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Abstract

The skin’s rewarming rate of diabetic patients is used as a diagnostic tool for early diagnosis
of diabetic neuropathy. At present, the relationship between microvascular changes in the
skin and diabetic neuropathy is unclear in streptozotocin (STZ) diabetic rats. The aim of this
study was to investigate whether the skin rewarming rate in diabetic rats is related to micro-
vascular changes and whether this is accompanied by changes observed in classical diag-
nostic methods for diabetic peripheral neuropathy. Computer-assisted infrared thermography
was used to assess the rewarming rate after cold exposure on the plantar skin of STZ diabet-
ic rats’ hind paws. Peripheral neuropathy was determined by the density of intra-epidermal
nerve fibers (IENFs), mechanical sensitivity, and electrophysiological recordings. Data were
obtained in diabetic rats at four, six, and eight weeks after the induction of diabetes and in
controls. Four weeks after the induction of diabetes, a delayed rewarming rate, decreased
skin blood flow and decreased density of IENFs were observed. However, the mechanical
hyposensitivity and decreased motor nerve conduction velocity (MNCV) developed 6 and 8
weeks after the induction of diabetes. Our study shows that the skin rewarming rate is related
to microvascular changes in diabetic rats. Moreover, the skin rewarming rate is a non-inva-
sive method that provides more information for an earlier diagnosis of peripheral neuropathy
than the classical monofilament test and MNCV in STZ induced diabetic rats.

Introduction

Diabetic peripheral neuropathy is a common complication of diabetes. Assessment of the densi-
ty of IENFs in a skin biopsy is considered to be a reliable method to measure diabetic peripheral
neuropathy in both human diabetes and animal models with diabetes [1, 2]. However, taking
skin biopsies may be considered a risk factor in a disease where wound healing is prone to be dis-
turbed. Moreover, skin biopsies cover only a small area and are invasive. In contrast, corneal
nerve parameters and nerve conduction velocity are non-invasive diagnostic tools to determine

PLOS ONE | DOI:10.1371/journal.pone.0126892 May 18,2015

1/15


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0126892&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

The Skin Rewarming Rate

diabetic peripheral neuropathy. However, corneal nerve parameters do not directly test the areas
that are affected by peripheral neuropathy. Furthermore, nerve conduction is a measure of the
degree to which an axon is myelinated and therefore neglects the small unmyelinated fibers [3].

Reduction of nerve conduction velocity in diabetic peripheral neuropathy has been shown
to be preceded by impaired vasodilation of the arterioles [4]. Consistent with this, thermogra-
phy studies have reported decreased skin temperatures in diabetic subjects with microvascular
disease before other clinical signs of peripheral neuropathy can be identified [5-7]. In addition,
the rewarming rate of the skin after cooling has been demonstrated to be useful for early diag-
nosis of diabetic peripheral neuropathy [8, 9]. Taken together, these data suggest that signs of
microvascular disease are already present prior to the development of clinically overt diabetic
peripheral neuropathy. Therefore, monitoring changes in skin rewarming rate may enable
early diagnosis and management of diabetic peripheral neuropathy, leading to reduction in the
development of foot ulcers [10] and infections, which are often followed by amputations.

The STZ induced diabetic rat is one of the most frequently used animal models to study dia-
betes [11, 12]. However, the exact relationships between microvascular changes and diabetic
peripheral neuropathy have not been studied in this animal model.

Therefore, in the present study, microvascular changes in the plantar skin of STZ diabetic
rats were studied and related to the development of diabetic peripheral neuropathy. In addi-
tion, the onset of detectable changes by classical diagnostic tools such as sensitivity to the inten-
sity of pressure, the density of IENFs and MNCV were compared to the skin rewarming rate in
STZ diabetic rats. With these tools it was investigated whether the skin rewarming rate could
serve as an early diagnostic tool for diabetic peripheral neuropathy in STZ diabetic rats as is
shown in human diabetes.

Materials and Methods
Animals

WAG/RIijHsd female rats (n = 27, 10 weeks old, weighing 130-150 gram) were purchased from
Charles River (I'Arbresle, France)[13]. The animals were pair-housed in hooded cages at room
temperature on a 12-hour light/dark schedule, and were given water and food ad libitum. All ex-
periments were approved by the Dutch Ethical Committee on Animal Welfare according to the
European guidelines for the care and use of laboratory animals (Council Directive 86/6009/EEC).

Induction of diabetes

Diabetes was induced in 21 rats by a single intra-peritoneal injection of STZ (Sigma-Aldrich,
St. Louis, MO, USA) at a dose of 65 mg/kg body weight in 0.05 mol/L sodium citrate buffer, pH
4.5, as described previously [13]. The rats were randomly assigned into 3 groups: A, B and C

(n =7 in each group). Following diabetes induction, group A was killed after 4 weeks, group B
after 6 weeks and group C after 8 weeks. The control group consisted of 6 rats who received a
single intra-peritoneal injection with an equal volume of vehicle without STZ. Control rats
were followed for 8 weeks. Blood glucose was measured from tail vein blood by a glucometer
(OneTouch, LifeScan, Milpitas, California, USA). Diabetes was diagnosed in rats, when blood
glucose levels were higher than 20 mmol/L during the entire 4 weeks after the induction of dia-
betes. Insulin treatment was not given.

The blood flow and oxygenation of the plantar hind paws’ skin

A combined laser doppler flowmetry and spectrophotometry system (O2C, LEA Medizintech-
nik, Giessen, Germany), which has been applied in human and animal studies [14, 15], was
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used to non-invasively measure blood flow and oxygen saturation of the glabrous plantar hind
paws. In both diabetic and control rats the percentage oxygen saturation and amount of skin
blood flow were assessed at 4, 6, and 8 weeks.

