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1. Introduction

Spinal cord stimulation (SCS) is a last resort treat-
ment modality for patients suffering from persistent
painful symptoms in neuropathic pain syndromes
(Kemler et al., 2000; Kumar et al., 2007). Recently,
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Abstract

Background: Spinal cord stimulation (SCS) has been shown to provide
pain relief in painful diabetic polyneuropathy (PDPN). As the
vasculature system plays a great role in the pathophysiology of PDPN, a
potential beneficial side-effect of SCS is peripheral vasodilation, with
high frequency (HF) SCS in particular. We hypothesize that HF-SCS
(500 Hz), compared with conventional (CON) or low frequency (LF)-
SCS will result in increased alleviation of mechanical hypersensitivity in
chronic experimental PDPN.

Methods: Diabetes was induced in 8-week-old female Sprague—Dawley
rats with an intraperitoneal injection of 65 mg/kg of streptozotocin
(n = 44). Rats with a significant decrease in mechanical withdrawal
response to von Frey filaments over a period of 20 weeks were
implanted with SCS electrodes (# = 18). Rats were assigned to a cross-
over design with a random order of LF-, CON-, HF- and sham SCS and
mechanical withdrawal thresholds were assessed with von Frey testing.
Results: Compared with sham treatment, the average 50% WT score
for 5 Hz was 4.88 g higher during stimulation (p = 0.156), and 1.77 g
higher post-stimulation (p = 0.008). CON-SCS resulted in 50% WT
scores 5.7 g, and 2.51 g higher during (p = 0.064) and after stimulation
(p < 0.004), respectively. HF-SCS started out with an average difference
in 50% WT score compared with sham of 1.87 g during stimulation
(» = 0.279), and subsequently the steepest rise to a difference of 5.47 g
post-stimulation (p < 0.001).

Conclusions: We demonstrated a delayed effect of HF-SCS on
mechanical hypersensitivity in chronic PDPN animals compared with LF-,
or CON-SCS.

Significance: This study evaluates the effect of SCS frequency (5—
500 Hz) on mechanical hypersensitivity in the chronic phase of
experimental PDPN. High frequency (500 Hz) — SCS resulted in a
delayed effect- on pain-related behavioural outcome in chronic PDPN.

the efficacy of conventional SCS (CON-SCS) (30—
80 Hz, 200-500 ps) has also been confirmed in
patients with painful diabetic polyneuropathy
(PDPN) in two ongoing randomized clinical trials
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(Slangen et al., 2014; de Vos et al.,, 2014; van Beek
et al., 2015) and in the acute phase of experimental
PDPN (Pluijms et al., 2013). Based on the complex
pathophysiology of PDPN, including hyperglycaemia,
vascular and neurotrophic-support-related mecha-
nisms (Dobretsov et al., 2003; Eaton et al., 2003;
Romanovsky et al., 2006), we hypothesize that fur-
ther optimization of the SCS stimulation parameters
might result in identification of additional beneficial
effects in chronic diabetic animals.

Abundant literature suggests that optimization of
the stimulation parameters of SCS in PDPN, and
SCS frequency in particular, could focus on modu-
lation of the vascular system and the release of
neurotrophic factors. Cerebral spinal fluid (CSF)
levels of various neurotrophic factors correlate with
reported pain and SCS frequency that provides
optimal pain relief in FBSS patients (McCarthy
et al., 2013; McCarthy and McCrory, 2014). Fur-
thermore, CON-SCS has been shown to induce
peripheral vasodilation in naive as well as diabetic
rats (Wu et al.,, 2007). Increasing the pulse ampli-
tude, thus increasing the total electrical charge,
resulted in a further increased peripheral blood
flow only in naive rats. High-frequency SCS (HF-
SCS) (500 Hz) has been reported to increase
vasodilation via antidromic stimulation of unmyeli-
nated C-fibre and release of calcitonin-gene-related
peptide (CGRP) (Tanaka et al., 2003, 2004; Gao
et al., 2010). Moreover, electrical stimulation of the
sciatic nerve at 200 Hz has been shown to result in
more vasodilation and nerve regeneration com-
pared with lower frequencies (0, 2, 20 Hz) in
diabetic rats with a sciatic nerve gap (Kao et al.,
2013). These results indicate that higher frequen-
cies could benefit SCS treatment in PDPN.
Therefore, we recently investigated whether CON-,
HF- or low frequency (LF) (5 Hz) SCS alleviates
mechanical hypersensitivity in an experimental
model of acute PDPN (Pluijms et al., 2013). From
this experimental study, it was concluded that
CON-, LF- and HF-SCS all provided similar allevia-
tion of mechanical hypersensitivity in the acute
phase of experimental diabetes.

