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4 PREFACE

Diabetic neuropathy is common, 
but also complicated. It needs to 
be studied in more detail.
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PREFACE
It is a pleasure for me to distribute this 
third annual report of the International 
Diabetic Neuropathy Consortium (IDNC).

IDNC represents a unique collaboration 
between four universities (Aarhus 
University, the University of Southern 
Denmark, the University of Oxford and 
the University of Michigan, Ann Arbor). 
In this consortium, we are exploring 
mechanisms giving rise to diabetic 
neuropathy and pain. 

Diabetic neuropathy is one of the 
main complications of diabetes. 
Nevertheless, neuropathy has been 
overshadowed by other diabetic 
complications. The challenges in 
diabetic neuropathy are multiple, 
including unclarified pathophysiology, 
lack of consensus on diagnostic 
criteria, insufficient management and 
unknown risk factors. These topics 
are addressed by postdocs and PhD 
students in the IDNC, and the present 
report illustrates last year’s progress

Among the many successful events last 
year, we had a 2-day research meeting 
attended by approx. 100 participants 

and with several international speakers. 
We are currently pursuing efforts to 
implement new examination methods 
for detecting and following up signs of 
neuropathy in order to better treat and 
prevent diabetic neuropathy. We still 
need to unravel the pathophysiology 
of diabetic neuropathy, but the present 
report shows that the brick-by-brick ap-
proach of the IDNC is increasing our  
knowledge of the mechanisms giving 
rise to this disorder.

Let me thank all participants in the IDNC 
for their commitment and hard work 
to fulfill the vision and mission of the 
consortium.

Troels Staehelin Jensen
Director of the IDNC
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Vision: To be a leading research group on 
diabetic neuropathy in Denmark with an 
outreach to the world.

Mission: To study and unravel  pathophysio-
logical mechanisms of diabetic neuropathy, 
contribute to early identification, improve 
and develop a uniform international classi-
fication in order to  better treat and prevent 
the detrimental consequences of diabetic 
neuropathy. The IDNC does so by bringing 
researchers and clinicians together in a stim-
ulating and multidisciplinary environment in 
order to integrate and facilitate translational 
aspects of diabetic neuropathy.   

IDNC AT A GLANCE
Structure: A series of interlinked work pack-
ages devoted to explore the mechanisms, 
risks, prognostic factors and clinical profiles 
of diabetic patients with and without neu-
ropathy.

Funding: A 6-year Novo Nordisk Foundation 
Challenge Program grant (Grant number 
NNF14OC0011633).
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The IDNC Annual Meeting 2018, Aarhus DK





The management structure of the IDNC consists of the director, the steering 
group and the scientific advisory board. The steering group helps to identify 
important research initiatives and implement them in the IDNC. The interna-
tionally renowned scientific advisory board informs and is informed by the re-
search studies and helps identify research questions critical to improving our 
understanding of diabetic neuropathy. 

Aarhus University, Health hosts and supports the administration of the IDNC. 
The Danish Pain Research Center at Aarhus University Hospital houses the 
IDNC management. 

ORGANIZATION
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ANIMAL MODELS 
OF DIABETIC 
NEUROPATHY

WP1: 

Mouse models of diabetic neuropathy represent important 
tools to understand the pathophysiological mechanisms of 
nerve damage in diabetes. A classical model in diabetes 
is the streptozotocin (STZ) model for type 1 diabetes. In 
the IDNC, we use mainly mice models for type 2 diabetic 
neuropathy. 

This work package will assess the development of diabetic 
neuropathy over time in murine diabetes models and 
correlate behavioral and physiological assessments with 
changes in metabolism and lipid profile. In other studies, this 
work package focuses on Schwann cells and their relation to 
diabetic neuropathy.

WP1: ANIMAL MODELS OF DIABETIC NEUROPATHY
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SCHWANN CELLS AND THEIR 
ROLE IN DIABETIC NEUROPATHY

BACKGROUND
In this work package we propose Schwan-
nopathy as an integral factor in the patho-
genesis of diabetic neuropathy and with the 
current project it is our main goal to expand 
this concept and evaluate how disruption 
of the interactions between Schwann cells 
and axons contribute to the pathogenesis of 
type 2 diabetic neuropathy.

Using both in vitro and in vivo models, we 
are focusing on how Schwann cells react 
to diabetic conditions and how this affects 
their communication with the closely at-
tached sensory neurons. Utilization of a 
Schwann cell specific p75 neurotrophin re-
ceptor (p75NTR) knock out mouse model in 
combination with induced type 2 diabetes 
allow us to investigate how the expression 
of this receptor in Schwann cells impact the 
progression of DN. In vitro models, mimicking 
aspects of diabetes, will focus on the inter-
play between Schwann cells and neurons 
in relation to axonal myelination. The cur-
rent project will provide valuable new un-
derstanding of DN mechanisms and novel 
approaches to target reversal of symptoms. 

STATUS AND FUTURE PERSPECTIVES
The role of p75NTR receptor signaling in 
neuron-Schwann cell communication and 
myelination under in vitro diabetic con-
ditions is being investigated with primary 
Schwann cell-neuron co-cultures. Results 
show a compromised ability of Schwann 
cells to myelinate axons under hyperglyce-
mic conditions. In the absence of p75NTR, 
myelination is compromised in both naïve 
and hyperglycemic conditions, being slight-
ly worse with hyperglycemia. 

For the in vivo work Nadia Gonçalves uses 
diabetic neuropathy mouse models. Wild-
type and p75NTR Schwann cell conditional 
KO mice are fed either a high fat diet or a 
control diet for 24 weeks to induce type 2 di-
abetes. Mice fed with the HFD develop me-
chanical allodynia and present decreased 
sensory and motor nerve conduction ve-

locities as compared with mice fed with the 
control diet, indicating the presence of neu-
ropathy. After the behavior testing, animals 
were euthanized and sciatic nerves dissect-
ed and processed for both morphometric 
analysis and RNA sequencing.

Electron microscopy and morphometry 
showed segmental demyelination and ax-
onal atrophy in diabetic SC-p75NTR-KO 
mice (Fig. 1) as compared with controls 
and wildtype. Furthermore, a significant de-
crease of C-fiber density was observed in 
diabetic SC-p75NTR-KO along with sever-
al bands of Büngner. The studies by Nadia 
Gonçalves have been done in collaboration 
with researchers at the University of Mel-
bourne, Australia; the University of Michigan, 
USA and the University of Linköping, Swe-
den.

In signaling studies, we found some com-
mon activation in diabetic neuropathy 
between strains, such as PPAR signaling 
pathway, genes involved in the glycerolip-
id metabolism or defense response, while 
genes associated with peroxisomes, lyso-
somes and phagosomes were mainly de-
tected in the diabetic SC-p75NTR-KO mice 
nerves, suggesting more pronounced oxida-
tive stress. We are now in the process of writ-
ing the manuscript that we plan to submit for 
publication by the end of 2018.  

In the RNA sequencing, we found several 
genes associated with exosomes both in the 
wildtype and p75NTR KO situations with di-
abetes. This finding is of outmost importance 
since exosomes released by the Schwann 
cells can then be internalized by neurons or 
axons and function as a mechanism of cell 
to cell communication.

WP1:

Nadia Gonçalves 
addresses the role 
of Schwann cells in 
diabetic neuropa-
thy in her postdoc 
project. Associate 
Professor Chris-
tian Bjerregaard 
Vægter leads the 
research 
(Department of 
Biomedicine, 
Aarhus University, 
Denmark).
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Figure 1. Morpholog-
ical abnormalities 

found in nerve sam-
ples from SC-p75N-
TR-KO mice include 
segmental demyeli-
nation (1), presence 

of extensive bands 
of Büngner (2), ax-

onal atrophy (3) and 
numerous lysosomes 
and phagosomes in 

remaining C fibers (4).
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BASIC NEUROPHYSIOLOGICAL 
STUDY

The aim of this project is to develop teleme-
tric implants to investigate the degenerative 
nature of diabetic neuropathy. It has two el-
ements: 1) an implant to measure threshold 
and 2) an implant to collect data from auto-
nomic nerves.

The primary investigator is Martin Nors Skov. 
In association with the project, Yrsa Larsen 
wrote her master thesis. In addition, a couple 
of engineering trainees assist with the project.

As part of master thesis study by Yrsa Larsen, 
we established Qtrac protocols for the inves-
tigation in ulnar, sciatic and tail nerves in rats 
and looked at the different responses be-
tween them. Only small differences between 
the nerves were observed. The best nerves to 
study with Qtrac in rats is the tail and sciatic 
nerves.