Rewarming rate after cold exposure

The temperature of the skin was assessed using the built-in infrared digital video camera

(320 x 240 pixels) by 1 Hz data acquisition system (ThermaCAM Researcher 2001 HS; FLIR
Systems, Berchem, Belgium), and all data were continuously collected by a laptop. The distance
between the camera and the hind paw was 13 cm + 2 cm. The pixel size of the temperature re-
cordings was 0.8 x 0.8 mm. The skin temperature of the entire plantar hind paw was recorded
while the animal was fixed after placing the animal on a 14°C plate for 5 seconds. The mini-
mum temperature of the plantar hind paws were exported to text files using ThermaCAM Re-
searcher Pro (version 2001-HS; FLIR Systems, Wilsonville, Oregon, USA). The area of interest
was selected by drawing a line surrounding the entire plantar hind paws. The average rewarm-
ing rate is demonstrated as the increase in skin temperature per 120 seconds.

Thermal sensitivity

In order to determine the occurrence of thermal hypersensitivity, cold and hot plate tests were
performed as described previously [16, 17]. In short, rats were placed in an open-ended cham-
ber with clear walls with a surface temperature of either 5°C (cold plate) or 50°C (hot plate).
These experiments were performed on separate days to prevent interference. The time until
hind paw withdrawal or licking was observed.

Von Frey test

In the von Frey test, used to determine the mechanical sensitivity threshold for nociception,
each rat was placed in a chamber with a mesh metal floor. Then, von Frey hairs, ranging from
2 to 300 grams, were applied 5 times, and was scored positive when a minimum of 3 paw flicks
(the animal's reflex withdrawal response) were observed, as described previously [18]. The con-
trol group served as the reference group.

Electromyography (EMG)

Innervation of motor axons in muscles was evaluated by recording the evoked CMAP peak-
peak amplitudes and latencies of the gastrocnemius muscles [19] in the diabetic groups and
control animals as described previously [20]. CMAP peak-peak amplitudes and latencies were
recorded and averaged over a batch of 20 responses. The average amplitudes in each diabetes
group were compared to the control group. The MNCV was calculated as the distance of stim-
ulating electrode to recording electrode (mm)/latency (ms).

Tissue preparation

After 4, 6, or 8 weeks, the animals were killed by an overdose of pentobarbital (100mg/kg ip).
For each rat, the plantar skin of the hind paw was dissected and directly immersion-fixed in 2%
paraformaldehyde-lysin-periodate (PLP) for 24 hours at 4°C. The skin was further processed
and embedded in gelatin as described previously [21]. Finally, the embedded skin was sectioned
at 40 um with a freezing microtome and collected in glycerol for long-term storage at -20°C.
The pancreas tissue of the rats was harvested, fixed in 10% neutral buffered formalin solu-
tion, and embedded in paraffin. Subsequently, these specimens were stained with hematoxylin
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and eosin (H&E). Each specimen was evaluated by a bright-field microscope and scanned into
digital slides (Nanozoomer 2.0 series, Hamamatzu, Japan).

Immunohistochemistry

Immunohistochemistry of the skin sections was performed as previously described to semi
quantify the density of sensory nerve fibers innervating the skin [21], and to evaluate the pres-
ence of CD-31 positive endothelial cells. The skin sections were incubated for 48 hours in a
cocktail of 2% BSA containing the diluted primary antibody Protein Gene Product 9.5
(PGP9.5, 1/10.000, anti-rabbit, Enzo Life Sciences, New York, USA), or anti-CD31* (1/5000,
anti-rabbit, Spring Bioscience, California, USA) at 4°C. Subsequently, skin sections where incu-
bated with the appropriate secondary biotinylated antibody labeled with horseradish peroxi-
dase (HRP) (1/200, Biotine, Sigma-Aldrich, St. Louis, MO, USA) for 90 min at RT. The 3, -3’
diaminobenzidine (DAB) reaction was then used to reveal the antigenic binding sites of the pri-
mary antibodies [22]. Thereafter, the sections were mounted on slides and the CD31" stained
sections stained with 0.05% thionin for 4 minutes, which colored the keratinocytes blue. Final-
ly, all skin sections were dehydrated using absolute ethanol (< 0.01% methanol), transferred to
xylene, and cover slipped with Permount (Fisher Scientific, Hampton, NH).

Each skin section was scanned in 3 layers of 8im each by Nanozoomer 2.0 series (Nanozoo-
mer 2.0 series, Hamamatzu, Japan). Four proximal and 4 distal skin sections of the plantar
hind paw were quantified for epidermal nerve fibers in the center part of the plantar hind paw
(80.000 um?) using a 40x objective in ImageScope software (Aperio ImageScope v11.1.2.760)
[23, 24]. The average labeled nerve fibers per mm” and the average epidermal thickness were
calculated for each rat. Percentage CD31-positive cells was calculated by Leica Cell-D (Olym-
pus, Imaging software for life science microscopy, USA) in 4 proximal and 4 distal skin sections
over the entire upper dermis of the plantar hind paw.

