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1. Introduction

Sigma receptors (oR) have been classified into two
subtypes (c1R and 62R). The therapeutic potential of
oR ligands includes several diseases (Maurice and Su,
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Abstract

Background: E-52862 (SIRA, 4-[2-[[5-methyl-1-(2-naphthalenyl)-1H-
pyrazol-3-yl]Joxy]ethyl]-morpholine), a novel selective sigma 1 receptor
(c1R) antagonist, has demonstrated efficacy in nociceptive and
neuropathic pain models. Our aim was to test if 1R blockade with E-
52862 may modify the signs of neuropathy in Zucker diabetic fatty
(ZDF) rats, a type 2 diabetes model.
Methods: Mechanical and thermal response thresholds were tested on 7-,
13-, 14- and 15-week-old ZDF rats treated with saline or with E-52862
acutely administered on week 13, followed by sub-chronic administration
(14 days). Axonal peripheral activity (skin—saphenous nerve preparation)
and isolated aorta or mesenteric bed reactivity were analysed in 15-week-
old ZDF rats treated with saline or E-52862 and in LEAN rats.
Results: Zucker diabetic fatty rats showed significantly decreased
thermal withdrawal latency and threshold to mechanical stimulation on
week 13 compared to week 7 (prediabetes) and with LEAN animals;
single-dose and sub-chronic E-52862 administration restored both
parameters to those recorded on week 7. Regarding axonal peripheral
activity, E-52862 treatment increased the mean mechanical threshold
(773 £ 21 mN vs. 19.6 £ 1.5 mN, saline group) and reduced the
response evoked by mechanical increasing stimulation (86.4 + 36.5 vs.
352.8 + 41.4 spikes) or by repeated mechanical supra-threshold steps
(39.4 £ 1.4 vs. 83.5 £ 0.9). E-52862 treatment also restored contractile
response to phenylephrine in aorta and mesenteric bed.
Conclusions: E-52862 administration reverses neuropathic (behavioural
and electrophysiological) and vascular signs in the ZDF rat.
Significance: Blockade of olR avoids the development of diabetic
neuropathy in rats, and may represent a potentially useful therapeutic
approach to peripheral neuropathies in diabetic patients.
What does this study add?:
® This study presents evidences for the potential usefulness of sigma
receptor blockade on diabetic neuropathy in rats.
* The methodology includes behavioural evidences, electrophysiological
data and vascular-isolated models.

2009; Tsai et al., 2009) and it is known that blocking
o1R induces antinociception (Zamanillo et al., 2013).
Moreover, recent studies using 61R knock-out mice
and pharmacological interventions with selective 1R
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antagonists (Romero et al., 2012) showed an
antinociceptive effect of 1R modulation independent
of the opioid system. clR knock-out mice showed
attenuated nociceptive responses in the formalin test
(Cendan et al., 2005), in sciatic nerve injury (de la
Puente et al., 2009), in capsaicin sensitization
(Entrena et al., 2009) and in antitumoral-induced
cold and mechanical allodynia (Nieto et al., 2012).

According to World Health Organization, 366 mil-
lion people worldwide will suffer from diabetes by
year 2030 and diabetic polyneuropathy is a common
complication of diabetes, affecting approximately
50% of both type 1 and type 2 diabetic patients
(Dyck et al., 1993). Current treatments are only par-
tially effective and, at best, provide 50% pain relief
in one-third of patients (Jensen et al., 2006).

Little is known regarding the role of the oR in dia-
betes. A decrease in the number of binding sites for
both 61R and o2R receptors in the brain of strepto-
zotocin-induced diabetic rats has been described
(Mardon et al., 1999). However, no data about the
role of the oR in diabetic peripheral neuropathies,
particularly in type 2 diabetes models are available.

Recently, a new drug, E-52862 (S1RA, 4-[2-[[5-
methyl-1-(2-naphthalenyl)-1H-pyrazol-3-yl]oxy]ethyl]
morpholine), has been characterized as a novel 1R
selective antagonist that shows efficacy in nociceptive
as well as in neuropathic pain models (Romero et al.,
2012). As olR antagonists are effective in several
peripheral neuropathy models, including sciatic nerve
ligation (de la Puente et al., 2009; Romero et al.,
2012) and paclitaxel-induced neuropathy (Nieto
et al., 2012), our aim was to test if the blockade of
the o1R with E-52862 may modify the signs of neu-
ropathy in Zucker diabetic fatty (ZDF) rats, a widely
accepted model of type 2 diabetes.

