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ASSOCIATED WITH DIABETES MELLITUS

TADAHIRO NATSUME, M.D.,* KATSUYUKI IWATSUKI, M.D., TAKANOBU NISHIZUKA, M.D., TETSUYA ARAI, M.D.,

MICHIRO YAMAMOTO, M.D., Ph.D., and HITOSHI HIRATA, M.D., Ph.D.

In this report, we present the results of investigation of the effects of prostaglandin E1 (PGE1) on entrapment neuropathy using a diabetic
rat. A total of 60 male Sprague-Dawley rats were used in the study. The model of tibial nerve entrapment neuropathy associated with dia-
betes mellitus was created by streptozotocin-induced diabetic rats reared in cages with wire grid flooring. Rats were assigned to four
groups: nondiabetic (n 5 15), untreated diabetic (n 5 15), diabetic treated with 30 lg/kg PGE1 (n 5 15), and diabetic treated with 100 lg/
kg PGE1 (n 5 15). Pain tests and electrophysiological tests were performed at 0, 2, and 4 weeks, and assessments of gait, histology, and
mRNA expression levels were performed at 4 weeks after initiating the PGE1 administration. In the 30 and 100 lg groups, the mechanical
withdrawal thresholds measured by pain tests at 4 weeks (36.2 6 16.4 g and 31.7 6 15.3 g, respectively) and the motor conduction veloc-
ity (24.0 6 0.2 m/s and 24.4 6 0.3 m/s, respectively) were significantly higher than the untreated diabetic group (all P<0.05) and lower
than the nondiabetic group (all P<0.001). In the gait analysis, the mean intensities in the 30 and 100 lg group (128.0 6 20.1 a.u. and
109.0 6 27.8 a.u., respectively) were significantly higher than the untreated diabetic (P<0.01) and were not significantly different from the
nondiabetic group (P 5 0.81). Fiber density (P 5 0.46) and fiber diameter (P 5 0.15) did not show any significant differences. PGE1 signifi-
cantly decreased nerve growth factor (NGF) mRNA and increased vascular endothelial growth factor (VEGF) mRNA in the tibial nerve
(both P<0.01). In conclusion, neurological deteriorations of diabetic rats were alleviated with PGE1, which is associated with inhibition of
NGF and enhancement of VEGF at the entrapment site. VC 2014 Wiley Periodicals, Inc. Microsurgery 00:000–000, 2014.

Chronic compression or strain on a nerve from pro-

longed or repeated external force, ischemia, and scaring

in and around the nerve are the three major contributing

factors to the development and progression of entrapment

neuropathies.1 Some conditions cause nerves particularly

susceptible to compression. These include diabetes melli-

tus in which nerve circulation is already compromised.2,3

Entrapment neuropathies are highly prevalent in the

diabetic population with a reported prevalence of more

than 30%.4 Entrapment neuropathies occur not only in

the upper extremities but also in the lower extremities.

Surgical decompression is definitely a viable option for

entrapment neuropathies in the extremities that are asso-

ciated with diabetes mellitus,5,6 and surgery has been

demonstrated to provide significant pain relief and pre-

vention of ulceration and subsequent amputation in many

of these patients.7–9 However, the effect of treatment is

not consistent. Development of an adjuvant treatment to

reinforce the effect of the surgery on nerve recovery is

highly desirable.

Prostaglandin E1 (PGE1) is a drug that is widely

used for treating critical limb ischemia. The mechanism

of action of PGE1 has been reported to be via its activity

in dilating the peripheral blood vessels and increasing

their blood flow. PGE1 may have the potential to help

recovery from entrapment neuropathy in diabetics.10 It is

thought that an activity other than the blood flow-

improving activity may be involved in its action

mechanism.

Zochdne et al.11 studied a distal tibial mononeurop-

athy that involved hind foot of diabetic rats reared in

cages with wire grid flooring. This appears to be a useful

animal model of entrapment neuropathy in diabetics. The

purpose of the current study was to investigate the

effects of PGE1 on entrapment neuropathy in diabetics

and to determine the mechanisms of neuropathic pain

and neural dysfunction in these settings using the model

proposed by Zodchone et al.

MATERIALS AND METHODS

Animal Models

All experimental protocols and animal maintenance

procedures performed in this study were approved by the

Animal Ethics Research Committee of Nagoya Univer-

sity. A total of 60 male Sprague-Dawley rats (SLC,

Japan), aged 7 weeks old, were used in this experiment.

Forty-five rats received a single intraperitoneal injection

of 60 mg/kg streptozotocin (STZ) dissolved in citrate

buffer (pH 4.5) to induce diabetes. Nondiabetic rats

received an equivalent volume of the citrate buffered

solution. Hyperglycemia was verified 1 week after the

STZ injection by blood sampling from the tail vein.