Currently, we are establishing benchmarks for 
endpoints in diabetic neuropathy in rats. The 
rats undergo a streptozotocin (STZ) protocol 
and are then left for 2 and 3 weeks. At the 
end of the period, the rats are anesthetized 
and go through the established Qtrac proto-
col. At the same time, we look at light evoked 
responses. Preliminary data of the Qtrac pro-

tocol show that there was no significant dif-
ference between the control group and the 
2 and 3 weeks’ diabetic groups, but the light 
evoked responses showed a significant re-
duction in amplitude in the diabetic groups.  

The Qtrac implant development is still in pro-
gress and is in its third iteration. There are still 
some issues with the signaltonoise ratio, but 
we are optimistic that a working prototype is 
to be tested in the Fall. 

A research visits to Professor Stephen McMa-
hon’s lab at Kings College London is planned 
to further develop the experimental setup. 

The plan for Fall 2018 is to write two articles 
and get the implant to work for use in the 
spring 2019 in a chronic diabetic neuropa-
thy study. The study intends to investigate the 
longitudinal development of diabetic neu-
ropathy in rats.   

The preliminary conclusions from this study 
suggest that the duration of diabetes may 
have been too short to give rise to degen-
eration of nerves, so longitudinal studies are 
need to pursue this aspect.

Martin Nors Skov 
is PhD student at 
the Comparative 
Medicine Lab at 
Aarhus University 
(DK).

Professor Michael 
Pedersen leads the 
research.

WP1:

Figure 1. Visual 
representation 

of mean results 
from SNAP nerve 

excitability testing on 
caudal, sural ulnar 

nerves of healthy 
Sprague Dawley rats 

under anesthesia.

Tail: red (N=11)
Sciatic: green (N=11)
Ulnar: blue (N=11)
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HYPOXIC NERVE 
DAMAGE

WP2: 

In this work package, the idea is that capillary flow is lost 
in diabetes due to endothelial glycocalyx damage, loss of 
pericytes, thickening of capillary basement membranes 
and elevated blood viscosity. Capillary flow in sural nerves 
of both type 1 and type 2 models for diabetic neuropathy 
are studied using two-photon microscopy combined with 
optical coherence tomography (OCT). With these methods, 
we test the hypothesis that elevated capillary transit time 
heterogeneity and reduced oxygen tension are involved in 
diabetic neuropathy in mice. 

WP2: HYPOXIC NERVE DAMAGE



illary dysfunction, characterized by an une-
ven distribution of capillary blood flow to the 
nervous tissue. To investigate how capillary 
function is affected by diabetes and if it 
contributes to development of diabetic neu-
ropathy, we have established and verified 
an optical method that allows us to track 
appearance and distribution of a bolus of a 
contrast agent in murine nerve vasculature. 
This method allows us to evaluate capillary 
function in this vascular bed (Fig. 2). We 
have now assessed the normal sural nerve 
capillary function in animal models and 
have tested how different experimental pa-
rameters affect it. By doing this we have built 
a solid foundation for acquiring information 
on how diabetes in animal models changes 
capillary function and flow patterns. 

Figure 1. PO2 measurement in murine peripheral 
nerves.

A & B - Sural nerve is exposed and fixed in an 
anesthetized mouse. 
C - Mouse is moved into two-photon microscopy 
facility where throughout imaging process vital 
signs (blood pressure, end tidal CO2, ventilation 
rate, core and leg temperature) are monitored 
and adjusted as needed. 
D – sural nerve with the adjacent vein. The white 

frame indicates imaging location. The white arrow 
indicates sural nerve and the blue arrow the large 
vein (both in D and E) 
E - Intravenous injection of contrast agent allows 
for visualization of blood vessels (depicted in 
white color), and nervous blood supply can be 
identified. After injecting O2 sensitive dye, blood 
PO2 can be measured in the points of interest 
(here at the location of vessels supplying blood to 
nerve, and the adjacent vein as a reference value 
for venous blood). Scale bar = 200µm.

Anete Dudele
Postdoc 
Anete Dudele 
hypothesizes in 
her studies that 
diabetes reduces 
capillary function 
in peripheral 
nerves and that 
this contributes to 
nerve damage and 
the development 
of diabetic 
neuropathy through 
limited oxygen and 
nutrient delivery 
to the nervous 
tissue. Professor Leif 
Østergaard, Center 
of Functionally 
Integrative 
neuroscience 
(CFIN), Aarhus 
University (DK) 
leads the research.

ARE DIABETIC NERVES 
SUFFOCATING?

Using state-of-the-art two-photon in vivo 
microscopy, for the first time we have meas-
ured partial pressure of oxygen in sural nerve 
vasculature of mice (Fig. 1). To understand 
the role of hypoxic nerve damage plays in 
the onset and development of diabetic neu-
ropathy, it is important to investigate the nor-
mal levels of tissue oxygenation in healthy 
animals, which we have now done. 

Figure 1 shows an arterial (depicted in or-
ange and red) and venous (blue and green) 
vasculature surrounding murine sural nerve. 
This sensory nerve is the target of investiga-
tion in our studies of diabetic neuropathy. 

Endoneureal hypoxia can be a result of cap-

WP2:

19WP2: HYPOXIC NERVE DAMAGE
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RISK FACTORS FOR 
TYPE 2 DIABETIC 
NEUROPATHY

WP3: 

The ADDITION cohort and the DD2 cohort are the basis of this work package where we are 
studying: 1) the metabolic risk factors for diabetic neuropathy, 2) the effect of therapy on 
diabetic neuropathy and 3) the determinants for the clinical course of diabetic neuropathy 
and its prognosis. 

The ADDITION Study (Anglo-Danish-Dutch Study of Intensive Treatment in People with Screen 
Detected Diabetes in Primary Care) is a study on early detection and intensive treatment 
of type 2 diabetes in primary care, where patients have been followed since their screen-
detected diagnosis of type 2 diabetes 14 years ago.  

The prospective Danish Center for Strategic Research in Type 2 Diabetes (DD2) cohort and 
biobank continuously enroll newly diagnosed type 2 diabetes patients throughout Denmark. 
The DD2 database was started in 2010 and currently holds approx. 10,000 individuals. 

The DD2 cohort is essential in the IDNC, both for epidemiological studies and as a resource for 
clinical and genetic studies. The DD2 cohort represents a unique sample of type 2 diabetes 
patients to determine not only the prevalence and clinical profile of diabetic neuropathy in early 
type 2 diabetes, but various risk factors for the development of diabetic neuropathy over time.

WP3: RISK FACTORS FOR TYPE 2 DIABETIC NEUROPATHY
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methylglyoxal, a marker of dicarbonyl stress, 
as potential causal risk factors for the devel-
opment of DPN. 

The second project (n=452) determined 
retrospective cardiometabolic risk-factor 
trajectories (in terms of levels and changes 
over time) preceding a clinical diagnosis 
of DPN 13 years after a screening-based 
diagnosis of type 2 diabetes. A prevalence 
of DPN of 27% was seen after 13 years of 
diabetes. This study replicated the finding 
of obesity being a risk factor for DPN. Fur-
thermore, this study showed, that the rate 
of HbA1c increase affects the development 
of DPN over and above the effect of HbA1c 
levels, notably in a cohort with overall good 
glycemic control (Fig. 1).

The third project (n=777, n=443) examined 
the course of CAN and related cardiomet-
abolic risk factors at the 6-year and 13-year 

Figure 1. Risk of 
DPN after 13 years 
of screen-detected 

diabetes per clinically 
relevant differences 

in modeled baseline 
levels (intercepts) and 

changes during ten 
years (slopes) of risk 

factors by multivariate 
logistic regression 

models, ADDITION-
Denmark. Andersen 

ST et al. Diabetes Care 
2018; 41: 1955-62.

Signe Toft 
Andersen carries 
out her PhD 
project based on 
the ADDITION 
Denmark study. 
Senior researcher 
Morten Charles, 
Department of 
Public Health, 
Aarhus University 
(DK) leads the 
research. screen-
detected type 
2 diabetes: 
ADDITION-
Denmark.

DIABETIC NEUROPATHY IN 
A COHORT WITH SCREEN-
DETECTED TYPE 2 DIABETES: 
ADDITION-DENMARK

This PhD project assessed the development 
and the presence and progression of dia-
betic polyneuropathy (DPN) and cardio-
vascular autonomic neuropathy (CAN) in 
the Danish arm of the ADDITION study and 
estimated effects of potential risk factors 
for DPN and CAN. In summary, the project 
showed a much lower prevalence and pro-
gression of neuropathy than seen in previ-
ous cohorts of people with type 2 diabetes 
and it confirmed that hyperglycemia, obesi-
ty and dyslipidemia are risk factors for DPN 
and CAN.