Statistical analysis

Results were presented as means with standard error of the mean (SEM). An one-way ANOVA
with Tukey post hoc test was performed to determine the differences between the experimental
groups. In addition, a two-way analysis of variance (ANOVA) with one repeated-measures fac-
tor time, with a Bonferroni post-test, was used to determine the overall differences when the
test was performed at different examined time points in the same group. The average skin re-
warming rate was compared between the diabetic rats and controls at different time intervals
using an unpaired Students’ t-test. A p-value of 0.05 or less was considered statistically signifi-
cant. Data were analyzed using Graph Pad Prism software (GraphPad Prism Inc., San Diego,
California, USA) version 5.0b for apple MacBook.

Results

Diabetic animals showed more than three times higher blood glucose levels than control ani-
mals during the whole study period (Fig 1a). One week after induction of diabetes by STZ, all
rats demonstrated polydipsia and polyuria (data not shown). The body weight of the diabetic
rats was significantly less compared to controls at all experimental time points studied but did
not significantly change across time points (Fig 1b).

Eight weeks after induction of diabetes, no pathological changes were observed in the pan-
creatic tissue of the control group (Fig 2a). However, in the diabetic group the Islets of Langer-
hans showed shrinkage and displayed degenerative and necrotic changes due to the toxic
effects of STZ already 4 weeks after induction of diabetes (Fig 2b).
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Fig 1. Increased blood glucose and stable body weight in diabetic animals. Blood glucose was increased in all diabetic animals (black bars) when
compared to controls (white bars) (A). Significantly smaller increase in body weight is demonstrated in the diabetic animals (black bars) when compared to
controls (white bars) (B). Data are presented as mean + SEM. *p <0.05, ***p <0.001 (One-way ANOVA with Tukey post hoc test).

doi:10.1371/journal.pone.0126892.g001

Microvascular changes in diabetic rats

Four weeks after the induction of diabetes, the blood flow in the skin of the plantar hind paw
was significantly lower in diabetic rats than in controls (Control 4 weeks: 160.8 + 61.2 AU vs. 4
weeks diabetes: 52.7 + 11.8 AU; p<0.001) (Fig 3). In contrast, the percentage of CD31-positive
endothelial cells in the glabrous skin of the hind paw was significantly higher 4 weeks after in-
duction in diabetic rats than in controls (Control: 6.6 + 0.7% vs. 4 weeks diabetes: 12.9 + 1.9%;
p < 0.05) (Fig 4a). However, while the blood flow remained low during further follow-up at 6
and 8 weeks after induction of diabetes, no significant difference in the percentage of CD31-posi-
tive endothelial cells was seen between diabetic rats and controls at these time points (Fig 4b-4f).

Four weeks after induction of diabetes, skin oxygenation was not different between diabetic
rats and controls (Fig 4a). However, 6 weeks after induction the skin oxygenation in diabetic
rats became significantly lower than in controls (p< 0.05) (Fig 4a).

The skin rewarming rate in the controls were not significantly different at 4, 6 and 8 weeks
(Fig 5a). Directly after cooling the skin (t = 0 seconds), no significant differences in skin tem-
perature were observed between the controls and the 3 diabetic groups (Fig 5b-5d). However,

Fig 2. Degeneration of pancreatic tissue in diabetic animals. Hematoxylin and eosin stained Fig.s of the pancreas (A, B) showing that the cells and the
Islets of Langerhans were considerably smaller in the diabetic pancreas (B) compared to control (A). Scale bar 100um.

doi:10.1371/journal.pone.0126892.9002
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Fig 3. Decreased skin blood flow in diabetic animals. Plantar skin blood flow was decreased in all diabetic
animals (black bars) when compared to controls (white bars). Data is presented as mean + SEM. *** p<
0.001 (two-way ANOVA with one repeated-measures factor ‘time’ with Bonferroni post-test).

doi:10.1371/journal.pone.0126892.g003

the difference in temperature between controls and diabetic rats becomes significant at earlier
time points after cooling, 120 seconds after cooling in rats 4 weeks post induction, 90 seconds
after cooling in rats 6 weeks post induction, and after 30 seconds in rats 8 weeks post induction.
This indicates that there is a progressively bigger delay in rewarming at later time points after
induction of diabetes (Table 1).

Changes in skin innervations in diabetic rats

Four weeks after the induction of diabetes, no significant difference in the mean withdrawal re-
sponse to mechanical stimuli were observed between the diabetic rats and the control rats (Fig
6). However, 6 and 8 weeks after the induction of diabetes, a significant increase in the mean
withdrawal threshold was observed in diabetic rats (Fig 6).

While the withdrawal latency for cold plate remained similar as control at all examined time
points (Fig 7a), a significant decrease was seen in the withdrawal latency for the hot plate test at
4, 6 and 8 weeks after the induction of diabetes suggesting heat hypersensitivity (Fig 7b).

IENFs were stained by the pan-neuronal protein gene product 9.5 (PGP9.5) marker. The av-
erage density of PGP9.5-IR nerve endings in the plantar skin was significantly lower in diabetic
rats than in controls from 4 weeks onward (Fig 8b-8d). This decreased skin innervation was
accompanied by a significantly decreased epidermal thickness compared to controls (Fig 8a).
Similar to the density of PGP9.5-IR nerve endings, significant decrease was observed in the av-
erage amplitude of evoked gastrocnemius muscle CMAPs in all diabetic groups (Control:

80.5 2.2 mV vs. 4 weeks diabetes: 67.2 + 2.7 mV; p<0.05, vs. 6 weeks diabetes: 62.6 + 4.5 mV;
p<0.01, and vs. 8 weeks diabetes: 60.5 + 2.1 mV; p<0.01)(Fig 9a). However, the decrease in
MNCYV was seen later, 6 and 8 weeks after the induction of diabetes suggesting demyelination
of motor nerves (Fig 9b).