Whole-blood glucose tests were performed by cutting the
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top of the caudal vein and by assessing glucose levels

with a ONE TOUCH Ultra glucometer (Johnson & John-

son). A fasting blood glucose level of �300 mg/dl was

considered to indicate experimental diabetes.12 In diabetic

rats, PGE1 was administered via gastric gavage at a dose

of �2 ml (30 or 100 lg/kg) twice per day for 4 weeks.

The same volume of saline was given in a similar man-

ner to control rats. The animals were housed in a

temperature-controlled environment and maintained on a

12-h light–dark cycle with food and water provided ad

libitum. Rats were randomly assigned to the following

four groups: nondiabetic rats (hereinafter referred to as

normal rats; n 5 15); STZ-induced untreated diabetic rats

(hereinafter referred to as control rats; n 5 15); STZ-

induced diabetic rats treated with 30 lg/kg PGE1

(n 5 15); and STZ-induced diabetic rats treated with 100

lg/kg PGE1 (n 5 15).

Behavioral Testing

Mechanical allodynia assessments (von Frey hair

test). To assess mechanical allodynia, we performed

the von Frey hair test. The paw withdrawal threshold in

response to a mechanical stimulus was determined by

using a series of filaments of varying thickness. We used

the Touched-Test von Frey filaments (North Coast Medi-

cal, CA), ranging from 0.16 to 100 g. A cutoff of 100 g

of hair was selected as the upper limit for testing, as

stiffer hairs tended to raise the entire limb rather than

buckle, substantially changing the nature of the stimulus.

Animals were placed in a plastic cage with a metal mesh

floor and were allowed to move around the cage freely

for �10 min prior to testing to ensure that they were

acclimatized to the environment. Probing of the paws

was only performed when the four paws of the rat were

in contact with the floor. von Frey filaments were applied

to the mid-plantar surface of both hind paws to induce

slight buckling against the paw and held for approxi-

mately 6–8 seconds.13 Stimuli were presented at intervals

of several seconds, allowing for apparent resolution of

any behavioral responses to the previous stimuli. A mini-

mum of three withdrawals of the tested paw of five fila-

ment applications was considered to indicate a positive

response. Filaments were applied in ascending order, and

the smallest filament that elicited a foot withdrawal

response was considered the threshold stimulus. The von

Frey hair tests were performed at 0, 2, and 4 weeks after

initiating the PGE1 administration (five rats were exam-

ined in each group at each check point). The first assess-

ment was carried out on day 0 to determine the baseline

threshold for each group.

Gait analysis. A detailed gait analysis was per-

formed on walking rats using the CatWalk according to

the company’s instruction (Noldus, Wageningen, Nether-

lands).14 Briefly, light from a fluorescent tube was sent

through a glass plate, and the light rays were completely

reflected internally. As soon as the rat’s paw came in

contact with the glass surface, the light was reflected

downward. This resulted in a sharp image of a bright

paw print. The whole run was recorded via a camera

placed under the glass plate. The intensity of the paw

print and the tibial functional index (TFI) were measured.

The intensity of the paw print was expressed in arbitrary

units (a.u.); this parameter reflected the mean pressure

exerted by an individual paw during floor contact and the

whole crossing of the walkway. Data analysis was per-

formed with the threshold value set at 40 a.u. (possible

range 0–225), or more specifically, all pixels brighter

than 40 were used. Gabriel et al.14 suggested that there is

a correlation between the development of mechanical

allodynia and intensity of the paw print. Thus, we deter-

mined the intensity of the paw print to objectively assess

mechanical allodynia.

The TFI was a weighted index of function to evaluate

the impairment in gait resulting from tibial nerve

lesions.15 The tracks were evaluated for three different

parameters: toe spread, which is the distance between the

first and fifth toes; intermediate toe spread, which is the

distance between the second and fourth toes; and print

length, which is the distance between the third toe and

the hind pad. The TFI is a negative indicator of the

degree of nerve dysfunction varying from zero to 2100,

with zero corresponding to normal function and 2100

indicating complete dysfunction.15 These parameters

were measured from the footprints of normal and diabetic

rats. This technique has been shown to give highly repro-

ducible results. The gait analysis was performed at 4

weeks after initiating the PGE1 administration (five rats

were examined in each group).

Electrophysiological Examinations

At 0, 2, and 4 weeks after initiating the PGE1 admin-

istration, sciatic nerves were exposed, and electrophysio-

logical recordings were obtained under anesthesia (five

rats were examined in each group at each check point).

The first assessment was carried out on day 0 to deter-

mine the baseline for each group. Anesthesia was

induced by inhalation of 5% isoflurane, which was main-

tained at a concentration of 2–3%, as needed. For sci-

atic–tibial studies, we recorded the signal from the dorsal

subcutaneous space of the hind foot using a platinum

electrode (H537A; Nihon Koden, Tokyo, Japan), which

was stimulated by a bipolar stimulating electrode (UM2-

5050; Nihon Koden) located �7.0 cm proximal to the

recording point. Electrical pulses (supramaximal; duration

of 100 ms; frequency of 1 Hz; and square wave) were

applied with an isolator (SS-201J; Nihon Koden) con-

nected to an electronic stimulator. The motor conduction
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velocity (MCV) was calculated based on the latency and

the distance between the stimulating and recording elec-

trodes. MCV was recorded to estimate the electrophysio-

logical function. During the recordings, the temperature

near the nerve was maintained at 37�C with a heat lamp.

