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Poly(ADP-Ribose) Polymerase Inhibition Alleviates
Experimental Diabetic Sensory Neuropathy
Olga Ilnytska,1 Valeriy V. Lyzogubov,1 Martin J. Stevens,2 Viktor R. Drel,1 Nazar Mashtalir,1
Pal Pacher,3 Mark A. Yorek,4 and Irina G. Obrosova1,2

Poly(ADP-ribose) polymerase (PARP) activation is emerging as a fundamental mechanism in the pathogenesis of
diabetes complications including diabetic neuropathy. This
study evaluated the role of PARP in diabetic sensory
neuropathy. The experiments were performed in control
and streptozotocin-induced diabetic rats treated with or
without the PARP inhibitor 1,5-isoquinolinediol (ISO; 3 mg
䡠 kgⴚ1 䡠 dayⴚ1 i.p.) for 2 weeks after 2 weeks without
treatment. Diabetic rats developed thermal hyperalgesia
(assessed by paw-withdrawal and tail-flick tests), mechanical hyperalgesia (von Frey anesthesiometer/rigid filaments and Randall-Sellito tests), tactile allodynia (flexible
von Frey filaments), and increased flinching behavior in
phases 1 and 2 of the 2% formalin pain test. They also had
clearly manifest increase in nitrotyrosine and poly(ADPribose) immunoreactivities in the sciatic nerve and increased superoxide formation (hydroxyethidine method)
and nitrotyrosine immunoreactivity in vasa nervorum. ISO
treatment alleviated abnormal sensory responses, including thermal and mechanical hyperalgesia and tactile allodynia as well as exaggerated formalin flinching behavior in
diabetic rats, without affecting the aforementioned variables in the control group. Poly(ADP-ribose) and, to a
lesser extent, nitrotyrosine abundance in sciatic nerve, as
well as superoxide and nitrotyrosine formation in vasa
nervorum, were markedly reduced by ISO therapy. Apoptosis in dorsal root ganglion neurons (transferase-mediated
dUTP nick-end labeling assay) was not detected in any of
the groups. In conclusion, PARP activation contributes to
early diabetic sensory neuropathy by mechanisms that may
include oxidative stress but not neuronal apoptosis.
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G

