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Abstract

Aims/hypothesis Diabetes is considered the leading cause
of neuropathies in developed countries. Dysfunction of
nerve growth factor (NGF) production and/or utilisation
may lead to the establishment of diabetic neuropathies.
Electroacupuncture has been proved effective in the
treatment of human neuropathic pain as well as in
modulating NGF production/activity. We aimed at using
electroacupuncture to correct the development of thermal
hyperalgesia and the tissue alteration of NGF and sensory
neuromodulators in a rat model of type 1 diabetes.
Methods Adult rats were injected with streptozotocin to
induce diabetes and subsequently treated with low-
frequency electroacupuncture for 3 weeks. Variation in
thermal sensitivity was studied during the experimental
course. Hindpaw skin and spinal cord protein content of
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NGF, NGF receptor tyrosine kinase A (TrkA), substance P
(SP), transient receptor potential vanilloid 1 (TRPV1)
receptor and glutamic acid decarboxylase-67 (GAD-67)
were measured after electroacupuncture treatments. The
skin and spinal cord cellular distribution of TrkA was
analysed to explore NGF signalling.

Results Early after streptozotocin treatment, thermal hyper-
algesia developed that was corrected by electroacupuncture.
The parallel increases in NGF and TrkA in the spinal cord
were counteracted by electroacupuncture. Streptozotocin
also induced variation in skin/spinal TrkA phosphorylation,
increases in skin SP and spinal TRPV1 and a decrease in
spinal GAD-67. These changes were counteracted by
electroacupuncture.

Conclusions/interpretation Our results point to the potential
of electroacupuncture as a supportive therapy for the
treatment of diabetic neuropathies. The efficacy of electro-
acupuncture might depend on its actions on spinal/peripheral
NGF synthesis/utilisation and normalisation of the levels of
several sensory neuromodulators.

Keywords Electroacupuncture - GAD-67 - Hyperalgesia -
Nerve growth factor- Rats - Spinal cord - Streptozotocin -
Substance P- Transient receptor potential vanilloid
receptor 1

Abbreviations

EA Electroacupuncture

GABA y-Aminobutyric acid

GAD-67 Glutamic acid decarboxylase-67

GAPDH Glyceraldehyde-3-phosphate
dehydrogenase

NGF Nerve growth factor

p™™°TrkA  Phosphorylated tyrosine kinase A

SP Substance P
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STZ Streptozotocin

TrkA Tyrosine kinase A

TRPV1 Transient receptor potential receptor
vanilloid 1

Introduction

Neuropathy is the most common complication of diabetes
and the greatest source of morbidity in diabetes patients [1].
Painful neuropathy is associated with behavioural manifes-
tations of sensory dysfunctions, and neurochemical alter-
ations of biological mediators in the peripheral nervous
system [2]. In particular, alterations in the content of
neurotrophin nerve growth factor (NGF) in tissues (skin,
muscle and serum) [3] are associated with spinal variations
in substance P (SP) [3] and transient receptor potential
vanilloid 1 (TRPV1) receptor [4, 5]. These latter are known
to be under the control of NGF [6-8] and have been related
to diabetes-induced neuropathy.

Diabetic neuropathy could benefit from NGF-based
therapies [9], but the clinical use of NGF has been hampered
by the development of important side effects, such as
hyperalgesia, pain and autonomic dysfunctions [10].

Acupuncture-based therapies in diabetic patients and
animal models have been validated, especially in the
treatment of painful neuropathies [11]. From the Western
perspective, the pain-relieving effects are based on the
establishment of central inhibitory mechanisms triggered by
the activation of peripheral sensory afferents elicited by
needle stimulation [12]. Recent studies have demonstrated
that sensory stimulation by electroacupuncture can have
regulatory effects on NGF, NGF signalling (reviewed by
Manni et al. [13]) and several NGF-regulated molecules,
such as SP and TRPVI1 [14]. These effects have been
demonstrated in the nervous system and other tissues in
animal models of metabolic, neurological and inflammatory
disorders [15-22]. The efficacy of acupuncture and electro-
acupuncture in neuropathic pain [12, 23] and their actions
on the inhibitory neurotransmitter y-aminobutyric acid
(GABA) [24] have also been reported. Interestingly, GABA
has a role in the generation and maintenance of diabetes-
induced sensory dysfunctions [25, 26] and the activity-
dependent regulation of spinal NGF synthesis [27].