Discussion

The aim of our study was to investigate if the skin rewarming rate could serve as an early diag-
nostic tool for diabetic peripheral neuropathy in STZ diabetic rats as is shown in human diabe-
tes [8]. Although the STZ diabetic rat model has been used to study complications of diabetes
for many years [25-27], there is no information available concerning the rewarming rate of the
skin and its correlation to diabetic peripheral neuropathy in this model. In the present study,
we quantified microvascular changes in the plantar skin of the rats” hind paw after the
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Fig 4. Percentage skin oxygenation and CD31-positive cells in the plantar skin. Decreased percentage in skin oxygenation was observed in diabetic
animals (black bars) 6 and 8 weeks after the induction of diabetes when compared to controls (white bars) (A). Four weeks after induction of diabetes (black
bar) a significantly increased percentage CD31-positive cells was observed in diabetic rats when compared to controls (white bar) (B), which is illustrated in
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doi:10.1371/journal.pone.0126892.9g004

PLOS ONE | DOI:10.1371/journal.pone.0126892 May 18,2015 7/15



@’PLOS ‘ ONE

The Skin Rewarming Rate

A -6~ Control 4 weeks
=4— Control 6 weeks
=8- Control 8 weeks

28+

264
244

224

Skin temperature (°C)

ZC L] ) L ) L
0 30 60 90 120
Time after cold exposure (seconds)

C —e— Control
-2 B6weeks after induction of diabetes

28+
3
\é’ 26+
2
o
o 24+
IS
2
£ 221
=z
n
20 T T T T T

0 30 60 90 120
Time after cold exposure (seconds)

Skin temperature (°C)

O

Skin temperature (°C)

—e— Control

=t~ 4weeks after induction of diabetes

28+
*%*
26+
24 .} .{
224 { -}
20 L] L L ) L
0 30 60 90 120
Time after cold exposure (seconds)
—e— Control

-0~ 8 weeks after induction of diabetes

28

*kk
26
244 hisig
224 _§__-§-"§__—§
20 T T T T T

0 30 60 90 120
Time after cold exposure (seconds)

Fig 5. Decreased skin temperature of the plantar hind paw after cold exposure. Control groups were not significantly different (A). Significant lower skin
temperatures were observed in diabetic animals 4 (B), 6 (C), and 8 weeks (D) after the induction of diabetes (dotted line) when compared to controls
(continuous line). Data is presented as mean + SEM. *p < 0.05, **p <0.01, *** p< 0.001 (two-way ANOVA with one repeated-measures factor ‘time’ with

Bonferroni post-test).

doi:10.1371/journal.pone.0126892.9g005

induction of diabetes and investigated whether these microvascular changes were associated
with (the development of) diabetic peripheral neuropathy.

STZ is known to have toxic effects on beta cells in the Islets of Langerhans [28-30]. In the
current study, besides increased blood glucose, morphological changes were observed in the
pancreatic tissue of the STZ diabetic rats confirming a normal progression of disease in our

experimental animals.

Table 1. Decreased rewarming rate of the plantar skin after cold exposure.

Time (weeks)
4

6
8

Average increase in temperature per 120 seconds * SEM (°C)

Control Diabetes T-test
4,3+0,04 2,0+0,6 p < 0,01
55%0,5 1,9+0,3 p < 0,001
49+0,1 1,6+ 0,3 p < 0,001

Progressive decrease in the average skin temperature (degree Celsius) per 120 seconds is shown in
diabetic animals when compared to control. Data is presented as mean + SEM (Unpaired T-test).

doi:10.1371/journal.pone.0126892.t001
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(continuous line) Data is presented as mean = SEM. *** p< 0.001 (two-way ANOVA with one repeated-
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doi:10.1371/journal.pone.0126892.g006

Microvascular changes in diabetic rats

A decrease in the skin blood flow of the plantar hind paw was observed after the induction of
diabetes at all measured time points. Analogous observations have been reported previously
[31]. However, in human diabetes, it has been found that early in the development of diabetic
microvascular complications there is initially an increase in the skin blood flow before the
blood flow decreases during progression of disease [32]. Therefore, we performed additional
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Fig 7. Heat hypersensitivity in diabetic animals. No significant difference was observed between the diabetic animals (dotted line) and controls
(continuous line) for the cold plate test (5°C) (A). In contrast to the cold plate test, decreased withdrawal time was observed for the hot plate test (50°C) in
diabetic animals (dotted line) when compared to control (continuous line) at all experimental time points (B).

doi:10.1371/journal.pone.0126892.9g007
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doi:10.1371/journal.pone.0126892.g009

blood flow measurements at 2 and 3 weeks after the induction of diabetes. Nevertheless, no sig-
nificant difference was found in blood flow measurements of 2 and 3 weeks diabetic animals
when compared to controls.

Interestingly, despite the decreased skin blood flow, initially no significant changes were seen
in the skin oxygenation 4 weeks after the induction of diabetes. This finding suggests that the rats’
circulation system maintained a normal oxygenation of the skin by a relative increase of
CD31-positive endothelial cells in the upper dermis 4 weeks after the induction of diabetes. Al-
though hypoxia is associated with angiogenesis, we were able to show a rise in CD31-positive cells
as a response to the decrease in blood flow when oxygenation was comparable to control values
[33]. However, 6 and 8 weeks after the induction of diabetes, the relative significant increase in
CD31-positive cells was no longer present, while the skin blood flow remained decreased, which
resulted in hypoxia of the plantar skin. These findings suggest that the body was no longer able to
compensate for the decreased skin blood flow from 6 weeks after the induction of diabetes.