rowing evidence indicates that oxidative-nitrosative stress is one of the leading factors causing motor and sensory nerve conduction
deficits, neurovascular dysfunction, and myelinated fiber atrophy characteristic of peripheral diabetic
neuropathy (1–5). Free radicals and peroxynitrite have
also been implicated in small sensory fiber neuropathy
and, in particular, thermal hyper- and hypoalgesia (3,4,6),
mechanical hyperalgesia (3), tactile allodynia (7), and
diabetic neuropathic pain (8). Oxidative-nitrosative stress
may contribute to diabetic neuropathic pain and abnormal
sensory responses via multiple mechanisms, including
neurotrophic factor deficit (6,9), mitogen-activated protein
kinase and cyclooxygenase-2 activation (10 –12), impaired
Ca2⫹ homeostasis and signaling (13), and production of
inflammatory cytokines, e.g., tumor necrosis factor-␣ (14).
Free radicals, oxidants, and perhaps some still-unidentified metabolic factors result in activation of the nuclear
enzyme poly(ADP-ribose) polymerase (PARP), a recently
discovered fundamental mechanism in the pathogenesis of
diabetes complications including endothelial dysfunction,
cardiomyopathy, and retinopathy (15–17). Our group has
demonstrated the important role of this mechanism in
motor and sensory nerve conduction deficits, neurovascular dysfunction, and energy failure characteristic for early
peripheral diabetic neuropathy (18,19). Here, we provide
evidence implicating PARP activation in small sensory
fiber neuropathy and, in particular, thermal and mechanical hyperalgesia, tactile allodynia, and exaggerated flinching behavior during formalin pain test in streptozotocin
(STZ)-induced diabetic rats.
RESEARCH DESIGN AND METHODS
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Reagents. Unless otherwise stated, all chemicals were of reagent-grade
quality and were purchased from Sigma (St. Louis, MO). Rabbit polyclonal
anti-nitrotyrosine antibody was purchased from Upstate (Lake Placid, NY)
and mouse monoclonal anti-poly(ADP-ribose) from Trevigen (Gaithersburg,
MD). Secondary Alexa Fluor 488 goat anti-rabbit and Alexa Fluor goat
anti-mouse antibodies as well as Prolong Gold antifade reagent were purchased from Invitrogen (Eugene, OR). Other reagents for immunohistochemistry were purchased from Dako Laboratories (Santa Barbara, CA).
Hydroethidine was purchased from Molecular Probes (Eugene, OR).
The experiments were performed in accordance with regulations specified
by the National Institutes of Health’s Principles of Laboratory Animal Care,
1985, revised version, and the Pennington Biomedical Research Center and
University of Michigan protocols for animal studies. Male Wistar rats (Charles
River, Wilmington, MA), body weight 250 –300 g, were fed a standard rat diet
(PMI Nutrition, Brentwood, MO) and had access to water ad libitum. Diabetes
was induced by STZ as described (18,19). Blood samples for glucose measurements were taken from the tail vein ⬃48 h after the STZ injection and the
day before the animals were killed. The rats with blood glucose ⱖ13.8 mmol/l
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were considered to have diabetes. The experimental groups comprised
control and diabetic rats treated with or without the PARP inhibitor 1,5isoquinolinediol (ISO; 3 mg 䡠 kg⫺1 䡠 day⫺1 i.p.). The treatments were started 2
weeks after initial 2 weeks without treatment to avoid restoration of normoglycemia or alleviation of hyperglycemia that would occur if a PARP inhibitor
administration was started shortly after induction of STZ-induced diabetes
(20). The behavioral tests were started 24 h after the last ISO injection and
performed in the following order: tactile responses to flexible von Frey
filaments, thermal algesia, tail-flick test, paw pressure Randall-Sellito test,
mechanical algesia with rigid von Frey filaments and von Frey anesthesiometer, and formalin flinching responses.
Anesthesia, euthanasia, and tissue sampling. The animals were sedated
by CO2 (21) and immediately killed by cervical dislocation. Both sciatic nerves
were rapidly dissected and fixed in formalin (18) for assessment of nitrotyrosine and poly(ADP-ribose) by immunohistochemistry. Some sciatic nerves
were used for isolation of epineurial arterioles (2) and assessment of
arteriolar superoxide anion radical and nitrotyrosine. Aortas were also
sampled and immediately used for superoxide measurements. Separate
groups of control, diabetic, and ISO-treated diabetic animals were anesthetized with inactin (65– 85 mg/kg body wt i.p.) and perfused with paraformaldehyde as previously described (22). Thirty minutes after perfusion, the dorsal
root ganglia (DRG) were removed, fixed in 4% paraformaldehyde, and used for
assessment of apoptosis.
Specific methods: behavioral tests
Tactile responses. Tactile responses were evaluated by quantifying the
withdrawal threshold of the hindpaw in response to stimulation with flexible
von Frey filaments. Rats were placed in individual plexiglass boxes on a
stainless steel mesh floor and were allowed to adjust for at least 20 min. A
series of calibrated von Frey filaments (range 4 –28 g; IITC Life Science,
Woodland Hills, CA) was applied perpendicularly to the plantar surface of a
hindpaw with sufficient force to bend the filament for 6 s. Brisk withdrawal or
paw flinching was considered as a positive response. In the absence of a
response, a filament of next-greater force was applied. In the presence of a
response, a filament of next-lower force was applied. The test was repeated
four to five times at ⬃5-min intervals on each animal, and the mean value is
used.
Thermal algesia To determine the sensitivity to noxious heat, rats were
placed within a plexiglass chamber on a transparent glass surface and allowed
to acclimate for at least 20 min. A thermal stimulation meter (IITC model 336
TG combination tail-flick and paw algesia meter; IITC Life Science) was used.
The device was activated after placing the stimulator directly beneath the
plantar surface of the hindpaw. The paw-withdrawal latency in response to the
radiant heat (17% intensity, cutoff time 35 s) was recorded. Individual
measurements were repeated four to five times, and the mean value was
calculated as the thermal threshold.