It has been proposed that aberrant spinal processing of
sensory signalling may be involved in generating sensory
dysfunctions in diabetes [2]. Among others, the
streptozotocin-induced type-1 diabetes model in rodents is
characterised by early functional abnormalities, including
thermal hyperalgesia [5, 28], associated with spinal dereg-
ulation of TRPV1 [5, 29], SP [3] and GABA [25, 26].

In the present study we investigated how electroacu-
puncture could affect thermal hyperalgesia and modulate
NGF content and activity at an early stage after diabetes
induction with streptozotocin in rats [30]. Our analysis was
done by measuring NGF, tyrosine kinase A (TrkA) and its
phosphorylated form, SP, TRPV1 and GABA protein
contents in the hindpaw skin and spinal cord, these two
tissues being sites of the peripheral and central actions of
electroacupuncture in modulating neuropathic pain [23, 24,
31]. The tissue distribution of TrkA was also analysed to
further explore the structures involved in NGF signalling.

Methods

Animals Adult female Sprague-Dawley rats (Harlan-
Nossan, Correzana, Italy) weighing 200-220 g were
housed for 1 week under constant conditions (21+1°C,
light on from 7:00 to 19:00 hours). Food and water were
freely available throughout the experiment. Animal care
procedures were conducted in conformity with Italian
and international laws and policies (EEC Council
Directive 86/609, OJ L 358,1, 12 December 1987; NIH
Guide for the Care and Use of Laboratory Animals, NIH
Publication No. 85-23, 1985). All experiments were
performed between 9:00 and 12:00 hours.

Experimental design Streptozotocin is selectively toxic to
the insulin-producing cells of the pancreas and has been
widely used to produce animal models of type 1 diabetes
[30]. Our rats were treated with a single i.p. injection of
65 mg/kg streptozotocin (Catalogue No. S0130, Sigma-
Aldrich, Milan, Italy) dissolved in citrate buffer, pH 4.5
[30]. One week after streptozotocin treatment, the estab-
lishment of diabetes was checked with an Accutrend GC
(Roche Diagnostic, Mannheim, Germany) glucose analyser.
Rats with blood glucose levels above 16.65 mmol/l were
allocated to the streptozotocin experimental groups.

Thirty-six rats were divided into groups as follows: 12
control rats were injected once i.p. with 20 mmol/l citrate,
pH 4.5; 12 rats were injected with streptozotocin as
described above (STZ group); and 12 rats were injected
with streptozotocin and treated twice a week with low-
frequency electroacupuncture (described below) for three
consecutive weeks starting 1 week after diabetes induction
(STZ+EA group). Control of electroacupuncture by mini-
mal or superficial sensory stimulation (sham electroacu-
puncture) in diabetic rats was omitted since it does not
represent an inert intervention, often producing significant
responses comparable to those elicited by acupuncture itself
[32]. Electoacupuncture in control rats was also omitted
because of its demonstrated different effects in healthy and
diseased persons [32].
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Four weeks after streptozotocin treatment and 1 day after
the last electroacupuncture session, ten rats in each group
were killed by decapitation. Samples of hindpaw skin and
lumbar spinal cord were collected, quickly frozen and
stored at —80°C until processed for biochemical assays.
Two rats in each group were anaesthetised with 400 mg/kg
of chloral hydrate and transcardially perfused with 4%
paraformaldehyde in PBS; tissue was then removed and
processed for immunohistochemistry.

Electroacupuncture Rats in the STZ+EA group received
30 min of electroacupuncture stimulation twice a week for
3 weeks as described by Stener-Victorin et al. [16] and
Manni et al. [17]. During each electroacupuncture treat-
ment, rats were sedated with an i.p. injection of chloral
hydrate (200 mg/kg). Stimulation was applied bilaterally at
the traditional acupoint Zusanli (on the anterior lateral side
of the leg close to the anterior crest of the tibia). Such
stimulation has been proved effective for the treatment of
hyperalgesia as well as neuropathic and inflammatory pain
[33]. The needles (Hegu, Landsbro, Sweden) were inserted
at the same point bilaterally to a depth of 0.3-0.5 cm and
then attached by clip electrodes to an electrical stimulator
(Acus II; Cefar, Malmo6, Sweden). The points were
stimulated with a low burst frequency of 2 Hz; each pulse
was a square wave with duration 0.18 ms, a burst length
0.1 s, and internal burst frequency of 80 Hz. The intensity
(1.0-1.5 mA) was monitored by checking for local muscle
contractions to reflect the activation of muscle—nerve
afferents. The location and type of stimulation were the
same in all rats. Rats in the control and STZ groups were
manipulated and sedated in a manner similar to those in the
STZ+EA group.

