and diabetic non hyperalgesic animals (A-C, upper 

panels). The lower panels (A-C) indicate levels of total ERK1/ERK2, p38 and JNK1 proteins. 

The glycemic and behavioral (hyperalgesic) status of the animals are described under the 

blots. Representative autoradiograms from 8 independent experiments are shown. (D-F)  

Correlations between vocalisation thresholds and phosphorylation of ERK, p38 and JNK in 

control (C), diabetic hyperalgesic (DH) and diabetic non hyperalgesic (DNH) rats. 
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Fig. 3 : Activated MAPKs were localized in neuronal and microglial cells in diabetic 

hyperalgesic rat spinal cord 

(A) Immunochemistry with P-ERK, P-p38 and P-JNK antibodies indicates that increased P-

MAPKs immunoreactivity levels were observed predominantly in the superficial dorsal horn-

laminae of the spinal cord. Double immunofluorescence staining showed that spinal P-ERK 

(green), P-p38 (green) and P-JNK (green) are expressed in neurons and microglia since they 

were colocalized respectively with NeuN (red, B-D) and OX-42 (red, E-G) in the spinal cord 

of three weeks-aged diabetic hyperalgesic rats (merged overlap appears as yellow ; n = 

4/group). Immunohistochemistry showed no colocalization between P-MAPKs (green) and 

GFAP (red, H-J), indicating that P-MAPKs were not expressed by astrocytes (n = 4/group). 

Scale bars : 100 µm. 

 

Fig. 4 : Involvement of the ERK pathway in diabetes-induced mechanical hyperalgesia 

(A) Vocalisation thresholds measured before, 14 and 22 days after the induction of diabetes in 

rats treated from day 15 to day 21 with intrathecal vehicle (DMSO ; 10 µl/rat) or MEK 

inhibitor (U0126 ; 5 µg/rat). Values are mean ± SEM (n = 4/group). * p < 0.05 versus 

thresholds on day 0. (B-C) Representative immunoblots showed an increase in P-ERK1/P-

ERK2 (B), but no change in total ERK1 and ERK2 proteins (C) in lumbar spinal cord 

homogenates from diabetic rats treated with DMSO (D) or U0126 (U). The treatments and 

hyperalgesic state of rats are indicated under the blots. 

 

Fig. 5 : Involvement of the p38 pathway in diabetes-induced mechanical hyperalgesia  

(A) Vocalisation thresholds measured before, 14 and 22 days after the induction of diabetes in 

rats treated from day 15 to day 21 with intrathecal vehicle (DMSO ; 10 µl/rat) or p38 inhibitor 

(SB503580 ; 5 µg/rat). Values are mean ± SEM (n = 6/group). ** p < 0.01 versus thresholds 
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on day 0. (B-C) Representative immunoblots showed an increase in P-p38 (B), but no change 

in total p38 protein (C) in lumbar spinal cord homogenates from diabetic rats treated with 

DMSO (D) or SB503580 (SB). The treatments and hyperalgesic state of rats are indicated 

under the blots. 

 

Fig. 6 : Involvement of the JNK pathway in diabetes-induced mechanical hyperalgesia 

(A) Vocalisation thresholds measured before, 14 and 22 days after the induction of diabetes in 

rats treated from day 15 to day 21 with intrathecal vehicle (DMSO ; 10 µl/rat) or JNK 

inhibitor (SP600125 ; 5 µg/rat). Values are mean ± SEM (n = 6/group). ** p < 0.01 versus 

thresholds on day 0. (B-C) Representative immunoblots showed an increase in P-JNK1 (B), 

but no change in total JNK1 protein (C) in lumbar spinal cord homogenates from diabetic rats 

treated with DMSO (D) or SP600125 (SP). The treatments and hyperalgesic state of rats are 

indicated under the blots. 

 

Fig. 7 : Involvement of NMDA receptor in diabetic hyperalgesia-induced MAPKs 

activation 

(A) Vocalisation thresholds measured before, 14 and 22 days after the induction of diabetes in 

rats treated from day 15 to day 21 with intrathecal vehicle (DMSO ; 10 µl/rat) or NMDA 

receptor antagonist (MK801 ; 5 µg/rat). Values are mean ± SEM (n = 7/group). *** p < 0.001 

versus thresholds on day 0. (B-C) Representative immunoblots showed an increase in P-

ERK1/P-ERK2 (B), P-p38 (C) and P-JNK1 (D) in lumbar spinal cord homogenates from 

diabetic rats treated with DMSO (D) or MK801 (MK). The treatments and hyperalgesic state 

of rats are indicated under the blots. 
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