As PDPN follows a progressive course, vascular
deterioration and nerve degeneration become
increasingly important in a chronic stage of PDPN
(Partanen et al., 1995; Al-Delaimy et al., 2004; Lit-
wak et al., 2013). In line with clinical observations,
experimental work has demonstrated that patho-
physiological changes in streptozotocin-induced dia-
betic rats are progressive as well (Wei et al., 2003;
Hassan et al., 2011). As SCS mediated vasodilation is
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CGRP receptor dependent, the potential benefit from
improving blood flow might become apparent when
receptor-dependent vascular reactivity is affected
over a longer period of time. Because HF-SCS has
been shown to increase vasodilation we hypothesize
that HF-SCS (500 Hz), compared with CON- or LF-
SCS will result in increased alleviation of mechanical
hypersensitivity in a chronic stage (6 months) of
experimental PDPN. As repetitive SCS has been
shown to result in a cumulative pain relieving effect
of SCS in a rat model of traumatic nerve injury, we
further hypothesized that repetitive SCS, and in par-
ticular HF-SCS, results in a cumulative alleviation of
mechanical hypersensitivity in an experimental
model of chronic PDPN (Maeda et al., 2008).

2. Methods

2.1 Animals

All experiments were performed using female
Sprague-Dawley rats (n = 49), which were 8 weeks
of age at the start of the experiment (180-220 g).
Animals were housed on a reversed day night
rhythm in transparent plastic cages with access to
food and water ad Ilibitum. The experiments were
approved by the Animal Research Committee of the
Maastricht University Medical Centre.

2.2 Induction of diabetes mellitus

Diabetes mellitus (DM) was induced with a single
intraperitoneal (i.p.) injection of 65 mg/kg of strep-
tozotocin (STZ) (Sigma-Aldrich, Schnelldorf, Ger-
many) (n =44). A separate group of rats were
injected with saline to serve as a control group
over time for weight, glucose and mechanical
hypersensitivity (n = 5). Before STZ injection, rats
were weighed and fasted overnight. STZ was
freshly dissolved in sterile 0.9% NaCl to a solution
of 65 mg/mL. Four days after STZ injection, blood
glucose level was determined in blood derived from
the saphenous vein using a standard blood glucose
meter (Accu-Chek Aviva®, Roche Diagnostics
GmbH, Mannheim, Germany). Rats with a glucose
level of >15 mmol/L were considered diabetic (Cal-
cutt, 2004) and were included in the study.
Throughout the study additional blood glucose
measurements were regularly performed to confirm
the status of DM. When glucose levels exceeded
30 mmol/L, we placed a third of a slow releasing
insulin pellet (LinShin Canada, Inc.) subcuta-
neously in the trunk.
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2.3 Behavioural testing

Before the start of behavioural testing, rats were
placed in a transparent box on an elevated mesh
floor and were given 15 min to acclimate to the sur-
roundings. Mechanical allodynia was assessed
according to the ‘up-down method” (Chaplan et al.,
1994). In short, von Frey filaments with increment-
ing stiffness (bending forces 1.2, 2.0, 3.6, 5.5, 8.5,
15.1 and 28.84 g) were applied to the hind paws of
the rats for 5 s. If the hind paw was not withdrawn
(=negative response), the next filament with higher
bending force was applied, whereas the previous fila-
ment with lower bending force was applied if the
hind paw was withdrawn (positive response). The
50% withdrawal threshold (50% WT) was calculated
after completion of a sequence of six consecutive
responses. A cut-off value of 28.84 g was defined.
Calculated 50% WTs were logarithmically trans-
formed to a linear scale for statistical analysis. The
experimenter was blinded to SCS settings during the
behavioural analysis.