Hotplate test Thermal nociception was measured before
streptozotocin injection, on day 8 after streptozotocin
injection (just before the start of the electroacupuncture
treatment protocol) and the day after the last electro-
acupuncture session, immediately before the animals were
killed. A hotplate apparatus (Socrel Hot-Plate model DS37;
Ugo Basile, Comerio, Italy) was used as described by Aloe
and Manni [14]. The temperature was set at 50+0.2°C and
the cutoff time was 60 s. Pain sensitivity was assessed with
a digital stopwatch by measuring latency to the first episode
of hindpaw withdrawal and/or licking.

NGF assay Tissue content of NGF in each group was
assessed using a commercial ELISA (DY556; R&D
Systems, Minneapolis, MN, USA), following the instruc-
tions of the manufacturer. Tissue samples were homoge-
nised by ultrasonication in extraction buffer (Tris—acetate
20 mmol/l, pH 7.5, NaCl 150 mmol/l, EDTA 1 mmol/l,
EGTA 1 mmol/l, sodium pyrophosphate 2.5 mmol/l,
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orthovanadate 1 mmol/l, NaF 100 mmol/l, phenylmethyl-
sulphonyl fluoride 1 mmol/l, leupeptin 1 pg/ml) and
centrifuged at 4°C for 10 min, 10,000xg, and supernatant
fractions were recovered. The protein concentrations in
tissue sample extracts were determined with the Bio-Rad
DC Protein Assay (500-0116; Life Science Group, Milan,
Italy). The amount of NGF was determined from the
regression line for the NGF standard (ranging from 15.6
to 1,000 pg/ml of rat NGF).

SP assay Tissue samples were homogenised by ultra-
sonication in 2 mol/l acetic acid at 4°C. After centrifugation
at 8,000xg for 20 min, the supernatant fractions were
collected, dried and resuspended in deionised water, and the
protein concentrations were determined with the Bio-Rad
DC Protein Assay. The content of SP in tissues was assayed
with the Substance P EIA Kit (Cayman Chemical, Ann
Arbor, MI, USA), following the instructions of the
manufacturer.

Western blotting Sample extracts used for NGF assay were
also used for western blotting and analysis of tissue levels
of TrkA, phosphorylated TrkA (p™™°°-TrkA), TRPV1, the
GABA-synthesising enzyme glutamic acid decarboxylase-
67 (GAD-67) and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Samples (20 pg total protein) were
dissolved with loading buffer (0.1 mol/l Tris—HCI bufter,
pH 6.8, containing 0.2 mol/l DTT, 4% SDS, 20% glycerol,
and 0.1% bromophenol blue), separated by SDS-PAGE,
and electrophoretically transferred to polyvinylidene fluo-
ride (PVDF) membranes. The membranes were incubated
for 1 h at room temperature with 5% non-fat dry milk
dissolved in TBST (10 mmol/1 Tris, pH 7.5, 100 mmol/I NaCl
and 0.1% Tween-20). Membranes were washed three times
for 10 min each in TBST and then incubated overnight at 4°C
with rabbit anti-TrkA (sc118), mouse anti-p™™¢-TrkA
(sc8058), rabbit anti-TRPV1 (sc28759) or rabbit anti-
GAPDH (sc25778) (all from Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or mouse anti-GAD67 (MAB5406,
Millipore, Milan, Italy) as primary antibodies. Membranes
were washed three times for 10 min each in TBST and
incubated for 1 h with either horseradish peroxidase-
conjugated anti-rabbit IgG (Cell Signalling Technology,
Danvers, MA, USA) or horseradish peroxidase-conjugated
anti-mouse IgG (Cell Signalling Technology) as the secondary
antibody. The blots were developed with ECL Chemilumines-
cent HRP Substrate (Millipore) as the chromophore. The
public domain Image J software (http://rsb.info.nih.gov/ij/)
was used for gel densitometry and protein quantification
following the method described at http://lukemiller.org/index.
php/2010/11/analyzing-gels-and-western-blots-with-image-j/.
The integrated density of GAPDH bands was used as the
normalising factor. Statistical evaluation was performed on
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two separate gel runs/blots carried out using three different
sets of samples (n=6 for each experimental group).