The decreased skin blood flow was accompanied by a significant delay in the rewarming
rate of the skin in diabetic rats compared to controls. These findings in STZ diabetic rats sup-
port the direct correlation between skin temperature and skin blood flow as is shown in human
diabetes [34]. Moreover, our diabetic animal model resembles skin rewarming rate of human
diabetes. However, in human diabetes, a significant difference in the skin temperature was not
observed until 10 minutes after cooling. In our study, significant differences in rewarming rate
between the diabetic rats and the controls were already found after 120 seconds of monitoring.
While human thermography studies use exposure to 14°C cold water, we observed in a pilot
study that placement of STZ diabetic rats on a 14°C cold plate for 40 seconds was sufficient to
detect differences in rewarming rate after 120 seconds (data not shown). Cold water exposure
and longer monitoring of the plantar skin would have required administration of anesthesia,
which is shown to have an effect on the blood flow and skin temperature and therefore was
avoided in our study [35, 36].

Changes in skin innervations in diabetic rats

Four weeks after the induction of diabetes, no significant changes were observed in mechanical
sensitivity, while more than 30% IENF loss was observed. These results demonstrate, similar to
human diabetes that less innervation of the skin does not immediately lead to a measurable de-
crease in mechanical sensation [1]. However, further decline in IENFs resulted in mechanical
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hyposensitivity 6 weeks after the induction of diabetes [37]. From this finding we suggest that a
threshold of the density of IENFs needs to be reached in order to cause changes in mechanical
sensitivity: a similar phenomenon was also shown after peripheral nerve injury in rats [38]. In
addition, decreased density of IENFs in the plantar skin of diabetic rats was accompanied by a
significantly decreased epidermal thickness. Decrease in epidermal thickness of the plantar
foot is also observed in human diabetic neuropathy when compared to healthy controls [39]
supporting the important role of IENFs in proliferation of keratinocytes in the epidermis [40].

In contrast to decreased sensitivity to mechanical stimuli, the diabetic animals demonstrated
hypersensitivity to heat. This finding supports the previously suggested separate pathways for
conducting mechanical and thermal information [41]. However, further research identifying
the subgroup of IENFs is required to confirm the modality-specific contribution of these senso-
ry nerve fibers in diabetic peripheral neuropathy. Moreover, while hypersensitivity was ob-
served for heat (50°C), no significant changes were observed for cold (5°C) temperature. This
temperature-induced difference in hypersensitivity may be caused by changes in the expression
of different thermo-sensitive transient receptor potential (TRP) channels expressed on IENFs
that become activated at >42°C (TRPV1 channel) and <17°C (TRPA1 channel) involved in
temperature signaling [42].

The CMAP amplitude in the present study decreased prior to slowing of MNCV demon-
strating the appearance of independent axonal degeneration followed by demyelination, which
is in line with previous findings from electrophysiological studies performed in human diabetes
and as well as in animal models of diabetes [3, 43].

The CMAP amplitude was significantly decreased 4 weeks after induction of diabetes, a
time point at which no changes were observed in mechanical sensitivity. This is consistent with
findings in human diabetes, demonstrating that subclinical peripheral neuropathy can be early
detected by electrophysiological tests [44, 45]. Based on our results we conclude that the skin
rewarming rate detects diabetic peripheral neuropathy in STZ diabetic rats, when loss of sensa-
tion measured by monofilaments is not yet present. Therefore, our study supports the use of
the skin rewarming rate as an early diagnostic tool for asymptomatic diabetic peripheral neu-
ropathy in STZ diabetic rats.

Supporting Information

S1 Dataset.
(XLSX)

Acknowledgments

The authors would like to express their gratitude to E. Fijneman, J. Hekking-Weijma and B.
Tuk for practical suggestions and help during the experiments. Moreover, our special thanks to
H. Ning for her help in writing the manuscript.

Author Contributions

Conceived and designed the experiments: SK JvN SERH ETW. Performed the experiments: SK
SGC NA MvV. Analyzed the data: SK MvV JAM]JL] SGC. Contributed reagents/materials/anal-
ysis tools: SERH MvV. Wrote the paper: SK JvN JAMJL] SERH ETW.

References

1. Narayanaswamy H, Facer P, Misra VP, Timmers M, Byttebier G, Meert T, et al. A longitudinal study of
sensory biomarkers of progression in patients with diabetic peripheral neuropathy using skin biopsies.
J Clin Neurosci. 2012; 19(11):1490-6. doi: 10.1016/j.jocn.2011.12.026 PMID: 22705139

PLOS ONE | DOI:10.1371/journal.pone.0126892 May 18,2015 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126892.s001
http://dx.doi.org/10.1016/j.jocn.2011.12.026
http://www.ncbi.nlm.nih.gov/pubmed/22705139

@’PLOS ‘ ONE

The Skin Rewarming Rate

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Jin HY, Kang SM, Liu WJ, Song CH, Lee KA, Baek HS, et al. Comparison of peripheral nerve damages
according to glucose control timing in experimental diabetes. Exp Clin Endocrinol Diabetes. 2012; 120
(8):451-9. doi: 10.1055/s-0032-1306350 PMID: 22689102

Tuncer S, Dalkilic N, Esen HH, Avunduk MC. An early diagnostic tool for diabetic neuropathy: conduc-
tion velocity distribution. Muscle Nerve. 2011; 43(2):237—44. doi: 10.1002/mus.21837 PMID: 21254089