Tail-flick test. Tail-flick response latencies were determined using the IITC
model 336 TG described above, set at 40% heating intensity and with a cutoff
at 10 s. At least three readings were taken per animal at a 15-min interval, and
the average was calculated.
Paw pressure Randall-Sellito test. Paw pressure thresholds were registered with the paw pressure analgesia meter for the Randall-Selitto test (37215
Analgesy-Meter; UGO-Basile, Comerio VA, Italy). Pressure increasing at a
linear rate of 10 g/s, with the cutoff of 250 g to avoid tissue injury, was applied
to the center of the hindpaw. When the animal displayed pain by withdrawal
of the paw, the applied paw pressure was registered by an analgesia meter and
expressed in mass units (grams). Five tests separated by at least 15 min were
performed for each animal, and the mean value of these tests was calculated.
Mechanical algesia. Sensitivity to noxious mechanical stimuli was determined by quantifying the withdrawal threshold of the hindpaw in response to
mechanical stimulation using a von Frey anesthesiometer (model 2290-4; IITC
Life Science) and rigid von Frey filaments. The rats were placed in individual
plexiglass boxes on a stainless steel mesh floor and were allowed to acclimate
for at least 20 min. A 0.5-mm diameter polypropylene rigid tip was used to
apply a force to the plantar surface of the hindpaw. The force causing the
withdrawal response was recorded by the anesthesiometer. The anesthesiometer was calibrated before each recording. The test was repeated four to five
times at ⬃5-min intervals on each animal, and the mean value was calculated.
Formalin flinching test. Rats were manually restrained by wrapping in a
towel, and formalin (50 l of 2% solution) was injected subdermally into the
dorsum of the right hindpaw. The rat was then placed in an observation
chamber, and flinching behavior was counted in 1-min blocks every 5 min for
1 h. In particular, flinches were counted during the minutes 1–2, 5– 6, 10 –11,
15–16, 20 –21, 25–26, 30 –31, 35–36, 40 – 41, 45– 46, 50 –51, 55–56, and 60 – 61
after formalin injection as described (23).
Immunohistochemical studies. All sections were processed by a single
investigator and blindly evaluated. Low-power observations of stained sections were made using a Zeiss Axioskop microscope. Color images were
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captured with a Zeiss Axiocam HRc charge-coupled device camera at 1,195 ⫻
949 resolution. Low-power images were generated with a ⫻40 acroplan
objective using the automatic capturing feature of the Zeiss Axiovision
software (version 3.1.2.1).
Nitrotyrosine immunoreactivity in sciatic nerves and epineurial vessels. Nitrotyrosine immunoreactivity in the sciatic nerve was assessed by two
approaches, i.e., regular immunohistochemistry, as we have described in
detail (24), and immunofluorescent histochemistry. In brief, sections were
deparaffinized in xylene, hydrated in decreasing concentrations of ethanol,
and washed in water. For immunofluorescent histochemistry, rabbit polyclonal anti-nitrotyrosine antibody was used in a working dilution (1:100).
Secondary Alexa Fluor 488 goat anti-rabbit antibody was applied in a working
dilution (1:200). Sections were mounted in Prolong Gold antifade reagent. The
intensity of fluorescence was graded from 1 to 4 (1, no staining; 2, faint;
3, moderate; and 4, intense), and the immunohistochemistry score was
expressed as means ⫾ SE for each experimental group. Nitrotyrosine immunoreactivity in epineurial vessels has been assessed by regular immunohistochemistry as we have described (2,24).
Poly(ADP-ribose) immunoreactivity. Poly(ADP-ribose) immunoreactivity
was assessed as described (18,19), with minor modification. In brief, sections
were deparaffinized in xylene, hydrated in decreasing concentrations of
ethanol, and washed in water. Nonspecific binding was blocked in 10% goat
serum containing 1% BSA in Tris-buffered saline (Dako, Carpinteria, CA) for
2 h. Mouse monoclonal anti-poly(ADP-ribose) antibody was diluted (1:100) in
1% BSA in Tris-buffered saline and applied overnight at 4°C in the humidity
chamber. Secondary Alexa Fluor 488 goat anti-mouse antibody was diluted
(1:200) in Tris-buffered saline and applied for 2 h at room temperature.
Sections were mounted in Prolong Gold antifade reagent. At least 10 fields of
each section were examined to select one representative image. Representative images were microphotographed, and the number of poly(ADP-ribose)positive nuclei was calculated for each microphotograph.
Superoxide in epineurial vessels and aorta. Superoxide anion radical
abundance in epineurial vessels was assessed by the hydroethidine method as
described (2,24). The intensity of superoxide fluorescence was graded from
1 to 4 (1, no fluorescence; 2, weak; 3, moderate; and 4, intense), and the
immunohistochemistry score was expressed as mean ⫾ SE for each experimental group. Superoxide anion radical abundance in aorta was measured by
lucigenin-enhanced chemiluminescence (2,24).
Apoptosis in DRG neurons. Five-micrometer paraffin DRG sections were
deparaffinized according to standard protocols and blocked with 20% goat
serum for 20 min. Apoptosis was assessed by the terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) method (22), using the
ApopTag plus Fluorescein In Situ Apoptosis Detection kit (Chemicon, Temecula, CA). Positive control provided by the Chemicon was processed
together with experimental samples. Two hundred neurons were blindly
examined for the presence of apoptotic (TUNEL-stained) cells.
Statistical analysis. The results are expressed as means ⫾ SE. Data were
subjected to equality of variance F test and then to log transformation, if
necessary, before one-way ANOVA. Where overall significance (P ⬍ 0.05) was
attained, individual between-group comparisons were made using the
Student-Newman-Keuls multiple range test. Significance was defined at P ⬍
0.05. When between-group variance differences could not be normalized by log
transformation (datasets for body weights and plasma glucose), the data were
analyzed by the nonparametric Kruskal-Wallis one-way ANOVA, followed by
the Bonferroni/Dunn test for multiple comparisons.