Neuropathy was evidenced by changes in mechan-
ical and thermal response thresholds, but there is
scarce information about the involvement of AS-
fibres in these sensory disturbances in ZDF rats.
Accordingly, the electrophysiological response of Ad-
fibres to mechanical stimulation was evaluated using
the skin—-saphenous nerve preparation (Reeh, 1986;
Kress et al., 1992). Finally, as reduced nerve perfu-
sion is an important factor in the aetiology of dia-
betic neuropathy (Cameron and Cotter, 1997) and
decreased nerve blood flow and hypoxia in neuro-
pathic diabetes patients have been related to the
neurovascular dysfunction (Cameron and Cotter,
1992, 1994), the vascular reactivity of conduit
(aorta) and resistance (mesenteric) vessels have been
evaluated (Tagashira et al., 2010; Amer et al., 2013)
as a first approach.
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2. Materials and methods

2.1 Animals

Six-week-old male ZDF rats or their respective con-
trol (age-matched lean non-diabetic Zucker rats,
LEAN) were obtained from Charles River Laborato-
ries (Research Models, Barcelona, Spain). The ani-
mals were housed in a certified animal care facility,
in cages (2-3 animals) and maintained in environ-
mentally controlled conditions (temperature 20 °C,
humidity 60%) with a 12-h light/dark cycle until
they reached 15 weeks of life. Animals were main-
tained on Purina 5008 (16.7 kcal% fat) diet and
sterile tap water, chow and water being available
ad libitum through all the experimental period.

In this model for non-insulin—dependent diabetes
mellitus, hyperglycaemia and insulin resistance begin
to develop at, approximately, 7 weeks of age and
glucose levels typically reach a plateau (more than
300 mg/dL) by 15-16 weeks of age (Peterson et al.,
1990).

Naive Wistar rats were used to test the effect of
E-52862 in acute nociception in a control group.

All experimental protocols were approved by the
Ethical Committee of the Universidad Rey Juan Car-
los and performed in strict accordance with the EC
regulation for care and use of experimental animals
(2010/63/EU).

2.2 Drugs

E-52862, the newly synthesized sigma 1 antagonist,
was supplied by ESTEVE and was dissolved in saline
(0.9% w/v). The compound was administered by
intraperitoneal (i.p.) route. The doses of drug
employed in this study were 64 mg/kg i.p. to test
the acute effect, and 25 mg/kg i.p. given twice a day
(b.i.d.) during 14 days to test the effect of sub-
chronic administration. The concentration of the
solutions was adjusted to inject a volume of 0.5 mL.
Doses were selected from pilot experiments from our
laboratory using Wistar rats (data not shown) and
are in agreement with published data (Nieto et al.,
2012). Phenylephrine and carbachol were obtained
from Sigma (Sigma Chemical Company, Poole, UK)
and were dissolved in distilled water.

2.3 Experimental protocol

After 1 week of adaptation (week 7 of life) non-fast-
ing blood glucose levels, body weight, spontaneous
activity, thermal hyperalgesia and mechanical
allodynia were monitored on LEAN and ZDF rats for

© 2016 The Authors. European Journal of Pain published by John Wiley & Sons Ltd on behalf of

European Pain Federation - EFIC®.



N. Paniagua et al.

the first time to facilitate the detection of the devel-
opment of diabetes and neuropathies. Behavioural
tests were repeated at the end of the week 13 of life
and, then, ZDF rats were randomly assigned to two
separated groups to be treated with a single dose of
E-52862 (64 mg/kg i.p, 0.5 mL, n = 8) or with the
same volume of saline solution (# = 7). LEAN rats
group (n =7) was treated with saline. Thirty min-
utes after E-52862 or saline administration mechani-
cal allodynia, thermal hyperalgesia and spontaneous
activity were sequentially evaluated.

Sub-chronic treatment was started 24 h after this
first administration. Rats received two daily
intraperitoneal injections for 14 days (weeks 14 and
15) of compound E-52862 (25 mg/kg) or saline solu-
tion. To disregard acute effects of the last dose, beha-
vioural tests were carried out 12 h after the last
administration (week 15) because E-52862 maxi-
mum plasma concentration is achieved shortly after
its administration to rodents (.« = 15 min after i.p.
administration to rats) and it is quickly metabolized,
having a short half-life in rats (¢,,, = 1.4 h) (Romero
et al., 2012; Vidal-Torres et al., 2014).

After behavioural tests rats were sacrificed and tis-
sues were dissected to perform in vitro electrophysio-
logical (skin—saphenous nerve preparations) and
vascular (aorta rings and mesenteric bed) experi-
ments, glycaemia and body weight were monitored
throughout all the experimental period.

2.4 Experimental procedures

Animals were habituated to the corresponding test
environments 2 days before the experiment by leav-
ing them daily inside the recording device for 10 min.

2.4.1 Behavioural tests

Von Frey and plantar tests and locomotor activity
were carried out as previously described (Supporting
Information Methods S1).