Coppey LJ, Davidson EP, Dunlap JA, Lund DD, Yorek MA. Slowing of motor nerve conduction velocity
in streptozotocin-induced diabetic rats is preceded by impaired vasodilation in arterioles that overlie the
sciatic nerve. Int J Exp Diabetes Res. 2000; 1(2):131—43. PMID: 11469397

Mori T, Nagase T, Takehara K, Oe M, Ohashi Y, Amemiya A, et al. Morphological pattern classification
system for plantar thermography of patients with diabetes. J Diabetes Sci Technol. 2013; 7(5):1102—
12. PMID: 24124935

Sivanandam S, Anburajan M, Venkatraman B, Menaka M, Sharath D. Estimation of blood glucose by
non-invasive infrared thermography for diagnosis of type 2 diabetes: an alternative for blood sample ex-
traction. Mol Cell Endocrinol. 2013; 367(1-2):57-63. doi: 10.1016/j.mce.2012.12.021 PMID: 23305677

Mazilu G, Filos C, Popescu CD. [Cutaneous thermographic changes in diabetic polyneuropathy] Modifi-
cari termografice in polineuropatia diabetica. Rev Med Chir Soc Med Nat lasi. 2011; 115(4):1007-11.
PMID: 22276437

Balbinot LF, Canani LH, Robinson CC, Achaval M, Zaro MA. Plantar thermography is useful in the early
diagnosis of diabetic neuropathy. Clinics. 2012; 67(12):1419-25. PMID: 23295596

Barriga ES, Chekh V, Carranza C, Burge MR, Edwards A, McGrew E, et al. Computational basis for
risk stratification of peripheral neuropathy from thermal imaging. Conf Proc IEEE Eng Med Biol Soc.
2012;2012:1486-9. doi: 10.1109/EMBC.2012.6346222 PMID: 23366183

Armstrong DG, Lavery LA, Liswood PJ, Todd WF, Tredwell JA. Infrared dermal thermometry for the
high-risk diabetic foot. Phys Ther. 1997; 77(2):169-75; discussion 76—7. PMID: 9037217

Weiss RB. Streptozocin: a review of its pharmacology, efficacy, and toxicity. Cancer Treat Rep. 1982;
66(3):427-38. PMID: 6277485

Oltman CL, Davidson EP, Coppey LJ, Kleinschmidt TL, Dake B, Yorek MA. Role of the effect of inhibi-
tion of neutral endopeptidase on vascular and neural complications in streptozotocin-induced diabetic
rats. Eur J Pharmacol. 2011; 650(2—-3):556-62.

Tong M, Tuk B, Shang P, Hekking IM, Fijneman EM, Guijt M, et al. Diabetes-impaired wound healing is
improved by matrix therapy with heparan sulfate glycosaminoglycan mimetic OTR4120 in rats. Diabe-
tes. 2012; 61(10):2633—41. PMID: 22721969

Beckert S, Witte MB, Konigsrainer A, Coerper S. The impact of the Micro-Lightguide O2C for the quanti-
fication of tissue ischemia in diabetic foot ulcers. Diabetes Care. 2004; 27(12):2863—-7. PMID:
15562198

Rotter R, Kraemer R, Stratos |, Vogt P, Vollmar B, Mittimeier T, et al. Compartmental and muscular re-
sponse to closed soft tissue injury in rats investigated by oxygen-to-see and intravital fluorescence mi-
croscopy. J Trauma Acute Care Surg. 2012; 73(1):73-9. doi: 10.1097/TA.0b013e31824afddd PMID:
22743375

Jasmin L, Kohan L, Franssen M, Janni G, Goff JR. The cold plate as a test of nociceptive behaviors: de-
scription and application to the study of chronic neuropathic and inflammatory pain models. Pain. 1998;
75(2-3):367—-82. PMID: 9583759

Eddy NB, Leimbach D. Synthetic analgesics. |l. Dithienylbutenyl- and dithienylbutylamines. J Pharma-
col Exp Ther. 1953; 107(3):385-93. PMID: 13035677

Smits ES, Duraku LS, Niehof SP, Daanen HA, Hovius SE, Selles RW, et al. Cold-induced vasodilata-
tion in cold-intolerant rats after nerve injury. J Plast Reconstr Aesthet Surg. 2013; 66(9):1279-86. doi:
10.1016/j.bjps.2013.04.004 PMID: 23660280

Werdin F, Grussinger H, Jaminet P, Kraus A, Manoli T, Danker T, et al. An improved electrophysiologi-
cal method to study peripheral nerve regeneration in rats. J Neurosci Methods. 2009; 182(1):71-7. doi:
10.1016/j.jneumeth.2009.05.017 PMID: 19505504

Kambiz S, Duraku SS, Baas M, Nijhuis THJ, Cosgun SG, Hovius SER, et al. Long term follow up of pep-
tidergic and non-peptidergic re-innervation of the epidermis following sciatic nerve reconstruction in
rats. Journal of Neurosurgery. 2014:in press.