RESULTS

The final body weights were comparably lower in untreated and ISO-treated diabetic rats than in the control
group (Table 1). The final blood glucose concentrations
were similarly elevated in untreated and ISO-treated diabetic rats compared with the control rats. ISO did not
affect either weight gain or blood glucose concentrations
in nondiabetic rats.
Diabetic rats with 4-week duration of STZ-induced diabetes had clearly manifested thermal hyperalgesia detected by measuring the times of hindpaw-withdrawal
(Fig. 1A) or tail-flick (Fig. 1B) responses to noxious
thermal stimuli (radiant heat). In particular, the latency
of paw withdrawal in response to radiant heat was reduced by 41% in diabetic rats compared with controls
(P ⬍ 0.01). ISO partially (to 85% of control value; P ⬍ 0.05
vs. controls and ⬍0.001 vs. untreated diabetic group)
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TABLE 1
Initial and final body weights and final blood glucose concentrations in control and diabetic rats with and without ISO treatment
Body weight (g)
Control
Control ⫹ ISO
Diabetic
Diabetic ⫹ ISO

Initial*

Final

Blood glucose
(mmol/l)

317.45 ⫾ 6.09
318.94 ⫾ 4.86
313.33 ⫾ 6.45
308.61 ⫾ 5.04

428.33 ⫾ 9.58
434.44 ⫾ 6.53
311.46 ⫾ 11.11†
307.90 ⫾ 11.83†

5.31 ⫾ 0.09
5.70 ⫾ 0.16
23.84 ⫾ 0.95†
23.83 ⫾ 1.32†

Data are means ⫾ SE. n ⫽ 9 –11. *Before induction of STZ-induced diabetes. †Significantly different from controls (P ⬍ 0.01).

corrected diabetes-induced decrease in paw-withdrawal
latency, without affecting this variable in the control
group. In a similar fashion, the tail-flick response latency
was reduced by 18% in diabetic rats compared with
controls (P ⬍ 0.01). ISO corrected this variable in diabetic
rats, without affecting it in control rats.
Diabetic rats with 4-week duration of STZ-induced diabetes also had mechanical hyperalgesia detected with 1) a
von Frey anaesthesiometer by measuring paw withdwaral
thresholds in response to noxious stimulation with rigid
von Frey filaments (Fig. 2A) and 2) the paw pressure
Randall-Sellito test (Fig. 2B). In particular, the paw-withdrawal threshold in response to rigid von Frey filaments
was reduced by 49% in diabetic rats compared with
controls. ISO partially (to 71% of the control value; P ⬍
0.05 vs. controls and ⬍0.01 vs. untreated diabetic group)
corrected diabetes-induced decrease in paw-withdrawal
thresholds, without affecting this variable in control rats.
In a similar fashion, paw-withdrawal threshold in the
Randall-Sellito test was reduced by 38% in diabetic rats
compared with controls (P ⬍ 0.01). ISO partially (to 82% of

