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Opening Remarks

Rudolf F. GuTHOFF ML (Rostock)

According to estimates published in 2010, there are 285 million people with diabetes world-
wide (of whom 90 % have type 2 diabetes). The number of people suffering from diabetes is
set to continue to rise rapidly, with Asia and Africa being particularly affected. The main ob-
jective of the 2-day symposium “Vision and Diabetes” was to analyse the scientific interfaces
between endocrinology and ophthalmology and to develop ideas for further collaboration.

To date, the close links between the fields of diabetology and ophthalmology have focused
primarily on the diagnosis and treatment of diabetic microangiopathy of the retina — although
there still exists no consensus concerning the relevant metabolic parameters for the prophy-
laxis of diabetic retinopathy.

In recent years major advances have been made in treatment appropriate for this disease
stage — especially with regard to damage to the central retina and the threat to visual acuity —
thanks to administration of drugs into the vitreous chamber and new microsurgery techniques.
As aresult there has been a marked decline in the incidence of blindness in the industrialized
nations where such pharmacological and technological modalities are available.

International health research studies have shown that there is a major divide between opti-
mal clinical care and current healthcare in Sub-Saharan Africa. Religious beliefs and attitudes
to health play a crucial role, particularly when established treatment methods are transplanted
from one medical culture for implementation in another. When introducing new treatment
strategies it is important to acquire fundamental knowledge about the target population, the
local culture and prevailing attitudes towards health issues.

The epidemiological importance of diabetes mellitus was outlined in introductory lectures
delivered by Professor DOBLHAMMER-REITER of the Max-Planck-Institute for Demographics
Rostock and Professor Paul SIEVING (ML) of the US National Institutes of Health. Further
sessions explored (/) advances in diabetic research, (2) the importance of novel ophthalmo-
logical imaging techniques — the eye as a biomarker for neuropathy, and (3) diabetic care —
today and tomorrow.

Prof. Dr. Rudolf F. GUTHOFF
Universitdtsmedizin Rostock

Klinik und Poliklinik fiir Augenheilkunde
Doberaner Strafie 140

18057 Rostock

Germany

Tel.:  +49 381 4948501

Fax:  +49 381 4948502

E-Mail: rudolf.guthoff @med.uni-rostock.de
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The Demography of Diabetes mellitus

Gabriele DOBLHAMMER, 245> Thomas FRITZE,?5 and
Anja NOERENBERG® (Rostock)

With 3 Figures and 1 Table

Abstract

Against the background of ageing societies, diabetes is a major risk factor regarding mortality, disability and poor
quality of life with high costs for the health care system. We find specific regional patterns of diabetes mellitus in
Germany with the highest prevalence rates in the north-east and the lowest in the south west. Among others, age and
life-style aspects are important known risk factors, however, living-circumstances in terms of economic conditions at
the time of birth are also relevant for the risk of suffering from diabetes later in life.

Zusammenfassung

Vor dem Hintergrund der demografischen Alterung ist Diabetes eine grofle Belastung fiir Gesundheit, Wohlbefinden
und Lebensqualitit jedes Einzelnen, aber auch der Versorgungssysteme insgesamt. Zum einen beschreiben wir die
spezifische regionale Verteilung der Diabetespriavalenz in Deutschland mit den hochsten Werten im Nordosten und
den niedrigsten Werten im Siidwesten. Zum anderen diskutieren wir verschiedene bekannte Risikofaktoren wie Alter
und Lebensstil. Wir zeigen aber auch den Einfluss friiher Lebensumstinde auf das Risiko des Auftretens von Diabe-
tes im spiteren Leben am Beispiel okonomischer Bedingungen zum Zeitpunkt der Geburt.

1. Introduction

While the reduction of cardio-vascular mortality is one of the main drivers of the increas-
ing life expectancy, the prevalence of diabetes mellitus, one of the most important underly-
ing causes of cardio-vascular disease, has been steadily increasing, and it is now one of the
most frequent metabolic diseases in Europe as well as worldwide (HEIDEMANN et al. 2011).
Against the background of increasing life expectancy this article provides a general descrip-
tion of trends and patterns of diabetes mellitus in the industrialized world. We then explore
age-specific and regional patterns in Germany using newly available data from the largest

University of Rostock, Institute for Sociology and Demography, Ulmenstr. 69, 18057 Rostock, Germany.

2 German Center for Neurodegenerative Diseases (DZNE) Bonn, Ludwig-Erhard-Allee, 53175 Bonn, Germany.

3 German Center for Neurodegenerative Diseases (DZNE) Rostock/Greifswald, Gehlsheimer Str. 20, 18147 Ros-
tock, Germany.

4 Max Planck Institute for Demographic Research, Rostock, Konrad-Zuse-Str. 1, 18057 Rostock, Germany.

5 Rostock Center for the Study of Demographic Change, Konrad-Zuse-Str. 1, 18057 Rostock, Germany.

6 Department of Pediatrics, University Children’s Hospital Rostock, Rostock, Germany.
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German public health insurance company. Finally, we turn to the question whether early-life
living-circumstances influence the occurrence of diabetes mellitus later in life. We explore cy-
clical variations in the business cycle in eleven European countries in the first part of the 20t
century and link this information with data on the occurrence of diabetes in a Europe-wide
survey on health of elderly people.

2. Trends in Life Expectancy

The 20" century has been the century of unprecedented and continuous mortality decline
resulting in ever increasing life expectancy in the industrialized world. In 1900 average life
expectancy at birth was about 45 years, in 2009 Japanese women had worldwide the highest
life expectancy with 86.5 years. In the last 160 years life expectancy has been increasing
in average by three months a year among the record holding countries (CHRISTENSEN et al.
2009, OepPEN and VAUPEL 2002), which are the countries with the worldwide highest life
expectancy at a given point in time. The increase was similar among the industrialized coun-
tries that did not have record life expectancy themselves (Rau et al. 2008). This remarkable
upward trend was interrupted only briefly by the two World Wars and by the Spanish Flu in
1918, which, however, did not alter the pace of the steady increase. Up to now, there has been
no deceleration in the increase in record life expectancy, and the rise has been steady and
almost linear (OEPPEN and VAUPEL 2002).

These findings are based on the measure of period life expectancy, which is life expect-
ancy estimated for a particular year combining the mortality regime of a new-born up to the
oldest person. The measure of period life expectancy assumes that the mortality regime re-
mains unchanged over the coming years. Since it is plausible to expect that mortality will also
decline in the future, period life expectancy is most probably an underestimation of the true
life expectancy. An alternative measure is cohort life expectancy where the mortality regime
of a birth cohort is followed over time. The complete mortality experience is, however, only
available for cohorts born 1920 and earlier, where most of the members have already died.
Newer findings indicate that, when cohort rather than period life expectancy is considered,
we see an even greater increase in record life expectancy, of more than five months per year
(SHKOLNIKOV et al. 2011). Regardless of whether cohort or period life expectancy is used, a
further increase in life expectancy is expected for both the best-practice countries and for all
other (developed) countries.

In the second part of the 20t century a new pattern of mortality decline has been evolving.
The gains in life expectancy primarily stem from ages 60 and above with a large fraction con-
tributed by the old and oldest-old (CHRISTENSEN et al. 2009). Today an 80-year-old German
woman has the same remaining life expectancy as her 75-year-old counterpart would have
had 50 years ago. Her probability of dying at age 80 has more than halved.

In the first half of the 20t century the increase in life expectancy was due to the reduc-
tion of infant and child mortality as well as the successful fight against infectious disease. In
the period 1850-1900 about 62 % of the increase in record life expectancy was due to the
reduction of mortality at ages O to 14; in the years 1990 to 2007 they only contributed 6 %. In
comparison, the oldest-old aged 80 and above contributed 0.87 % to the increasing life expect-
ancy between 1850 and 1900, but 42 % between 1990 and 2007. Since 1990 about 79 % of
the increase comes from ages 65 and above (CHRISTENSEN et al. 2009). All major groups of

10 Nova Acta Leopoldina NF 779, Nr. 401, 9-20 (2014)



The Demography of Diabetes mellitus

causes of death, with the exception of lung cancer among women, contributed to this mortal-
ity decline (JANSSEN et al. 2004, 2005).

Better living conditions, higher education and income, life-style factors such as smoking,
diet and physical activity, and advances in medical technology are important determinants of
the mortality decline (MESLE and VALLIN 2002, ROBINE et al. 2005, VALLIN 2005, VALLIN
and MESLE 2001). The first phase of the mortality reduction, frequently named the first epi-
demiological transition (OMRAN 1971), was caused by the reduction of infectious diseases.
Many scholars argue that better living conditions in terms of nutrition, sanitation and public
health measures were the driving factors. The second phase is related to the reduction of car-
dio-vascular mortality starting in the middle of the 1960 decade and medical technology as
well as changing life style factors have significantly contributed to the decline. A future third
phase in the mortality development might be related to the smoking patterns among women,
where countries with high female smoking prevalence rates such as The Netherlands, Den-
mark and the United States fared worse in terms of mortality than e.g. France or Japan (JANs-
SEN et al. 2004, NUSSELDER and MACKENBACH 2000). Also the trends in neurodegenerative
diseases such as dementia might be important for future gains in life expectancy.

3. The Definition and Occurrence of Diabetes mellitus

Diabetes mellitus comprises different metabolic disorders but does not include a consistent
clinical picture. It is moreover a syndrome with different etiology, epidemiology, and patho-
genesis (Rosak 2003). Chronic hyperglycaemia and a high risk of malfunction of important
organs are common symptoms of the syndrome. The reasons for the lack of function are
microvascular (nephropathy, retinopathy, neuropathy) und macrovascular (atherosclerosis,
myocardial infarction, stroke) complications (GINTER and StMkO 2010). A major cause of all
symptoms is a reduced insulin secretion or a deficient insulin action or both (WALDHAUSL et
al. 2004). According to the American Diabetes Association four different types of diabetes
mellitus exist: type 1 diabetes, type 2 diabetes, gestational diabetes, and a group of other
specific types of diabetes (e.g. diseases of the exocrine pancreases, endocrinopathies or chem-
ically induced diabetes) (SIERRA 2009).

Diabetes is a cost-intensive disease. In the year 2012 diabetes caused more than 471 bil-
lion US-Dollars in healthcare expenditures to cover the direct and indirect costs of the treat-
ment. That is more than 11% of the total costs for healthcare for the age group 20 to 79
(International Diabetes Federation 2011). The costs in Europe amount to about 130.6 billion
US-Dollars and in North America and Carribean it is approximately 223.5 billion US-Dollars
in 2011 (Tab. 1).

In 2012, 371 million people worldwide suffer from diabetes (International Diabetes Fed-
eration 2011). More than 90 % of the diabetes cases stem from type 2 diabetes, indicating
the crucial role of this particular diagnosis for the patients and the health care system. There
is a general consensus that the number of cases with type 2 diabetes will increase in almost
all countries (OpuTA and CHINENYE 2012). In 2030, the projected number of people with
diabetes will be about 552 million (age 20-79) starting from 366 million in 2011. The global
age-standardized prevalence will increase from 8.5 % in 2011 to 8.9 % in 2030. Europe has a
comparatively low age-standardized prevalence, which will increase from 6.7 % (52.8 million
people) in 2011 to 6.9 % (64.2 millions) in 2030. The age-standardized prevalence in North

Nova Acta Leopoldina NF 779, Nr. 401, 9-20 (2014) 11
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Tab. 1 Statistics of population, diabetes prevalence, healthcare expenditures, and diabetes mortality in Europe and
North America and Carribean (Source: International Diabetes Federation 2012)

Europe North America
and Carribean
2011 2030 2011 2030
Population
Total population (millions) 899 931 481 558
Adult population (2079 years, millions) 653 673 322 386
Diabetes (2079 years)
Regional prevalence (%) 8.1 9.5 11.7 13.2
Age-standardized prevalence (%) 6.7 6.9 10.7 11.2
Number of people with diabetes (millions) 52.8 64.2 37.7 51.2
Healthcare expenditures due to diabetes
(2079 years; USD)
Total healthcare expenditure (billions) 130.6 157.0 223.5 283.9
Diabetes mortality (20—79 years)
Number of deaths, men (thousands) 282.4 150.6
Number of deaths, women (thousands) 317.6 130.2
Number of deaths, total (thousands) 600.0 280.9

America and Carribean is comparatively high, and it will increase from 10.7 % in 2011 (37.7
millions) to 11.2 % in 2030 (51.2 millions) (International Diabetes Federation 2011) (Tab. 1).

A problem when estimating the prevalence of diabetes is the high number of undiagnosed
cases. Estimates suggest that worldwide about 50 % of the people suffering from diabetes do
not receive a diagnosis by a physician. Therefore, an estimated 183 million might be unaware
of their illness. While the proportion of undiagnosed cases is particularly high in Sub-Saha-
ran Africa (81.2 %) and the Western Pacific area (57.9 %), also in Europe (38.6 %) and North
America and Caribbean (29.2 %) a sizeable proportion remains undiagnosed. Reasons for
the lack of diagnosis may be the unawareness or misdiagnosis of symptoms, or that affected
people do not show any symptoms (International Diabetes Federation 2011).

Estimating the number of deaths due to diabetes is challenging. Most often there are no
data on diabetes-related mortality or health statistics underestimate the number of deaths. The
International Diabetes Federation (2011) estimates a number of 4.8 million deaths related to
diabetes. Cardiovascular disease as one of the major causes of death for people with diabetes
can account for about 50 % of the above mentioned number of deaths. There seems to be no
gender difference.

4. Age-Specific Profile and Regional Patterns of Diabetes mellitus in Germany

Age is a significant risk factor of diabetes and the incidence and prevalence of diabetes in-
creases with age (HEIDEMANN et al. 2011). Increasing life expectancy resulting in population
aging with ever more people at higher ages is thus a major factor behind the increase in the

number of people with diabetes, particularly in the industrialized world.
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The Demography of Diabetes mellitus

We use newly available data of the “Allgemeine Ortskrankenkasse” (AOK) to explore
age-specific prevalence rates of diagnosed diabetes for ages 60 and above in Germany. The
AOK is the largest German public health insurance covering about one-third of the total pop-
ulation. Among the oldest-old, the AOK covers more than 50 % of the population. The claims
data include complete records of the stationary and ambulatory treatment from each insured
person with at least one day of insurance coverage (SCHULz and DOBLHAMMER 2012). An
age-stratified sample was drawn from all insured persons of birth cohorts 1957 and earlier in
the first quarter of 2007. The sample comprises 1,565,450 persons aged 60 and above.

Diabetes is defined based on the ICD numbers E10 to E14 according to the ICD-10 clas-
sification of diagnoses and diseases. We do not differentiate between different etiologies but
combine all ICD numbers into one group which we call “diabetes”.

Information about the population at risk is also based on the stratified sample and contains
the number of AOK-insured person-years aggregated by sex, and age x. We calculate the
prevalence-rates of diabetes as follows:

Prevalence, = insured person-years with diabetes diagnosis, (]

total insured person-years,

In the claims data, age-specific prevalence rates at age 60 start at a level of 18,208 cases per
100,000 person-years for men and 14,360 for women.” They increase until the age of 7579
among men (30,450 cases) and 80—84 among women (24,825 cases). The increase is fol-
lowed by a plateau, and from age 85—89 onwards they decrease for both sexes (Fig. 1). The
plateau and the following decline is not unusual for an age-specific profile of disease, similar
features exist in the age-specific profile of mortality (VAUPEL et al. 1979), but also e.g. de-
mentia (DAVIGLUS et al. 2010, DOBLHAMMER et al. 2012). Three different explanations might
account for the plateau and the following decline. First, diabetes mellitus might be related to a
certain age due to age-specific changes in biological and environmental risk factors. Once the
high-risk age is surpassed, the prevalence of diabetes decreases. Second, selective mortality
related to diabetes changes the composition of the population and at higher ages predomi-
nantly individuals free from diabetes survive. Third, medical doctors refrain from diagnosing
diabetes with increasing age.

The claims data also permit the regional analysis of the diabetes pattern in Germany. We
explore age-standardized prevalence rates using the German population aged 60+ for both
sexes combined as the standard population (HMD 2013). Figure 2 shows the prevalence rates
of diabetes in Germany on a 2-digit postal code level for the population at age 60 and above.
The results reveal striking regional differences with the highest standardized prevalence rates
in the north-east of Germany. We find the lowest rates in the south-western regions and espe-
cially in the north-western areas.

Similar results are reported by ScHIPF et al. (2012) who use a sample of 11,688 study
participants and 1,008 persons with diabetes. The subjects aged 45—74 years stem from five
regional population-based studies: SHIP in the northeast, CARLA in the east, HNR and DHS
in the west, and KORA S4 in the south of Germany. Additionally, data from the nationwide
German National Health Interview and Examination Survey 1998 (GNHIES 98) were includ-

7 In the remainder of the text we omit the qualification per 100,000 person years.

Nova Acta Leopoldina NF 779, Nr. 401, 9-20 (2014) 13
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Fig. 1 Age-specific prevalence rates of diabetes, Germany, 2007 (Data source: Claims data AOK 2007; Prevalence
per 100,000 person-years)

ed. All of the studies used similar methods regarding the study design, selection of the study
population, and the definition of type 2 diabetes resulting in similar response rates. Type
2 diabetes was defined based on self-reported diabetes or self-reported diabetes treatment
with drugs and age at diagnosis. The estimated regional prevalence rates have been directly
standardized to the German adult population (31 December 2007). The results show a south-
west-to-northeast gradient with the highest prevalence in the east (12.0%) and the lowest
in the south (5.8 %). The SHIP study in the northeast shows a value of 10.9 %, the western
studies have a prevalence of 9.3 % (DHS) and 7.2 % (HNR). The results are consistent with
results from our nationwide study.

The regional patterns in the prevalence of diabetes are in agreement with regional differ-
ences in cardio-metabolic risk factors such as obesity and lifestyle-habits. The prevalence of
e.g. hypertension or smoking is higher in the northeast than in the south and west of Germany.
Further, the regional differences might be explained by differences in health care (see SCHIPF
et al. 2012 for more details and the according literature).

5. Risk Factors of Type 2 Diabetes

Next to age, several risk factors, especially for type 2 diabetes, are well established in the
literature. This includes late-life aspects as well as conditions early in life.

Obesity and little physical activity are important risk factors (GINTER and SiMko 2010)
with obesity being part of the metabolic syndrome. This syndrome is a generic term for the
co-occurrence of different diseases (Rosak 2003) and includes central obesity, impaired

14 Nova Acta Leopoldina NF 779, Nr. 401, 9-20 (2014)
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Fig. 2 Regional prevalence of diabetes in Germany (2007), ages 60+ (Data source: Claims data AOK 2007;
Age-standardized; 2-digit postal codes; Cases per 100 person-years)

glucose tolerance, essential arterial hypertension and dyslipoproteinaemia (HAAK and PaA-
LITZSCH 2012). All of these affections go hand in hand with a high morbidity and mortality
by coronary, cerebral, and peripheral vascular diseases (Rosak 2003).

In recent years the prevalence of obesity has grown rapidly in the developed countries. In 80
to 90 % of all cases people with type 2 diabetes are obese at the time of diagnosis (Haak and
PavritzscH 2012). This increase reflects the lifestyle changes in the “western world” including
a lack of exercise and the increase of hyper-caloric diet with high fat and low fibre content
(WALDHAUSL et al. 2004). The excessive intake of food leads to an elevated secretion of insulin,
which than has a peripheral insulin resistance as consequence (ARASTEH and BAENKLER 2013).
The risk of developing type 2 diabetes is three times higher with a weight gain of 8 to 10 kilo-
grams and five times higher with a gain of 11 to 20 kilograms (HIEN and B6HM 2010).

Further risk factors of type 2 diabetes include alcohol consumption, smoking (RosAk
2003), low education and low income (HEIDEMANN et al. 2011). Furthermore, several ethnic

Nova Acta Leopoldina NF 779, Nr. 401, 9-20 (2014) 15
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groups have a higher prevalence for diabetes. This holds true for East Asians, the Afro-Amer-
icans, the indigenous population and the Hispanics. The described effect is based on so-
called “thrifty genes”. These genes guarantee the optimal use of food and the fat deposition
for difficult periods. On the contrary, these genes lead to a rapid increase of weight and the
developing of adiposity in times with enough food (WALDHAUSL et al. 2004). HAAK and
PaLiTzscH (2012) found that gestational diabetes in the past may also lead to a higher risk of
type 2 diabetes. 50 % of the women who suffer from diabetes during pregnancy will have type
2 diabetes at a higher age (OpuTA and CHINENYE 2012).

A genetic predisposition might necessary for environmental risk factors to lead to an oc-
currence of diabetes. It concerns to a polygenetic, multifactorial inheritance whose genes are
only partly identified. Twin studies show, that monozygotic twins have a concordance up to
90 % in developing diabetes (HAAK and PALITZSCH 2012).

An extensive literature exists about the effects of early-life factors on later-life morbidity
and mortality. The underlying idea is that developing systems permanently modify their set-
tings in response to social and biological cues during critical periods early in life (Kuzawa
and QUINN 2009). One pathway may then exist through childhood exposure to diseases. The
risk for type 2 diabetes and also for cardiovascular diseases and the metabolic syndrome may
be increased by exposure to infectious diseases during early life (McDADE et al. 2010). This
may lead to a chronic activation of inflammatory pathways affecting morbidity and mortality
in adulthood (CrimMiINs and FiNcH 2006, FincH and CRiMMINS 2004).

Another pathway may go through reduced fetal growth in combination with adult obesity
(CrOWTHER 2012) which may lead to an insufficient insulin secretion with the consequence
of hyposomia and diabetic metabolism in the course of life. One explanation of the reduced
fetal growth is the intrauterine determined abnormal development, respectively, dysfunction
of the beta cells of the pancreas (HAAK and PAaLITZscH 2012). Furthermore, type 2 diabetes is
associated with a low birth weight (HALES et al. 1991, LITHELL et al. 1996). The cardiovascu-
lar, obesity and diabetes effects of reduced nutrition in utero have been shown to be stronger
if the affected individuals are exposed to a more favourable environment later in childhood
(ErIkssoN et al. 2003, ScHuLz 2010).

6. Impact of Economic Conditions at the Time of Birth

Using the data of the Survey of Health, Aging and Retirement in Europe (SHARE)? allows us
to analyse the risk of diabetes dependent on the economic conditions at the time of birth for
the population at age 60 or older in Europe. We include 21,634 respondents with birth years
between 1900 and 1945 from ten countries (Austria, Belgium, Denmark, France, Germany,
Italy, The Netherlands, Spain, Sweden, and Switzerland) and link their information to the
macro-economic deviations in the year of birth.?

We use the business cycle as an indicator for the economic conditions early in life fol-
lowing studies that focus on the effects of conditions at birth on later-life mortality (VAN DEN
BERG et al. 2006, 2009, 2011). The business cycle describes the cyclical component of the
natural logarithm of real GDP per capita for each country in our analysis. The GDP data are

8 See further information on SHARE at www.share-project.org.
9 A general description of the data can be found in DOBLHAMMER et al. 2011.
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provided by MADDISON (2008). We construct a new indicator by computing the quartiles of
the cycle. The lowest quartile indicates a “recession” period while the highest quartile in-
cludes “boom” periods. We comprise the second and third quartile into one category namely
“average” periods. We link the year of birth with the according cyclical component of the
same year. Depending on the precise date of birth in relation to the start of a boom or reces-
sion period, our early-life economic indicator covers most or all of the first year of life of an
individual, or the period in utero including up to three months before conception. Birth in a
recession period is then related to adverse economic conditions in many households with a
low quality and quantity of nutrition, poor housing conditions, an enhanced stress level in the
household, or a more difficult access to health care (VAN DEN BERG et al. 2006, 2009, 2011).
We estimate a fixed-effects logistic regression model controlling for age, sex, and country
of birth and find that people born in a recession period have a significantly increased risk of
diabetes later in life (OR=1.09, p=0.09) compared to those born in a boom period (Fig. 3).
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Fig. 3 Risk of diabetes by economic conditions in the year of birth, ages 60+ (Data source: Survey of Health, Aging
and Retirement in Europe, waves I, II & IV; controlled for age, sex and country)

The impact of economic conditions on pre-natal and early natal nutrition is likely to be of ma-
jor importance. While a flourishing economy allows a better living standard for the majority
of the society, recessions, especially before 1945, lead to an income loss for many households
and, therefore, to poor nutrition. The thrifty phenotype hypothesis of HALES and BARKER
(1992) proposes a relationship between poor fetal and infant growth and a higher risk of the
metabolic syndrome and type 2 diabetes later in life, resulting from insufficient nutrition early
in life. The latter led to enduring changes in the glucose-insulin metabolism which include re-
duced capacity for insulin secretion and insulin resistance. These two, combined with obesity
and little physical activity, are the most important risk factors of type 2 diabetes.
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7. Conclusion

The continuing increase in life expectancy will also lead to an increasing number of people
suffering from diabetes. Large regional differences in the prevalence of diabetes point to the
importance of preventive measures related to the life-style at adult ages. The relationship of
the risk of diabetes at old age with economic circumstances at the time of birth shows, how-
ever, that public health measures should not be confined to adult ages alone but should start
early in life. Diabetes does not only lead to lower life expectancy but also negatively affects
health and well-being at old age. Reducing the burden of diabetes will therefore not only
contribute to further gains in life expectancy but also to a higher quality of life at old age.
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Diabetic Retinopathy: Past, Present and Future
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Abstract

Diabetes and diabetic retinopathy cause major morbidity in the human population. Diabetes was described as long ago as
1552 B. C. in the Papyrus Ebers, and it affects many organ systems of the body, including the eye where it leads to vascu-
lar leakage and haemorrhage and results in blurred vision and ultimately total vision loss from proliferative retinopathy.
Diabetic retinopathy was reported for perhaps the first time by Appolinaire BOUCHARDAT in 1846. Three major stages of
understanding this disease have occurred since then. The first phase began with the first description in 1846 and continued
into the middle of the 20t century when various clinical aspects of the conditions were described. The second stage began
in the 1970s with a series of interventional treatments that began with pan-retinal photocoagulation, developed through
the National Eye Institute (NEI) Diabetic Retinopathy Study. This remains the mainstay of medical treatment for the
ocular component of advanced diabetes. We have now entered a third phase, which portends the future based on biologic
intervention at the molecular level. This work has been pioneered through the Diabetic Retinopathy Clinical Research
Network (DRCR.net), established in 2002, which recently demonstrated that intraocular anti-vascular endothelial growth
factor (VEGF) treatment was effective for diabetic macular edema. Success of this molecular approach will gather speed
in the years ahead as we begin to understand the pathology at a cellular and system biology level.

Zusammenfassung

Diabetes mellitus wurde bereits im Papyrus Ebers im Jahr 1552 v. Chr. dokumentiert. Die Erkrankung betrifft das
gesamte Nerven- und Gefifisystem des Korpers und damit auch das Auge. Diabetische Retinopathie ist eine hiufige
Folgeerkrankung von Diabetes mellitus und stellt die haufigste Ursache der Erblindung in den westlichen Industrie-
staaten dar. Die pathologischen Verinderungen am Auge fiihren zu Wasseraustritt, Blutungen und Gefaverschliis-
sen, die eine Sehverschlechterung und bei der proliferativen Form Sehverlust verursachen. Zum ersten Mal wurde
die diabetische Retinopathie im Jahre 1846 von Appolinaire BOUCHARDAT beschrieben. Seitdem unterscheidet man
drei verschiedene Zeitabschnitte, die dem Verstehen der Erkrankung dienten. Der erste Zeitabschnitt begann bereits
mit der ersten Beschreibung 1846 und hat sich mit den klinischen Aspekten der Retinopathie befasst. Diese Phase
dauerte bis zur Mitte des 20. Jahrhunderts an. Erst ab 1970 hat ein neuer Zeitabschnitt begonnen, in dem die in-
terventionellen Strategien, inklusive panretinaler Photokoagulation (Diabetische Retinopathie-Studie, National Eye
Institute), entwickelt wurden. Die dritte Phase weist auf biologische Interventionen auf Molekularebene hin. Das im
Jahr 2002 etablierte Netzwerk Diabetic Retinopathy Clinical Research Network hat den Weg fiir die molekularbiolo-
gischen Ansitze gebahnt, indem es die positiven Effekte von intraokuldrem VEGF (anti-vascular endothelial growth
factor) auf das Makuladdem nachgewiesen hat.

1. Introduction: Setting the Stage: Diabetes and Diabetic Retinopathy

In discussing diabetic retinopathy, one must first understand something of the history of dia-
betes mellitus. The term has a Greek origin meaning “syphon”, or copious urination, and
“honey”, characterizing the loss of sugars in the urine. The historical record of diabetes traces
back to 1552 B. C. when HEsa-Ra, an Egyptian physician, described a disease involving
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urination and emaciation, as recorded in the Papyrus Ebers. Over the subsequent 2000 years,
this condition was further described, and by 500 A. D. it had been differentiated into type
1 disease, which becomes apparent in young individuals, and type 2 disease, which affects
adults and is related to weight. Worldwide, increasing economic success, first of industrial-
ized countries and now extending even to developing countries, has led to a weight-related
explosion of individuals affected. Current estimates indicate that approximately 300 million
individuals are affected worldwide (DANAEI et al. 2011). This presents a tremendous burden
and cost to society, estimated at $245 billion in the U. S. alone in 2012 (American Diabetes
Association 2013). As the world population increases, one can fully expect that millions more
will be affected in the coming years.

Diabetes mellitus affects the health of many organ systems, including the eyes. Effect
on the retinal vasculature causes microvascular angiopathy and leads to vascular leakage of
serum and blood and, ultimately, proliferation of microvasculature in the late stage of diabetic
retinopathy. It is estimated that 10 % of individuals have severe vision impairment, and 2 %
are legally blind after 15 years of diabetes. According to a 2006 survey by Lions Club Inter-
national, patients with diabetes are concerned by the potential for ocular disease, which they
score as their top concern for the sequel of diabetes to cause impaired vision and to go blind.

2. Diabetic Retinopathy: Developing an Understanding

The first seminal event in developing a medical and clinical understanding of diabetic retinop-
athy came with the invention of the ophthalmoscope by Hermann voN HELMHOLTZ in 1851.
This instrument allowed physicians to directly view the ocular fundus to observe the integrity
of the blood vessels. By the turn of the 20t century, vascular problems were clearly known
to be associated with longer-duration diabetes and ultimately these changes were associated
with capillary micro-aneurisms seen in post-mortem retinal tissue from affected individuals.

Gerhard MEYER-SCHWICKERATH, a German ophthalmologist, made a seminal observation
in 1950 when he observed spots of retinal damage in individuals who had viewed a solar eclipse
without appropriate visual screening of the intense light. He then looked for ways to apply light
deliberately to destroy lesions in the retina by photocoagulating retinal tissue in a controlled
fashion. Ultimately, he used high-intensity focused light from a xenon-arc lamp to photo-cau-
terize retinal tissue and blood vessels. In the 1960s, the development of concentrated light from
the ruby laser was applied to the retina, and William P. BEETHAM and Lloyd M. AIELLO recog-
nized that photocoagulation seemed to be effective in treating neovascular diabetic retinopathy.
This led to the pioneering large-scale ophthalmic clinical trial, termed the Diabetic Retinopathy
Study (DRS), initiated in the 1970s. This randomized controlled trial enrolled approximately
1700 patients with advanced proliferative retinopathy at 15 participating centres. Eyes were ran-
domized to receive photocoagulation, and the fellow control eyes were followed but not treated.
A large reduction of risk for progression to severe vision loss was found for photocoagulated
eyes, with a greater than 50 % risk reduction by pan-retinal photocoagulation (Figs. 1 and 2,
The Diabetic Retinopathy Study Research Group 1978). This success spawned additional ran-
domized controlled trials for diabetic retinopathy, the Diabetic Retinopathy Vitrectomy Study in
1976 and the Early Treatment Diabetic Retinopathy Study of 1979. The outcomes of these three
studies have made a major impact on ameliorating risk of blindness from diabetic retinopathy
and are still the mainstay of current treatment.
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Question

¢ Does photocoagulation prevent severe vision loss from proliferative retinopathy?
Trial Description

e The randomized, controlled trial included more than 1700 patients at 15 centres.

e Eyes were randomized to immediate argon laser or xenon arc photocoagulation.

e The control fellow eye was not treated.

e Visual acuity was measured at four-month intervals for more than five years.
Results

¢ Argon laser and xenon photocoagulation conferred greater than 50 % risk reduction

of severe visual loss.
* Photocoagulation benefit outweighs the risk for high-risk proliferative retinopathy.

Fig. 1 Diabetic Retinopathy Study
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Fig. 2 The NEI Diabetic Retinopathy Study Research Group showed that photocoagulation therapy significantly
reduced the cumulative event rate (oddurence of vision loss). A greater than 50 % risk reduction for progression to
severe vision loss was found for eyes treated with pan-retinal argon laser or xenon arc phocoagulation (The Diabetic
Retinopathy Study Research Group 1978).

Clinical trials for diabetic retinopathy then moved into a new phase in which attention
shifted to controlling the underlying diabetes to learn whether this lessened the risk of vi-
sion impairment from diabetic retinopathy. The first of these trials was launched in 1983:
the Diabetes Control and Complications Trial (DCCT), the Epidemiology of Diabetes In-
tervention and Complications Trial, and the United Kingdom Prospective Diabetes Study.
These demonstrated that tight control of glucose reduced diabetic complications, particu-
larly when stratified by maintaining a hemoglobin Alc value of 7% or less. This was as-
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sociated with substantial reduction in progression of retinopathy. Variations on this theme
were conducted.

These series of trials included the Diabetes Prevention Program Outcome Study of 1996,
which found that lifestyle modification was more powerful at reducing the conversion rate
from a pre-diabetes to type 2 diabetes when compared with metformin, a standard oral medi-
cation taken to normalize systemic glucose levels and reduce hyperglycaemia. This trial was
stopped before it ran the full course because of the power observed in risk reduction by exer-
cise and weight loss. It is interesting to consider that this trial in the second millennium A. D.
confirmed the apostolate of Indian physicians SUSHRUTA and CHARAKA, identified between
400-500 A. D., that type 2 adult diabetes had an overt connection with overweight individu-
als. The strong environmental and lifestyle components of diabetes and diabetic retinopathy
become confounding factors when considering a purely pharmaceutical intervention for this
condition and when attempting to elucidate underlying causative factors.

3. Diabetic Retinopathy: The Present

The current era of diabetic retinopathy treatment entered a new phase with the formation of
the Diabetic Retinopathy Clinical Research Network (DRCR.net). This multi-centre clinical
research network was initiated in 2002 by the National Eye Institute with support from the
National Institute of Diabetes, Digestive and Kidney Diseases at NIH. By 2012, it had 868
investigators at 249 sites. DRCR.net seeks to identify clinical opportunities to design and im-
plement trial protocols for successful intervention in diabetic retinopathy. A key component
of this effort is a set of standardized key study procedures that allow accurate data pooling
across a large number of participating physicians. Without this standardization, the intrinsic
noise in uncoordinated data would prevent successful study.

The modern era of treatments for diabetic retinopathy involves intervention at the mo-
lecular and cellular level, and major success has been achieved by attention to the microvas-
cular angiopathy, which causes the diabetic macular edema that reduces visual acuity due to
vascular leakage as serum collects in the macular retinal tissues. Recently, new compounds
have been developed and received FDA certification for clinical use evaluation to treat angi-
opathy in solid tumour cancers (bevacizumab). Subsequently, this approach was also used for
vasculopathy from age related macular degeneration (ranibizumab). Through the DRCR.net,
this quickly led to consideration of anti-VEGF treatment for diabetic macular edema, and a
study was begun, which ran from 2007-2010. The study design competed ranibizumab treat-
ment, with or without immediate laser, versus laser retinal photocoagulation, with or without
concomitant intraocular steroid (Triamcinolone). The anti-VEGF treatment provided clear
benefit compared to laser treatment, with improvement in visual acuity compared to laser
treatment and also the benefit that fewer eyes suffered visual acuity impairment compared to
laser treatment. This work sets the stage for recognition that hypotheses-driven therapeutic
interventions based on knowledge of underlying biology is a powerful approach for treatment
in diabetic retinopathy and presumably as a generalizable strategy for medical disease.
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4. Diabetic Retinopathy: The Future

As demonstrated by the DRCR.net, anti-VEGF treatment for diabetic macular edema provides
clear benefit to patients. In addition, there is an equally important lesson to understand that treat-
ments that focus on the underlying pathophysiology of disease hold great promise for the future.
However, one must first reach a critical level of understanding the cellular pathways involved
in disease ideology and progression. And this will be difficult because of the complexities of
the underlying pathophysiology, in this case of diabetes and the inciting of factors that trigger
diabetic retinopathy. Not all individuals with long-standing diabetes progress to developing dia-
betic retinopathy. A recent meta-analysis of 35 population-based studies of diabetics worldwide
indicates that about one third of diabetic individuals have some degree of diabetic retinopathy,
and fewer than 10 % have either diabetic macular edema or proliferative diabetic retinopathy
(Fig. 3, Yau et al. 2012). This means that a substantial number of individuals with underlying
diabetes do not progress to overt diabetic retinopathy. Consequently, one of the important facets
of research for the future must come to understand the triggering events that lead to developing
retinopathy. One pathway is through the use of molecular genetics to identify factors that con-
tribute risks for conversion from diabetes to diabetic retinopathy.

Estimated from 35 population-based studies
¢ Diabetic retinopathy = 34.6 %
e Proliferative retinopathy =7.0%
e Diabetic macular edema =6.8%

Fig. 3 Global prevalence of diabetic retinopathy among people with diabetes. Data from YAu et al. 2012

5. Diabetic Retinopathy: Genetics of Common Complex Diseases

The possibility of underlying genetic susceptibility is intimated from observing high risk popu-
lations, such as the Pima Indians in the U. S., who have high rates of diabetic retinopathy. Pima
Indians are an isolated population of about 11,000 individuals residing on the Gila River Indian
Reservation in Arizona, U. S. They have high rates of diabetes: about 50 % of Pima Indian
youth have type 2 diabetes, which most commonly affects adults. The cumulative incident of
proliferative retinopathy after 20 years is 14 % (LOOKER et al. 2003). Studies of 103 affected
sib-pairs showed genetic linkage to chromosomes 3 and 9 in a study published in 1998 (Fig.
4, IMPERATORE et al. 1998). However, subsequent work has been unable to refine these loci. A
potentially complicating factor is the recognition that diabetes prevalence of the youth of this
tribe has increased two-fold since 1967, indicating that any underlying susceptibility will be
compounded by environmental and lifestyle factors in studying individuals in this tribe.

A second example of a potential underlying genetic susceptibility for diabetic retino-
pathy comes from the Mexican-Americans in Starr County, Texas (Fu et al. 2010). This was
a Genome Wide Association Study (GWAS) screen of 286 Mexican-Americans with type 2
diabetes. Two genetic markers showed strong association with advanced diabetic retinopathy,
one mapping to chromosome 5 at an intron of calcium/calmodulin-dependent protein kinase
4 gene and a second at chromosomal location 15q13 within the formin 1 gene.
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High Rate of Diabetic Retinopathy
e 11,000 members of the Gila River Indian Reservation in Arizona were studied for
30 years.
¢ 50 % of Pima Indians, including children, has type 2 diabetes.
e Pima Indians have a 14 % cumulative incidence of proliferative retinopathy after
20 years with diabetes.
¢ The prevalence of diabetes among Pima youth has increased twofold since 1967.
A 1998 study of 103 affected sib-pairs showed genetic linkage to chromosomes 3 and 9.

Fig. 4 Pima Indians in the U. S.

Despite these promising early indications of genetic association, identifying genes strongly
associated with diabetic retinopathy has proven difficult. This may stem from several fac-
tors. Perhaps each gene makes only a small contribution that segments the risks and thereby
requires a large number of cases for genetic analysis. Thus far, population sizes for retinop-
athy gene searches have been in the hundreds, versus the thousands of cases that have been
employed for gene searches in diabetes and other systemic conditions. Other factors compli-
cating the gene search would include diverse clinical features at different stages of disease
progression. Or perhaps the environmental component is actually so large that it swamps the
genetic determinants. And any role for epigenetics has not yet been studied.

Despite the lack of conclusive genetic etiologic factors, the preliminary analysis of GWAS
studies indicates that a number of pathways and gene families may be involved in conversion
to diabetic retinopathy and in its progression, including the glycemic pathway UDP-glucu-
ronosyltranferases, Wnt signalling pathway, and crystallins, among others. This is the current
state of future-directed genomic analysis of disease: searching for cellular ties into disease
biology and thereby providing the next powerful development in epidemiology.

There are certainly other approaches to understanding the cellular basis of disease as it
will develop in the future. Animal models exist for diabetes. Even though they do not per-
fectly recapitulate all facets of human disease, they nevertheless warrant careful biologic
dissection and attention. They may provide clues as to which cells are affected early during
disease progression.

The triggers for vascular changes clearly warrant attention. Throughout the decades and
centuries and millennia of observing diabetes mellitus, vascular changes clearly are involved
front and centre, as they also are in diabetic retinopathy. Hence, attention to human biomark-
ers for vasculopathy need further study. Inflammatory signals, both systemic and possibly
those with a local retinal origin are warranted, given the treatment benefit of intravitreal ster-
oid application in modifying transient diabetic retinopathy. And, attention to the remarkable
biological tools that have been developed just in the decade since 2000 warrant consideration,
such as silencing and micro RNAs.

6. Diabetic Retinopathy: Continuing Medical Needs and Opportunities

Meanwhile, as physicians, we still have the task of treating our patients with diabetic retinop-
athy to preserve vision. How can physicians best help patients? Clear management guidelines
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exist for treating diabetic retinopathy (American Academy of Ophthalmology Retina Panel
2008). The outcomes developed from the DCCT provide clear indication that patients benefit
from managing hyperglycaemia, hypertension, and serum lipids. Further, all patients with
diabetes should seek regular ophthalmic clinical care to monitor early signs of development
and progression of retinopathy. Much has been learned in managing life-threatening diabetes
and vision-threatening diabetic retinopathy over the past half century. As physicians, we need
to provide such care routinely to diabetic individuals.

And, what of the future? How can physicians help research? Beyond the care of individual
patients, we still need to study disease manifestations and interventions. Ophthalmic physi-
cians might well consider participating in large consortia to study diabetic retinopathy as a
disease. For instance, the DRCR.net in the U. S. and comparable clinical networks outside
the U. S. provide critical organizational resources and structure to make progress in treating
this disease. Ultimately, these large-scale consortia will need to move into biologically-based
hypothesis-driven therapeutic trials, and one way to identify cellular mechanisms is through
participation in large-scale genetics initiatives.

7. Summary

Viewing diabetes and diabetic retinopathy across several millennia provides a perspective of
our current unique position in biologic history. Medicine has clearly begun to study disease
pathophysiology at the cellular level and to intervene with knowledge of how the biological
system is failing at a systems level. Many of these techniques and biologic insights come only
with years of scientific training and years of carefully developed research methodologies. At
the other end of the spectrum, human disease develops in human patients and requires careful
investigation by clinical research physicians. The future will require increased collaborative
interactions between basic scientists and clinical investigators to build a strong platform that
supports clinical research. Collaboration across the spectrum from disease biology to disease
medicine can only come when scientists and clinical practitioners have opportunity to com-
municate. We must continue to foster such interactions to ameliorate vision loss and to restore
and preserve health in diabetic retinopathy and diabetes.
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Abstract

Diabetic retinopathy is characterized by changes of the neurovascular unit, involving damage and loss of vascular
cells, activation of the (micro-)glia and progressive neurodegeneration. Intercellular communication is a fundamen-
tal requisite for vascular patency which is increasingly impaired, both in the diabetic and in the neurodegenerative
retina. Non-hyperglycemic models contribute to the understanding of the molecular mechanisms involved in vasore-
gression, and may help to identify novel targets for prevention.

Zusammenfassung

Die diabetische Retinopathie wird durch Verdnderungen der neurovaskuldren Einheit, bestehend aus dem Verlust
vaskulidrer Zellen, der Aktivierung der (Mikro-)glia und der zunehmenden Neurodegeneration charakterisiert. Die
interzellulire Kommunikation ist wichtig fiir eine ungestorte Gefafifunktion, die bei diabetischer Retinopathie und
auch bei Retinadegeneration zunehmend gestort wird. Nicht-hyperglykdmische Modelle tragen zum Versténdnis der
molekularen Mechanismen enorm bei, die bei Vasoregression beteiligt sind, und kénnen dabei helfen, neue Ziel-
strukturen fiir eine Privention zu finden.

1. Introduction

From the diabetologist’s point of view, diabetic retinopathy is part of the triopathy which
characterizes the simultaneous development of microvascular damage to the eye, the kidney,
and the nerve (FRIEDMAN und IESPERANCE 1980). Early and rapid development of retinop-
athy is a strong indicator of concomittant kidney disease in diabetes, and of increased cardio-
vascular morbidity and mortality (KLEIN 20006). A staging system for diabetic retinopathy has
been successfully used for decades (Early Treatment Diabetic Retinopathy Study Research
Group 1991), which is exclusively based on changes in the (micro)-vasculature (Fig. 1).

The focus on retinal vessels and their diagnostic use is at least in part the result of the
fact that the neuroretina is translucent, and that changes induced by hyperglycaemia are not
identifiable with direct ophthalmic inspection. The consistency between hyperglycaemia-in-
duced changes in the eye and the kidney, characterized by increased vascular permeabili-
ty and progressive vasoregression stimulated research of a shared underlying pathogenesis
(BROWNLEE 2001). To this end, some overlapping mechanisms in the biochemistry and cell
biology between the diabetic eye and kidney have been identified, but evidence that organ
pathologies are under strong control of tissue specific mechanism is also strong (FORBES and
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Fig. 1 Photomicrograph of a retina of type 2 diabetic patient with large areas of vasoregression and 2 microaneu-
rysms. Original magnification 250x.

CooPER 2013). The development of novel technologies has shed light on the changes that the
neuroretina undergoes immediatly after diabetes onset, putting emphasis on the role of the
neurovascular unit as the determinant of retinal diabetic pathology, and, at the same time, the
distinctive feature between eye and kidney in diabetes (JACKSON et al. 2012). The neurovas-
cular unit (NVU) of the retina, consisting of vascular, neuronal, glial and microglial cells has
gained particular interest because of its role in specific functions such as the blood-retinal
barrier, and in disease development and propagation (Fig. 2).

2. The NVU in Health and Diabetic Retinopathy

During development of brain and retina, sprouting angiogenesis and vasculogenesis form
the vascular network without interfering with the integrity of the surrounding neuroglia
structures. The close communication between the cells involved ensures proper vessel in-
tegrity, neuronal function, and immunological surveillance. Retinal glia serves an impor-
tant role in providing simultaneous supportive function for both neurons and vascular cells.
Excellent recent reviews describe the molecular machineries that form the basis of the
blood retinal barrier, whose breakdown is one important feature of diseases in particular in
diabetic retinopathy.
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Fig. 2 Confocal photomicrograph of a rat retina
depicting the deep capillary layer (blue) with peri-
cytes (pink) and microglia (green) representing
part of the neurovascular unit. Original magnifica-
tion 200x.

Many of the mechanisms identified in experimental diabetic retinopathy affect the neurovas-
cular unit. The earliest morphological sign is the loss of pericytes (PFISTER et al. 2013). The
underlying mechanisms comprise apoptotic cell death and migration, both of which are likely
to be triggered by chronig hyperglycaemia and/or reactive intermediates (PFISTER et al. 2008,
ZHENG et al. 2004). Vasoregression is the most important sign of hyperglycaemia-mediated
microvascular damage and develops when also endothelial cells are damaged and lost in the
retinal capillaries (HAMMES et al. 2011). Reactive alterations in the retinal glia occur early
in the diabetic retina (HAMMES et al. 1995). It can be both, a consequence of, and a contrib-
utor to vascular pathology in the diabetic retina suggesting a strong interaction of cells in
the neurovascular unit. Factors involved in hypoxia-induced angiogenesis such as VEGF-A
and angiopoietin-2 are produced by Miiller cells in response to various stimuli characteristic
for the diabetic retina such as glucose, advanced glycation end products or reactive oxygen
species (HAMMES et al. 1998, 2004). Microglial cells become activated in the human diabetic
retina, and in experimental animals, and may be involved in the damage signal to the mi-
crovessels (KrRaDY et al. 2005, ZENG et al. 2008). The secretion of inflammatory cytokines,
either induced by hyperglycaemia, or by the interaction of leucocytes adhering to the activated
endothelium in capillaries and larger vessels, or from the bone marrow may cause endothelial
damage (L1 et al. 2012, KerN 2007). Neuroglial apoptosis is observed in diabetic retinae of
rodents and patients indicating that diabetic retinopathy shares features of neurodegenerative
retinal diseases (HAMMES et al. 1995, ANTONETTI et al. 2012). Since treatment with neurotro-
phins whose cognate receptors are not expressed in vascular cells protects from diabetic vaso-
regression, it is likely that the neuroglia protects diabetic microvessels from damage through
mechanisms which interfere with the biochemistry. The concept claims that hyperglycaemia
induces mitochondrial overproduction of reactive oxygen species inhibiting the glycolytic
flux in cells exposed to high glucose. Subsequent spillover of reactive intermediates at the
level of the hexosamin pathway and the AGE pathway join to induce an upregulation of angi-
opoietin-2 in Miiller cells (BROWNLEE 2001).

Nova Acta Leopoldina NF 779, Nr. 401, 31-36 (2014) 33



Hans-Peter Hammes and Stephanie Busch

3. Neurodegeneration can Cause Secondary Vasoregression

According to novel insight from patients, neuronal damage in the diabetic retina can develop
in the absence of vascular damage (JACKSON et al. 2012). It is thus the question to what extent
diabetic retinopathy is a specialized form of diabetic neuropathy. The question can experi-
mentally become addressed in two ways: experimental diabetes induction in a model whose
retina is anangiotic, such as the guinea pig, is assessed for retinal dysfunction that resembles
human diabetic retinopathy. Alternatively, experimental neurodegeneration in an euangiotic
model such as the rat is assessed for retinal vasoregression. Such a model has been generated
through introduction of a mutated polycystin 2 gene (GALLAGHER et al. 2006). The transgene
is expressed in the cilia-carrying parts of the photoreceptors leading to progressive neuro-
degeneration (Fig. 3). At the age of 7 months, the rats display large areas of vasoregression.
In time course studies, the photoreceptor dysfunction was identified starting between 4 and
8 weeks of life, followed by strong activation of Miiller glia (FENG et al. 2009). Among the
strongest regulated Miiller cell proteins is glial fibrillary acidic protein (GFAP). Novel data
indicate that aquaporins, essential for the maintenance of proper water and mineral balance,
are redistributed in the polycystic kidney disease (PKD) rat and that this redistribution re-
sembles to some extent changes which accompany diabetic glial activation (PANNICKE et al.
2006, VOGLER et al., PlosOne, in press).