Duraku LS, Hossaini M, Schuttenhelm BN, Holstege JC, Baas M, Ruigrok TJ, et al. Re-innervation pat-
terns by peptidergic Substance-P, non-peptidergic P2X3, and myelinated NF-200 nerve fibers in epi-
dermis and dermis of rats with neuropathic pain. Exp Neurol. 2013; 241:13-24. doi: 10.1016/j.
expneurol.2012.11.029 PMID: 23219885

PLOS ONE | DOI:10.1371/journal.pone.0126892 May 18,2015 13/15


http://dx.doi.org/10.1055/s-0032-1306350
http://www.ncbi.nlm.nih.gov/pubmed/22689102
http://dx.doi.org/10.1002/mus.21837
http://www.ncbi.nlm.nih.gov/pubmed/21254089
http://www.ncbi.nlm.nih.gov/pubmed/11469397
http://www.ncbi.nlm.nih.gov/pubmed/24124935
http://dx.doi.org/10.1016/j.mce.2012.12.021
http://www.ncbi.nlm.nih.gov/pubmed/23305677
http://www.ncbi.nlm.nih.gov/pubmed/22276437
http://www.ncbi.nlm.nih.gov/pubmed/23295596
http://dx.doi.org/10.1109/EMBC.2012.6346222
http://www.ncbi.nlm.nih.gov/pubmed/23366183
http://www.ncbi.nlm.nih.gov/pubmed/9037217
http://www.ncbi.nlm.nih.gov/pubmed/6277485
http://www.ncbi.nlm.nih.gov/pubmed/22721969
http://www.ncbi.nlm.nih.gov/pubmed/15562198
http://dx.doi.org/10.1097/TA.0b013e31824afddd
http://www.ncbi.nlm.nih.gov/pubmed/22743375
http://www.ncbi.nlm.nih.gov/pubmed/9583759
http://www.ncbi.nlm.nih.gov/pubmed/13035677
http://dx.doi.org/10.1016/j.bjps.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23660280
http://dx.doi.org/10.1016/j.jneumeth.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19505504
http://dx.doi.org/10.1016/j.expneurol.2012.11.029
http://dx.doi.org/10.1016/j.expneurol.2012.11.029
http://www.ncbi.nlm.nih.gov/pubmed/23219885

@’PLOS ‘ ONE

The Skin Rewarming Rate

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Kuhlmann WD, Peschke P. Glucose oxidase as label in histological immunoassays with enzyme-ampli-
fication in a two-step technique: coimmobilized horseradish peroxidase as secondary system enzyme
for chromogen oxidation. Histochemistry. 1986; 85(1):13—7. PMID: 2426225

Zylka MJ, Rice FL, Anderson DJ. Topographically distinct epidermal nociceptive circuits revealed by
axonal tracers targeted to Mrgprd. Neuron. 2005; 45(1):17—25. PMID: 15629699

Peleshok JC, Ribeiro-da-Silva A. Delayed reinnervation by nonpeptidergic nociceptive afferents of the
glabrous skin of the rat hindpaw in a neuropathic pain model. J Comp Neurol. 2011; 519(1):49-63. doi:
10.1002/cne.22500 PMID: 21120927

Gong CY, Lu B, Hu QW, Ji LL. Streptozotocin induced diabetic retinopathy in rat and the expression of
vascular endothelial growth factor and its receptor. Int J Ophthalmol. 2013; 6(5):573—7. doi: 10.3980/j.
issn.2222-3959.2013.05.03 PMID: 24195027

Rondi S, Peddolla R, Venisetty RK. Neuro, cardio, and reno protective activities of rosuvastatin in strep-
tozotocin-induced type 2 diabetic rats undergoing treatment with metformin and glimepiride. J Adv
Pharm Technol Res. 2014; 5(2):78—-83. doi: 10.4103/2231-4040.133429 PMID: 24959416

Seyer-Hansen K. Renal hypertrophy in streptozotocin-diabetic rats. Clin Sci Mol Med. 1976; 51(6):551—
5. PMID: 137797

Pisarev VB, Snigur GL, Spasov AA, Samokhina MP, Bulanov AE. Mechanisms of toxic effect of strepto-
zotocin on beta-cells in the islets of langerhans. Bull Exp Biol Med. 2009; 148(6):937-9. PMID:
21116511

Kleemann R, Rothe H, Kolb-Bachofen V, Xie QW, Nathan C, Martin S, et al. Transcription and transla-
tion of inducible nitric oxide synthase in the pancreas of prediabetic BB rats. FEBS Lett. 1993; 328(1—
2):9-12. PMID: 8394248

Muhammed SJ, Lundquist I, Salehi A. Pancreatic beta-cell dysfunction, expression of INOS and the ef-
fect of phosphodiesterase inhibitors in human pancreatic islets of type 2 diabetes. Diabetes Obes
Metab. 2012; 14(11):1010-9. doi: 10.1111/j.1463-1326.2012.01632.x PMID: 22687049

Rendell MS, Kelly ST, Finney D, Luu T, Kahler K, McIntyre SF, et al. Decreased skin blood flow early in
the course of streptozotocin-induced diabetes mellitus in the rat. Diabetologia. 1993; 36(10):907—11.
PMID: 8243868

Ditzel J, Standl E. The problem of tissue oxygenation in diabetes mellitus. I. Its relation to the early func-
tional changes in the microcirculation of diabetic subjects. Acta Med Scand Suppl. 1975; 578:49-58.
PMID: 239527

Pouyssegur J, Dayan F, Mazure NM. Hypoxia signalling in cancer and approaches to enforce tumour
regression. Nature. 2006; 441(7092):437-43. PMID: 16724055

Zotter H, Kerbl R, Gallistl S, Nitsche H, Borkenstein M. Rewarming index of the lower leg assessed by
infrared thermography in adolescents with type 1 diabetes mellitus. Journal of pediatric endocrinology
& metabolism: JPEM. 2003; 16(9):1257—-62. PMID: 14714748