2.4.2 Glycaemia

Non-fasting blood glucose levels were daily mea-
sured in the morning (9 h) using a glucose strip tes-
ter (Glucocard sensor; Arkray, Inc., Kyoto, Japan),
throughout the experimental period (weeks 7, 10,
13, 14 and 15).

2.4.3 Body weight

The body weight of each rat was daily recorded and
body weight gain (g) has been included in the graphics.
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2.4.4 skin-saphenous nerve preparation

Our aim was not to analyse the electrophysiology of
diabetes, but just to check if there is any alteration
in Ad-peripheral axons studying their mechanical
sensitivity and if these changes may be modified by
E-52862 treatment.

Eight ZDF rats sub-chronically treated with E-
52862, other seven ZDF and seven LEAN rats
receiving saline solution, were used to perform elec-
trophysiological experiments. Tissues were obtained
as previously described (Supporting Information
Methods S2).

In the AJd-fibres the parameters measured were
the presence of spontaneous discharge and the
responsiveness to mechanical stimuli. Thus, once a
single unit was identified, it was left to a control per-
iod of 1 min to record spontaneous activity, defined
as a discharge rate >1 spike/min (Roza et al., 2003).
First, a ramp-pressure stimulation was applied
[constantly increasing stimulus from 0 to 200 mN
(Schlegel et al., 2004)] with a speed of 8 mN/s to
determine the electromechanical threshold of the
fibres, defined as the pressure that evoked the first
spike that was followed by another spike within the
next increment of the force [modified from Suzuki
et al. (2002a)]; when ongoing discharge was present
the threshold was determined as the lowest force at
which the instantaneous frequency of spikes contin-
uously exceeded the mean basal activity +1 standard
deviation (Suzuki et al., 2002a). Second, eight stim-
uli of constant supra-threshold pressure (~thresh-
old + 40 mN, step-pressure stimulation) were
delivered for 5 s to test sensitization. Third, a nox-
ious step stimulus of 300 mN was applied for 10 s
(Wenk et al., 2006). Time interval between two con-
secutive stimuli all along the experiment was 5 min.

Using the ramp-shaped mechanical stimulation,
the threshold and supra-threshold responses of the
fibres were analysed by counting the number of
spikes elicited by each pressure increment and the
total response to the ramp. To analyse the response
of the fibres to the step-pressure stimulation, the
total number of spikes evoked during each step stim-
ulation was quantified, and the response pattern to
the noxious step stimulus was analysed by counting
in 2-s bins and averaged (Suzuki et al., 2002b). For
those ongoing discharge fibres, the basal activity
(mean imp/s during the 30 s preceding the stimulus)
was multiplied by the stimulus duration to calculate
the ongoing discharge level throughout the stimula-
tion period. This ongoing count was subtracted from
the total count during the stimulus. All results are
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expressed as the mean =+ standard error of the mean
(SEM), and 7 refers to the number of fibres.

2.4.5 Isolated rat vessels

Zucker diabetic fatty rats and LEAN rats were treated
with saline- or E-52862 and then rat aorta and
mesenteric bed were obtained as previously
described (Supporting Information Methods S3).

Contraction responses of the aorta rings are
expressed as mean absolute values and relaxation
responses are expressed as the percentage relaxation
of the tone induced by phenylephrine by the con-
centration-response curves of carbachol (Abboud
et al., 2009).

In the experiments carried in intact mesenteric
beds, the evaluation of the effect of the sub-chronic
treatment with E-52862 on the functionality of the
vascular bed was carried out following two different
procedures: (1) mesenteric bed contractile function
(Carvalho Leone and Coelho, 2004) was evaluated
by a concentration-response curve of phenylephrine
107® mol/L — 8 x 10 ® mol/L; and (2) mesenteric
bed vasorelaxant function was evaluated by the
response to the precontracted bed (phenyleprine
50 x 107°¢ mol/L) to a concentration—response curve
of carbachol 0.5-5 x 10> pmol (endothelium-depen-
dent vasodilatation) (Makino et al., 2000).

Contraction responses of superior mesenteric
artery bed are expressed as mean absolute values
and relaxation responses are expressed as the
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percentage relaxation of the tone induced by
phenylephrine by the concentration-response curves
of carbachol.

2.5 Statistical analysis

Data are expressed as mean + SEM. Statistical
analysis of drug effects was performed by unpaired
two-tailed #-test or analysis of variance (ANOVA),
followed, when appropriate, by post-hoc Newman—
Keuls test or Bonferroni test. p < 0.05 was consid-
ered as statistically significant.