Fig. 3 Vasoregression and neurodegeneration in the PKD rat. Retinal digest preparation of a normal (panel A) and
PKD (panel B) rat of identical age (7 months). Note the large areas of vasoregression in the PKD rat. Severe neu-
rodegeneration (panel D) in the PKD rat, compared with normal retinae (panel C) at same age (7 months). From
GALLAGHER et al. 2006.

In parallel, first signs of vasoregression are observed with a loss of pericytes and endothelial
cells. Microarray analysis showed a strong up-regulation of components of the innate immu-
nity system and the complement system. Cellular localization studies revealed that CD 74
positive microglial cells colocalized with acellular capillary segments suggesting that mi-
croglia may be candidate mediators of the neurovascular damage in this model, if the M1
phenotype was prevailing (FENG et al. 2011). Pharmacological reduction of reactive micro-
glia reduces the formation of acellular capillaries along with a modulation of inflammatory
cytokines. Thus, microglia can play an important role in the neurovascular unit to link neuro-
degeneration with secondary vasoregression.
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4. Experimental Protection from Neurodegeneration Protects from Vasoregression

We have recently demonstrated that low-dose erythropoietin inhibits mechanisms related to
the pathogenesis of diabetic retinopathy, including oxidative stress, formation of advanced
glycation endproducts and inflammation (WANG et al. 2011). Receptors of erythropoietin are
expressed on cells of the neurovascular unit and long-term administration of suberythropoie-
tic concentrations of erythropoietin prevented both, the formation of acellular capillaries and
neurodegeneration. Using this approach in the PKD rat, we identified a distinct protective
effect on vasoregression. In the analysis of the neurodegeneration, low-dose erythropoie-
tin protected from photoreceptor death and from degeneration of the outer retinal layers, in
which the transgene is expressed, and where the first retinal lesions occur.

There are other diseases in which the neurovascular unit is severely affected. For exam-
ple, Alzheimer’s disease is characterized by neuronal injury, activation of microglia and glia,
deposition of danger-associated molecular patterns (DAMPS) and secondary vasoregression
(Zroxkovic 2008). In the PKD rat, we found a deposition/accumulation of beta-Amyloid
1-42 and of HMGB-1 in astrocytes and in the vicinity of blood vessels of the superficial
vascular network before vasoregression starts. As the phenotypic parallels, i.e. the sequence
of neuronal damage, followed by glial and microglial activation, pericyte dropout and, ul-
timately, vasoregression between Alzheimer’s disease and the PKD retina are striking, the
model may well serve as a novel experimental tool to understand the shared pathogenesis of
neurodegeneration and the role of the neurovascular unit that can be experimentally targeted
(BuscH et al. 2012).

In summary, as diabetic retinopathy is increasingly appreciated as a disease of the neuro-
vascular unit, understanding the complexity of its pathogenesis can be improved by learning
from models of retinal degeneration. One model is the PKD rat which shows that neurons
determine vascular survival, and that activated microglia is one propagator of vasoregression.
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Abstract

Approximately one in three people with diabetes is affected by diabetic distal symmetric sensorimotor polyneurop-
athy (DSPN), which represents a major health problem as it may present with excruciating neuropathic pain and
is responsible for substantial morbidity, increased mortality and impaired quality of life. Neuropathic pain causes
considerable interference with sleep, daily activities, and enjoyment of life. Treatment is based on four cornerstones:
(a) intensive diabetes therapy and multifactorial risk intervention; () treatment based on pathogenetic mechanisms;
(c) symptomatic treatment; and (d) avoidance of risk factors and complications. Recent experimental studies suggest
a multifactorial pathogenesis of diabetic neuropathy. From the clinical point of view, it is important to note that,
based on these pathogenetic mechanisms, therapeutic approaches could be derived, some of which are currently
being evaluated in clinical trials. Management of chronic painful DSPN remains a challenge for the physician and
should consider the following practical rules: the appropriate and effective drug has to be tried and identified in each
patient by carefully titrating the dosage based on efficacy and side effects; lack of efficacy should be judged only
after 2—4 weeks of treatment using an adequate dosage. Analgesic combination therapy may be useful, and potential
drug interactions have to be considered given the frequent polypharmacy in people with diabetes. Not only increased
alcohol consumption but also the traditional cardiovascular risk factors such as visceral obesity, hypertension, hy-
perlipidaemia and smoking have a role in the development and progression of diabetic neuropathy and hence need
to be prevented or treated.

Zusammenfassung

Etwa jeder dritte Diabetiker ist von der distal-symmetrischen sensomotorischen Polyneuropathie (DSPN) betrof-
fen, die unter Ausbildung von einerseits teils quilenden neuropathischen Schmerzen und andererseits schmerzlosen
FuBulzera mit erheblicher Einschrinkung der Lebensqualitit einhergeht. Neuropathische Schmerzen beeintrachtigen
den Schlaf, die Alltagsaktivititen und die Lebensqualitit. Die Therapie der diabetischen Neuropathie umfasst vier
Ansitze: (a) Kausale Therapie mit dem Ziel einer Nahe-Normoglykémie, (b) pathogenetisch begriindbare Therapie,
(c) symptomatische Therapie neuropathischer Schmerzen und (d) Vermeidung von Risikofaktoren und Komplikatio-
nen. Neuere experimentelle Studien legen eine multifaktorielle Pathogenese der diabetischen Neuropathie nahe. Vom
klinischen Standpunkt ist wichtig, dass aus diesen pathogenetischen Mechanismen therapeutische Ansitze abgeleitet
werden konnten, die derzeit in klinischen Studien evaluiert werden. Die Behandlung der chronisch schmerzhaften
DSPN bleibt eine érztliche Herausforderung und sollte die folgenden praktischen Regeln beriicksichtigen: Jeder
Patient benotigt eine individuelle Dosierung nach sorgfiltiger Titration unter Beriicksichtigung von Wirkung, Neben-
wirkungen und Komorbidititen; die Wirkungslosigkeit des Medikamentes sollte erst nach mindestens 2—4 Wochen
Therapie bei ausreichender Dosierung beurteilt werden; analgetische Kombinationstherapie ist sinnvoll; vor dem
Hintergrund der héufigen Polypharmazie bei Diabetikern sind potentielle Arzneimittelinteraktionen zu berticksich-
tigen. Nicht nur ein iiberméBiger Alkoholkonsum, sondern auch die traditionellen kardiovaskuldren Risikofaktoren
wie viszerale Adipositas, Hypertonie, Hyperlipidimie und Rauchen spielen eine Rolle bei der Entwicklung und
Progression der diabetischen Neuropathie und sind daher zu verhiiten oder zu behandeln.
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1. Clinical Impact and Epidemiology

Diabetic neuropathy has been defined as a demonstrable disorder, either clinically evident or
subclinical, that occurs in the setting of diabetes mellitus without other causes for peripheral
neuropathy. It includes manifestations in the somatic and/or autonomic parts of the peripher-
al nervous system (San Antonio Conference 1988) which are being classified along clinical
criteria. However, due to the variety of the clinical syndromes with possible overlaps there is
no universally accepted classification. The most widely used classification of diabetic neu-
ropathy proposed by THOmMAS (THOMAS 1973) has subsequently been modified (Sima et al.
1997). This proposal differentiates between rapidly reversible, persistent symmetric polyneu-
ropathies and focal or multifocal neuropathies.

Diabetic distal sensorimotor polyneuropathy (DSPN) represents the most relevant clini-
cal manifestation affecting approximately 30 % of the hospital based population and 20 % of
community based samples of diabetic patients (SHAW et al. 2003). DSPN is a symmetrical,
length-dependent sensorimotor polyneuropathy attributable to metabolic and microvessel al-
terations as a result of chronic hyperglycaemia exposure and cardiovascular risk covariates
(TeSFAYE et al. 2010). There is emerging evidence to suggest that pre-diabetes is associated
with an increased risk of DSPN. In the general population (region of Augsburg, Southern
Germany), the prevalence of DSPN was 28.0% in diabetic subjects, 13.0% in those with
impaired glucose tolerance (IGT), 11.3 % in those with impaired fasting glucose (IFG) and
7.4 % in those with normal glucose tolerance (NGT) (ZIEGLER et al. 2008). The incidence of
DSPN is approximately 2 % per year.

The most important aetiological factors that have been associated with DSPN are poor gly-
caemic control, visceral obesity, diabetes duration, height, hypertension, age, smoking, hypo-
insulinaemia, and dyslipidaemia (SHAW et al. 2003). DSPN is related to both lower-extremity
impairments such as diminished position sense and functional limitations such as walking
ability (RESNICK et al. 2000). Older patients with DSPN perform worse on tests of walking
speed, static and dynamic balance, and coordination than those without DSPN (RESNICK et
al. 2002, STROTMEYER et al. 2008), while the association between reduced peripheral nerve
function and poorer lower extremity strength is not explained by diabetes (STROTMEYER et al.
2009). In women above 85 years, diabetes still contributes to large-fibre peripheral nerve dys-
function which is markedly accelerated by age, but no synergistic effect of age and diabetes
was observed (REsNICK et al. 2001).

There is accumulating evidence suggesting that not only surrogate markers of microangi-
opathy such as albuminuria but also those used for DSPN such as nerve conduction velocity
(NCV) and vibration perception threshold (VPT) predict mortality in diabetic patients (FORS-
BLOM et al. 1998, CoppINI et al. 2000). Elevated VPT also predicts the development of neuro-
pathic foot ulceration, one of the most common causes for hospital admission and lower limb
amputations among diabetic patients (ABBOTT et al. 1998). Two recent studies underline the
major impact of DSPN on morbidity and mortality. In the DIAD study (YOUNG et al. 2009),
both sensory deficits and neuropathic pain were independent predictors of cardiac death or
nonfatal myocardial infarction. History of neuropathy was the most important predictor for
increased mortality in type 2 diabetic subjects allocated to a very intensive diabetes therapy
aimed at HbAlc <6.0 % in the ACCORD trial (CALLES-ESCANDON et al. 2010).

Pain is a subjective symptom of major clinical importance as it is often this complaint that
motivates patients to seek health care. Pain associated with diabetic neuropathy exerts a sub-
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stantial impact on the quality of life, particularly by causing considerable interference in sleep
and enjoyment of life (GALER et al. 2000). However, in one UK survey only 65 % of diabetic
patients received treatment for their neuropathic pain, although 96 % had reported the pain to
their physician (DAousl et al. 2006). While 77 % of the patients reported persistent pain over
5 years, 23 % were pain free over at least 1 year (Daousi et al. 2006). Thus, neuropathic pain
persists in the majority of diabetic patients over periods of several years.

Chronic painful DSPN is present in up to 26 % of diabetic patients (Daousl et al. 2006,
DavIEs et al. 2006, ZIEGLER et al. 2009b, c). In the general population (region of Augsburg,
Southern Germany), the prevalence of painful PN was 13.3 % in the diabetic subjects, 8.7 %
in those with IGT, 4.2 % in those with IFG, and 1.2 % in those with NGT (ZIEGLER et al.
2009b). Among survivors of myocardial infarction (MI) from the Augsburg MI Registry, the
prevalence of neuropathic pain was 21.0 % in the diabetic subjects, 14.8 % in those with IGT,
5.7 % in those with IFG, and 3.7 % in those with NGT (ZIEGLER et al. 2009¢). Thus, subjects
with macrovascular disease appear to be prone to neuropathic pain. The most important risk
factors of DSPN and neuropathic pain in these surveys were age, obesity, and low physical
activity, while the predominant co-morbidity was peripheral arterial disease, highlighting the
paramount role of cardiovascular risk factors and diseases in prevalent DSPN.

Persistent or episodic pain that typically may worsen at night and improve during walking
is localized predominantly in the feet. The pain is often described as a deep-seated aching
but there may be superimposed lancinating stabs or it may have a burning thermal quality.
In a clinical survey including 105 patients with painful DSPN, the following locations of
pain were most frequent: 96 % feet, 69 % balls of feet, 67 % toes, 54 % dorsum of foot, 39 %
hands, 37 % plantum of foot, 37 % calves, and 32 % heels. The pain most often described by
the patients as ‘burning/hot’, ‘electric’, ‘sharp’, ’achy’, and ‘tingling’ was worse at night time
and when tired or stressed (GALER et al. 2000). The average pain intensity was moderate, ap-
proximately 5.75/10 on a 0—10 scale, with the ‘least’ and ‘most’ pain 3.6 and 6.9/10, respec-
tively. Allodynia (pain due to a stimulus which does not normally cause pain, e.g. stroking)
may occur. The symptoms may be accompanied by sensory loss, but patients with severe
pain may have few clinical signs. Pain may persist over several years (BOULTON et al. 1983)
causing considerable disability and impaired quality of life in some patients (GALER et al.
2000), whereas it remits partially or completely in others (YOUNG et al. 1988, BENBOW et al.
1993), despite further deterioration in small fibre function (BENBow et al. 1993). Pain remis-
sion tends to be associated with sudden metabolic change, short duration of pain or diabetes,
preceding weight loss, and less severe sensory loss (YOUNG et al. 1988, BENBOW et al. 1993).

2. Pathogenetic Mechanisms

Recent experimental studies suggest a multifactorial pathogenesis of diabetic neuropathy
(TomLINSON and GARDINER 2008). Most data have been generated in the diabetic rat model
on the basis of which two approaches have been chosen to contribute to the clarification of the
pathogenesis of diabetic neuropathy. Firstly, it has been attempted to characterize the patho-
physiological, pathobiochemical, and structural abnormalities that result in experimental dia-
betic neuropathy. Secondly, specific therapeutic interventions have been employed to prevent
the development of these alterations, to halt their progression, or to induce their regression
despite concomitant hyperglycaemia. At present, the following six pathogenetic mechanisms
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are being discussed which, however, in contrast to previous years are no longer regarded as
separate hypotheses but in the first place as a complex interplay with multiple interactions
between metabolic and vascular factors:

— Increased flux through the polyol pathway that leads to accumulation of sorbitol and fruc-
tose, myo-inositol depletion, and reduction in Na*-K+-ATPase activity.

— Endoneurial microvascular deficits with subsequent ischaemia and hypoxia, generation of
reactive oxygen species (oxidative stress), activation of the redox-sensitive transcription
factor nuclear factor kB (NF-kB), and increased activity of protein kinase C (PKC) and
poly(ADP-ribose) polymerase (PARP).

— Disturbances in n-6 essential fatty acid and prostaglandin metabolism which result in
alterations of nerve membrane structure and microvascular and haemorrheologic abnor-
malities.

— Deficits in neurotrophism leading to reduced expression and depletion of neurotroph-
ic factors such as nerve growth factor (NGF), neurotrophin-3 (NT-3), and insulin-like
growth factor (IGF) and alterations in axonal transport.

— Accumulation of non-enzymatic advanced glycation end-products (AGEs) on nerve and/
or vessel proteins.

— Immunological processes with increased systemic inflammation and autoantibodies to
vagal nerve, sympathetic ganglia, and adrenal medulla as well as inflammatory changes
(TomLINSON and GARDINER 2008, CAMERON and COTTER 2008).

From the clinical point of view it is important to note that, based on these pathogenetic mech-
anisms, therapeutic approaches could be derived, some of which have been evaluated in ran-
domized clinical trials (see treatment section).

3. Diagnostic Aspects

Due to the increasing recognition of diabetic neuropathy as a major contributor to morbidity
and the recent burst of clinical trials in this field on one hand, but the lack of agreement on
the definition and diagnostic assessment of neuropathy on the other hand, several consensus
conferences were convened to overcome the current problems, the most recent of which has
re-defined the minimal criteria for the diagnosis of typical DSPN (TESFAYE et al. 2010)

— Possible DSPN: The presence of symptoms or signs of DSPN may include the follow-
ing: symptoms-decreased sensation, positive neuropathic sensory symptoms (e.g., “asleep
numbness,” prickling or stabbing, burning or aching pain) predominantly in the toes, feet,
or legs; or signs-symmetric decrease of distal sensation or unequivocally decreased or
absent ankle reflexes.

— Probable DSPN: The presence of a combination of symptoms and signs of neuropathy
include any 22 of the following: neuropathic symptoms, decreased distal sensation, or
unequivocally decreased or absent ankle reflexes.

— Confirmed DSPN: The presence of an abnormality of nerve conduction and a symptom or
symptoms or a sign or signs of neuropathy confirm DSPN. If nerve conduction is normal,
a validated measure of small fibre neuropathy (SFN) (with class 1 evidence) may be used.
To assess for the severity of DSPN, several approaches can be recommended: the graded
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approach outlined above, various continuous measures of sum scores of neurologic signs,
symptoms or nerve test scores, scores of function of acts of daily living or of predeter-
mined tasks or of disability.

— Subclinical DSPN: The presence of no signs or symptoms of neuropathy are confirmed
with abnormal nerve conduction or a validated measure of SFN (with class 1 evidence).
Definitions 1, 2, or 3 be used for clinical practice and definitions 3 or 4 be used for re-
search studies.

— Small fibre neuropathy (SFN): SFN should be graded as follows: (a) possible: the pres-
ence of length-dependent symptoms and/or clinical signs of small fibre damage; (b) prob-
able: the presence of length-dependent symptoms, clinical signs of small fibre damage,
and normal sural nerve conduction; and (c) definite: the presence of length-dependent
symptoms, clinical signs of small fibre damage, normal sural nerve conduction, and al-
tered intraepidermal nerve fibre density (IENFD) at the ankle and/or abnormal thermal
thresholds at the foot (TESFAYE et al. 2010).

The basic neurological assessment comprises the general medical and neurological history,
inspection of the feet, and neurological examination of sensation using simple semi-quantita-
tive bed-side instruments such as the 10 g Semmes-Weinstein monofilament, e.g. the Neuro-
pen (PAISLEY et al. 2002) (touch), NeuroQuick (ZIEGLER et al. 2005) or Tiptherm (VISWANA-
THAN et al. 2002) (temperature), calibrated Rydel-Seiffer tuning fork (vibration), pin-prick
(pain), and tendon reflexes (knee and ankle). In addition, assessment of joint-position and
motor power may be indicated. The normal range for the tuning fork on the dorsal distal joint
of the great toe is 25/8 scale units in persons aged 21-40 years, 24.5/8 in those aged 41-60
years, >4/8 in individuals aged 61-71 years, and >3.5/8 scale units in those aged 72—82 years
(MARTINA et al. 1998). An indicator test for the detection of sudomotor dysfunction is the
Neuropad which assesses plantar sweat production by means of a colour change from blue
to pink. The patch contains the complex salt anhydrous cobalt-II-chloride. In the presence of
water, this salt absorbs water molecules, normally changing its colour from blue to pink. If the
patch remains completely or partially blue within 10 min, the result is considered abnormal
(PAPANAS et al. 2013).

Clinical assessment should be standardized using validated scores for both the severity of
symptoms and the degree of neuropathic deficits such as the Michigan Neuropathy Screening
Instrument (MNSI) (FELDMAN et al. 1994), Neuropathy Symptom Score (NSS) for neuropathic
symptoms, and Neuropathy Disability (NDS) for neuropathic deficits (impairments) (YOUNG et
al. 1993) which appear to be sufficiently reproducible. The neurological history and examina-
tion should be performed once a year. Minimum criteria for the clinical diagnosis of neuropathy
according to the NSS and NDS are: (a) moderate signs with or without symptoms, (b) mild
signs with moderate symptoms. However, this means that the exclusive presence of neuropathic
symptoms without deficits is not sufficient to diagnose DSPN. Therefore, early stages of DSPN
or a painful small fibre neuropathy without or with minimal deficits can only be verified using
more sophisticated tests such as thermal thresholds or skin biopsy. Skin biopsy has become a
widely used tool to investigate small calibre sensory nerves including somatic unmyelinated
intraepidermal nerve fibres (IENF), dermal myelinated nerve fibres, and autonomic nerve fibres
in peripheral neuropathies and other conditions (LAURIA et al. 2010a, b).

A definition of peripheral neuropathic pain in diabetes, adapted from a definition pro-
posed by the International Association for the Study of Pain (TREEDE et al. 2008), is “pain
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arising as a direct consequence of abnormalities in the peripheral somatosensory system in
people with diabetes” (TESFAYE et al. 2010). The intensity (severity) of neuropathic pain
and its course should be assessed using an 11-point numerical rating scale (Likert scale) or
a visual analogue scale. Various screening tools (with or without limited bed-side testing)
such as the PainDetect, LANSS, NPQ, DN-4, ID-Pain have been developed to identify neu-
ropathic pain. These questionnaires use verbal descriptors and pain qualities as a basis for
distinguishing neuropathic pain from other types of chronic pain such as nociceptive pain
(BENNETT et al. 2007).

The following findings should alert the physician to consider causes for DSPN other than
diabetes and referral for a detailed neurological work-up: (a) pronounced asymmetry of the
neurological deficits, (b) predominant motor deficits, mononeuropathy, cranial nerve involve-
ment, (c) rapid development or progression of the neuropathic impairments, (d) progression
of the neuropathy despite optimal glycemic control, (e) symptoms from the upper limbs, (f)
family history of non-diabetic neuropathy, and (g) diagnosis of DSPN cannot be ascertained
by clinical examination.

The most important differential diagnoses from the general medicine perspective include
neuropathies caused by alcohol abuse, uraemia, hypothyroidism, vitamin B12 deficiency, pe-
ripheral arterial disease, cancer, inflammatory and infectious diseases, and neurotoxic drugs.

4. Microscopy for Morphologic Assessment of Small Fibre Neuropathy

Skin biopsy has become a widely used tool to investigate small calibre sensory nerves in-
cluding somatic unmyelinated IENF, dermal myelinated nerve fibres, and autonomic nerve
fibres in peripheral neuropathies and other conditions. Different techniques for tissue pro-
cessing and nerve fibre evaluation have been used. For diagnostic purposes in peripheral
neuropathies, a recent guideline has recommended a 3-mm punch skin biopsy at the distal
leg and quantifying the linear density of IENF in at least three 50-mm thick sections per
biopsy, fixed in 2 % PLP or Zamboni’s solution, by bright-field immunohistochemistry or
immunofluorescence with anti-protein gene product (PGP) 9.5 antibodies. Quantification
of IENF density appeared more sensitive than sensory nerve conduction study and sural
nerve biopsy in diagnosing SFN. A normative database has recently been published (LAU-
RIA et al. 2010a, b).

Corneal confocal microscopy (CCM) is a noninvasive method for the study of human
cornea in vivo. It has increasingly been used to assess the morphology of the subbasal corneal
nerve plexus. CCM has good reproducibility and has been shown to contribute to the early
detection of diabetic polyneuropathy (ZIEGLER et al. 2014). It may also be useful to document
favourable changes in nerve fibre structure early after therapeutic intervention. Corneal nerve
pathology is more pronounced in patients with diabetic polyneuropathy and is associated with
its clinical severity. The sensitivity and specificity of CCM for the diagnosis of polyneurop-
athy is moderate to high. CCM now merits further use in large longitudinal studies to pro-
vide more information on the natural history of diabetic neuropathy and effects of treatment.
Moreover, there is a need for a larger normative database. Finally, technical progress is ex-
pected to enable visualization of larger corneal areas and improve nerve fibre quantification,
increasing diagnostic accuracy (PAPANAS and ZIEGLER 2013, ZH1vov et al. 2010).
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5. Treatment

5.1 Role of Intensive Diabetes Therapy in Treatment and Prevention of Diabetic Neuropathy

Several long-term prospective studies that assessed the effects of intensive diabetes therapy
on the prevention and progression of chronic diabetic complications have been published. The
large randomized trials such as the Diabetes Control and Complications Trial (DCCT) and UK
Prospective Diabetes Study (UKPDS) were not designed to evaluate the effects of intensive
diabetes therapy on DSPN, but rather to study the influence of such treatment on the develop-
ment and progression of the chronic diabetic complications (The Diabetes Control and Com-
plications Trial Research Group 1993, UK Prospective Diabetes Study [UKPDS] Group 1998).
Thus, only a minority of the patients enrolled in these studies had symptomatic DSPN at entry.

Studies in type | diabetic patients show that intensive diabetes therapy retards but not
completely prevents the development of DSPN. In the DCCT/EDIC cohort, the benefits of
former intensive insulin treatment persisted for 13—14 years after DCCT closeout and provide
evidence of a durable effect of prior intensive treatment on polyneuropathy and cardiac auto-
nomic neuropathy (“hyperglycaemic memory”) (ALBERS et al. 2010, Pop-Busui et al. 2009),
similar to the findings described for diabetic retinopathy and nephropathy.

In contrast, in type 2 diabetic patients, who represent the vast majority of people with
diabetes, the results were largely negative. The UKPDS showed a lower rate of impaired VPT
(VPT > 25 V) after 15 years for intensive therapy (IT) versus conventional therapy (CT) (31
versus 52 %). However, the only additional time point at which VPT reached a significant
difference between IT and CT was the 9-year follow-up, whereas the rates after 3, 6, and
12 years did not differ between the groups. Likewise, the rates of absent knee and ankle re-
flexes as well as the heart rate responses to deep breathing did not differ between the groups
(UK Prospective Diabetes Study [UKPDS] Group 1998). In the ADVANCE study including
11,140 patients with type 2 diabetes randomly assigned to either standard glucose control or
intensive glucose control, the relative risk reduction (95 % CI) for new or worsening neurop-
athy for intensive versus standard glucose control after a median of 5 years of follow-up was
—4 (-10 to 2), without a significant difference between the groups (The ADVANCE Collab-
orative Group 2008). Likewise, in the VADT study including 1,791 military veterans (mean
age 60.4 years) who had a suboptimal response to therapy for type 2 diabetes, after a median
follow-up of 5.6 years no differences between the two groups on intensive or standard glucose
control were observed for DSPN or microvascular complications (DUCKWORTH et al. 2009).
In the ACCORD trial (IsMAIL-BEIGI et al. 2010), intensive therapy aimed at HbAlc <6.0 %
was stopped before study end because of higher mortality in that group, and patients were
transitioned to standard therapy after 3.7 years on average. At transition, loss of sensation to
light touch was significantly improved on intensive versus standard diabetes therapy. At study
end after 5 years, MNSI score >2, loss of sensation to vibration and light touch were signifi-
cantly improved on intensive versus standard diabetes therapy. However, due to the premature
study termination and the aggressive HbAlc goal, the neuropathy outcome in the ACCORD
trial is difficult to interpret.

In the Steno 2 Study (GAEDE et al. 2008), intensified multifactorial risk intervention in-
cluding intensive diabetes treatment, angiotensin converting enzyme (ACE)-inhibitors, anti-
oxidants, statins, aspirin, and smoking cessation in patients with microalbuminuria showed
no effect on DSPN after 7.8 (range: 6.9—8.8) years and again at 13.3 years, after the patients
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were subsequently followed observationally for a mean of 5.5 years, whereas the progression
of cardiac autonomic neuropathy (CAN) could be retarded.

However, it has to be acknowledged that, in contrast to the DCCT, the aforementioned trials
conducted in type 2 diabetic patients have used only a few clinical endpoints of DSPN or VPT
rather than an array of quantitative measures including NCV. Thus, there is no firm evidence
that intensive diabetes therapy or a target-driven intensified intervention aimed at multiple risk
factors favourably influence the development or progression of DSPN as opposed to CAN in
type 2 diabetic patients. However, there is general agreement that not only hyperglycaemia and
excessive alcohol consumption but also the traditional cardiovascular risk factors such as viscer-
al obesity, hypertension, hyperlipidaemia and smoking have a role in the development and pro-
gression of diabetic neuropathy and hence need to be prevented or treated on an individual basis.

5.2 Treatment Based on Pathogenetic Concepts

Recent experimental studies suggest a multifactorial pathogenesis of diabetic neuropathy. From
the clinical point of view it is important to note that, based on the various pathogenetic mech-
anisms, therapeutic approaches could be derived, some of which have been evaluated in ran-
domized clinical trials including the aldose reductase inhibitors (alrestatin, sorbinil, ponalrestat,
tolrestat, epalrestat, zopolrestat, zenarestat, fidarestat, ranirestat), the antioxidant a-lipoic acid
(thioctic acid), essential fatty acid (y-linolenic acid), ACE inhibitors (trandolapril), prostacyclin
(PGI,) analogs (iloprost, beraprost), prostaglandin derivatives (PGE,.aCD), nerve growth factor
(NGF), PKCB inhibitor (ruboxistaurin), C-peptide, vascular endothelial growth factor (VEGF)
(BouLTON et al. 2005), benfotiamine (vitamin B1 derivative), and actovegin (Tab. 1). These
drugs have been designed to favourably influence the underlying neuropathic process rather
than for symptomatic pain treatment. Since, in the foreseeable future, normoglycaemia will not
be achievable in the majority of diabetic patients, the advantage of the aforementioned treatment
approaches is that they may exert their effects despite prevailing hyperglycaemia. For clinical
use only a-lipoic acid, benfotiamine, and actovegin are licensed and used for treatment of symp-
tomatic DSPN in several countries, while epalrestat is marketed in Japan and India.

5.2.1 Benfotiamine

The lipid-soluble thiamine derivative benfotiamine inhibits three of the major biochemical
pathways implicated in the pathogenesis of hyperglycaemia-induced vascular damage (hex-
osamine pathway, AGE formation pathway, and diacylglycerol (DAG)-protein PKC pathway)
by activating transketolase in retinas of diabetic animals and also prevents experimental dia-
betic retinopathy (HAMMES et al. 2003). Plasma thiamine concentration is decreased by 76 %
in type 1 and 75 % in type 2 diabetic patients, associated with 24-fold (type 1) and 16-fold
(type 2) increased thiamine clearance (THORNALLEY et al. 2007). In the BENDIP study neu-
ropathic symptoms tended to improve after 6 weeks of treatment with benfotiamine 300 mg
bid (STRACKE et al. 2008). Further longer-term studies are required to confirm this finding.

5.2.2 o-Lipoic Acid

According to a meta-analysis comprising 1258 patients, infusions of a-lipoic acid (600
mg i.v./day) ameliorated neuropathic symptoms and deficits after 3 weeks (ZIEGLER et al.
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Tab. 1 Treatment of diabetic neuropathy based on the putative pathogenetic mechanisms

Abnormality

Compound

Mechanistic aim
of treatment

Status of RCTs

Polyol pathway 1

myo-Inositol 1
GLA synthesis |

Oxidative stress 7

Nerve hypoxia 1

Protein kinase C 1

Poly(ADP-ribose) 1

C-peptide |

Neurotrophism |

LCFA metabolism |

NEG 1

Aldose reductase inhibitors

Sorbinil
Tolrestat
Ponalrestat
Zopolrestat
Zenarestat
Lidorestat
Fidarestat

Ranirestat
Epalrestat

Myo-Inositol
y-Linolenic acid (GLA)

a-Lipoic acid
Vitamin E

Vasodilators
ACE inhibitors
Prostaglandin analogs
PhVEGEF 45 gene transfer

PKC B inhibitor
(ruboxistaurin)

Actovegin

C-peptide

Nerve growth factor (NGF)

BDNF

Acetyl-L-carnitine

Aminoguanidine

Nerve sorbitol |

Nerve myo-inositol 1
EFA metabolism 1

Free radicals |
Free radicals |

NBF 1

Angiogenesis T,
NBF 1

NBF 1

Poly(ADP-ribose) |,
apoptosis |

NBF 1

Nerve regeneration,
growth 1

Nerve regeneration,
growth 1

LCFA accumulation |

AGE accumulation |

Withdrawn (AE)

Withdrawn (AE)

Ineffective

Withdrawn (marginal effects)
Withdrawn (AE)

Withdrawn (AE)

Effective in phase II trials,
withdrawn

Phase I1I trials ongoing
Marketed in Japan and India

Equivocal
Withdrawn (effective: deficits)

Effective in RCTs
Effective in 1 small RCT

Effective in phase II trial
Effective in phase II trial
Effective in phase II trial

Ineffective

Effective in 1 large RCT

Effective in phase II trials

Ineffective

Ineffective

Ineffective

Withdrawn

NEG: non-enzymatic glycation; AGE: advanced glycation end products; EFA: essential fatty acids; LCFA: long-
chain fatty acids; AE: adverse events; NBF: nerve blood flow; RCTs: randomized clinical trials; BDNF: brain-de-
rived neurotrophic factor.

2004). Moreover, the SYDNEY 2 Trial suggests that treatment for 5 weeks using 600 mg of
a-lipoic acid orally q. d. reduces the chief symptoms of DSPN including pain, paresthesias,
and numbness to a clinically meaningful degree (ZIEGLER et al. 2006). In a multicentre,
randomized, double-masked, parallel-group clinical trial (NATHAN 1) including 460 dia-
betic patients with stage 1 or stage 2a DSPN were randomly assigned to oral treatment with
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a-lipoic acid 600 mg q. d. (n = 233) or placebo (n = 227) for 4 years. After 4 years, Neurop-
athy Impairment Score (NIS), but not NCV, was improved, and the drug was well tolerated
throughout the trial (ZIEGLER et al. 2007a). A response analysis of clinically meaningful
improvement and progression in the NIS and NIS of the lower limbs (NIS-LL) by at least
2 points showed that the rates of clinical responders were significantly higher and those
of progressors were lower with ALA versus placebo for NIS (p = 0.013) and NIS-LL (p =
0.025), respectively. Clinical and post-marketing surveillance studies have revealed a high-
ly favourable safety profile (ZIEGLER 2004).

5.2.3 Actovegin

Actovegin is a deproteinized haemoderivative produced from calf blood by ultrafiltration that
contains low-molecular weight compounds of up to 5000 Da. A recent in vitro study using
freshly prepared primary rat neurons showed that actovegin increases the number of neuronal
cells, the total number of synaptic connections of neurons, inhibits apoptosis as measured by
caspase-3 activity and reduces oxidative stress in neurons, as measured by the concentration of
reactive oxygen species (ELMLINGER et al., unpublished observations). In STZ-diabetic rats,
reduced SNCV and IENFD were significantly ameliorated by actovegin treatment. Moreover,
actovegin markedly decreased apoptotic cell death in sciatic nerves from STZ-diabetic rats
as assessed by poly(ADP-ribose) content (DIECKMANN, unpublished observations). Thus, ac-
tovegin improves experimental diabetic neuropathy possibly via anti-apoptotic mechanisms
including poly(ADP-ribose), providing a rationale for treatment of human disease.

The efficacy and safety of actovegin in patients with diabetic polyneuropathy was recently
evaluated in a multicentre, randomized, double-blind trial including 567 patients with type 2
diabetes who received 20 intravenous infusions of actovegin (2000 mg/day) or placebo once
daily followed by three tablets of actovegin (1800 mg/day) or placebo three times daily for
140 days. Total symptom score (TSS) of the lower limbs and vibration perception threshold
(VPT) measuring five sites per foot were used as co-primary outcome measures comparing
the averaged values of each group over the trial period. In the primary analysis, TSS was
significantly lower during actovegin treatment compared with placebo (p = 0.0003), while the
improvement in VPT compared to baseline was significantly better with actovegin than with
placebo (P =0.017), but did not reach statistical significance when computed as averaged val-
ues (P =0.084). Among the secondary endpoints, NIS-LL sensory function was significantly
improved with actovegin versus placebo as was quality of life assessed by the SF-36 mental
health domain. There were no differences in the incidence of adverse events between the
groups (ZIEGLER et al. 2009a) confirming a favourable safety profile of this drug.

5.3 Pharmacological Treatment of Painful Neuropathy

Painful symptoms in DSPN may constitute a considerable management problem. The efficacy
of a single therapeutic agent is not the rule, and simple analgesics are usually inadequate to
control the pain. There is agreement that patients should be offered the available therapies
in a stepwise fashion (FINNERUP et al. 2005, 2010, DwoRKIN et al. 2007, 2010). Effective
pain treatment considers a favourable balance between pain relief and side effects without
implying a maximum effect. The following general considerations in the pharmacotherapy of
neuropathic pain require attention:
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— The appropriate and effective drug has to be tried and identified in each patient by careful-
ly titrating the dose based on efficacy and side effects.

— Lack of efficacy should be judged only after 2—4 weeks of treatment using an adequate dose.

— Because the evidence from clinical trials suggests only a maximum response of = 50 % for
any monotherapy, analgesic combinations may be useful.

— Potential drug interactions have to be considered given the frequent use of polypharmacy
in diabetic patients.

A stepwise rational treatment algorithm is summarized in Table 2. The advantages and dis-
advantages of the various drugs and drug classes used for treatment of painful diabetic neu-
ropathy under consideration of the various comorbidities and complications associated with
diabetes are summarized in Table 3. Prior to any decision regarding the appropriate treatment,
the diagnosis of the underlying neuropathic manifestation allowing to estimate its natural his-
tory should be established. In contrast to the agents that have been derived from the pathoge-

Tab. 2 Treatment options for painful diabetic neuropathy

Approach Compound/measure Dose per day Remarks NNT

Optimal diabetes Lifestyle modification  Individual adaptation ~ Aim: HbA . <6.5%
control OAD, insulin

Pathogenetically a-Lipoic acid 600 mg i.v. infusion Duration: 3 wk 6.3*

oriented treatment  (thioctic acid)$ 1200-1800 mg orally ~ Favourable safety profile 2.8-4.2*

Symptomatic Tricyclic anti-

treatment depressants (TCA)
Anmitriptyline (10-)25-150 mg NNMH: 15 2.1
Desipramine (10-)25-150 mg NNMH: 24 2.2/3.2
Imipramine (10-)25-150 mg CRR 1.3/2.4/3.0
Clomipramine (10-)25-150 mg NNMH: 8.7 2.1
Nortriptyline (10-)25-150 mg plus Fluphenazine 1.2%*
SNRI
Duloxetine* 60-120 mg NNT 120 mg, 60 mg 53,49
Anticonvulsants
Pregabalin* 300-600 mg NNT 600 mg, 300 mg 5.9,4.2
Gabapentin 900-3600 mg Unpublished trials 6.4
Weak opioids
Tramadol 50-400 mg NNMH: 7.8 3.1/4.3
Local treatment
Capsaicin (0,025 %) q.i.d. topically Max. duration: 6-8 wk 5.7
cream

Pain resistant to Strong opioids

standard pharmaco- Oxycodone Add-on treatment

therapy Electrical spinal cord Invasive, 2.6
stimulation (ESCS) specialist required

§Available only in some countries; + licensed in US and EU; ns: not significant; *> 50 % symptom relief after 3 and
5 weeks; **combined with fluphenazine; OAD: oral antidiabetic drugs; CRR: concentration-response relationship;
NNMH: number needed for major harm; SNRI: selective serotonin norepinephrine reuptake inhibitors; NNT: num-
ber needed to treat.
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netic mechanisms of diabetic neuropathy, those used for symptomatic therapy were designed
to modulate the pain, without favourably influencing the underlying neuropathy.

Tab. 3 Differential treatment of painful neuropathy considering frequent co-morbidities and side-effects.

Duloxetine Pregabalin Tricyclics Opioids a-Lipoic acid

Depression +7% n* + n n
Obesity n - - n n
Generalized anxiety + + na na na
disorder (GAD)

Sleep disturbances + + + + na
Coronary heart disease n n - n n
Autonomic neuropathy na na - - +
Fasting glucose -) n - n n*
Hepatic failure - n § § n
Renal failure - adapt dose § § n
Drug interactions - n - n n

Effect: + = favourable; — = unfavourable; n = neutral; na = not available

* Slight decrease possible; § dependent on individual agent

The relative benefit of an active treatment over a control in clinical trials is usually expressed
as the relative risk, the relative risk reduction, or the odds ratio. However, to estimate the
extent of a therapeutic effect (i.e. pain relief) that can be translated into clinical practice, it is
useful to apply a simple measure that serves the physician to select the appropriate treatment
for the individual patient. Such a practical measure is the “number needed to treat” (NNT),
i.e. the number of patients that need to be treated with a particular therapy to observe a clin-
ically relevant effect or adverse event in one patient. This measure is expressed as the recip-
rocal of the absolute risk reduction, i.e. the difference between the proportion of events in the
control group (Pc) and the proportion of events in the intervention group (Pi): NNT = 1/(Pc—
Pi). The 95 % confidence interval (CI) of NNT can be obtained from the reciprocal value of
the 95 % CI for the absolute risk reduction. The NNT and NNH (number needed to harm) for
the individual agents used in the treatment of painful diabetic neuropathy are given in Table
2. Usually, drugs with NNTs exceeding 6 for 250 % pain relief are regarded as showing lim-
ited efficacy. However, some authors have cautioned that summary NNT estimates may have
limited clinical relevance, due to problems of heterogeneity (EDELSBERG and OSTER 2009).

5.3.1 Tricyclic Antidepressants

Psychotropic agents, among which tricyclic antidepressants (TCAs) have been evaluated most
extensively, constitute an important component in the treatment of chronic pain syndromes
since more than 30 years. Putative mechanisms of pain relief by antidepressants include the
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inhibition of norepinephrine and/or serotonin reuptake at synapses of central descending pain
control systems and the antagonism of N-methyl-D-aspartate receptor that mediate hyperal-
gesia and allodynia. Imipramine, amitriptyline, and clomipramine induce a balanced reuptake
inhibition of both norepinephrine and serotonin, while desipramine is a relatively selective
norepinephrine inhibitor. The NNT (CI) for a 250 % pain relief by TCAs in painful neuropa-
thies is 2.1 (1.9-2.6). The number needed to harm (NNH) in patients with neuropathic pain
for one drop out of the study due to adverse events is 16 (11-26) (FINNERUP et al. 2010).

The most frequent adverse events of TCAs include tiredness and dry mouth. The starting
dose should be 25 mg (10 mg in frail patients) and taken as a single night time dose one hour
before sleep. It should be increased by 25 mg at weekly intervals until pain relief is achieved
or adverse events occur. The maximum dose is usually 150 mg per day.

TCAs should be used with caution in patients with orthostatic hypotension and are con-
traindicated in patients with unstable angina, recent (< 6 months) myocardial infarction, heart
failure, history of ventricular arrhythmias, significant conduction system disease, and long
QT syndrome. Their use is limited by relative high rates of adverse events and several con-
traindications. Thus, there is a continuing need for agents that exert efficacy equal to or better
than that achieved with TCAs but have a more favourable side effect profile.

5.3.1.1 Selective Serotonin Reuptake Inhibitors (SSRI)

Because of the relative high rates of adverse effects and several contraindications of TCA,
it has been reasoned whether patients who do not tolerate them due to adverse events could
alternatively be treated with selective serotonin reuptake inhibitors (SSRI). SSRI specifically
inhibit pre-synaptic reuptake of serotonin, but not norepinephrine, and unlike the tricyclics
they lack the postsynaptic receptor blocking effects and quinidine-like membrane stabiliza-
tion. However, only weak effects on neuropathic pain were observed after treatment with
fluoxetine, paroxetine, citalopram, and escitalopram. The NNT (CI) for a 250 % pain relief by
SSRI in painful neuropathies is 6.8 (3.9-27) (FINNERUP et al. 2010). Because of these limited
efficacy data, SSRI have not been licensed for the treatment of neuropathic pain.

5.3.1.2 Serotonin Noradrenaline Reuptake Inhibitors (SNRI)

Because SSRI have been found to be less effective than TCAs, recent interest has focused
on antidepressants with dual selective inhibition of serotonin and noradrenaline such as du-
loxetine and venlafaxine. The efficacy and safety of duloxetine was evaluated in 3 controlled
studies using a dose of 60 and 120 mg/Tag over 12 weeks (KAipasz et al. 2007). In all
three studies, the average 24 hour pain intensity was significantly reduced with both doses as
compared to placebo treatment, the difference between active and placebo being achieving
statistical significance after 1 week. The response rates defined as 250 % pain reduction were
48.2 % (120 mg/day), 47.2 % (60 mg/day) und 27.9 % (Placebo), giving a NNT of 4.9 (95 %
CI: 3.6-7.6) for 120 mg/day and 5.3 (3.8 -8.3) for 60 mg/day. Pain severity, but not variables
related to diabetes or neuropathy, predicts the effects of duloxetine in diabetic peripheral neu-
ropathic pain. Patients with higher pain intensity tend to respond better than those with lower
pain levels (ZIEGLER et al. 2007). The most frequent side effects of duloxetine (60/120 mg/
day) include nausea (16.7/27.4 %), somnolence (20.2/28.3 %), dizziness (9.6/23 %), consti-
pation 14.9/10.6 %), dry mouth (7.1/15 %), and reduced appetite (2.6/12.4 %). These adverse
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events are usually mild to moderate and transient. To minimize them the starting dose should
be 30 mg/day for 5—7 days. In contrast to TCAs and some anticonvulsants duloxetine does
not cause weight gain (GAYNOR et al. 2011), but a small increase in fasting blood glucose may
occur (HARDY et al. 2007).

In a 6-week trial comprising 244 patients the analgesic response rates were 56 %, 39 %,
and 34 % in patients given 150-225 mg venlafaxine, 75 mg venlafaxine, and placebo, respec-
tively. Because patients with depression were excluded, the effect of venlafaxine (150-225
mg) was attributed to an analgesic, rather than antidepressant, effect. The most common ad-
verse events were tiredness and nausea (ROwBOTHAM et al. 2004). Duloxetine, but not venla-
faxine, has been licensed for the treatment of painful diabetic neuropathy.

5.3.2 Anticonvulsants

5.3.2.1 Calcium Channel Modulators (02-8 Ligands)

Gabapentin is an anticonvulsant structurally related to y-aminobutyric acid (GABA), a neu-
rotransmitter that plays a role in pain transmission and modulation. The exact mechanisms of
action of this drug in neuropathic pain are not fully elucidated. Among others, they involve
an interaction with the system L-amino acid transporter and high affinity binding to the 02-9
subunit of voltage-activated calcium channels. In an 8-week multicentre dose-escalation trial
including 165 diabetic patients with painful neuropathy 60 % of the patients on gabapentin
(3600 mg/day achieved in 67 %) had at least moderate pain relief compared to 33 % on pla-
cebo. Dizziness and somnolence were the most frequent adverse events in about 23 % of the
patients each (BACKONJA et al. 1998). The NNT (CI) for a 250 % pain relief by gabapentin in
painful neuropathies is 6.4 (4.3—12) (FINNERUP et al. 2010). Due to this relatively high NNT
and publication bias towards unpublished negative trials (LANDEFELD and STEINMAN 2009),
the overall level of evidence in favour of gabapentin in painful DSPN is modest.

Pregabalin is a more specific a2-06 ligand with a 6-fold higher binding affinity than gaba-
pentin. The efficacy and safety of pregabalin was reported in a pooled analysis of 6 studies
over 5—11 weeks in 1346 diabetic patients with painful neuropathy. The response rates defined
as 250 % pain reduction were 46 % (600 mg/day), 39 % (300 mg/day), 27 % (150 mg/day) and
22 % (Placebo), giving a NNT of 4.2, 5.9, and 20.0 %. The most frequent side effects for
150-600 mg/day are dizziness (22.0 %), somnolence (12.1 %), peripheral oedema (10.0 %),
headache (7.2 %), and weight gain (5.4 %) (FREEMAN et al. 2008). The evidence supporting a
favourable effect in painful diabetic neuropathy is more solid and dose titration is consider-
ably easier with pregabalin than with gabapentin.

5.3.2.2 Sodium Channel Blockers

Although carbamazepine has been widely used for treating neuropathic pain, it cannot be
recommended in painful diabetic neuropathy due to limited data from two very small studies
(RuLL et al. 1969, WiLTON 1974). Its successor drug, oxcarbazepine (BEYDOUN et al. 2006,
GROSSKOPF et al. 20006), as well as other sodium channel blockers such as valproate (KOCHAR
et al. 2004), mexiletine (JARVIS et al. 1998), topiramate (THIENEL et al. 2004), and lamotri-
gine (VINIK et al. 2007), showed only marginal efficacy and have not been licensed for the
treatment of painful diabetic neuropathy. The NeuPSIG guidelines recommended that these
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third-line medications (e.g., carbamazepine, lamotrigine, oxcarbazepine, topiramate, and
valproic acid) should generally be reserved for patients with neuropathic pain who cannot
tolerate or who do not respond adequately to first- and second-line medications (DWORKIN et
al. 2010). Accordingly, the EFNS guidelines have assigned carbamazepine a Level C rating
(established as possibly useful/predictive or not useful/predictive) (ATTAL et al. 2010).

5.3.2.3 Lacosamide

Lacosamide is a novel anticonvulsant which selectively enhances the slow inactivation of
voltage-dependent sodium channels but, in contrast to the aforementioned sodium channel
blockers, does not influence the fast sodium channel inactivation. Its second putative mech-
anism is an interaction with a neuronal cytosolic protein, the collapsin response mediator
protein 2 (CRMP-2) which plays an important role in nerve sprouting and excitotoxicity.
Lacosamide has been evaluated in several studies in painful diabetic neuropathy (ZIEGLER et
al. 2010). However, the drug was not approved by the FDA and EMEA for painful diabetic
neuropathy in 2008, but further clinical trials may follow in the future.

5.3.3 Local Treatments

Capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) is an alkaloid and the most pungent
ingredient in the red pepper. It depletes tissues of substance P and reduces neurogenic plas-
ma extravasation, the flare response and chemically induced pain. Substance P is present in
afferent neurones innervating skin, mainly in polymodal nociceptors, and is considered the
primary neurotransmitter of painful stimuli from the periphery to the central nervous system.
Several studies have demonstrated significant pain reduction and improvement in quality of
life in diabetic patients with painful neuropathy after 8 weeks of treatment with capsaicin
cream 0.075 % (MAsoN et al. 2004). It has been criticized that a double-blind design is not
feasible for topical capsaicin due to the transient local hyperalgesia (usually mild burning
sensation >50 % of the cases), it may produce as a typical adverse event. Treatment should
be restricted to a maximum of 8 weeks, as during this period no adverse effects on sensory
function (due to the mechanism of action) were noted in diabetic patients. The 8 % capsai-
cin patch (Qutenza) which is effective in postherpetic neuralgia (BACKONJA et al. 2008), is
contraindicated in painful diabetic neuropathy due to desensitization of nociceptive sensory
nerve endings which may theoretically increase the risk of diabetic foot ulcers.

The topical lidocaine patch 5% (Lidoderm), a targeted peripheral analgesic was associ-
ated with relief of pain and tactile allodynia with a minimal risk of systemic adverse effects
or drug-drug interactions in patients with post-herpetic neuralgia (PHN) (DAvIEs and GALER
2004). Controlled clinical trials in patients with DSPN are underway.

Recent experimental evidence suggests that botulinum toxin type A may not only inhibit
the release of acetylcholine at the neuromuscular junctions, but also modulate afferent sen-
sory fibre firing, thereby relieving neuropathic pain. In a pilot study 12 one-time intradermal
injections of botulinum toxin type A significantly reduced diabetic neuropathic pain over
4-12 weeks and transiently improved sleep quality (YUAN et al. 2009). Large-scaled studies
are required to confirm this finding.
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5.3.4 Opioids

Tramadol acts directly via opioid receptors and indirectly via monoaminergic receptor sys-
tems. Because the development of tolerance and dependence during long-term tramadol treat-
ment is relatively uncommon, and its abuse liability appears to be low, it is an alternative to
strong opioids in neuropathic pain (HARATI et al. 1998). One conceivable mechanism for the
favourable effect of tramadol could be a hyperpolarization of postsynaptic neurons via post-
synaptic opioid receptors. Alternatively, the reduction in central hyperexcitability by tramadol
could be due to a monoaminergic or a combined opioid and monoaminergic effect.