FIG. 1. A: Paw-withdrawal latencies in response to thermal noxious
stimuli in control (C) and diabetic (D) rats treated with or without
ISO. B: Tail-flick response latencies in control and diabetic rats
treated with or without ISO. For A and B, means ⴞ SE, n ⴝ 9 –11 per
group. *P < 0.05, **P < 0.01 vs. control group; ##P < 0.01 vs. untreated
diabetic group.
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the control value; P ⬍ 0.01 vs. controls and ⬍0.01 vs.
untreated diabetic group) corrected this variable in diabetic rats, without affecting the Randall-Sellito test result
in the control group. Another sensory abnormality developing in diabetic rats was tactile allodynia. Tactile withdrawal threshold in response to light touch with flexible
von Frey filaments was reduced by 58% in diabetic rats
compared with controls (P ⬍ 0.01). ISO partially (to 65% of

FIG. 2. A: Paw-withdrawal thresholds in response to stimulation with
rigid von Frey filaments in control (C) and diabetic (D) rats treated
with or without ISO. B: Paw-withdrawal thresholds in the paw pressure
Randall-Sellito test in control and diabetic rats treated with or without
ISO. C: Tactile response thresholds in response to stimulation with
flexible von Frey filaments in control and diabetic rats treated with or
without ISO. For A–C, means ⴞ SE, n ⴝ 9 –11 per group. **P < 0.01 vs.
control group; #P < 0.05, ##P < 0.01 vs. untreated diabetic group.
DIABETES, VOL. 55, JUNE 2006
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TABLE 2
Flinching responses in the 2% formalin test in control and
diabetic rats treated with or without ISO
Formalin-evoked
flinches (sum/h)
Control
Control ⫹ ISO
Diabetic
Diabetic ⫹ ISO

163 ⫾ 11
173 ⫾ 12
242 ⫾ 12*
196 ⫾ 16†

Data are means ⫾ SE. n ⫽ 8 –10. *Significantly different from
controls (P ⬍ 0.01). †Significantly different from untreated diabetic
group (P ⬍ 0.05).

the control value; P ⬍ 0.01 vs. controls and ⬍0.01 vs.
untreated diabetic group) corrected diabetes-induced decrease in tactile withdrawal thresholds in diabetic rats,
without affecting this variable in the control group.
Diabetic rats displayed hyperalgesia in the formalin
flinching test (Table 2). ISO did not affect formalin-evoked
responses in control rats. However, the PARP inhibitor
reduced diabetes-associated hyperalgesia in diabetic rats.
Poly(ADP-ribose) immunoreactivities were increased in
the sciatic nerves of diabetic rats compared with controls,
and this increase was essentially corrected by ISO treatment (Fig. 3A). The number of the sciatic nerve poly(ADPribose)-positive nuclei was ⬃3.1-fold greater in the
diabetic group compared with controls (P ⬍ 0.01; Fig. 3B).
No significant differences in the numbers of sciatic nerve
poly(ADP-ribose)-positive nuclei were found between the
ISO-treated control or diabetic groups and untreated controls. Nitrotyrosine immunoreactivities were increased in
the sciatic nerves of diabetic rats compared with controls,
and this increase was slightly, but significantly, reduced by
ISO treatment (Fig. 4A–D). Ethidium fluorescence (an
index of superoxide production) was increased ⬃2.8-fold
in epineurial vessels of diabetic rats compared with controls (Fig. 5A and B), and this increase was blunted by ISO
treatment. Nitrotyrosine immunoreactivity was increased
threefold in epineurial vessels of diabetic rats, and this

increase was reduced by ISO treatment (Fig. 5C and D).
Superoxide abundance in aorta was increased in diabetic
rats (2.95 ⫾ 0.21 relative luminescence units compared
with 1.44 ⫾ 0.13 in controls; P ⬍ 0.01), and this increase
was essentially corrected by ISO treatment (1.80 ⫾ 0.15;
P ⬍ 0.01 vs. untreated diabetic group). No apoptotic DRG
neurons were detected in the control, untreated diabetic,
or ISO-treated diabetic rats (Fig. 6).
DISCUSSION