TrkA confocal immunofluorescence The distribution of
TrkA in hindpaw skin and spinal cord was analysed by
immunofluorescence. Coronal sections (thickness 20 pum)
from these tissues were preincubated with 10% normal goat
serum in PBS containing 0.1% Triton X-100 (PBST) for 2 h
and then incubated overnight at 4°C with primary antibody
against TrkA (sc118; Santa Cruz; 1:100), in PBST+1% goat
serum. To assess the staining specificity, the first antibody
was replaced with purified non-specific rabbit IgG. After
washing with PBST, the slides were incubated for 1 h at
room temperature with Alexa Fluor 488 goat anti-rabbit IgG
(1:250; Invitrogen, Milan, Italy). The last step was two rinses
in PBS and 10 min incubation with the Hoechst reagent
(1 ng/ml; Invitrogen) for visualisation of nuclei. Sections
were then coverslipped and examined under a confocal laser
scanning microscope (Leica SP5; Leica Microsystems,
Milan, Italy). One confocal setting was used for acquisition
of the three groups in skin and another for spinal cord. For
the production of figures, the brightness and contrast of
images were adjusted by leaving a tissue fluorescence
background for visual assessment of the features with the
lowest fluorescence intensity and to aid comparison among
the different experimental groups. From a qualitative point
of view, three levels of fluorescence intensity were
identified: light, medium and high. For TrkA-positive
fibres, z-stack procedures were used to acquire several
optical sections, which were projected in the final images.
Boundaries and subdivisions of the spinal cord structures
were identified with reference to the atlas of Paxinos and
Watson [34].

Statistical analysis Statistical evaluations were performed
using the StatView software (SAS Institute, Cary, NC,
USA) for Windows and data were expressed as mean+=SEM.
For the hotplate test, data were analysed by ANOVA for the
three sessions as repeated measures. Western blot (n=6
for each experimental group), ELISA and enzyme immu-
noassay (n=10 for each experimental group) analyses
were evaluated by one-way ANOVA. Post hoc compar-
isons were performed using Tukey’s honestly significant
difference test. A p value less than 0.05 was considered
significant.

Results

A significant elevation of plasma glucose level in experi-
mental rats was found 1 week after a single injection of
streptozotocin (STZ group, 22.2+0.88 mmol/l; control

group, 6.99+1.16 mmol/l, p<0.05), confirming the devel-
opment of diabetes.

During this early stage, STZ group rats displayed a
significant reduction in the heat latency time (Fig. 1). Four
weeks after diabetes induction, the latency to painful
stimulation was still shorter compared with controls. On
the other hand, rats in the STZ+EA group presented a
latency response to thermal pain which was non-
significantly longer than that of the controls.

Streptozotocin caused a significant increase in NGF
protein content in hindpaw skin (Fig. 2a) compared with
control rats. Electroacupuncture in streptozotocin-treated
rats did not elicit significant variation in NGF levels in the
skin when compared with the STZ group (p>0.05). In the
spinal cord (Fig. 2b), the level of NGF was significantly
increased by diabetes induction; electroacupuncture treat-
ment of diabetic rats significantly (»<0.05) decreased the
NGF level (Fig. 2b).

As shown in Fig. 2c¢, streptozotocin provoked about
twofold elevation of skin SP content when compared with
control rats (p<0.05), and electroacupuncture deeply
counteracted this effect (STZ vs STZ+EA p<0.05),
decreasing it well below the control level. On the other
hand, spinal SP (Fig. 2d) was lowered by streptozotocin
(»<0.05) compared with the control. However, electro-
acupuncture treatment only slightly decreased SP level
compared with the STZ group (Fig. 2d).