Most severe pain requires administration of strong opioids such as oxycodone. Although
there is little data available on combination treatment, combinations of different substance
classes have to be used in patients with pain resistant to monotherapy. Several add-on trials
have demonstrated significant pain relief and improvement in quality of life following treatment
with controlled-release oxycodone, a pure p-agonist in patients with painful DSPN whose pain
was not adequately controlled on standard treatment with antidepressants and anticonvulsants
(WaTtsoN et al. 2003, GILRON et al. 2005). As expected, adverse events were frequent and typi-
cal of opioid-related side effects. A cross-over study examined the maximum tolerable dose of a
combination treatment of gabapentin and morphine as compared to monotherapy of each drug.
The maximum tolerable dose was significantly lower and efficacy was better during combina-
tion therapy than with monotherapy, suggesting an additive interaction between the two drugs
(GILRON et al. 2005). The results of these studies suggest that opioids should be included among
the therapeutic options for painful DSPN, provided that careful selection of patients unrespon-
sive to standard treatments, regular monitoring, appropriate dose titration, and management of
possible opioid-specific problems (analgesic misuse or addiction, tolerance, opioid-induced hy-
peralgesia) are ensured. Recent recommendations have emphasized the need for clinical skills
in risk assessment and management as a prerequisite to safe and effective opioid prescribing
(DworkiIN et al. 2010). Treatment of painful DSPN with opioid agonists should generally be
reserved for patients who have failed to respond to or cannot tolerate the first-line medications.

Tapentadol is a novel centrally active analgesic with a dual mode of action: p-opioid recep-
tor agonist and norepinephrine-reuptake inhibitor. A recent phase III, randomized-withdrawal,
placebo-controlled trial evaluated the safety and efficacy of tapentadol extended release (ER)
in painful diabetic DSPN. Patients with at least a >1-point reduction in pain intensity at the end
of a 3-week open-label titration phase were randomized to receive placebo or the optimal fixed
dose over 12 weeks. Compared with placebo, tapentadol ER 100-250 mg bid was associated
with a statistically significant difference in the maintenance of the initial improvement and was
well-tolerated (SCHWARTZ et al. 2011). Further studies to confirm this finding are underway.

The response rates to analgesic monotherapy in painful diabetic DSPN are only around
50 %. Therefore, combination pharmacotherapy is required in patients who have only partial
response or in whom the drug cannot be further titrated due to intolerable side effects. A
recent trial showed that the combination of nortriptyline and gabapentin at the maximum
tolerated dose was more effective than either monotherapy despite a lower maximum toler-
able dose as compared with monotherapy (GILRON et al. 2009). Appropriate analgesic com-
binations include antidepressants with anticonvulsants or each of these with opioids. Some
patients may even require a triple combination of these drug classes.

In summary, although several novel analgesic drugs have recently been introduced into
clinical practice, the pharmacologic treatment of chronic painful diabetic neuropathy remains
a challenge for the physician. Individual tolerability remains a major aspect in any treatment
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decision. Little information is available from controlled trials on long-term analgesic efficacy,
head-to-head comparisons of individual analgesics, and only a few studies have used drug
combinations. Combination drug use or the addition of a new drug to a therapeutic regimen
may lead to increased efficacy.

5.4 Non-pharmacological Treatment of Painful Neuropathy

Because there is no entirely satisfactory pharmacotherapy of painful diabetic neuropathy,
non-pharmacological treatment options should always be considered. As for the pharmaco-
logical treatment, considerable efforts must also be made to develop effective non-pharmaco-
logical approaches. A recent systematic review assessed the evidence from rigorous clinical
trials and meta-analyses of complementary and alternative therapies for treating neuropathic
and neuralgic pain. Data on the following complementary and alternative medicine treatments
were identified: acupuncture, electrostimulation, herbal medicine, magnets, dietary supple-
ments, imagery, and spiritual healing. The conclusion was that the evidence is not fully con-
vincing for most complementary and alternative medicine modalities in relieving neuropathic
or neuralgic pain. The evidence can be classified as encouraging and warrants further study
for cannabis extract, magnets, carnitine, and electrostimulation (PITTLER and ERNST 2008).

5.4.1 Psychological Support

A psychological component to pain should not be underestimated. Hence, an explanation to
the patient that even severe pain may remit, particularly in poorly controlled patients with
acute painful neuropathy or in those painful symptoms precipitated by intensive insulin treat-
ment. Thus, the emphatic approach addressing the concerns and anxieties of patients with
neuropathic pain is essential for their successful management (TESFAYE 1998).

5.4.2 Physical Measures

The temperature of the painful neuropathic foot may be increased due to arterio-venous
shunting. Cold water immersion may reduce shunt flow and relieve pain. Allodynia may be
relieved by wearing silk pyjamas or the use of a bed cradle. Patients who describe painful
symptoms on walking likened to walking on pebbles may benefit from the use of comfortable
footwear (TESFAYE 1998).

Older type 2 diabetic patients often exhibit greater impairments in posture and gait and are
typically at increased risk of falling. Following a 6-week balance training programme, significant
improvements in leg strength, faster reaction times, decreased sway, and, consequently, reduced
falls risk were observed in patients with type 2 diabetes aged 5075 years (MORRISON et al. 2010).

5.4.3 Acupuncture

In a 10-week uncontrolled study in diabetic patients on standard pain therapy, 77 % showed
significant pain relief after up to 6 courses of traditional Chinese acupuncture without any side
effects. During a follow-up period of 18-52 weeks, 67 % were able to stop or significantly re-
duce their medications and only 24 % required further acupuncture treatment (ABUAISHA et al.
1998). Controlled studies using placebo needles should be performed to confirm these findings.
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5.4.4 Electrical Stimulation

Transcutaneous electrical nerve stimulation (TENS) influences neuronal afferent transmis-
sion and conduction velocity, increases the nociceptive flexion reflex threshold, and changes
the somatosensory evoked potentials. In a 4-week study of TENS applied to the lower limbs,
each for 30 min daily, pain relief was noted in 83 % of the patients compared to 38 % of a
sham-treated group. In patients who only marginally responded to amitriptyline, pain reduc-
tion was significantly greater following TENS given for 12 weeks as compared with sham
treatment. Thus, TENS may be used as an adjunctive modality combined with pharmacother-
apy to augment pain relief (KumaRr et al. 1998).

One randomized controlled study showed a better effect of high-tone external muscle
stimulation (HTEMS) than TENS on neuropathic symptoms after 1 week (REICHSTEIN et al.
2005). A 3-month cross-over trial in diabetic patients with symptomatic DSPN is currently
underway. Frequency-modulated electromagnetic nerve stimulation (FREMS) resulted in a
transient reduction in neuropathic pain, without an effect on NCV in symptomatic diabetic
neuropathy (Bosi et al. 2013).

In diabetic painful neuropathy that was unresponsive to drug treatment, electrical spinal
cord stimulation (ESCS) with electrodes implanted between T9 and T11 resulted in a pain re-
lief >50 % in 8 out of 10 patients. In addition, exercise tolerance was significantly improved.
Complications of ESCS included superficial wound infection in 2 patients, lead migration
requiring reinsertion in 2 patients, and “late failure™ after 4 months in a patient who had in-
itial pain relief (TESFAYE et al. 1996). This invasive treatment option should be reserved for
patients who do not respond to drug treatment.

5.4.5 Surgical Decompression

Surgical decompression at the site of anatomic narrowing has been promoted as an alternative
treatment for patients with symptomatic DSPN. It has been suggested that peripheral nerve
decompression is reserved for the patient with neuropathy who has a demonstrable compres-
sion of a peripheral nerve in a known site of anatomic narrowing (DELLON 2008). However,
none of the studies identified by a recent Cochrane review were randomized and none report-
ed the criteria used for diagnosis of DSPN. Except for the presence of Tinel’s sign, there was
no other direct clinical or nerve conduction data given to identify the presence of compressive
neuropathies (CHAUDHRY et al. 2008). Given the current evidence available, this treatment al-
ternative should be considered unproven (Level U). Prospective randomized controlled trials
with standard definitions and outcome measures are necessary to determine the value of this
therapeutic intervention (CHAUDHRY et al. 2008, Therapeutics and Technology Assessment
Subcommittee of the American Academy of Neurology et al. 2006).
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Early Detection of Glial Dysfunction
in Diabetic Retinopathy
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Abstract

Diabetic retinopathy is characterized by vascular abnormalities, neuronal dysfunction, and glial reactivity. Reactive
alterations in retinal glia occur early in diabetic retinopathy and are a consequence of, and a contributor to, vascular
abnormalities. Gliosis results in a dysregulation of various neuron-supportive functions of Miiller glial cells including
the maintenance of the retinal potassium and water homeostasis, the glial uptake and metabolism of glutamate, and the
production of antioxidants. A better understanding of the gliotic mechanisms in the diabetic retina will help to develop
efficient therapeutic strategies which increase the beneficial, and decrease the destructive, effects of reactive gliosis.

Zusammenfassung

Reaktive Verdnderungen der retinalen Glia sind ein frithes Kennzeichen der diabetischen Retinopathie. Gliazellen
reagieren auf die vaskuldren Verdnderungen und tragen zu den vaskuldren und neuronalen Verinderungen bei. Die
Gliose der Miillerzellen fiihrt zu einer Dysregulation der retinalen Kalium-, Wasser- und Glutamathoméostase und
zu einem Verlust des Schutzes gegen oxidativen Stress. Diese Verdnderungen bewirken eine neuronale Dysfunktion
und die Entwicklung eines Odems. Ein besseres Verstindnis der Gliosemechanismen erméglicht die Entwicklung
neuer therapeutischer Strategien zur Neuroprotektion in der diabetischen Netzhaut.

1. Introduction

Diabetic retinopathy is the leading cause of visual disability and acquired blindness among
working-age adults in the industrialized world. Although diabetic retinopathy is primarily a
microangiopathy, reactive changes in retinal neurons and glia occur early in the course of the
disease and precede the onset of clinically evident vascular injury. Loss of colour and contrast
sensitivity, abnormalities in the electroretinogram, and degeneration of retinal neurons and
photoreceptors were observed in patients before vascular changes became obvious (FLET-
CHER et al. 2007). Early neuronal and glial alterations, including decreases of electroretino-
gram components, increased apoptosis rates of retinal neurons, and reactivity of retinal glia,
are also observed in experimental diabetic retinopathy (FLETCHER et al. 2007). Apparently,
diabetic retinopathy is a multifactorial disease that involves vasculature, neurons, and glia.
Glial activation and dysfunction is a consequence of and a contributor to vascular abnormal-
ities and neuronal dysfunction.

1 Paul Flechsig Institute of Brain Research, University of Leipzig, Germany.
2 Department of Ophthalmology and Eye Hospital, University of Leipzig, Germany.
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The human retina contains three types of glial cells: microglial cells and two types of neu-
ron-supporting macroglial cells, astrocytes and Miiller cells (BRINGMANN et al. 2006). Mi-
croglial cells are blood-derived resident immune cells and play important roles in the host
defense against invading microorganisms and the initiation of inflammatory processes. Astro-
cytes are localized to the nerve fibre and ganglion cell layers (Fig. 1) where their processes
wrap around blood vessels. Miiller cells are specialized radial glial cells which span the entire
thickness of the neural retina (Fig. 1).

Fig. 1 Miiller cells span the entire thickness of the neuroretina. Schematic drawing of the cellular constituents and
basic neuronal circuits of a human retina. Astrocytes (as) are localized in the nerve fibre (NFL) and ganglion cell
layers (GCL). The perikarya of Miiller cells are localized in the inner nuclear layer (INL). From the perikaryon, two
stem processes of Miiller cells extend towards the inner (fop) and outer (bottom) surfaces of the neuroretina. The
funnel-shaped endfeet of Miiller cells form (in association with a basement membrane) the inner surface of the retina.
In the outer (OPL) and inner plexiform layers (IPL), side branches which form perisynaptic membrane sheaths orig-
inate at the stem processes. In the outer nuclear layer (ONL), the stem process of Miiller cells forms membraneous
sheaths which envelop the perikarya of rods (r) and cones (c). Microvilli of Miiller cells extent into the subretinal
space which surround the photoreceptor segments (PRS). The neural retina contains three interconnected plexuses of
blood vessels (BV). The superficial vascular plexus is located in the NFL/GCL. The inner plexus and the deep plexus
are located at the inner and outer borders of the INL, near the plexiform layers. Miiller cells and astrocytes ensheath
the superficial vessels while the deeper vessels are surrounded by Miiller cells. ac, amacrine cell; be, bipolar cell;
Chor, choroid; rge, retinal ganglion cell; RPE, retinal pigment epithelium.

They constitute an anatomical and functional link between retinal neurons and the vitreous
and blood vessels. Most nutrients, waste products, ions, and other molecules are transported
through Miiller cells between the inner retinal blood vessels and the neurons. Miiller cells
support the the survival, functioning, and metabolism of photoreceptors and neurons, are re-
sponsible for the structural stabilization of the retina, and are active players in normal retinal
function and retinal degeneration (BRINGMANN et al. 2006, 2009a). They are involved in reti-
nal glucose metabolism, provide trophic substances to neurons, remove metabolic waste, me-
diate the retinal potassium, water, and acid-base homeostasis, and regulate the retinal blood
flow and the barrier properties of vascular endothelia (BRINGMANN et al. 2006). Miiller cells
act as living optical fibres which guide light towards the photoreceptors (FRANZE et al. 2007,
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AGTE et al. 2011). Their processes function as soft, compliant embedding for neurons which
supports synaptic plasticity (Lu et al. 2006). Miiller cells support the neuronal activity by the
supply of neurons with precursors of neurotransmitters, and are more directly involved in the
regulation of synaptic activity by the rapid uptake of neurotransmitters, which terminates the
postsynaptic glutamate action in inner retinal neurons (MATSUI et al. 1999), and by the release
of gliotransmitters (NEWMAN 2004, BRINGMANN et al. 2009b).

2. The Janus Face of Gliosis

Miiller cells are targets of, and players in, diabetic changes in the retina. Reactive Miiller
cells are neuroprotective but may also quit supporting the neurons, and rather contribute to
neuronal degeneration (BRINGMANN et al. 2009a). Early after injury, gliosis is thought to be
neuroprotective, as a cellular attempt to limit the extent of injury, e.g., by the release of neu-
rotrophic factors. However, at later stages, the formation of glial scars and the expression of
inhibitory molecules on the surface of reactive glial cells inhibit tissue repair as well as reg-
ular neuroregeneration. Moreover, functional changes of reactive glial cells, which in some
aspects reflect a de-differentiation of the cells, may more directly contribute to further tissue
damage, e.g., via disturbance of ion and water homeostasis, and dysregulation of neurotrans-
mitter removal. It is noteworthy that the same gliotic reaction may exert biphasic effects,
depending on time and/or amplitude. For instance, the expression of acute-phase proteins
(e.g., of proteins with antioxidant activity) in Miiller cells of diabetic rats may represent an
adaptive response to maintain homeostasis and to protect neurons (GERHARDINGER et al.
2005). On the other hand, persistent overexpression of acute-phase proteins may cause tissue
damage including endothelial dysfunction and angiogenesis. Another example is the produc-
tion of nitric oxide (NO). Retinal glial cells upregulate the expression of the inducible form
of NO synthase under diabetic conditions (ABU-EL-ASRAR et al. 2001). Though NO increases
the local retinal perfusion by dilating blood vessels, prevents platelet aggregation, and pro-
tects neurons from glutamate toxicity via closure of N-methyl-D-aspartate receptor channels
(which are protective effects), higher concentrations of NO are toxic to retinal neurons, via
the production of cytotoxic prostaglandins and the formation of nitrotyrosine that inactivates
cellular proteins (GOUREAU et al. 1999, Du et al. 2004). In addition, the diabetic loss of func-
tional hyperaemia, i.e., the dilation of arterioles in response to neuronal activity, was attrib-
uted to high NO levels resulting from the upregulation of the inducible NO synthase in glial
cells (MisHRA and NEWMAN 2010). Soluble factors released by Miiller cells such as vascular
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), interleukin (IL)-1p,
IL-6, and tumour necrosis factor (TNF) have neuroprotective effects (FAKTOROVICH et al.
1990, DieM et al. 2001, FoXTON et al. 2013) but are also involved in disease progression by
inducing vascular leakage, neovascularization, and downregulation of the enzyme, glutamine
synthetase (D’ AMORE 1994, KRUCHKOVA et al. 2001, SHEN and XU 2009).

3. Miiller Cell Proliferation and Degeneration

Miiller cell gliosis is a response to changes occuring in the diabetic retinal milieu, caused by
ischaemia-hypoxia, vascular leakage, oxidative stress, and inflammation. Accumulation of

Nova Acta Leopoldina NF 779, Nr. 401, 61-80 (2014) 63



Andreas Reichenbach and Andreas Bringmann

advanced glycation and lipoxidation end products (AGEs/ALEs) is a further causative factor
of Miiller cell gliosis (CURrTIs et al. 2011). In the diabetic retina, Miiller cells proliferate and
undergo apoptosis (HAMMES et al. 1995, RUNGGER-BRANDLE et al. 2000). Miiller cell apopto-
sis is induced, at least in part, by hyperglycaemia and extravasated, highly oxidized glycated
lipoproteins (KUSNER et al. 2004, Wu et al. 2012).

4. Upregulation of Glial Intermediate Filaments

A hallmark of reactive Miiller cell gliosis is the upregulation of the intermediate filaments vi-
mentin, nestin, and glial fibrillary acidic protein (GFAP) (Fig. 2A) (BRINGMANN et al. 2009a).
While astrocytes decrease their expression of GFAP, the GFAP expression in Miiller cells is
elevated early in experimental diabetes, well before overt vascular changes become demon-
strable (RUNGGER-BRANDLE et al. 2000). The upregulation of intermediate filaments alters
the biomechanical properties of Miiller cells. Normally, Miiller cells are about twice as soft
as retinal interneurons (LU et al. 2006). The inner and outer stem processes of Miiller cells
are even softer than the endfoot (Fig. 3A) and the soma. Because Miiller cells are softer than
neurons, they may act as soft, compliant embedding for neurons. Growing neurites prefer soft
substrates (Fig. 3B) (FLANAGAN et al. 2002); neuronal growth cones are actively guided by
soft substrates and avoid rigid substrates (FRANZE et al. 2009). Thus, Miiller cells may act as
deformable substrates for neurite outgrowth and branching implicated in both retinal devel-
opment and adult synaptic plasticity (Lu et al. 2011). In addition, Miiller cells may protect
neurons from mechanical stress as shock absorbers which might be caused, for example, by
the movements of the shrinked vitreous body in elderly.

Intermediate filaments contribute to the biomechanical properties of Miiller cells. In mice
lacking GFAP and vimentin, mechanical challenge revealed an enhanced fragility of Miiller
cells (LUNDKVIST et al. 2004). Basically, Miiller cells of GFAP- and vimentin-knockout mice
have similar biomechanical properties as cells from wildtype mice (Fig. 3A) (Lu et al. 2011).
This reflects the relative scarcity of intermediate filaments in normal Miiller cells. Reactive
gliosis alters the biomechanics of Miiller cells. The stiffness of the endfeet and inner stem
processes of gliotic Miiller cells is strongly increased as compared to that of control cells;
the increased stiffness correlates with the increased density of intermediate filaments in the
cells (Fig. 3A) (Lu et al. 2011). In contrast, Miiller cells of mice that lack intermediate fila-
ments do not undergo alterations of their biomechanics under pathological conditions. This
suggests that the upregulation of intermediate filaments is one main factor which defines the
viscoelastic properties of reactive Miiller cells. Rigid glial scars will impair neurite growth
and may contribute to the poor regenerative capabilities of the retina. The enhanced stiffness
of reactive Miiller cell endfeet and inner processes may be also, at least in part, responsible for
the fact that, in diabetic retinopathy, new blood vessels grow towards the vitreous rather than
within the retinal tissue. In GFAP- and vimentin-knockout mice, intraretinal rather than intra-
vitreal vessel growth was observed, suggesting that reactive Miiller cells provide a physical
barrier to the growth of new blood vessels (LUNDKVIST et al. 2004). Therapeutic suppression
of the upregulation of intermediate filaments in reactive Miiller cells may facilitate the regen-
eration of injured retinal tissue.
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Fig. 2 Retinal gliosis in experimental diabetes is associated with alterations in the retinal distribution of the Kir4.1
potassium channel and aquaporins, and with a decrease in the potassium conductance of Miiller cells. (A): Immuno-
staining of retinal slices derived from control (above) and 6-months diabetic rats (below). Retinal gliosis is indicated
by the upregulation of the intermediate filament glial fibrillary acidic protein (GFAP). In the control tissue, GFAP is
restricted to astrocytes in the nerve fibre/ganglion cell layers (GCL). In the diabetic retina, GFAP is also expressed
by Miiller cell fibres that traverse the entire thickness of the neural retina. In the control retina, the Kir4.1 protein
displays a prominent localization around the blood vessels (arrows) and at both limiting membranes of the retina
(arrowheads). In the diabetic retina, the Kir4.1 protein is redistributed from these prominent expression sites, and is
localized diffusely to Miiller cells. In contrast, the retinal distribution of the glial water channel protein aquaporin-4
remains largely unaltered in the course of diabetes. On the other hand, the water channel protein aquaporin-1 is ex-
pressed by glial cells in the nerve fibre/ganglion cell layers and around the vessels in the inner plexiform layer (IPL;
arrowheads) which is not observed in control retinal tissues. In the control retina, aquaporin-1 is expressed mainly
by photoreceptor cells in the outer nuclear layer (ONL). INL, inner nuclear layer. Bars, 20 pm. (B): Examples of
whole-cell potassium currents recorded in Miiller cells from control and 6-months diabetic rats. The Kir currents are
depicted downwardly. Cells from diabetic animals display a reduction in the potassium conductance when compared
to cells from control animals, with a substantial variation of the current amplitude in different cells.

5. Malfunction of the Glial Glutamate Uptake and Metabolism

Glutamate toxicity is a major cause of neuronal loss in diabetic retinopathy (OLA et al. 2013).
The neurotoxic effect of glutamate is normally blocked by Miiller cells, in particular via the
uptake of glutamate from the extracellular space (Kawasakl et al. 2000). In Miiller cells, glu-
tamate is converted to glutamine which is released from the cells and taken up by retinal neu-
rons as precursor for their synthesis of glutamate and y-aminobutyric acid (BRINGMANN et al.
2009b). In diabetic retinopathy, the retinal glutamate metabolism is impaired, as manifested
by an increased level of retinal glutamate and a reduced capability to convert glutamate into
glutamine (LIETH et al. 1998). Increased levels of retinal glutamate have been proposed to be
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Fig. 3 Stiffness of murine Miiller cells (A) and dependence of neurite branching on the stiffness of the culture sub-
strate (B). The stifness (elastic modulus, E*) of Miiller cells was measured at the inner stem process (localized in the
inner plexiform layer in situ) and the endfoot of isolated cells derived from control retinas, from retinas of knockout
(KO) mice which lacked intermediate filaments GFAP and vimentin, and in gliotic Miiller cells. Miiller cell gliosis
was induced by high-intraocular pressure-induced transient retinal ischaemia for 1 h; the cells were isolated 6—8
days after ischaemia. Gliosis results in increased density of intermediate filaments in Miiller cells. There is a linear
regression between the elastic modulus of the endfoot and inner process and the density of intermediate filaments
in the cells.

mainly caused by a malfunction of glial glutamate uptake. The major glutamate transporter
of Miiller cells is the electrogenic glutamate-aspartate transporter (GLAST) (SARTHY et al.
2005). A decrease in the GLAST-induced membrane currents in Miiller cells (Fig. 4) was
observed early in experimental diabetes (L1 and Puro 2002). The reduced efficiency of the
glial glutamate transport was attributed to reactive oxygen and nitrogen species which inhibit
the GLAST-mediated glutamate transport (TROTTI et al. 1996). However, further factors may
contribute to the inhibition of the glial glutamate uptake. Because the electrogenic glutamate
uptake is voltage-dependent (Fig. 4), a depolarization of Miiller cells decreases the efficiency
of the uptake. Depolarization of Miiller cells can be induced by various mechanisms. The
activity of the Na, K-ATPase, which is essential to maintain membrane hyperpolarization,
decreases very rapidly under diabetic conditions (MACGREGOR and MATSCHINSKY 1986). In-
flammatory lipid mediators such as arachidonic acid and prostaglandins, which are produced
under hyperglycemic conditions, are potent inhibitors of the Na, K-ATPase. In addition, ara-
chidonic acid directly inhibits the GLAST transporters (BARBOUR et al. 1989). The very neg-
ative membrane potential of Miiller cells depends also on the ample expression of inwardly
rectifying potassium (Kir) channels, in particular Kir4.1 (Koruir et al. 2000). Human Miiller
cells from patients with proliferative diabetic retinopathy display a depolarization as conse-
quence of a functional inactivation or downregulation of Kir channels (Fig. 5A4) (BRINGMANN
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et al. 2002). The age-dependent decrease of Kir currents in human Miiller cells (Fig. 5B)
(BRINGMANN et al. 2003) will lower the threshold for membrane depolarization in cells of
elderly patients.
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Fig. 4 GLAST-mediated electrogenic glutamate transport in Miiller cells. Whole-cell records of membrane cur-
rents were made in acutely isolated cells. Left: Administration of glutamate (1 mM) to a Miiller cell of the rabbit
retina evokes inward currents at negative membrane potentials. Right: The current-voltage relation of the glutamate
transporter currents in guinea-pig Miiller cells shows that the efficiency of the glutamate transport increases with
increasing (i.e., more negative) membrane potential.

A decrease in the glutamine synthesis was observed in the diabetic retina (LIETH et al. 1998);
it might be caused by tyrosine nitration of the glutamine synthetase induced by reactive ni-
trogen species (GORG et al. 2007). When the retinopathy develops to a proliferative state, the
glutamine synthetase of Miiller cells will be down-regulated by the action of soluble factors
such as bFGF and IL-16 which inhibit the glucocorticoid-induced expression of the enzyme
(KrucHkova et al. 2001, SHEN and XU 2009). Though bFGF is one of the major neuro-
trophic factors which support neuronal survival in the retina (FAKTOROVICH et al. 1990), the
bFGF-induced downregulation of glutamine synthetase might rather aggravate the process of
neuronal degeneration.

6. Malfunction of the Glial Glutathione Synthesis

Reactive oxygen species — generated at high glucose levels and resulting from ischaemia-
hypoxia and inflammation — are considered as a causal link between elevated glucose and
the pathways of development of diabetic complications (KowLURU and ABBAS 2003). The
level of oxidative-nitrosative stress is positively correlated with the level of neuronal cell
death in the diabetic retina (ALI et al. 2008). Miiller cells produce various antioxidant mol-
ecules, in particular reduced glutathione, a tripeptide synthesized from glutamate, cysteine,
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Fig. 5 Diabetic and age-dependent alterations of the membrane conductance of human Miiller cells. (A): Records
of the transmembrane potassium currents in representative Miiller cells from a post-mortem donor without apparent
eye diseases and a patient with proliferative diabetic retinopathy. The Kir currents (evoked by membrane hyperpo-
larization from a holding potential of —80 mV) are depicted downwardly. Note the full absence of Kir currents in
the current traces of the patient’s cells. (B): Age-dependent alterations in the densities of Kir currents and currents
through L-type voltage-gated calcium channels (VGCC) in human Miiller cells. Whereas the Kir currents display an
age-dependent decrease, the currents through VGCC increase in the course af aging.

and glycine (HUSTER et al. 2000). The increased oxidative stress and polyol pathway flux of
glucose result in an enhanced consumption of reduced glutathione in the diabetic retina. In
addition, the decreased glutamate uptake reduces the glutathione synthesis in Miiller cells
(KERN et al. 1994). Miiller cells from aged animals contain reduced levels of glutathione;
this is associated with mitochondrial damage, membrane depolarization, and reduced cell
viability (PAASCHE et al. 2000). The age-dependent decrease in retinal glutathione may
accelerate the pathogenesis of diabetic retinopathy in elderly patients. Externally applied
radical scavengers like Ginkgo biloba extract enhance the intrinsic glutathione content of
aged Miiller cells and protect the mitochondria from the damaging action of free radicals
(PaAscHE et al. 2000).

7. Dysregulation of the Retinal Potassium Homeostasis

A major function of Miiller cells is the spatial buffering of the extracellular potassium con-
centration (BRINGMANN et al. 2006). Light-induced neuronal activity causes increases in
the extracellular potassium level in the plexiform (synaptic) layers. If uncorrected, this will
cause neuronal depolarization and hyperexcitation, resulting in glutamate toxicity. Miiller
cells take up excess potassium from the plexiform layers and release a similar amount of
potassium into fluid-filled spaces outside the neural retina, i.e., the blood, vitreous, and
subretinal space (Fig. 6B). Passive currents through Kir channels, in particular Kir4.1 (Ko-
Fuil et al. 2000), play a major role in the spatial buffering of the extracellular potassium
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concentration. The Kir4.1 channel protein is expressed in a polarized fashion in the plasma
membrane of Miiller cells. Kir4.1 is mainly localized in membrane domains across which
the cells dispose excess potassium, i.e., in perivascular membranes and at the limiting
membranes of the retina (Fig. 24) (NAGELHUS et al. 1999).

In retinas of diabetic rats, there is a dislocation of the Kir4.1 channel protein, as indicated
by the absence of the prominent expression of Kir4.1 at the limiting membranes of the retina
and around the blood vessels; rather, Kir4.1 expression is more evenly distributed along the
Miiller cell fibres throughout the thickness of the retinal tissue (Fig. 2A) (PANNICKE et al.
2006). The dislocation of the Kir4.1 channel protein is accompanied by a decrease in the Kir
channel-mediated currents across Miiller cell membranes (Fig. 2B), suggesting a functional
inactivation of the channels. The inactivation and redistribution of Kir4.1 will cause a dys-
regulation of the retinal potassium homeostasis because the downregulation of perivascular
Kir4.1 deteriorates the release of excess potassium into the blood, and the upregulation of
Kir4.1 in Miiller cell processes in the plexiform layers will allow unregulated potassium ef-
flux into perisynaptic spaces. A similar dislocation of the Kir4.1 protein was observed in
retinas of mice which carry a genetic inactivation of the dystrophin gene product Dp71, a pro-
tein involved in the plasma membrane clustering of Kir4.1. In these mice, the dislocation of
Kir4.1 is associated with an enhanced vulnerability of retinal ganglion cells under ischaemic
conditions (DALLOZ et al. 2003). The redistribution of Kir4.1 from perivascular glial process-
es is, at least in part, caused by AGEs/ALEs (CurTis et al. 2011). The age-dependent decrease
in the Kir currents (Fig. 5B) (BRINGMANN et al. 2003) increases the likelihood of Miiller cell
dysfunction when additional pathogenic factors such as oxidative stress and inflammation
are present. This contributes to the increased vulnerability of the retinal tissue to pathogenic
factors in elderly patients.

8. Glial Contribution to Retinal Edema

Retinal edema is the main cause of severe visual deterioration in non-proliferative diabetic
retinopathy. Edema is characterized by the accumulation of water in the retinal parenchyma
resulting in a thickening of the tissue. Generally, water accumulation within the retinal tissue
results from an imbalance between the fluid influx from the blood into the retina and the
fluid clearance from the retinal tissue into the blood (BRINGMANN et al. 2006). The water
flux is driven by hydrostatic and osmotic gradients between the blood and the retina (STE-
FANSSON 2009). Diabetic retinal edema is thought to be primarily caused by a breakdown
of the blood-retinal barrier, resulting in increased vascular permeability (vasogenic edema).
However, it has been shown that an impairment of fluid absorption from the retinal tissue is
an essential step in edema formation. In the preclinical stage of diabetic retinopathy, there
are two types of increased retinal thickness and intraretinal cyst formation that may be or not
associated with vascular leakage (LoBo et al. 2000).

8.1 Contribution to Vasogenic Edema

Retinal capillaries are endowed with vascular endothelial cells and contractile pericytes
which are covered by a basement membrane, and are ensheathed by glial cell processes
arising from astrocytes and Miiller cells. The inner blood-retina barrier is formed by tight
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Fig. 6 Diabetes alters the osmotic swelling properties of Miiller cells. (A): Under hypoosmotic conditions, Miiller
cells in retinal slices from diabetic rats display a rapid time-dependent swelling of their somata, a response not ob-
served in cells from control animals. The cross-sectional area of Miiller cell somata was measured in freshly isolated
retinal slices which were superfused with a hypoosmotic solution (60 % of normal osmolarity). /nset, example of a
Miiller cell soma from a diabetic animal before (left) and during (right) hypoosmotic exposure. Bar, 5 um. (B, C):
Potential mechanisms of osmotic Miiller cell swelling in the retina of diabetic rats.(B): Under normal conditions,
Miiller cells mediate the fluid clearance from the retinal tissue into the blood mainly by a transcellular co-transport
of water (facilitated by aquaporin-4 water channels, AQP4) and distinct osmolytes, predominantly of potassium
ions (facilitated by Kir channels, in particular Kir4.1). (C): In diabetes, vascular leakage occurs due to the action of
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junctions between the non-fenestrated endothelial cells. In hyperglycemic rats, the disrup-
tion of the inner blood-retina barrier is caused by opening of the tight junctions between
vascular endothelial cells and by an increased vesicular transport of serum proteins across
the endothelia. Miiller cells enhance the endothelial cell barrier function under normoxic
conditions but impair the barrier function under hypoxic conditions (TRETIACH et al. 2005).
Miiller cell-derived factors which enhance the barrier function of endothelial cells are, for
example, glial cell line-derived neurotrophic factor, neurturin, and pigment epithelium-de-
rived factor (PEDF). The role of Miiller cells in the establishment of the blood-retinal barrier
is underlined by a recent study showing that conditional ablation of Miiller cells in trans-
genic mice results in vascular telangiectasis, breakdown of the blood-retina barrier, and
intraretinal neovascularization (SHEN et al. 2012).

A breakdown of the blood-retina barrier may occur in the presence of mechanical stress to
Miiller cells after posterior vitreous detachment (SCHUBERT 1989). The vitreous body adheres
to the retinal tissue at the peripheral retina, the major superficial retinal vessels, the optic
disc, and the macula. Pathological processes at the vitreo-retinal junction result in increased
adhesiveness of the vitreal collagen fibres to the retinal internal limiting membrane. In cases
of vitreous shrinkage and partial posterior vitreous detachment, tractional forces result in a
chronic irritation of Miiller cells and a local release of factors that, in turn, induce Miiller cell
gliosis and vascular leakage.

The major vessel-permeabilizing factor induced by hypoxia is VEGF (SCHLINGEMANN
and VAN HINSBERGH 1997). In addition, other cytokines such as bFGF and inflammatory fac-
tors like TNFa, IL-1f, and prostaglandins enhance the permeability of retinal vessels (DEREV-
JANIK et al. 2002). Miiller cells, astrocytes, and retinal neurons increasingly express VEGF
in non-proliferative diabetic retinopathy, at times when there is no anatomical evidence of
retinal malperfusion (AMIN et al. 1997). Conditional disruption of the VEGF expression in
Miiller cells reduces the vascular leakage in the diabetic retina (WANG et al. 2010).

8.2 Alterations in Water Channel Expression

The water transport through Miiller cells, which is involved in the resolution of osmot-
ic gradients in the retinal tissue and across the glio-vascular interface, is facilitated by
water-selective channels, the aquaporins (AQPs). In the neuroretina, AQP1 is mainly ex-
pressed by photoreceptor cells while AQP4 is expressed by Miiller cells and astrocytes (Fig.

inflammatory factors and VEGF. Vascular leakage results in serum influx into the retinal parenchyma. In the presence
of osmotic gradients, extravasated serum albumin induces a swelling of Miiller cells via activation of the transform-
ing growth factor-f receptor type II (TGF-f RII). Albumin is internalized by receptor-mediated endocytosis; endocy-
tosis is associated with the generation of oxygen radicals and activation of phospholipase A,. Osmotic stress induces
the production of reactive oxygen species (ROS) in the mitochondria and by the xanthine oxidase (XO). ROS stim-
ulate the production of arachidonic acid (AA) and prostaglandins (PGs) which inhibit the Na, K-ATPase. Inhibition
of the ATPase results in sodium influx which is associated with a water influx into the cells. In the normal, healthy
retina, the sodium influx can be compensated by a potassium efflux through Kir4.1 and (after autocrine activation
of adenosine A, receptors) two-pore domain potassium channels. Miiller cells of diabetic animals down-regulate the
expression of functional Kir4.1 channels, which impairs the compensatory efflux of potassium ions under hypoos-
motic conditions. An influx of sodium via electrogenic glutamate uptake carriers may further enhance the osmotic
pressure of the cell interior. The downregulation of Kir4.1 impairs the glial release of potassium into the blood and
the resolution of osmotic gradients across the glio-vascular interface.
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2A) (NAGELHUS et al. 1999, IaANDIEV et al. 2005). AQP4 knockout mice display reduced
electroretinogram b-waves, suggesting that the Miiller cell-mediated water transport is in-
volved in mediating the neuronal signal transduction (LI et al. 2002). Diabetes alters the
retinal distribution of AQP1 and AQP4. In diabetic retinas, an additional strong expression
of AQPI is observed in glial cells located in the innermost retinal layers and around the
innermost blood vessels (Fig. 2A) (IANDIEV et al. 2007). The superficial retinal vessels are
surrounded by AQP4 in control retinas, and by AQP1 in diabetic retinas. The alteration in
the type of perivascular AQPs was found to coincide with the occurrence of neuronal ap-
optosis in the ganglion cell and inner nuclear layers of the diabetic retina (FUKUDA et al.
2010). The functional significance of the switch in perivascular AQPs remains to be deter-
mined. Possibly, the expression of AQP1 may represent an attempt of glial cells to facilitate
the water clearance around leaky vessels.

8.3 Neuronal Edema

Water accumulation in retinal neurons and glial cells may contribute to the development of
diabetic retinal edema. In the diabetic retina, the swelling of ganglion cell bodies and their
processes precedes the loss of these cells and the gliosis in the inner retinal layers (DUKE-EL-
DER and DOBREE 1967). Diabetic retinopathy is characterized by increased levels of retinal
glutamate. Glutamate induces a thickening of the inner retinal tissue, caused by a swelling
of retinal neurons and synapses (UCKERMANN et al. 2004). Over-stimulation of ionotrop-
ic glutamate receptors drives sodium, chloride, and water into the postsynaptic structures.
Over-stimulation of ionotropic glutamate receptors during an ischaemic episode results in
long-term depolarization of retinal neurons that causes an opening of voltage-gated calcium
channels and neuronal calcium overload. The long-lasting calcium overload activates the ap-
optosis machinery of the cells, resulting in neuronal cell death. Miiller cells may contribute to
the neuronal cell swelling and degeneration, in part by the malfunction of the glial glutamate
uptake (see above).

Miiller cells may contribute to the glutamate-induced swelling and degeneration of retinal
neurons also by providing the water required for the rapid ion flux into activated neurons
(BRINGMANN et al. 2005). The plexiform (synaptic) layers of the retina are high-resistance
barriers for paracellular fluid movement (ANTCLIFF et al. 2001). Because synapses are closely
ensheathed by Miiller cell membranes, the water that flows into the neurons during activation
of ionotropic glutamate receptors and voltage-gated ion channels will be delivered predomi-
nantly from the Miiller cell interior through AQP4 water channels (BRINGMANN et al. 2005).
For osmotical reasons, a simultaneous water influx from the blood into the Miiller cells will
occur. An inhibition of the rapid water transport through Miiller cells should delay the ion
flux into neurons, resulting in lower levels of neuronal cell swelling and apoptosis. Indeed,
disruption of the AQP4 gene in mice was shown to protect against impaired retinal function
and cell death after retinal ischaemia (DA and VERKMAN 2004).

8.4 Glial Cell Edema

Under diabetic conditions, the rapid water transport through Miiller cells is disturbed, as
indicated by an alteration in the osmotic swelling characteristics of the cells. Miiller cells
in retinal slices from adult healthy animals keep their volume constant for at least 10 min
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when the osmolarity of the extracellular medium abruptly decreases (Fig. 6A) (WURM et al.
2008a). However, Miiller cells in retinal slices from diabetic animals swell immediately upon
hypoosmotic challenge (Fig. 6A) (PANNICKE et al. 2006, WuUrM et al. 2008a). This change in
the osmotic swelling characteristics of Miiller cells suggests that the transglial water trans-
port driven by osmotic gradients is dysregulated in the retina of diabetic animals. Whether an
intracellular edema or even a swelling of Miiller cells contribute to diabetic macular edema
remains controversial. It has been shown that experimental diabetic retinopathy is associated
with a water accumulation within Miiller cells and in the interstitial spaces of the retina, re-
sulting in extended extracellular spaces and edematous Miiller cell endfeet and perivascular
processes (KUMAR et al. 2013). Water influx into Miiller cells occurs when the intracellular
osmotic pressure is increased as compared to the osmotic pressure of the extracellular fluid,
blood, and/or vitreous. Activity-dependent osmotic gradients are present in the retinal tis-
sue under normal and pathological conditions. Under normal conditions, Miiller cells are
surrounded by a hypoosmotic extracellular fluid during periods of intense neuronal activity
(DMITRIEV et al. 1999). In addition, the uptake of neuron-derived osmolytes such as potassi-
um and sodium-glutamate may increase the osmotic pressure of the Miiller cell interior rela-
tive to the extracellular fluid. Thus, neuronal activity in the retina generates an osmotic gradi-
ent that favours water flux from extracellular to intracellular spaces. These osmotic conditions
are exacerbated under pathological conditions which are characterized by glutamate-induced
hyperexcitation and an impairment of Miiller cells to redistribute osmolytes, e.g., potassium,
into the blood and vitreous (see above). A decrease in blood osmolarity, e.g., in cases of
hyponatraemia and hypoalbuminaemia, produces an osmotic gradient across the glio-vascular
interface resulting in a swelling of perivascular glial processes.

Further mechanisms may contribute to intracellular water accumulation in Miiller cells.
Ton efflux through plasma membrane channels, resulting in equalization of the transmembrane
osmotic gradient, is one mechanism that prevents cellular swelling under hypoosmotic condi-
tions. The major ion channel that mediates passive ion efflux from Miiller cells is the Kir4.1
potassium channel (PANNICKE et al. 2006). The functional inactivation of Kir4.1 channels in
Miiller cells of the diabetic retina (Fig. 2B) impairs the channel-mediated efflux of potassium
in response to a decreased extracellular osmolarity. The importance of Kir4.1-mediated potas-
sium efflux for the prevention of Miiller cell swelling is indicated by the correlation between
the amplitude of osmotic Miiller cell swelling and the decrease in the potassium conductance
of the cells found in experimental retinal ischaemia (WURM et al. 2011). Potassium efflux
through Kir4.1 will also compensate the increased sodium influx into the cells caused by the
uptake of sodium-glutamate and the decreased Na, K-ATPase activity.

The action of arachidonic acid and of its metabolites, in particular prostaglandin E,, was
causally implicated in the development of retinal edema (GUEX-CROSIER 1999). Oxidative
stress and the generation of inflammatory lipids are causative factors of Miiller cell swelling
in the retina of diabetic rats (PANNICKE et al. 2006, WURM et al. 2008a, KRUGEL et al. 2011).
Apparently, osmotic challenge causes oxidative stress in Miiller cells which stimulates the
production of arachidonic acid and prostaglandins. These mediators inhibit the Na, K-AT-
Pase, resulting in intracellular sodium overload, water influx, and cellular swelling (Fig. 6C).
One major source of reactive oxygen species involved in the induction of Miiller cell swelling
are dysfunctional mitochondria (KRUGEL et al. 2011). In addition, superoxide produced by
the enzyme xanthine oxidase is a factor that contributes to the osmotic Miiller cell swelling
in retinas of diabetic rats.
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Vasogenic edema is associated with extravasation of serum proteins such as albumin. Serum
albumin induces Miiller cell swelling in the presence of osmotic gradients (LOFFLER et al.
2010). Albumin activates the transforming growth factor (TGF)-f receptor type II (Fig. 6C);
activation of the receptor results in oxidative stress, the production of arachidonic acid and
prostaglandins, and intracellular sodium overload (LOFFLER et al. 2010). Extravasated albu-
min may represent one factor that links vascular leakage, Miiller cell edema, and dysregula-
tion of retinal fluid clearance in the diabetic retina.

A further factor that contributes to the alteration in the osmotic swelling properties of
Miiller cells in the diabetic retina is the inactivation of a purinergic signalling cascade that
normally prevents Miiller cell swelling. This signalling cascade is initiated by a consecutive
release of ATP and adenosine from the cells which results in autocrine activation of P2Y; and
adenosine A, receptors, respectively (UCKERMANN et al. 2006, WURM et al. 2008a). The final
step in this signalling cascade, activation of A; receptors, results in the opening of potassium
and chloride channels in the Miiller cell membrane; the transmembrane ion flux equalizes the
osmotic gradient across the plasma membrane and, thus, prevents the swelling of the cells
under hypoosmotic conditions. The purinergic signalling cascade can be activated by two
mechanisms: either by osmotic stress which induces a release of ATP from Miiller cells, or by
activation of metabotropic glutamate receptors by neuron- or Miiller cell-derived glutamate
(UCKERMANN et al. 2006, WURrM et al. 2008a). Miiller cells release glutamate upon activation
of various different receptor types. VEGF, neuropeptide Y, and various other receptor ligands
activate the volume-regulatory cascade upstream of glutamate release (UCKERMANN et al.
2006, WURM et al. 2008b). Membrane stretch induced by osmotic pertubations may trigger
a release of ATP from Miiller cells which activates P2Y, receptors in an autocrine fashion.
The osmotic swelling of Miiller cells in diabetic retinas (Fig. 6A) suggests that the endog-
enous purinergic swelling inhibition in response to osmotic/mechanical stress is abrogated.
However, the ligand-induced inhibition of osmotic swelling is still functional, i.e., adminis-
tration of exogenous ATP, adenosine, glutamate or VEGF prevents the swelling (WURM et al.
2008a, b). This suggests that the purinergic receptors involved in cell volume regulation are
functional, while no ATP is released in response to osmotic/mechanical stress. The functional
relevance of the abrogation of the osmotic release of ATP from Miiller cells in the diabetic
retina remains to be determined. Such an abrogation might prevent excess release of glial ATP
which would otherwise disturb regular neuronal information processing and may even induce
neuronal death (ZHANG et al. 2005) under conditions of increased osmotic imbalances as oc-
curring in the diabetic retina. The abrogation of the osmotic release of ATP from Miiller cells
might be also glioprotective, as it prevents the P2Y;-mediated cytotoxic calcium overload and
an excessive ATP-induced release of growth factors from the cells (see below).

Although intracellular edema of Miiller cells caused by water accumulation within the
cells was described to occur in animal models of diabetic retinopathy (KUMAR et al. 2013), a
swelling of Miiller cells was rarely observed. This may suggest that endogenous mechanisms
are present that inhibit the swelling of Miiller cells despite the presence of osmotic gradients
that favour water influx into the cells. Though the osmotic/mechanical release of ATP is ab-
rogated in Miiller cells of diabetic retinas, the ligand-induced inhibition of osmotic swelling
is functional. Many of the receptor ligands which were shown to inhibit osmotic Miiller cell
swelling, including VEGF and neuropeptide Y, are upregulated in the ischaemic retina (YOON
et al. 2002). Thus, the ligand-induced inhibition may represent one reason for the fact that
Miiller cells usually do not swell despite the presence of intracellular edema.
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9. Glial Contribution to Retinal Neovascularization

After formation of large hypoxic areas in the retina, the expression of angiogenic factors
that initiate vascular growth determine further progression of the disease towards a prolifer-
ative retinopathy. Fibrovascular tissues grow from the retina into the vitreous, representing
an aberrant attempt to reoxygenate the retinal tissue. VEGF is the most relevant angiogenic
factor (SCHLINGEMANN and VAN HINSBERGH 1997). The balance between angiogenic factors,
particularly VEGF, and antiangiogenic factors is thought to be essential for angiogenic ho-
meostasis in the retina. The major anti-angiogenic factor is PEDF. The expression of PEDF
is reduced in Miiller cells of the diabetic retina (SHEN et al. 2011) which results in upregu-
lation of VEGF (ZHANG et al. 2006). However, the role of Miiller cells in inducing retinal
neovascularization is incompletely understood. In the healthy retina, Miiller cells provide a
permanent anti-proliferative condition for vascular endothelial cells, by the release of soluble
anti-angiogenic factors such as PEDF, thrombospondin-1, and TGF- (EicHLER et al. 2001).
In spite of the observation that hypoxia enhances the expression of VEGF and downregulates
the expression of PEDF and TGF-f in Miiller cells, conditioned media of Miiller cells grown
under hypoxic conditions failed to stimulate the proliferation of vascular endothelial cells
(EICHLER et al. 2001). The angiostatic role of Miiller cells may represent one reason for the
fact that, in diabetes, newly formed retinal vessels grow toward the vitreous but not into the
ischaemic retinal tissue.

10. Formation of Epiretinal Membranes

The main factor that causes a decrease in visual acuity in proliferative diabetic retinopathy
is the formation of fibrovascular epiretinal membranes. New vessels grow from superficial
veins and venules into the posterior vitreous cortex. Tractional forces resulting from con-
traction of the extracellular matrix or of individual cells can emanate from the epiretinal
tissue; they distort the anatomical position of the retina and lead to recurrent traction retinal
detachment. Miiller cells are the principal glial cells in fibrovascular membranes (NORK et al.
1987). Miiller cells de-differentiate, migrate within and out of the retina, and display cellular
hypertrophy. Miiller cells in diabetic epiretinal membranes may transdifferentiate into myofi-
broblasts; these cells generate tractional forces in response to growth factors in the vitreous,
thus causing traction retinal detachment (GUIDRY 2005).

It has been suggested that the breakdown of the blood-retina barrier and vitreous haem-
orrhage are pathogenic factors of epiretinal membrane formation (BRINGMANN and WIEDE-
MANN 2009). The presence of serum and blood cell-derived growth factors and cytokines,
of inflammatory blood-borne cells, and of cell debris in the vitreous, triggers Miiller cell
process extension and proliferation. The precise mechanisms of how Miiller cells respond
to vitreous haemorrhage are still unclear. One mechanism may include the phagocytosis of
blood-borne substances and of blood cell debris. In addition, AGEs localized to the vitreous
cavity and internal limiting membrane (BARILE et al. 2005) may activate Miiller cells to pro-
liferate towards the vitreous. A further factor that may cause proliferation of Miiller cells are
focal epiretinal tractional forces at vitreoretinal junctures. Miiller cells sense tractional forces
by calcium-dependent mechanisms. Stretching the retinal tissue or mechanical stimulation
of Miiller cells induce calcium responses, upregulation of the transcription factor c-Fos and
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of bFGF, and release of ATP from Miiller cells (NEwWMAN 2001, LINDQVIST et al. 2010).
ATP induces activation of matrix metalloproteinases and the relesase of further mitogenic
factors from Miiller cells such as platelet-derived growth factor (MILENKOVIC et al. 2003).
Thus, mechanical stress triggers molecular responses in Miiller cells (e.g. release of bFGF)
that prevent neuronal degeneration and that induce vascular permeabiliy and proliferation of
Miiller cells. The calcium-dependent Miiller cell responses, which are involved in the release
of growth factors and Miiller cell proliferation, are facilitated in elderly people because the
currents through voltage-gated calcium channels display an age-dependent increase (Fig. 5B)
(BRINGMANN et al. 2003).