2.4 Development of mechanical
hypersensitivity (‘allodynia’)

The mechanical withdrawal threshold was assessed
before induction of DM to assess baseline mechanical
sensitivity, throughout the study to determine the
development of PDPN and before, during and after
every SCS session. The maximum duration of the
experiment was set to 24 weeks as STZ induced dia-
betic rats then started to develop cataracts. Only ani-
mals showing mechanical allodynia at 20 weeks
were treated with SCS, whereas animals without
mechanical allodynia were excluded from further
study. The presence of mechanical allodynia was
defined as a decrease >0.2 unit in log (50% WT) as
compared with baseline.

2.5 Implantation of spinal cord stimulation
electrode

The implantation of the SCS electrode was per-
formed according to the standard protocol used in
our institution, which was based on methods and
techniques originally developed at the Karolinska
Institutet (Stockholm, Sweden) and adapted to the
use of a quadripolar lead (Medtronic, Minneapolis,
MN, USA). In short, under general anaesthesia, a
small laminectomy was made at level T13 and the
electrode was inserted in the epidural space in rostral
direction. The position of the electrode was adjusted
so that the contacts were situated at the T10-12
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spinal levels. The lead was fixed with sutures to the
muscle and the wound was sutured in layers. The
proximal end of the lead was tunnelled subcuta-
neously to exit through the neck skin.

2.6 Spinal cord stimulation

The leads exiting the neck skin were connected to an
external neurostimulator (MultiStim model 3800, A-
M Systems, Sequim, WA, USA) fitted with a stimulus
isolator (model 3820, A-M Systems) The 1st and 3rd
of 4 contacts from rostral were set as an anode, the
2nd and 4th were set as a cathode. The motor thresh-
old (MT) was defined as the lowest current inducing
symmetrical contractions of the lower trunk or hin-
dlimbs and was determined at a frequency of 2 Hz
and pulse width of 200 ps before each stimulation ses-
sion. The current was then adjusted to 67% of the
MT. Rats were randomly assigned to a cross-over
design of SCS sessions with 5-, 50- or 500 Hz- or
sham stimulation. A session consisted of four consecu-
tive days with 40 min of SCS treatment per day The
mechanical withdrawal threshold was assessed before
the start of every SCS treatment and at 15-, 30-, 60-
and 90 min after the start of SCS treatment. Hence,
the measurements after 15- and 30 min of SCS were
performed with the pulse generator switched on
(apart from the sham SCS group) (Fig. 1). A respon-
der to SCS treatment was defined as a rat showing an
increase >0.2 units in log (50% WT). A minimum rest
period of 3 days was maintained between sessions to
serve as a wash out period.

2.7 Statistical analysis

Analyses of bodyweights, blood glucose levels and
development of mechanical allodynia were per-
formed by means of paired sampled T-tests.

For the analysis of treatment outcomes, a mixed-
effects model was used to analyse mechanical
hypersensitivity, adjusting for baseline mechanical
hypersensitivity and treatment order as fixed effects
and treating rats as random effects to account for the
fact that each rat was measured multiple times and
was exposed to multiple SCS frequencies. This
approach guarantees that all rats are included in the
multivariate analysis despite that some were not
exposed to all frequencies. Data were logarithmically
transformed to obtain a linear scale and to account
for Weber’s Law (Mills et al., 2012). First, we com-
pared mechanical hypersensitivity across the ditfer-
ent used frequencies during and after stimulation
over all 4 stimulation days. Next, we assessed cumu-
lative alleviation of continued treatment for every
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| One SCS session (5-, 50-, 500 Hz, or sham SCS) |

| Day 1 Day 2 Day 3 Day 4 |
90 min 90 min 90 min 90 min
e S ———
: 40minscs T e
t=0 t=15 t=30 t=60 t=90
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Figure 1 Schematic of one spinal cord stimulation (SCS) session. A session consisted of four consecutive days with 40 min of SCS treatment per
day. The mechanical withdrawal threshold was assessed by means of Von Frey testing before the start, and 15-, 30-, 60- and 90 min after the start
of SCS treatment on day 1, 2, 3 and 4. After a session with 5-, 50-, 500 Hz or sham SCS was successfully completed, a rest period of 3 days was

maintained without any experiments before the next session was started.

tested frequency by assessing treatment slopes over
the 4-day stimulation period.