Rats were sacrificed after electrophysiological

examinations.

Histological Examinations

At the end of the experiment (i.e., 4 weeks after ini-

tiating PGE1 administration) and after completing the von

Frey hair test, gait analysis, and electrophysiological test-

ing, animals were sacrificed, and tibial nerves from the

middle of the tarsal tunnel were quickly harvested (five

rats were examined in each group). The nerve was excised

and fixed in 2.5% glutaraldehyde. For postfixation, 1%

osmic acid was used. The tissues were then dehydrated

through an ascending series of ethanol solutions and

embedded in epon. Transverse semithin sections (�1 lm

thick) of the tibial nerves were stained with toluidine blue

and used for morphometric analysis of myelinated fiber

density and fiber diameter. Myelinated fiber density and

diameter were calculated from photomicrographs of the

transverse sections of nerve fascicles at a final magnifica-

tion of 4003 and measured using an image-analyzing sys-

tem (Biozero BZ-8000; KEYENCE, Osaka, Japan).

mRNA Expression

With the same rats as histological examination, tibial

nerves from the middle of the tarsal tunnel and dorsal

root ganglion (DRG) L5 were harvested (five rats were

examined in each group). These were immediately frozen

in liquid nitrogen and stored at 280�C prior to the prep-

aration of RNA. Total RNA was harvested, reverse tran-

scribed, and assessed with real-time polymerase chain

reaction to determine the expression of nerve growth fac-

tor (NGF) mRNA in the tibial nerve and DRG and of

vascular endothelial growth factor (VEGF) mRNA in the

tibial nerve. The real-time reactions were performed

using the Taqman Gene Expression Assay (Applied Bio-

systems, Foster City, CA) on an AB StepOne Real-time

PCR System (Applied Biosystems). For each gene, a set

of primers and a probe were chosen from the Applied

Biosystems list of TaqManVR Gene Expression Assays.

The expression of b-actin was used as an endogenous

control for normalization, and the nontransduced samples

were used as calibrator controls. Data were then collected

via the AB StepOne Real-Time PCR System and ana-

lyzed with the comparative CT method using the SDS

version 1.3.1 Relative Quantification software.

Statistical Analysis

All data are presented as the mean 6 standard devia-

tion. A two-way repeated-measures analysis of variance

(ANOVA) was performed to determine the differences in

MCV and withdrawal threshold, as measured by the von

Frey hair test, between each week in all groups. A one-

way ANOVA followed by a Bonferroni multiple compar-

ison test was also performed to determine the differences

in the intensity of the paw prints and TFI, histological

examination, and mRNA expression levels at 4 weeks in

all groups. A value of P< 0.05 was considered statisti-

cally significant.

RESULTS

Clinical Observations

A diabetic rat treated with 30 mg PGE1 died during

preparation for the second week assessment. This rat was

excluded from the analysis. All diabetic rats had a

marked impairment of growth. At the beginning of the

experiment, body weight was not significantly different

among the four groups (P 5 0.65), and their mean body

weight was 248.5 6 18.7 g. Four weeks later, the rats

that had received citrate buffer alone weighed

395.5 6 8.1 g, whereas those given STZ weighed only

282.1 6 59.7 g. Rats given STZ in combination with

PGE1 weighed 272.6 6 51.6 g (the 30 lg PGE1-treated

group) and 265.8 6 42.8 g (the 100 lg PGE1-treated

group). Normal rats were significantly heavier when com-

pared with the diabetic rats (P< 0.001). Body weight

was not significantly different among the diabetic rats

(P 5 0.85). All diabetic rats exhibited marked hypergly-

cemia. Glucose levels at 4 weeks in normal rats were

significantly lower when compared with the diabetic rats

(149.8 6 20.4 mg/dl in normal rats; 398.2 6 47.2 mg/dl

in control rats; 432.2 6 52.3 mg/dl in the 30 lg PGE1-

treated diabetic rats; and 413.2 6 42.5 mg/dl in the 100

lg PGE1-treated diabetic rats; P< 0.001). Glucose levels

at 4 weeks were not significantly different among the

diabetic rats (P 5 0.75).

Mechanical Allodynia Assessments (von Frey Hair

Test)

The withdrawal threshold at baseline was not signifi-

cantly different among the four groups. All diabetic rats

(i.e., control and the 30 lg PGE1-treated group and the

100 lg PGE1-treated group) displayed a progressive and

significant reduction in mechanical nociceptive threshold

in each examination. In the normal group, the withdrawal

threshold at 2 and 4 weeks was 56.8 6 39.2 g and

72.6 6 25.8 g, respectively, and these were significantly

higher than those of the control group (2 weeks:

22.7 6 5.3 g; 4 weeks: 19.1 6 7.8 g; P< 0.001). The

mechanical withdrawal thresholds at 2 weeks in the 30

lg PGE1-treated group (27.2 6 12.4 g) and the 100 lg

PGE1-treated group (24.9 6 3.5 g) were not significantly
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different from that of the control group at 2 weeks

(22.7 6 5.3 g; P 5 0.48).