The first project assessed incident DPN by 
the Michigan Neuropathy Screening Instru-
ment questionnaire prospectively during 
the first 13 years after a screening-based 
diagnosis of type 2 diabetes (n=1256) and 
showed a cumulative incidence of DPN of 
10%. This project identified older age, obe-
sity, low HDL cholesterol and higher levels of 

WP3:
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follow-up examinations in ADDITION-Den-
mark. It showed a progressive yet heteroge-
neous course of CAN between the 6- and 
the 13-year follow-up (Fig. 2). The preva-
lence of CAN increased from 9% to 15% 
between the 6- and the 13-year follow-up. 
Hyperglycemia, obesity and hypertriglycer-

Figure 2. The flow of participants between clinical groups of CAN: ADDITION-Denmark.  
Number of participants and changes in their CAN status among defined categories; No CAN (green), early CAN (yellow) or manifest 
CAN (red) from the 6- to the 13-year follow-up examination in ADDITION Denmark. Andersen ST et al. Diabetes Care 2018 (in press)

idemia were negatively related to indices 
of CAN, although these effects diminished 
over time. The observed heterogeneous 
course of CAN challenges the present clin-
ical approach of using categorical classifi-
cation of CARTs for diagnosing CAN or the 
notion of CAN irreversibility. 
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DD2 COHORT AND REGISTRIES

Danish routine care registries represent a 
goldmine for studying diabetic neuropathy if 
diagnosis codes are valid. Diana Hedevang 
Christensen has validated different types of 
ICD-10 codes for neuropathy against med-
ical records (Fig. 1). She found a positive 
predictive value of 71% (95% confidence 
interval [CI]: 49-87%) of an algorithm based 
on diabetes and polyneuropathy ICD-10 
G-chapter codes in Danish registers. The 
positive predictive value further increased 
to 86% (95% CI: 70-95%) when prescription 
codes for neuropathic pain medication 
were added. These algorithms will form the 
basis for registry-based epidemiological 
studies on diabetic polyneuropathy in future 
IDNC studies.

Newer antihyperglycemic drugs may – be-
sides their glucose-lowering effects – have 
neuroprotective properties. A study by Diana 
Hedevang Christensen on nationwide time 
trends in the utilization of all glucose-low-
ering drugs in Denmark showed that by 
2014, 4 per 1,000 Danish inhabitants used 

a glucagon-like peptide 1-receptor agonist 
(GLP1-RA), 3 per 1,000 used a combination 
pill of metformin and dipeptidylpeptidase-4 
inhibitors (DPP4i) and 3 per 1,000 used a sin-
gle DPP4i. 

Updated prescription data on these new-
er drugs (including 2017) will be available 
in the fall of 2018. Diana Hedevang Chris-
tensen has initiated a large pharmacoepi-
demiological study, using the new validated 
diabetic polyneuropathy algorithm to study 
the possible impact of GLP1-RAs and DPP4i 
on decreased risk of developing diabetic 
polyneuropathy. 

Using the IDNC-DD2 questionnaire dataset 
on self-reported neuropathy together with 
DD2 data, Diana Hedevang Christensen cur-
rently evaluates how different obesity meas-
ures and weight changes in type 2 diabetes 
patients are associated with the prevalence 
of painful and non-painful diabetic neurop-
athy.

Diana Hedevang 
Christensen 
hypothesizes in her 
epidemiological 
PhD study that risk 
factors other than 
hyperglycemia 
play a key role for 
the development 
of diabetic neu-
ropathy in type 2 
diabetes. Associate 
Professor Reimar 
W. Thomsen, 
Department of 
Clinical Ep-
idemiology, Aarhus 
University Hospital 
(DK) supervises the 
research. 

WP3:
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CLINICAL PROFILE
WP4: 

In this large work package, IDNC is determining the presence of pain and sensory 
abnormalities in type 2 diabetes. The hypothesis is that based on history, and in 
particular clinical examination and detailed sensory profiling, it will be possible to find 
distinguishing characteristics in in patients with type 2 diabetes, diabetic neuropathy 
and painful diabetic neuropathy. 

The clinical profiling involves work done at the University of Oxford (UK), University of 
Southern Denmark and Aarhus University (DK). Clinical profiling in Denmark is carried 
out on the basis of the DD2 cohort. The examinations and profiling in the three study 
sites are similar to those done in the major multicenter project DOLORisk, which aims to 
understand risk factors and determinants for neuropathic pain (dolorisk.eu). DOLORisk 
is funded by the European Commission Horizon 2020 and is coordinated by IDNC 
affiliated researcher Professor David Bennett, Oxford University with Professor Nanna 
Brix Finnerup, Aarhus University as deputy project coordinator.
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The rationale for studying Nav1.7 is that this 
voltage gated sodium channel is expressed 
in nociceptors and amplifies subthreshold 
stimuli. It is therefore a key determinant of 
nociceptor excitability and selective block-
ers of Nav1.7 are under active develop-
ment as novel analgesics. Nav1.7 has been 
shown to be important in pathological pains 
states in humans. Although no rare variants 
were found in participants with painless 
DPN, we identified twelve rare Nav1.7 var-
iants in ten study participants with painful 
DPN. Five of these variants had previously 
been described in the context of other Neu-
ropathic pain disorders and seven have not 
previously been linked to neuropathic pain. 
Those patients with rare variants reported 
more severe pain and greater sensitivity 
to pressure stimuli on quantitative sensory 
testing. In vitro electrophysiological char-
acterization of two of the novel variants 
demonstrated gain of function changes 
as a consequence of markedly impaired 
channel fast inactivation. Our observations 
suggest that rare Nav1.7 variants contribute 
to the development of neuropathic pain in 
patients with DPN. Their identification will 
aid in the understanding of sensory pheno-
type, patient stratification, and help target 
treatments more effectively. For example, 
in collaboration with Dr Sulayman Dib-Hajj 
and Professor Stephen Waxman, we were 
able to use structural modelling to predict 
pharmacoresponsiveness for a variant iden-
tified in NaV1.8. The variant was identified 

SOMATOSENSORY PHENOTYPING, 
THRESHOLD TRACKING 
AND GENETICS IN DIABETIC 
NEUROPATHY

The Oxford group explores the possible driv-
ers of neuropathic pain in diabetic neuropa-
thy and how patients with neuropathic pain 
can be better stratified.

Our first study was a deep phenotyping 
study that used a multidisciplinary approach 
to phenotype a large cohort of patients 
with painful and painless diabetic neurop-
athy (DPN). Our participants with diabetic 
neuropathy underwent neurological exam-
ination, quantitative sensory testing, nerve 
conduction studies, skin biopsy for intraepi-
dermal nerve fiber density assessment and a 
set of questionnaires to assess the presence 
of pain, pain intensity, pain distribution and 
the psychological and functional impact 
of pain. The sensory profile of patients with 
painful DPN was distinct from those patients 
with painless DPN showing greater hypo-
sensitivity to sensory stimuli across a range 
of sensory modalities. This study provided a 
firm basis to rationalize further phenotyping 
of painful DPN and has served as a basis for 
all our subsequent work. 

We then went on to explore the contribu-
tion of genetic variability in neuropathic 
pain and examined the relationship be-
tween variants in the voltage-gated sodi-
um channel Nav1.7 and Neuropathic pain. 

WP4:
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in one of our patients with painful DPN. In 
vitro experiments showed that pretreatment 
with a clinically achievable concentration 
of carbamazepine corrected activation of 
the variant NaV1.8 channels and reduced 
DRG neuron excitability as predicted from 
the pharmacogenomic model. A genetic 
approach offers a promising approach to 
gain insight into mechanisms underlying 
painful DPN. We are continuing to recruit 
participants as part of the DOLORisk consor-
tium to explore the genetic landscape. A va-
riety of genetic approaches will be used. A 
genome wide association study will explore 
associations from a large cohort of patients 
primarily phenotyped from questionnaires. 
Exome sequencing will be applied to subset 
of patients that have been deeply pheno-
typed, in line with our original phenotyping 
from 2016.  

We are continuing our work on using elec-
trophysiological tools to discriminate be-
tween patients with painful and painless 
DPN. Threshold tracking is a neurophysio-
logical tool that assesses large nerve fiber 
axonal excitability. It is an indirect measure 
of the ion channel excitability within myeli-
nated nerve fibers. We have recorded from 
151 participants. Preliminary data analysis 
of four outcomes does not show differenc-
es between participants with painful and 
painless DPN. We will continue to explore 
the data to determine whether symptoms 

or other clinical variables are related to our 
four key outcomes. 