All analyses were performed using SPSS (IBM
SPSS Statistics for Windows, Version 23.0. Armonk,
NY, USA). p-Values < 0.05 were considered to indi-
cate statistical significance.

3. Results

3.1 Flow chart of animals

Injection of STZ (n = 44) resulted in DM in 39 rats.
Normoglycaemic rats (7 = 5) were added to the con-
trol group during the PDNP development phase of the
study (first 20 weeks). Out of the group of diabetic
rats, three died during the study as a result from STZ-
related health deterioration. Rats with DM had a sig-
nificantly lower increase in bodyweight throughout
the study and sustained higher blood glucose levels as
compared with non-diabetic rats (non-diabetic rats
showed a bodyweight increase from 215 to 303 g,
while the bodyweight of diabetic rats increased only
from 215 to 261 g (p <0.0001) (Fig. 2). Average
blood glucose levels increased significantly in diabetic
rats as compared with non-diabetic rats in the first
week and sustained elevated throughout the study
(non-diabetic rats; 6-6.9 mmol/L, diabetic rats; 27—
30.3 mmol/L, p < 0.001) (Fig. 3). Besides one rat with
stable DM, all rats required insulin treatment during
the study. Eighteen diabetic rats with a > 0.2 unit
decrease in log (50% WT) were selected for implanta-
tion of SCS electrodes. The mean MT increased until
the third SCS session (session 1: 0.11 mA (SD 0.05);
session 2: 0.16 mA (SD 0.05); session 3: 0.23 mA (SD
0.04); session 4: 0.22 mA (SD 0.09)).
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Figure 2 Bodyweight during the study (Mean & SEM).
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Figure 3 Blood glucose levels throughout the study (Mean + SEM).

The area between the dotted lines represents a normal physiological
range.

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

European Pain Federation - EFIC®.



M. van Beek et al.

3.2 Complications

Completion of the full stimulation paradigm
(4 weeks) was limited due to damaging of the exter-
nal part of the electrodes and, in some few cases,
development of paraplegia due to compression of the
spinal cord (as confirmed by post mortem examina-
tion). Data from paraplegic animals were excluded
from analysis (# = 3). In total, 15 rats were included
to undergo the 4-week SCS paradigm. As not all rats
underwent the full stimulation paradigm, the final
analysis is based on 8, 7, 10 and 5 successfully com-
pleted SCS sessions with 5 Hz-, 50 Hz-, 500 Hz- and
sham SCS, respectively.

3.3 Development of mechanical
hypersensitivity (‘allodynia’)

Diabetic rats (z = 39) showed a significant decrease
in average 50% WT from 18.2 g at baseline to 4.9 g
at the time of implantation (p < 0.0001). There was
no significant difference in 50% WT between base-
line and time of implantation in non-diabetic rats
(p = 0.503) (Fig. 4.)

3.4 Effect of SCS on mechanical
hypersensitivity (‘allodynia’)

The average baseline 50% WT score (i.e. before the
first allocated treatment started) was 3.9 g (95% CI
1.95, 7.76). Moreover, there was no difference in
baseline 50% WT scores between the first days of
every SCS session (p = 0.238).

We observed only marginal differences in 50%
WT scores between allocated treatments (overall p-
value = 0.063) during stimulation (average of 15
and 30’ measurements) and post-stimulation (aver-
age of 60’ and 90’ measurements). Compared with

Development mechanical hypersensitivity
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Figure 4 Development of mechanical hypersensitivity in diabetic and
control animals. Baseline measurements and pre-implantation mea-
surements after 20 weeks are shown.

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

European Pain Federation - EFIC®.

HF-SCS in experimental chronic PDPN

sham treatment, the average 50% WT score for 5 Hz
was 4.88 g higher during stimulation (p = 0.156),
and 1.77 g higher post-stimulation (p = 0.008). For
50 Hz, the average 50% WT score was 5.7 g higher
during stimulation (p = 0.064), and 2.51 g higher
after stimulation (p < 0.004). Treatment with 500 Hz
SCS started out with the lowest contrast to sham
treatment. We observed an average difference in
50% WT score compared with sham of 1.87 g during
stimulation (p = 0.279), and subsequently the steep-
est rise to a difference of 5.47 g post-stimulation
(» < 0.001) (Fig. 5 and Table 1).