11. Concluding Remarks

The gliotic dysfunction of Miiller glial cells may contribute to the progression of diabetic
retinopathy, as it exacerbates vascular abnormalities, retinal edema, and neuronal dysfunc-
tion, and contributes to the development of fibrovascular epiretinal membranes. At present,
there is no established neuroprotective treatment that avoids visual disturbance in patients
with diabetic retinopathy. Common treatments of diabetic retinopathy include laser photoco-
agulation to improve tissue oxygenation, intravitreal corticosteroids to reduce inflammation,
intravitreal anti-VEGF agents, and vitreoretinal surgery. These treatments are applicable only
at advanced stages of the disease, and are associated with adverse effects. The loss of retinal
neurons early in diabetic retinopathy is the main cause why patients with diabetic retinopathy
lose vision even if the retinal edema is treated with photocoagulation or vitrectomy (GARDNER
et al. 2002). Therefore, new pharmacological treatments for the early stages of the disease are
needed. A proper understanding of the network of gliotic responses in the diabetic retina and
of their beneficial versus damaging effects appears to be essential for the development of new
therapeutic strategies to treat diabetic retinopathy. It may be conceivable, for example, that a
supression of the inhibitory action of gliotic Miiller cells on tissue regeneration may direct the
growth of newly formed vessels into the ischaemic retinal tissue rather than into the vitreous.
Allowing intraretinal neovascularization would result in restoration of the physiological net-
work of capillaries in avascular retinal areas. Though the last two decades watched a huge in-
crease in our knowledge regarding glial reactivity in diabetic retinopathy, there remain many
open questions. The molecular and cellular events involved in the pathogenesis of diabetic
retinopathy are still poorly understood. Much of the current knowledge about glial cell dys-
function was obtained in animal models and on cultured cells and thus awaits confirmation on
human cells/tissue in situ. A better understanding of the molecular mechanisms of gliosis in
the diabetic retina would help to develop therapeutic agents that support the protective, and
diminish the damaging, effects of gliosis.
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Obesity and Vascular Damage

Matthias BLUHER (Leipzig)
With 3 Figures

Abstract

Obesity represents a major health burden affecting more than 20 % of Western populations with steadily increasing
incidence. Thus, projections from the World Health Organization predict for the first time a decline in the mean life
expectancy as a consequence of obesity-associated comorbidities such as atherosclerosis, type 2 diabetes and spe-
cific types of cancer. However, the mechanisms linking increased adipose mass in obesity to these disorders are not
fully understood. There may be direct and indirect mechanisms underlying the increased risk of obese individuals
to develop vascular damage. Direct mechanisms may include the release of adipokines affecting the vasculature.
Obesity may also indirectly via increased blood pressure, changes in glucose and lipid metabolisms as well as insulin
resistance contribute to dysfunction of the vasculature.

Zusammenfassung

Adipositas stellt ein groles Gesundheitsproblem dar, das iiber 20 % der westlichen Bevolkerung mit stetig steigender
Inzidenz betrifft. Adipositas fiihrt laut einer WHO-Vorhersage zu einem Riickgang der Lebenserwartung aufgrund
zunehmender Adipositas-assoziierter Begleiterkrankungen wie Arteriosklerose, Typ-2-Diabetes und maligne Neu-
bildungen. Allerdings sind die Mechanismen, iiber die eine vermehrte Fettmasse zu diesen Erkrankungen fiihren
kann, nicht vollstindig verstanden. Wahrscheinlich spielen sowohl direkte als auch indirekte Mechanismen eine
Rolle beim erhohten Risiko fiir Gefderkrankungen bei Personen mit Adipositas. Dabei konnten Adipokine eine
direkte schiadigende Wirkung auf das GefaBsystem haben. Zusitzlich konnte Adipositas auch iiber eine Erhohung
des Blutdrucks, Verdnderungen im Lipid- und Glukosestoffwechsel sowie durch Insulinresistenz zu Schidigungen
im BlutgefiBsystem beitragen.

1. Introduction

Obesity represents one of the five major health risks in modern societies with a frequency
of more than 20 % of the population in developed countries (WHO 2007). Obesity increases
the risk for type 2 diabetes, fatty liver disease, hypertension, coronary heart disease, stroke,
dementia, obstructive sleep apnea and several types of cancer (BLUHER 2010, VAN GaAL et
al. 2006, Le RortH et al. 2008). For instance, ~30 % of obese men and women develop type 2
diabetes, the incidence of hypertension and arthrosis among obese patients is approximately
50 % (MokDAD et al. 2003). Increased total body fat mass is associated with impaired insulin
sensitivity, increased blood pressure, altered concentrations of serum lipids and markers of in-
flammation (BLUHER 2010). Due to these relationships, weight loss usually results in marked
improvement in the metabolic abnormalities associated with obesity and improves insulin
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sensitivity (UusITUBA et al. 2003), blood pressure (STEVENS et al. 2001), and concentrations
of serum lipids (DATTILO et al. 1992) and circulating markers of inflammation (ZICCARDI et
al. 2002). Interestingly, significant reduction in subcutaneous fat mass by liposuction does
not improve circulating metabolic and inflammatory parameters (KLEIN et al. 2004), whereas
reduction of visceral fat mass by omentectomy in addition to gastric banding has significant
beneficial and long-term effects on measures of glucose metabolism and insulin sensitivity
in obese individuals (THORNE et al. 2002). Therefore, the pathogenic link between increased
adipose tissue mass and higher risk for obesity related disorders is not necessarily direct-
ly related to fat mass. Adipose tissue dysfunction and ectopic fat accumulation seem to be
important factors determining the individual risk to develop metabolic and cardiovascular
co-morbidities of obesity (BLUHER 2009). There may be direct and indirect mechanisms un-
derlying the increased risk of obese individuals to develop vascular damage (Fig. 1). Con-
cerning direct mechanisms, it has been recognized during the past decade that adipose tissue
is an endocrine organ secreting a number of bioactive molecules, so called adipokines, but
also other molecules (Fig. 2).

Direct

\Mecr:aniSms

Inflammation
Adipokine secretion

Dyslipidemia Insulin resistance Disturbances in haemostasis
and fibrinolysis

W= P

Premature Atherosclerosis

Indirect
Mechanisms

Hypertension Hyperglycaemia

Fig. 1 Mechanisms linking obesity vascular damage

Adipokines participate in various metabolic processes including the regulation of appetite
control, insulin sensitivity and insulin secretion, energy expenditure and inflammation. With
the development of adipose tissue inflammation and dysfunction adipokine secretion is sig-
nificantly altered (BLUHER 2009). These changes in adipokine secretion are very likely to
link impaired adipose tissue function to vascular damage (BLUHER 2009, VAN GAAL et al.
2006). After the discovery of leptin as an adipose tissue-derived hormone (ZHANG et al. 1994)
several other adipokines have been discovered and found to contribute to cardiovascular risk
(VAN GaAL et al. 2006).

82 Nova Acta Leopoldina NF 779, Nr. 401, 81-90 (2014)



Obesity and Vascular Damage

T = '\_‘ L
S ;}\u gl
Cytokine & Cytokine- ' Adipokines
like proteins ~f > Leptin
TNFo A : ,
- Adiponectin
IL-6 Visfatin/Nampt/PBEF
'F\Q"CF_"tl_ Secretory cells of Vaspin
esisan adipose tissue RBP4
Progranulin - Apelin
" Adipocytes O?nentin
* Immune cells . )
i ) Lipocalin
E'Lo-telr;s -Of the / » Endothelial cells P
ibrinolytic system = .
PAI-1 yuc sy FlEroblasts —— Proteins of the RAS
Tissue factor others Angiotensinogen
Complement & \ Endocannabinoids &
complement related proteins other lipids
Adipsin Anandamide
Complement Faktor B 2-AG
. Free fatty acids
éigps Lipid transport Y
Enzymes Apolipoprotein E
DPP-IV Cholesterol ester transfer protein (CETP)
Lipoprotein lipase

Fig. 2 Adipose tissue as an endocrine organ. Examples for endocrine adipose tissue derived molecules, which
contribute to the inflammatory process in obesity. Abbreviations: 2-AG, 2-Arachidonoylglycerol, ASP, acylating
simulation protein; MCP-1, monocyte chemotactic protein-1, PAI-1, plasminogen activator inhibitor-1, RAS, renin
angiotensin system, RBP-4, Retinol binding protein-4

2. Indirect Mechanisms Linking Obesity to Vascular Damage

In addition to the proposed direct mechanisms, obesity may indirectly contribute to vascular
damage by increasing the risk for hypertension, insulin resistance, visceral and ectopic fat ac-
cumulation, dyslipidaemia, a pro-coagulatory and pro-inflammatory state, hypofibrinolysis,
reduced fitness level, glucose and lipid toxicity, decreased expression of protective factors
and several others (Fig. 3).

To which extent these factors might contribute to an independent, additional risk among
obese individuals is unclear (reviewed in VAN GaAL et al. 2006). Dyslipidaemia in obesi-
ty is characterized by increased levels of very low-density lipoprotein (VLDL) cholesterol,
triacylglycerols and total cholesterol, an increase in small dense LDL particles, and lower
high-density lipoprotein (HDL) cholesterol levels (reviewed in VAN GAAL et al. 2006). How-
ever, it is not clear whether hypercholesterolaemia further increases the risk of cardiovas-
cular disease in obese individuals. But the insulin-resistant state of abdominal obesity adds
substantially to the risk of atherosclerosis of patients with familial hypercholesterolaemia
(GAUDET et al. 1998). Obesity also limits the beneficial effects of lipid-lowering strategies
(NicHOLLs et al. 2006). However, aggressive reduction of lipids with the use of statins can
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Fig. 3 Indirect mechanisms of obesity related vascular damage

have a beneficial effect on coronary plaque development in obese individuals (NICHOLLS et al.
2006). Obesity induces several cytokines and inflammatory markers that might contribute to
vascular damage in obese people. It is also associated with increased levels of endothelial cell
secretion products including adhesion molecules. Since indirect mechanisms linking obesity
to vascular damage have been extensive discussed elsewhere, this review focuses on the con-
cept that secreted products from adipose tissue may directly affect the vasculature.

3. Altered Adipokine Secretion May Represent a Direct Link between Obesity
and Vascular Damage

During the past decade it became clear that in addition to cells of the immune system and
the liver, adipose tissue also expresses many pro- and anti-inflammatory factors and could
therefore contribute to increased levels of inflammatory markers in the circulation of obese
individuals (reviewed in BLUHER 2010). Adipose tissue was shown to produce and secrete
pro-inflammatory cytokines and adipokines including TNFa, transforming growth factor f3
(TGFp) and interferon-y, C-reactive protein (CRP), interleukins (IL) -1, -6, -8, -10, plasmino-
gen activator inhibitor-1 (PAI-1), retinol binding protein-4 (RBP4), vaspin, fibrinogen, hapto-
globin, angiopoietin-related proteins, metallothionein, complement factor 3, serum amyloid
A (SAA) protein, anandamide and 2-AG as well as chemoattractant cytokines, such as mono-
cyte chemotactic protein-1 (MCP-1), progranulin and macrophage inflammatory protein-1la
(reviewed in BLUHER 2010). Production of molecules, which are considered as anti-inflam-
matory mediators including adiponectin and IL-10 are reduced in obese states (reviewed in
BLUHER 2010). In the majority of obese patients, adipose tissue dysfunction develops as a
primary defect in obesity and may mechanistically link obesity to increased risk of cardio-
vascular disease. Genetic and environmental interactions cause dysfunction of adipose tissue
by initiating a sequence of adipocyte hypertrophy, hypoxia, several stresses and inflammatory
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processes (BLUHER 2009). As a consequence, impaired adipose tissue function contributes to
a proinflammatory, atherogenic, and diabetogenic state and may be mechanistically linked to
the development of obesity associated vascular damage. As a symptom of adipose tissue dys-
function, adipokine secretion is shifted towards a proinflammatory and atherogenic pattern.
Although it is difficult to determine the quantitative contribution of adipose tissue to the low
grade inflammatory state in obesity, increased production of pro-inflammatory adipokines
significantly contribute to maintain the inflammatory process in obesity and may cause insulin
resistance in the liver, muscle and other organs (BLUHER 2010). The etiological importance
of adipokines in the pathogenesis of metabolic and cardiovascular diseases was demonstrated
for several adipokines (reviewed in VAN GAAL et al. 2006). The role of the adipokines leptin,
adiponectin and several others as mediators linking increased fat mass and/or impaired adi-
pose tissue function to metabolic and cardiovascular diseases has been extensively character-
ized during the past years (reviewed in VAN GAAL et al. 2006). There are several other adipose
tissue derived molecules including tumour necrosis factor -o (TNFa), interleukin-6 (IL-6), IL-
8, IL-10, omentin, monocyte chempattractant protein-1 (MCP-1), osteonectin, plasminogen
activator inhibitor-1 (PAI-1) and more which are extensively discussed elsewhere (KRALISCH
et al. 2007). The most recent adipokines to emerge as contributors to obesity-related diseases
are chemerin, apelin, retinol-binding protein-4 (RBP4) and progranulin (BLUHER 2010).

4. Does Leptin Link Obesity to Vascular Damage?

Leptin is secreted from adipocytes, controls food intake and energy expenditure and has ath-
erogenic and growth properties (AHIMA and FLIER 2000). Leptin decreases orexigenic and
increases anorexigenic peptide synthesis in the hypothalamus thereby decreasing appetite
(AHIMA and FLIER 2000). Leptin was cloned in 1994 as the protein product of the ob gene
mutation, which leads to extreme obesity in the 0b/ob mouse model (ZHANG et al. 1994). The
importance of altered leptin signalling for the development of obesity and diabetes is further
supported by the discovery that a mutation in the leptin receptor gene causes obesity and dia-
betes in db/db mice (CHEN et al. 1996). Human obesity is associated with increased circulat-
ing leptin levels, which have been proposed to play a role in insulin resistance and metabolic
syndrome (AHIMA and FLIER 2000). In common obesity, leptin levels are already high and
further augmentation by exogenously administered leptin does not significantly influence ap-
petite and body weight most likely due to central leptin resistance (AHIMA and FLIER 2000).
In addition to effects of leptin on insulin sensitivity (BLUHER 2010), there may be a direct link
between high circulating leptin concentrations and increased cardiovascular risk. Leptin may
enhance platelet aggregation and arterial thrombosis (KONSTANTINDIS et al. 2001), promote
angiogenesis, impair arterial distensibility and induce proliferation and migration of vascular
smooth muscle cells (SINGHAL et al. 2002). In addition to these mechanisms, leptin seems to
enhance the calcification of vascular cells (PARHAMI et al. 2001).

5. Does Adiponectin Link Obesity to Vascular Damage?

Adiponectin is highly expressed in adipocytes and has important antidiabetic, anti-atherogen-
ic and anti-inflammatory properties (TURER and SCHERER 2012). In contrast to many other
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adipokines, adiponectin serum concentration is decreased in obesity, type 2 diabetes and other
insulin resistant states (TURER and SCHERER 2012). Furthermore, adiponectin expression and
secretion increase upon improved insulin sensitivity and weight loss (TURER and SCHERER
2012). Insulin-sensitizing TZDs probably mediate part of their effect via adiponectin since
they increase plasma concentrations of this adipokine in both, subjects with normal insulin
sensitivity and type 2 diabetics in vivo (TURER and SCHERER 2012). In contrast, various hor-
mones associated with insulin resistance and obesity including catecholamines, insulin, glu-
cocorticoids, TNFa and IL-6 down-regulate adiponectin expression and secretion in fat cells
in vitro (TURER and SCHERER 2012). Besides its peripheral effects, adiponectin acts in the
brain to increase energy expenditure and cause weight loss. The role of adiponectin as an en-
dogenous insulin sensitizer is supported by knockout experiments in mice. Two independent
studies demonstrate impaired insulin sensitivity in adiponectin knockout mice as compared
to wild type controls (KuBoTa et al. 2002, MAEDA et al. 2002). In transgenic mice, which
overexpress adiponectin in adipose tissue, adiponectin was shown to have anti-obesity effects
due to enhanced energy expenditure and impairment of adipocyte differentiation (BAUCHE et
al. 2007). Adiponectin was shown to play a direct role in improving insulin sensitivity on the
whole body level (reviewed in TURER and SCHERER 2012). Adiponectin may have anti-athero-
genic effects, and low adiponectin serum concentrations are associated with increased risk
for cardiovascular disease (reviewed in TURER and SCHERER 2012). Endothelium-dependent
vasoreactivity is impaired in people with low adiponectin levels, which could contribute to the
development of hypertension in visceral obese individuals (OHASHI et al. 2006). In addition,
it has been suggested that adiponectin protects plaque rupture by the inhibition of matrix
metalloproteinase function (KoBAYASHI et al. 2006), because adiponectin increases the ex-
pression of tissue inhibitor of metalloproteinase in macrophages and selectively suppresses
endothelial cell apoptosis (KoBAYASHI et al. 2006). Adiponectin also inhibits the expression
of adhesion molecules through the inhibition of nuclear factor-B activation and suppresses
foam-cell formation (reviewed in TURER and SCHERER 2012).

6. Does RBP4 Link Obesity to Vascular Damage?

Under normal conditions, retinol-binding protein-4 (RBP4) is predominantly secreted from
the liver, but also expressed in adipocytes (YANG et al. 2005). However, increased RBP4
serum concentrations in patients with obesity and type 2 diabetes have been shown to be the
result of increased RBP4 expression in visceral adipose tissue (KLOTING et al. 2007). RBP4
was identified as a highly expressed circulating adipokine in mice lacking the glucose trans-
porter 4 in adipose tissue (YANG et al. 2005). The effects of RBP4 may be mediated through
retinol-dependent via retinoic acid receptors and retinoic acid-X receptors to regulate gene
transcription or retinol-independent mechanisms. It has been demonstrated that RBP4 can in-
duce the retinoid-regulated gene encoding the gluconeogenic enzyme PEPCK, increase basal
glucose production, and reduce insulin action to suppress glucose production in hepatocytes
in vitro (YANG et al. 2005). RBP4 has gained a lot of attention after the first notion that it is ele-
vated in the serum of insulin resistant humans and mice (YANG et al. 2005) and that increased
RBP4 serum concentrations are associated with many components of the metabolic syndrome
including visceral fat accumulation (KLOTING et al. 2007). Therefore, increased RBP4 serum
concentrations might causally link (visceral) obesity to insulin resistance and its associated
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metabolic and cardiovascular diseases. RBP4 was in addition to its metabolic associations
shown to be associated with endothelial dysfunction in patients with newly diagnosed type 2
diabetes (PARK et al. 2009). In another recent study, circulating RBP4 concentrations were in-
versely associated with intima-media and plaque echogenicity in carotid arteries, suggesting
that RBP4 could be involved in the development of atherosclerosis (INGELSSON et al. 2009).

7. Does Chemerin Link Obesity to Vascular Damage?

Chemerin (RARRES2 or TIG2) is highly expressed in liver and white adipose tissue and
secreted as 18-kDa inactive pro-protein which undergoes extra-cellular protease cleavage
generating the 16-kDa active chemerin molecule (reviewed in RoMAN et al. 2012). It exerts
potent anti-inflammatory effects on activated macrophages expressing the chemokine-like re-
ceptor-1 (CMKLR1) or the ChemR?23 receptor (BLUHER 2010). Chemerin plays an important
role in adipocyte differentiation and modulates the expression of adipocyte genes involved
in glucose and lipid homeostasis (BLUHER 2010). Chemerin expression was shown to be de-
creased in adipose tissue of db/db mice compared with controls (TAKAHASHI et al. 2008). In
contrast, chemerin expression was significantly higher in adipose tissue of impaired glucose
tolerant and diabetic Psammomys obesus compared with normal glucose tolerant sand rats
(reviewed in BLUHER 2010). ChemR23 knockout mice are unresponsive to chemerin and
displayed an increased neutrophil infiltrate following LPS challenge (LUANGSAY et al. 2009).
In a mouse model of acute lung inflammation induced by LPS, chemerin displayed potent an-
ti-inflammatory properties, reducing neutrophil infiltration and inflammatory cytokine release
in a ChemR23-dependent manner (LUANGSAY et al. 2009).

In humans, chemerin levels did not differ significantly between subjects with type 2 di-
abetes and normal controls (BozaoGLU et al. 2007). However, in normal glucose tolerant
subjects, chemerin levels were significantly associated with BMI, triglycerides, and blood
pressure (BozaoGLU et al. 2007). Moreover, adipose tissue explants from obese patients have
significantly higher chemerin secretion than those obtained from lean controls (SELL et al.
2009). SELL et al. (2009) found in addition that chemerin release is correlated with BMI,
waist-to-hip ratio, adipocyte volume as well as insulin resistance at the level of lipogenesis and
insulin-induced antilipolysis in adipocytes (SELL et al. 2009). Importantly, adipocyte-derived
secretion of chemerin may be involved in the negative crosstalk between adipose tissue and
skeletal muscle contributing to the negative relationship between obesity and insulin sensitiv-
ity (SELL et al. 2009). Although circulating chemerin levels are significantly associated with
markers of inflammation, visceral obesity and insulin resistance, circulating chemerin does
not seem to predict coronary atherosclerosis (reviewed in ROMAN et al. 2012). More studies
are necessary to elucidate whether chemerin contributes to the altered communication be-
tween adipose tissue and other organs in obesity.

8. Does Apelin Link Obesity to Vascular Damage?
Apelin, the endogenous ligand of the APJ receptor, has been identified in a variety of tis-

sues, including stomach, heart, skeletal muscle, and white adipose tissue (reviewed in
CASTAN-LAURELL 2005). Apelin is a 36 amino-acid peptide identified in 1998 as the endog-
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enous ligand of the orphan G protein-coupled receptor, APJ (reviewed in CASTAN-LAURELL
2005). Apelin and APJ mRNA are widely expressed in several rat and human tissues and
have functional effects in both the central nervous system and periphery (CASTAN-LAURELL
2005). The cardiovascular system appears to be an important source of apelin since both ape-
lin and its receptor are present in heart, large or small conduit vessels and endothelial cells
(CasTaN-LAURELL 2005). Apelin gene-deficient mice developed progressive impairment of
cardiac contractility associated with systolic dysfunction, suggesting that apelin is crucial
to maintain cardiac contractility in pressure overload and aging (KuBa et al. 2007). The ob-
served changes in cardiac contractility were associated with concerted up regulation of genes
involved in extracellular matrix remodelling and muscle contraction (KuBa et al. 2007). Apelin
serum concentration was shown to be higher in patients with obesity and insulin resistance
(reviewed in CASTAN-LAURELL 2005). Recently, higher apelin serum concentrations were
found to be associated with liver cirrhosis both in rats and humans. Moreover, treatment
of rats with cirrhosis with an apelin receptor antagonist showed diminished hepatic fibrosis
and loss of ascites suggesting the hepatic apelin system as a novel therapeutic target in liver
disease (PRINCIPE et al. 2008). In addition, apelin has been shown to be involved in the reg-
ulation of cardiovascular function, fluid homeostasis, vessel formation and cell proliferation
(reviewed in CASTAN-LAURELL 2005). Recently reported glucose lowering effects of ape-
lin seem to involve endothelial NO synthase, AMP-activated protein kinase, and Akt further
suggesting that apelin might link obesity to insulin resistance, endothelial dysfunction and
cardiovascular disease.

9. Conclusions

Adipose tissue is not only an energy storage organ, but is appreciated increasingly as an endo-
crine organ and part of an innate immune system. Bioactive molecules, so called adipokines,
are secreted from adipose tissue and considerably contribute to the regulation of metabolism
and inflammatory responses. Altered adipokine expression and circulating levels have been
frequently reported in patients with cardiovascular and metabolic diseases including obesity
and type diabetes. Altered adipokine profiles may well be a symptom of adipose tissue dys-
function. Genetic and environmental interactions may cause dysfunction of adipose tissue by
initiating a sequence of adipocyte hypertrophy, hypoxia, several stresses and inflammatory
processes. As a consequence, adipose tissue produces a proinflammatory, atherogenic, and
diabetogenic adipokine profile, which may be mechanistically linked to the development of
obesity associated disorders. Identification of novel adipokines which may link obesity to
vascular damage represents a hot topic in obesity research. Our understanding of the complex
effects of distinct adipokines and the interactions between these bioactive mediators is still
incomplete.
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Mutations in the mtDNA as a Cause of
Blindness and Diabetes
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Abstract

Most of the mitochondrial proteins are encoded by the nuclear genome. However, the genetic information for 13
polypeptides, which are integral parts of the respiratory chain complexes and the ATP synthase, is located on the
maternally-inherited mitochondrial DNA (mtDNA). Pathogenic mtDNA mutations in the NADH-ubiquinone-
oxidoreductase (complex I) cause Leber Hereditary Optic Neuropathy (LHON), a disease characterized by acute or
sub-acute midlife blindness. The analysis of the disease mechanism is difficult, because mtDNA mutations cannot be
experimentally generated. Cybrid models with mixed pathological mitochondria showed higher generation of reac-
tive oxygen species (ROS) in retinal ganglion cells as a central trigger of apoptotic cell loss. However, this cell model
did not allow analysing the impact of mtDNA mutations on complex organ function in mammals. In this review we
show that conplastic mouse strains, which differ only in a single mtDNA mutation on a common nuclear genomic
background open new perspectives for the investigation of the biochemical consequences of such variations. Inter-
estingly, conplastic mice carrying a mutation in the ATP synthase (complex V) showed a fragmented mitochondrial
phenotype with lower ATP levels and higher mitochondrial ROS generation and metabolic dysfunction.

Zusammenfassung

Die Information fiir fast alle mitochondrialen Proteine befindet sich im nukledren Genom. Allerdings werden 13
Polypeptide, die zentrale Untereinheiten von Atmungskettenkomplexen und der ATP-Synthase bilden, durch die
maternal vererbte mitochondriale DNA (mtDNA) kodiert. Pathogene mtDNA-Mutationen in der NADH-Ubiquinon-
Oxidoreduktase (Komlex I) fithren zur Leberschen Optikusatrophie (Leber Hereditary Optic Neuropathy, LHON),
einer Erkrankung, die akut oder schleichend zur Erblindung im mittleren Lebensalter fiihrt. Da die Herstellung
von mtDNA-Mutationen experimentell nicht moglich ist, ist die Aufkldrung des zugrundeliegenden Mechanismus
der Erkrankung schwierig. Unter Zuhilfenahme des Cybrid-Modells konnte eine erhohte Bildung von reaktiven
Sauerstoffspezies (ROS) als Ausloser der Apoptose und des Untergangs der Ganglienzellen der Retina ermittelt
werden. Allerdings kann mittels dieses Zellmodells nicht der Einfluss von mtDNA-Mutationen auf Organebene in
Sédugetieren untersucht werden. Kiirzlich wurden konplastische Mausstimme etabliert, die sich nur in einer einzigen
mtDNA-Mutation unterscheiden und damit die Moglichkeit eréffnen, den Einfluss einer solchen Verdnderung auf
den Gesamtorganismus zu untersuchen. Interessanterweise konnte so gezeigt werden, dass Miuse, die eine Mutation
in der ATP-Synthase (Komplex V) tragen, nicht nur fragmentierte Mitochondrien und einen niedrigeren ATP-Gehalt
aufweisen, sondern auch mehr mitochondriales ROS generieren und eine metabolische Fehlfunktion zeigen.

1. Introduction
Mitochondria play a crucial role in cellular bioenergetics. In contrast to traditional textbook

knowledge these organelles are not autonomous, but act within a highly dynamic network. Fu-
sion between mitochondria, subsequent fission as well as mitophagy are important pathways
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to maintain mitochondrial function (LIESA et al. 2009, WESTERMANN 2002). Depending on the
cell type and the metabolic requirements of an organ, mitochondria appear different in shape,
number and network structure. Mitochondria consist of two membranes, an outer and inner one,
separating the intermembrane space (Fig. 1). Due to its cristae structure the inner mitochondrial
membrane has a high surface area and hosts the enzyme complexes of the electron transport
chain and oxidative phosphorylation as well as several substrate transport systems. Enzymes of
the TCA cycle and fatty acid oxidation are located in the mitochondrial matrix.

Outer mitochondrial membrane
Intermembrane space
Inner mitochondrial membrane

Matrix

Fig. 1 Structure of mitochondria

2. Key Subunits of the Respiratory Chain Complexes and the ATP Synthase are
Encoded by the Mitochondrial DNA (mtDNA)

The mitochondrial matrix contains thousands of copies of the maternally-inherited circular,
double-stranded mitochondrial DNA (mtDNA) (ANDERSON et al. 1981). The mtDNA codes
for 13 subunits of the respiratory chain complexes and the ATP synthase as well as the tRNAs
and rRNAs necessary for mitochondrial protein synthesis (Fig. 2). All other subunits and as-
sembly factors of the respiratory chain complexes, the ATP synthase and other mitochondrial
proteins, are encoded by the nuclear genome. Thus, mitochondria are not self-replicating
organelles. It is a key-topic of mitochondria research to elucidate how transcription and rep-
lication of mtDNA and nuclear DNA (nDNA) are coordinated, and functional complexes in
the mitochondrial membrane are correctly assembled and adapted to metabolic requirements
and cellular stressors (ANGERER et al. 2011, CHATRE and RiccHETTI 2013, KOOPMAN et al.
2010). Complex I is a NADH-ubiquinone-oxidoreductase, and seven subunits of this electron
transporter are encoded by the mtDNA, namely ND1, ND2, ND3, ND4, ND4L, NDS5, and
ND6. Complex III is an ubiquinol-cytochrom c oxidoreductase responsible for the so-called
Q-cycle of electron transfer with cytochrome b subunit encoded by the mtDNA. Complex
IV is the cytochrome c oxidase eventually transferring the electrons to O,. Three subunits of
complex IV, COI, COII, and COIIIL, are encoded by the mtDNA. By the electron flow through
complex I, IIT and IV, protons are pumped in the intermembrane space thereby generating a
proton and charged gradient. This chemiosmotic force is used by the ATP synthase (complex
V) to form ATP from ADP and Pi. ATP6 and ATP8 are polypeptides of complex V, which are
encoded by the mtDNA. In contrast to control and repair mechanisms of the nDNA, mtDNA
is poorly protected against mutations by reactive oxygen species (ROS) or chemical stress-
ors. Thus, mtDNA mutations can easily accumulate and affect mitochondrial function. In
addition to the known pathogenic mtDNA mutations, variations in the mtDNA are currently
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discussed to be associated with complex polygenic diseases (diabetes, neurodegeneration),
which appear bioenergetic in origin (LARSSON and RUSTIN 2001, TAYLOR and TURNBULL
2005, WALLACE 2013).

7 Genes
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Fig. 2 The respiratory chain complexes and the ATP synthase are in part encoded by the mitochondrial DNA.

Complex Il
—1
E =0
Complex IV

3. Pathogenic mtDNA Missense Mutations

In 1871 the German ophthalmologist Theodor LEBER firstly described a genetically-inherited
syndrome of visual loss resulting from cell loss in the optical nerve. In honor of this seminal
achievement the syndrome was named Leber Hereditary Optic Neuropathy (LHON). How-
ever, it took more than 100 years to identify the molecular cause of this disease as mutations
in ND4, but also ND1 and ND6 of complex I are responsible for the severe central vision
loss (HUOPONEN et al. 1991, JoHNSs et al. 1992, WALLACE et al. 1988). Thus, LHON is a
mitochondrial disease resulting from stable mtDNA mutations. In addition to rare variants in
single families, three mutations are most frequently the cause of LHON. ND4 11778 Gto A
nucleotide exchange resulted in an arginine to histidine exchange at position 340 in the poly-
peptide of ND4 (WALLACE et al. 1988). ND1 3460 G to A nucleotide exchange resulted in
an alanine to threonine exchange at position 52 in the polypeptide of ND1 (HUOPONEN et al.
1991). ND6 14484 T to C nucleotide exchange resulted in a methionine to valine exchange at
position 64 in the polypeptide of ND6 (JOHNS et al. 1992). Although the mode of inheritance
of the disease is clearly maternal, male carriers of the mutation have a higher risk to develop
clinical symptoms of LHON (SADUN et al. 2011). Notably, the severity of LHON is related
to the percentage of mutated mtDNA per cell (Fig. 3). Patients with a higher copy number
of mutated mtDNA and in particular ND6 14484C carriers also develop generalized central
nervous system symptoms with movement disorder, impaired speech and mental retardation
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(CHALMERS and SCHAPIRA 1999). Why only retinal ganglion cells collapse eventually leading
to blindness although the mutated mtDNA is also present in other tissues is hitherto unknown
due to lack of corresponding animal models (KirRcHES 2011). Studies demonstrating reduced
activity of the NADH-ubiquinone-oxidoreductase (Complex I) were performed in blood
platelets and lymphocytes, but not in retinal ganglion cells (CARELLI et al. 1997).

>'-'L'-"-'., TR PR P
d ! ‘ Mut . g N \
mtDNA mtDNA

Siiddigaiset Generahz.ed
. AN movement disorder
blmd\&“ b carly Impaired speech
adulthood e 5
Mental retardation

Fig. 3 Severity of Leber hereditary optic neuropathy (LHON) depends on the percentage of mutated mtDNA.

4. Cybrid Model Studies Revealed Higher ROS Production in Cells Carrying a
Pathogenic mtDNA Mutation

To characterize the effect of a LHON mtDNA mutation on cellular function and viability in
more detail the cybrid model (KING and ATTARDI 1989) (Fig. 4) has been applied in differ-
ent studies. The DNA-intercalating agent ethidium bromide treatment is applied to tumour
cell lines for several passages resulting in depletion of mtDNA due to insufficient repair
mechanisms in mitochondria. In these so-called Rho-0 cells ATP is exclusively generated by
glycolysis, because the oxidative phosphorylation capacity is significantly reduced. There-
after mtDNA of interest can be artificially introduced in Rho-0 cells via cytoplasts, cellular
components which contain mitochondria but are free of nuclear compartments. By this way
transmitochondrial cytoplasmic hybrids or shortly cybrids carrying LHON mtDNA mutations
have been developed (DANIELSON et al. 2002, GHELLI et al. 2003, WONG et al. 2002). Due
to leakage in the electron transport chain, especially by transfer of one electron to O, from
the stable semiquinone, oxygene radicals are inevitably formed in mitochondria. Dysfunc-
tion of complex I in mitochondria with LHON mtDNA mutations increases ROS produc-
tion concomitantly with a decline in the ATP production. This could be the trigger together
with impaired axonal distribution of mitochondria, increased Ca2* sensitivity and increased
permeability transition probability for destruction of retinal ganglion cells (KirRCcHES 2011).
However, using the cybrid model the pathomechanism of an mtDNA mutation can only be
analysed on the single cell level, but not on the level of tissues and organs. In particular it is
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not possible to generate mice that are “transgenic” for a defined mitochondrial DNA muta-
tion. The solution of this problem is the generation of conplastic mice following the strategy
to combine stable mtDNA phenotypes with a defined nuclear background.

s S S T Rho-0 cell
=y £
AT P: W - TP
e &y 6 Lacking OXPHOS
Depletion of mtDNA by Integration of mtDNA with
ethidium bromide treatment LHON mutation by cytoplasts

Fig. 4 Generation of cybrid cells

5. Conplastic Mice as a New Model to Study the Effect of mtDNA Mutations

It could be shown by sequence analysis that mtDNA from most common inbred mouse strains
that have been generated during the last 100 years are descended from a single female (Golos
et al. 2007, Yu et al. 2009a). A phylogenetic tree of mtDNA of inbred mouse strains revealed
that a couple of mtDNA mutations occurred spontaneously during breeding, which resulted in
characteristic mtDNA patterns for the different inbred mouse strains (Golros et al. 2007, Yu et
al. 2009a). However, a specific phenotype cannot be directly related to an mtDNA mutation,
because the mouse strains differ also in the nuclear genome. Conplastic mice are generated
by choosing a defined background strain and breeding a male of this background strain with
a female of an inbred mouse strains carrying the mtDNA mutation of interest. Offspring of
the first generation carry mitochondria with this mtDNA mutation due to the maternal inher-
itance. In this first generation the nuclear genome is a mixture of both strains. After ten and
more generations of backcrossing with males of the background strain, the conplastic mouse
strain differs from the background strain only in the mtDNA (Fig. 5) (Yu et al. 2009a). Thus,
this technique paves the way to analyse the effect of a stable homoplasmic mtDNA mutation
on the level of living mammals.

6. An mtDNA Mutation in the ATP8 Gene Causes Higher ROS Level in Insulin-
Secreting Pancreatic Beta Cells

Our group investigated the conplastic mouse strain C57BL/BTac-mtFVBNJ in more detail due
to its obvious ROS-generating phenotype (WEIss et al. 2012, Yu et al. 2009b). This conplas-
tic mouse strain harbors the nt7778T polymorphism inside the ATP8 gene (complex V, ATP
synthase) of the mtDNA from the FVB/NJ strain resulting in an amino acid exchange from
aspartic acid to tyrosine (YU et al. 2009a). This mouse strain showed a higher susceptibility
to autoimmune diseases and fragmented mitochondria were visible in isolated cells from dif-

Nova Acta Leopoldina NF 779, Nr. 401, 91-98 (2014) 95



Simone Baltrusch and Markus Tiedge

Mother: FVB/NJ Father: C57BL/BTac

@ o

X several backcross
generations to
male C57BL/BTac

X

Conplastic mice: C57BL/BTac-mtFV8/N

Fig. 5 Generation of a conplastic mouse strain

ferent tissues (WEIss et al. 2012, YU et al. 2009b). As glucose-induced insulin secretion cru-
cially depends upon metabolic stimulus-secretion coupling and thus mitochondrial functions,
we then studied ROS generation in beta cells. The mitochondrial generation of ROS was
measured in living insulin-secreting beta cells isolated from pancreatic islets after MitoSox®
staining using fluorescence microscopy (Fig. 6).

In comparison to the control, beta cells from C57BL/BTac-mtFVBN mice showed in-
creased ROS generation and reduced ATP levels and glucose induced insulin secretion (WEISS
et al. 2012). This raised the question of the metabolic impact from this secretory dysfunction.
Whereas the glucose tolerance was still normal under control conditions in C57BL/BTac-
mtFVBNI mice, feeding a high-fat diet for three months the animals develop impaired glucose
tolerance (WEiss et al. 2012). Thus, the mtDNA mutation in the ATP synthase resulted in a
high susceptibility to metabolic stress, which contributes to the manifestation of diabetes. On
the other hand ROS generation in C57BL/BTac-mtFYBN mice induced a significant prolifer-
ation of beta cells in response to the stressor, a phenomenon summarized as mitohormesis.
The C57BL/BTac-mtFVBN mouse is an interesting model to study a defined mitochondrial
phenotype on a common nuclear genomic background. Ongoing experiments are focusing
on mitochondrial dynamics (fission/fusion) and the effects on mitochondrial gene expression
as a crosstalk with the nuclear genome. Conclusively, conplastic mouse strains will help to
understand the impact mtDNA mutation as a trigger of adaptive processes during lifetime on
complex metabolic and neurodegenerative diseases.
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C57BL/BTac-mtFv8/N Control

Fig. 6 Pancreatic beta cells of C57BL/BTac-mttVENI ([eft) and control (right) mice stained with MitoSox® (red
colour indicates ROS) and DAPI (blue, nucleus) and cultured at 5 mmol/l glucose.
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Diabetic Complications:
A Disease of Reactive Metabolites
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Abstract

Recent data indicate that glucose is only partially responsible for the development of late diabetic complications;
however, reactive metabolites such as reactive oxygen species and reactive carbonyl species have been shown to play
an important role in late diabetic complications via post-translational modification of proteins. Animal experiments
and clinical studies have started to provide evidence that reactive metabolites, independent of glucose, can mediate
late complications in diabetes.

Zusammenfassung

Nach neuesten Daten ist Glukose nur zum Teil verantwortlich fiir diabetische Spitschiiden, jedoch sind reaktive Me-
tabolite wie reaktive Sauerstoffspezies und Alphadicarbonyle durch posttranslationale Modifikation von Proteinen
an der Entstehung diabetischer Spétschdden beteiligt. Tierexperimente und klinische Studien haben gezeigt, dass
reaktive Metabolite unabhingig von Glukose als Mediatoren zur Entwicklung diabetischer Spitschiden an Organen
beitragen.

1. Introduction

Diabetes has been defined clinically by a correlation between plasma glucose or glycated
haemoglobin (HbAlc) and the development of late complications, such as microvascular
(retinopathy, nephropathy and neuropathy) and macrovascular diseases (heart disease and
stroke). Within this context, diabetes may therefore be viewed not as a disease, but as an
epidemiological risk assessment for glucose. This has lead to lowering of blood glucose as
the prevailing clinical strategy for prevention and development of these complications in both
type 1 and 2 diabetics.

However, this simple cause-and-effect relationship is not necessarily as clear cut as we
once thought. A revaluation of the Diabetes Control and Complications Trail (DCCT) has
shown that although an effect of glucose lowering on complications is present, the effect is
much less than expected. It was shown that HbA1c in combination with duration of diabetes
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could only predict ca. 11 % of diabetic patients at risk of microvascular complications (The
Diabetes Control and Complications Trial Research Group 1995, LACHIN et al. 2008). In an
additional study from the DCCT, it was shown that whilst intensive insulin therapy can reduce
the burden of renal failure in type 1 patients, it was only achieved in less than 1 % of patients
over a 22 year period (The Diabetes Control and Complications Trial Research Group 2011).
Several studies in type 2 diabetic patients have shown that not all patients benefit from bet-
ter glucose control and/or reduction of HbAlc to within normal levels (CURRIE et al. 2010,
UK Prospective Diabetes Study Groups 1998, SELVIN et al. 2010, MATSUSHITA et al. 2010).
Whilst in the ADDITIONS study, it has been shown that there is a sub-group of diabetic
patients with late complications, identifiable by high HbA lc despite normal oral glucose tol-
erance (SKRIVER et al. 2010). It is clear from these studies that the relationship between glu-
cose and development of complications in diabetes is not linear, suggesting the involvement
of factors and/or pathways other than hyperglycaemia in the development of complications.

For both type 1 and 2 diabetic patients, it has been shown that they are more susceptible
to the formation of metabolic intermediates generated in glycolysis, in particularly trioses
phosphate intermediates (glyceraldehyde-3-phosphate and dihydroxyacetone phosphate)
(FLEMING et al. 2012). The net concentration of trioses phosphates was found to correlate
positively with the formation of methylglyoxal (MG); reactive metabolite and potent glycat-
ing agent formed the non-enzymatic degradation of the trioses phosphates (Fig. 1A and B).
Interestingly, this correlation was only observed with respect to diabetes and was not present
to such an extent in the healthy control subjects, and when normalized to intracellular glucose
concentration, showed that diabetic patients could be characterized by dramatic increased in-
tracellular reactive metabolites (Fig. 1C and D). This would suggest that within the context of
diabetes, it is not the level of glucose, but how the system handles and processes the glucose
which is important to the development of diabetic complications.

2. Formation of Reactive Metabolites

Reactive metabolites can be defined as a heterogeneous group of endogenous produced me-
tabolites and compromise of two distinct but interrelated species; reactive oxygen species
(ROS) and reactive carbonyl species (RCS). The formation of these reactive metabolites is
inextricably and insidiously linked to the rate of metabolic flux and/or increased dependence
on glycolysis for an energy supply within the cell (FLEMING et al. 2010). In situations of
increased energy demands (such as aging, tumour development and cancer) and in metabolic
disorders with excessive energy supply (such as diabetes) the metabolic flux is enhanced.
Under normal physiological conditions, the metabolic flux is controlled by a network of
rate-limiting enzymes ensuring energy supply without an accumulation of reactive metabo-
lites (FLEMING et al. 2010). In situations of increased energy availability or energy demand,
however, the consequences of increasing concentrations of highly reactive metabolites, which
cannot be readily detoxified and/or metabolized by key enzymes of the metabolic network, is
the inactivation of pathways, a dysregulation of the cellular energy homeostasis and substrate
inhibition of key regulator enzymes, such as glyceraldehyde-3-phosphate dehydrogenase (Du
et al. 2003, LEE et al. 2005, BEISSWENGER et al. 2003).

The production of ROS, which compromise superoxide anions (O,), hydroxyl radical
(HO-) and hydrogen peroxide (H,0,), is largely the result of living in an aerobic environment
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Fig. 1 Correlation of total trioses phosphate intermediates and intracellular glucose in haemolysate from healthy
control (n = 10; white dots) and diabetic patients (n = 24, black dots). Correlation of MG and intracellular glucose in
haemolysate from healthy control (n = 10; white dots) and diabetic patients (n = 24, black dots). The net trioses phos-
phate pool normalized to intracellular glucose concentrations in healthy controls (n = 10), type 1 (n = 12) and type 2
(n = 12) diabetic patients. Methylglyoxal normalized to intracellular glucose concentrations in healthy controls (n =
10), type 1 (n = 12) and type 2 (n = 12) diabetic patients. Adapted from FLEMING et al. 2012.

(DAvis 1995), and the production is a natural by-product of the mitochondrial electron trans-
port chain (Fig. 2A). It is estimated from in vitro experiments using isolated mitochondria that
0.12-2 % of respiration goes to O, production, however, these values cannot be extrapolated
to the in vivo situation, where mitochondrial O, production would be considerable lower
(FINKEL and HOLBROOK 2000, MURPHY 2009). Once formed, ROS can interact and damage a
number of biological macromolecules, despite a short half-life and a limited sphere of influ-
ence (ca. five molecular diameters before it oxidizes a target) (PRYOR 1986).

RCS are a heterogeneous group of small molecular weight carbonyls activated by a,f-un-
saturation as in 4-hydroxynonenal and acrolein, a-oxo-substitution as in glyoxal and MG,
and B-oxo-substitution as in malondialdehyde (Fig. 2B). These compounds are formed en-
dogenously by lipid peroxidation, carbohydrate metabolism and autoxidation of reducing
substrates (O’BRIEN et al. 2005). As with ROS, RCS exhibit a facile reactivity with various
biomolecules, including proteins, DNA and phospholipids, generating stable products at the
end of a series of reactions that are thought to contribute to the pathogenesis of vascular dis-
eases such as atherosclerosis and diabetes. In addition, it has been recently found that some
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Fig. 2 Formation of reactive oxygen species from the univalent reduction of oxygen. The structures of reactive car-
bonyl species (RCS) generated from lipid peroxidation and carbohydrate metabolism and autoxidation.

of the RCS are responsible for the effects of lipid peroxidation and carbohydrate metabo-
lism on signalling/transcription regulation suggesting that RCS may play a role as regulatory
molecules of vascular dysfunction (O’BRIEN et al. 2005). These effects are similar to the
detrimental effects caused with ROS accumulation and have in the past been either mistaken
or overlooked. Compared to ROS, aldehydes are stable and can diffuse within or even escape
from the cell and attack targets far from the site of their formation. Furthermore, several of
the most reactive RCS are derived from glucose metabolism, such as MG, which belongs to
the highly reactive class of RCS, known as the dicarbonyls (THORNALLEY 2005, 2008). As
ROS require three stages of metabolism before production, RCS can be viewed as providing
a more direct insult to the macromolecular integrity of the cell.

3. Detoxification

To minimize the production of reactive metabolites and subsequent damage induced, the body
has evolved a multifaceted, intricate, response known as the antioxidant defence system. This
is composed of enzymatic (superoxide dismutase, catalase, glutathione peroxidase and per-
oxyredoxins) and low molecular mass ROS scavengers (such as glutathione and vitamins)
(FINkEL and HoLBROOK 2000). One such defence mechanism with respect to MG involves
limiting the availability of trioses phosphates which could spontaneously form MG. This is
achieved by maintaining low concentrations of trioses phosphates during steady state gly-
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colysis by feedback inhibition of phosphofructokinase 1 and capping the active site in trioses
phosphate isomerase, preventing the fragmentation of the phosphoendiolate intermediate to
MG and phosphate. Although effective in decreasing the formation of MG, some trioses phos-
phates does escape and as such cells have developed mechanisms for detoxification. MG can
be metabolized by MG reductase to lactaldehyde, by aldose reductase to hydroxyacetone and
by 2-oxoaldehyde dehydrogenase to pyruvate. However, the system that handles most of the
cellular MG is the glyoxalase system (THORNALLEY 2003) (Fig. 3A).

A
g gc
Y Glyoxalase | \
GSH S-D-Lactoylglutathione
O
O

Glyoxalase Il J\
H,0

D-lactate
B
; .,
-] —
NH
%—m— _& M i_"“""“xv enn
\ L \
Methylglyoxal-derived Ng-Carboxyethyl-lysine Methylglyoxal-lysine Dimer
hydroimidazolone (MG-H1) (CEL) (MoLD)
o
H
Argpyrimidine Tetrahydropyrimidine

Fig. 3 The glyoxalase system. The major MG-derived AGEs

Whilst these defences are effective in reducing the daily production of reactive metabolites,
when they become diminished, impaired or overwhelmed, then an imbalance will occur re-
sulting in an accumulation of reactive metabolites, giving rise to a state of cellular stress
(Davis 1995, FINKEL and HoLBROOK 2000).
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4. Role of Methylglyoxal in Mediating Late Diabetic Complications

MG like most reactive metabolites can react with proteins, specifically at arginine, lysine and
cysteine residues, in process referred to collectively as glycation to form advanced glycation
endproducts (AGEs) (Fig. 3B). The physiological importance of protein glycation and AGEs re-
mains under investigation. Particularly damaging effects are produced by covalent crosslinking
of proteins which confers resistance to proteolysis (THORNALLEY 2008). Protein modification is
also damaging when amino acids residues are located in sites of protein-protein interactions, en-
zyme-substrates interactions and protein-DNA interaction. Studies looking at the modification
of model proteins such as human serum albumin (AHMED et al. 2005) and vascular basement
membrane type IV collagen by MG (DOBLER et al. 2006) have shown that formation of AGEs
causes structural distortions, loss of side chain charge and functional impairment.