Densitometry of western blots (Fig. 3a) revealed that the
NGF receptor TrkA content in the skin of diabetic animals
underwent a non-significant increase (Fig. 3b). However,
after streptozotocin treatment, electroacupuncture signifi-
cantly lowered the TrkA level compared with the STZ
group. The skin content of p™™°-TrkA (Fig. 3c), the
phosphorylated and activated form of TrkA, was significantly
increased in diabetic animals compared with controls,

40~

30+

20+

Latency of response (s)

Time after STZ injection (weeks)

Fig. 1 Hyperalgesia in diabetic rats was normalised by electro-
acupuncture. Latency of response to thermal pain, as measured by the
hotplate test. Triangles, STZ group; squares, STZ+EA group; circles,
control group (citrate injection only). Data are mean=SEM (repeated
measures ANOVA). n=10 for each experimental group. *p<0.05 vs
control group

@ Springer



Diabetologia (2011) 54:1900-1908

1904
a b

— e % B
g7 =30 —
i T ¢

5 50 &

5 = 20

Saol = s

£ 30 E

g 20 é‘_)‘ 10

B 10 o5

Q0 )

Z 0 T T z 0 T T T

Control STZ STZ+EA Control STZ STZ+EA
(o * d
1

= 600 * * - ]

-QE) — £ 1400 |L|

g g 1050 o

%‘ 400 E [ sl

2 S, 700 T
£ g

20 200 £

N éﬂ’ 350

Z 5

Control STZ STZ+EA Control STZ STZ+EA

Fig. 2 Effects of electroacupuncture (EA) on NGF and SP in skin and
spinal tissues of adult diabetic rats determined 4 weeks after injection
of streptozotocin (STZ) with or without EA for 3 weeks starting
1 week after STZ injection. Controls received only a citrate injection,
without EA. a NGF in hindpaw skin. b NGF in lumbar spinal cord. ¢
SP in hindpaw skin. d SP in lumbar spinal. Data from the NGF ELISA
are mean+SEM, n=10 for each experimental group. Data from the SP
enzyme immunoassay test are mean+SEM, n=10 for each experimen-
tal group. *p<0.05

indicating augmented NGF signalling in streptozotocin-
treated rats. Electroacupuncture induced a reduction of
p™_TrkA content in diabetic animals (STZ vs STZ+EA,
p<0.05). Streptozotocin also caused an increase in TRPV1
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Fig. 3 Electroacupuncture (EA), given for 3 weeks starting 1 week
after streptozotocin (STZ) injection, modulated NGF receptor activa-
tion and TRPV1 in hindpaw skin of STZ-induced diabetic rats.
Controls received only a citrate injection, without EA. a Representa-
tive western blots of three samples for each experimental group
obtained 4 weeks after STZ injection. b TrkA. ¢ pryr96-TrkA
(activated form of the receptor TrkA). d TRPVI. Data in b—d are
ratios of integrated optical densities of TrkA, pryrs96-TrkA or TRPV1
to GAPDH bands in gel densitometry analysis, and are mean+tSEM
(n=6). ¥p<0.05 vs control group; 'p<0.05 vs STZ group
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in the skin of diabetic rats (Fig. 3d; control vs STZ
group, p<0.05). Electroacupuncture treatment further
increased the TRPV1 level in the skin compared with the
STZ group (p<0.05).

TrkA immunofluorescence in hindpaw epidermis did not
show qualitative variations in the intensity and distribution
pattern among the experimental groups (Fig. 4). In all
groups, TrkA immunoreactivity was observed as small
vesicles distributed homogeneously (Fig. 4 and electronic
supplementary material [ESM] Fig. 1). This TrkA immuno-
reactivity appeared as tissue background of medium intensity
specifically located in the epidermal cell layers I and II
(Fig. 4 and ESM Fig. 1). In the basal epidermal layer, small
vesicles highly immunoreactive for TrkA filled the cyto-
plasm of cell groups that alternated with other cell groups
which displayed less immunoreactivity (Fig. 4, layer I). In
the dermis several small fibres were intensely TrkA
immunoreactive. These fibres displayed a tortuous route
and were difficult to follow throughout the dermis and
epidermis (ESM Fig. 2).