3.4.1 Cumulative alleviation over the 4-day SCS
period

There was no evidence of a cumulative effect of
treatment over the 4-day period. The overall slope of
time, as measured in days, was —0.004 (p = 0.688),
indicating an extremely small, non-significant
decline of 50% WT score over the 4 days. This con-
clusion was not altered after including an interaction
term of time in days and treatment (p = 0.608).

3.5 Responders and non-responders to SCS

The average percentage of responders to treatment
was 60% (five out of eight) during LF-SCS, and
decreased to 36% (three out of eight) post LE-SCS.
During CON-SCS, the average percentage of respon-
ders to treatment was 65% (five out of seven) and
decreased to 33% (two out of seven) post CON-SCS.
The average percentage of responders to treatment
was 36% (four out of ten) during HF-SCS, and
increased to 70% (seven out of ten) post HF-SCS.
Average percentages of responders during and post
sham SCS of 13% and 5%, respectively, were
observed (Table 2). Out of five rats that completed at
least all three sessions besides sham-SCS, one rat
showed no response to HF-SCS at any given time
point.

4. Discussion

The aim of this study was to evaluate the effect of
SCS frequency (5-50-500 Hz) on mechanical hyper-
sensitivity in the chronic phase of experimental
PDPN. In addition, repetitive SCS was performed to
evaluate a potential cumulative effect of SCS on
mechanical allodynia. Data from this study demon-
strate that SCS results in alleviation of mechanical
hypersensitivity. However, the decrease in mechani-
cal hypersensitivity induced by HF-SCS (500 Hz) in
the chronic phase of experimental PDPN follows a
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Figure 5 Four spinal cord stimulation (SCS) sessions plotted in one graph. One session consisted of four consecutive days with 40 min of SCS
treatment per day with 5, 50, 500 Hz or sham stimulation. The mechanical withdrawal threshold was assessed before the start of SCS treatment

and at 15-, 30-, 60- and 90 min after the start of SCS treatment.

Table 1 Average 50% WT scores (grams) for all treatments, during
(15" and 30') and post-stimulation (60" and 90').

After stimulation
score? (95% Cl)

During stimulation
score? (95% Cl)

500 Hz 5.50 (3.09, 9.77) 8.71 (6.03, 12.59)
50 Hz 9.33 (6.31, 13.80) 5.75 (4.17, 7.94)
5 Hz 8.51 (6.17, 11.75) 5.01 (4.07, 6.17)
Sham 3.63 (3.09, 4.27) 3.24 (2.75, 3.80)

“Mean values are corrected for differences in baseline 50% WT scores
(grams).

Table 2 Numbers of rats responding to SCS treatment with a log
(50% WT) increase >0.2 (%).

15/ 30 60’ 90’
5 Hz Day 1 5/8 (63) 718 (88) 2/8 (25) 3/8 (38)
Day 2 4/8 (50) 5/8 (63) 4/8 (50) 3/8 (38)
Day 3 4/8 (50) 6/8 (75) 4/8 (50) 2/8 (25)
Day 4 3/8 (38) 4/8 (50) 4/8 (50) 1/8 (13)
50 Hz Day 1 4/7 (57) 6/7 (86) 3/7 (43) 117 (14)
Day 2 4/6 (67) 416 (67) 116 (17) 116 (17)
Day 3 3/7 (43) 4/7 (57) 417 (57) 217 (29)
Day 4 5/7 (71) 5/7 (71) 3/7 (43) 3/7 (43)
500 Hz Day 1 4/10 (40) 5/10 (50) 6/10 (60) 7110 (70)
Day 2 3/10 (30) 3/10 (30) 6/10 (60) 7/10 (70)
Day 3 3/10 (30) 5/10 (50) 8/10 (80) 7110 (70)
Day 4 2/10 (20) 4/10 (40) 7110 (70) 8/10 (80)
Sham Day 1 0/5 (0) 1/5 (20) 1/5 (20) 0/5 (0)
Day 2 0/5 (0) 1/5 (20) 0/5 (0) 0/5 (0)
Day 3 1/5 (20) 1/5 (20) 1/5 (20) 0/5 (0)
Day 4 0/5 (0) 1/5 (20) 0/5 (0) 0/5 (0)
800 EurJ Pain 21 (2017) 795-803