Gonzalez de Zarate J, Olmos A, Alvarez JC, Ruiz N, de Andres B, Gonzalez-Fajardo JA. [Core and cu-
taneous thermal changes in the upper limb after anesthesia induction] Cambios termicos centrales y
cutaneos en el miembro superior despues de la induccion anestesica. Rev Esp Anestesiol Reanim.
2000; 47(7):287-92. PMID: 11002712

Gargiulo S, Gramanzini M, Liuzzi R, Greco A, Brunetti A, Vesce G. Effects of some anesthetic agents
on skin microcirculation evaluated by laser Doppler perfusion imaging in mice. BMC Vet Res. 2013;
9:255. doi: 10.1186/1746-6148-9-255 PMID: 24341447

Marangoni MN, Brady ST, Chowdhury SA, Piano MR. The co-occurrence of myocardial dysfunction
and peripheral insensate neuropathy in a streptozotocin-induced rat model of diabetes. Cardiovasc
Diabetol. 2014; 13(1):11.

Verdu E, Navarro X. Comparison of immunohistochemical and functional reinnervation of skin and
muscle after peripheral nerve injury. Exp Neurol. 1997; 146(1):187-98. PMID: 9225752

Chao CY, Zheng YP, Cheing GL. The association between skin blood flow and edema on epidermal
thickness in the diabetic foot. Diabetes Technol Ther. 2012; 14(7):602—9. doi: 10.1089/dia.2011.0301
PMID: 22512286

Huang IT, Lin WM, Shun CT, Hsieh ST. Influence of cutaneous nerves on keratinocyte proliferation and
epidermal thickness in mice. Neuroscience. 1999; 94(3):965-73. PMID: 10579589

Zhang J, Cavanaugh DJ, Nemenov MI, Basbaum Al. The modality-specific contribution of peptidergic
and non-peptidergic nociceptors is manifest at the level of dorsal horn nociresponsive neurons. The
Journal of physiology. 2013; 591(Pt 4):1097—-110. doi: 10.1113/jphysiol.2012.242115 PMID: 23266932

Kambiz S, Duraku LS, Holstege JC, Hovius SE, Ruigrok TJ, Walbeehm ET. Thermo-sensitive TRP
channels in peripheral nerve injury: A review of their role in cold intolerance. J Plast Reconstr Aesthet
Surg. 2013.

PLOS ONE | DOI:10.1371/journal.pone.0126892 May 18,2015 14/15


http://www.ncbi.nlm.nih.gov/pubmed/2426225
http://www.ncbi.nlm.nih.gov/pubmed/15629699
http://dx.doi.org/10.1002/cne.22500
http://www.ncbi.nlm.nih.gov/pubmed/21120927
http://dx.doi.org/10.3980/j.issn.2222-3959.2013.05.03
http://dx.doi.org/10.3980/j.issn.2222-3959.2013.05.03
http://www.ncbi.nlm.nih.gov/pubmed/24195027
http://dx.doi.org/10.4103/2231-4040.133429
http://www.ncbi.nlm.nih.gov/pubmed/24959416
http://www.ncbi.nlm.nih.gov/pubmed/137797
http://www.ncbi.nlm.nih.gov/pubmed/21116511
http://www.ncbi.nlm.nih.gov/pubmed/8394248
http://dx.doi.org/10.1111/j.1463-1326.2012.01632.x
http://www.ncbi.nlm.nih.gov/pubmed/22687049
http://www.ncbi.nlm.nih.gov/pubmed/8243868
http://www.ncbi.nlm.nih.gov/pubmed/239527
http://www.ncbi.nlm.nih.gov/pubmed/16724055
http://www.ncbi.nlm.nih.gov/pubmed/14714748
http://www.ncbi.nlm.nih.gov/pubmed/11002712
http://dx.doi.org/10.1186/1746-6148-9-255
http://www.ncbi.nlm.nih.gov/pubmed/24341447
http://www.ncbi.nlm.nih.gov/pubmed/9225752
http://dx.doi.org/10.1089/dia.2011.0301
http://www.ncbi.nlm.nih.gov/pubmed/22512286
http://www.ncbi.nlm.nih.gov/pubmed/10579589
http://dx.doi.org/10.1113/jphysiol.2012.242115
http://www.ncbi.nlm.nih.gov/pubmed/23266932

@’PLOS ‘ ONE

The Skin Rewarming Rate

43. Hasegawa O, Matsumoto S, lino M, Mori |, Arita T, Baba Y. [Interrelationship among nerve conduction
velocity, amplitudes of compound muscle and compound nerve action potentials in diabetic neuropa-
thy]. No To Shinkei. 1999; 51(10):863—6. PMID: 10553586

44. LiuMS, HuBL, CuiLY, Tang XF, Du H, Li BH. [Clinical and neurophysiological features of 700 patients
with diabetic peripheral neuropathy]. Zhonghua Nei Ke Za Zhi. 2005; 44(3):173-6. PMID: 15840253

45. Holiner |, Haslinger V, Lutschg J, Muller G, Barbarini DS, Fussenegger J, et al. Validity of the neurologi-

cal examination in diagnosing diabetic peripheral neuropathy. Pediatr Neurol. 2013; 49(3):171-7. doi:
10.1016/j.pediatrneurol.2013.03.014 PMID: 23831248

PLOS ONE | DOI:10.1371/journal.pone.0126892 May 18,2015 15/15


http://www.ncbi.nlm.nih.gov/pubmed/10553586
http://www.ncbi.nlm.nih.gov/pubmed/15840253
http://dx.doi.org/10.1016/j.pediatrneurol.2013.03.014
http://www.ncbi.nlm.nih.gov/pubmed/23831248