As shown in Fig. 5a, b, streptozotocin did not signifi-
cantly increase spinal TrkA levels as detected by western
blotting (control vs STZ group, p>0.05), while electro-
acupuncture decreased spinal TrkA levels in diabetic rats
(STZ vs STZAEA, p<0.05). The level of p™™-TrkA in
the spinal cord (Fig. 5a, ¢) was not significantly increased

Fig. 4 Confocal images of TrkA immunofluorescence in the
epidermis of the STZ and STZ+EA groups. a, b STZ group. ¢, d
STZ+EA group. TrkA was generally produced in the granular—
squamous (II) and basal epidermal cell (I) layers as a medium-
intensity tissue background. In the basal epidermal layer (I), above the
TrkA medium-intensity tissue background, intense TrkA immunore-
active vesicles filled the cytoplasm of cell groups (arrows) as a
perinuclear rim leaving the nucleus unstained (see high magnifications
in b and d). These cell groups alternated with other cell groups
displaying a medium-intensity immunofluorescence background
(asterisks). Scale bar: a, ¢, 50 um; b, d, 10 um
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Fig. 5 Electroacupuncture (EA) given for 3 weeks starting 1 week
after streptozotocin (STZ) injection, modulated TrkA activation as
well as TRPV1 and GAD-67 in lumbar spinal cord of diabetic rats.
Controls received only a citrate injection, without EA. a Representa-
tive western blots of three samples for each experimental group
obtained 4 weeks after STZ injection. b TrkA. ¢ pryrs06-TrkA

by streptozotocin (control vs STZ group, p>0.05), but was
reduced by electroacupuncture in diabetic animals (STZ vs
STZ+EA, p<0.05). The spinal cord level of TRPVI
(Fig. 5a, d) was increased in the STZ group (control vs
STZ, p<0.05), while electroacupuncture counteracted the
streptozotocin effect, lowering spinal cord TRPV1 content
(control vs STZ+EA and STZ vs STZ+EA, both p<0.05).

It is known that GABA regulates the abnormal spinal
sensory processing in diabetic animals [25, 26] and that
electroacupuncture exerts actions on GABA [12]. To
identify GABA, we analysed the GABA-synthesising
enzyme GAD-67. As shown in Fig. 5a, e, GAD-67 protein
was downregulated by streptozotocin in the spinal cord
(control vs STZ group, p<0.05), suggesting decreased
GABA availability in diabetic rats. Electroacupuncture
restored the GAD-67 protein content in the spinal cord of
STZ group rats to levels similar to those in the control
group (STZ vs STZ+EA, p<0.05).

TrkA immunofluorescence in the spinal cord showed
variations in the distribution pattern and immunoreactive
intensity after electroacupuncture in streptozotocin-treated
rats (Fig. 6). In all three groups, TrkA immunoreactivity
was confined to the dorsal horn structures. In the STZ and
control groups, two distribution patterns were recognisable.
The first pattern represented the entrance of TrkA positive
fibres, which displayed intense immunoreactivity, densely
distributed in the mediolateral domains of the white matter
above the dorsal horn (dorsolateral fasciculus; Fig. 6, layer w).

¥
STZ

STZ+EA cT STZ  STZ+EA

(activated form of TrkA receptor). d TRPV1. e GAD-67 (GABA
biosynthetic enzyme). Data in b—e are ratios of integrated optical
densities of TrkA, pryra06-TrkA, TRPV1 or GAD-67 to GAPDH bands
in gel densitometry analysis, and are mean+SEM (n=6). *p<0.05 vs
control group; Tp<0.05 vs STZ group

Fig. 6 Confocal images of TrkA immunofluorescence in the dorsal
horn of the spinal cord of control, STZ and STZ+EA groups. a, d
Control group. b STZ+EA group. ¢ STZ group. TrkA immunofluo-
rescence is present in the white matter of the dorsolateral fasciculus
(arrows in a, b and ¢; layer w in d) as bundles of incoming fibres and
in the grey matter of the superficial dorsal horn (asterisks in a—c; I, II,
II in d) as fibres (arrows in d) and terminals. Note the decrease in
TrkA-immunoreactive puncta and terminals in the superficial dorsal
horn after electroacupuncture treatment (b, asterisks). Scale bars: a—c
50 pum; d 25 pm

@ Springer



1906

Diabetologia (2011) 54:1900-1908

The second pattern was observed in the superficial laminae
of the dorsal horn, where TrkA-immunoreactive puncta and
fibre terminals appeared sparsely and homogeneously dis-
tributed in the neuropile (Fig. 6, layers I-IlII, and ESM
Fig. 3). However, in the STZ+EA group the distribution
pattern of TrkA immunoreactivity in the superficial laminae
of the dorsal horn appeared substantially decreased (Fig. 6¢).
TrkA-immunoreactive puncta and fibre terminals had dis-
appeared, leaving a tissue background of light intensity. In
the white matter, TrkA fibre immunoreactivity in the
dorsolateral fasciculus appeared unchanged or slightly
decreased in the STZ and control groups.