3. Results

The ZDF rats showed a mean blood glucose concen-
tration of 88.1 £+ 5.1, 329.3 + 26.0 and 413.6 +
22.6 mg/dL, on weeks 7, 10 and 13, respectively,
being the difference in weeks 10 and 13 versus week
7 values statistically significant (p < 0.001). The
LEAN mean blood glucose concentration was of
64.8 £ 1.4, 60.6 £ 1.3 and 69.9 + 2.6 mg/dL, on
weeks 7, 10 and 13, respectively. Values recorded on
LEAN rats were significantly different from those
recorded in both saline- and E-52862-treated ZDF
rats (p < 0.001).

Non-fasting blood glucose levels in ZDF rats were
slight, but significantly (p < 0.01) decreased from the
first administration of E-52862 in comparison with
values recorded in saline-treated ZDF animals
(Fig. 1A).

Body weight gain

500 -

400 -

300 -

200 -
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100
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o T T T T T T T
7 8 9 10 11 12 13 14 15

Experimental week

[ zDF + E-52862

Figure 1 Evolution of the glycaemia and body weight gain in Zucker diabetic fatty (ZDF) treated with saline or E-52862 and LEAN rats. (A) Lines
represent the mean + SEM of the glucose levels on weeks 7, 10, 13, 14 and 15. (B) Weekly increase in body weight. A one-way ANOVA followed
by Bonferroni post hoc test was used for statistical analysis of glycaemia differences between week 7 values (###p < 0.001) and between saline-
and E-52862-treated ZDF-rats (**p < 0.01). A two-way ANOVA followed by Bonferroni post-hoc test was used when comparing body weight among

the three groups (++p < 0.01; +++p < 0.001 vs. LEAN) (n = 7-8).
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As previously described in Adegoke et al. (2015).
Body weight was significantly higher in ZDF than in
LEAN rats and E-52862 administration did not sig-
nificantly affect body weight gain (Fig. 1B).

No significant differences were found between
responses to thermal or mechanical stimulation
between ZDF rats (thermal: 12 £+ 0.7 s; mechanical:
26.0 = 0.0 g) and LEAN rats (thermal: 10.2 + 0.6 s;
mechanical: 25.3 + 0.7 g) in week 7 (Fig. 2A and B).
However, when the responses to thermal and
mechanical stimulation were tested in ZDF rats in
week 13 and compared to the values obtained in
week 7, the thermal withdrawal latency (Fig. 2A)
was significantly (p < 0.001) decreased (7.6 + 0.5 s)
and the response threshold to mechanical stimulation
(Fig. 2B) was also significantly (p < 0.001) lower in
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week 13 (16.3 + 1.2 g). Values recorded in LEAN
rats did not show modifications along the experimen-
tal procedure either thermal (10.0 £ 0.45s) or
mechanical responses (26.0 & 0.0 g). These values
were not significantly different from those recorded
on week 7. As expected, values recorded in ZDF rats
before treatment were significantly lower than those
obtained in LEAN rats (thermal: p < 0.05; mechani-
cal: p < 0.001).

3.1 Effect of the treatment with E-52862 on
nociception and locomotor activity

In naive rats E-52862 did not modify the response in
von Frey test (19.45 + 0.28 g before administration
and 19.67 + 0.37 after treatment) and increased the

B Mechanical allodynia
321
*kdk *kk
284 &&& 8&8&

threshold (g)

13 13 - acute 156 -subchronic

Experimental week

B LEAN

ZDF Pre-treatment

|:| ZDF + Saline solution

[ ZDF + E-52862

Figure 2 Evolution of the sensorial signs of peripheral neuropathy in ZDF and LEAN rats. Bars show the thermal latency (A), the threshold in
response to mechanical stimulation (B) and the percentage of modification of the spontaneous motility (number of crosses) (C), in rats aged 7, 13
(before and after acute treatment) and 15 (sub-chronic treatment) weeks. Values are expressed as the mean + SEM. A one-way ANOVA followed
by Bonferroni post-hoc test was used for statistical analysis. # versus week 7, & versus week 13, + versus LEAN, * versus saline (#, & +, *

p < 0.05; &&, ** p < 0.01; ###, &&&, +++, *** p < 0.001) (n = 7-8).
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thermal threshold in the plantar test (9.31 + 0.40 s
before administration and 13.23 £ 0.45 after treat-
ment).

Saline solution administration to 13-week-old ZDF
and LEAN rats did not modify thermal withdrawal
latency (ZDF: 7.3 + 0.7 s; LEAN: 10.8 + 0.4 s) or
mechanical threshold responses (ZDF: 16.9 + 1.5 g;
LEAN: 26.0 £ 0.0 g), these values being not statisti-
cally different from those recorded in each group in
week 13 before saline solution administration
(Fig. 2A and B). Thresholds obtained in ZDF rats
were significantly lower than those recorded in
LEAN rats (thermal: p <0.01; mechanical:
p < 0.001).