Our deeply phenotyped cohort of patients 
has provided a powerful platform to ex-
plore underlying mechanism for chronic 
neuropathic pain. We used a multimodal 
clinical neuroimaging approach to inter-
rogate whether the sensory phenotype of 
painful DPN involves altered function of the 
ventrolateral periaqueductal grey—a key 
node of the descending pain modulatory 
system. We found that ventrolateral peri-
aqueductal grey functional connectivity is 
altered in study participants suffering from 
painful DPN; the magnitude of which is cor-
related to their spontaneous and allodynic 
pain as well as the magnitude of the cortical 
response elicited by an experimental tonic 
heat paradigm. We therefore conclude that 
ventrolateral periaqueductal grey-medi-
ated descending pain modulatory system 
dysfunction may reflect a brain-based pain 
facilitation mechanism contributing to pain-
ful DPN. 
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David Bennett moderating session at the IDNC Annual Meeting 2018

David Bennett discussing with Eva Feldman and Brian Callaghan at the IDNC Annual Meeting 2018
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CLINICAL PROFILING OF 
DIABETIC NEUROPATHY

Professor Søren Sindrup and PhD student 
Mustapha Itani are engaged in clinical pro-
filing of people with type 2 diabetes from 
the DD2 cohort with respect to neuropathy. 
The research is carried out at the IDNC site at 
the Department of Neurology, Odense Uni-
versity Hospital (Clinical Research, Neurolo-
gy, University of Southern Denmark). 

The main studies in this project are: 

1) To describe the pattern of peripheral 
nerve affection in non-selected type 2 dia-
betic patients with and without symptomatic 

polyneuropathy and search for overall and 
neuropathy specific risk factors.

2) To evaluate if small fiber neuropathy is 
a specific category of neuropathy in type 2 
diabetic patients or if it is merely a precursor 
of generalized peripheral nerve affection.

3) To compare the pattern of peripheral 
polyneuropathy found in type 2 diabetic pa-
tients to the pattern found in patients with 
idiopathic polyneuropathy. Mustapha Itani

WP4:

Examples of sensory testing 
in patients suspected of 

neuropathy
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CLINICAL PROFILING OF PAINFUL 
DIABETIC NEUROPATHY 

The aims of the three studies in this project 
are:

1) To estimate the prevalence of painful di-
abetic neuropathy in Danish type 2 diabetic 
patients. 

2) To characterize the pain in DPN and 
identify subgroups of patients with specific 
clusters of symptoms and signs and to com-
pare DPN patients with and without pain to 
identify abnormalities specific to pain. 

3) To examine morphological chances in 
intraepidermal nerve fibers and differentiate 
between patients with and without pain. 

We invited participants from the nationwide 
Danish Centre for Strategic Research in type 
2 Diabetes (DD2) cohort to participate in a 
clinical examination at two centers in Den-
mark, i.e. Aarhus and Odense. We both se-
lected a random sample and a stratified 
sample based on questionnaire responses.   

The inclusion started in November 2016 and 
until now, we have examined 165 patients 
and 35 healthy controls in Aarhus. The inclu-
sion will end 1 October 2018 in both centers 
(Fig. 1). 

The examinations consist of neurological 
evaluation, standardized questionnaires 
and clinical scoring systems, skin biopsies, 
blood samples, quantitative sensory testing, 
confocal corneal microscopy and nerve 
conduction studies. 

Impact of the study: 
It is important to estimate the prevalence, risk 
factors and underlying mechanisms of pain-
ful diabetic neuropathy and it will hopefully 
contribute to significant improvements in the 
treatment and prevention of the disease. 

Sandra Sif 
Gylfadottir is 
focusing on 
painful diabetic 
neuropathy in 
patients derived 
from the DD2 
questionnaire study. 
Professor Nanna 
Brix Finnerup, 
Danish Pain 
Research Center, 
Aarhus University 
(DK) supervises the 
research. 

WP4:
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MOTOR DYSFUNCTION IN 
DIABETIC NEUROPATHY

Muscle weakness and unstable gait are de-
bilitating complications of diabetes mellitus. 
In later stages, diabetic neuropathy (DN) 
can lead to severe neurogenic muscle im-
pairment with atrophy and weakness. Fur-
thermore, diabetes may also impair striated 
muscles directly resulting in a diabetic my-
opathy. Thus, diabetic patients with motor 
dysfunction may suffer from gait instability, 
muscle weakness and decreased mobility of 
joints that limits their independency in daily 
living. Motor dysfunction may be alleviated 
by physical training including resistance and 
gait training; however, it is unknown wheth-
er patients with neuropathy and myopathy 
can regain muscle strength and if they can 
improve their gait stability. Furthermore the 
molecular basis for the neurogenic atrophy 
and myopathy remains unknown. 

The PhD project consists of four main studies. 

1) The first part of this study aims to describe 
the relationship between falls, fractures re-
lated to falling, muscle strength and signs of 
neuropathy in patients with type 2 diabetes 
by evaluating 45 patients with a history of 
falling. Until Now, we have included 28 pa-
tients that had suffered at least one fall over 
the past year.

2) In the second part, we aim to include 20 
patients with diabetic neuropathy and sub-
stantial muscle weakness based on muscle 
strength measures from the biodex. Patients 
will undergo resistance training for a period 
of 12 weeks. By using a run-in period, pa-
tients will serve as their own control and will 
be examined three times over a period of 6 
months. Until now, we have included 8 pa-
tients for this study.

3) Study 3 is a randomized single-blinded 
clinical training trial where we want to ex-
amine the effects of 12 weeks of resistance 
training in individuals with DN versus non-DN 
and healthy control subjects. All participants 
are randomized to high-intensity resistance 
training or no training and are evaluated 
at baseline and after a period of 12 weeks 
training (Fig. 1). 

4) Study 4 includes all participants from 
study 2 and 3 with examination of their 
muscle biopsies  (gastrocnemius muscle). A 
muscle biopsy is performed before and after 
12 weeks of training. Using rt-PCR the ex-
pression of the muscle growth factors (IGF-1, 
myostatin) and neurotrophic factors (NT-3, 
NT-4 and BDNF) are determined.

Karolina Snopek
carries out the 
PhD project 
entitled: Resistance 
training in patients 
with diabetic 
neuropathy. The 
project consists 
of four substudies 
and is supervised 
by Professor 
Henning Andersen, 
Department of 
Neurology, Aarhus 
University Hospital 
(DK).

WP4:
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Examples of resistance 
training used in the 

randomized training 
trials 2 and 3
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Alexander is currently working on a meth-
od of nerve excitability testing on a-delta 
fibers in cooperation with associate profes-
sor Carsten Dahl Mørch and Professor Ole 
Kæseler Andersen at Aalborg University. 
This method may provide great insight into 
the changes in excitability of the specific 
nerves of interest to DPN.

Alexander Gramm 
Kristensen 
attempts to obtain 
the optimal strategy 
for diagnosing 
diabetic 
neuropathy using 
neurophysiology 
and to examine 
the mechanisms 
behind diabetic 
neuropathy. 
Associate Professor 
Hatice Tankisi, 
Department of 
Neurophysiology, 
Aarhus University 
Hospital (DK) 
supervises the 
research. 

CLINICAL NEUROPHYSIOLOGICAL 
MEASURES IN DIABETIC 
NEUROPATHY

In the past year, Alexander has continued to 
include participants for his studies, now with 
over 200 included. Alexander is close to fin-
ishing his study on motor unit number esti-
mation using MScanFit MUNE, as a measure 
of early motor involvement in diabetic pol-
yneuropathy (DPN). The preliminary results 
show that diabetics with neuropathy in the 
lower extremities have fewer and larger 
motor units in the abductor pollicis brevis 
muscle, prior to nerve conduction study ab-
normalities (Figs. 1-2). A preliminary analysis 
of our groups with ROC curves also showed 
a slightly higher area under the curve for MS-
can-Fit MUNE, compared to peak. We hope 
that our study will provide new insight into 
the development of DPN any may be a new 
method of diagnosing and tracking progres-
sion of DPN in patients.

With the inclusion of participants conclud-
ing, Alexander will begin to analyze data for 
a study on nerve excitability and a study on 
nerve conduction on the distal sural nerve. 
The aim of the excitability study is to com-
pare sensory and motor nerve excitability 
changes in patients with DPN as well as cor-
relate these changes to clinical measures. 
The goal for the distal sural nerve study is to 
examine the utility of this new method in di-
agnosis of DPN. 