Discussion

In the present study we tested the effects of electro-
acupuncture on the variation in thermal nociceptive
threshold and on the contents of NGF, TrkA, p™™*°-TrkA
and several sensory neuromodulators in paw skin and
spinal cord during the early period after diabetes induction
by streptozotocin in adult rats. In addition, the distribution
of NGF receptor, TrkA, in the hindpaw skin and spinal cord
was investigated. Our results demonstrate that electro-
acupuncture normalises thermal hyperalgesia and affects
the spinal regulation of NGF, TrkA, pTyr496-TrkA, SP,
TRPV1 and the GABAergic system during the develop-
ment of type 1 diabetes in rats.

Behavioural and physiological studies have revealed
indices of sensory dysfunction in animal models of diabetes
[2] that have been associated with dysregulation of NGF
synthesis and/or utilisation by NGF-producing tissues [2, 3,
9]. The streptozotocin-induced diabetes model exhibits two
distinct phases, characterised by different sensory abnormal-
ities: an early phase, lasting no less than 4-7 weeks, showing
thermal hyperalgesia [28, 35], and a late phase displaying
thermal hypoalgesia, mechanical allodynia and hyperalgesia
[2]. Our data refer to the early presence of thermal hyper-
algesia and show that it is associated with an increased NGF
protein content in paw skin and spinal cord. We show clearly
that streptozotocin induced deregulation of the spinal/skin
NGEF signalling, which could be responsible at least for the
early development of thermal hyperalgesia in diabetic rats
and could be corrected by electroacupuncture.

Most reports on the streptozotocin model indicate the
presence of sensory abnormalities characterised by late
thermal hypoalgesia and mechanical allodynia, similar to
the abnormalities seen in human diabetic neuropathy [2]. A
parallel decrease in NGF content has been reported in
neuronal target tissues of the hindlimb and sciatic nerve of
diabetic rats [3]. From the work of our group (L. Manni and
L. Aloe, unpublished results) we had an indication of an
early increase in NGF induced by streptozotocin in the
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pancreas, hypothalamus and paw skin (an observation
confirmed by the present data), followed by a decline (after
4-6 weeks) below control levels, suggesting differential
regulation of NGF content associated with the two phases.
It is possible that the presence/action of neuromodulators
acting at different sites in the neural circuitry involved in
the generation of neuropathic pain could be different in the
late streptozotocin-induced diabetes phase. This suggests
the need for a more comprehensive study upon the effects
of electroacupuncture, as an NGF-modulating approach, on
the late phase of streptozotocin-induced diabetes and at
different anatomical levels of the nervous system. Such
investigations could also show whether the early increases
in NGF observed in the spinal cord and skin could have a
role in the generation of late central sensitisation of the
neural circuitry involved in pain [2].

Three weeks of electroacupuncture sessions completely
abolished streptozotocin-induced thermal hyperalgesia in
rats, with a concomitant regulatory action on spinal NGF. It
has been reported that the effects of electroacupuncture are
correlated to the activation of type A and C sensory nerve
fibres [36, 37], whose cell bodies are housed in the dorsal
root ganglia, resulting in the establishment of skin, spinal
and central responses [33, 36, 38, 39]. Our study was
restricted to NGF-producing tissues, while the above-
mentioned considerations suggest the need for an extension
of our analysis to NGF-utilising neurons located in the dorsal
root ganglia. This will probably help clarify the different
effects of streptozotocin and electroacupuncture that we
found on skin and spinal cord. Our data show an association
among NGF levels, diabetic neuropathy and electroacupunc-
ture effects, which may indicate an important role of the
NGF system in the establishment and maintenance of the
painful component of early diabetic neuropathy.