When a single dose of E-52862 (64 mg/kg i.p.)
was administered to 13-week-old ZDF rats 30 min
before behavioural tests, both the thermal with-
drawal latency (10.4 £ 1.2's) (Fig. 2A) and the
mechanical threshold (25.4 + 0.6 g)  (Fig. 2B)
increased, reaching the difference significant values
(thermal: p < 0.01; mechanical: p < 0.001) with
respect to those recorded in the group treated with
saline solution and being no statistically different
from those recorded on week 7 in ZDF rats (baseline
values). Values recorded in ZDF rats treated with E-
52862 were similar to those recorded in saline-trea-
ted LEAN rats.

Twenty-four hours after acute treatments, E-
52862 (25 mg/kg i.p.) in ZDF rats or saline in ZDF
and LEAN rats were administered b.i.d. for
14 days, and the effect of this treatment on noci-
ception and on spontaneous motility was evaluated
(week 15).

For the group of ZDF animals treated 14 days with
saline (week 15), the thermal withdrawal latency
was increased (10.5 £ 0.8 s) being this increase
non-statistically significant with respect to week 7,
but significant (p < 0.01) with respect to week 13 in
ZDF saline-treated rats. The mechanical threshold
was significantly (p < 0.01) decreased (12.3 £+ 0.4 g)
versus values recorded in the ZDF saline-treated rats
in week 13. In LEAN rats thermal response values
remain unchanged and were not statistically differ-
ent from those recorded in ZDF group treated with
saline. On the contrary, the response to mechanical
stimulation was statistically (p < 0.001) higher than
that obtained in ZDF treated with saline.

After 14 days of E-52862 administration, values of
thermal withdrawal latency and mechanical thresh-
old were 14.4 + 1.1 s and 26.0 £ 0.0 g, respectively
(Fig. 2A and B). Thermal withdrawal latency was
increased after E-52862 sub-chronic administration,
this increase being statistically significant (p < 0.05)
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versus ZDF control rats (week 7), versus saline-trea-
ted ZDF rats (week 15) (p < 0.05) and versus LEAN
rats (week 15) (p < 0.05), suggesting that E-52862
induced antinociceptive effect. With respect to
mechanical response, the sigma antagonist signifi-
cantly (p <0.001) increased the threshold when
compared with ZDF treated with saline solution
(weeks 13 and 15) to restore it to a normal baseline
value, not statistically different from ZDF control val-
ues (week 7) or from LEAN animals, thus suggesting
an antiallodynic effect.

The spontaneous locomotor activity was evalu-
ated only as an animal welfare parameter. To facil-
itate comparisons, Fig. 2C shows percentage
changes along the experimental procedures. No sig-
nificant fluctuations were found during the devel-
opment of diabetic neuropathy signs in saline-
treated or E-52862 treated ZDF rats or in LEAN
rats.

3.2 Electrophysiological assays

A total of 30 Ad-fibres were studied: twelve fibres
isolated from seven LEAN rats, nine fibres obtained
from eight ZDF rats that were treated with com-
pound E-52862 (E-52862 group) and nine from
seven ZDF rats given saline. All fibres had a single
cutaneous RF and provided stable recordings
throughout the entire stimulation protocol. The CVs
of the studied fibres ranged from 3.1 to 12.5 m/s,
which permits to classify them as Ad-fibres; in the
ZDF group treated with saline they ranged from 8.4
to 12.5 m/s (mean 9.5 £ 0.5 m/s) and from 5.9 to
11.1 m/s (mean 9.5 4+ 0.6 m/s) in the ZDF group
treated with E-52862. In LEAN preparations, CVs
ranged between 3.1 and 11.9m/s (mean
6.7 + 0.9 m/s). Therefore, in average, Ad-fibres in
diabetic rats had a significantly faster CV than in
control LEAN rats (p < 0.05).

With regard to spontaneous discharges prior to
stimulation, they were recorded in 2 of 9 fibres in
each ZDF group (22.2%) and in 3 of 12 in the LEAN
group (25%); from these data differences could not
be concluded.