Whereas neuropathic pain and abnormal sensory perceptions occur in a significant proportion of patients with
diabetes, thus seriously affecting their quality of life, the
mechanisms underlying these disorders remain remarkably understudied. The latter is partially explained by
certain limitations of existing animal models (23,25). Diabetic rats and mice have a limited lifespan and rarely show
evidence of overt neuropathy such as demyelination, axonal degeneration, fiber loss, or axonal regeneration in
their peripheral nerves. This makes diabetic rodents unsuitable for studying the contribution of these phenomena
of advanced peripheral diabetic neuropathy to pain or loss
of sensory function. In addition, it is not possible to
quantify spontaneous pain in animals. Despite these limitations, assessment of behavioral responses to external
stimuli in diabetic rodents provides valuable information
regarding the mechanisms of abnormal sensation and pain
associated with diabetes. Recent behavioral studies have
demonstrated that 1) both diabetic rats and mice display
altered thermal and mechanical algesia in response to
noxious stimuli as well as tactile allodynia, although a type
of response (i.e., hyper- or hypoalgesia) often depends on
animal species and duration of diabetes (3,4,9,13) and 2)
abnormal sensory responses are alleviated by protracted
normoglycemia (23) and are amenable to at least some
pathogenetic treatments (e.g., aldose reductase inhibitors
[9], neurotrophic factors [9], the protein kinase C inhibitor LY333531 [26], rosuvastatin [27], and antioxidants
[3,4,7,13]) that also reduce manifestations of large motor

FIG. 3. A: Representative microphotographs of immunofluorescent staining of
poly(ADP-ribose) in sciatic nerves of control (C) and diabetic (D) rats treated
with or without ISO. Magnification ⴛ100. B: Counts of poly(ADP-ribose)positive nuclei (PAR-positive nuclei) in sciatic nerves of control and diabetic
rats treated with or without ISO. Means ⴞ SE, n ⴝ 6 per group. *P < 0.01 vs.
control group; ##P < 0.01 vs. untreated diabetic group.
DIABETES, VOL. 55, JUNE 2006
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FIG. 4. A: Representative microphotographs of immunofluorescent staining
of nitrotyrosine in sciatic nerves of control (C) and diabetic (D) rats treated
with or without ISO. Magnification ⴛ100. B: Immunohistochemistry scores of
sciatic nerve nitrotyrosine immunofluorescent stainings. Means ⴞ SE, n ⴝ
9 –11 per group. **P < 0.01 vs. control group; #P < 0.05 vs. untreated diabetic
group. C: Representative microphotographs of immunohistochemical staining of nitrotyrosine in sciatic nerves of control and diabetic rats treated with
or without ISO. Magnification ⴛ40. D: Immunohistochemistry scores of
sciatic nerve nitrotyrosine stainings. Means ⴞ SE, n ⴝ 6 per group. **P <
0.01 vs. control group; #P < 0.05 vs. untreated diabetic group. HE, sciatic
nerves stained with hematoxyline and eosin.

and sensory fiber neuropathy (1–5,26 –28). Our findings
have shown that 1) PARP activation is implicated in
hyperalgesia to noxious thermal, mechanical, and chemical stimuli and 2) PARP inhibitor treatment alleviates, but
does not completely normalize, tail-flick and paw-withdrawal response latencies, mechanical and tactile withdrawal thresholds, and exaggerated flinching behavior in
rats with short-term STZ-induced diabetes.
To assess sensory responses to thermal, mechanical,
and chemical noxious stimuli, we used a battery of standard behavioral tests. The tail-flick test, where the time to
movement of the tail from a noxious heat source is
measured, reflects activity of a simple spinal reflex arc and
provides information on peripheral nerve and spinal func1690