The activation of TrkA by streptozotocin in the skin and
spinal cord, as revealed by the increase in p™™°-TrkA, is
in line with the increase in NGF availability in diabetic rats
and suggests that increased NGF activity participates in the
generation of thermal hyperalgesia. Electroacupuncture
normalises p"™**°-TrkA in the paw skin and spinal cord
of streptozotocin-treated rats. Thus, as well as NGF tissue
levels, NGF signalling seems to be counteracted by
electroacupuncture. The lack of effect of electroacupuncture
on skin NGF could reflect the difference in mechanism(s)
regulating its synthesis in skin and neuronal tissues. Indeed,
adrenergic-mediated NGF regulation by electroacupuncture
has been proposed for peripheral tissues [13], while our
present data and previous reports [27] suggest that GABA-
mediated central regulation of NGF could be triggered by
electroacupuncture.

In our skin samples we did not find differences in the
distribution and intensity of TrkA immunoreactivity in the
epidermis among the experimental groups. Thus, the TrkA
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content after electroacupuncture treatment, as revealed by
western blotting, was not related to the TrkA content in the
epidermis, as revealed by confocal microscopy. Other
sources of TrkA protein in the skin are the polymodal C
fibres, coming from the dorsal root ganglia and terminating
in the dermis, which were not included in our morpholog-
ical analysis. This latter source of TrkA protein could
account for the changes in protein content evidenced by
western blotting in our material.

TrkA immunoreactivity was decreased by electroacu-
puncture in puncta and terminals in the superficial dorsal
horn of the spinal cord. The source of TrkA immunoreac-
tivity in the superficial dorsal horn is represented by the
terminals of unmyelinated polymodal C fibres coming from
the ganglion and terminating in the upper laminae of the
dorsal horn [40]. The incoming fibres did not show
substantial variation in TrkA immunoreactivity, indicating
that the decrease in immunoreactivity was selectively
confined to the synaptic circuitry in the dorsal horn and
suggesting that it was directly related to in situ down-
regulation of TrkA protein and not to a loss of incoming
TrkA positive fibres. Moreover, the STZ group did not
show differences in TrkA immunoreactivity compared with
the control group. Consequently, streptozotocin-induced
neuropathy does not provoke loss of fibres or terminals, at
least at the time point under examination. Thus, the
decrease in TrkA immunoreactivity can be ascribed to a
selective effect exerted by electroacupuncture on the TrkA
protein production of terminals in the dorsal horn, an
anatomical location dedicated to the transmission of pain
between the periphery and the central nervous system.

The skin levels of SP and spinal TRPV1 wvaried
according to variation in p"Y™°°-TrkA after streptozotocin
alone (STZ group) and streptozotocin followed by electro-
acupuncture (STZ+EA group). The streptozotocin-induced
decrease in spinal SP may be controversial in the light of
the increased availability of spinal NGF in our diabetic
rats. The proposed mechanism of spinal sensitisation
mediated by an increase in the level of neurokinin 1
receptor—the SP receptor—in diabetic neuropathy [2]
could explain the decreased spinal level of SP and the
concomitant behavioural alteration recorded in our STZ
group. Furthermore, the variations in skin TRPV1 induced
by streptozotocin (STZ group) and streptozotocin fol-
lowed by electroacupuncture (STZ+EA group) reflected
those observed for NGF, suggesting that a common
regulatory mechanism could be active in the skin. Our
present data do not allow further speculation on this issue.
However, since the spinal production of TRPV1 has been
correlated with the development of thermal hyperalgesia
in diabetic animals [5, 29], our data underline the
possibility that the efficacy of electroacupuncture in the
control of spinal sensitisation during the development of

neuropathic pain states could be mediated by the modu-
lation of NGF and TRPV1 levels.

Information about the spinal GABAergic system gives
some clues about the possible mechanism linking electro-
acupuncture and spinal NGF in our experimental model.
GABA neurons play a major role in the spinal modulation
of pain perception [41] and in the streptozotocin-induced
development of allodynia and hyperalgesia [25, 26]. The
electroacupuncture-induced modulation of spinal GAD67,
reflecting GABA availability, could be linked not only to
the amelioration of hyperalgesic symptoms but also to the
observed variation in the level of NGF, since an elevation
of spinal NGF mRNA and protein following GABAg
receptor antagonist treatment has been reported in rats [27].

In conclusion, our data indicate that electroacupuncture
is able to counteract streptozotocin-induced early thermal
hyperalgesia in adult rats. The mechanisms of action of
electroacupuncture may be based on the modulation of
NGF signalling and of spinal neurotransmitters (e.g.
GABA) and neuromodulators (e.g. TRPV1).
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