distinct and delayed time course when compared
with LE- (5 Hz) or CON-SCS (50 Hz). HF-SCS
resulted in increased WTs predominantly after cessa-
tion of SCS, whereas WTs returned towards pre-SCS
values after cessation of LF-, and CON-SCS. These
findings are in contrast to our previous work where
we demonstrated that alleviation of mechanical allo-
dynia during HF-SCS in the acute phase of experi-
mental PDPN followed a similar time course as
compared with LF-, and CON-SCS (Pluijms et al.,
2013). It should be noted that the frequency range
used in the acute PDPN study was smaller
(4-375 Hz) compared with the frequency range used
in this study (5-500 Hz) as in the former study rats
showed signs of discomfort at higher frequencies.
Since the same animal model is used in both experi-
ments, signs of discomfort in the acute PDPN study
are possibly explained by the fact that monophasic
pulses were applied to the spinal cord through a
monopolar electrode. In this study, biphasic pulses
were applied through a quadripolar paddle lead. The
total pulse width was 200 ps in both studies.
Recently, Song and colleagues reported that 1 kHz
SCS with mono- or biphasic pulse shape, with equal
total pulse width (24 ps), results in alleviation of
mechanical hypersensitivity only with monophasic
stimulation in an animal model of neuropathic pain
(Song et al., 2015). The authors argue that this could
be the result of more cathodal current being
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delivered to the mnervous tissue when applying
monophasic pulses. Possibly, the use of monophasic
HF-SCS with a pulse width of 200 ps led to unpleas-
ant paraesthesia in our former study. This might
explain why no behavioural abnormalities were
observed in this study when applying biphasic HF-
SCS with a pulse width of 200 ps. Nonetheless, such
a delayed time course of increasing WTs after cessa-
tion of HF-SCS has not been described before,
regardless of the type of the electrode used, the gen-
erated pulse shape, pulse width and the frequency of
stimulation. Therefore, a pathophysiological explana-
tion for the delayed effectiveness of HF-SCS in an
experimental model of chronic PDNP seems more
plausible. CON-SCS has been shown to increase
peripheral blood perfusion in the acute phase of
streptozotocin induced diabetic rats (Wu et al., 2007;
Gao etal., 2010). Peripheral blood perfusion, in
addition to structural micro- and macrovascular
abnormalities, is impaired especially in the chronic
diabetic condition (Orchard et al., 1990; Tesfamar-
iam et al.,, 1991; Creager et al.,, 2003; Wei et al.,
2003; Cade, 2008; Hassan et al., 2011). A small
prospective open-label study in PDPN patients failed
to demonstrate a significant effect of CON-SCS on
microcirculatory function, whereas these patients did
experience pain relief (de Vos et al., 2009). On the
other hand, several studies do suggest a correlation
between increased blood perfusion and alleviation of
clinical symptoms in conditions with peripheral
artery disease (Petrakis and Sciacca, 1999, 2000b;
Ubbink et al., 1999; Naoum and Arbid, 2013). As
HF-SCS has been demonstrated to result in increased
vasodilatory responses compared with CON-SCS, HF-
SCS in particular could improve SCS outcome in
chronic PDPN (Gao et al., 2010). In this study we
could demonstrate a delayed, albeit not a superior
effect of HF-SCS on mechanical hypersensitivity
compared with LF-, or CON-SCS. Unfortunately,
characterization of the wash out effect of HF-SCS on
mechanical hypersensitivity was not possible. There-
fore, we could not calculate the area under the
curve and compare the total effect size of the differ-
ent frequencies. On the basis of the present results,
we conclude that HF-SCS results in delayed allevia-
tion of mechanical hypersensitivity in an experimen-
tal model of chronic PDPN compared with LF-, and
CON-SCS.