WP4:
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Figure 1. Dot plot comparing the estimated number of motor 
units between controls, diabetics without neuropathy (DPN-) 
and diabetics with neuropathy (DPN+).

Figure 2: Dot plot comparing the size of the largest motor unit 
between the three groups.

Figure 3: An example of nerve excitability measures 
comparing a diabetic with neuropathy with laboratory 
controls. Black line mean of controls. Red line type 2 
diabetic with neuropathy.

Fig 3.A is the current/voltage relationship, Fig 3.B is 
threshold electrotonus, Fig. 3.C is the recovery cycle

WP4: CLINICAL PROFILE
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AUTONOMIC NEUROPATHY 
IN DIABETES

Small nerve fibers of Aδ and C type are es-
sential for the perception of heat, cold and 
pain and for regulating heart and endo- and 
exocrine gland functions such as sweat and 
smooth muscles. The autonomic small fibers 
control cardiovascular system, renal, bowel, 
bladder and sexual functions. Following in-
jury to the autonomic system, such as in dia-
betes, severe changes may occur. 

Small nerve fiber damage resulting in neuro-
genic autonomic dysfunction and small fib-
er polyneuropathy is common but overseen 
in diabetes and associated with reduced 
quality of life, increased morbidity and sud-
den death. Patients with autonomic involve-
ment may present with orthostatic hypoten-
sion or syncope, enteric dysfunction, sexual 
impotence, anhidrosis and urinary retention 
or incontinence. Based on new and quan-
titative methods it is now possible to diag-
nose neurogenic autonomic dysfunction (tilt 

table test, Valsalva maneuver (Fig. 1), deep 
respiration (Fig. 2) and 24-hour blood pres-
sure) and small fiber polyneuropathy (skin 
biopsy and sweat test) very early before ma-
jor nerve damage. However, despite these 
accurate methods patients may progress to 
moderate to severe autonomic dysfunction 
with supine hypertension, orthostatic hypo-
tension and syncope..

At present, PhD student Thorsten Rasmussen 
and Associate Professor Astrid Juhl Terkelsen 
focus on the adrenergic (sympathetic) dys-
function and thus abnormal blood pressure 
regulation and changes in local sweat. 

The aims are to
 
• Detect diabetes patients with moderate  
 to severe adrenergic dysfunction

• Improve 24-hour blood pressure meas- 
 urements by using both pulse transit  
 time and oscillometric blood pressure  
 measurements

• Improve the diagnostic methods for  
 small fiber neuropathy, the intraepider- 
 mal nerve fiber density by adding the  
 information about innervation and struc- 
 ture of the adrenergic innervated sweat  
 glands and vessels

• Based on a database containing small  
 fiber polyneuropathy in patients with di- 
 abetes and other etiologies different  
 small fiber phenotypes are character- 
 ized.

Astrid J. Terkelsen

WP4:
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Figure 1. Blood pressure (A) and heart rate (B) responses to the Valsalva maneuver. The presence of 
late phase II and fast recovery phase IV in the continuously measured blood pressure indicates a normal 
cardiovascular adrenergic function. The heart rate response with a significant Valsalva ratio indicates a 
normal cardiovagal and cardiovascular adrenergic function.

Figure 2. Heart rate variability (A) to deep respiration (B). The significant variation in heart rate indicates a 
preserved cardiovagal activity.

Valsalva maneuver
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granular debris, abnormal mitochondria 
and a paucity of particulate organelles such 
as neurofilaments. In an ongoing study we 
investigate whether axonal swellings are 
related to somatosensory profile in a large 
well-defined diabetic cohort that has under-
gone detained and rigorous sensory pheno-
typing. 

Corneal confocal microscopy as a tool for 
detecting diabetic polyneuropathy in a co-
hort with screen-detected type 2 diabetes

Corneal confocal microscopy (CCM) is a 
non-invasive ophthalmic technique that 
allows quantification of corneal nerve fiber 
density (CNFD), corneal nerve branch den-
sity (CNBD) and corneal nerve fiber length 
(CNFL). Patients with DPN have lower CCM 
measures compared with healthy controls. 
However, the majority of previously pub-
lished studies have reported unadjusted 
analyses of the associations between CCM 
measurements and DPN, and  few studies 
have adjusted for age. 

It is currently unknown if CCM is a useful tool 
for detecting DPN in populations with type 2 
diabetes followed in general practice. In a 
new study, we explored CCM as a potential 
tool for detecting DPN defined by the Toron-
to consensus criteria in a cohort with screen-
detected type 2 diabetes, when controlling 
for the effect of sex and age. 

We found that CNFD was lower both in par-
ticipants with confirmed DPN (n=27) and in 
participants without confirmed DPN (n=117) 
compared with controls. No differences 
were observed for CNFD between partici-
pants with and without DPN. Out study sug-
gests that CCM cannot distinguish between 
patients with and without neuropathy, but 
CNFD is lower in patients with type 2 diabe-
tes compared to controls. 

Pall Karlsson, 
Assistant Professor 
Pall Karlsson, 
Danish Pain 
Research Center 
and Core Center 
for Molecular 
Morphology, 
Section for 
Stereology and 
Microscopy, 
Department of 
Clinical Medicine, 
Aarhus University 
(DK) has active 
collaboration with 
leading experts on 
skin biopsies, e.g.  
Guiseppe Lauria 
in Milan (Italy), 
Michael Polydefkis 
in Baltimore (US), 
and more recently 
with Maria Nolano 
in Naples (Italy). 

DETAILED SKIN INNERVATION 
ANALYSIS IN PAINLESS 
AND PAINFUL DIABETIC 
POLYNEUROPATHY
Skin biopsy enables quantification of small 
nerve fibers penetrating the epidermalder-
mal basement membrane. In DPN, there is a 
decreased density of intraepidermal nerve 
fibers (IENFD) in 85% of the cases. Howev-
er, that alone does not explain functional 
deficits of the small fibers. Identification of a 
neuropathic pain biomarker that differenti-
ates between DPN patients with and with-
out neuropathic pain is therefore essential. 

Peptidergic nerve fibers that express neu-
ropeptides are important in nociception, 
including substance P (SP) and calcitonin 
gene related peptide (CGRP).  In an on-
going study, we performed skin biopsies in 
three groups of DPN patients: a) with pain-
less DPN and normal nerve conduction study 
(NCS), b) with painful DPN and normal NCS 
and c) with painful DPN and abnormal NCS 
and compared them with healthy controls. 

A total of 94 patients were analyzed, and the 
results showed that diabetic patients with 
mixed fiber neuropathy (abnormal NCS and 
abnormal IENFD) had higher SP and CGRP 
density in the dermis compared with the 
other groups, even if IENFD was lowest in pa-
tients with mixed fiber neuropathy. Addition-
ally, when counting total peptidergic fibers 
(the sum of SP- and CGRP fibers), we found 
a significantly higher density in patients with 
pain compared with patients without pain 
and healthy controls. Lastly, there was a sig-
nificant correlation between IENFD and QST 
results. These findings indicate that patients 
with pain have higher dermal peptidergic 
fibers but lower IENFD compared with pa-
tients without pain, and may therefore be an 
important additional measure in skin biop-
sies. A manuscript based on these findings is 
under preparation.

Another important aspect is to identify subtle 
changes to the small nerve fibers in diabetic 
patients as early as possible. Axonal swell-
ings are degenerative changes that contain 
watery axoplasm, dilated vesicular profiles, 

WP4:
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Figure 1. 
Morphological assessment of key small fiber parameters on skin biopsy and CCM. Upper panel: Skin biopsy and CCM analysis in a 
diabetic patient. Left: Arrows: axonal swellings (>1.5µm). Scale bar = 30 µm. Middle: IENFs stained with PGP 9.5 (green), Collagen 
IV and ULEX (blood vessels). Arrows: Nerve fibers in dermis and epidermis. Scale bar = 100 μm. Right: example of a CCM image. 
Red traced nerve fibers: CNFD (main nerve fibers); blue traced fibers: CNFL (branched nerve fibers); green dots: branch points. 
CCM image is 400 x 400 µm. Lower panel: Schematic representations of the main structures in the upper skin and of a typical CCM 
image. Left: visualization of how IENFs are quantified. The nerve fibers (green) must be visible at both upper dermis and epidermis 
and therefore intersect the basement membrane. Axonal swellings are represented on some of the IENFs (definition of axonal 
swellings varies among studies, e.g. enlargements exceeding 1.5µm in diameter, or enlargements at least three times the diameter 
of the afferent nerve fiber). Middle: visualization of how epidermal NFLD (red boxes) and dermal NFLD (blue boxes) is quantified 
using stereology. Right: schematic representation of a CCM image, showing main nerve fibers (red), branched nerve fibers (blue) 
and branch points (white dots). From P. Karlsson et al., Pain 2018, epub ahead of print (reproduced with permission from Wolters 
Kluwer Health, Inc).