The mechanical withdrawal thresholds at 4 weeks in

the PGE1-treated groups (30 lg group: 36.2 6 16.4 g;

100 lg group: 31.7 6 15.3 g) were significantly lower

than that of the normal group (72.6 6 25.8 g; P< 0.001).

The mechanical withdrawal thresholds at 4 weeks in the

PGE1-treated groups (30 lg group: 36.2 6 16.4 g; 100

lg group: 31.7 6 15.3 g) were significantly higher than

that of the control group at 4 weeks (19.1 6 7.8 g;

P< 0.05; Fig. 1).

Gait Analysis

After 4 weeks of PGE1 administration, the mean

intensity in the control group (89.6 6 14.8 a.u.) was sig-

nificantly lower than that of the normal group

(123.0 6 15.3 a.u.; P< 0.01). In the 30 lg PGE1-treated

group and the 100 lg PGE1-treated group, the mean

intensity (30 lg group: 128.0 6 20.1 a.u.; 100 lg group:

109.0 6 27.8 a.u.) was significantly higher than that of

the control group (89.6 6 14.8 a.u.; P< 0.01). The mean

intensity of PGE1-treated groups (30 lg group:

128.0 6 20.1 a.u.; 100 lg group: 109.0 6 27.8 a.u.) at 4

weeks were not significantly different from that of the

normal group (123.0 6 15.3 a.u.; P 5 0.81; Fig. 2).

After 4 weeks of PGE1 administration, TFI in the 30

lg PGE1-treated group (223.8 6 11.7) was significantly

higher than that of the control group (234.1 6 12.8;

P< 0.05). TFI in the 100 lg PGE1-treated group

(230.7 6 3.7) was not significantly higher than that of

the control group (P 5 0.36; Fig. 3).

Electrophysiological Examinations

MCV at baseline was not significantly different

among the four groups (normal group: 24.1 6 1.2 m/s;

control group: 24.7 6 2.1 m/s; the 30 lg PGE1-treated

group: 24.4 6 1.7 m/s; and the 100 lg PGE1-treated

group: 24.9 6 2.2 m/s; P 5 0.82). MCV of normal rats

progressively increased over time. In contrast, the MCV

of untreated diabetic rats (control rats) was progressively

decreasing. In the control group, the MCV at 2 and 4

Figure 1. The mechanical withdrawal thresholds, as determined via

the von Frey hair test, at 0, 2, and 4 weeks after prostaglandin E1

(PGE1) administration. The mechanical withdrawal threshold was

significantly lower in the control group when compared with the

normal group at 2 and 4 weeks (P<0.001). The mechanical with-

drawal threshold was significantly higher in the PGE1-treated

groups when compared with the control group at 4 weeks

(P<0.05). *P<0.05 and ***P<0.001 vs. control rats.

Figure 2. Mean intensity of paw placement, a more objective

assessment of mechanical allodynia, was determined via the Cat-

Walk analysis at 4 weeks after prostaglandin E1 (PGE1) adminis-

tration. The mean intensity was significantly lower in the control

group when compared with the normal group (P<0.01). The mean

intensity was significantly higher in the PGE1-treated groups when

compared with the control group (30 lg PGE1 group: P<0.01;

100 lg PGE1 group: P<0.05). *P<0.05 and **P<0.01 vs. control

rats.

Figure 3. The tibial functional index (TFI), an assessment of tibial

nerve recovery in rats, was determined via CatWalk analysis at 4

weeks after prostaglandin E1 (PGE1) administration. TFI in the 30

lg PGE1 group was significantly higher versus the control group

(P<0.05). There were no significant differences between the 100 lg

PGE1 and control groups (P 5 0.36). *P<0.05 vs. control rats.

4 Natsume et al.

Microsurgery DOI 10.1002/micr



weeks was 23.2 6 1.2 m/s and 21.9 6 0.1 m/s, respec-

tively, and these were significantly lower than those of

the normal group (2 weeks: 26.4 6 0.5 m/s; 4 weeks:

28.1 6 0.2 m/s; P< 0.001). In the 30 lg PGE1-treated

group and the 100 lg PGE1-treated group, the MCV (30

lg group: 24.0 6 0.2 m/s; 100 lg group: 24.4 6 0.3 m/s)

at 4 weeks were significantly higher than those of the

control group (21.9 6 0.1 m/s; P< 0.05). The MCV at 4

weeks in the PGE1-treated groups (30 lg group:

24.0 6 0.2 m/s; 100 lg group: 24.4 6 0.3 m/s) were sig-

nificantly lower than that of the normal group

(28.1 6 0.2 m/s; P< 0.01; Fig. 4).