Regarding responsiveness to mechanical stimula-
tion, the analysis of the mechanical thresholds of the
fibres revealed significant differences (p < 0.05)
between the ZDF group treated with saline in which
the mean threshold value was 19.6 + 1.5 mN (range:
16-24) and, the other two groups, in which the
mean values were 77.3 + 21 mN (range: 24-176) for
the ZDF group treated with E-52862 and
54.7 £ 12.5 mN (range: 32-160) for the LEAN group.
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Concerning the total number of spikes evoked by
the ramp stimulation paradigm, fibres belonging to
the E-52862-treated group showed no significant
differences in the frequency of responses
(86.4 + 36.5 spikes/ramp) compared to fibres in the
LEAN group (163.4 + 33.9 spikes/ramp), whereas
significantly small frequencies were found in com-
parison to fibres of the ZDF saline solution-treated
group (352.8 + 41.4 spikes/ramp; p < 0.001 vs. E-
52862 group and p <0.001 vs. LEAN). Fig. 3A
shows the histogram of the averaged responses of
the fibres corresponding to the three experimental
groups to the ramp stimulation.

When eight stimuli of constant supra-threshold
pressure (~threshold + 40 mN) were delivered for
5 s to test sensitization, data showed that inside each
group of fibres, responses to those eight step stimuli

Sigma 1 receptors: role on signs of diabetic neuropathy

were not significantly different, thus indicating that
these fibres were not or just faintly sensitized by the
repeated stimulation (Fig. 3B). Nevertheless, the
mean number of spikes discharged by the fibres
belonging to the LEAN or E-52862 groups was simi-
lar and significantly lower than that of the saline
solution-treated group (Fig. 3B).

The response to one-step stimulus of 300 mN
maintained during 10 s (noxious stimulation)
(Fig. 4A) was similar in fibres obtained from LEAN
and ZDF E-52862-treated rats and lower than values
recorded in ZDF treated with saline solution. When
the response pattern of the three groups was anal-
ysed by counting for every 2 s and normalized with
the count during the first 2 s (100%), the response
of the ZDF treated with saline group was different
from that of the other two groups since there was
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Figure 3 Response of Ad-fibres to the mechanical stimulation. (A) Averaged histogram of the responses to the ramp stimulation. Each point of
the lines shows the mean number of spikes &= SEM elicited by the successive increments of pressure. (B) Response to eight supra-threshold step
stimuli; each point of the lines shows the mean number of spikes + SEM elicited by every step. A two-way ANOVA followed by Bonferroni/Dunn
post-hoc test was used for statistical analysis: * versus E-52862, + versus LEAN (*, + p < 0.05; ** ++ p < 0.01; *** +++ p < 0.001) (n = 9-12 AS-

fibres).
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no adaptation, reaching statistical significance in
comparison  with  E-52862 group (p < 0.05)
(Fig. 4B).

3.3 Cardiovascular parameters

Zucker diabetic fatty rats exhibit a hypo-responsive-
ness in contractile aorta function in comparison with
their control, LEAN rats. Compound E-52862 (25 mg/
kg i.p., b.i.d. during 14 days) was able to significantly
increase (p < 0.001) the aorta responsiveness to
phenylephrine (Enax: 1.5 £ 0.08 g) (Fig. 5A) in com-
parison with the response obtained in ZDF rats treated
with saline (Epay: 1.03 £ 0.11 g) without modifica-
tion of the vasorelaxation induced by carbachol
(Fig. 5B). Moreover, contractile dysfunction of the
aorta in ZDF rats was completely restored by E-52862,
reaching similar aorta phenylephrine responses (Emax:
1.56 + 0.06 g) than LEAN rats (Fig. 5A).

On the other hand, ZDF rats treated with saline
solution showed significantly increased contractile
responses (Emax: 118.63 £ 8.36 mmHg) and signifi-
cantly decreased responses (Emax: 64.4 + 4.6%) in
endothelium-dependent relaxation in mesenteric bed
(resistance vessels) in comparison with LEAN
(Fig. 6A and B). E-52862 (25 mg/kg i.p., b.i.d. dur-
ing 14 days) was able to significantly reduce the
response to phenylephrine (Fig. 6A), and to signifi-
cantly increase the response to carbachol (Fig. 6B)
reaching similar values to that recorded in LEAN rats
and normalizing the vasoconstrictor and the vasore-
laxant functions in this vascular territory.
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4. Discussion

Treatment of pain due to diabetic neuropathy is a
challenging issue as the response to drugs is often
unsatisfactory. In this context, we have tested the
effect of the blockade of c1Rs in diabetic neuropathy
in ZDF rats, analysing behavioural, axonal and vas-
cular dysfunctions. The ZDF rats are genetically pre-
disposed to obesity, hyperlipidaemia and insulin
resistance (Griffen et al., 2001) and LEAN Zucker
rats were used as a non-diabetic, genetically related
control group.