Figure 2. CNFD, CNFL and CNBD values in healthy controls and in subgroups of patients with diabetes with and without DPN.
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METABOLOMICS
AND LIPIDOMICS

WP5: 

In this work package, the focus is on oxidative stress pathways and lipid 
metabolites for the identification and quantitation of the proteins and 
metabolites that are predictive of diabetic neuropathy. This work package 
is led by Professor Eva Feldman, Department of Neurology, University of 
Michigan, Ann Arbor (US).
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contribute to nerve injury in diabetes, we 
examined glucose and fatty acid metab-
olism in nerves from murine models of T2D 
with DPN. Metabolic flux studies revealed a 
ratelimiting reduction in glucose uptake or 
glycolytic enzyme activity in diabetic nerve, 
and fatty acid flux studies demonstrated an 
incomplete mitochondrial β-oxidation in the 
nerve in T2D. These data suggest an overall 
decrease in energy metabolism in diabetic 
nerve in T2D. This in turn results in insufficient 
energy production to maintain normal nerve 
function, with subsequent nerve injury and 
the signs and symptoms of DPN.

As a next step, we performed shotgun li-
pidomics to determine the differences in 
plasma and nerve lipid profiles in murine 
models of T2D and DPN compared to con-
trol animals. One hundred and thirty three 
(25.9%) of the plasma lipids were unique to 
diabetes and 258 (49.7%) were unique to 
diabetic nerves. These lipids were primarily 
long chain triacylglycerols, further support-
ing the concept that incomplete mitochon-
drial β-oxidation of fatty acids occurs in the 
nerve in response to T2D and likely mediates 
nerve injury.

In summary, these data suggest that T2D 
impairs nerve metabolism of both glucose 
and fatty acids, impairing both glycolysis 
and β-oxidation, leading to mitochondrial 
damage and insufficient energy for normal 
nerve function. 

Mitochondrial function in DPN
To better understand mitochondrial function 
in T2D, we treated primary adult mouse dor-
sal root ganglion (DRG) neurons with phys-
iologically relevant concentrations of the 
saturated fatty acid palmitate and glucose 
to evaluate the impact of hyperlipidem-
ia and hyperglycemia on mitochondrial 
transport, depolarization and bio-energet-
ics. Treatment with physiologically relevant 
concentrations of palmitate significantly 
reduced the number of motile mitochondria 
in DRG axons, while physiological concen-
trations of glucose did not impair mitochon-
drial trafficking dynamics. Palmitate-treated 
DRG neurons exhibiting a decrease in mo-
tile mitochondria also showed a reduction 
in mitochondrial velocity. Moreover, there 

METABOLOMICS AND LIPIDOMICS 
Eva Feldman’s Laboratory at the Univer-
sity of Michigan, Ann Arbor uses a systems 
approach employing transcriptomics, me-
tabolomics and metabolic flux analysis to 
identify nerve-specific differences in type 1 
(T1D) and 2 diabetic (T2D) mice and man. 
Our progress in diabetic neuropathy can be 
divided into two parts: our clinical studies in 
man and our basic mechanistic work in mul-
tiple murine models of the disorder. 

CLINICAL STUDIES IN MAN
In studies of 102 obese participants and 53 
lean controls, the prevalence of neuropa-
thy was 3.8% in lean controls (n=2), 11.1% 
in the obese participants with normogly-
cemia (n=5), 29% in the obese participants 
with prediabetes (n=9) and 34.6% in the 
obese participants with T2D (n = 9) (P < .01 
for trend). This study showed that the prev-
alence of neuropathy is high in obese indi-
viduals and that diabetes, prediabetes and 
obesity are the likely metabolic drivers of this 
neuropathy.
 
In a recent study to address the question 
of metabolic drives for neuropathy, we as-
sessed diabetic neuropathy only (DPN) 
longitudinally in the Danish arm of the An-
glo-Danish-Dutch study of Intensive Treat-
ment of Diabetes in Primary Care (ADDI-
TION). Of the total cohort of 1,533 people, 
1,445 completed the MNSIQ at baseline, 
and 189 (13.1%) had DPN at baseline. The 
cumulative incidence of DPN was 10% dur-
ing 13 years of diabetes. Age, weight , waist 
circumference,  BMI , methylglyoxal, HDL 
cholesterol and LDL cholesterol  at baseline 
were significantly associated with the risk 
of incident DPN. This study provides further 
epidemiological evidence for obesity and 
components of the metabolic syndrome as 
risk factors for DPN. 

In summary, our clinical studies support 
our contention that drivers of neuropathy 
include not only glucose but obesity and 
associated components of the metabolic 
syndrome.

MURINE MODELS OF NEUROPATHY
Nerve Metabolism in Diabetes
In order to understand how hyperglycemia 
and components of the metabolic syndrome 

WP5:
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Figure 1. Conserved gene network 
and IPA enriched pathways. (A) A 
transcriptional network was generated 
combining the seven cross-species 
shared transcriptional networks. Size 
indicate the number of connected 
genes. (B) The most central 64 genes 
from (A) were subjected to functional 
enrichment analysis using IPA. The 
network illustrates the gene-content 
similarity of 272 significantly enriched 
canonical pathways of these central 
genes. The largest cluster of canonical 
pathways is associated with immune 
response and inflammation (in green). 
Colors of the node denote the clusters 
identified by InfoMap.

was decreased ATP production in palmi-
tate treated DRG neurons along with mito-
chondrial depolarization. Collectively, these 
results suggest that saturated fatty acids 
induce DRG neuron mitochondrial depolar-
ization, inhibiting axonal mitochondrial traf-
ficking and decreasing ATP production.

In a second approach to understand mito-
chondrial function, we used the Seahorse 
Analyzer to assess changes in mitochon-
drial respiratory chain function in the DRG 
neurons (proximal) and sural nerve tissue 
(distal) of two mouse models of peripheral 
neuropathy: the 60% High Fat Diet (HFD) 
mouse model of obesity and prediabetes 
and the BLKS-db/db model of T2D. Rest-
ing mitochondrial oxidative metabolism 
was upregulated in DRG neurons from mice 
with neuropathy, with increased resting ATP 
production and maintained mitochondrial 
coupling. In contrast, resting ATP generation 
was decreased in sural nerve from mice 
with neuropathy, with decreased coupling 
efficiency. These data suggest a change 
in absolute number and function of sural 
nerve mitochondria and a conserved cross-
model proximaldistal bioenergetic profile 
in peripheral neuropathy. We are currently 

exploring the relationship between these 
changes and neuropathy pathogenesis.

TRANSCRIPTOMICS IN DPN 
In our transcriptomics studies, we found that 
multiple immune molecules were upregu-
lated at both early and later stages of dis-
ease (PMC5955815).

Finally, we reanalyzed previously published 
DN-related microarray datasets from hu-
man and multiple murine models using a 
unified analysis pipeline. Eight microarray 
datasets on peripheral nerve samples from 
murine models of T1D (STZ-treated) and 
T2D (db/db and ob/ob) diabetes of various 
ages and human participants with non-pro-
gressive and progressive DPN were collect-
ed in effort to identify a possible disease 
mechanism conserved between various 
models and humans with DPN. Differentially 
expresses genes (DEGs) were identified be-
tween non-diabetic and diabetic samples 
in murine models and non-progressive and 
progressive human samples using a unified 
analysis pipeline. A transcriptional network 
for each DEG set was constructed based on 
literature-derived genegene interaction in-
formation. Seven pairwise human-vs-murine 
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comparisons using a network-comparison 
program resulted in shared sub-networks in-
cluding 46 to 396 genes, which were further 
merged into a single network of 688 genes 
(Fig. 1A). Pathway and centrality analy-
ses revealed highly connected genes and 
pathways including LXR/RXR activation, 
adipogenesis, glucocorticoid receptor sign-
aling and multiple cytokine and chemokine 
pathways. The top 50 genes ranked within 
our centrality measures of closeness, be-
tweenness, degree and eigenvector totaled 
64 genes, representing the most centrally 
connected genes within our network. 