Histological Examinations

The myelinated nerve fiber population in tibial nerves

was evaluated, in particular fiber density and diameter (Fig.

5). Fiber density was not significantly different among the

four groups (normal group: 213.2 6 50.6 3 1024 lm2; con-

trol group: 154.9 6 46.1 3 1024 lm2; the 30 lg PGE1-

treated group: 140.5 6 37.1 3 1024 lm2; and the 100 lg

PGE1-treated group: 217.2 6 30.6 3 1024 lm2; P 5 0.46).

However, in the 100 lg PGE1-treated group, fiber density

tended to be higher than that of the control group, although

the difference was not statistically significant (P 5 0.09;

Fig. 6). Mean fiber diameter was not significantly different

among the four groups (normal group: 4.11 6 0.56 lm;

control group: 3.93 6 0.44 lm; the 30 lg PGE1-treated

group: 4.02 6 0.41 lm; and the 100 lg PGE1-treated

group: 4.04 6 0.35 lm; P 5 0.15). There were no signifi-

cant differences between the control and PGE1-treated (30

and 100 lg) groups (P 5 0.62).

mRNA Expression

After 4 weeks of PGE1 administration, the NGF

mRNA expression of the tibial nerve was significantly

higher in the control group (1.75 6 0.37) when compared

with the normal group (1.00 6 0.37; P< 0.001). Adminis-

tration of PGE1 (both 30 and 100 lg) significantly

decreased NGF mRNA expression levels (the 30 lg

PGE1-treated group: 1.11 6 0.48, the 100 lg PGE1-

treated group: 1.44 6 0.69) in the tibial nerve when com-

pared with the control group (1.75 6 0.37; P< 0.001 and

P< 0.01; Fig. 7). Meanwhile, NGF mRNA expression

Figure 4. Motor conduction velocity (MCV) at 0, 2, and 4 weeks

after prostaglandin E1 (PGE1) administration. MCV was signifi-

cantly lower in the control group when compared with the normal

group at 2 and 4 weeks (P<0.001). MCV was significantly higher

in the PGE1-treated groups when compared with the control group

at 4 weeks (P<0.05). *P<0.05 and ***P<0.001 vs. control rats.

Figure 5. Photomicroscopic views of myelinated fibers of the tibial

nerve at 4 weeks: (A) normal group; (B) control group; (C) 30 lg

PGE1 group; and (D) 100 lg PGE1 group. Intraneural edema was

observed in diabetic groups. However, edema appears to be allevi-

ated by the use of PGE1, especially in 100 lg group.

Figure 6. Histology of the tibial nerve at 4 weeks after prostaglan-

din E1 administration. Fiber density was not significantly different

among the four groups (P 5 0.46).
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levels in the DRG were not significantly different among

the four groups (control group: 1.34 6 0.23; normal

group: 1.00 6 0.30; the 30 lg PGE1-treated group:

1.46 6 0.23; and the 100 lg PGE1-treated group:

1.64 6 0.37; P 5 0.34; Fig. 8). In the control group,

VEGF mRNA expression levels (0.89 6 0.16) in the tib-

ial nerve tended to be lower than that of the normal

group (1.00 6 0.21); however, it was not significantly dif-

ferent (P 5 0.78). Administration of PGE1 (both 30 and

100 lg) significantly increased VEGF mRNA expression

levels (the 30 lg PGE1-treated group: 1.91 6 0.88; the

100 lg PGE1-treated group: 1.57 6 0.85) in the tibial

nerve when compared with the control group

(0.89 6 0.16; P< 0.01; Fig. 9).

DISCUSSION

Sustained hyperglycemia is harmful to the vascular

tree and causes both macrovascular and microvascular

dysfunction.16 The precise nature of the injury to the

peripheral nerves from hyperglycemia has yet to be clari-

fied. However, the injury appears to be related to mecha-

nisms such as polyol accumulation, injury from advanced

glycation end products, and oxidative stress.17,18 High

glucose-induced inflammatory responses have been mech-

anistically linked to the production of reactive oxygen

species and advanced glycation end products.19

Entrapment neuropathy associated with diabetes mel-

litus frequently involves the peroneal nerve at the level

of the fibula head and the tibial nerve in the tarsal tun-

nel. Dellon7 recommended tarsal tunnel release even for

diabetics with poor plantar sensitivity and high risk for

foot gangrene. According to Dellon, 80% of such patients

demonstrate significant pain relief and more than only

protective sensation. In addition, ulceration and subse-

quent amputation can be prevented in many of these

patients. Dellon’s approach has many supporters. How-

ever, not all supporters are fully satisfied with the effect

of tarsal tunnel release. Caffee8 performed tarsal tunnel

release in patients with diabetes mellitus and could con-

firm restoration of sensation only in half of the cases.