tion in isolation from higher nociceptive processing and
cognitive systems (23). The tail-flick response latency data
in diabetic rats and mice are quite contradictory (4,23,
25,29,30). In our previous study (4), the tail-flick response
latency was increased in 12-week diabetic NOD mice
compared with nondiabetic NOD mice. This increase was
dose-dependently reduced by a short-term treatment with
a peroxynitrite decomposition catalyst (4), which implicates nitrosative stress in abnormal sensory responses to
noxious thermal stimuli in experimental type 1 diabetes.
Here, the tail-flick response latency appeared decreased in
rats with short-term STZ-induced diabetes, consistent with
independent measurements of the paw-withdrawal time
from noxious thermal stimuli, which, in contrast to the
DIABETES, VOL. 55, JUNE 2006
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FIG. 5. A: Representative microphotographs of superoxide-generated fluorescence in sciatic nerve epineurial vessels of control (C) rats, diabetic
(D) rats, and diabetic rats treated with ISO. Magnification ⴛ200. B: Scores of epineurial vessel superoxide-generated immunofluorescence.
Means ⴞ SE, n ⴝ 3 per group. *P < 0.05 vs. control group; #P < 0.05 vs. untreated diabetic group. C: Representative microphotographs of
nitrotyrosine immunohistochemical staining in sciatic nerve epineurial vessels of control rats, diabetic rats, and diabetic rats treated with ISO.
Magnification ⴛ200. D: Immunohistochemistry (IH) scores of epineurial vessel nitrotyrosine stainings. Means ⴞ SE, n ⴝ 3 per group. **P < 0.01
vs. control group; #P < 0.05 vs. untreated diabetic group.

tail-flick test, included supraspinal sensory processing
(23). Diabetic rats demonstrated reduced latencies of both
responses, which is consistent with the presence of transient thermal hyperalgesia and is in line with our previous
studies (13,30) and other reports (3,7,9). Both tail-flick and
paw-withdrawal latencies were at least partially corrected

FIG. 6. Immunoflurescent assessment of apoptosis (TUNEL staining)
in DRG neurons of control (C) and diabetic (D) rats treated with or
without ISO. n ⴝ 6 per group. Magnification ⴛ200. Positive control was
included in the ApopTag plus Fluorescein In Situ Apoptosis Detection
kit and processed together with experimental samples.
DIABETES, VOL. 55, JUNE 2006