Mitochondrial Function: Our transcriptomic 
data also lead us to examine whether mi-
tochondrial uncoupling alters progression 
of DPN; we completed one large animal 
study examining the effect of the mitochon-
drial uncoupler, niclosamide ethanolamine 
(NEN), on DPN. Male BKLS-db/db and db/+ 
controls were fed control or NEN chow 6-12 
wk and 6-24 wk. Metabolic and DPN phe-
notyping occurred at 12/24 wk. T2D was 
assessed via body weight, fasting blood 
glucose and glycated hemoglobin. Unex-
pectedly, NEN treatment did not lower body 
weight or hyperglycemia in db/db mice, 

and treatment did not prevent the devel-
opment of DPN. Those data suggest that di-
rectly targeting mitochondrial function with 
uncoupling drugs is unlikely to provide ther-
apeutic benefit for DN. 

We continue to pursue the overarching 
hypothesis that fatty acid uptake, lipid oxi-
dation and lipid biosynthetic pathways are 
dysregulated by diabetes in the peripher-
al nervous system and that elucidation of 
these altered pathways will provide new 
mechanism-based therapeutic targets for 
neuropathy prevention and treatment. Dur-
ing the first three years of IDNC funding, 
we completed clinical studies that support 
the idea that components of the metabol-
ic syndrome converge with hyperglycemia 
to mediate nerve injury and DPN. In murine 
studies, we have used a combination of 
gene expression analysis, steady-state and 
dynamic fluxomics and lipidomics and have 
discovered a down-regulation of energy 
metabolism in the peripheral nerve in mice 
with diabetes and DPN. Specifically we 
have discovered a functional downregula-
tion of glucose and lipid metabolism, lead-
ing to energy failure as the likely underlying 
pathogenesis of DPN.
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EDUCATIONAL 
ACTIVITIES AND 
NETWORKING
Educational activities and networking continue to constitute 
important elements of the IDNC. IDNC events are announced 
on the consortium’s webpage (www.idnc.au.dk), university 
websites and mailing lists and are generally open to every-
one interested – free of charge. 
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INTERNATIONAL SYMPOSIUM
7-8 June 2018 Aarhus Denmark
IDNC Annual Meeting 2018 
Diabetic neuropathy and the way forward
The IDNC Annual Meeting 2018 took 
place in Aarhus on 7-8 June 2018 with 
an attendance of 90 national and 
international researchers, including a large 
group of young participants.

GUEST LECTURES
The role of fat in diabetic neuropathy
Brian Callaghan, University of Michigan, 
Ann Arbor (USA) 

Lipid changes in diabetic neuropathy
Eva Feldman, University of Michigan, Ann 
Arbor (USA)

New molecular mechanisms in diabetic 
neuropathy
Douglas Zochodne, University of Alberta 
(Canada) 

Are Schwann cells critical for diabetic 
neuropathy?
Nadia Gonçalves, Aarhus University (DK) 

Antiinflammatory effects of exercise in 
diabetes
Bente Klarlund Pedersen, Rigshospitalet 
(DK) 

Exercise as therapy for diabetic neuropathy 
John R. Singleton, University of Utah (USA) 

Effect of exercise in neurological disease 
Ulrik Dalgas, Aarhus University (DK)

Diabetic neuropathy staging 
A. Gordon Smith, Virginia Commenhealth 
Universty (USA)

The diabetic foot 
Solomon Tesfaye, Sheffield Teaching 
Hospitals (UK)

Imaging in peripheral diabetic neuropathy 
Henning Andersen, Aarhus University (DK)

The PiNS Study 
Andreas Themistocleous, University of 
Oxford (UK)

Clinical and experimental assessment of 
autonomic neuropathy 
Roy Freeman, Harvard Medical School 
(USA)

What is known/unknown about cardiac 
autonomic neuropathy? 
Rodica Pop-Busui, University of Michigan 
(USA)

Heart rate variability in diabetes 
Jesper Fleischer, Aarhus University (DK) 

Peripheral and central autonomic 
disturbances  
Astrid Juhl Terkelsen, Aarhus University 
Hospital (DK)

The philosophy behind Steno Diabetes 
Centers 
Jannik Hilsted, Novo Nordisk Foundation 
(DK)

The Steno Diabetes Centers in Denmark: 
From traditional structures to cross-
sectorial collaboration 
Allan Flyvbjerg, Steno Diabetes Center 
Copenhagen (DK)

Steno Diabetes Center Aarhus: 
Current status 
Troels Krarup-Hansen, Steno Diabetes 
Center Aarhus (DK)
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The IDNC Annual Meeting 2018, Aarhus DK
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GUEST VISITS

Robert Helme, Honorary, Medicine
Royal Melbourne Hospital
July-August 2017

Pain Specialist Danita Weeracharoenkul
Associate Professor Supranee Niruthisard 
Faculty of Medicine Chulalongkorn 
University King Chulalongkorn Memorial 
Hospital Bangkok 10330, Thailand 
June 2018

RESEARCH STAYS ABROAD

Pall Karlsson
Skin Biopsy Lab, Telese Terme IRCCS, 
Telese Terme, Italy
September 2017 and June 2018

Sif Gylfadottir
deCODE genetics, Reykjavik, Iceland
May and June 2018

AWARDS AND PRIZES

Andreas Themistocleous
NIAA Research Award, The National 
Institute of Academic Anaesthesia, 2018.

Troels Staehelin Jensen
Honorary Member of the International 
Association for the Study of Pain. 
September 2018

Anders Stouge
Best oral presentation at Neurodiab 2018.

KEY NOTE LECTURES

Troels Staehelin Jensen
Diabetic neuropathy: diagnosis and staging
Indonesia Neurological Society, Pekanbaru, 
Sumatra, Indonesia, 12-14 October 2017

Painful neuropathy diagnosis and treatment
Faculty of Medicine Chulalongkorn 
University King Chulalongkorn Memorial 
Hospital Bangkok, Thailand, 24 January 
2018

Neuropathic pain and diabetes
Department of Anesthesiology, University 
of Santo Tomas, Manila, Philippines, 21-24 
March 2018

SCIENTIFIC MEETINGS AND TEACHING 
ACTIVITIES

Members of the IDNC gave lectures 
and poster presentations at numerous 
key national and international scientific 
meetings and courses on pain and 
diabetes in 2017/2018, including the 
following:

• American Diabetes Association’s 77th  
 Scientific Sessions
 San Diego, California, USA, 9-13 June  
 2017

• 16th European Congress of Clinical  
 Neurophysiology 
 Budapest, Hungary, 30 August to 2  
 September 2017

• EFIC Pain Congress 
 Copenhagen, Denmark, 6-9 September  
 2017

• Neurodiab 2017 
 Coimbra, Portugal, 9-11 September  
 2017 TSJ key note speaker

• 53rd EASD Annual Meeting of the  
 European Association for the Study 
 of Diabetes
 Lisbon, Portugal, 11-15 September 2017

• 1st Annual Research Meeting,  
 Department of Clinical Medicine 
 Aarhus University, 14 November 2017

• 9th Nordic EMBL Partnership Meeting  
 Oslo, Norway, 11-14 September, 2018

• 31st International Congress of Clinical  
 Neurophysiology 
 Washington DC USA, 1-6 May 2018

• Neurodiab 2018 
 Rome, Italy, 4-7 September 2018

• IASP World Congress on Pain 
 Boston, USA,12-16 September 2018

EDUCATIONAL ACTIVITIES AND PUBLICATIONS
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1. Andersen ST, Witte DR, Andersen H, Bjerg L, Bruun NH, Jørgensen ME, Finnerup NB, 
Lauritzen T, Jensen TS, Tankisi H, Charles M. Risk-factor trajectories preceding diabetic 
polyneuropathy: ADDITION-Denmark. Diabetes Care 2018; 41: 1955-1962. 

2. Andersen ST, Witte DR, Dalsgaard EM, Andersen H, Nawroth P, Fleming T, Jensen 
TM, Finnerup NB, Jensen TS, Lauritzen T, Feldman EL, Callaghan BC, Charles M. Risk 
Factors for Incident Diabetic Polyneuropathy in a Cohort With Screen-Detected Type 
2 Diabetes Followed for 13 Years: ADDITION-Denmark. Diabetes Care 2018; 41: 1068-
1075. 

3. Andersen ST , Grosen K, Tankisi H, Charles M, Andersen NT, Andersen H,  Petropoulos 
IN, Malik R, Jensen TS, Karlsson P. Corneal confocal microscopy as a tool for detecting 
diabetic polyneuropathy in a cohort with screen-detected type 2 diabetes: ADDITION-
Denmark. J Diabetes Complications 2018. (accepted) 

4. Blesneac I, Themistocleous AC, Fratter C, Conrad LJ, Ramirez JD,  Cox JJ, Shillo PR, 
Tesfaye S, Rice ASC, Tucker SJ, Bennett DLH. Rare Nav1.7 variants associated with 
painful diabetic peripheral neuropathy. PAIN 2018: 159 : 469-480.   