Figure 7. Nerve growth factor (NGF) mRNA expression levels in

the tibial nerve 4 weeks after prostaglandin E1 (PGE1) administra-

tion. NGF mRNA expression levels were significantly higher in the

control group versus the normal group (P<0.001). NGF mRNA

expression levels were significantly lower in the PGE1-treated

groups when compared with the control group (30 lg PGE1 group:

P<0.001; 100 lg PGE1 group: P<0.01). **P<0.01 and

***P<0.001 vs. control rats.

Figure 8. Nerve growth factor (NGF) mRNA expression levels in

the dorsal root ganglia (DRG) 4 weeks after prostaglandin E1

administration. NGF mRNA expression levels in the DRG were not

significantly different among the four groups (P 5 0.34).

Figure 9. Vascular endothelial growth factor (VEGF) mRNA expres-

sion levels in the tibial nerve 4 weeks after prostaglandin E1

(PGE1) administration. VEGF mRNA expression levels in the con-

trol group tended to be lower than the normal group; however,

there was no significant differences (P 5 0.78). VEGF mRNA

expression levels were significantly higher in the PGE1-treated

groups when compared with the control group (P<0.01).

**P<0.01 vs. control rats.
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Similarly, Wieman and Patel9 reported poor results

regarding its effects on foot sensitivity. Because Coffee8

and Wieman and Patel9 reported significant pain relief

after surgery, Dellon’s approach appears to provide some

benefits to ailing diabetics. However, development of an

adjuvant treatment to reinforce the effect of surgery on

nerve recovery is highly desirable.

Zochdne et al. assessed sciatic–tibial conduction for

more than 16 weeks in nondiabetic rats and rats rendered

diabetic with STZ. Tibial mononeuropathy developed in

both groups but appeared earlier in diabetic rats. Zochdne

et al.11 reported that rats reared on wire grid flooring

develop electrophysiological abnormalities that are con-

fined to sciatic–tibial motor fibers within the first 2

weeks of the experiment and that these abnormalities

persist at 4 weeks. In the current study, we addressed the

question of whether PGE1 alleviates entrapment neuropa-

thy associated with hyperglycemia using the animal

model proposed by Zochdne et al. and successfully dem-

onstrated its beneficial effects using electrophysiological

and behavioral tests.

Several observations may explain the mechanisms

behind these effects. PGE1 has been widely used in

microsurgical reconstructive procedures because of its

long-lasting anti-ischemic and tissue-protecting effects

against reperfusion injury.20 Fang et al.21 reported that

PGE1 suppresses tumor necrosis factor-induced inflam-

mation by inhibiting nuclear factor-jB activation and

production of reactive oxygen species. Therefore, PGE1

may inhibit systemic inflammation in diabetic mellitus.

Many reports have previously suggested that PGE1

improves electrophysiological function by increasing

blood flow and metabolism in animal models of diabetic

neuropathy. Aside from increasing oxygen delivery via

its vasotropic effects,22 PGE1 may have direct effects on

neurons. For example, PGE1 induces the expression of c-

Fos and Myc proteins in rat hippocampal cells and pro-

tects these cells from hypoxic injury.23 PGE1 protects

cultured spinal neurons from the effects of nitric oxide

toxicity24 and induces depolarization of sensory nerve

terminals.25 In addition, PGE1 prevents neuronal apopto-

sis, which is induced in the superficial dorsal horn of the

rat spinal cord by sciatic nerve constriction.26

Regarding pain alleviation with PGE1, we specifically

focused on the expression of NGF and VEGF. NGF was

originally described as a neurotrophic factor that is nec-

essary for the promotion and survival of nociceptors and

the sympathetic nervous system during development.27 In

adults, NGF is critically involved in the development and

maintenance of chronic pain.28–30 A recent study demon-

strated a significant increase in the density of cutaneous

NGF and trkA-positive intraepidermal nerve fibers in dia-

betic rats.31 In peripheral nerve injuries or disorders,

NGF is taken up by Schwann cells and axons surround-

ing severed axons32 and transported to the DRG, where

transcription of a variety of pain-related genes is acceler-

ated.33,34 In the current study, we demonstrated that NGF

mRNA was significantly increased in the tibial nerve and

appeared to be associated with mechanical allodynia in

the supplying area. We also found that expression of

NGF mRNA in the tibial nerve was significantly sup-

pressed by systemic administration of PGE1, which led

to significant improvements in both mechanical allodynia

and neural function.