Recently, we have shown that elevated MG in diabetes leads to the modification of argi-
nine and/or lysine residues within voltaged-gated sodium channels (VGSCs), in particularly
the tetrodotoxin-resistant (TTXr) Na, 1.8 and the tetrodotoxin-sensitive (TTXs) Na,1.7. Mod-
ification of Na, 1.8 was associated with increased electrical excitability and facilitated firing
of nociceptive neurons, whereas modification of Nay1.7 promoted slow inactivation (BIER-
HAUS et al. 2012). In mice, treatment with MG reduced nerve conduction velocity, facilitated
neurosecretion of calcitonin gene-related peptide, increased cyclooxygenase-2 expression
and evoked thermal and mechanical hyperalgesia, as well as increasing blood flow in brain
regions involved in pain processing (Fig. 4).
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Fig. 4 Methylglyoxal induced thermal hyperalgesia results in increased brain activity. Sample colourized coronal
sections showing differences in brain activation after heat stimulation; increased cerebral blood flow is indicated in
red. Each image is taken from a single brain section in the individual mice. Data represent the mean SD. (N = 4 mice
per group). Adapted from BIERHAUS et al. 2012.

Similar changes were also observed streptozotocin-induced and genetic mouse models of dia-
betes but not in Na, 1.8 knockout mice. Several strategies including the use of a novel peptide
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scavenger for MG were shown to be effective in reducing MG- and diabetes-induced hyper-
algesia (BIERHAUS et al. 2012). These finding provide not only a novel, reactive metabolite
mechanism for development of diabetic neuropathy but also provide an explanation for the
coexistence of positive and negative clinical symptoms in diabetic neuropathy. Similar find-
ings have also been reported for TRPA1 (EBERHARDT et al. 2012) and TRPV1 (ONKAWARA et
al. 2012), as well as in diabetic retinopathy (HAMMES 2003).

5. Conclusion

Hyperglycaemia is a fundamental clinical characteristic of diabetes, but it is not the direct
mediator of late diabetic complications, given the less than anticipated benefit which comes
from lower blood glucose. A new definition of diabetes is required which takes into account
the balance between excess reactive metabolite formation and reduced detoxification. Such
an approach will provide new therapeutic approaches to the yet unsolved problem of late
diabetic complications.
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Abstract

Within the last years different new retinal imaging technologies have been developed and published. For routine use
in daily practice an additional benefit for instance image resolution or early changes detection is necessary. Optical
coherence tomography (OCT) becomes more and more a routine diagnostic tool and will be used for retina imaging.
Special devices like dynamic vessel analysis (DVA) and dual wavelength oximetry may be used for early detection
of retinal changes and do have a potential as screening technologies in the future.

Zusammenfassung

In den vergangenen Jahren wurde eine Vielzahl neuer Imaging-Verfahren im Bereich der Netzhaut entwickelt. Fiir
die breite Anwendung in der Praxis ergibt sich immer die Frage des zusitzlichen Nutzens bzw. der moglichen An-
wendung als Screening-Technologie. Die optische Kohédrenztomographie (OCT) erlangt auf Grund ihrer einfachen
Anwendung und exzellenter Auflosung zunehmende Bedeutung in der Routinediagnostik. Spezielle Verfahren wie
die dynamische GefidBanalyse (DVA) und die Zweiwellenldngenoximetrie haben ihren Stellenwert in der Friihdia-
gnostik von Netzhautverdnderungen.

New imaging technologies of the eye and especially of the posterior part of the eye become
more and more popular within the last years. There are several new developments and some
of them are already at the market and commercially available. From a clinical point of view
the question is always what are the benefits of this new techniques. Of special interest is al-
ways the matter, if there are any new, additional information with the new techniques and if it
is possible to use them as early screening techniques.

If it would be possible to design a “perfect” imaging technique for the eye it should:

— be easy to use,

— give clear distinctions of findings,

— be applicable for elderly and handicapped people, too,
— ease to use,

— affordable.

For decades ophthalmoscopy and fluorescence angiography have been the gold standard for
investigation of changes in the posterior region of the eye. And also today, these techniques
are common used and necessary. But because of possible anaphylactic reaction, the uses of
invasive methods like fluorescence angiography should be questioned in each case.

For routine retina diagnostic spectral domain high resolution optical coherence to-
mography (SD-OCT) becomes more and more popular. It allows a non-invasive and often
non-mydriatric assessment of the retina and optic disc (Fig. 1). Especially vitreoretinal ad-
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Fig. 1 Optical coherence tomography of healthy subject (central retina area with macular region and optic disc)

Fig. 2 Static and dynamic vessel analysis of venous (blue) and arterial (red) retinal vessels
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hesions and intraretinal changes like edema may be detected very precisely. SD-OCT is also
for follow-up investigations a very useful tool. Within the next years new OCT developments
will enter the market, which may allow estimating also deeper areas like choroidea and will
also offer higher resolutions.

New imaging techniques could offer new opportunities for early detection of vascular
changes, e.g. in early diabetic retinopathy (Fig. 2 and 3). DAwczyNsKI et al. (2007) demon-
strated that endothelial dysfunction of retinal vessels is detectable by flicker provocation test.
Healthy retinal vessels show a transient dilation after flicker light stimulation. This reaction,
triggered by the release of nitric-oxidase, gives indirect evidence for endothelial function of
the vessel. In diabetic retinopathy with disturbed endothelial function a decrease in vessel
dilation could be observed.

Furthermore, MANDECKA et al. (2007) demonstrated not also an increasing decrease in
vascular reaction with increasing severity of diabetic changes (Fig. 4). They also found a
decrease in arterial diameter change in diabetic patients without visible signs of diabetic reti-
nopathy. Therefore, dynamic vessel analysis might also be considered as screening method
for early diabetic changes of the retina.

HaMMER et al. (2011) developed a non-invasive technique for determination of haemoglo-
bin oxygenation of retinal vessels. By the so-called dual-wavelength oximetry transmission
spectra of reduced (Hb) and oxygenated (HbO,) haemoglobin as well as filter and spectral
sensitivity of the red and the green camera channel are used to appreciate arterial and venous
haemoglobin oxygenation. By combination with dynamic vessel analysis (Fig. 5) changes
after flicker stimulation could be detected. In patients with diabetic retinopathy HAMMER et
al. (2012) demonstrated an increase of retinal venous oxygen saturation.
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Fig. 3 Dynamic vessel analysis in healthy subject with normal vessel dilation to flicker light and decreased vessel
dilation in patient with diabetic retinopathy
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Fig. 4 Dynamic vessel analysis: arterial diameter changes at stages of diabetc retinopathy (DR), MANDECKA et al.
2007

Fig. 5 Dual wavelength oximetry: colour-coded oxygen saturations before (left) and during flicker stimulation in a
healthy subject

Very recent results by JIAN et al. (2013) demonstrate a possible further direction of retinal
imaging in the future. By combination of adaptive-optics system with optical coherence to-
mography a new quality of resolution for in vivo imaging could be reached.
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In Conclusion there are many new imaging technologies especially for detection of early
changes in diabetic retina. Combination of high resolution imaging techniques (SD_OCT)
and dynamic tests (dynamic vessel analysis/dual wavelength oximetry) could be used as early
screening method. In near future new devices with even higher resolution will be available.

References

DAWCZYNSKI, J., MANDECKA, A., BLUM, M., MULLER, U. A., AcH, T., and STROBEL, J.: Endothelial dysfunction of
central retinal vessels in diabetic patients. Klin. Monatsbl. Augenheilkd. 224, 827-831 (2007)

HAMMER, M., HELLER, T., JENTSCH, S., DAWCZYNSKI, J., SCHWEITZER, D., PETERS, S., ScHMIDTKE, K. U., and
MULLER, U. A.: Retinal vessel oxygen saturation under flicker light stimulation in patients with nonproliferative
diabetic retinopathy. Invest. Ophthalmol. Vis. Sci. 53, 4063-4068 (2012)

HAMMER, M., VILSER, W., RIEMER, T., LIEMT, F., JENTSCH, S., DAWCZYNSKI, J., and SCHWEITZER, D.: Retinal ve-
nous oxygen saturation increases by flicker light stimulation. Invest. Ophthalmol. Vis. Sci. 52, 274-277 (2011)
JIAN, Y., ZAawADZKI, R. J., and SARUNIC, M. V.: Adaptive optics optical coherence tomography for in vivo mouse

retinal imaging. J. Biomed. Opt. /8, 56007 (2013)

MANDECKA, A., DAWCZYNSKI, J., BLUM, M., MULLER, N., KLoos, C., WOLF, G., VILSER, W., HOYER, H., and MULLER,

U. A.: Influence of flickering light on the retinal vessels in diabetic patients. Diabetes Care 30, 3048-3052 (2007)

Prof. Dr. Jens DAWCZYNSKI

Klinik und Poliklinik fiir Augenheilkunde
Liebigstrae 10-14

04103 Leipzig

Germany

Phone: +49 341 9721621

Fax:  +49 341 9721659

E-Mail: Jens.Dawczynski @uniklinik-leipzig.de

Nova Acta Leopoldina NF 779, Nr. 401, 109113 (2014) 113



Nachhaltigkeit in der Wissenschaft

Leopoldina-Workshop
am 12. November 2012 in Berlin

Nova Acta Leopoldina N. F. Bd. 777, Nr. 398
Herausgegeben von Jorg HACKER (Halle/Saale, Berlin)
(2013, 128 Seiten, 20 Abbildungen, 1 Tabelle, 21,95 Euro,
ISBN: 978-3-8047-3188-2)

Im Mittelpunkt der weltweiten Uberlegungen zur Bewiltigung zentraler Herausforderun-
gen des 21. Jahrhunderts steht das Konzept der Nachhaltigkeit. Damit dieses Prinzip sich
in konkreten Handlungsvorschldgen widerspiegeln kann, bedarf es der Prézisierung. Der
Band untersucht daher die Nachhaltigkeit in der Wissenschaft, der wichtigsten Informa-
tionsquelle der Gesellschaft. Dabei wird Nachhaltigkeit sowohl der Strukturen als auch
der Aktivitidten in Forschung und Lehre betrachtet. Behandelt werden die ,,Erforschung
von Nachhaltigkeit®, die Strategien zum besseren Verstindnis liefern soll, der Komplex
,hachhaltig forschen®, der Voraussetzungen, Verldufe und Folgen von Forschung gemif
den Kriterien der Nachhaltigkeit analysiert, und die ,,Nachhaltigkeit von Forschung*,
die Wesensprinzipien der Wissenschaft — etwa die Falsifizierbarkeit ihrer Resultate — im
Lichte der Idee der Nachhaltigkeit untersucht. Schwerpunkte der Analyse bilden in allen
Bereichen einerseits das Spannungsverhiltnis zwischen Freiheit und Nachhaltigkeit der
Wissenschaft sowie andererseits die Auswirkungen der Debatte auf die Strukturen des
Wissenschaftssystems.

Wissenschaftliche Verlagsgesellschaft Stuttgart




Nova Acta Leopoldina NF /79, Nr. 401, 115-126 (2014)

Advances in In vivo Imaging of Corneal Nerves

Oliver STACHS,! Bhavani S. KOWTHARAPU,! Stephan ALLGEIER,?
Karsten WINTER,3 and Bernd KOHLER*

With 10 Figures

Abstract

The demands of contemporary corneal imaging have evolved from its descriptive findings using the slit lamp to in
vivo assessment of changes at the cellular level. Currently, the latter can be provided by in vivo confocal microscopy.
This article gives an overview of corneal nerve imaging using the up to date techniques, describes the milestones in
confocal imaging of corneal nerves, and illustrates the possibilities and difficulties to translate this technology from
the laboratory into clinical practice.

Zusammenfassung

Die Anforderungen der kornealen In-vivo-Bildgebung der Gegenwart haben sich gravierend gewandelt, ausgehend
von einer deskriptiven Beschreibung durch die Spaltlampe hin zu einer In-vivo-Beurteilung der Hornhaut auf zel-
luldrer Ebene. Die konfokale In-vivo-Mikroskopie erweist sich hier als exzellente Untersuchungsmethode. Dieser
Artikel gibt einen Uberblick iiber die Entwicklung der konfokalen In-vivo-Laserscanningmikroskopie und beschreibt
die Meilensteine bei der Darstellung kornealer Nerven. Weiterhin werden die Moglichkeiten und Schwierigkeiten
diskutiert, diese Technologie vom Labor in die klinische Praxis zu iiberfiihren.

1. Introduction

In ophthalmology, primary diagnosis largely depends on the availability of reproducible and
reliable data concerning changes in normal structures during health and disease. In this pro-
cess, the importance of ‘biomicroscopy’ to understand the morphologic phenotype of the
pathologic condition has been extensively dominated by slit-lamp examinations. Later in this
series of developments, despite the established methods of imaging the living structure and
after the wide acceptance of published images of tissue microstructure, in vivo confocal mi-
croscopy largely remained a tool for research laboratories with an interest in the clinical
applications of prototype instruments.

In vivo confocal laser scanning microscopy (CLSM) has been used as a powerful tool for
the non-penetrative, real-time visualization and analysis of living corneal tissues at the cellu-
lar level of both laboratory animals (CAVANAGH et al. 1993) and in humans (CAVANAGH et al.
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2000, Eckarb et al. 2006, ELDER 1961, GRUPCHEVA et al. 2002). By using this versatile tool,
several working groups have described 2-dimensional mapping (PATEL and MCGHEE 2005,
YokoGawa et al. 2008, HE et al. 2010) of the living human ocular surface and cornea in vivo.
In all these studies this complex procedure was executed off-line with the use of external
software support for the very time-consuming image post-processing.

2. Milestones of In vivo Corneal Confocal Microscopy

A sequence of continuous and interlinked technical improvements over the years has led to the
development of present day in vivo confocal microscopy. At the beginning, a real-time tandem
scanning confocal microscopy (CM) was introduced by PETRAN and HADRAVSKY, in which
the basic part of the system was contributed by NipKOw, to provide real-time point illumina-
tion and point detection. The main properties of the system include video rate, true colour and
direct observation in combination with a marginal image quality based on the low intensity
of the reflected light (BOHNKE and MASTERS 1997). Advancement was marked by the use of
one sided Nipkow disc CM based on the work of X140 et al. (1988) and Xiao0 et al. (1990).
A Nipkow disc is a mechanical scanner consisting of a rotating disk with small holes upon its
periphery through which narrow beams of light pass. This simple design suffered from the
disadvantage of low intensity of illumination during image formation. A clinical version of this
original microscope was first manufactured by the Tandem Scanning Corporation (Reston, VA,
USA) and later by the Advanced Scanning Corporation (New Orleans, LA, USA).

The time required for scanning can be strikingly reduced by using a slit aperture where all
points in the axis of the slit will be scanned at the same time. Here, the adjustable slit height
permits the user to vary the thickness of the optical section, and also allows to control the
amount of light that reaches the cornea. Because of the use of the slit instead of a pinhole, this
microscope is truly confocal only in the axis perpendicular to the slit and the contrast of the
system is very low. Slit scanning in vivo CMs are available commercially from different man-
ufacturers like Tomey Corporation (USA), Nidek Technologies (Japan) and Helmut Hund
(Wetzlar, Germany).

Rapid advances in laser technology have enabled the development of a completely other
generation of confocal microscopes. The CM, invented by MINSKY, was designed mainly for
the clinical examination of the human eye and enabled clinicians to observe unstained, living
ocular tissue at the cellular level (YOUNG and ROBERTS 1951, Davipovits and EGGER 1971,
1973). Subsequently, based on MINSKY’s design, WEBB developed a laser scanning ophthal-
moscope for the observation of human retina in real-time (WEBB et al. 1980, 1987, WEBB
1990), where a coherent laser is used as a high intensity light source, and the laser beam is
scanned over the microscope focal plane by a set of galvanometer scanning mirrors to enable
fast scanning in x and y directions.

WEBB’s concept was implemented later in the development of the Heidelberg Retina To-
mograph (HRT) (Heidelberg Engineering, Heidelberg, Germany), one of the well-established
in vivo confocal imaging systems in clinical ophthalmology. The HRT device uses a coher-
ent 670 um diode laser source instead of white-light, to acquire and evaluate topographic
measurements of the optic nerve head to detect glaucomatous damage. The HRT was further
modified by STAVE et al. (2002) (University of Rostock, Germany) who developed a de-
tachable objective system mounted onto the HRT, named ‘Rostock Cornea Module’ (RCM),
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transforming the HRT into a high-resolution CLSM to enable the visualization of the ocular
anterior segment (Fig. 1). At present, application of CLSM in ophthalmology is not restricted
to corneal research, but also includes the evaluation of non-transparent tissues of the ocular
surface including conjunctiva, sclera, limbal region, lacrimal gland, and tear film as single
anatomical units and parts of eye-associated lymphatic tissue (ZHIvVOV et al. 2000).

Minsky 1955
Confocal microscope

Petran 1968 Svishchev 1969

Tandem Scanning Confocal Microscope

Lemp 1985
TSCM in situ, ex vivo

Xiao 1998
Nipkow disk TSCM

Fig. 1 Milestones in corneal confocal imaging

In summary, confocal microscopy is established as a valuable tool for acquiring high reso-
Iution images and allowing 3-D reconstructions of topologically complex biological speci-
mens. Investigation of the cornea with in vivo confocal microscopy has been very useful in
expanding our understanding of nerve and keratocyte anatomy in healthy and diseased human
corneae. The representation of nerve fibres leashes running parallel to Bowman’s layer can be
visualized and depicted effortlessly whereas stromal fibres can be seen only as short reflected
lines due to their oblique orientation. In conclusion, in vivo CLSM enables imaging of the
corneal nerves comparable to histological sectioning (Fig. 2).

3. Disadvantages of CLSM Imaging
Even though CLSM has proved to be a great tool for analysing living corneal tissues in
laboratory animals and humans, its principal limitation is the small field of view for im-

aging (HRTII-RCM 400x400 pm, i.e. 0.160 mm?; Nidek Confoscan 4460 x 345 um, i.e.
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In vivo Ex vivo

Fig. 2 Comparison of the images of (A) in vivo CLSM (REICHARD et al. 2010) and (B) histology (MARFURT et al.
2010) focused on corneal nerveimaging.

0.159 mm?). The HRTII-RCM field of view in comparison to the ocular surface is given in
Figure 3. Secondly, during CLSM imaging, so far the reproducible examination and quanti-
fication of the same area is very unlikely and almost impossible. Also, techniques have to be
established to create two-dimensional maps of the corneal sub-basal nerve plexus.

400 x 400 microns

Fig. 3 The CLSM field of view (400 x 400 microns) in comparison to the surface area of cornea (from ZHIvVOV et
al. 2010).
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4. History of Corneal Nerve Plexus Reconstruction

4.1 Manual Mapping

Several research groups have published reports of two-dimensional reconstruction mapping
of stained corneal whole mounts (AL-AQABAL et al. 2010) as well as of the living human
cornea (STAcHs et al. 2010, PATEL et al. 2005, 2006, YokoGAwA et al. 2008). In addition,
our own group has published results of in vivo three-dimensional reconstruction of the ocular
surface and cornea (STACHS et al. 2007, ZH1vov et al. 2006, 2009).

One of the simplest ways to make a 2D reconstruction of the nerve plexus is a manual
mapping with the aid of computer-based tools. Figure 4 depicts a two-dimensional mapping
(slice alignment, intensity adjustment, resampling), which was performed manually by us-
ing the software AMIRA (TGS Inc, San Diego, Calif.) and STITCHER (RealVIZ S.A., San
Francisco, Calif.). Even though a number of papers has been published using this technique,
the main limitation of manual mapping is the time required for the image reconstruction and
processing which is a major limitation of its application in clinical practice and trials.

Fig. 4 Manual assembly of 150
images depicting the architec-
ture of the sub-basal nerve plex-
us in a 30-year-old healthy male
volunteer (ZH1voV et al. 2009).

4.2 Real-Time Mapping of the Corneal Sub-basal Nerve Plexus

Recently we have published a method to generate two-dimensional reconstruction maps of
the SNP in the living cornea in real-time by in vivo laser scanning confocal microscopy (ZHI-
vov et al. 2010). CLSM source data (frame rate 30 Hz) was used to create large-scale maps
of the scanned area by means of the ART (automatic real time) composite mode (GUTHOFF et
al. 2010). The algorithm attempts to align single live image onto the so far mapped composite
image by means of landmark feature based image processing using an affine transformation.
The six transformation parameters (2 x 2 transformation matrix and translation in x and y)
between the actual live image and the composite image are calculated using automatically ex-
tracted landmark features in both images. Because of the four additional degrees of freedom
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(compared to using only translations between images), this spatial transformation is better
capable of aligning corresponding corneal structures in the transformed live image and the
composite image. Initially a single live image is used as the first instance of the composite
image. The successive transformed live images then add to the composite image (Fig. 5). Live
images are discarded if transformation parameters cannot be reliably determined.

Fig. 5 A real time reconstruction using
the ART composite mode of the HRT.

4.3 Offline Mapping

Even though the described ART composite mode is an immense improvement over the man-
ual generation of SNP mosaic images used before, both in terms of time required and of
the possibility to handle motion artefacts, the affine transformation used can only reduce,
not entirely correct the motion-induced image distortions. To be precise, it can fully com-
pensate linear, but not accelerated movements. Because erratic involuntary and unavoidable
(non-linear) eye movements always occur during the image acquisition process, ALLGEIER et
al. (2010) developed an elastic image registration method that has been specifically adapted to
the image acquisition process of the CLSM. In theory the proposed image registration method
is capable of correcting any motion-induced image distortions. The resulting SNP mosaic
images (Fig. 6) verify that motion artefacts are in fact significantly reduced compared to an
ART composite map. Because the used computation is time-consuming and includes a global
optimization step to minimize alignment errors over the entire image sequence, the mapping
process can only be operated offline.

4.4 Volumetric Image Analysis

The most secure and effective way for large scale SBP mosaicking is the use of volumetric
information, SBP reconstruction followed by image fusion. This approach was implemented
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Fig. 6 Mosaic image generated offline
using the registration method developed
by ALLGEIER et al. 2010.

by KOHLER et al. (2010) and ALLGEIER et al. (2012) according to the pipeline depicted in Fig-
ure 10 left. The proposed technique features the reconstruction of SNP images from CLSM
volume scans and the generation of mosaic images to provide an expanded view of the SNP.
An example for a successful reconstruction can be found in Figure 7.

Fig. 7 Nerve plexus reconstruction and
subsequent image fusion from volume
data sets according to the technique de-
veloped by ALLGEIER and KOHLER (ALL-
GEIER et al. 2012, KOHLER et al. 2010).

5. Efforts and Outcome of the Different Image Sources for Quantification

In conclusion, there are diverse image acquisition sources available for nerve fibre quantifi-
cation which can be classified into two main categories: “uncorrected single image analysis”
and “advanced image analysis” using SNP reconstruction in combination with a large scale
image fusion. Despite the availability of different sources, the effort and outcome of the final
quantification is very diverse. So, towards getting reliable and repeatable quantifications, fu-
ture studies should concentrate on showing what is stringently necessary to calculate robust
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(1) Single image analysis (2) Advanced image
analysis

: N advanced image analysis
image analysis using single

Technique : using corrected and merged
uncorrected source Images o
large scale images
Examination time comparable
Nerve reconstruction no yes
Image fusion not necessary yes
Time effort fast time consuming

Fig. 8 Image quantification: Sources, efforts and outcome of different image sources for quantification

data for statistical analysis. Moreover, the final accepted image reconstruction technique has
to be implemented into the laser scanning image device for its use in larger clinical trials.

6. State of the Art — SNP Quantification

Corneal nerve fibres quantification with minimal manual intervention is a major task in using
CLSM during clinical practice. At present, different groups are working on the advancement
of this subject using different approaches. KALLINIKOS et al. (2004) were the first to describe
a semi-automated technique for quantifying SBP tortuosity. Even though the degree of agree-
ment with subjective grading had not been assessed, this method is very good to support
the intra- and inter observer repeatability for single images or image sets. But at the clinical
level, due to its poor intra- and inter observer reliability of recurrent patient examinations this
method was not successful.
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To facilitate computerized tracing of nerves and nerve tortuosity, SCARPA et al. (2011) have
established an algorithm for the automated identification of corneal nerve structures. The
reliability of this system was also confirmed by its comparison to subjective tortuosity grad-
ing. SINDT et al. (2013) have developed a rapid image evaluation system for corneal in vivo
confocal microscopy. By taking less than 10 s per scan, the software could be able to calculate
rapidly and accurately the number, mean length of nerves and immune cells as well as the
number and mean density of immune and wing cells providing quantitative results describing
nerve, dendritic and wing cells.

Fig. 9 Example of an image analysis. All components of the network are skeletonized and undirected graphs were
generated.

Our group is developing a quantification pipeline according to the concepts developed by
WINTER et al. (2010). The main steps of this approach are visualized in Figure 10. Ongoing
work is focused on minimizing manual adjustments and to speed up the overall quantification
process to implement this into the CLSM device.

7. Clinical Applications

Corneal nerve function is involved in diverse important ocular surface processes such as me-
chanical, thermal and chemical signal monitoring, preservation of ocular surface integrity by
modulation of epithelial cell proliferation and migration, release of trophic factors (neuropep-
tides, substance P, growth factors) and lacrimation reflex. The integrity and function of cor-
neal nerves are affected in the course of different pathological situations including diabetes,
infection, limbal stem cell deficiency, lysosomal storage diseases as well as during corneal
surgery, keratoconus and keratitis. Since cornea is the only structure which allows the di-
rect, non-invasive observation of nerves using confocal microscopy, a number of prospective
clinical observations can be addressed and evaluated depending on corneal confocal nerve
imaging. Currently, corneal nerve imaging in different kinds of neurodegenerative diseases is
one of the potential clinical applications of in vivo CLSM.
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Fig. 10 Main steps in CLSM image reconstruction and quantification pipeline developed by ALLGEIER and KOHLER
(ALLGEIER et al. 2012 and KOHLER et al. 20102) and WINTER (WINTER et al. 2010).

8. Conclusion

In vivo CLSM imaging of corneal nerves is possible for different clinical applications and can
be used as a biomarker for a wide range of corneal and systemic diseases. Several character-
istic morphologic quantities can be examined, calculated and determined using different data
acquisition pipelines. Further effort is necessary to standardize these technologies and it is of
the utmost importance to optimize the imaging and quantification procedure for its universal
applicability to strengthen multidisciplinary clinical trials. Nevertheless, in vivo CLSM can
already be successfully applied to assess microstructural changes of the corneal innervation
in normal and various corneal disorders.
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Software-based Imaging and Quantitative Analysis
of the Corneal Sub-basal Nerve Plexus
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Abstract

The corneal sub-basal nerve plexus (SNP) possesses a high potential for the early diagnosis of diabetic peripher-
al neuropathy. Early morphological changes of the sub-basal nerves can be assessed in vivo using confocal laser
scanning microscopy (CLSM). However, current study results cannot be compared easily because of the lack of a
standardized image acquisition and analysis protocol. We propose and discuss an approach to such a standardized
procedure. It focuses on specially developed image processing techniques in order to achieve a high degree of auto-
mation and generate robust, reproducible results. The proposed technique features the reconstruction of SNP images
from CLSM volume scans, the generation of mosaic images to provide an expanded view of the SNP, and automatic
segmentation and quantitative morphological analysis of the sub-basal nerve fibres.

Zusammenfassung

Der sub-basale Nervenplexus der Kornea (SNP) besitzt ein grofies Potenzial zur friithzeitigen Diagnose einer diabe-
tischen peripheren Neuropathie. Frithe morphologische Verdnderungen der sub-basalen Nerven konnen mithilfe der
konfokalen Laser-Scanning-Mikroskopie (CLSM) in vivo beurteilt werden. Aufgrund fehlender standardisierter Auf-
nahme- und Analyseprotokolle lassen sich die Ergebnisse aktueller Studien jedoch nur schwer miteinander verglei-
chen. Wir beschreiben und diskutieren einen Ansatz einer solchen standardisierten Vorgehensweise. Der Fokus liegt
dabei auf speziell entwickelten Bildverarbeitungsalgorithmen, um einen hohen Automatisierungsgrad und robuste,
reproduzierbare Ergebnisse zu erzielen. Die beschriebene Methode beinhaltet die Rekonstruktion von SNP-Bildern
aus CLSM-Fokusserien, die Erzeugung von Mosaikbildern zur Darstellung eines erweiterten SNP-Bereichs sowie
die automatische Segmentierung und quantitative morphologische Analyse der sub-basalen Nerven.

1. Introduction

For some years now, confocal laser scanning microscopy (CLSM) has been applied for
high-resolution in vivo imaging of tissue structures of the cornea. The cornea is densely in-
nervated and the only point in the human body, at which nerve fibres can be analysed in vivo
and non-invasively by optical imaging methods, such as CLSM. The corneal sub-basal nerve
plexus (SNP) — located directly on the anterior side of the basal membrane of the epitheli-
um and, hence, mainly parallel to the surface of the cornea — is particularly suited for such
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investigations. The SNP is a dense network of thin, unmyelinated nerve fibres (GUTHOFF
et al. 2005). Many CLSM studies have examined changes of the sub-basal nerve fibres in
case of various ocular or systemic diseases involving the peripheral nerve system (GUTHOFF
et al. 2009, NIEDERER and McGHEE 2010, PATEL and McGHEE 2009, MALIK et al. 2005).
Presently, several studies are concentrating on diabetic peripheral neuropathy (DPN), one of
the most frequent long-term consequences of diabetes mellitus. They suggest that the thin,
unmyelinated nerve fibres exhibit pathological changes in a very early stage of DPN already
(MALIK et al. 2005). The assessment of alterations of the thin corneal nerve fibres by CLSM
appears to be an ideal means for the early diagnosis of DPN and therapy control.

Most examinations of sub-basal nerve structures in case of DPN indicate characteristic
alterations that correlate significantly with the degree of neuropathy. With increasing degree
of neuropathy, the density of nerve fibres appears to decrease, while their tortuosity increases
(MEHRA et al. 2007, KALLINIKOS et al. 2004, QUATTRINI et al. 2007, ROSENBERG et al. 2000).
While the results largely agree in tendency, agreement of the absolute values is smaller. Mor-
phometric nerve parameters vary in a wide range of values within a group of patients with a
comparable stage of neuropathy. Even more importantly, value ranges of differently staged
patients show considerable overlaps, leading HOLMES et al. (2010) to conclude that the defi-
nition of absolute value ranges for the healthy state or various stages of neuropathy might not
be possible.

Apart from certainly existing individual differences of nerve fibre morphology, we assume
that part of the high variance and overlap of measured morphological values is also due to an
insufficient size of the evaluated SNP area, as in most previous studies morphological param-
eters are based on the analysis of a single (often manually selected) CLSM image per patient.
Considering a typical field of view of about 0.4 x 0.4 mm? (area 0.16 mm?) in high-resolution
in vivo CLSM, a very small area of the cornea (about 110 mm?) only is represented in a sin-
gle image. As the local density of the SNP nerve structures may vary considerably over the
corneal surface area (HE et al. 2010, PATEL and MCcGHEE 2005), evaluation of a single image
is not sufficient for a reliable characterization of the SNP nerve fibre density; this was also
demonstrated quantitatively by VAGENAS et al. (2012).

In addition, ridge-like tissue deformations in Bowman’s membrane and the adjacent tissue
layers can cause further difficulties in the reliable assessment of sub-basal nerve structures by
CLSM. These deformations may have variable extents and are characteristic of a phenome-
non referred to as anterior corneal mosaic (ACM) by BRON (1968) and BRON and TRIPATHI
(1969). KoBayasHI et al. (2006) first described CLSM images of the ACM ridges and the
collagen fibre bundles (called K-structures by the authors) found beneath them. Due to these
deformations, the tissue layer of the SNP often is visible in partial areas of the CLSM images
only (Fig. 1), which further reduces the assessable area of the SNP.

To obtain objective, reproducible, statistically reliable, and therefore better comparable
nerve fibre morphology data that are largely independent of the examiner for diagnosis,
standardized imaging conditions and automatic evaluation of a maximum SNP area are
indispensable.

To address the above difficulties and constraints, we developed image processing soft-
ware to reconstruct two-dimensional images of the SNP from CLSM volume scans, gener-
ate mosaic images with an extended field of view, and automatically segment the corneal
sub-basal nerve fibres in these mosaic images for the reliable assessment of sub-basal nerve
morphology.
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Fig. 1 CLSM images in various focus depths in the area of the SNP with ACM deformation

2. Software-based Imaging of the Sub-basal Nerve Plexus

Software-based imaging of the sub-basal nerve plexus can be divided into several process steps:
image data acquisition, CLSM image registration, SNP reconstruction, and fusion of SNP images.

2.1 Image Data Acquisition

The image data are recorded using a confocal laser scanning microscope HRTII with RCM
(Heidelberg Retina Tomograph II with Rostock Cornea Module; Heidelberg Engineering
GmbH, Heidelberg; hereinafter referred to as HRT). To reduce eye movements during the
examination the subjects are instructed to keep their gaze at a fixed point.

The HRT is operated in a special oscillating volume scan (OVS) mode, in which focus
image stacks with an axial inter-image distance of about 0.5 um are recorded of the basal
epithelium through the SNP and Bowman’s membrane to the anterior stroma in alternating di-
rections. The stack size is 96 images, representing a partial volume of 48 um in height. If this
turns out to be insufficient to capture the entire height of present ACM ridges, the scan depth
is increased to 120 images, corresponding to a height of the imaged partial volume of 60 pum.

2.2 CLSM Image Registration

The recorded image data are processed in a subsequent offline process. In a first step, every
focus image stack is registered completely, i.e. the individual images are transformed into a
common three-dimensional coordinate system. This step is required, as the eyes move perma-
nently during recording even in case of excellent patient compliance. As a result, successive
images are shifted by a certain vector.

Moreover, eye movements also cause characteristic distortion artefacts in the images be-
cause of the way the images are acquired sequentially pixel by pixel. Motion of the eye in
horizontal direction (nasal-temporal) leads to horizontal shear, motion in vertical direction
(inferior-superior) causes vertical compression or strain of image information (Fig. 2). Image
registration therefore has to correct both the lateral offset of the individual images of a focus
image stack by appropriate translations and the movement-caused distortions.

In principle, the absolute extent of motion-induced distortions is reduced with shorter
recording intervals. Individual image lines (recorded in about 65 ps each) can be assumed
to be free of distortions in good approximation. The task of image registration can then be
described as determining offset vectors for all image lines, which compensate motion-caused
distortions and correctly align the individual images. By the comparison of two directly suc-
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Fig. 2 Directly adjacent individual images of a focus image stack in the area of the SNP with strong motion-induced
distortion in the second image; fop row: Prior to correction of motion artefacts; bottom row: After correction of
motion artefacts.

ceeding individual images, partial areas can be related to each other. Ideally, this might be
done for every single image line, which would directly yield the offset values of the image
lines of one of the images in relation to the other image. Unfortunately, the image information
of a single image line is not sufficient to make a robust correlation. Every image is therefore
decomposed first into strip-shaped partial images of a certain height. With the help of the
phase correlation function (TAKITA et al. 2003), the corresponding image area in the previous
image is identified for every partial image (Fig. 3).

The registration result of every partial image directly relates to a position change of the
eye between the known recording times of the two corresponding image areas. These rela-
tions can be translated into a system of linear equations from which the complete motion of
the eye during the recording of the focus image stack can be estimated using a mathematical
minimization approach (ALLGEIER et al. 2010, 2011a). Taking into account the model for the
development of motion artefacts explained above, the correction vectors of all image lines can
be derived directly from the calculated motion trajectory of the eye and the motion artefacts
can be corrected (Fig. 2).

2.3 SNP Reconstruction

The anterior surface of Bowman’s membrane — near which the SNP is located — has a much
higher reflectivity than adjacent tissue layers. This boundary layer is visible as a light area
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Fig. 3 Schematic representation of non-linear registration; the strip-shaped partial images of the second image are
matched in the best possible way with the previous image using a correlation method.

m—
100 pm

Fig. 4 Section in the x-z-plane of a reconstructed volume with ACM deformations; the boundary surface between the
basal epithelium and Bowman’s membrane is visible as a highly reflective layer.

in section images along the z-axis of the volume reconstructed from the registered image
stack (Fig. 4).

By tracking this highly reflective layer, starting from an automatically identified seed
point, a depth map of the SNP can be calculated (ALLGEIER et al. 201 1b, KOHLER et al. 2010).
Using this depth map, a two-dimensional image of the epithelial basal membrane can be re-
constructed from the registered image stack. It shows the SNP over the complete area, also in
case of ACM deformations (Fig. 5).

2.4 Fusion of SNP Images

The image registration and SNP image reconstruction process described in sections 2.2 and
2.3 is carried out for all acquired image stacks of a subject. The intermediate result at this
point is a set of two-dimensional reconstructed SNP images with the sub-basal nerve struc-
tures visible over the entire field of view. The visible area of the SNP in each of these images
is usually approximately equal to the size of the field of view of the microscope, but it can be
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Focus image stack

Depth map (relief plot, false colour)

Reconstructed image

Fig. 5 Overview of the SNP reconstruction steps; top: Five individual images of a focus stack; bottom left: Depth
map calculated from the focus image stack (rendered as relief plot and with colour coding of depth values); bottom
right: Reconstructed projection image of the SNP.

increased or decreased, depending on the local arrangement of the ACM and the eye move-
ments during the scan.

As the microscope is not moved during the examination of a subject and the subjects them-
selves are instructed to keep their gaze at a fixed point, positional changes of the imaged part of
the SNP can be attributed almost exclusively to unavoidable unconscious eye movements. The
reconstructed SNP images usually show a certain amount of partially overlapping areas and can
therefore be combined in a larger mosaic image in principle. This first requires them to be aligned
to each other and after this image registration, they are fused into the resulting mosaic image.

Although motion artefacts have already been corrected during CLSM image registration
(see section 2.2), small distortions may still remain in the reconstructed SNP images. Thus,
simple rigid approaches will not be sufficient for the image registration task. To compensate
the remaining image distortions, we are currently using the same image registration algorithm
for the reconstructed SNP images as for the CLSM image stacks.

The fusion of the registered images is finally done by calculating a weighted average of all
overlapping image areas. Weights are introduced, because the signal-to-noise ratio is higher
in central areas of the images and decreases towards the image borders. The weight of a pixel
is then defined by a linear function of its distance to the closest image border, reaching a max-
imum weight of 1 at a certain distance threshold. All pixels with a border distance exceeding
the threshold are equally weighted with 1. Figure 6 shows a mosaic image generated by 61
reconstructed SNP images.
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(Field of view
400 pym x 400 pm)

(61 reconstructed images)

Fig. 6 Result of image fusion from 61 focus image stacks; the white frame shows the size of an individual HRT
image (400 x 400 um?) for comparison.

3. Software-based Analysis of the Sub-basal Nerve Plexus

3.1 Image Preprocessing

A series of image preprocessing steps have to be carried out before analysis of the fused re-
constructed SNP images can be performed. In general, this comprises three consecutive steps:
Processing of irregular image borders as well as holes in the image area, standardization of
the gray-scale information within the image area along with removal of image artefacts, and
image segmentation, including skeletonization and restoration of disconnected nerve fibre
progressions in order to obtain the best possible segmentation quota of nerve fibres.

Due to the inherently unavoidable effects of eye movement in in vivo CLSM images of
the cornea, the reconstructed SNP images and, hence, also the mosaic images generally have
irregularly shaped image borders. Furthermore, the mosaic images may possess holes which
are enclosed portions of the image area where no image information from the SNP layer is
present. These border phenomena must be addressed, because they can interfere with subse-
quent image processing steps. This especially applies when employing algorithms based on
image filters with larger window widths. In a first step all image features are extrapolated out-
wardly from image borders into the surrounding black area or inwardly into image holes. The
width of this “safety image margin” is defined by 5 pixels using a distance transform-based
operation that closes sharp or narrow border incisions as well as small holes effectively. Im-
age features are then extrapolated into this defined area. This approach ensures morphological
and topological correctness of the medial axis for segmented nerve fibres in a later thinning
process beyond the actual image area. Larger border notches or image holes cannot be recon-
structed accurately due to lacking data in the specific image areas.

Processing of borders and holes is followed by processing of actual image information.
SNP reconstruction largely eliminates contrast changes based on ACM, but its features may
still be visible faintly. These can be seen as gentle and large-scaled brightness variations.
Unshading and local adaptive elimination of these variations clear the image and enhance
relevant thin image features (nerve fibres) which are depicted as sudden and narrow bright-
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ness changes in the image area. Basically, this process can be described as a high-pass filter
operation. The resulting image is then convolved with a series of line-detecting Gabor kernels
(JaN and FARROKHNIA 1991) which additionally enhance nerve fibres and especially fibre
branches. This method is suited better than methods based on non-linear anisotropic diffusion
systems (WINTER et al. 2010), where in some cases branches were eliminated by cutting off
branching fibres due to the constraint of only one valid diffusion direction. The result of this
line detection approach considerably depends on the kernel parameters of the Gabor filter,
which were adjusted to occurring fibre properties and to image properties resulting from prior
preprocessing steps.

The filtered image is segmented using a minimume-error thresholding method by KITTLER
and ILLINGWORTH (1986). In some areas of the resulting image, a variety of wrongly segment-
ed image components may appear. On the one hand, they are induced by artefacts in the re-
constructed mosaic image of the SNP (sudden changes in brightness, blurring, or doubling
of image features) and on the other hand, segmentation errors are caused by low contrasting
fibres or contrast-changing progressions of fibres. The segmented image has to be corrected by
removing artefacts and reconnecting actual nerve fibre progressions. Segmentation artefacts are
removed based on the size and shape of the objects, their underlying gray-scale values, and their
distance to other fibre structures. Interrupted nerve fibre segments are reconnected in a series
of sub-steps. In this way, the segmented nerve fibre network is skeletonized and fibre endpoints
are identified. The pixel coordinates of the corresponding fibre sections (medial axes) are in-
terpolated with B-splines (DIERCKX 1993) which are continued towards the estimated endpoint
direction and widened with a search cone. The seeking process advances iteratively over a de-
fined maximum reconnection distance for all endpoints in parallel and can connect two endings
as well as one ending to a fibre in order to create a branch. The thickness of such reconstructed
fibres is estimated on the basis of the original fibre sections involved. After this series of pre-
processing steps (Fig. 7), the resulting image is ready for image analysis.

3.2 Image Analysis

Comprehensive quantitative analysis of segmentation-corrected images is based on character-
istic morphological and topological quantities (ZHIvov et al. 2011, 2013). In order to obtain
these parameters, the segmented nerve fibre network is projected onto the original image area
and skeletonized. Subsequently, an undirected graph of all resulting medial lines is generat-
ed and special types of skeleton pixels are identified (Fig. 8). Branches are skeleton pixels
with typically three (or less frequently, four) neighbouring skeleton pixels. They indicate the
centres of nerve fibre branches. Endpoints are skeleton pixels with only one neighbouring
skeleton pixel and they indicate the end of a nerve fibre. Connection points are special end-
points that are located in direct vicinity of the image border, suggesting continuation of the
fibre beyond the imaged area.

Suitable parameters would be the coverage of the image area with nerve fibres [%] in seg-
mented images and the normalized nerve fibre length [mm/mm?] in skeletonized images. The
skeleton can be analysed for the number of branchings and connection points, thus revealing
information about the topological embedding into the non-imaged surrounding nerve fibre
network. Furthermore, the spatial arrangement of different point types can be explored, re-
vealing homogeneous or clustered distributions. Nerve fibres itself can be analysed regarding
their thickness, tortuosity, and general orientation.
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Fig. 7 Illustration of image preprocessing steps: (A) Original mosaic image, (B) ROI of the mosaic image, (C) dis-
tance transform and feature extrapolation, (D) unshading and local adaptive elimination of brightness variations,
(E) line detection with Gabor kernels, () segmentation and artefact removal, (G) reconnection of nerve fibre pro-
gressions, (H) nerve fibres with image area.

Parameters should always be used carefully, since their reliability is influenced by the size of
the underlying imaged area as well as by the irregular shape of image borders. In accordance
with VAGENAS et al. (2012), our studies show that parameters become more robust with in-
creasing image area.
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Fig. 8 Result images of the image analysis applied to the image of Fig. 7, (A) all components of the network are
skeletonized, (B) generated undirected graph.

4. Applications

The image processing technique described in sections 2 and 3 has been used extensively with
volume scans taken from 163 subjects. A total of 6444 focus stacks have been recorded, an
average of 39.5 per subject. Not all of them could be further processed due to several reasons.
Some could not be fully registered due to extreme motion artefacts, some did not pass the
SNP reconstruction, and some had to be excluded, because they did not contain images from
the SNP (e.g. because of loss of contact between the eye and the microscope). Of the 6444
original image stacks, a total of 4872 (approx. 75.6 %) reconstructed SNP images have been
generated, with an average of 29.9 per subject.

Using the fusion process described in chapter 2.4, an average of 10.1 mosaic images have
been generated for every subject, and the mosaic image with the most expanded area is used
by default for the analysis. For 32.4 % of the subjects the automatically chosen mosaic image
contained too many artefacts for the analysis process. In these cases, another suitable mosaic
image has been selected manually. Figure 9 shows the distribution of the sizes of the mosaic
images used for the analysis. About 80 % of all mosaic images show an area of at least twice
the size of the field of view of the HRT, for about 40 % of all mosaic images the depicted area
is increased by a factor of at least 4, and about 10 % are expanded by a factor of more than 6.

Segmentation and reconnection of nerve fibres using the described image processing steps
is reliable even for image areas with poor contrast. All images that passed SNP fusion could
be processed and evaluated. Parallelization of algorithms involved in image analysis improves
calculation time dramatically.

5. Discussion

5.1 Image Reconstruction

To our knowledge, the reconstruction of two-dimensional SNP images presented here is the
first approach to addressing the problem of ACM deformations. Surprisingly, this phenome-
non is hardly mentioned in the literature relating to in vivo CLSM examinations of the cornea
(except for KoBayasHI et al. 2006 and YOKOGAWA et al. 2008, both of which are specifically
dedicated to this topic), although it was encountered in many of the subjects during our exam-
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Fig. 9 Distribution of the sizes of the mosaic images generated in a study with 163 subjects.

inations. The measured mean axial extension of the ridges (25.3 pm) is far above the depth of
focus of the HRT of 7—8 um (ZH1ivov et al. 2009). Our experience so far shows that in excep-
tional cases only the ACM deformations are weak enough to ensure a reliable representation
of the SNP over the complete image area.

In most studies published the analysed images are selected by experts from a larger num-
ber of images according to certain obviously subjective criteria. One of these criteria may be
the size of the image area actually showing the basal membrane (HOLMES et al. 2010). Aside
from the subjectivity introduced by the manual selection of single images from a larger set
of images, this approach does not guarantee images free of ACM deformations. YOKOGAWA
et al. (2008) have pointed out that the ACM forms a meshed network, and that the average
mesh area is smaller than the field of view of a single CLSM image. In our opinion, a reliable
examination of the SNP, in particular for the measurement of nerve fibre morphology, is pos-
sible only, if the ACM phenomenon is considered. Recording and evaluation of focus image
stacks within the framework of the method presented here allow for a complete reproduction
of the SNP in the imaging area, also in case of ACM deformations. The algorithm developed
produces good results, but still requires expert knowledge and manual interventions (e.g.
deletion of incorrectly extracted tissue structures at the borders of the reconstructed images;
inspection of the automatically identified seed point for calculating the depth map). Work of
our team is presently concentrating on automating these steps or on preventing them in the
first place by improving the SNP extraction process.

In fact, pursuing a three-dimensional imaging approach might be advantageous even in
situations with minimal to no ACM ridges, especially against the background of an increas-
ing level of automation in the overall imaging and image analysis process. Presented with a
CLSM image of the SNP from a region with only small ridges, a human observer will likely
have no problems discerning the larger and medium-sized nerve fibres and might be able to
intuitively identify some smaller, maybe slightly defocused ones as well. Automatic nerve
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fibre segmentation algorithms, on the other hand, provide much better segmentation results of
the nerve fibres, if they are ideally focused rather than defocused. The same argument would
be true for plane areas that have been imaged slightly oblique. Finally, even in the case of
perfect imaging conditions (no ACM ridges, non-oblique imaging), the presented approach
(but using a smaller scan depth) would eliminate the always subjective selection of a single
focus depth in which to acquire the images or the subjective decision of which images are
suited best for processing. We are currently planning statistical investigations of how much
the resulting morphometric parameters differ when using single CLSM images versus using
reconstructed SNP images and how much they are influenced by the exact choice of the focus
depth.

5.2 Mosaicking

The first publication of SNP mosaic images composed of a number of CLSM images was
made by PATEL and McGHEE (2005). For the first time, the authors described the large-area
arrangement of sub-basal nerve fibres in healthy test persons, which run from all peripheral
directions towards a vortex-like structure located inferior of the corneal apex. The mosaic im-
ages were composed in an extremely complex software-supported, but manually performed
process. Since then, these or similar techniques have been used by various groups to study the
dynamics of the SNP (PATEL and McGHEE 2008), the large-area structure of the SNP in case
of keratoconus (PATEL and MCGHEE 2006), post-operative regeneration of the SNP (STACHS
et al. 2010), and the arrangement of the ACM (YOKOGAWA et al. 2008). EFRON (2011) de-
scribe a semi-automatic process reducing the time needed for the generation of the mosaic
image by up to 80 %, and ZH1vov et al. (2010) mention the ART-composite recording mode
of the HRT as a method for the automatic generation of mosaic images of the SNP. As none
of the publications mentioned contain details on image registration, it may be assumed that
either rigid or, at best, affine standard image registration processes were applied, which are
not able to correct non-linear motion-induced distortions in the images.

The approach to generating large-area images of the SNP presented here differs from the
publications mentioned above in several respects. Firstly, the method includes non-linear
image registration to correct motion artefacts in the focus image stacks. Secondly, the mosaic
image is not composed directly from the individual images, but from previously generated
SNP reconstruction images. As a result, the SNP is shown in an undisturbed way, also in case
of ACM deformations. The extension of the image area compared to the image field of the
microscope, however, exclusively results from the erratic and involuntary eye movements of
the examined person and is not accomplished specifically, but randomly.

The statistical analysis of VAGENAS et al. (2012) shows that the field of view of a single
image is insufficient for reliable morphometrical assessment of the SNP; Figure 10 also illus-
trates the inhomogeneous distribution of the corneal nerve fibres. A critical look at our results
so far (see section 4) — and taking into consideration the results of VAGENAS et al. (2012) —
reveals that relying solely on erratic eye movements for lateral expansion of the imaged area
does not generally yield a large enough mosaic image of the SNP for reliable morphometrical
assessment. Any resolution of this challenge must fulfil two (opposing) constraints: On the
one hand, the desired large-area reconstruction of the SNP requires a larger (and specific) rel-
ative movement of eye and microscope. On the other hand, a minimum overlap of the images
to be composed is required.
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Fig. 10 Resulting image produced by the fusion of 14 focus image stacks; the coloured frames show the positions
of two selected reconstruction images; right: Separate representation of the corresponding reconstruction images.

A potential solution of this problem may be an automatically controlled imaging technique,
with the view direction of the examined person being guided by a moved fixation target in
front of the non-examined eye. By a real-time-capable registration of the images, the change
of the view direction is pursued constantly and controlled via the position of the fixation mark.
This approach has been evaluated in a feasibility study and is currently being developed.