5. Callaghan BC, Burke JF, Kerber KA, Albers JW, Feldman EL. Electrodiagnostic tests 
are unlikely to change management in those with a known cause of typical distal 
symmetric polyneuropathy. Muscle Nerve 2017; 56: E25. 

6. Galosi E, La Cesa S, Di Stefano G, Karlsson P, Fasolino A, Leone C, Biasiotta A, Cruccu 
G, Truini A. A pain in the skin. Regenerating nerve sprouts are distinctly associated with 
ongoing burning pain in patients with diabetes. Eur J Pain 2018 Jun 8. [Epub ahead of 
print] 
 

7. Gonçalves NP, Vægter CB, Pallesen LT. Peripheral Glial Cells in the Development of 
Diabetic Neuropathy. Review. Front Neurol 2018; 9: 268.  

8. Gribsholt SB, Thomsen RW, Farkas DK, Sørensen HT, Richelsen B, Svensson E. Changes 
in prescription drug use after gastric by-pass surgery: a nationwide cohort study. Ann 
Surg 2017; 265: 757-765. 

9. Grisold A, Callaghan BC, Feldman EL. Mediators of diabetic neuropathy: is 
hyperglycemia the only culprit? Curr Opinion Endocrinol Diabetes Obes 2017; 24: 
103-111.   

10. Han C, Themistocleous AC, Dib-Hajj FB, Blesneac I, Macala L, Fratter C, Bennett DL, 
WaxmanSG, Dib-Hajj SD. The novel activity of carbamazepine as an activation 
modulator extends from NaV1.7 mutations to the Nav1.8-S242T mutant channel from 
subject with painful diabetic neuropathy. Mol Pharmacol 2018 Aug 22. [Epub ahead 
of print] 

11. Helme RD, Finnerup NB, Jensen TS. Hyperpathia: “to be or not to be: that is the 
question”. Pain 2018; 159: 1005-1009. 

PEER-REVIEWED PUBLICATIONS
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12. Hinder LM, O’Brien PD, Hayes JM, Backus C, Solway AP, Sims-Robinson C, Feldman 
EL. Dietary reversal of neuropathy in a murine model of prediabetes and metabolic 
syndrome. Dis Model Mech 2017; 10: 717-725.   

13. Karlsson P, Hincker AM, Jensen TS, Freeman R, Haroutounian S. Structural, functional 
and symptom relations in painful distal symmetric polyneuropathies: a systematic 
review. Pain 2018 Aug 27. [Epub ahead of print] 

14. Kural* M, Karlsson* P, Pugdahl K, Isak B, Frederiksen AF, Tankisi H. Diagnostic utility 
of distal nerve conduction studies and sural near-nerve needle recording in 
polyneuropathy. Clin Neurophysiol  2017: 9: 1590-1595. *Shared first authorship. 

15. Kural MA, Andersen ST, Andersen NT, Andersen H, Charles M, Finnerup NB, Jensen TS, 
Tankisi H. The Utility of a Point-of-Care Sural Nerve Conduction Device for Detection of 
Diabetic Polyneuropathy: A Cross-Sectional Study. Muscle Nerve 2018. (in press)  

16. Mor A, Dekkers OM, Nielsen JS, Beck-Nielsen H, Sørensen HT, Thomsen RW. Impact of 
Glycemic Control on Risk of Infections in Patients With Type 2 Diabetes: A Population-
Based Cohort Study. Am J Epidemiol 2017; 186: 227-236.    

17. Pascal MV, Themistocleous AC, Baron R, Binder A,  Bouhassira D, Crombez G, Finnerup 
NB, Gierthmühlen J, Groop L, Jensen TS, Johnsen K, McCarthy MI,  Meng W, Palmer 
CNA, Rice ASC, Serra J, Yarnitsky D, Smith BH, Attal N, Bennett DLH (2018). DOLORisk: 
study protocol for a multi-centre observational study to understand the risk factors and 
determinants of neuropathic pain. Wellcome Open Research. Under Open Review.   

18. Rasmussen TK, Hansen J, Low PA, Sandroni P, Singer W, Jensen TS, Terkelsen AJ. 
Autonomic function testing: Compliance and consequences. Auton Neurosci 2017; 
208: 150-155.  

19. Rasmussen VF, Karlsson P, Drummond PD, Schaldemose EL, Terkelsen AJ, Jensen TS, 
Knudsen LF. Bilaterally reduced intraepidermal nerve fiber density in unilateral CRPS-1. 
Pain Med 2017: pnx240. 

20. Segerdahl A, Themistocleous AC, Fido D, Bennett DL, Tracey I.  A brain based pain 
facilitation mechanism underlies painful diabetic polyneuropathy. Brain 2018; 141: 
357-364.  

21. Shepherd AJ Mickle AD, Copits BA, Kadunganattil S, Karlsson P et al. Angiotensin 
Triggers Macrophageto-Sensory Neuron Cross-talk to Elicit Neuropathic Pain J Neurosci 
2018: 38: 7032-7057. 

22. Sieberg CB, Taras C, Gomaa A, Nickerson C, Wong C, Ward C, Baskozos G, Tesfaye 
S, Rice ASC, Bennett DLH, Ramirez JD, Shillo PR, Themistocleous AC, Edwards RR, 
Andrews N, Berde C, Costigan M. . Neuropathic pain drives anxiety behavior in mice 
and diabetic neuropathy patients. PAIN Reports 2018; 3 :e651. 

23. Stidsen JV, Nielsen JS, Henriksen JE, Friborg SG, Thomsen RW, Olesen TB, et al. Protocol 
for the specialist supervised individualised multifactorial treatment of new clinically 
diagnosed type 2 diabetes in general practice (IDA): a prospective controlled 
multicentre open-label intervention study. BMJ Open 2017; 7: e017493. 
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24. Svensson E, Baggesen LM, Johnsen SP, Pedersen L, Nørrelund H, Buhl ES, et al. Early 
Glycemic Control and Magnitude of HbA1c Reduction Predict Cardiovascular Events 
and Mortality: Population-Based Cohort Study of 24,752 Metformin Initiators. Diabetes 
Care 2017; 40: 800-807.   

25. Terkelsen AJ, Karlsson P, Lauria G, Freeman R, Finnerup NB, Jensen TS. The diagnostic 
challenge of small fibre neuropathy: clinical presentations, evaluations, and causes. 
Lancet Neurol 2017; 16: 934-944. 

26. Terkelsen AJ, Hansen J, Klostergaard A, Otto M, Mølgaard H, Hvas CL, Krogh K, Kirkeby 
HJ, Andersen H, Jensen TS. [Neurogenic autonomic dysfunction in adults]. [Article in 
Danish] Ugeskr Laeger. 2018 ;180; V08170612. 

27. Themistocleous AC, Crombez C, Baskozos G, Bennett DL. Using stratified medicine to 
understand, diagnose and treat neuropathic pain. PAIN 2018; 159; Suppl 1: S31-S42. 

28. Yarnitsky D, Smith BH, Attal N, Bennett DLH. DOLORisk: study protocol for a multi-centre 
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pain. Wellcome Open Research 2018. Under Open Review.   

29. Vollert J, Maier C, Attal N, Bennett DLH, Bouhassira D, Finnerup NB, Freynhagen R, 
Haanpää M, Hansson P, Jensen TS, Ramirez JD, Rice ASC, Segerdahl M, Serra J, Shillo 
PR, Sindrup S, Tesfaye S, Themistocleous AC, Tölle TR, Treede RD, Baron R. Stratifying 
patients with peripheral neuropathic pain based on sensory profiles: algorithm and 
sample size recommendations. PAIN 2017; 58, 1446-1455.  

30. Vaeggemose M, Pham M, Ringgaard S, Tankisi H, Ejskjaer N, Heiland S, et al. Diffusion 
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THESES AND REPORTS

1. Stouge A. Compositium and size of striated muscles in patients with type 2 diabetes 
with and without diabetic polyneuropathy: a magnetic resonance study. Research 
year report. HEALTH, Aarhus University 2018.









Editors: 
Troels Staehelin Jensen and Helle Obenhausen Andersen,
International Diabetic Neuropathy Consortium

Layout:
Astrid Friis Reitzel, 
AU Events and Communication support

Photos:
AU Events and Communication support and private

Printing: 
vahle+ nikolaisen

Print run: 150

Visit us at idnc.au.dk



DANISH PAIN RESEARCH CENTER
Aarhus University Hospital
Nørrebrogade 44, Building 1A
8000 Aarhus C
Denmark

The IDNC is based at the Danish Pain Research Center.