Glycaemia, thermal response and tactile thresholds
were evaluated in LEAN and ZDF rats aged 7 weeks,
before the onset of neuropathic signs in ZDF rats.
This age was selected because it has been described
previously that the hyperglycaemia is not detectable
until 8 weeks of age and since then, glucose remains
elevated throughout their lifetime (Peterson et al.,
1990; Farrar et al., 2001). Signs of diabetic neuropa-
thy, such as tactile allodynia and thermal hyperalge-
sia, nerve conduction deficits and cardiovascular
alterations, are accepted to be present in diabetic
ZDF rats at 10 weeks of age (Li et al., 2006).

A slight, but significant, reduction in the gly-
caemia in ZDF rats was observed from the first
administration of E-52862, when values were com-
pared with those of the saline solution ZDF-treated
group. The presence of 1R in rat pancreas by using
the 1R radiotracer '*F-FTC-146 has been described
(James et al., 2014). Although some non-selective
oR ligands are known to promote insulin release
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Figure 4 Response to one noxious step stimulus of 300 mN. (A) Bars show the mean total number of spikes + SEM elicited by the step. (B) Fig-
ure shows the difference in the response pattern of the fibres to the step. The evoked responses are presented as the percentage of the initial
response (100%). Each bin is 2 s. Unpaired t-test and one-way ANOVA followed by Bonferroni/Dunn post-hoc test were used for statistical analysis:
+ versus LEAN, * versus E-52862, $ versus initial response (+,*, $ p < 0.05; $$ p < 0.01; $$$ p < 0.001) (n = 9-12 Ad-fibres).
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mean + SEM (n = 5-8 tissues). A two-way ANOVA followed by Bonferroni/Dunn post-hoc test was used for statistical analysis (*p < 0.05,
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are expressed as mean + SEM (n = 5-8 tissues). A two-way ANOVA followed by Bonferroni/Dunn post-hoc test was used for statistical analysis
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from isolated rat islets (Chan and Morgan, 1998),
the pathophysiological relevance of olR in the
pancreatic function or in the control of glycaemia
has not yet been established. Nevertheless, the
magnitude of the effect is small and cannot explain
the differences found in behavioural and electro-
physiological parameters after E-52862 treatment.
Whereas in LEAN rats values recorded for gly-
caemia and thermal and mechanical sensitivity
remained unchanged throughout the experimental
procedure, a progressive impairment of behavioural
data recorded in 7-week-old ZDF rats was observed.
This is consistent with previously reported data (Vera
et al., 2012). As expected, rats developed hypergly-
caemia from week 10 and behavioural signs of neu-
ropathy were evident on week 13. At week 15,
mechanical allodynia was maintained, or even
increased in saline solution-treated ZDF rats,
whereas thermal hyperalgesia was reduced. This
inconsistence in the response to heat compared to
mechanical stimulation has been previously
described in other neuropathies, including diabetic
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(Fuchs et al.,, 2010) and vincristine-induced neu-
ropathies (Weng et al., 2003).

The repeated administration of E-52862 strongly
reduced thermal hyperalgesia and mechanical allo-
dynia in diabetic rats and restored initial thresholds.
These antinociceptive effects are in good agreement
with previous data related to the effect of c1R antag-
onists in different animal models such as the sciatic
nerve ligation (de la Puente et al., 2009; Romero
et al.,, 2012) or the paclitaxel-induced neuropathy
(Nieto et al., 2012).

Decreased motor and sensory nerve conduction
velocity have been described in ZDF rats (Shi-
moshige et al., 2000; Oltman et al., 2005; Li et al.,
2006) and electrophysiological properties of C-fibres
have been previously reported in the streptozotocin
model (Chen and Levine, 2001; Suzuki et al., 2002b;
Fuchs et al., 2010); however, no data were found on
the mechanical sensitivity of primary afferent noci-
ceptive fibres in a model of type 2 diabetes. In our
study the AJ-fibres were selected because main
behavioural changes are related to tactile allodynia
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and hyperalgesia and they respond to mechanical
stimulation (Basbaum et al., 2009) even better than
C-fibres. Our aim was to electrophysiologically study
the changes in Ad-fibre activity and to determine if
these changes were sensitive to the treatment with
the 61R antagonist.

Electrophysiological records carried out in week 15
at the end of the experimental period showed that
most of the fibres from diabetic rats had no ongoing
activity and this was not different in LEAN rats;
these data agree with previously reported results in
C-fibres in rats rendered diabetic by administration
of STZ (Chen and Levine, 2001). Regarding the
slight increase in the conduction velocity found in
the fibres of the ZDF groups, in ZDF rats, there are
no specific data from Ad-fibres in the literature to
compare with; there are only records from C-fibres
in STZ-treated rats, but no differences with controls
were reported (Suzuki et al.,, 2002b; Fuchs et al.,
2010) or appeared to be enhanced in some of the
studied fibres (Chen and Levine, 2001).