5.3 Analysis

In the last years, a large variety of image processing algorithms for segmentation of nerve fi-
bres and similar structures (mostly retinal blood vessels) were presented. To name only a few,
an approach based on extraction of image ridges was presented by StaaL et al. (2004). Line
operators and support vector classification were used by Riccr and PERFETTI (2006). WINTER
et al. (2010) used coupled anisotropic nonlinear diffusion, and FERREIRA et al. (2010) present-
ed a method based on contrast-limited adaptive histogram equalization and phase symmetry.
DaBBaH et al. (2009) presented a method based on Gabor filters, a dual-model automatic de-
tection of nerve fibres (DaBBAH et al. 2010) and a multi-scale adaptive dual-model detection
algorithm (DABBAH et al. 2011).

We implemented and used the described segmentation procedure because of its potential
when applied to images of different quality. The background brightness of SNP fused images
can vary and, based on the original imaging conditions, range from rather dark to very bright.
In addition, contrast of nerve fibres is also inhomogeneous between different images to, and
nerve fibre brightness inhomogeneities within the same image occur frequently. Compared
to other strategies, the Gabor filtering approach may sometimes result in interrupted fibre
progressions, but this flaw is more than compensated by our subsequent implementation for
fibre progression reconnection. Combination of these two steps creates a powerful tool for
nerve fibre detection. Furthermore, our implementation works fast because of the possibility
to parallelize employed algorithms for the use on multi-core machines.
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Our analysis of the sub-basal nerve plexus employs generally accepted parameters like nerve
fibre density, number of branches, thickness of nerve fibres, nerve fibre tortuosity, and fibre
orientation. Additionally, we introduced connection points as a topological parameter to de-
termine their capability to describe the topological embedding of the detected nerve fibre
network within the non-observed surroundings by its degree of linkage. It still remains to be
examined to what an extent this characteristic quantity can be reasonably applied to differ-
ently sized and irregularly shaped images or how a potential dependence on image size and
shape might be removed. We are currently investigating further parameters for their feasibil-
ity to characterize the topological properties of the SNP in depth.

6. Conclusion

The method presented for the generation of images of the SNP represents an important step
towards an automatic and, hence, objective and reproducible assessment of the morphology
of the SNP. Still, manual intervention is required, but work is aimed at complete automation.
The new method includes non-linear registration of the image data to correct unavoidable
motion artefacts. The registered image stack is a basis for the extraction of the basal mem-
brane of the epithelium and the reconstruction of a two-dimensional projection image of the
SNP. This solution of the ACM deformation problem and the generation of larger-area mosaic
images are supposed to allow for an assessment of the state of sub-basal nerve structures that
is statistically more reliable than analysis based on individual images.
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Abstract

The accurate quantification of peripheral nerve damage and repair in diabetic patients is critical to identify those with
early subclinical damage to enable more aggressive multifactorial intervention to limit progression. Furthermore, ac-
curate assessment of repair allows the development of surrogate endpoints to establish the efficacy of new therapies.
The neurological examination is commonly employed, but has poor repeatability and the assessment of vibration per-
ception or insensitivity to the 10 g monofilament only identifies advanced neuropathy i.e. the at risk foot. Techniques
which assess early neuropathy include neurophysiology, but they only assess large fibres, whilst quantitative sensory
testing (QST) assesses small fibres, it can be highly subjective. More objective techniques which quantify structural
damage such as skin biopsy for the evaluation of intra-epidermal nerve fibre density (IENFD) are invasive and not
widely available. The emerging ophthalmic technique of corneal confocal microscopy allows rapid, non-invasive and
reproducible quantification of corneal nerve morphology enabling early diagnosis, stratification of severity and the
ability to detect early nerve fibre repair to assess therapeutic benefit in diabetic patients with peripheral neuropathy.
The present review provides a detailed critique of the rationale, practical approach and diagnostic ability of CCM to
diagnose diabetic and other peripheral neuropathies.

Zusammenfassung

Eine prizise Quantifizierung der peripheren Nervenschidigung und Regeneration erdffnet eine Moglichkeit, diabe-
tischen Patienten mit subklinischer Beeintridchtigung zu identifizieren, und erméglicht somit eine frithzeitige multi-
faktorielle Intervention, um die Progression des Diabetes und der Neuropathie zu stoppen. Dariiber hinaus kann die
akkurate Quantifizierung der Nervenfasern als niitzliches klinisches Instrument dienen, um die Effekte der Therapie
auszuwerten. Die hdufig angewendete neurologische Untersuchung ist nur schlecht reproduzierbar. Die Vibrations-
messung mittels Stimmgabel und das Testen der Empfindlichkeit mittels Monofilament erkennen Verédnderungen nur
in fortgeschrittenen Stadien der Erkrankung. Im frithen Verlauf wird die Neuropathie neurophysiologisch bewertet.
Die Neurophysiologie evaluiert jedoch die ,,Large fibre*-Neuropathie, im Gegensatz zur quantitativen sensorischen
Testung (QST), und kann somit sehr subjektiv sein. Eine objektive Methode stellt die Hautbiopsie zur Messung der
intraepidermalen Nervenfaserdichte dar. Leider ist der Gebrauch dieser Technik aufgrund ihrer Invasivitit einge-
schrinkt. Die in-vivo-konfokale Laserscanningmikroskopie erlaubt die Darstellung der Morphologie der Hornhaut-
nerven und deren schnelle und reproduzierbare Quantifizierung. Somit eréffnet diese Technik die Moglichkeit einer
Friihdiagnose der peripheren Neuropathie und einer Beurteilung der Therapiewirkung. Die vorliegende Ubersichts-
studie konzentriert sich auf den Einsatz der In-vivo-Hornhautmikroskopie zur Erkennung und Messung der periphe-
ren Neuropathie bei der diabetischen und anderen Neuropathien.

1. Introduction

Diabetic neuropathy is a global problem affecting ~50 % of the 366 million people worldwide
with diabetes. It is the most common and costly complication of diabetes leading to painful
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neuropathy (~21 %) (ABBOTT et al. 2011) and a 23.3-fold increased relative risk of foot ul-
ceration and amputation (HOLMAN et al. 2012). Diabetic peripheral neuropathy is an essential
prerequisite for foot ulceration with the annual incidence rising from < 1 % in those without
neuropathy to > 7% in those with established neuropathic deficits (ABBOTT et al. 1998).
Furthermore, it has recently been shown to be an independent predictor for all-cause hazards
ratio (HR = 4.4) and diabetes-related (HR = 11.82) mortality (Hsu et al. 2012).

Management is difficult as even tight glycaemic control, a cornerstone for the management of
diabetes, has been shown at best to limit progression of neuropathy in patients with type 1 (AL-
BERS et al. 2010) but not type 2 diabetes (ISMAIL-BEIGI et al. 2010, GAEDE, et al. 2008, DUMONT
et al. 2009, ZouNGas et al. 2009). There is no Food and Drug Administration (FDA) approved
disease modifying therapy to prevent or reverse human diabetic neuropathy. Moreover, the de-
velopment of disease modifying drugs for diabetic peripheral neuropathy (DPN) has stalled com-
pletely. There are many potential reasons/excuses for the multiple failed trials, not least of which
is premature testing in patients with limited experimental data, but also testing interventions in
those with advanced neuropathy. However, it is increasingly apparent that there are significant is-
sues with the endpoints deployed in clinical trials of human diabetic neuropathy. Indeed a recent
two-step hierarchical cluster analysis has revealed that neurophysiological tests do not aggregate
by typical “small”, “large”, or “autonomic” nerve fibre subtypes (GIBBONS et al. 2010). The latest
recommendations advocate a combination of symptoms and signs, QST and electrophysiology
for the “diagnosis™ of diabetic neuropathy (TESFAYE et al. 2010). Despite spectacular failures in
several recent major clinical trials, by default, rather than design, these same measures have been
adopted as surrogate endpoints to establish the benefits of therapeutic intervention (TESFAYE et al.
2007, Z1EGLER et al. 2011). Hence, it is no surprise that we currently have no major development
of new disease modifying therapies for human diabetic neuropathy.

No doubt, symptoms and neurological deficits have direct relevance to patients, but they
are excessively variable with poor reproducibility (Dyck et al. 2010). Similarly, QST is sub-
jective, highly variable and has limited reproducibility (FREEMAN et al. 2003). Neurophysiol-
ogy is objective and reproducible, but does not assess small fibres, which are the earliest to be
damaged and show repair (QUATTRINI et al. 2007). Small fibres can be assessed objectively
by quantifying IENFD in skin biopsies, however, this is an invasive procedure which requires
expert laboratory assessment and has considerable variability even amongst controls (LAURIA
et al. 2010, ENGELSTAD et al. 2012). Therefore, effective treatments may have failed not due
to a lack of efficacy, but due to an inability of the currently advocated endpoints to detect
improvement in clinical trials of diabetic neuropathy (Dyck et al. 2007). A summary of the
advantages and limitations of the present techniques to quantify nerve fibre damage in diabet-
ic neuropathy is presented in Table 1.

Hence, there is an urgent need for a non-invasive, sensitive surrogate marker in clinical
trials of diabetic neuropathy. There is accumulating and strong evidence that the ophthalmic
technique of in vivo corneal confocal microscopy (IVCCM) might be such an ideal surrogate
endpoint for DPN.

2. Morphology of Human Corneal Innervation

The cornea is the most densely innervated tissue in the body (MULLER et al. 2003). Corneal
nerves are derived from the ophthalmic division of the trigeminal nerve, enter the cornea
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Tab. 1 Advantages and disadvantages of tests assessing diabetic neuropathy

Method

Advantage

Disadvantage

Clinical/Neurological
Examination

Nerve Conduction Studies (NCS)

QST

Sympathetic Skin Response (SSR)
Quantitative Sudomotor
Axon Reflex Test

Autonomic Testing

Sural Nerve / Skin biopsy

Non-Contact Corneal

Simple, easy to perform,
does not require special equipment

Sensitive, objective, currently
the gold standard for diagnosis

Evaluates large and small
nerve fibres, quantitative,
relatively easy to perform

Simple, fast, objective

Sensitive, objective,
reproducible

Objective, quantitative

Quantitative, sensitive, currently
the gold standard to quantify
small fibres

Non-invasive, quantitative

Not sensitive, not reproducible

Assesses only large fibres,
requires special equipment and
expertise

Subjective, moderate reproduci-
bility, requires special equipment

Semi-quantitative, normal or
abnormal, low sensitivity

Requires special equipment,
time-consuming

Moderate sensitivity, requires
special equipment

Invasive, costly, risk of infection
at the site of biopsy, requires
specialist histological techniques

Subjective, moderate sensitivity

Aesthesiometry (NCCA)

IVCCM Non-invasive, rapid reproducible,

sensitive and quantitative

Requires special equipment and
expertise

in the middle third of the stroma and run forward anteriorly in a radial fashion towards the
centre where they lose their myelin sheath. The human cornea contains myelinated AJ fibres,
which are large-diameter (6 um), straight nerves that respond primarily to mechanical stim-
uli, and unmyelinated C fibres which are small-diameter (2—4 um) nerves that respond to
thermal and chemical stimuli (BECKERS et al. 1994) (Fig. 1). Detailed knowledge of corneal
nerve architecture and morphology has been provided by studies employing light (MULLER
et al. 1997, JoNES and MARFURT 1998, GUTHOFF et al. 2005) and electron (BECKERS et al.
1994, MARFURT et al. 2010) microscopy and more recently [IVCCM (M@LLER-PEDERSEN et
al. 1998, OLIVEIRA-SOTO and EFrRON 2001, PATEL and McGHEE 2005, 2006, MANNION et al.
2007, YokoGAwA et al. 2008).

Corneal innervation plays an important role in regulating epithelial cell growth, prolif-
eration and differentiation in normal physiological states or in response to corneal disease,
trauma or surgery through the release of several growth factors, cytokines and neurochemi-
cals (GALLAR et al. 2004). In vitro co-culture studies suggest that neurones release substance
P that stimulates epithelial cell growth, proliferation, differentiation and type VII collagen
production (MULLER et al. 2003). Thus patients with impaired corneal innervation may be at
increased risk of ulceration due to impaired trophic support provided by the corneal nerves
and a reduced tear film with diminished corneal healing (ALLEN and MALINOVSKY 2003,
YaMmaDA et al. 2003). This has parallels with foot ulceration; however, the incidence of corne-
al ulceration is much lower, only because the possibility of trauma and undue or unperceived
pressure on the cornea is limited. Of course in the foot the daily pressure associated with
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Bowman’s layer A delta fibers

Fig. 1 Three-dimensional representation of the innervation of the human cornea (TAvakoLI et al. 2012) (BEP: basal
epithelial plexus, SEP: sub epithelial plexus).

ambulation and inappropriate foot wear can result in ulceration due to small fibre dysfunction
and blunted pressure induced vasodilation (FrRomy et al. 2002, 2012).

3. In vivo Corneal Confocal Microscopy

In vivo Corneal Confocal Microscopy (IVCCM) is a relatively new technique which has
evolved rapidly from an ophthalmic research tool to a diagnostic tool with a variety of clinical
applications in ocular and more recently neurological disease. The non-invasive nature and
rapid image acquisition time of the technique has made it an ideal method to quantify a range
of microstructures of the cornea, including the epithelial cell layer, Bowman’s membrane, sub-
basal nerve plexus, stroma and endothelium (PATEL and McGHEE 2013).

3.1 Image Acquisition

The type of IVCCM used can significantly affect the quality of images. As a result, studies
using a laser scanning confocal microscope (LSCM; e.g. Heidelberg Retina Tomograph III
Rostock Cornea Module [RCM], Heidelberg GmbH, Heidelberg, Germany), have reported
higher sub-basal nerve densities compared to studies using a Tandem scanning (TSCM) or
a slit scanning confocal microscopy (SSCM; e.g. Nidek Confoscan 4, Nidek Technologies,
Padova, Italy and Tomey Confoscan P4, Tomey, Erlangen, Germany) due to differences in

146 Nova Acta Leopoldina NF 779, Nr. 401, 143-156 (2014)



Corneal Confocal Microscopy: A Surrogate Endpoint for Diabetic Neuropathy

the light source, contrast and resolution (TAvVAKOLI et al. 2012). Furthermore, studies have
employed a range of scanning, image sampling and quantification methodologies. There is no
consensus regarding the minimum number of images required for representative quantitative
analysis. The majority of published studies have used up to five images per eye for analysis
and reassuringly a recent study has suggested that 5—8 images are optimal, depending on the
parameter being assessed (VAGENAS et al. 2012).

3.2 Image Quantification

The quality of the selected images is extremely important, and once image selection is com-
plete, all images should be de-identified and randomized by an independent investigator prior
to analysis to avoid observer bias. The majority of studies have defined sub-basal nerve density
as the total number of nerves in each image, which allows quantification of the nerve density in
an area (no/mm?2) (MALIK et al. 2003, CHANG et al. 2006, MESSMER et al. 2010, TAVAKOLI et al.
2010b, AHMED et al. 2012, EDWARDS et al. 2012, TavakoLI et al. 2013). Others have presented
the data as the number of nerves per image (MIDENA et al. 20006) or the total length of the nerves
within a frame (GRUPCHEVA et al. 2002, ERIE et al. 2005), but have, nevertheless, referred to the
measure as a nerve density, which to the non-expert reader can be extremely confusing.
Adaptation of a global protocol to quantify corneal nerve morphology is of paramount
importance as it will enable the direct comparison of results from different studies and al-
low multicentre interventional studies. To date most studies have employed semi-automated
image analysis to assess sub-basal nerve alterations, a labour-intensive task, which is also
subjective and time consuming. Recently, studies from several different centres have assessed
the impact of inter- and intra-observer variability on the quantification of corneal nerve mor-
phology using IVCCM, and have reported excellent reproducibility amongst patients with
diabetes and controls (SMITH et al. 2013, EFrRoN et al. 2010, HErTZ et al. 2011, PETROPOULOS
et al. 2013). Very good reproducibility has been shown using a clinically relevant “study-lev-
el” protocol of subject re-examination (intra-observer intra-class correlation coefficient 0.72;
inter-observer intra-class correlation coefficient 0.73; HERTZ et al. 2011). Inherent inter-ob-
server differences and experience were identified as the main causes of variation, especially
for the parameter of nerve branch density suggesting the need for a fully-automated image
analysis system to eliminate inconsistencies and expedite image analysis time. Such software
has been recently developed (SCARPA et al. 2008, DaBBAH et al. 2011, SINDT et al. 2013).
Stromal nerves have been studied less extensively with IVCCM. Few studies have quan-
tified the density and the diameter of the stromal nerves (OLIVEIRA-SOTO and EFrRON 2001,
HosaL et al. 2004, Simo et al. 2005). However, a wide range of results have been reported that
may be due to inconsistency in capturing stromal nerves due to their orientation and sparse
distribution (HosAL et al. 2004). Stromal rather than sub-basal nerves appear more robust in
surviving post-mortem change (SiMo et al. 2005), therefore, in vitro studies should focus on
stromal nerves, whilst in vivo studies using IVCCM should focus on sub-basal nerves.

4. Corneal Nerve Changes in Diabetic Neuropathy

Over the past decade there has been increasing research interest in modelling the relationship
between corneal nerve fibre loss and neuropathy (EFRON 2012, PAPANAS and ZIEGLER 2013).
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An association between neurotrophic corneal ulcers and diabetes was reported as early as
1977 (Hy~NDIUK et al. 1977). Subsequently, a reduction in corneal nerve density was demon-
strated in experimental diabetes ex vivo (YAMADA et al. 2003). The cornea, due to the unique
property of transparency, allows direct, non-invasive, in vivo imaging of the small unmyelin-
ated nerve fibre bundles. The first study using NCCA in diabetes was by ROSENBERG et al.
in 2000 showing sub-basal nerve alterations and a reduction in corneal sensitivity in patients
with diabetic neuropathy (ROSENBERG et al. 2000). However, since then a burgeoning litera-
ture has shown that IVCCM can quantify peripheral neuropathies, in particular diabetic neu-
ropathy (ROSENBERG et al. 2000, MALIK et al. 2003, CHANG et al. 2006, MIDENA et al. 2006,
MESSMER et al. 2010, TavakoLI et al. 2010, SMiTH et al. 2013) (Tab. 2).

We have demonstrated that IVCCM quantifies early small nerve fibre damage (MALIK et
al. 2003, HossAIN et al. 2005, TavakoLlI et al. 2010b) with good sensitivity and specificity
(TavakoLl et al. 2010b) (Fig. 2). Others have confirmed that IVCCM detects mild neuropa-
thy (EDWARDS et al. 2012), and corneal nerve fibre length in particular has a high sensitivity
(91 %) and specificity (93 %) for identifying diabetic sensorimotor polyneuropathy (AHMED
et al. 2012).

Furthermore, a reduction in corneal nerve fibre length has been related to elevated HbA,,
even in normal subjects, suggesting that IVCCM may detect early sub-clinical pre-diabetic
nerve injury (Wu et al. 2012). In a study of patients with idiopathic small fibre neuropathy
(ISFN) we have demonstrated significant corneal nerve damage which was related to higher
triglycerides (TAvAKOLI et al. 2010a). In a recent study we have also shown that IVCCM can
be performed in children with diabetes (SELLERS et al. 2013). Importantly, we have shown
that corneal nerve damage assessed using IVCCM relates to the severity of intra epidermal
nerve fibre loss (gold standard for small fibre damage) in foot skin biopsies (QUATTRINI et al.
2007). More recently corneal nerve fibre length has been shown to correlate significantly with
three independent measures of small fibre function: cold detection thresholds, laser Doppler
imager flare and heart rate variability (SIVASKANDARAJAH et al. 2013). The further significant
potential of IVCCM as a viable surrogate endpoint has been evidenced by demonstrating that
IVCCM detects nerve fibre regeneration within 6 months of simultaneous pancreas kidney
transplantation (SPK) whilst neurological deficits, QST, NCS and IENFD remain unchanged
in diabetic patients (MEHRA et al. 2007, TAvAKOLI et al. 2013).

Of further clinical relevance we have also demonstrated an improvement in corneal nerve
fibre density after improvement in glycaemia, blood pressure and lipids in diabetic patients
(TavakoLr et al. 2011).

A potential limitation of IVCCM is the speed of analysis; however, automated image
analysis has been developed for the rapid quantification of corneal nerve images. Indeed we
have developed an automated image analysis system, which shows extremely high correlation
with manually assessed corneal nerve fibre density and length (DABBAH et al. 2010, 2011,
PETROPOULOS et al. 2014, DEHGHANI 2014).

Arguments against [IVCCM have to date revolved around the relatively short nerves being
studied and the fact that the cornea is avascular which is in contrast to the long somatic nerves
and the compelling evidence for a vascular basis of diabetic neuropathy (MALIK et al. 1989,
1992). However, corneal nerve pathology has been found to correlate with IENFD loss in
biopsies from the dorsum of the foot (QUATTRINI et al. 2007) and, more recently, a significant
correlation has been shown between corneal nerve fibre length and a range of small fibre
measures of diabetic neuropathy (SIVASKANDARAJAH et al. 2013). Furthermore, recent studies

148 Nova Acta Leopoldina NF 779, Nr. 401, 143156 (2014)



Corneal Confocal Microscopy: A Surrogate Endpoint for Diabetic Neuropathy

Jurelj/ou soSewr ¢
INDDAI Jo 2dAL, - - TILFIE / uondag NDSL €8 F v €C 000T e 1° DUTANASOY
ZWuu/w Juuw/ou Juuw/ou sogewt G—¢
oz1s ojduwreg I'*gL TEIFTLL S9F8LC / uondeg INDSS 8TIFLS 81 €00C T8 19 ATV
Juw/ou afewr |
EBLI2ILID SISAeue aFew] - el FL6E 701 # €8¢ / Pay12ads 10N INDSS 01 = 1¥'8¢ ge 900T "I® 12 NVOOIN
ZWtu/w Juu/ou Juuw/ou sogewr G—¢
- £90Fv6E 86’1 FI¢°L ceFLeC /uondag INDSS 601 F0'8S 123 LOOT ‘e 12 INLLLYNQO)
BLIOJLIO Juuw/ou Juuw/ou
sisk[eue pue uonooas adewy - L'LF6YC LSF191 payroads 10N INDSS TLF8E9 w 900C ' 39 ONVHD
(oa139p) Qurelj/ou
- - ['0+8°0 €0¥FCC - INISS - w 900T ‘B 12 VNHIAIN
BLIOIIO wrelj/ou agewr |
sisk[eue pue uonoofs agew] - - 0T+v7¢ / Pay12ds 10N INDST 09+979 0S 600C T8 32 YTIID 4
sagewr ¢
ZWuu/w Jwu/ou Juuw/ou / 9ouanbog
sorydeaSowop ojdweg 701 S'LI G91 pue wnjoA DS 0¥S 19 0102 'Te 19 YAWSSHN
Zuu/ W Juuw/ou Juuw/ou sogewr G- ¢
- SOFo6Y LTF¢01 9TF 11T / uondeg INDSS TTFE8S 101 40TOT "[® 19 I'TOAVAV,
ZWutu/w Juu/ou sogewt G-
- £€0+F86 - 0T+¢6C / Pay12ds 10N NDST L+ LoY 8¢ C10T T8 19 HSVAIHS]
Juuw/ou Juuw/ou Juuw/ou sogew ¢
BLIDILID UOTIDI[As o] geFocl 'L +09¢ L'6FSCE / SUWNJOA WOST 691 0y 9¢ 10T T8 12 21349y
itiigiieig Juu/ou Juu/ou sogewr G—¢
az1s odwres [[ewg 60F €8 1+ 69 1I'c+ 881 / uondeg INDSS 0Cc*07cs 4 10T e 19 I'TOAVAV]L,
ZWuu/w Juu/ou Juu/ou safewr ¢—¢
- 9C+STl 9C+81¢e 8'0F¢€C / @ouanbag NDST 0C*0¢9 6¢cl C10T T8 19 VAOLIN
sagewr §
pauasaxd jou QIND reoydeid reoydeid - / uond2S NDST 06F08S 88 T10T 'Te 19 saavmay
itiigieieg Juu/ou Juu/ou soewr ¢
BLIDILID UONII[As dFeu] OeF 111 0CIFO0LI 06+08¢ / WNOA NDST €I +00S 23 C10T '[e 19 AANHY
wnl Quielj/ou ZWutu/w payroads jou
ozis opdwres [[ewS  61+C F TTTY 9'8CF £'SC 200°0 9000 /uond9g NDST 88 F8'89 81 €10C T8 12 AOAIHZ
ZUUuu/w Juu/ou Juuw/ou sogew ¢
azis a[dures [[ewg YTF T8I Lel+Ley I'e+1v¢C / uondes DS I'c+8vl1 Cl €10C T8 19 SedTIS
193[gns 1od
(TIND) (@dNDd) (@AND) passasse sagewt  NODAIL
ySuoTaiqr]  Asueg youelg  A)sud( 21qL / POUIOIN Jjo (s1K)
suone)WIy ApNS QAN [BAUIO))  QAION [BAUIOD)  QAIQN [BOUIOD) uonismboy adA, By u saIrpmg

Ayredomau onaqerp ut DDA SUISN JUSWSSISSE SIAIOU [BUI0D 2ATRINUEND JO $)[NSa1 Y jJo Arewwung g ‘qe,

149

Nova Acta Leopoldina NF 779, Nr. 401, 143-156 (2014)



loannis N. Petropoulos, Mitra Tavakoli, and Rayaz A. Malik

A0 B0
0.6
20 g 0.6
>
=S =
[7] ]
= =
8 D
. 0 047
y Source of the Curve
0.2m
Iﬂ — NFD —NFD
/ ~— NBD ~— NBD
f MNFL NFL
i — Reference Line — Reference Line
0.0 T T T T 0.0F T T T !
0.0 0.2 0.4 0.6 0.8 0.0 02 04 06 08 10
1- Specificity 1- Specificity
C . D
12507

10001

|
1711
1 It oo

004

Conbol Hors M Modersn Sevarn 7]

Severity of Neuropathy (NDS) Severity of Neuropathy (NDS)

Fig. 2 Receiver operating characteristic curves for the diagnostic validity of NFD, NBD, and NFL for (A) NDS > 3
and (B) NDS > 6. Corneal nerve morphology in control subjects and diabetic patients with increasing neuropathic
severity: (A) NFD (P < 0.0001) and (B) NFL (P < 0.0001) (TavakoLI et al. 2010b).

in animal models of diabetic neuropathy using IVCCM have shown a significant reduction
in blood flow in the posterior ciliary artery and corneal nerve fibre loss with an improvement
in both blood flow and corneal innervation after intervention with a vasopeptidase inhibitor
(DAVIDSON et al. 2012a, b).

5. Summary
In conclusion IVCCM appears to be an ideal non-invasive clinical technique, which can as-
sess alterations in corneal cellular pathology and in particular has been used to quantify small

nerve fibre pathology in relation to diabetic neuropathy. With the development of automated
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Fig. 3 Subbasal nerve images from the cornea of: a control subject (A) and a patient with type 1 diabetes at baseline
(B) and at 6 (C) and 12 (D) months after SPK. The red arrows indicate main nerve fibres, and yellow arrows indicate
branches (TAVAKOLI et al. 2013).

image analysis we predict a rapid increase in the clinical utility of IVCCM in the assessment
of diabetic neuropathy and a range of peripheral neuropathies. In this review we have con-
sidered the considerable potential of this powerful technique to undertake detailed morpho-
logical analysis of corneal nerves to act as a surrogate measure of peripheral neuropathy. It
appears that the widest application of IVCCM may well be in the field of metabolic or neuro-
logical disease, particularly as it may provide a non-invasive means to identify patients with
minimal neuropathy, quantify the severity of neuropathy and follow progression or assess
therapeutic response, in not only diabetic neuropathy, but also a range of other neuropathies.
There is clearly a need to establish a normative data set taking into account age and to stan-
dardize the method of capturing, sampling and analysing the images in order to use [VCCM
in longitudinal prospective or interventional multi centre studies.
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Fig. 4 (A) CNFD (left), CNBD (middle), and CNFL (right) in diabetic patients at baseline and at 6 and 12 months
after SPK where significant regeneration is recorded. In (B): IENFD in control subjects and in diabetic patients at
baseline and 12 months after SPK showed no significant improvement (TAVAKOLI et al. 2013).
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Abstract

Cornea is the most densely innervated tissue in the human body. Cornea is mainly innervated by the sensory nerve fi-
bres of the ophthalmic branch of the trigeminal nerve, and also by the less numerous sympathetic as well as parasym-
pathetic nerve fibres. In addition to their well-known sensory function, corneal nerves help maintain the integrity of
ocular surface by releasing epitheliotrophic substances and contribute to the lacrimation reflex. Corneal nerves are of
great interest to clinicians and scientists due to their significant roles in regulating ocular surface integrity. Changes
in corneal nerve morphology have been studied in animal models using light and electron microscopy. More recently,
in vivo confocal microscopy (IVCM) has been used as a non-invasive technique to study variances in affected corneal
nerves during different pathologies. IVCM provides high-resolution images of corneal structures in the living human
eye and enables the examination of the same cornea repeatedly over time. Using these techniques it has been repeat-
edly shown that corneal nerves are affected in keratoconus, dry eye, diabetes mellitus, various infectious, age-related
processes and in refractive surgery. The purpose of the present study is to describe corneal nerves alteration in
different pathological conditions and to discuss mechanisms possibly contributing to these degenerative changes.

Zusammenfassung

Die Hornhaut des Auges ist eines der am dichtesten innervierten Gewebe des menschlichen Korpers. Sie wird iiber-
wiegend von sensorischen Nervenfasern durchzogen, die dem Nervus ophthalmicus, einem Ast des Nervus trigemi-
nus, entspringen. Zu einem kleinen Teil wird die Hornhaut von sympathischen und parasympathischen Nervenfasern
innerviert. Die Nervenfasern der Hornhaut sind fiir die starke Beriihrungs-, Temperatur- und Schmerzempfindlichkeit
verantwortlich. Auch fiir den Hornhautreflex ist eine normale Innervation der Hornhaut Voraussetzung. Dartiiber hin-
aus exprimieren die Hornhautnerven Wachstumsfaktoren, die fiir die Proliferation und Migration der Epithelzellen
verantwortlich sind. Die pathologischen Modifikationen in der Struktur der Hornhautnerven fiihren zu einer Vermin-
derung und héufig sogar zu einer Aufhebung der Hornhautsensibilitit sowie Funktionsstorungen. Die Verdnderungen
der Hornhautnerven wurden intensiv mittels Licht- und Elektronenmikroskopie im Tiermodell untersucht. In den
letzten Jahren hat die nicht-invasive konfokale Mikroskopie neue Moglichkeiten erdttnet, die Hornhaut in vivo zu
untersuchen. Sowohl invasive als auch nicht invasive Techniken haben pathologische Verinderungen der Hornhaut-
nerven im Alter, bei Keratokonus, Diabetes mellitus, Infektionen und nach der refraktiven Chirurgie demonstriert.
Die vorliegende Arbeit diskutiert mogliche Mechanismen, die zu einer Beeintrichtigung der Morphologie und der
Funktion der Hornhautnerven bei verschiedenen Pathologien fiihren.

1 Department of Ophthalmology, University of Rostock, Germany.
2 Institute of Anatomy, University of Rostock, Germany.
3 Department of Anatomy and Cell Biology, Indiana University School of Medicine-Northwest, Gary (IN, USA).
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1. Nerve Supply of the Cornea

The cornea is one of the most heavily innervated tissues in the body. Most corneal nerve fibres
are sensory in origin and are derived from the ophthalmic branch of the trigeminal nerve;
however, in some cases the inferior cornea receives some of its innervation from the maxillary
branch of the trigeminal nerve.

The nasociliary nerve, originating from the ophthalmic division of the trigeminal nerve,
travels through the superior orbital fissure, enters the orbit, runs inferotemporally to the su-
perior rectus muscle and the optic nerve, and then, after branching into long ciliary nerves,
penetrates the sclera a few millimetres away from the optic nerve. As it travels through the
suprachoroidal space, the nerve branches multiple times, creating a loose network of axons,
which penetrate the limbal area in a circumferential manner (Kim and DoHLMAN 2001). The
nerve bundles lose their perineurium and myelin sheaths within approximately 1 mm of the
limbus and continue into the cornea surrounded only by Schwann cell sheaths (MULLER et al.
2003). The absence of a myelin sheath on central corneal axons is necessary to maintain cor-
neal transparency. After entering the cornea the nerve trunks travel in a semiradial direction
through the middle third of the stroma, and form a dense subepithelial plexus (SEP) (MULLER
et al. 1997). After penetrating Bowman’s membrane, these nerves form a dense subbasal
nerve plexus (SNP), the branches of which terminate in all layers of the corneal epithelium
(MARFURT et al. 2010).

The nerve endings, known as axon terminals in the corneal epithelium, are structural-
ly and functionally similar to those of myelinated A-delta and unmyelinated C-fibre types
(GUTHOFF et al. 2005). The axon terminals from one axon represent the free nerve endings
of the epithelium and are arranged in a leash-like fashion with others to span several hundred
micrometres along the surface of the basal cell layer in a parallel fashion. Branching from the
basal plexus, single beaded fibres travel perpendicularly toward the wing cells, thus innervat-
ing all layers of the epithelium (AURAN et al. 1995, GUTHOFF et al. 2005).

All mammalian corneas also receive sympathetic innervation from the superior cervical
ganglion, exhibiting significant inter-species differences in innervation density and distri-
bution (MARFURT and ELLIS 1993). A modest parasympathetic innervation from the ciliary

Fig. 1 Human corneal SNP visualized with beta
III-tubulin staining (MARFURT, unpublished).
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Fig. 2 Schematic drawing of corneal epithelial innervation (GUTHOFF et al. 2005). Reprinted with permission from
Wolters Kluwer Health.

ganglion has been demonstrated in corneas of some mammals (MARFURT et al. 1998). As for
the human cornea it remains unclear whether it receives parasympathetic innervation.

Until now, 17 different neuropeptides and neurotransmitters have been described in the
corneal nerves, including acetylcholine, catecholamines, calcitonin gene-related peptide,
cholecystokinin, substance P, galanin, and pituitary adenylate cyclase-activating peptide (re-
viewed in MULLER et al. 2003).

The corneal nerves have a variety of sensory and efferent functions. Mechanical, thermal
and chemical stimulation of the corneal nerves produce predominantly a sensation of pain in
humans (LELE and WEDDEL 1959). The dense population of corneal nerves has a critical role
in protecting the cornea and the rest of the eye from the external environment. Corneal nerves
transmit impulses to brainstem centres that mediate reflex lacrimation and blinking and thus
help maintain proper hydration of the ocular surface. Furthermore, corneal nerve fibres exert
important trophic and mitogenic influences on the corneal epithelium and contribute to the
integrity and maintenance of a healthy ocular surface. Corneal nerve-derived trophic factors
contribute to trophic and regulatory processes in the epithelium, and stimulate epithelial cells
to proliferation, differentiation and migration.

Damage to corneal nerves leads to diminished corneal sensitivity and possible transient
or long-term alterations in the functional integrity of the ocular surface. When the cornea
is injured either accidentally or as a consequence of its surgical manipulation, the corneal
nerves are severed to a variable degree. Taken into consideration their relevance for ocular
surface health, the corneal nerves have gained an increasing interest for clinicians and re-
searchers.
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Fig. 3 Neurochemistry of the corneal innervation (MULLER et al. 2003). Reprinted with permission from Elsevier.

2. Age-related Changes

Age-related changes in corneal nerve density are well known and must be considered when
interpreting long-term SNP nerve data after refractive surgery and in pathologic corneal con-
ditions.

Studies performed in normal healthy subjects demonstrated that corneal sensation de-
creases with age, with the greatest reduction during the fourth and fifth decades (MiLLODOT
1977). The cause of the decline in corneal sensitivity in the aging eye remains to be investi-
gated. It is not fully understood whether this reduction occurs due to thickening of the fibrous
structure of the cornea, to a decrease of water content, or to an atrophy of nerve fibres.

There are only a few studies addressing age-dependent alterations of corneal nerves, and
even these sparse data are controversial. The disparity between findings results from the dif-
ferent microscopy techniques used and from how the nerve density was calculated from the
obtained images. On the one hand GRUPCHEVA and co-workers found a small age-associated
decrease in SNP density ranging from a mean density of 632 mm/mm? in a young group
(mean age 22 years) to 582.6 mm/mm? in an older group (mean age 74 years) (GRUPCHEVA et
al. 2002). On the other hand, using in vivo tandem scanning microscopy, ERIE and colleagues
found no age-associated change in the density and orientation of the SNP in the central hu-
man cornea (ERIE et al. 2005a). Using confocal laser-scanning microscopy (Heidelberg retina
Tomograph/Rostock Cornea Modul, HRT/RCM) another group was able to show a subtle, but
still statistically significant decline in SNP density with age (NIEDERER et al. 2007).
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The calculated reduction in the latter study was 0.9 % per year. Even after exclusion of three
oldest cases, a significant correlation was still observed between age and SNP density. This
reduction did not correlate with epithelial basal cell density, as could be expected, taken
into consideration the metabolic interplay between the epithelium and SNP. However, in this
study a positive correlation could be detected between SNP and keratocytes density, most
pronounced in the anterior stroma, where keratocyte loss averaged 0.9 % per year. Keratocyte
density has been reported to reduce with age also in other in vivo studies, and this reduction
in keratocyte density with age has subsequently been confirmed by ex vivo studies (BERLAU
et al. 2002, HAHNEL et al. 2000). It has been proposed, that the keratocyte decline in the ante-
rior stroma could play a role in the diminishment of the SNP, because these cells are situated
in close proximity to the nerves and are known to be metabolically very active and release
trophic substances (for example, NGF), needed for nerve growth and sprouting.

An ex vivo study confirmed a SNP decline with age, using an immunohistochemical tech-
nique (HE et al. 2010). Here, there were no differences in SNP density between genders, but
there was a progressive nerve density reduction concomitant with aging, mainly in eye sam-
ples of donors’ 70-years of age and older. Furthermore, a very interesting observation was
made in that study, revealing irregular lesions of nerve fibres in the superficial stroma beneath
Bowman’s layer, and this was seen in donor corneas of 70 years of age and older (Fig. 4).
These lesions can be ascribed to the accepted increased lipid deposition in the cornea over
age. This accumulation clinically manifests as so called Arcus senilis an opaque ring in the
corneal periphery. The authors proposed that the SNP density decrease was associated with
observed abnormalities, occurring in the peripheral cornea.

In conclusion, there is a confirmed age-related loss of intact nerve endings from the ocular
surface, and this loss can, at least partially, be responsible for corneal sensitivity decrease and
retarded epithelial wound healing in elderly patients.

Fig. 4 Transected view showing a nerve lesion (green, beta III tubulin staining) localized in the anterior stroma beneath
the epithelial basement membrane (HE et al. 2010). Reprinted with permission from Elsevier.
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3. Dry Eye Disease

Dry eye disease (DE) is one of the most common ocular conditions worldwide. DE refers to
a spectrum of ocular surface diseases with multiple etiologies. Regardless of the initiating
causes, a vicious cycle of inflammation can develop on the ocular surface in DE that leads
to ocular surface disease. Ocular irritation in DE may cause considerable discomfort and
negatively affect the patient’s quality of life. Epidemiologic studies indicate that up to 33 %
of the population aged 50 years or more experience DE symptoms (BOURCIER et al. 2005).
There are many causes for dry eye syndromes. One cause is functional alteration of the nerves
innervating the lacrimal gland and the ocular surface (DARTT 2004). In a mouse model of DE
an almost complete absence of parasympathetic nerves in the lacrimal glands was demon-
strated using immunohistochemistry, as opposed to wild type mice with clearly identifiable
parasympathetic nerves in the lacrimal glands (SONG et al. 2003). The cornea is known to be
affected through increased production or decreased elimination of inflammatory cytokines
and proteolytic enzymes.

In DE, corneal pathological alterations have been observed in corneal epithelial, stroma
and nerves. The distinct corneal features in DE include irregular and disorganized epithelium,
altered corneal epithelial barrier function, activation of anterior keratocytes, abnormal nerve
morphology and presence of inflammatory cells (TuoMINEN 2003). Also, the overall corneal
epithelial thickness is significantly decreased in DE (L1u and PFLUGFELDER 1999). Further-
more, decreased density of conjunctival goblet cells and decreased production of mucus by
the ocular surface epithelium are characteristic features of DE.

Corneal sensation was shown to be significantly reduced in DE patients when compared
to healthy age-matched individuals (BENITEZ DEL CASTILLO et al. 2004). This reduction cor-
related with certain clinical parameters such as tear production and the state of the ocular sur-
face, and was documented by the lower number and density of nerves at the sub-basal level,
as shown by using IVCM. Along with the decrease of nerve fibres, higher numbers of bead-
ings, presence of nerve sprouts, and increased tortuosity were observed by several authors.
These parameters are indices of increased metabolic activity, and suggest a response directed
to repair the pathological alterations. These findings were confirmed by another group also
using IVCM (ZHANG et al. 2005). Importantly, this study showed a direct correlation between
nerve fibre density and integrity of the ocular surface (shown by Bengal rose and fluorescein
staining). On the other hand, the integrity of the ocular surface correlated inversely to beading
of nerves. Our group studied different groups of patients with dry eye (ERDELYT et al. 2007).
Here, the density of superficial and intermediate epithelial cells was smaller compared with
the normal participants, which is possibly caused by the enlargement of those cells due to
metabolic dysfunction. In accordance with other findings also here a decreased nerve fibre
density in SNP and increased tortuosity could be demonstrated.

The demonstration of the existence of nervous alterations in patients with DE has led to the
use of neuroprotective and neurotrophic eye drops for the treatment of this frequently occurring
disease. Thus, topically applied nerve growth factor (NGF) accelerated the recovery of corneal
sensitivity and ameliorated the symptoms of DE in a rabbit model of LASIK (Joo et al. 2004).

In a human cornea, substance P-derived peptide and insulin-like growth factor I have
been shown to restore corneal nerve morphology and function (BENITEZ DEL CASTILLO et al.
2005). Taken together, the corneal nerves are involved in the pathogenesis of DE, and their
recovery can partially reduce DE symptoms.
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4. Keratoconus

Keratoconus is a debilitating corneal ectasia that principally affects young people in the second
or third decade of their lives (SHERWIN and BROOKES 2004). Biomechanically, the keratoconic
cornea is weaker and more elastic compared to the normal cornea. Measurements of rigidity,
stress and strain to failure, and energy absorption for keratoconic cornea revealed that all these
parameters were significantly lower when compared to controls (ANDREASSEN et al. 1980).
Clinically, keratoconus manifests as progressive corneal instability characterized by abnor-
mal thinning and steepening of the cornea (RABINowITZ 1998). This abnormal curvature of
the cornea changes its refractive power, often resulting in myopia and irregular astigmatism
and leading to mild to marked impairment in the quality of vision. Visual loss occurs primar-
ily from irregular astigmatism and myopia and secondarily from corneal scarring (JHANJI et
al. 2011). The definitive cause underlying the development of keratoconus remains unclear.
However, it appears to be a heterogeneous condition that may be produced by a variety of
unrelated abnormalities of a metabolic and biochemical nature. Keratoconus has been reported
to be associated with other syndromes (KENNEY et al. 2000). Keratoconus affects virtually
any structure of the cornea. Epithelial cell apoptosis, keratocytes damage, increased levels
of destructive enzymes, degradation of collagenous matrix, and digestion of Bowman’s layer
have been shown in keratoconic human corneas (RABINOWITZ 1998, SHERWIN and BROOKES
2004). The corneal nerves undergo significant changes already in early stages of keratoconus.
Whether these nerve alterations are primary or secondary pathological manifestations remains
unclear. It has been suggested that the nerves may be mediating a feedback mechanism of epi-
thelial initiation and keratocyte activation, trapping the cornea in a destructive cycle of matrix
remodelling and wound healing. BROOKS and associates have demonstrated the involvement
of corneal nerves in progression of keratoconus using immunohistochemistry (BROOKES et al.
2003). Here, the authors have shown that the destructive processes in keratoconus involves
fragmentation of plexus and increased levels of proteolytic enzymes cathepsin B and D, pro-
duced by nerves and associated Schwann cells. The nerves in the normal cornea also express
these enzymes, but not nearly as extensively as during active keratoconus.

Morphologically, the corneal nerves showed pronounced changes, both in the SNP and
stroma, as shown by the acetylcholine esterase technique (AL-AQABA et al. 2011). Kerato-
conic corneas exhibited a significant alteration in corneal nerves at the corneal apex, where-
as the peripheral nerves showed normal morphologic features in most cases similar to the
architecture of nerves in the control subjects. Nerves in the SNP showed loss of their radial
orientation and demonstrated a very tortuous course. Alterations in stromal nerve morphology
included thickening, increased tortuosity and nerve spouting. The thickness of central stromal
nerves in keratoconic corneas was 19 um, which was almost twice as thick as that in the cen-
tral stromal nerves in the controls.

Also, IVCM revealed lower SNP nerve density and thicker nerve fibres in the stroma
(MocaN et al. 2008). A two-dimensional reconstruction map of the living keratoconic cornea
revealed abnormal SNP architecture and significantly reduced density compared to normal
corneas (PATEL and MCcGHEE 2006). At the apex of the cone, a tortuous network of nerve
fibre bundles was noted, while at the topographic base of the cone, nerve fibre bundles ap-
peared to follow the contour of the base, with many of the bundles running concentrically in
this region. The SNP reduction was shown to correlate with corneal sensation and keratoco-
nus stage (PATEL et al. 2009).
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Fig. 5 IVCM demonstrating SNP in normal (A) and keratoconic (B) corneas (PATEL et al. 2009). Permission obtained
from Nature Publishing Group.

In conclusion, there is histological and in vivo evidence of the involvement of corneal nerves
in the pathologic process of keratoconus, suggesting that they may play a role in the patho-
physiologic features and progression of the disease.

5. Diabetes mellitus

The cornea is significantly affected in diabetes mellitus, and the pathological changes to the
corneal cellular structures often cause visual impairment. Diabetic corneas exhibit reduced
numbers of haemidesmosomes, basement membrane abnormalities, altered growth factor lev-
els, epithelial cellular enlargement, edema, and delayed wound healing resulting in persistent
epithelial defects (CAVALLERANO 1992). The most recognized diabetic complications in the
cornea include neurotrophic corneal ulcers, filamentous keratitis, decreased corneal sensa-
tion, and a characteristic epithelial dystrophy, which is referred to as diabetic keratopathy
(KENNEY et al. 2005). At first, the involvement of corneal nerves in diabetes pathogenesis
was shown in experimental studies with diabetes induction. Thus, corneal innervation was
studied by light and electron microscopy in rats with streptozocin-induced diabetes, using
the nonspecific cholinesterase reaction, gold chloride impregnation, and plastic-embedded
sections (ISHIDA et al. 1984). In that study axonal degeneration could be demonstrated along
with increased beading and irregularities in the basal lamina of Schwann cells. More recently,
another ex vivo study was published in which investigation of qualitative and quantitative
parameters of SNP and stromal nerves was performed ex vivo on human corneal sections
(corneas obtained from the eye bank), using immunohistochemical staining with beta III tu-
bulin antibody, which is a well-recognized pan-neuronal marker (HE and BAzZAN 2012). The
authors of this study provided an entire view of the nerve architecture in human diabetic cor-
neas, showing a significant decrease in SNP density, which was noted already at early stages
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of the disease and correlated with diabetes duration. The nerves coursing from the periphery
to the central cornea displayed increasing tortuosity and irregular nerve beading. The latter is
a recognized parameter for some cases of compensatory nerve regeneration.

In recent years, IVCM, as a rapid, non-invasive clinical examination technique, has
opened new opportunities for investigation of corneal nerves in human diabetic patients. The
first publication on this issue is a clinical study involving patients with type 1 diabetes melli-
tus (ROSENBERG et al. 2000). The authors observed reduction of SNP in all patients, and this
occurred even in patients with mild to moderate neuropathy, whereas corneal mechanical
sensitivity was reduced only in patients with severe neuropathy, suggesting that decreases
in nerve fibre bundle counts precede impairment of corneal sensitivity. Furthermore, the de-
crease of SNP correlated positively with epithelial thinning. Also in type 2 diabetes mellitus
the corneal SNP displayed significant changes in terms of nerve fibre density, nerve branch
density, and increased tortuosity coefficient (CHANG et al. 2006). The authors of this work
revealed also a significant reduction of corneal basal epithelial cell density, which correlated
with SNP impairment. The alterations in corneal innervations and basal epithelial cell density
could be demonstrated for different neuropathic stages.

These findings were later confirmed in numerous in vivo studies utilizing laser-, tandem-
or slit-scanning confocal microscopes (reviewed by EFrRON 2011). Various parameters of
SNP fibre morphology have been investigated, including nerve fibre count, length, branching,
beading, width, tortuosity, orientation, and reflectivity. The absolute counts of nerve param-
eters differed among studies. Discrepancies in absolute values reported by different research
groups can be attributed to the use of different instruments and different approaches to stereo-
logical analysis of confocal images. Nevertheless, most reported findings on SNP parameters
are in good agreement with each other, showing overall a significant decrease in SNP length
and density. The reduction of SNP density along with progressive decrease in corneal sen-
sation was shown to correlate with increasing severity of diabetic neuropathy (TAVAKOLI et
al. 2011). Notably, simultaneous pancreas—kidney transplantation restored SNP parameters;
significant improvements in corneal nerve fibre density, branch density, and length could be

Fig. 6 IVCM demonstrating the SNP in normal (A) and diabetic (B) corneas (ZH1voV, unpublished)
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shown 12 months after surgery. It is noteworthy to mention that normalization of glycaemia
after transplantation showed no significant improvement in neuropathy assessed by the neu-
rologic deficits (TAVAKOLI et al. 2013), suggesting that not only the early nerve degeneration,
but also the regeneration, that was missed by neurophysiological assessment techniques, can
be detected and accurately measured by IVCM.

More recently, our group examined corneal innervation using an automated analysis of
pre-segmented SNP structures (ZH1vov et al. 2013). We analysed 10 SNP parameters and corre-
lated the findings with neuropathic status and diabetic retinopathy. The nerve fibre density, total
fibre length and nerve branches were found to be significantly decreased in diabetic patients,
and this reduction correlated with neuropathic status. The patients exhibited also reduced cor-
neal sensation. Interestingly, the patients without diabetic retinopathy demonstrated significant
SNP changes, suggesting that corneal nerve alterations precede retinal microvascular changes.

In conclusion, the SNP is negatively impacted in both types of diabetes mellitus. SNP
changes become obvious even at early stages of diabetes and prior to manifestation of neu-
rological symptoms. This fact has made the SNP a surrogate marker for diabetic neuropathy.
SNP pathology is associated with a reduction of corneal basal epithelial cell density, which
seems completely logical taken into consideration the tight interplay between corneal epithe-
lial cells and nerves.