by PARP inhibition, consistent with other findings (3,4,7)
implicating oxidative-nitrosative stress as well as other
mechanisms contributing to free radical and oxidant generation (e.g., increased aldose reductase [9] and protein
kinase C [26] activities) to abnormal sensory responses to
thermal noxious stimuli in diabetes.
Another diabetes-related phenomenon, mechanical hyperalgesia, was revealed by assessment of paw-withdrawal
thresholds in two different tests, i.e., one including stimulation with rigid von Frey filaments with subsequent
registration of paw-withdrawal thresholds by von Frey
anaesthesiometer and the paw pressure Randall-Sellilo
test. Both variables were partially corrected by a PARP
inhibitor treatment. These observations are in line with
our previous findings (13,31) and other reports (3,7),
demonstrating the important contribution of oxidative
stress–related mechanisms to increased sensitivity to mechanical noxious stimuli associated with diabetes.
In addition to spontaneous pain, painful diabetic neuropathy in human subjects is sometimes complicated by
tactile allodynia, a condition where light touch is perceived as painful (23). Similar phenomenon is observed in
diabetic rats where the light touch (⬍15 g) of von Frey
filaments or light stroking of the paw induces a withdrawal
response from the stimulus (9,23,25). The mechanisms of
tactile allodynia are not studied in detail. Tactile allodynia
in diabetic rats is not alleviated by rapid normalization of
blood glucose (23) or treatment with aldose reductase
inhibitors (9) but can be prevented and reversed by
protracted insulin therapy (23) or niterapone, an inhibitor
of catechol-O-methyltransferase and antioxidant (7). The
current observations suggest that tactile allodynia in rats
with short-term STZ-induced diabetes is alleviated by the
1691
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PARP inhibitor ISO. This finding, as well as alleviation of
tactile allodynia in diabetic mice lacking 12/15-lipoxygenase or treated with a 12/15-lipoxygenase inhibitor in our
most recent studies (32), are in line with the important role
of oxidative-nitrosative stress in abnormal tactile responses associated with diabetes. Tactile allodynia also
develops in the model of sciatic nerve ischemia (33),
another pathological condition with enhanced oxidative
stress (34).
Both mechanical and thermal behavioral tests provide
acute sensory stimuli and represent measures of the
threshold to nociceptive pain that is transduced by myelinated and unmyelinated fibers, respectively. The formalin
test principally differs from both, as the second phase of
the flinching response occurs despite minimal input to the
spinal cord from primary afferent nociceptors. Thus, the
test provides a means for studying mechanisms by which
innocuous sensory input can be modulated and amplified
in the spinal cord and higher central nervous system to
generate a neuropathic pain state, as well as malfunctions
of these mechanisms produced by pathological conditions
including diabetes. In our study, diabetic rats displayed
exaggerated flinching behavior in both the first and second
phases of the formalin test. Formalin-induced flinching
responses in both phases were blunted by a PARP inhibitor treatment, which supports the role for PARP activation
in diabetic neuropathic pain.
Theoretically, PARP activation can lead to neuropathic
pain and abnormal sensory responses via several mechanisms, i.e., glutamate excitotoxicity (35), impaired Ca2⫹
homeostasis and signaling (36), mitogen-activated protein
kinase activation (37), and nuclear factor-B–mediated
production of proinflammatory cytokines, e.g., tumor necrosis factor-␣ and related cyclooxygenase-2 overexpression (38). Such phenomena as altered Ca2⫹ homeostasis
and signaling in DRG neurons and mitogen-activated protein kinase activation and cyclooxygenase-2 overexpression in the spinal cord and Schwann cells of the peripheral
nerve have been documented in diabetic rats (11–13). To
our knowledge, the presence of inflammatory response in
either peripheral nerve or spinal cord of diabetic rodents
has not been documented properly, and detailed studies of
this phenomenon would be very important for understanding the mechanisms of sensory neuropathy. Note that
PARP activation can also participate in the pathogenesis
of diabetic sensory neuropathy via exacerbation of oxidative-nitrosative stress (39), a key factor in the development
of thermal and mechanical hyperalgesia in STZ-induced
diabetic rats (39). In the present study, PARP inhibition
with ISO alleviated oxidative-nitrosative stress in sciatic
nerve, vasa nervorum, and aorta of diabetic rats, consistent with our previous findings with another PARP inhibitor, 3-aminobenzamide (39). Of interest, the effect of ISO
on nitrotyrosine immunoreactivity in the sciatic nerve was
quite modest compared with vasa nervorum. The latter is
probably a consequence of the pharmacological distribution of ISO rather than differences in oxidative-nitrosative
stress mechanisms between vascular and neural compartments because 3-aminobenzamide was equipotent in suppressing nitrotyrosine immunoreactivity in vascular and
neural elements of diabetic peripheral nerve (39). Although the role for neurovascular mechanisms in diabetic
sensory neuropathy has not properly been sorted out, a
correction of thermal hyperalgesia by a protein kinase C
inhibitor (26), together with a compelling evidence of
protein kinase C activation in the vascular, but not neural
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(e.g., peripheral nerve and DRG neurons), elements of
peripheral nervous system (40 – 43) strongly suggest that
vascular mechanisms may be involved in at least some
abnormal sensory responses associated with diabetes.
Note that activation of vascular protein kinase C leads to
oxidative stress (44,45) via phosphorylation and activation
of NAD(P)H oxidase (44), a superoxide-generating enzyme
known as the most important contributor to diabetesassociated superoxide generation (46). In addition, a far
better alleviation of mechanical algesia by a combined
treatment with low doses of ISO and vasodilators (31) than
a high-dose ISO monotherapy also may support the role
for neurovascular dysfunction in diabetic sensory neuropathy, although, as we have discussed previously (31),
vasodilators exert a variety of nonvascular effects. At the
same time, our data provide clear indication that development of diabetic sensory neuropathy in rats with shortterm STZ-induced diabetes is not associated with neuronal
apoptosis. The absence of neuronal apoptosis in STZinduced diabetic rats in our study is consistent with two
other reports (47,48). However, the area remains a subject
of debate (22,47–50), and thus it would be of interest to
explore the effects of PARP inhibition on functional and
structural (reduced skin fiber density) manifestations of
sensory loss and to correlate them with the rates of
neuronal apoptosis, if any, in rats with longer durations of
diabetes. The role for PARP in apoptosis remains controversial (17,51).
In conclusion, PARP activation contributes to early
experimental sensory neuropathy by mechanisms that
may include oxidative-nitrosative stress but not neuronal
apoptosis. A PARP inhibitor treatment alleviates diabetic
neuropathic pain and abnormal sensory responses in
STZ-induced diabetic rats. The study provides a new
evidence for the important role for PARP activation in the
pathogenesis of diabetes complications and, in particular,
peripheral diabetic neuropathy.
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