Diabetic preparations showed hyper-responsive-
ness to mechanical stimulation (decreased threshold
responses and increased discharge rate) when com-
pared with values obtained in LEAN rats. Moreover,
LEAN group showed adaptive responses to supra-
threshold stimulation, whereas ZDF group did not,
which is in accordance with previous reports (Suzuki
et al., 2002b). Interestingly, the responses recorded
after the treatment with the sigma 1 receptor antag-
onist were statistically different from those recorded
in ZDF treated with saline and similar to those
recorded in LEAN rats.

The modifications in the responsiveness of the
peripheral nerve observed in ZDF rats may be one of
the causes of the decreased thresholds in the
response to thermal and mechanical stimuli in
awake animals, and the normalization of the electro-
physiological parameters induced by blockade of c1R
may underlie the antinociceptive effect of E-52862.
Nevertheless, other factors may be also contributing
to E-52862 antinociceptive effects. Recently, Mazo
et al. (2015) showed that E-52862 inhibited spinal
wind-up responses induced by repetitive activation
of C-fibres, with no effect on either responses to
single C-fibre stimuli or on the amplitude of the
non-nociceptive monosynaptic reflex. Another con-
tributing factor could be that E-52862 has been
described to enhance the descending noradrenaline
pain inhibitory pathway, as evidenced in the forma-
lin-induced pain model (Vidal-Torres et al., 2014).

Finally, it is generally accepted that the neural
dysfunction in ZDF diabetic rats, as well as in
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diabetic humans, may be caused by vascular alter-
ations (Cameron and Cotter, 1997; Oltman et al.,
2005). In fact, experimental studies have shown that
microvascular alterations occur previously to the
neuronal damage in diabetes. This vascular damage
occurs at 8-10 weeks of life of the animals, approxi-
mately 4 weeks before nerve conduction changes.

In this study, alterations in vascular function in
either conduit (aorta) or resistance (mesenteric) ves-
sels were found in ZDF rats of 15 weeks of life com-
pared with their age-matched controls, LEAN rats.
Data obtained in conduit vessels are in agreement
with those obtained by other authors who demon-
strated that aortic phenylephrine-induced contractile
responses were attenuated in ZDF rats at 16 weeks
of life (Oltman et al., 2006). The decrease in contrac-
tile function in conduit vessels could be related with
alterations in sympathovagal balance and related
complications (Cosson et al., 2009). In resistance
vessels, an endothelium-dependent vasorelaxant dys-
function parallel to an increase in contractile mesen-
teric functionality was observed in ZDF animals
compared to LEAN controls. Although experiments
were performed on medium-size resistance vessels
in vitro, the mechanisms are probably relevant for
nerve blood flow changes. In fact, this endothelial
dysfunction has been also observed by other authors
in epineurial arterioles of the sciatic nerve which has
been related with modification in nerve conduction
in ZDF rats (Oltman et al., 2005). Besides, a defi-
ciency in the nitric oxide system caused a marked
increase in vasa nervorum epi/perineural vessel reac-
tivity to norepinephrine in vivo (Cameron and Cot-
ter, 1994). Our data in resistance vessels also have
shown an increase in contractile vascular reactivity,
as described by other authors (Okon et al., 2003), in
experimental models of diabetes or metabolic syn-
drome.

The repeated administration of E-52862 was able
to correct both, the hypo-responsiveness in the aorta
and the endothelium-dependent vasorelaxant dys-
function in the mesenteric artery. Some authors
have described the expression of c1R in vascular tis-
sue (Bhuiyan et al., 2010), however, the role of this
receptor in the cardiovascular system remains
unclear. Thus, some studies have shown that the
stimulation of c1R was able to correct the endothe-
lial dysfunction in ovariectomized rats (Tagashira
et al.,, 2013), whereas others have suggested that
co1IR inhibitors could have therapeutic value for the
suppression of unwanted increases in vascular per-
meability (Amer et al, 2013). However, this data
show, for the first time, that 1R blockade could
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have beneficial effects in the prevention and treat-
ment of both vascular and neural complications in
patients with diabetes and/or metabolic syndrome.
In fact, it has been suggested the importance of the
endoneurial microenvironment and the maintenance
of adequate perfusion in the selection of agents and
design of clinical trials in diabetic neuropathy
(Cameron and Cotter, 1994). Other authors have
also proposed that the blockade of peripheral clR
induced analgesic effect in ischemic pain (Kwon
et al.,, 2016). The dual effect of oclR antagonists
could be interesting and more research in relation to
that is needed to identify new potential levels of
intervention for different neuropathies.

As there is an urgent need of new therapies for
the treatment of both cardiovascular and neural
complications in patients with type 2 diabetes, the
G1R could be an interesting target to be investigated
in depth for this purpose.
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