6. Corneal Surgery

The effect of cutting and laser ablation of the cornea in various procedures has drawn much
attention to the corneal innervation. Several treatment approaches, including Laser Epithelial
Keratomileusis (LASEK), laser in situ keratomileusis (LASIK) and photorefractive keratec-
tomy (PRK) disrupt the integrity of the corneal sensory innervation reducing corneal sensa-
tion and trophic function. This can lead to epithelial disintegrity, disturbed wound healing and
epitheliopathy (WiLsoN 2001).

Corneal nerves are disrupted during LASEK surgery and the procedure results in a signifi-
cant reduction in corneal sensation. The depressed corneal sensation after LASEK was shown
to improve during the next few months after surgery (HERRMANN et al. 2005). The reduction
of sensitivity after LASEK revealed a direct correlation with the number of nerves in the SNP,
as shown by IVCM, and also the regeneration of corneal nerves correlated strongly with the
recovery of corneal sensation (LEE et al. 2006). On the other hand, another group demonstrat-
ed that SNP density did not return to preoperative levels 6 months after surgery, while corneal
sensitivity returned to normal levels 3 months after surgery (DARWISH et al. 2007).

Degeneration of nerve structures in the SNP starts just a few hours after LASIK. Although
long SNP fibres are still visible in the central cornea 3 days post-LASIK, they are significantly
reduced in number, or even entirely absent by 1 week (LINNA et al. 2000, STAcHs et al. 2010).
The first very thin nerve fibres could be visualized 1 month after the procedure, following by
gradual recovery over time, and an SNP incorporating parallel and branched fibres began to
be visualized 1 year postoperatively (STACHS et al. 2010). In this study we demonstrated, that
despite continuous increases in density over time, the SNP appears to remain incomplete for
up to 2 years after LASIK.

SNP nerve density after LASIK has been reported to be reduced by 51 %, 35 %, and 34 %
at 1, 2, and 3 years, respectively (ERIE et al. 2005b).
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Photorefractive keratectomy (PRK) also affects the corneal nerves in a drastic way. Corneal
sensitivity is known to be significantly reduced at week 1, with a further significant reduction
at week 2 (MurPHY et al. 1999). A gradual recovery in sensitivity then followed to reach
preoperative levels by 1 year. After PRK, mean SNP density was reduced by 59 % at 1 year
when compared with preoperative values. By 2 years, SNP density was not significantly dif-
ferent from density before PRK and remained unchanged over the following 5 years (ERIE et
al. 2005b).

Penetrating keratoplasty involves transection of all corneal nerves in both the host and
donor cornea. The subsequent recovery is a prerequisite for normal corneal function. In a lon-
gitudinal study, corneas were examined using IVCM over 12 months after keratoplasty (DAR-
wisH et al. 2007). Interestingly, corneal sensation was apparently recovered by 1 year, while
at that time point almost no nerves in the SNP could be observed. The authors suggested that
this discrepancy might be a methodologic phenomenon related to the inability of IVCM to
image fine regenerating nerves that mediate corneal sensibility. Our group has demonstrated
that the first finest branches of the SNP become obvious 12 months keratoplasty.

Previously, it was shown histochemically, that neither the SNP nor stromal nerves had
completely regenerated by 3 years post-keratoplasty (TERVO et al. 1985). The study with the
longest follow-up period reported re-innervation of the central cornea with sub-basal nerves
and stromal nerves occurring at 2 years and 7 months postoperatively, respectively (RICHTER
et al. 1996). Taken together, the findings on corneal re-innervation after keratoplasty are rel-
ative inconsistent. The extent and time of re-innervation in corneal grafts has been shown to
be unpredictable and varies in individual patients, depending on the patients’ age and preop-
erative diagnosis.

Taken into consideration the key role of corneal nerves for ocular surface integrity, at-
tempts have been made to accelerate corneal nerve regeneration after injury. The corneal re-
generative response is known to correspond with the coordinated expression of neurotrophins
and regeneration-associated genes (HUEBNER and STRITTMATTER 2009). Neurotrophins have
been repeatedly reported in the literature to have beneficial effects on corneal nerves, pre-
dominantly in animal models. Topically-applied NGF was beneficial in the early recovery of
corneal sensitivity after LASIK (Joo et al. 2004) and PRK (ESQUENAZI et al. 2005) in rabbits.

More recently, we created a new murine model to study corneal nerve regeneration pre-
dominantly at the SNP level. With a guided trephine system a circular incision through the
corneal epithelium and anterior stroma was generated to selectively cut the SNP nerves while
leaving the deeper lying stromal nerves intact. In contrast to other injury models, involving
epithelial removal, our model did not cause excessive inflammation and any epithelial defects.
On this model we further examined the possible positive influence of ciliary neurotrophic
factor-CNTF, which was applied topically. Our model was sensitive enough to differentially
quantify the morphological parameters in 2 groups, treated after mechanical nerve cutting
either with vehicle or with CNTF. In this study we were able to ascertain more facilitated
regeneration in the CNTF-group, suggesting that this cytokine might have also therapeutic
usefulness in clinical practice.

Nova Acta Leopoldina NF 779, Nr. 401, 157-170 (2014) 167



Marina Hovakimyan, Andreas Wree, Oliver Stachs, Carl Marfurt, and Rudolf F. Guthoff

References

AL-AQABA, M. A, FARrAJ, L., FAREs, U., OTRI, A. M., and Dua, H. S.: The morphologic characteristics of corne-
al nerves in advanced keratoconus as evaluated by acetylcholinesterase technique. Amer. J. Ophthalmol. 152/3,
364-376 (2011)

ANDREASSEN, T. T., SIMONSEN, A. H., and OXLUND, H.: Biomechanical properties of keratoconus and normal cor-
neas. Exp. Eye Res. 31/4, 435-441 (1980)

AURAN, J. D., KOESTER, C. J., KLEIMAN, N. J., RAPAPORT, R., BoMANN, J. S., WIrROTSKO, B. M., FLORAKIS, G. J.,
and KONIAREK, J. P.: Scanning slit confocal microscopic observation of cell morphology and movement within the
normal human anterior cornea. Ophthalmology 702/1, 33—41 (1995)

BENITEZ DEL CASTILLO, J. M., RODRIGUEZ-BAYO, S., FONTAN-RIVAS, E., MARTINEZ-DE-LA-CASA, J. M., and GAR-
CIA-SANCHEZ, J.: Treatment of recurrent corneal erosion with substance P-derived peptide and insulin-like growth
factor I. Arch. Ophthalmol. 723/10, 1445-1447 (2005)

BENITEZ DEL CASTILLO, J. M., WASFY, M. A., FERNANDEZ, C., and GARCIA-SANCHEZ, J.: An in vivo confocal
masked study on corneal epithelium and subbasal nerves in patients with dry eye. Invest. Ophthalmol. Vis. Sci.
45/9, 3030-3035 (2004)

BERLAU, J., BECKER, H.-H., STAVE, J., OrRiwoL, C., and GUTHOFF, R. F.: Depth and age-dependent distribution of
keratocytes in healthy human corneas: a study using scanning-slit confocal microscopy in vivo. J. Cataract Re-
fract. Surg. 28/4, 611-616 (2002)

BOURCIER, T., ACOSTA, M. C., BORDERIE, V., BORRAS, F., GALLAR, J., BURY, T., LAROCHE, L., and BELMONTE, C.:
Decreased corneal sensitivity in patients with dry eye. Invest. Ophthalmol. Vis. Sci. 46/7, 2341-2345 (2005)

BROOKES, N. H., LoH, I.-P., CLOVER, G. M., PooLE, C. A., and SHERWIN, T.: Involvement of corneal nerves in the
progression of keratoconus. Exp. Eye Res. 77/4, 515-524 (2003)

CAVALLERANO, J.: Ocular manifestations of diabetes mellitus. Optometry Clinics: the official publication of the
Prentice Society 2/2, 93-116 (1992)

CHANG, P. Y., CARREL, H., HUANG, J. S., WaANG, 1., Hou, Y. C., CHEN, W. L., WANG, J. Y., and Hu, F. R.: Decreased
density of corneal basal epithelium and subbasal corneal nerve bundle changes in patients with diabetic retinopa-
thy. Amer. J. Ophthalmol. /42/3, 488—-490 (2006)

DaArTT, D. A.: Dysfunctional neural regulation of lacrimal gland secretion and its role in the pathogenesis of dry eye
syndromes. Ocul. Surf. 2/2, 76-91 (2004)

DarwisH, T., BRAHMA, A., and EFRON, N. O. C.: Subbasal nerve regeneration after penetrating keratoplasty. Cornea
26/8, 935-940 (2007)

DArwISH, T., BRAHMA, A., EFRON, N., and O’DONNELL, C.: Subbasal nerve regeneration after LASEK measured by
confocal microscopy. J. Refract. Surg. 23/7, 709715 (2007)

EFrON, N.: The Glenn A. Fry award lecture 2010: Ophthalmic markers of diabetic neuropathy. Optometry Vis. Sci.:
official publication of the American Academy of Optometry 88/6, 661-683 (2011)

ERDELYI, B., KrRAAK, R., ZHIVOV, A., GUTHOFF, R., and NEMETH, J.: In vivo confocal laser scanning microscopy
of the cornea in dry eye. Graefe’s Arch. Clin. Exp. Ophthalmol. = Albrecht von Graefes Archiv fiir klinische und
experimentelle Ophthalmologie 245/1, 39—44 (2007)

ERIE, J. C., MCLAREN, J. W., HODGE, D. O., and BOURNE, W. M.: The effect of age on the corneal subbasal nerve
plexus. Cornea 24/6, 705-709 (2005a)

ERIE, J. C., MCLAREN, J. W., HODGE, D. O., and BOURNE, W. M.: Recovery of corneal subbasal nerve density after
PRK and LASIK. Amer. J. Ophthalmol. /40/6, 1059-1064 (2005b)

EsQuUENAZL S., BazaN, H. E. P, Bui, V,, HE, J., Kim, D. B., and BazaN, N. G.: Topical combination of NGF and
DHA increases rabbit corneal nerve regeneration after photorefractive keratectomy. Invest. Ophthalmol. Vis. Sci.
46/9, 3121-3127 (2005)

GRUPCHEVA, C. N., WoNG, T., RILEY, A. F,, and MCGHEE, C. N. J.: Assessing the sub-basal nerve plexus of the living
healthy human cornea by in vivo confocal microscopy. Clin. Exp. Ophthalmol. 30/3, 187-190 (2002)

GUTHOFF, R. F., WIENSS, H., and HAHNEL, C. W. A.: Epithelial innervation of human cornea. Cornea 24/5, 608—-613
(2005)

HAHNEL, C., Somobl, S., WEIss, D. G., and GUTHOFF, R. F.: The keratocyte network of human cornea: a three-di-
mensional study using confocal laser scanning fluorescence microscopy. Cornea 79/2, 185-193 (2000)

HE, J., and BazaN, H. E. P.: Mapping the nerve architecture of diabetic human corneas. Ophthalmology 779/5,
956-964 (2012)

HE, J., BAzAN, N. G., and BazaN, H. E.: Mapping the entire human corneal nerve architecture. Exp. Eye Res. 91/4,
513-523 (2010)

168 Nova Acta Leopoldina NF 779, Nr. 401, 157-170 (2014)



Pathogenesis of Corneal Nerve Damage

HERRMANN, W. A., SHAH, C., GABLER, B., WINKLER VON MOHRENFELS, C., HUFENDIEK, K., and LoHMANN, C. P.:
Corneal sensation after laser epithelial keratomileusis for the correction of myopia. Graefe’s Arch. Clin. Exp. Oph-
thalmol. = Albrecht von Graefes Archiv fiir klinische und experimentelle Ophthalmologie 243/1, 33-37 (2005)

HUEBNER, E. A., and STRITTMATTER, S. M.: Axon regeneration in the peripheral and central nervous systems. Re-
sults Problems in Cell Diff. 48, 339-351 (2009)

IsHIDA, N., RAO, G. N., DEL CERRO, M., and AQUAVELLA, J. V.: Corneal nerve alterations in diabetes mellitus. Arch.
Ophthalmol. 702/9, 13801384 (1984)

JHANJIL, V., SHARMA, N., and VAJPAYEE, R. B.: Management of keratoconus: current scenario. Br. J. Ophthalmol.
95/8, 1044-1050 (2011)

Joo, M.-J., YuHaAN, K. R, HYON, J. Y., L1, H., HOSE, S., SINHA, D., and O’BRrIEN, T. P.: The effect of nerve growth
factor on corneal sensitivity after laser in situ keratomileusis. Arch. Ophthalmol. /22/9, 1338-1341 (2004)

KENNEY, M. C., CHWA, M., ATILANO, S. R., TRAN, A., CARBALLO, M., SAGHIZADEH, M., VASILIOU, V., ADACHI, W.,
and BROWN, D. J.: Increased levels of catalase and cathepsin V/L2 but decreased TIMP-1 in keratoconus corneas:
evidence that oxidative stress plays a role in this disorder. Invest. Ophthalmol. Vis. Sci. 46/3, 823-832 (2005)

KENNEY, M. C., BRowN, D. J., and RAJEEV, B.: Everett Kinsey lecture. The elusive causes of keratoconus: a working
hypothesis. CLAO J.: official publication of the Contact Lens Association of Ophthalmologists, Inc. 26/1, 10-3
(2000)

Kim, S. K., and DoHLMAN, C. H.: Causes of enlarged corneal nerves. Int. Ophthalmol. Clin. 4//1, 13-23 (2001)

LEE, S.J., Kim, J. K., SE0, K. Y., Kim, E. K., and LEE, H. K.: Comparison of corneal nerve regeneration and sensitiv-
ity between LASIK and laser epithelial keratomileusis (LASEK). Amer. J. Ophthalmol. /41/6, 1009-1015 (2006)

LELE, P. P,, and WEDDEL, G.: Sensory nerves of the cornea and cutaneous sensibility. Exp. Neurol. 7, 334-359 (1959)

LiNNA, T. U., VESALUOMA, M. H., PEREZ-SANTONJA, J. J., PETROLL, W. M., ALIO, J. L., and TErRvO, T. M.: Effect
of myopic LASIK on corneal sensitivity and morphology of subbasal nerves. Invest. Ophthalmol. Vis. Sci. 41/2,
393-397 (2000)

Liu, Z., and PFLUGFELDER, S. C.: Corneal thickness is reduced in dry eye. Cornea /8/4, 403-407 (1999)

MARFURT, C. F,, and ELL1s, L. C.: Immunohistochemical localization of tyrosine hydroxylase in corneal nerves. J.
Comp. Neurol. 336/4, 517-531 (1993)

MARFURT, C. F,, JoNEs, M. A., and THRASHER, K.: Parasympathetic innervation of the rat cornea. Exp. Eye Res.
66/4, 437-448 (1998)

MARFURT, C. F,, Cox, J., DEEK, S., and DVORSCAK, L.: Anatomy of the human corneal innervation. Exp. Eye Res.
90/4, 478 -492 (2010)

MiLLopot, M.: The influence of age onthe sensitivity of the cornea. Invest. Ophthalmol. Vis. Sci. 16/3, 240-242
(1977)

Mocan, M. C., YiLMAZ, P. T., IRKEC, M., and ORHAN, M.: In vivo confocal microscopy for the evaluation of corneal
microstructure in keratoconus. Curr. Eye Res. 33/11, 933-939 (2008)

MULLER, L., MARFURT, C., KRUSE, F., and TErvO, T.: Corneal nerves: structure, contents and function. Exp. Eye
Res. 76/5, 521-542 (2003)

MULLER, L. J., VRENSEN, G. E, PELs, L., CARDOZO, B. N., and WILLEKENS, B.: Architecture of human corneal
nerves. Invest. Ophthalmol. Vis. Sci. 38/5, 985-994 (1997)

MUuRrPpHY, P. J., COrRBETT, M. C., O’BRART, D. P, VERMA, S., PATEL, S., and MARSHALL, J.: Loss and recovery of
corneal sensitivity following photorefractive keratectomy for myopia. J. Refract. Surg. 15/1, 38-45 (1999)

NIEDERER, R. L., PERUMAL, D., SHERWIN, T., and MCGHEE, C. N. J.: Age-related differences in the normal human
cornea: a laser scanning in vivo confocal microscopy study. Br. J. Ophthalmol. 91/9, 1165-1169 (2007)

PATEL, D. V., Ku, J. Y. E, JoHuNsoN, R., and McGHEE, C. N. J.: Laser scanning in vivo confocal microscopy and
quantitative aesthesiometry reveal decreased corneal innervation and sensation in keratoconus. Eye (London,
Engl.) 23/3, 586-592 (2009)

PATEL, D. V., and McGHEE, C. N. J.: Mapping the corneal sub-basal nerve plexus in keratoconus by in vivo laser
scanning confocal microscopy. Invest. Ophthalmol. Vis. Sci. 47/4, 13481351 (2006)

RaBINOWITZ, Y. S.: Keratoconus. Survey Ophthalmol. 42/4, 297-319 (1998)

RICHTER, A., SLowik, C., Somonl, S., Vick, H. P.,, and GUTHOFF, R.: Corneal reinnervation following penetrating
keratoplasty-correlation of esthesiometry and confocal microscopy. Germ. J. Ophthalmol. 5/6, 513-517 (1996)
ROSENBERG, M., TERVO, T., IMMONEN, I., MULLER, L. J., GRONHAGEN-RISKA, C., and VEsaLuomA, M. H.: Corneal

structure and sensitivity in type 1 diabetes mellitus. Invest. Ophthalmol. Vis. Sci. 41, 2915-2921 (2000)

SHERWIN, T., and BrookEs, N. H.: Morphological changes in keratoconus: pathology or pathogenesis. Clin. Exp.

Ophthalmol. 32/2, 211-217 (2004)

Nova Acta Leopoldina NF 779, Nr. 401, 157-170 (2014) 169



Marina Hovakimyan, Andreas Wree, Oliver Stachs, Carl Marfurt, and Rudolf F. Guthoff

Song, X. J., L1, D.-Q., FARLEY, W,, Luo, L. H., HEUCKEROTH, R. O., MILBRANDT, J., and PFLUGFELDER, S. C.:
Neurturin-deficient mice develop dry eye and keratoconjunctivitis sicca. Invest. Ophthalmol. Vis. Sci. 44/10,
4223-4229 (2003)

StacHs, O., ZHIvov, A., KRAAK, R., HOVAKIMYAN, M., WREE, A., and GUTHOFF, R.: Structural-functional corre-
lations of corneal innervation after LASIK and penetrating keratoplasty. J. Refract. Surg. 26/3, 159-167 (2010)
TAvAKOLI, M., BOULTON, A., EFRON, N., and MALIK, R. A.: Increased Langerhan cell density and corneal nerve dam-
age in diabetic patients: Role of immune mechanisms in human diabetic neuropathy. Contact Lens and Anterior

Eye 34/1, 7-11 (2011)

TavakoLl, M., MITU-PRETORIAN, M., PETROPOULOS, 1. N., FADAVI, H., ASGHAR, O., ALAM, U., PoNIrRAKIS, G.,
JEZIORSKA, M., MARSHALL, A., EFRON, N., BOULTON, A. J., AUGUSTINE, T., and MALIK, R. A.: Corneal confocal
microscopy detects early nerve regeneration in diabetic neuropathy after simultaneous pancreas and kidney trans-
plantation. Diabetes 62/1, 254-260 (2013)

TERVO, T., VANNAS, A., TERVO, K., and HOLDEN, B. A.: Histochemical evidence of limited reinnervation of human
corneal grafts. Acta Ophthalmol. 63/2, 207-214 (1985)

Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/3890460

TuoMINEN, L. S. J.: Corneal Innervation and morphology in primary Sjogren’s syndrome. Invest. Ophthalmol. Vis.
Sci. 44/6, 2545-2549 (2003)

WILSON, S. E.: Laser in situ keratomileusis-induced (presumed) neurotrophic epitheliopathy. Ophthalmology 108/6,
1082-1087 (2001)

ZHANG, M., CHEN, J., Luo, L., Xi1a0, Q., SUN, M., and Liu, Z.: Altered corneal nerves in aqueous tear deficiency
viewed by in vivo confocal microscopy. Cornea 24/7, 818 —824 (2005)

ZHIVOV, A., WINTER, K., HOVAKIMYAN, M., PESCHEL, S., HARDER, V., SCHOBER, H.-C., KUNDT, G., BALTRUSCH, S.,
GUTHOFF, R. E,, and Stacas, O.: Imaging and quantification of subbasal nerve plexus in healthy volunteers and
diabetic patients with or without retinopathy. PloS one 8/1, 52157 (2013)

Dr. rer. nat. Marina HOVAKIMYAN

Institut fiir Biomedizinische Technik
GLP-Priiflabor

Universitit Rostock
Friedrich-Barnewitz-Stra3e 4

18119 Rostock

Germany

Phone: +49 381 54345547

Fax: 449 381 54345602

E-Mail: marina.hovakimyan@uni-rostock.de

170 Nova Acta Leopoldina NF 719, Nr. 401, 157-170 (2014)



Nova Acta Leopoldina NF /79, Nr. 401, 171-176 (2014)

Diabetic Maculopathy —
Can Optical Coherence Tomography Guide
the Management?

Peter WIEDEMANN ML und Yanors YANDIEV (Leipzig)
With 2 Figures and 1 Table

Abstract

The use of optical coherence tomography (OCT) has allowed major progress in the evaluation of diabetic maculopa-
thy. The OCT examination is fast, non-invasive and gives a biomicroscopic section through the retina. We describe 5
parameters for OCT evaluation which determine the visual prognosis of the patient and can be used to develop a new
classification of diabetic maculopathy for future individualized treatment of this disabling disease.

Zusammenfassung

Die Optische Kohdrenztomographie (OCT) fiihrt zu einem deutlichen Fortschritt in der Diagnostik der diabetischen
Makulapathie. Die OCT-Untersuchung ist schnell und nicht-invasiv und ergibt einen biomikroskopischen Schnitt
durch die Netzhaut. Wir beschreiben fiinf Auswertungsparameter, die die Sehschirfe beeinflussen und fiir eine neue
Klassifikation benutzt werden konnen. Damit konnte in Zukunft eine individuelle Therapieentscheidung mit objek-
tiven Daten getroffen werden.

1. Introduction

Many diabetic patients lose their vision through complications of proliferative retinopathy,
but the major cause of visual impairment is diabetic macular edema (DME).

The clinical examination of a diabetic patient’s eyes is done by examining the best cor-
rected visual acuity (BCVA) and then by stereoscopic ophthalmoscopy, documenting changes
by photography. Additional methods of specific value are fluorescein angiography (FAG) and
optical coherence tomography (OCT).

FAG gives information which cannot be obtained by ophthalmoscopy as various stages of
circulation and the competence of the blood retinal barriers can be examined. It identifies ab-
normalities of perfusion and is the only tool to find an ischaemic maculopathy with areas of
non-perfusion. It is not possible to predict the foveal avascular zone outline and size based
solely on the volume and thickness measurement or retinal structure evaluation on OCT. FAG
gives permanent documentation in the form of a time resolution film or set of photographs. The
invasive FAG procedure is regarded as safe but rarely severe reactions have been recorded.

OCT is a high speed diagnostic imaging method that generates high resolution two-di-
mensional cross sectional images through detection of reflections of infrared light has be-
come an essential tool in ophthalmology. OCT fundus images provide an accurate spatial
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colocalization of retinal features observed on the en face and cross sectional images. The
datasets can be displayed as a volume image and therefore allow for the three-dimensional
examination of the retina. The OCT examination gives detailed information about the retinal
structure over large areas and holds the promise for an unprecedented ability to describe and
monitor changes in the local geometry of the retina. The OCT image closely approximates
the histologic appearance of the macula and for this reason has been referred to as an in vivo
optical biopsy. Commercial instruments have an axial resolution of approximately 5 um. For
clinical purpose the examination time is limited by the patient’s ability to avoid eye move-
ments. OCT has great potential as it is non-invasive and delivers digital data which can be
analysed and stored.

Tab. 1 Comparison of different method for evaluation of DME

Vision Ophthalmoscopy FAG OCT
Cost ++ ++
Invasiveness ++ ++
Morphology ++
Perfusion ++
Telemedicine ++ ++

All methods have advantages and disadvantages: They differ in invasiveness and in the ca-
pacity to detect a specific pathological feature: e.g. retinal ischaemia can only be recognized
and proven by FAG.

2. Results

DME, defined as retinal thickening in the posterior pole results from vascular hyperperme-
ability and other alterations in the retinal microenvironment and represents a common cause
of vision loss among diabetics. It can occur in perfused and ischaemic areas and may or may
not be characterized by intraretinal cyst formation. The natural history is variable. For the
exact localization and quantitative assessment of DME by OCT we have developed 5 rules:

— Central subfield mean thickness: Central subfield mean thickness is the preferred OCT
measurement for the central macula because of its higher reproducibility and correlation
with other measurements of the central macula (BROWNING et al. 2008a, b, CHAN et al.
2006). The normal retina has a central thickness of 250 um. Modern treatment with an-
ti-VEGF injections reduces the thickness and is partially guided by the thickness.

— Vitreoretinal interface: The importance of the vitreomacular interface has only recently
been fully acknowledged since the natural history and pathology of a posterior vitreous
detachment (PVD) were understood. PVD is not an acute process but a protracted event
(Jounson 2010). A higher prevalence of perifoveolar PVD with foveolar attachment is
seen in diabetic patients with macular edema. A perifoveolar PVD may have a role in the
development of this complication (GAUCHER et al. 2005). Diabetic eyes without macular
edema have a significantly higher rate of PVD than those with macular edema (NASRAL-
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LAH et al. 1988). Vitreous attachment is a risk factor for DME. This is due to traction and
probably an altered concentration of biologic mediators at the border between vitreous
and retina (KisHI et al. 2003). A high prevalence of vitreomacular interface abnormalities
in eyes with persistent DME was demonstrated after focal laser treatment and underscores
the superiority of OCT in detecting these abnormalities (GHAzI et al. 2007).

Fig. 1 Diabetic macular edema with
epiretinal membrane

On the other side a PVD can result in resolution of DME in 55 %. Findings suggest that
vitreomacular separation may promote the spontaneous resolution of DME and conse-
quently improve visual acuity (HikicHI et al. 1997).

— Intraretinal changes: OCT findings showed that the cystoid spaces in the outer plexiform
layer (OPL) were accompanied by photoreceptor damage beneath the cystoid spaces in
DME (Murakawmi et al. 2012). Hard exudates in the macular region even at a distance
from the foveal centre affect macular function with DME (HoLwm et al. 2010) and asso-
ciate with locally reduced microperimetric sensitivity. Thus, the lesions associated with
reduced sensitivity (macular hard exudates and cystoid oedema) for a white-on-white
stimulus were such lesions that cause light to be blocked or scattered before it reaches the
photoreceptors, suggesting that optical effects are a major cause of sensitivity loss (SOLI-
MAN et al. 2010).

— Photoreceptor integrity: There have been many attempts to predict function (BCVA and
microperimetric sensitivity) and morphology. The best correlation between morphology
and function in different macular diseases seems to be with photoreceptor integrity as
evaluated by OCT.

Fig. 2 Loss IS/OS line under cystoid
spaces in DME
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(a) OCT showed that the cystoid spaces in the OPL were accompanied by photoreceptor
damage beneath the cystoid spaces in DME (MURAKAMI et al. 2012).
(b) The presence of hyperreflective foci in the outer retina is closely associated with a
disrupted external limiting membrane (ELM) and inner segment/outer segment (IS/OS)
junction on the OCT image and decreased BCVA in DME (Ui et al. 2012).
(c) IS/OS and ELM are useful hallmarks for use in evaluation of foveal photoreceptor
layer integrity, and are closely associated with final BCVA in DME (SHIN et al. 2012).
Pretreatment BCVA and photoreceptor status can predict potential restoration of photore-
ceptor integrity and subsequent visual recovery in DME (SHIN et al. 2012). Postoperative
visual acuity of eyes with complete IS/OS after resolution of DME was significantly better
than that without complete IS/OS, though macular edema was completely resolved in both
groups (SAKAMOTO et al. 2009).
(d) In particular, photoreceptor outer segment (POS) thickness seems to be an important
predictor of function and visual acuity in patients with DME (ALASIL et al. 2010). POS
length can be quantitatively assessed using OCT. The strong correlation of POS length
with visual acuity suggests that the POS measures may be directly related to visual func-
tion (FOROOGHIAN et al. 2010).

— Subretinal changes: Subretinal changes such as a fibrosis make a visual recovery impos-
sible.

3. Discussion

OCT is a useful tool to detect and measure DME without the need for pupillary dilatation
(MEDINA et al. 2012).

Little evidence exists that characteristics of DME described by the terms ,,focal® or ,,dif-
fuse* help to explain variation in visual acuity or response to treatment (BROWNING 2008a).
The established classifications of retinal edema were not developed with the modern OCT
technology and need to be adapted to include the new findings.

A new classification of diabetic maculopathy is now possible. The new classification
should consider:

— Localization of the edema (DME with or without centre involvement);

— vascular condition (vasogenic, ischaemic);

— central subfield mean thickness;

— vitreoretinal interface abnormalities (vitreomacular adhesion or traction);

— intraretinal changes (macular hard exudates and cystoid edema, quantity and pattern);
— photoreceptor integrity;

— subretinal changes.

Diabetic maculopathy is a different disease process at each stage, and each patient is different.
In the future the OCT may allow a more personalized treatment, which may impact treatment
selection and patient subgroup stratification.
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Abstract

Multiple studies have shown that diabetes impacts the structure and function of the neurosensory retina, yet there is
little understanding of how to use them as diagnostic tools in clinical research to define disease state and predict pro-
gression, or to implement them into clinical practice. The evolution of diabetes into a world-wide epidemic requires
more complete understanding of the neurosensory component of diabetic retinopathy and a diagnostic approach that
suits the patient population of the twenty-first century.

Zusammenfassung

Zahlreiche Studien belegen den Einfluss des Diabetes mellitus auf die Struktur und Funktion der neurosensorischen
Retina. Es fehlt ein durchgehendes Verstiandnis, wie dieses Wissen in der klinischen Forschung, zur Festlegung des
Krankheitsstatus, dessen Progression oder in der praktischen klinischen Arbeit zu nutzen ist. Aufgrund der welt-
weiten Diabetesepidemie ist es erforderlich, ein umfassendes Wissen der neurosensorischen Komponenten der dia-
betischen Retinopathie zu erlangen, um angemessene diagnostische Vorgehensweisen, die der Diagnostik des 21.
Jahrhunderts entsprechen, zu entwickeln und diese fiir die Patienten verfiigbar zu machen.

1. The Evolution of Diabetic Retinopathy Research

The understanding and classification of diabetic retinopathy has been conventionally under-
stood in terms of the vascular features since its definition over 160 years ago. That is, oph-
thalmoscopy reveals signs of leakage, occlusion, and proliferation of abnormal new vessels
leading to microaneurysms, haemorrhages, macular edema, and neovascularization, respec-
tively. During the last 60 years advanced stages of diabetic retinopathy have been treated with
surgical approaches such as lasers and vitrectomy in persons whose vision is threatened.
The focus on vascular features provided a useful means to classify patients, and to develop
clinical trial endpoints and outcomes for regulatory approval of treatments. Late stage diabetic
retinopathy causes severe impairment of vision as assessed by the Early Treatment Diabetic
Retinopathy Study (ETDRS) visual acuity chart that was developed in the 1980s (FERRIS et al.
1982). The EDTRS chart was derived from the 1968 Airlie House Classification (GOLDBERG
and FINE 1969) when pituitary ablation was the only available therapy for proliferative dia-
betic retinopathy. Today, the standard of care for PDR is pan-retinal photocoagulation which
prevents severe vision loss as assessed by visual acuity, but laser therapy decreases the overall
quality of vision by damaging the visual field and night vision. To achieve better patient out-
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comes in the 215t century greater emphasis must be placed on diagnosing and treating the earli-
er stages of diabetic retinopathy. Improved medical therapies are required to meet the demand
created by an increasing population of patients with type 2 diabetes. Visual acuity as a clinical
trial endpoint is impractical for evaluating treatments for early diabetic retinopathy therapies
so new approaches are required to deliver the promise of improved patient outcomes.

In the six decades since the development of these early classifications and destructive
treatments for diabetic retinopathy, the efficacy of diabetes care has improved markedly, ad-
vancing from a point in the late 1970s in which urine glucose testing was the sole means for
patients to test their blood sugar concentrations, and most patients received one or two daily
injections of long-acting insulin (often of bovine or porcine origin), to the routine use of home
glucose monitors, insulin pumps, improved blood pressure and lipid control. This more ag-
gressive approach developed from the Diabetes Control and Complications Trial (The Diabe-
tes Control and Complications Trial Group 1993) and United Kingdom Prospective Diabetes
Study (UK Prospective Diabetes Study Group 1998) that proved intensive metabolic control
reduces all complications compared to the standard control of the period. This revolution has
led to marked reduction in the risk of complications (NATHAN et al. 2009, KLEIN et al. 2010).
Screening programmes that facilitate earlier diagnosis of retinopathy when vision is largely
intact has been successful in some countries (Britain, Denmark, Iceland) through screening
of populations of persons with diabetes.

The understanding of the pathophysiology of the vascular components of diabetic reti-
nopathy has also expanded with the definition of the role of vascular endothelial growth factor
(VEGF) and the use of VEGF antagonists to improve macular edema and possibly prolifer-
ative retinopathy (ANTONETTI et al. 2012). Over the same decades, there has been slow but
substantial expansion of investigations into the impact of diabetes on the neurosensory reti-
na. Now these collective advances allow greater understanding of the pre-clinical and early
pre-clinical stages of diabetic retinopathy when visual acuity is largely intact. At this point
patients have minimal symptoms and may have only a few microaneurysms and haemor-
rhages, and have not yet developed macular edema or neovascularization.

Therefore, it is useful to consider the global impact of diabetes on the retina, how these
impacts of diabetes can be measured, and how these measurements can quantify the effects
of treatments. These efforts may lead to further improvements in the visual outcome of per-
sons with diabetes. Useful perspective on neuroretinal dysfunction in diabetes may be gained
by the examples of retinitis pigmentosa and glaucoma. In these conditions, understanding
the role of photoreceptor and ganglion cell degeneration, respectively, has led physicians to
evaluate patients on the basis of tests that reflect the nature of the disease pathogenesis-visual
fields and electroretinography — rather than on central visual acuity which is preserved until
late in the disease course. In addition, genotype-phenotype correlations have led to better
understanding of distinct types of retinitis pigmentosa and glaucoma that give rise to disease
staging, understanding of prognosis, and individualized treatments. These examples suggest
the possibility that the impact of diabetes on the neurosensory retina assessed by tests other
than visual acuity may lead to better understanding of the pathophysiology and clinical im-
pact of diabetes on the retina.

Clinic and laboratory based studies of the impact of diabetes on visual function and the
neurosensory retina now exceed 200 publications. Well-recognized changes in visual function
include reduced contrast sensitivity, blue-yellow colour perception, dark adaptation, photo-
stress responses, photopic visual fields and electroretinographic responses (Roy et al. 1986,
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DELLA SALLA et al. 1985, FROST-LARSEN et al. 1981a, AGARDH et al. 2006, SIMONSEN 1974,
HoLFERT et al. 2011). Studies of retinal cellular alterations include retinal endothelial cell
tight junction proteins and leukostasis, decreased intermediate filament protein expression in
astrocytes, progressive apoptosis of retinal neurons including ganglion cells, amacrine and
bipolar cells, and loss of photoreceptors; loss of synaptic protein expression; microglial cell
activation; Miiller cell dysfunction that includes increased expression of intermittent filament
proteins, impaired glutamate-glutamine metabolism and decreased Kir 4.1 potassium channel
expression; and disruption of pigment epithelial cell tight junction integrity (ANTONETTI et
al. 2012, StrTT et al. 2013). Thinning of the retina has been detected by optical coherence
tomography (VAN DK et al. 2010, PENG et al. 2009). These changes have been appreciated
mostly within the last 15 years. However, the first report of neuronal defects in the retina were
described in 1927 (DoNaTO 1927). BLOODWORTH (1962) and WOLTER (1961) described ret-
inal ganglion loss in the early 1960s, and SIMONSEN (1969, 1974) pioneered the use of elec-
troretinography to reveal Miiller cell defects. BRESNICK emphasized the role of the involve-
ment of the neurosensory retina 25 years later (BRESNICK 1986, BRESNICK and PALTA 1987),
and FROST-LARSEN et al. (1981b) showed that a photostress, the recovery of visual acuity
after light adaptation could predict incident DR. Apams and colleagues (BEARSE et al. 2004,
2006, NG et al. 2008) have detailed reduction in multifocal ERG implicit times that reveal loss
of function of the peripheral retina in early diabetes and the ability to predict development
of retinal vascular lesions. AGARDH et al. (BENGTSSON et al. 2005) showed that sensitivity
using short-wave automated and white-on-white perimetry correlate with ETDRS retinopa-
thy grade. Several studies have shown that diabetes reduces frequency doubling perimetry
sensitivity, indicative of the function of the inner retina, including magnocellular ganglion
cells, in persons with diabetes without retinopathy and with mild nonproliferative retinopathy
(REALINI et al. 2004, PARIKH et al. 2006, PARRAVANO et al. 2008, JACKSON et al. 2012, WANG
et al. 2012). Taken together, these functional assays indicate that diabetes impairs the func-
tion and interactions of inner retinal neurons and glia, as well as the photoreceptor-pigment
epithelial complex (JAcksoN and BARBER 2010). However, most of these studies examined a
single endpoint in modest-sized cohorts in a cross-sectional manner, and the metabolic char-
acterization of the subjects has been limited. The uses of these tests and their relative merits
in diabetes are shown in Table 1.

JAcksoN et al. (2012) studied six visual function endpoints in normal controls, persons
with diabetes without retinopathy and persons with mostly mild to moderate non-prolifera-
tive diabetic retinopathy. These endpoints included ETDRS visual acuity, contrast sensitivi-
ty, dark adaptation, frequency doubling perimetry, standard white-on-white photopic visual
fields, and dark-adapted (scotopic) visual fields. The patients were similar in age and had
visual acuity of 20/30 or better. Results show that 83 % of patients with diabetes or diabetic
retinopathy exhibited significantly reduction in foveal sensitivity with the matrix frequency
doubling perimeter, and 47 % showed reductions in scotopic visual field sensitivity, 33 % in
photopic visual fields, and 25 % each in contrast sensitivity and dark-adaptation, but only
17 % had subnormal visual acuity (Fig. 1). To the best of our knowledge, this is the first
multi-modality study of visual function in diabetes and the results show that patients with
non-proliferative diabetic retinopathy had a 50 % reduction in FDT sensitivity and scotopic
sensitivity indicating both inner and outer retinal defects. The FDT impairment was three
times greater than visual acuity loss. Together, these findings indicate that both the inner and
outer retina are affected by diabetes.
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Tab. 1 Visual Function Tests Relative to Diabetic Retinopathy

Test name Retinal region(s) ~ Advantages Disadvantages Time References
evaluated required
Visual acuity spatial resolution  rapid, can be normal 5-15min FERRis et al. 1982
by foveal cone repeatable until late stage
photoreceptors disease; does not
reflect extrafoveal
involvement
White on white macular and quantitative, variable responses; 5-20 AGARDH et al. 2006
perimetry peripheral cone widely available tiring for patients ~ min/eye
(photopic visual photoreceptors
sensitivity)
Full-field ERG  whole retina cone  sensitive to early requires dark ~40 min Roy et al. 1986,
and rod photo- changes in retinal ~ adaptation, AGARDH et al. 2006,
receptors and their function; predicts  expensive equip- SIMONSEN 1974,
interactions progression from  ment, HoLForrT et al. 2011,
NPDR to PDR highly trained BRESNICK and PALTA
staff, corneal 1987
electrodes, high
degree of
standardization
Multifocal ERG whole retina cone  predicts requires expensive 30 min BEARSE et al. 2004,
photoreceptors development equipment, BEARSE et al. 2006,
of NPDR highly trained NG et al. 2008
staff, corneal
electrodes, high
degree of
standardization
Contrast inner retinal cells  rapid, readily not well 10-30 DELLA SALLA et al.
sensitivity of fovea available standardized for min 1985
clinical trials
Photostress foveal cone predicts instrument not 20 min FROST-LARSEN et al.
photoreceptors development currently 1981a
of NPDR available
Frequency magnocellular can be used in not standardized 5 min/ REALINI et al. 2004,
doubling ganglion cells of  clinic settings for clinical research eye PARIKH et al. 2006,
perimetry inner retina no pupil dilation PARRAVANO et al.
responsible for required; minimal 2008,
the central 24° technician training JACKSON et al. 2012
of visual field required
Dark adapto- cone and rod new instruments pupil dilation 5-20 min FrosT-LARSEN et al.
metry function permit rapid 1981b
testing

The question of reversibility of functional changes has yet received little attention. However,
HoLrort and colleagues (2011) followed subjects with type 1 diabetes following the initi-
ation of continuous subcutaneous insulin therapy and found significant improvement in rod
photoreceptor dark adaptation and dark-adapted b-wave amplitudes were seen after 52 weeks,
time to a standardized rod intercept, dark-adapted rod b-wave full-field amplitude, standard
combined rod-cone b-wave amplitude, but no detectable change in cone adaptation, elec-
troretinographic cone function or retinopathy. This is, to our knowledge, the first longitudinal
study that demonstrates the ability of the retina to improve in response to enhanced metabolic
control. The results further suggest the possibility that retinal function tests may be used to
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Fig. 1 Percentage of subjects falling outside of the normal reference range. From JACKSON et al. 2012

Fig. 2 A patient with 21 years of type 2 diabetes mellitus, 20/25 visual acuity and moderate non-proliferative diabetic
retinopathy (NPDR) exhibits gross visual function abnormalities (A). Dark adaptation (B) was grossly impaired com-
pared with the typical normal adult. The frequency doubling technology field (C) exhibited quite deep deficits in sensi-
tivity that were exhibited to a lesser but significant extent on the light-adapted visual field (D). From JACKSON et al. 2012.
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monitor retinal status independently of fundus imaging and to reveal subtle features of retinal
pathophysiology that have not been discernible in the past.

2. A Path Forward

Numerous studies over the past several decades provide incontrovertible evidence that visual
function tests reveal information about the retina in persons with diabetes, just as they have
for retinitis pigmentosa and glaucoma. Next steps must include: First, longitudinal studies
that assess multiple aspects of visual function in persons with well-characterized diabetes;
and second, use of visual function tests as endpoints in therapeutic clinical trials. These stud-
ies will require the collaboration of multiple centres and sufficient funding to ensure conclu-
sive results so that the flood tide of diabetic retinopathy in the 215t century can be stemmed.

3. Conclusion

Collectively, numerous studies have shown that diabetes affects the entire retina including
the entire neurovascular unit, and the impact appears to be slightly greater in the inner retina
than the outer retina. Additional longitudinal studies are now needed to determine how these
visual function defects correlated with additional structural changes and if they parallel or
predict development of typical microvascular lesions. Such studies will be essential tools for
the development of therapeutic trials to continue to reduce the burden of diabetic retinopathy.
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Treatment of Diabetes mellitus Type 2 —
A Practical Approach

Hans-Christof SCHOBER and Daniel PASCHKE (Rostock)
With 2 Figures and 3 Tables

Abstract

Sedentary lifestyle, obesity and an ageing society combine an increase in the prevalence of type 2 diabetes, a con-
dition in which the morbidity and mortality from cardiovascular disease overcomes all other reasons for dying. The
most effective way to lower cardiovascular risk in type 2 diabetes is to combine treatment of blood pressure, lipids
and glucose. Accompanying problems in elderly people like adherence, depression, multimorbidity, and polyphar-
macy should be implemented in treatment decisions. It is time to move from glucose lowering to an individualized
approach implementing different treatment targets and to keep people moving.

Zusammenfassung

Bewegungsarmut, Ubergewicht und Adipositas sowie eine deutlich ilter werdende Gesellschaft fiihren zu einem An-
stieg der Privalenz des Diabetes mellitus Typ 2. Makroangiopathische Verdnderungen wie Herzinfarkt, Schlaganfall
und arterielle Verschlusskrankheit bestimmen in héherem Mafe Morbiditit und Mortalitit als mikroangiopathische
Verdnderungen. Das auf diese Veridnderungen bezogene Therapieziel der Blutzuckersenkungen ist nicht so effektiv
wie die Kombination aus Fett-, Blutdruck- und Blutzuckersenkung. Hinzu kommen insbesondere bei betagten Pati-
enten Probleme wie Medikationstreue, Depression, Multimorbiditit und Polypharmazie. Alle diese Faktoren erfor-
dern eine individualisierte, einzelfallbezogene Therapie, in deren Zentrum nicht die Blutzuckersenkung, sondern die
individuellen Patienteninteressen stehen sollten. Ein zentraler Stellenwert kommt dabei der physischen Aktivitit zu.
Diese wirkt praventiv und therapeutisch.

1. Introduction

Diabetes mellitus is a common disease in western countries and it is a relevant cardiovascular
risk factor. The aims of treatment are therefore the reduction of cardiovascular morbidity and
mortality. A huge number of studies are available concerning glycaemic management in type
2 diabetes. Concerning cardiovascular morbidity and mortality different therapeutic options
have been developed as shown by the Steno-2 study (GAEDE et al. 2003). The most effective
treatment is the combination of lowering blood pressure, lipids and glucose. Intensified glu-
cose lowering is more difficult to achieve and able to induce a negative impact in quality of
life (HuANG et al. 2007). Our society is an aging society, with an increasing number of frail
people, taking polypharmacy due to multimorbidity. Therefore, the background risks of each
patient are different.
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2. Questions and Results

In daily clinical settings question arises: Are these facts taken into account in the recent stud-
ies concerning treatment of diabetes type 2?7 Previous opinions like to control glycaemic pa-
rameters have to be discussed. In order to deal with these problems, a critical approach is es-
sential. There seems to be a need to reverse previous opinions. Two cases may illustrate these
problems: Inhospital patients allocated due to diabetic problems are usually older (Tab. 1).

Tab. 1 Cases of inhospital patients allocated due to diabetic problems

Case (1), Mr. E. T., male Case (2), Ms. A. F,, female

Age (a) 82 76
Diabetes duration (a) 40 25
HbAlc (%) 11,0 13.0
Glucose (mmol/l) 5.1-31 9.0-21
BMI (kg/m?) 28 34
Blood pressure (mmHg) 160/90 165/95
Total cholesterol (mmol/L) 3.6 7.2
Triglycerides (mmol/l) 2.7 4.1
Abdominal circumference (cm) 114 118
Number of drugs 8 12

Both cases illustrate — these patients do not take their medication correct. The diabetes is
permanently decompensated, the problems “surrounding” the diabetes are as important if not
more relevant than glycaemic control. Therefore, the questions are:

— What about reasonable (meaningful) treatment in this age group?
— What about adherence and compliance in older patients?
— Is less more?

How many drugs to elderly patients usually take? — In average 8, median 11, from 2 to 25
(O’SuLL1vAaN et al. 2013). Three recently published studies concerning glycaemic control
and associated co-morbidities (PATEL et al. 2008, DUCKWORTH et al. 2009, Action to Control
Cardiovascular Risk in Diabetes [ACCORD] Study Group 2008) do not meet the patients
characteristics described above:
Age (a):

VADT: 60.3 +9.0

ADVANCE: 66.0+6.0
ACCORD:  623+6.8

HBAIlc (%):
VADT: 9.40+2.0
ADVANCE: 7.51+1.57
ACCORD: 830x1.0

There are a number of guidelines developed in view of the complexity in the treatment of
diabetes type 2:
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— Concerning Diabetes: HbAlc (%) <6,5?
— Concerning LDL (mmol/L): <1.6

— Concerning blood pressure (mmHg):  130/85
— Concerning CHD: Aspirin
— Concerning Dyslipidaemia: Statins

To fulfil these treatment goals a widening array of pharmacological agents is available. By
using all these possibilities the hope is to avoid the diabetic damages like micro- and mac-
roangiopathy.

Concerning the older patients, the effectiveness of these approaches has to be determined,
a risk benefit ratio would be helpful. A recently published paper (YUDKIN et al. 2010) pro-
vides same numbers need to treat in order to achieve guideline goals.

RR=0.90 RR=2.48
NNT=160 NNH=24

20

0_

-20+

-40

-60-

Reduction in events (95%o CI)
per 1000 treated patients

Fig. 1 Number needed to treat versus number needed to harm lowering glycaemia

In order to prevent one event by lowering cholesterol 1 mmol/l the number need to treat is 44
over 5 years. Lowering blood pressure by 10/5 mmHg this number is 33.6 and for lowering
the HbAlc by 0.9 % 118 for 5 years in each case. These numbers depend on the background
risk of the population (OLIVER 2009).

The achievement of rigorous targets has to be questioned, according to the individual
situation of a patient. Therefore which treatment goals have to be defined?
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Tab. 2 Possible treatment goals

Glycaemia? Symptoms?
Blood pressure? Physical activity?
Lipid — levels? Social activity?

Different scenarios have to be discussed (NATHAN 2012, MARGOLIS and O’CoNNOR 2012):
What is relevant for the patient, especially in consideration of his/her background risk.

Tab. 3 Treatment goals and relevance for the patient and the physician

What is relevant for the patient? What is relevant for the physician?
Quality of life Fulfil the guidelines
Life expectancy Treatment along published data

There are some more problems in treating elderly people like adherence to anti-diabetic and
other drugs. The 10 % of the elderly diabetics, suffering depression, is independently associ-
ated with poor adherence (KILBOURNE at al. 2005). There are data that adherence is of more
importance than the use of statins (BALKRISHNAN et al. 2003). Every 10 % increase in the
medical possession ratio (staying on the described drug) can decrease the annual medical cost
from 28.9 to 8.6 % in a single patient.

In a so-called shared decision approach together with the patient a personalized medicine
has to be established. The objectives are: To take into account the specific requirements and
the specific characteristics of each individual patient.

Alternative models of thinking focus on moderate and vigorous physical activity as the
dominant health-related aspect of human movement (KaTzMArRzYK 2010). Humans are
designed for movement. The Aerobic Center Longitudinal Study (ACLS) analysed data of
10,000 men and 3000 women followed for 8 years for all causes of mortality in relation to
initial levels of cardiorespiratory fitness. Men and women in the lowest quintile were 3.44
(95% CI12.05-5.77) and 4.65 (2.22 —9.75) times more likely to die compared with men and
women in the upper quintile, respectively (BLAIR et al. 1989). A decrease in HbAlc similar
to all modern oral drugs (—0.62 %) can be achieved in exercise groups (THOMAS et al. 2006).