It is well possible that LF- and CON-SCS provide
optimal pain relief via a different mechanism com-
pared with HF-SCS. Maeda and colleagues have
demonstrated that LF- and CON-SCS were superior
to SCS frequencies up to 250 Hz in a rat model of
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traumatic nerve injury (Maeda et al.,, 2008, 2009).
The more vascular driven aetiology of PDPN, in con-
trast to traumatic nerve injury, could be responsible
for the presence of an effect of HF-SCS in a rat
model of chronic PDPN. Streptozotocin-induced
PDPN is accompanied by severe DM pathology,
including cataract which confirms the heavy impair-
ment of the vascular system (Wei et al., 2003). Pos-
sibly, pain relief via spinal neuromodulation is not
the primary mode of action of HF-SCS. Instead, pain
relief could predominantly result secondary to an
effect of SCS on ischaemia which might explain why
alleviation of mechanical hypersensitivity starts later
as compared with LF- and CON-SCS in an experi-
mental model of chronic PDPN. Indeed, computer
modelling suggests that SCS frequency partly deter-
mines the outcome of WDR neurons projecting to
the brain. Zhang and colleagues showed that fre-
quencies above 100 Hz were unable to inhibit WDR
signalling, suggesting that these frequencies lead to
pain relief via alternative mechanisms (Zhang et al.,
2014). Further substantiating evidence that alterna-
tive working mechanisms are applicable to SCS in
PDPN is the absence of a cumulative effect after
4 days of CON- and LF-SCS, which was observed in
an experimental model of traumatic nerve injury
(Maeda et al., 2008). Further research on the accu-
mulation of alleviation of painful symptoms with
repetitive treatment with LF-, and CON-SCS could
provide more insight into the differences in working
mechanisms of SCS in pain syndromes from different
origins.

Currently there is still no evidence for a causal
relationship between vasodilation and the alleviation
of painful symptoms in PDPN. It is well possible, and
most probable, that SCS alleviates pain via spinal
neuromodulation and induces vasodilation via an
independent mechanism. Indeed, not all patients
who experience pain relief with SCS show a
vasodilatory response (de Vos et al., 2009). Further-
more, it was suggested long ago that diabetic patients
with a significant increase in tcpO2 that is associated
with a clinical improvement during the test period,
and that not merely patients with pain relief alone,
should be considered for permanent SCS device
implantation (Petrakis and Sciacca, 2000a).

In this study we evaluated the effect of SCS fre-
quency on behavioural outcome in an experimental
model of chronic PDPN. In conclusion, we demon-
strated a delayed, albeit not a superior effect of HF-
SCS on mechanical hypersensitivity as compared
with LF-, or CON-SCS. Furthermore, cumulative
effects after repetitive treatments with different
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frequencies (5-500 Hz) were absent in an experi-
mental model of chronic PDPN. Future studies
should combine in vivo macro- and microvasculature
assessments and behavioural outcome parameters
after long-term HF-SCS in chronic PDPN to validate
behavioural findings and acquire more insight in the
working mechanism behind HF-SCS. Stimulation
paradigms with a short duration and the need for
anaesthetics make it difficult to link changes in
blood perfusion of the hind paws to behavioural
outcomes. Long-term stimulation might provide
opportunities to correlate behavioural outcome and
blood perfusion at multiple time points, which could
lead to more robust conclusions. Although requiring
anaesthetics, Laser Doppler Imaging and Flowmetry
are non-invasive tools that could provide aid in deter-
mining total cutaneous blood perfusion and local
responsiveness of the vascular bed to SCS in experi-
mental PDPN, respectively (Wu et al.,, 2007; Rajan
et al., 2009). Moreover, blocking vasodilatory mecha-
nisms such as CGRP signalling, when applying HF-
SCS, could provide insight in the causal relationship
between vasodilation and behavioural outcome.

The effect of HF-SCS on neurotransmitter release
in PDPN should not be overlooked (Wu et al.,
2008). Indeed, several pharmacological treatments
that intervene with neurotransmission provide pain
relief in experimental PDPN, and a number of them
are clinically established (Calcutt and Chaplan, 1997;
Calcutt et al., 2004; Jensen et al, 2006; Jolivalt
et al., 2008; Schiene et al., 2015). Post mortem anal-
ysis of peripheral and central neurotransmitter levels
at different time points during or after SCS, and in
particular HF-SCS, could provide clues on the
involvement of specific neurotransmitters in the
delayed time course of pain relief after HF-SCS.
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