VEGF acts not only as an enhancer of vascular

growth but also as a neurotrophic factor in the peripheral

nervous system.35,36 Diabetes mellitus significantly

impairs VEGF production.37 In fact, the current study

demonstrated that the levels of VEGF mRNA at the

entrapment site were lower in the diabetes mellitus group

than in the nondiabetes mellitus group, although the dif-

ference was not statistically significant. Previous studies

confirmed that Schwann cells increase VEGF production

in response to chronic nerve compression,38 and this

increase in VEGF production is most pronounced in

compressed sections.39,40 Therefore, hypoxic conditions

at the entrapment site likely promote the expression of

VEGF, which in turn inhibits ischemic injury and pro-

motes neural repair. The findings of the current study

clearly demonstrated that PGE1 administration signifi-

cantly enhanced VEGF mRNA expression at the entrap-

ment site, thereby corroborating observations from

previous studies that reported that VEGF is upregulated

by PGE1.41 Although we were unable to determine the

exact mechanisms responsible for the decrease in NGF

and the increase in VEGF induced by PGE1 at the

entrapment site, we believe that these results, taken

together, offer hints for developing novel treatment strat-

egies for pain control in patients with diabetic

neuropathy.

In conclusion, we demonstrated that multiple types of

neurological deterioration, such as mechanical allodynia,

hyperalgesia, and functional and electrophysiological

abnormalities, in rats with STZ-induced diabetes mellitus

can be alleviated by systemic administration of PGE1.

Furthermore, the patterns of expression of NGF and

VEGF suggested that PGE1 alleviated damage to periph-

eral nerves resulting from focal compression at the

entrapment site by inhibiting NGF and enhancing VEGF

production.

REFERENCES

1. Dahlin LB. Aspects on pathophysiology of nerve entrapments and
nerve compression injuries. Neurosurg Clin N Am 1991;2:21–29.

2. Wolfort SF, Dellon AL. Peripheral neuropathy in HIV patients:
Treatment by decompression of peripheral nerves. Microsurgery
2012;32:31–34.

PGE1 Improves Entrapment Neuropathy in Diabetes Mellitus 7

Microsurgery DOI 10.1002/micr



3. Karpitskaya Y, Novak CB, Mackinnon SE. Prevalence of smoking,
obesity, diabetes mellitus, and thyroid disease in patients with carpal
tunnel syndrome. Ann Plast Surg 2002;48:269–273.

4. Vinik A, Colen L, Mehrabyan A, Boulton A. Focal entrapment neu-
ropathies in diabetes. Diabetes Care 2004;27:1783–1788.

5. Ducic I, Felder JM III. Minimally invasive peripheral nerve surgery:
Peroneal nerve neurolysis. Microsurgery 2012;32:26–30.

6. Ducic I, Felder JM III. Tibial nerve decompression: Reliable expo-
sure using shorter incisions. Microsurgery 2012;32:533–538.

7. Dellon AL. The Dellon approach to neurolysis in the neuropathy
patient with chronic nerve compression. Handchir Mikrochir Plast
Chir 2008;40:1–10.

8. Caffee HH. Treatment of diabetic neuropathy by decompression of
the posterior tibial nerve. Plast Reconstr Surg 2000;106:813–815.

9. Wieman T, Patel V. Treatment of hyperesthetic neuropathic pain in
diabetics: Decompression of the tarsal tunnel. Ann Surg 1995;221:
660–664.

10. Carlson LA, Olsson AG. Intravenous prostaglandin E1 in severe
peripheral vascular disease. Lancet 1976;2:810.

11. Zochdne DW, Murray MM, van der Sloot P, Riopelle RJ. Distal tib-
ial mononeuropathy in diabetic and nondiabetic rats reared on wire
cages: An experimental entrapment neuropathy. Brain Res 1995;698:
130–136.

12. Coppey LJ, Davidson EP, Dunlap JA, Lund DD, Yorek MA. Slow-
ing of motor nerve conduction velocity in streptozotocin-induced
diabetic rats is preceded by impaired vasodilation in arterioles that
overlie the sciatic nerve. Int J Exp Diabetes Res 2000;1:131–143.

13. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantita-
tive assessment of tactile allodynia in the rat paw. J Neurosci Meth-
ods 1994;53:55–63.

14. Gabriel AF, Marcus MAE, Honig WMM, Walenkamp GHIM,
Joosten EAJ. The CatWalk method: A detailed analysis of behav-
ioral changes after acute inflammatory pain in the rat. J Neurosci
Methods 2007;163:9–16.

15. Bain JR, Mackinnon SE, Hunter DA. Functional-evaluation of com-
plete sciatic, peroneal, and posterior tibial nerve lesions in the rat.
Plast Reconstr Surg 1989;83:129–136.

16. Fowler MJ. Microvascular and macrovascular complications of dia-
betes. Clin Diabetes 2008;26:77–82.

17. Osawa T, Kato Y. Protective role of antioxidative food factors in
oxidative stress caused by hyperglycemia. Ann NY Acad Sci 2005;
1043:440–451.

18. Wada R, Yagihashi S. Role of advanced glycation end products and
their receptors in development of diabetic neuropathy. Ann NY
Acad Sci 2005;1043:598–604.

19. Lee YJ, Kang DG, Kim JS, Lee HS. Lycopus lucidus inhibit high
glucose-induced vascular inflammation in human umbilical vein
endothelial cells. Vascul Pharmacol 2008;45:38–46.

20. Riva FM, Chen YC, Tan NC, Lin PY, Tsai YT, Chang HW, Kuo
YR. The outcome of prostaglandin-E1 and dextran-40 compared to no
antithrombotic therapy in head and neck free tissue transfer: Analysis
of 1,351 cases in a single center. Microsurgery 2012;32:339–343.

21. Fang W, Li H, Zhou L, Su L, Liang Y, Mu Y. Effect of prostaglan-
din E1 on TNF-induced vascular inflammation in human umbilical
vein endothelial cells. Can J Physiol Pharmacol 2010;88:576–583.

22. Shirasaka M, Takayama B, Sekiguchi M, Konno S, Kikuchi S-I.
Vasodilative effects of prostaglandin E(1) derivate on arteries of
nerve roots in a canine model of a chronically compressed cauda
equina. BMC Musculoskelet Disord 2008;9:41.

23. Otsuki H, Yamada K, Yuguchi T, Taneda M, Hayakawa T. Prosta-
glandin E1 induces c-fos and myc proteins and protects rat hippo-
campal cells against hypoxic injury. J Cereb Blood Flow Metab
1994;14:150–155.

24. Kikuchi S, Shinpo K, Niino M, Tsuji S, Iwabuchi K, Onoe K,
Tashiro K. Prostaglandin E-1 protects cultured spinal neurons
against the effects of nitric oxide toxicity. Neuropharmacology
2002;42:714–723.

25. Yanagisawa M, Otsuka M, Garciaarraras JE. E-type prostaglandins
depolarize primary afferent neurons of the neonatal rat. Neurosci
Lett 1986;68:351–355.

26. Kawamura T, Akira T, Watanabe M, Kagitani Y. Prostaglandin E1
prevents apoptotic cell death in superficial dorsal horn of rat spinal
cord. Neuropharmacology 1997;36:1023–1030.

27. Korsching S. The neurotrophic factor concept—A reexamination. J
Neurosci 1993;13:2739–2748.

28. Pezet S, McMahon SB. Neurotrophins: Mediators and modulators of
pain. Annu Rev Neurosci 2006;29:507–538.

29. Woolf CJ, Ma QP, Allchorne A, Poole S. Peripheral cell types con-
tributing to the hyperalgesic action of nerve growth factor in inflam-
mation. J Neurosci 1996;16:2716–2723.

30. Bennett G, al-Rashed S, Hoult JRS, Brain SD. Nerve growth factor
induced hyperalgesia in the rat hind paw is dependent on circulating
neutrophils. Pain 1998;77:315–322.

31. Evans L, Andrew D, Robinson P, Boissonade F, Loescher A.
Increased cutaneous NGF and CGRP-labelled trkA-positive intra-
epidermal nerve fibres in rat diabetic skin. Neurosci Lett 2012;506:
59–63.

32. Heumann R, Korsching S, Bandtlow C, Thoenen H. Changes of
nerve growth-factor synthesis in nonneuronal cells in response to
sciatic-nerve transection. J Cell Biol 1987;104:1623–1631.

33. Bennett DLH. Neurotrophic factors: Important regulators of nocicep-
tive function. Neuroscientist 2001;7:13–17.

34. Taniuchi M, Clark HB, Johnson EM. Induction of nerve growth-
factor receptor in Schwann-cells after axotomy. Proc Natl Acad Sci
USA 1986;83:4094–4098.

35. Rosenstein JM, Krum JM. New roles for VEGF in nervous tissue—
Beyond blood vessels. Exp Neurol 2004;187:246–253.

36. Karagoz H, Ulkur E, Kerimoglu O, Alarcin E, Sahin C, Akakin D,
Dortunc B. Vascular endothelial growth factor-loaded poly(lactic-co-
glycolic acid) microspheres-induced lateral axonal sprouting into the
vein graft bridging two healthy nerves: Nerve graft prefabrication
using controlled release system. Microsurgery 2012;32:635–641.

37. Veves A, King GL. Can VEGF reverse diabetic neuropathy in
human subjects? J Clin Invest 2001;107:1215–1218.

38. Gupta R, Rummler L, Steward O. Understanding the biology of
compressive neuropathies. Clin Orthop Relat Res 2005;436:251–
260.

39. Kuo NT, Benhayon D, Przybylski RJ, Martin RJ, LaManna JC. Pro-
longed hypoxia increases vascular endothelial growth factor mRNA
and protein in adult mouse brain. J Appl Physiol (1985) 1999;86:
260–264.

40. Xu FP, Severinghaus JW. Rat brain VEGF expression in alveolar
hypoxia: Possible role in high-altitude cerebral edema. J Appl Phys-
iol (1985) 1998;85:53–57.

41. Tang JR, Hua Y, Su JH, Zhang P, Zhu XJ, Wu L, Niu Q, Xiao H,
Ding X. Expression of vascular endothelial growth factor and neural
repair after alprostadil treatment of sciatic nerve crush injury. Neurol
India 2009;57:387–394.

8 Natsume et al.

Microsurgery DOI 10.1002/micr