The above mentioned knowledge has led to a more patient-centred approach “providing
care that is respectful of and responsive to individual patient preferences, needs, and values
and ensuring that patients values guide all clinical decisions” (Commitee on Quality of Health
Care in America 2001). The American Diabetes Association (ADA) and the European As-
sociation for the Study of Diabetes (EASD) has written a statement incorporating the best
available evidence taking into account all the new insights. This results in a new approach to
management of hyperglycaemia (INzuccHlI et al. 2012, IsMAIL-BEIGI et al. 2011).
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Approach to management
of hyperglycemia:

Patient attitude and
expected treatment efforts

Risks potentially associated
adverse evenis

Fig. 2 Approach to management of hypoglycaemia (INzuccHI et al. 2012)

3. Conclusion

From a practical point of view the recommendation could be the following:

Not more than 4 drugs for a better adherence and for lesser side effects (CHOWDHURY et
al. 2013, CHAPMAN et al. 2008).

The physician has to ask what the patients want: Take something against hypertension
(140/90 mmHg), take statins (?), take 1 antidiabetic drug and take something for well-
being (against pain or depression).

If possible recommend physical exercise as the best prevention and treatment for obesity
and diabetes type 2.

This approach has to be adapted on a heterogeneous diabetic population different in age,
severity of the disease, and individual background risk with special emphasis on patient indi-
vidual characteristics.
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Treatment of Diabetic Retinopathy

Francesco BANDELLO, Maria Vittoria CICINELLI, and
Maurizio Battaglia PARODI (Milan, Italy)

Abstract

Diabetic Retinopathy (DR) is the main cause of impaired vision in people between 25 and 74 years old in developed
countries. Metabolic control is still considered the first way to prevent the incidence and the progression of DR.
Nevertheless, specific treatments are needed as soon as DR sight-threatening complications appear. Recent advances
in understanding DR pathophysiology have led to an important improvement in the management of DR. Specific
treatment should combine different approaches, including laser, medical therapy, and surgery, addressed to all the
different pathogenetic mechanisms of DR. New drugs are under investigations and further results are expected from
future trials, in an attempt to provide answers to the many clinical questions, especially regarding doses, frequency
and correct regimen of each treatment.

Zusammenfassung

Die diabetische Retinopathie ist in den Industriestaaten die hdufigste Ursache einer schweren Visusminderung bei
25- bis 74-Jdhrigen. Um die Inzidenz und Progression dieser Erkrankung zu reduzieren, wird vor allem eine bessere
Einstellung des Stoffwechsels empfohlen. Dennoch wird bei visusbedrohenden Komplikationen der diabetischen
Retinopathie eine spezifische Therapie notwendig. Neueste Erkenntnisse iiber die Pathophysiologie der diabetischen
Retinopathie fiihrten zu bedeutenden Fortschritten in der Therapie. Abhéngig von den verschiedenen Pathomechanis-
men stehen unterschiedliche Therapiekonzepte, inklusive Laser, intravitreale Injektionen, chirurgische Maflnahmen
oder auch Kombinationen aus diesen, zur Verfiigung. Neue Medikamente werden untersucht und erkenntnisbringen-
de Ergebnisse aus zukiinftigen Studien werden erwartet, um viele klinische Fragen, wie die der erforderlichen Dosi-
erung, Intervallzeiten zwischen den Anwendungen und das korrekte Therapieregime, zu beantworten.

1. Introduction

Diabetic retinopathy (DR) is one of the microvascular complications of diabetes as the con-
sequence of chronic hyperglycaemia on retinal neuronal and endothelial cells. DR is the prin-
cipal cause of impaired vision in people between 25 and 74 years old, since the worldwide
prevalence of diabetes mellitus has been increasing during last decades. This disease affects
one third of people with diabetes mellitus, and still represents the most common cause of
blindness in diabetic patients. Visual loss from diabetic retinopathy may be related to diabetic
macular edema (DME), vitreous haemorrhage, retinal detachment, or neovascular glaucoma.
A comprehensive therapeutic approach should match with any of these specific manifesta-
tions of DR, in addiction to strict systemic glycaemic control.
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2. Classification

The Early Treatment Diabetic Retinopathy Study Group (ETDRS) classified DR based on the
identification of clinically significant alterations, defined by standard stereo fundus photo-
graphs. Non-proliferative retinopathy (NPDR) is characterized by microaneurysms, dot, blot
or flame haemorrhages, venous beading, and intraretinal microvascular abnormalities. This
stage is graded as absent/mild/moderate/severe/very severe according to the extent and local-
ization of these abnormalities. If left untreated, very severe NPDR may evolve to proliferative
retinopathy (PDR). PDR is characterized by the development of abnormal neovascularization
(NV) arising from the anterior and/or posterior segment, in response to angiogenic growth
factors (VEGF and other molecules) up-regulated by non-perfused retina. Endothelial walls
of NV are more fragile than normal vessel and can easily break down, causing pre-retinal or
vitreous haemorrhages, and subsequent fibrous proliferation and tractional retinal detach-
ment, that feature the high-risk PDR stage (HR-PDR). DME is the major cause of visual
impairment in people with DR, and it is the result of blood-retinal barrier disruption and
extravascular inflammation. It may arise both in the setting of non-proliferative and prolifer-
ative diabetic retinopathy, and can be simply classified into vasogenic, characterized by focal
vascular leakage, non-vasogenic, tractional, and mixed. The ETDRS introduced the definition
of clinically significant macular edema (CSME), including three different forms of DME
involving the macular area.

3. Treatment

Several studies, including the Diabetes Control and Complications Trial (DCCT) for type 1
and the United Kingdom Prospective Diabetes Study (UKPDS) for type 2 diabetic patients,
show that primary prevention, including strict blood glucose, blood pressure, and serum lipids
control, reduces the incidence and severity of DR and the need of laser therapy. The recent
advances in understanding DR pathophysiology have led to an important improvement in DR
therapeutic approach that includes laser photocoagulation, intraocular injections of steroids
or anti-VEGF molecules, and surgery.

3.1 Laser Photocoagulation

Laser photocoagulation is currently considered the standard of care for both PDR and DME,
even if new approaches based on intravitreal injection have significantly revolutionized the
DR management. The mechanism of action of laser is mainly based on destruction of ischae-
mic retina, leading to improved inner retinal oxygenation, reduced production of pro-angio-
genetic factors and greater release of neovascularization inhibitors from RPE cells.

Different types of laser can be used: Argon green (514 nm) or dye yellow (577 nm) lasers
are the conventionally used wavelengths, but krypton red (647 nm) and diode (810 nm) lasers
have also been effectively employed. Panretinal photocoagulation (PRP) is the standard of
care for high-risk PDR, but also should be considered for patients with severe NPDR and
early PDR, particularly in case of patients with type 2 diabetes mellitus, significant visual
loss due to PDR in the fellow eye and/or if follow-up cannot be assured. In 1976, the Diabetic
Retinopathy Study (DRS) set the standards for argon PRP and demonstrated that PRP re-
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duced the risk of severe visual loss (SVL) in eyes with PDR by 50 % or more during a 5-year
period of follow-up, compared with no treatment. Among patients with HR-PDR, the benefits
of treatment definitely outweighed the risks (5 year rate of SVL in such eyes was reduced
from 50 % without treatment to 20 % with treatment).

ETDRS was a multicentre, randomized clinical trial designed to evaluate the best tim-
ing for PRP in the management of NPDR or early PDR. The study demonstrated that early
treatment was associated with a smaller incidence of severe visual loss, compared to deferred
laser treatment, achieving NV regression in 60 % of patients after 3 months. Longer-term
reports showed that long-lasting effectiveness of PRP treatment is dose related, and sup-
plemental PRP is often required following primary treatment in order to achieve complete
disease regression. Laser photocoagulation plays a fundamental role also in the treatment of
DME: focal treatment is directly addressed to individual leakage points (microaneurysms,
intraretinalmicrovascular abnormalities or short capillary segments) identified on pre-treat-
ment fluorescein angiography; grid treatment, instead, is applied to areas of diffuse leakage.
The ETDRS reported the standard guidelines for macular argon photocoagulation, stating
that prompt laser treatment reduced the risk of moderate visual loss (losing >15 letters of
VA) at 3 years by 50 %, compared with deferred treatment. Complications associated with
conventional lasers are progressive restriction of visual field, colour vision, night vision, and
contrast sensitivity impairment, as burn-induced scars tend to expand over time. Other side
effects may include pain, choroidal or vitreous haemorrhage, DME worsening and epiretinal
membrane formation.

New laser technologies have been proposed, differing in pulse power, time of exposure,
spot size, or pattern distribution from conventional treatment, in order to selectively target
retinal pigment epithelium and spare surrounding tissue. Light laser treatment, based on spot
power ranging from 50 to 100 mW instead of 100 to 250 mW, has been used for grid treat-
ment, showing no significant difference in BCVA, OCT, contrast and central sensitivity, com-
pared with ETDRS grid laser standards. Micropulse diode laser (MPD) technique uses a train
of repetitive short laser pulses, with an energy lower than the threshold needed to produce
visible retinal whitening. This approach is able to reduce the collateral thermal diffusion to
adjacent cells and the consequent chorioretinal damage. It has been shown to be as effective
as conventional argon laser, without laser scar development. Pattern Scan Laser (PASCAL)
system is a frequency-doubled Nd: YAG 532 nm-wavelengthed laser, that allows a simultane-
ous application of a grid of multiple laser pulses, each 1 magnitude shorter in duration than
standard pulse.

The Manchester Pascal Study, a randomized clinical trial, reported that PASCAL 20-mil-
lisecond single-session PRP may be significantly shorter, less painful but as effective as con-
ventional multiple-session PRP, and no additional adverse events (CRT increase, visual acuity
or visual field impairment) have been observed in the short-term. CHAPPELOW et al. (2012)
evaluated the efficacy of PASCAL PRP in treating newly diagnosed high-risk proliferative
diabetic retinopathy (PDR), compared to that performed with traditional argon laser, after 6
months follow up. When using traditional laser settings, giving patients treated with each type
of laser a similar number of spots (1438 vs 1386; P =.59), PASCAL PRP seemed to be less
effective in producing the regression of retinal neovascularization within 6 months of initial
treatment (73 % of persistence or recurrence of NV vs 34 %; P < .0008). Number, spot size, or
duration of laser burns of PASCAL PRP should be increased to improve its efficacy.
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3.2 VEGF-Inhibitors

Starting from the evidence that laser alone improves vision acuity only in a small group
of eyes, and many patients reported visual loss despite treatment, the first line treatment
for DME especially characterized by centre involvement and vision loss, can be the therapy
based on the anti-VEGF injections. Several randomized, multicentre clinical studies demon-
strated that VEGF inhibitors result in a significant gain of visual acuity in eyes with DME,
associated with reduced risk of progression toward more advanced forms of diabetic retinop-
athy. However, intravitreal anti-VEGF molecules, compared to laser treatment, have shorter
duration of action and higher recurrence rate of the disease. This may lead to more frequent
treatment, with consequent increased risk of adverse events related to intraocular injections,
including endophthalmitis, retinal tears and holes, and vitreous haemorrhage.

Overall, anti-VEGF therapy shows a favourable tolerability profile in diabetic patients;
patients with DME and co-existing proliferative diabetic retinopathy because have an in-
creased risk of tractional retinal detachment secondary to fibrosis. Damaged ischaemic retinal
tissue releases VEGF, and its expression is up-regulated by high glucose level, protein kinase
C activation, and glycation end-products formation. VEGF promotes angiogenesis and af-
fects vaso-permeability, increasing the intraretinal leakage. VEGF class includes 5 members:
placental growth factor, VEGF-A, VEGF-B, VEGF-C and VEGF-D. VEGF-A, especially the
VEGF, 45 isoform, plays the most important role in the pathogenesis of diabetic retinopathy.
Several randomized, multicentre clinical studies demonstrated that VEGF inhibitors have sig-
nificant therapeutic effects in eyes with DME, resulting in a significant gain of visual acuity.
Moreover, eyes assigned to anti-VEGF injection are less likely to show a progression toward
the more advanced forms of diabetic retinopathy. VEGF-inhibitors that have been studied for
diabetic retinopathy are pegaptanib, ranibizumab, bevacizumab and aflibercept. At present,
these medications are administered into the eye by intravitreal injection. Pegaptanib is a pe-
gylated anti-VEGF aptamer, a single strand of nucleic acid that binds with high specificity to
VEGF ¢5s. Macugen Diabetic Retinopathy Study (MDRS), a phase II, randomized, multicen-
tre clinical trial, studied the effects on CSME of three different doses of pegaptanib (0.3 mg,
1.0 mg, 3.0 mg), compared to placebo. After 36 weeks follow up, patients treated with peg-
aptanib significantly gained visual acuity (+4.7 letters versus —0.4 letters, P = 0.04) and ex-
perienced a central retinal thickness (CRT) reduction, comparing to those treated with sham
injections. No significant difference was found in the 0.3 mg, 1.0 mg and 3.0 mg groups.

Ranibizumab is a monoclonal antibody fragment that binds and inhibits multiple variants
of VEGF-A molecule; it derives from bevacizumab, but it is smaller than the parent molecule.
Ranibizumab therapy has been supported by the data from READ-2, RESOLVE, RESTORE,
DRCRnet.

The READ-2 was a phase II study, designed to compare ranibizumab injections with
focal/grid laser monotherapy and combination therapy in patients with CSME. The change
in best corrected visual acuity (BCVA) from baseline to month 6 achieved with ranibizumab
injections monotherapy was higher (+7.24 letters) than laser monotherapy (—0.43 letters)
and combination therapy (+3.8 letters). At month 24, the 101 patients who remained in the
study showed mean BCVA improvements of 7.7 letters (ranibizumab-only group), 5.1 letters
(laser group), and 6.8 letters (combination therapy group). However, combination therapy
arm resulted in lesser need of ranibizumab injections without a major disadvantage in visual
outcome at 2 and 3 years.

198 Nova Acta Leopoldina NF /79, Nr. 401, 195-202 (2014)



Treatment of Diabetic Retinopathy

The RESOLVE study was a 12-month study with 151 eyes randomly assigned to intravitreal
ranibizumab (0.3 or 0.5 mg; n=51 each) or sham (n=49). The treatment schedule comprised
3 consecutive monthly injections, after which repeated treatment or rescue laser photocoag-
ulation could be performed in refractory cases. At 1 year follow up, mean BCVA improved
from baseline by 10.3+9.1 letters with ranibizumab and declined by 1.4 letters with sham.
Only 4.9 % of the patients receiving ranibizumab required rescue laser compared with 34.7 %
of those receiving sham treatment. The RESTORE, a phase III study, demonstrated the supe-
riority in 2-year follow-up of ranibizumab 0.5 mg, both as monotherapy and combined with
prompt or deferred ETDRS laser treatment, compared with laser treatment alone. At month
12, CRT was significantly reduced from baseline with ranibizumab alone (-118.7 pm) or
combined with laser (—128.3 um) versus laser only (—61.3 um). There was a significantly
greater BCVA improvement in the ranibizumab monotherapy (6.1 letters) and the combined
group (5.9 letters) compared with the laser arm (0.8 letter).

The Diabetic Retinopathy Clinical Research Network (DRCR.net) study evaluated the
effects of intravitreal ranibizumab with prompt or deferred (224 weeks) focal/grid laser treat-
ment and intravitreal triamcinolone with prompt laser, compared to effects of laser treatment
alone. Intravitreal ranibizumab with prompt or deferred laser and triamcinolone with prompt
laser, provided superior visual acuity outcomes (respectively +9 letters, +9 letters and +4
letters) compared to prompt laser monotherapy (+3 letters) for at least 2 years. There was a
greater risk of 10- and 15-letter vision loss in the laser-only cohort (13 %, 8 %, respectively)
versus the ranibizumab cohorts (4 %, 2 %, respectively).

Bevacizumab is an anti-cancer molecule, used off-label in non-malignant eye diseases,
including diabetic macular edema. The DRCR.net study randomly assigned 109 patients with
DME in one of five groups: focal photocoagulation at baseline (N=19, Group A), intravitreal
injection of 1.25 mg bevacizumab at baseline and 6 weeks (N=22, Group B), intravitreal
injection of 2.5 mg bevacizumab at baseline and 6 weeks (N =24, Group C), intravitreal injec-
tion of 1.25 mg bevacizumab at baseline and sham injection at 6 weeks (N=22, Group D), or
intravitreal injection of 1.25mg bevacizumab at baseline and 6 weeks with photocoagulation
at 3 weeks (N=22, Group E). CRT and BCVA were measured at baseline and after 3, 6, 9,
12, 18, and 24 weeks. A CST reduction was present at 3 weeks in 43 % bevacizumab-treated
eyes (Groups B-D) and in 28 % eyes treated with laser alone (Group A), and at 6 weeks in
37 % and 50 % eyes, respectively. BCVA followed the same trend. No difference was found
between 2.5 mg and 1.25 mg bevacizumab groups and between bevacizumab monotherapy
and laser combined therapy.

Recently, the Pan-american Collaborative Retina Study Group (PACORES), a retrospec-
tive, multicentre study, evaluated the anatomical and functional outcomes at 24 months in
patients with diffuse DME treated with bevacizumab, alone or associated to grid laser photo-
coagulation, versus laser alone. Decrease in CRT and improvement in BCVA turned out to be
higher in bevacizumab treated groups with respect to laser monotherapy.

Moreover, BOLT study, a 24-month trial comparing bevacizumab monotherapy with la-
ser, demonstrated the superiority of bevacizumab injections compared to grid laser treatment.
80 patients with centre-involved DME were randomized to receive either 1.25 mg intravitreal
bevacizumab (IBV), or macular laser therapy (MLT). At month 12, the bevacizumab group
gained a median of 8 letters compared with a median of —0.5 letters in the laser group. At
month 24, IVB group gained a mean of 9 letters and MLT group gained a mean of 2.5 letters.
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Aflibercept (Trap-eye) is a recombinant fusion protein that contains the extracellular domains
of human VEGFR1 and VEGFR?2, fused to the constant region (Fc) of human IgG1, function-
ing as a soluble decoy receptor. Clinical effects of aflibercept were investigated in DA VINCI
study. The results showed that aflibercept produced a statistically significant improvement
in visual acuity and a clinically relevant reduction in central retinal thickness, compared to
macular laser photocoagulation.

Overall, anti-VEGF therapy shows a favourable safety and tolerability profile in diabetic
patients. Caution should be exercised in patients who have DME with co-existing proliferative
diabetic retinopathy because of the increased risk of tractional retinal detachment secondary
to fibrosis, and in patients with a history of stroke, even if no increased rate of cardiovascular
or cerebrovascular events has been found. Ranibizumab should not be used during pregnancy,
unless the expected benefits from treatment outweigh the potential risks to the fetus.

3.3 Intravitreal Corticosteroids

Another approach for the management of DME is represented by intravitreal injections of cor-
ticosteroids. Several studies have confirmed their efficacy in reducing DME improving visual
function. More specifically, the patients with persistent DME (refractory to other treatments)
and pseudophakic eyes should undergo intravitreal corticosteroids injections (triamcinolone
acetonide, dexamethasone, fluocinoloneacetonide). These molecules reduce the inflammatory
reaction of the retina, and seem to inhibit neoangiogenic pathways. However, intravitreal cor-
ticosteroids are associated with cataract progression and intraocular pressure elevation (IOP),
and consequent antiglaucoma medication or surgery. The DRCR.net investigated the effects of
triamcinolone acetonide compared to macular laser photocoagulation: after an initial effect on
BCVA and OCT, laser result overcame those of triamcinolone acetonide at the end of 3-year
follow up. In the laser group, the change in BCVA letter score from baseline to 3 years was 5,
while in each IVTA group was 0. Dexamethasone is injected with 0.7 mg slow-release drug de-
livery devices (OZURDEX), offering a more long-lasting effect and reducing the need of intra-
vitreal injections required. The safety and efficacy on BCVA of OZURDEX for the treatment of
persistent DME (lasting more than 90 days) has been demonstrated comparing with 0.350 mg
dexamethasone and placebo, at 180 days follow up, with a small reduction after 3 months.

The FAME studies, two double-masked, phase III efficacy trials, demonstrated anatom-
ic and funtional improvement in patients with laser resistant DME, after sustained-delivery
devices of fluocinoloneacetonide (ILUVIEN®) injections at 3-year follow up. Two doses of
fluocinoloneacetonide (FAc) have been studied (0.45 ug per day and 0.23 pg per day). At
month 36, the percentage of patients in who gained 215 in letter score in the FAc group was
28.7 % (lower dose) and 27.8 % (higher dose), compared with 18.9 % in the sham group.

3.4 Pars Plana Vitrectomy

Surgical approach, including pars plana vitrectomy (PPV), is generally used to manage trac-
tional DME and severe complications of DR such as non-clearing vitreous haemorrhage,
severe fibrovascular proliferation, and retinal detachment. It is considered an option also for
patients with DME or PDR not responding to laser photocoagulation. Cataract, retinal or cho-
roidal detachment, vitreous haemorrhage, endophthalmitis, increased IOP, iris rubeosis, and
neovascular glaucoma are the most common postoperative complications.
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4. Conclusions

Over the past decade great strides have been made in the management of DR. It is also clear
that DR is a chronic disease with variable clinical manifestations, and, therefore, a single
treatment cannot be enough for the entire course of the disease. Metabolic control is the first
way to prevent the incidence and to slow-down progression of DR. Specific treatment should
combine different approaches, such as laser, surgery and medical therapy, in order to act on all
the different pathogeneticmechanisms of DR. New drugs are under investigations and further
results are expected from the future trials, trying to give an answer to the clinical open ques-
tions, regarding the doses, the frequency and the correct regimen of each treatment.
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Abstract

The aim of the paper was to study the changes of sub-basal nerve plexus (SNP) in type 2 diabetic Congolese patients
and to correlate these changes with the severity of diabetic neuropathy, diabetic retinopathy and grades of diabetic
foot syndrome. 28 patients aged 59 + 8.1 yrs. with diabetes-related foot ulcerations (duration of diabetes mellitus
13.4 = 7.4 yrs., HbAlc 9.9 + 3.6 %) were evaluated. The patients were ranked in Wagner 0—1 (mild manifesta-
tions, 46.4 %), Wagner 2-3 (moderate, 35.7 %) and Wagner 4-5 (severe, 17.9 %). Corneal SNP was studied using
confocal laser scanning microscopy. Corneal sensitivity using Cochet-Bonnet aesthesiometer, neuropathy symptom
score (NSS), neuropathy disability score (NDS), ankle-brachial index (ABI) and ophthalmological status were also
evaluated. Significant differences were observed between Wagner 0—1 and Wagner 4-5 in confocal parameters of
SNP (decrease of number of branches, connectivity points, nerve fibre density) and ABI increase as well as between
Wagner 2-3 and Wagner 4-5 in confocal parameters. The increase of NDS and corneal sensation reduction were
significant between Wagner 0—1 and Wagner 2-3. The patients with diabetic retinopathy have significantly higher
diabetes duration and NDS score; there was no difference in SNP morphology or corneal sensation. Taken together,
the grade of diabetic foot syndrome correlates with corneal nerve changes and decreased corneal sensation

Zusammenfassung

Ziel der Studie war es, Anderungen des subbasalen Nervenplexus (SNP) bei Typ-2-Diabetes-Patienten aus der Demo-
kratischen Republik Kongo zu untersuchen und diese Anderungen mit der Schwere der diabetischen Neuropathie, der
Retinopathie und dem Grad des diabetischen Fulsyndroms zu korrelieren. 28 Patienten im Alter von 59 + 8.1 Jahren mit
diabetischen FuBverinderungen (Dauer des Diabetes mellitus 13.4 + 7.4 Jahre, HbAlc 9.9 + 3.6 %) wurden untersucht.
Entsprechend der Fuflverinderungen wurden die Patienten in Wagner 0—1 (milde Manifestationen des diabetischen
FuBsyndroms, 46.4 %), Wagner 2-3 (moderat, 35.7 %) und Wagner 4-5 (schwer, 17.9 %) eingestuft. Der subbasale
Nervenplexus der Kornea wurde mittels der in-vivo-konfokalen Laserscanning-Mikroskopie (CLSM) untersucht. Wei-
terhin wurde der Neuropathie-Symptom-Score (NSS), der Neuropathie-Defizit-Score (NDS), der ABI (Knochel-Arm-
Index) und der ophthalmologische Status ermittelt und die Hornhautsensibilitit mittels Cochet-Bonnet-Asthesiometrie
bestimmt. Signifikante Unterschiede wurden zwischen den Gruppen Wagner 0—1 und 4 -5 in den SNP-Parametern (Ab-
nahme der Nervenfaserzweige, Anzahl der Verbindungspunkte, Nervenfaserdichte) sowie dem ABI beobachtet. Ebenso
zeigten sich signifikante Unterschiede in der SNP-Morphologie zwischen Wagner 2-3 und Wagner 4-5. Die Abnahme
des NDS und der Hornhautsensibilitidt waren signifikant zwischen Wagner 0—1 und Wagner 2-3. Die Patienten mit dia-
betischer Retinopathie hatten eine deutlich hohere Diabetesdauer sowie einen deutlich hoheren NDS ohne Unterschiede
in der SNP-Morphologie oder Hornhautsensibilitit. Zusammenfassend korreliert der Grad des diabetischen Fuflsyn-
droms mit Verdnderungen des subbasalen Nervenplexus und einer Abnahme der Hornhautsensibilitét.
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1. Introduction

About 4.3 % of African adult population are suffering from diabetes (International Diabetes
Federation 2012). The absence of financial support results in low health care making the effec-
tive diagnostic and therapy impossible. The Democratic Republic of the Congo (DRC) is the
low-income country with severe underweight and malnutrition problems (DE ONIs et al. 2000,
HaNssoN and ZANCHETTI 1994), about 50% of diabetes mellitus type 2 patients in Congo
are uncontrolled with consequential severe diabetic neuropathy (DN) (LONGO-MBENZA et al.
2011).

About a half of diabetes-related in-patient treatment is due to the diabetic foot ulcerations
as a consequence of DN and peripheral vascular disease (PVD) (KUMAR et al. 2009). The up-
to-date standard diagnostic of small fibre neuropathy is the measurement of intradermal nerve
fibre density in skin biopsy specimens. Recent studies have shown the possibility of non-inva-
sive and reliable assessment of the small fibre neuropathy evaluating the unmyelinated fibres of
sub-basal nerve plexus (SNP) using in vivo confocal microscopy. The micromorphology of SNP
correlates with the grade of DN as well with the changes of the intradermal nerve fibre density.
The complex relation between impairment of SNP, decrease of corneal sensation as well as de-
velopment of diabetic retinopathy (DR) and DN was also evaluated (MASER et al. 1991).

Since 2002 there is a well-established partnership programme between the Departments
of Ophthalmology in Kinshasa (DRC) and Rostock (Germany). The primary goal of this
collaboration was the diagnosis and therapy of diabetes mellitus patients in cooperation with
the local diabetes ambulance. Interestingly, the huge discrepancy between the advanced foot
ulceration and mild to moderate DR was characteristic for most of patients (KNAPPE et al.
2013). Our intension was to assess the peripheral DN, DR and morphology of SNP in diabetes
mellitus type 2 patients using in vivo confocal microscopy, established screening methods and
diagnostic possibilities for the first time in Sub-Saharan Africa.

2. Materials and Methods

2.1 Patients

This study was approved by the local ethics review board of Rostock University as well as
authorities of St. Joseph Hospital in Kinshasa and performed in respect to the Declaration
of Helsinki. The study was carried out in joint team of internists and ophthalmologists in St.
Joseph Hospital in Kinshasa (DRC) in 2012. The patients with diabetes mellitus type 2 were
recruited from the diabetic out-patient department.

2.2. Internal Medical Status

Demographic data, data about onset of diabetes or onset of symptoms, respectively, type of
diabetes, current diabetes management and treatment was collected. Glycaemic control was
evaluated using HbA1c and blood sugar (capillary blood glucometer DCA 2000+, Siemens,
Germany).

The Neuropathy symptom score (NSS) and Neuropathy disability score (NDS) were per-
formed by S. P. and H.-C. S. and classified as described elsewhere (YOUNG et al. 1993b,
QuaTtTRINI et al. 2007, HASLBECK et al. 2004; Fig 1).
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casel

case 2

case 3

Fig. 1 Case 1: 62 yrs. old male patient, Diabetes duration 9 yrs, Hbalc 6.5 %, NDS 4 pts; Wagner 1 (A), no signs
of DR (B), normal morphology of SNP (NFD = 0.011pm/mm?) (C), Case 2: 62 yrs. old female patient, Diabetes
duration 7 yrs, Hbalc 9.4 %, NDS 5 pts; Wagner 2 (D), advanced non-proliferative DR (E), moderate decrease of
confocal parameters of SNP (NFD = 0.010 um/mm?) (F), Case 3: 44 yrs old female patient, Diabetes duration 9 yrs,
Hbalc 11 %, NDS 9 pts; Wagner 5 (G), proliferative DR with retina detachment (H), moderate decrease of confocal
parameters of SNP (NFD = 0.011 pm/mm?) (1)

The ankle-brachial index (ABI) was evaluated in order to screen the peripheral vascular dis-
ease (PVD). It was obtained by S. P. and H.-C. S by measuring the systolic blood pressures
in the ankles (dorsalis pedis and posterior tibial arteries) and arms (brachial artery) using a
handheld Doppler (Huntleigh Doplex D900, Cardiff, United Kingdom) and then calculating
aratio (YOUNG et al. 1993a). The ABI <0.9 was interpreted to PVD.

The Wagner classification of foot ulceration based on wound depth and the extent of tissue
necrosis (WAGNER 1987) was used. The ulcers were measured with a tape and photographed
with a digital camera.

2.3 Ophthalmological Status

Ophthalmological status was evaluated by S. P. The staging of diabetic retinopathy was per-
formed in mydriasis as described elsewhere (WILKINSON et al. 2003).
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2.3.1 Corneal Sensation

Corneal sensation was measured by a Cochet-Bonnet esthesiometer in central and peripheral
cornea (Luneau Ophthalmologie, Paris, France; diameter of monofilament 12/100). The fila-
ment was applied with a complete length of 60 mm, by the negative response the length was
reduced consequently on 5 mm till the positive answer was achieved.

2.3.2 In vivo Confocal Laser-scanning Microscopy (CLSM)

The patients’ corneas were investigated in vivo by the HRT II in combination with the Ros-
tock Cornea Module-RCM (Heidelberg Engineering, Heidelberg, Germany). The HRTII/
RCM system uses as a laser source a diode laser with a wavelength of 670 nm and is equipped
with a water contact objective (63x/0.95W, 670 nm; Zeiss, Jena, Germany). The distance
from the cornea to the microscope is kept stable by a single-use contact element in sterile
packaging (Tomo-Cap). Coupling between the patient’s cornea and the cap is facilitated with
a thin lubricant layer of Vidisic gel (Bausch & Lomb/Dr. Mann Pharma, Berlin, Germany;
refractive index 1.35). The eye to be examined was anesthetized by instilling Proparakain
0.5 % eye drops (Ursapharm, Saarbriicken, Germany).

Image acquisition of the central cornea was performed in z-scan of automatic volume scan
mode (30 images, volume depth 60 um, constant interslice distance 2 pm). The acquired im-
ages have a definition of 384 x 384 pixels over an area of 400 x 400 pm. Confocal microscopy
was performed in the region of interest, i.e. at the level of basal cells, SBP, Bowman’s mem-
brane and anterior stroma at depths from 30 to 90 pm. At least three scans were performed.
The total duration of microscopy was about 15 minutes.

2.4 Quantification of Micromorphological Parameters

The evaluation of SBP on the basis of best artefact free single image was performed auto-
matically on pre-segmented images using in house developed software tool (BouLTON and
VILEIKYTE 2000) and was based on morphological (Iength, diameter, density) and topological
(continuity and connectivity) parameters. In order to illustrate the most representative data the
number of analysed parameters were reduced to these with significant differences between
the different groups (p<0.05). That means the average single fibre length [um], nerve fibre
density [mm/mm?], connectivity points [n], and numbers of branches [n] were evaluated in
the current study.

3. Results

Twenty-eight diabetes mellitus type 2 patients (59 + 8.1 years; 12 male/16 female; diabetes
duration 13.4 + 7.4 yrs) with diabetes-related foot ulcerations were evaluated. The ABI was
1.1 £ 0.3 eliminating the PVD as an ulcus origin. The peripheral DN was characterized with
an NSS of 5.9 + 2.8 pts. and NDS of 6.5 + 3.0 pts. The demographic and clinical data of pa-
tients are presented in the Table 1.

According to the stage of diabetic retinopathy the patients were stratified in two groups:
“no retinopathy” (NDR) — 11 patients (39.3 %) and with DR — 17 patients (60.7 %). These
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Tab. 1 Clinical and demographic data of participants (data presented as mean + SD) divided in different groups;
ABI = Ankle Brachial Index, NDR = No diabetic retinopathy, DR = Diabetic retinopathy

Group ALL NDR DR ‘Wagner ‘Wagner ‘Wagner
(n=28) (n=11) (n=17) 0-1 3-4 4-5
(n=13) (n=10) (n=5)
Age [yrs.] 59+8.1 60.1+7.3 58.2+8.7 57.2+6.2 63.4+6.7 54.6x12
Duration of DM [yrs.] 13.4+7.4 10.5+7.6 15.3+7 13.9+9 14.1+7 10.8+2.8
HbAlc [%] 10.7£2.5 9.8+2.1 11.2+£2.6 11.2+2.4 10.4£2.7 9.8+2.1
NSS [pts.] 5.9+£2.8 6.6+1.6 5.5+3.3 6.2+2.9 5.4+3.3 6.4+0.9
NDS [pts.] 6.5+3.0 5.3+2.8 7.3+2.9 6.2+2.9 5.4+3.3 6.4+0.9
Corneal sensation [mm] 44+20 49+22 42+19 55+10 36+24 4.6x+2.1
ABI (ulcer) 1.1+0.3 1,+0.4 1.1+0.2 1.0+0.3 1.1+0.3 1.320.1
Nerve fibre density 0.015+0.008 0.016+0.007 0.014+0.008 0.018+0.01 0.014+0.004 0.008+0.003
[mm/mm?]
Nerve branches [n] 180.7+152.3 185.9+103.4 177.3+180.1 237.4+197.4 163.1£74.6  68.3%x11.8

Connectivity points [n] 19.8+12.9 18.6+9.2 20.6+15.1 24.7+14.3 19.6+10.4 7.4+2.6

Average single 22.4+5.5 25.244.5 20.5+5.3 23.6+5.1 20.745 22774
fibre length [um]

two subgroups differed in duration of diabetes (p = 0.027) and NDS (p = 0.011), but not in
Hbalc and age. Corneal sensation was not significantly different in both groups (Tab. 1).

The same cohort was divided in 3 subgroups according to foot ulceration (Fig. 1): mild
manifestations (Wagner 0—1) — 46.4 %, moderate (Wagner 2—-3) — 35.7 % and severe (Wagner
4-5) — 17.9 %. These subgroups did not differ in duration of diabetes, HbAlc and age. The
NDS was significantly increased (p = 0.001) and the corneal sensation decreased (p = 0.032)
comparing Wagner 2-3 and Wagner 0—1. The ABI was significantly higher (p = 0.03) com-
paring Wagner 4 -5 to Wagner 0—1.

The comparison between patients with grade O (pre-ulcerative site, or healed ulcer) and
grade 1-5 (any ulcer) presented solely the increased NDS. The comparison of Wagner 1-5
patients with DR with the group Wagner 0 without DR showed increased NDS and decreased
corneal sensation.

In vivo confocal microscopy showed the alterations in SNP morphology between the dif-
ferent groups (Fig. 1 and Tab. 1). The significant difference between the patients with and
without DR was only the average single fibre length (p = 0.02). The comparison of Wagner
1-5 group with DR and Wagner 0 with NDR presented the decrease of nerve fibre density
(p=0.04). The reduction of confocal parameters (nerve fibre density, number of nerve branches,
number of connectivity points) were noted both in Wagner 4—5 compared to Wagner 2-3
(p =0.01; p=0.003; p =0.005 accordingly) as well as in Wagner 4-5 compared to Wagner
0-1 (p=0.03; p=0.01; p=0.001 accordingly).
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4. Discussion

In this study we evaluated clinically the function of large fibres (vibration perception with
tuning fork, 10-g monofilament) as well as small fibre function (hot/cold rods) with resulting
NSS of 5.9 + 2.8 pts. and NDS of 6.5 + 3.0 pts. indicating moderate to severe peripheral neu-
ropathy. The theoretically possible electrophysiological investigations in order to determine
the surrogate endpoints for foot ulceration as well as the evaluation of small fibre neuropathy
with skin punch biopsy were not yet performed in Africa. We include the confocal micros-
copy of sub-basal nerve plexus (SNP) as a clinically established parameter which correlates
well with the PDN and could substitute the time and resource consuming electrophysiology
or skin biopsy.

Peripheral neuropathy is the leading cause of the foot ulceration in diabetic patients. The
diabetes mellitus type 2 patients have a 15 % cumulative lifetime incidence of foot ulceration
(BouLToN and VILEIKYTE 2000, BOULTON et al. 2004). The prevalence of peripheral neurop-
athy in Africa varies from 10 to 36 % (MBANYA and MBANYA 2003), it seems to be present
even at the early diabetes due to the very low level of glycaemic control.

One third of all foot ulcerations are caused by peripheral vascular disease (PVD) cases.
(CARRINGTON et al. 2002). The prevalence of PVD is about 10 % among diabetes mellitus
type 2 patients comparing to 4 % in general population of Europe (POTIER et al. 2011). PVD
in diabetic patients has significantly higher amputation and mortality rate comparing to the
non-diabetic patients (JUDE et al. 2001). According to the literature, the prevalence of low
limb arterial disease in Africa contributing to the development of diabetic foot syndrome
varies from 4 to 28 % (MBANYA and MBANYA 2003).

Although the strength of ABI measurements is affected by the presence of diabetes and re-
sulting to the decrease of ABI sensitivity to 53 % and specificity to 95 % (POTIER et al. 2011)
due to the secondary medial artery calcification (MAC) (YOUNG et al. 1993b), the high levels
of ABI are considered to be typical for diabetic patients and the ones with MAC have a risk
of 1.7 to develop retinopathy (EVERHART et al. 1988). Our patients show the ABI of 1.1 +0.3
(in 57.1 % the ABI was over 1.10 and in 17.8 % less then 0.9) indicating the mediasclerosis
rather then PVD as an genesis of foot ulceration; 53.6 % of patients had a moderate to severe
diabetic foot ulceration.

The foot ulcer classification allows the subdivision of patients in three groups with result-
ing significant differences: the significant decrease of corneal sensation and NDS from Wag-
ner 0—1 to Wagner 2-3 following by significant increase of ABI (indicating mediasclerosis)
as well as significant decrease of confocal parameters (nerve fibre density, nerve branches
and connectivity points) from Wagner 0—1 to Wagner 4-5. The significant decrease of the
confocal parameters was also shown from Wagner 3—4 to Wagner 4-5. These data point out
that the changes of SNP morphology correlate with the grade of foot ulcer. On the other hand,
TAVEE described the changes of SNP (decrease of nerve density, number of branches, single
nerve fibre length, tortuosity) and its correlation with established electrophysiological param-
eters as well as with the result of the skin biopsy (TAVEE and ZHOU 2009).

Our results show a substantial inconsistency between partly extensive foot ulcerations
and only mild to moderate diabetic retinopathy in most of the patients: 17 out of 28 patients
(60.7 %) have the signs of DR by duration of diabetes by 15 + 3 yrs. and HbAlc of 11.2 +
2.6 %. The prevalence of DR increases with the duration of disease (55 % by patients with
over five years of diabetes duration; UNWINN et al. 1999) as well as with the poor glucose
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control (77 % of patients by HbAlc >8 %; CHADLI et al. 2000). The NDR group of our study
showed significantly lower diabetes duration without changes in HbAlc level. BARR et al.
stated a 2.5 odds ratio for the development of DR in the presence of PDN (BARR et al. 2006).
In accordance with it, our data show the increased NDS score in DR group emphasizing the
higher level of the PDN. Comparing the subgroups of Wagner 1-5 and DR with Wagner 0
and NDR we stated the increase of NDS as well as decrease of corneal sensation. There were
no changes in terms of morphology between the groups with and without DR with a single
exception of an average single fibre length. The significant nerve fibre density decrease was
stated in the group of Wagner 1-5 and DR comparing to the patients with Wagner O and NDR.

The studies of peripheral neuropathy, foot ulceration as well as evaluation of ophthalmo-
logical status of diabetic patients using the up-to-date diagnostic and technical methods are
possible in Sub-Saharan Africa. The results of our study underline the primary development
of foot ulceration due to the diabetes mellitus and emphasize the polyetiological development
(peripheral neuropathy, peripheral vascular disease, low hygiene standards, etc.) of the dis-
ease. The decrease of NDS is characteristic for the patients with superficial foot ulceration
with or without diabetic retinopathy. On the contrary, the decreased NDS as well as corneal
sensation and nerve fibre density of the SNP were found out in the group of severe foot ul-
ceration and DR. So far, the grade of diabetic foot syndrome correlates with corneal nerve
changes and corneal sensation. The further studies have to be the platform for both scientific
knowledge and practical skills exchange between the local and European specialists making
the health care system in Africa better.
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Diabetes Research in Ghana

Albert George Baidoe AMOAH (Accra, Ghana)

Abstract

Type 2 diabetes is on the increase in Ghana fuelled by rising urbanization and obesity. There is also substantial
pre-diabetes. There is little information on diabetes types such type 1 diabetes, ketosis prone diabetes and MODY.
Gestational diabetes and diabetes in pregnancy appear to be associated with poor maternal and foetal outcome. Di-
abetes is associated with serious morbidity and premature mortality. There are major knowledge gaps that may be
addressed by multidisciplinary and international research teams drawn from within and outside Ghana. For example
there is a need to better characterize the various forms of diabetes, their complications and to study their links with
genes and the environment. Also surveys and registries may provide data for policy and planning. Such international
research partnerships may help build diabetes research capacity for the country.

Zusammenfassung

Fiir den Diabetes mellitus Typ 2 findet sich eine zunehmende Inzidenz und Pridvalenz in Ghana, verursacht durch
Verstddterung und damit einhergehende Gewichtszunahmen und Fettsucht. Eine Zunahme des Priddiabetes wird be-
obachtet. Aus Ghana liegen nur wenige Angaben zum Diabetes mellitus Typ 1, zu Ketoazidosen und zu anderen
Diabetesformen wie MODY vor. Gestationsdiabetes und Schwangerschaft mit Diabetes fiihren zu einer erhohten
Morbiditit und Mortalitdt bei Mutter und Kind. Die vielen fehlenden Informationen zu den oben genannten Themen
konnten durch interdisziplindre internationale Forschergruppen in und auflerhalb von Ghana gewonnen werden. Es
ist erforderlich, die verschiedenen Diabetesformen und deren Komplikationen besser zu charakterisieren und Bezie-
hungen zu genetischen Grundlagen und den Umwelteinfliissen herzustellen.

Register und Populationsanalysen konnen die Datengrundlage fiir politische Entscheidungen und Planungen lie-
fern. Eine derart gestaltete internationale Partnerschaft kann die Forschungskapazitit in Bezug auf den Diabetes in
Ghana deutlich voranbringen.

1. Introduction

Until recently, diabetes was thought to be rare in sub-Saharan Africa (SSA) and that it was a
disease of Caucasians which only affected affluent native Africans. It is now clear that diabe-
tes is a worldwide condition that afflicts disproportionately those in the developing world in-
cluding those in SSA (KiNG and REWERS 1993). In this long abstract we summarize original
works on diabetes in Ghanaians together with existing gaps in knowledge.
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2. Search Strategy

A systematic review of all scientific articles published on diabetes in Ghana between the time
of independence in 1957 and to the end of 2012 and available on PubMed and Google Scholar
was carried out. Articles providing data on Ghana in respect of diabetes prevalence, aetio-
pathogenesis, outcomes, complications, morbidity, and mortality; diabetes diagnosis, health-
care costs and care were searched for. Searches included the use of the following keywords:
Diabetes, Ghana, Research, Epidemiology, Pathogenesis. Published local works of interest
in references of the primary searches were also reviewed. Sources of grey articles from local
non-indexed sources, conference abstracts and articles available at websites on the internet
were also included in the review.

3. Results

3.1 Type I Diabetes

Type 1 diabetes is poorly characterized with a paucity of information regarding the aetiology,
immunology and epidemiology of this disease in SSA. In a clinical study in the early 1990s
at the Diabetes Clinic in Accra, Ghana, type 1 diabetes formed 7 % of the cases seen (AMOAH
1994). AGYEI-FREMPONG et. al. (2008) found a latent autoimmune diabetes in adults (Lada)
prevalence of 0.75/1000 in Kumasi. There is no information on type 1 diabetes in Ghanaian
children. Type 1 diabetes requires to be characterized phenotypically, biochemically, immu-
nologically and genetically.

3.2 Type 2 Diabetes

Diabetes is on the increase in Ghana. Within four decades the prevalence of type 2 diabetes
(T2DM) increased considerably from less than 0.5% to 6.4 % (Dobpu 1958, AMOAH et al.
2002a). This is partly due to an increase in urbanization from 20 % at independence to over
50 % presently and rising obesity (AMOAH 2003). Life expectancy has also increased from
about 40 years at independence to nearly 60 years presently. Further, there is a large body of
pre-diabetes waiting to convert to full blown diabetes (AMOAH et al. 2002a). The condition is
projected to nearly double in the next couple of decades. Thus translation of diabetes preven-
tion strategies is needed in the country to halt or slow down the epidemic. The relatively large
rate of undiagnosed diabetes of 70 % (AMOAH et al. 2002a) may reflect a poorly developed
health infrastructure in Ghana. Facilities and personnel for diabetes care have been reported
to be severely limited in Ghana (AMOAH et al. 1998). Similar and higher rates of undiagnosed
diabetes have been noted in other parts of SSA (BALDE et al. 2007).

Vuvor et al. (2011) noted a positive association between diabetes and known risk fac-
tors including physical inactivity. The strongest association, however, has been reported
with waist-to-hip ratio with the waist-to-hip ratio being the best discriminator for diabetes in
Ghanaians (FRANK et al. 2012). Type 2 diabetes in Ghanaians is characterized by impaired
first and second phase insulin secretion (AMOAH et al. 2001). In Ghanaians and Nigerians
linkage to four regions of chromosome 12, 19, and 20 (RoTimi et al. 2004) have been found
with two loci, 1224 and 20q13.3, which had previously been reported to harbour diabetes
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susceptibility genes in several other ethnic groups, showing the highest LD scores. Also,
linkage with variants of the transcription factor 7-like 2 gene (TCF7L2), seen in Europeans,
have also been noted in this cohort of west Africans (TONG et al. 2009). These results have
considerable relevance in the study of type 2 diabetes in other African ancestry populations,
most particularly, African Americans, considering the history of forced migration of West
Africans during the slave trade.

3.3 Gestational Diabetes and Diabetes in Pregnancy

In a small prospective study (n=37) by AMOAH et al. (2003a), generally, Ghanaian pregnant
women reported late for antenatal care with only 11 % first accessing care in the first trimester.
Not surprisingly, the women had relatively poor obstetric outcomes. Maternal complications
in pregnancy were 16.2 % hydramnios and 10.8 % pre-eclampsia; 24.3 % had pre-pregnancy
hypertension (AMOAH et al. 2003b). Fetal distress occurred in one pregnancy, 24 % of babies
had macrosomia, two were still born, one died in the neonatal period, one had congenital
malformation and 10.8 % had hypoglycaemia (AMOAH et al. 2003b).

3.4 Other Specific Types of Diabetes

To the best of our knowledge this topic has hardly been studied. In a clinical study this group
was found to account for 3% of individuals with diabetes receiving care at the Korle Bu
Teaching Hospital. The entity known as ketosis prone diabetes is yet to be identified and
researched.

3.5 Pre-Diabetes

Fasting pre-diabetes (impaired fasting glucose, IFG) in the Greater Accra region was 6.1 %
and impaired glucose tolerance (IGT) was 10.7 with 3.8 % having combined IFG and IGT
(AMoAH et al. 2002a). The total combined burden of pre-diabetes in the Ghanaian study was
relatively high (20.6 %). This relatively high pre-diabetes rate in association with moderate
diabetes prevalence (6.4 %) may indicate a relatively advanced stage of the diabetes epidemic
in Ghana and calls for intervention to avert the epidemic.

3.6 Diabetes Complications, Morbidity and Mortality

In an eight year retrospective morbidity/mortality study 1678 persons with diabetes with a
mean age of 50.1 + 0.4 years were admitted; the male to female ratio of 1:1 (AMOAH et al.
2003). Diabetes accounted for 6.8 % of adult medical admissions and was responsible for
7.3 % of adult medical deaths. Diabetes was associated with a relatively high case fatality rate
of 22 %. This compares (24 %) with an earlier study covering a shorter period (ADUBOFOUR
et al. 1993).

Diabetes ketoacidosis (DKA) accounted for a third (34.5 %) of diabetes medical admis-
sions and over a third (38.7 %) of deaths in subjects with diabetes. The case fatality for DKA
in the AMOAH et al. (2003) study was 26.1 % which is about half that of an older study of
ADUBOFOUR et al. (1993). There were no data on hyperglycaemic hyperosmolar state or hy-
poglycaemia. Major co-morbid conditions in admitted diabetes patients included infections
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(malaria n=67, respiratory infection n=58, cellulitis n=54, septicaemia n=25, HIV n=8, tuber-
culosis n=7); circulatory disorders (stroke n=87, heart failure n=35, coronary artery disease
n=8, and chronic renal failure n=20) (AMOAH et al. 2003).

In a cohort of diabetes type 2 patients from Ghana and Nigeria the prevalence of diabet-
ic retinopathy was 17.9 % and the odds for nephropathy increased 3-fold from the highest
fasting plasma glucose compared to the lowest fasting plasma glucose (Rotimi et al. 2003).
ADINORTEY et al. (2011) found among 288 patients with type 2 diabetes, 28 % with neuro-
pathy, 17 % with nephropathy and 9 % with diabetic retinopathy in Kumasi (ADINORTEY et al.
2011). A relatively high rate of 70 % sexual dysfunction has also been reported in Ghanaian
men with diabetes. AMIDU et al. (2010) found 14.2% with severe difficulty, avoidance
(10.9 %), premature ejaculation (8.8 %), non-sensuality (7.3 %), infrequency (4.0 %), dissat-
isfaction (3.6 %) and non-communication (3.3 %).

Very little data exists on diabetes macrovascular disease. In patients with coronary artery
disease evaluated at the national referral centre for cardiac disease in Accra, the second most
prevalent risk factor after hypertension was diabetes (AMOAH and KALLEN 2000). YEBOAH et
al. (2012) found using the ankle brachial index method in 300 patients with type 2 diabetes,
aged 40-89 years, rates of moderate and severe peripheral arterial disease (PAD) of 2.0 and
21.7 %, respectively. This compares with PAD rates of 19% in US diabetes adults over 40
years (GREGG et al. 2004). Medial sclerosis (ABI >1.3) was observed in 11.3 % of patients.
Our study may thus have under estimated the prevalence of PAD using ABI. Doppler wave
form analysis may have improved the diagnostic yield. After adjustment for age, gender, di-
abetes duration, smoking and alcohol status, percent body fat, visceral fat and systolic blood
pressure correlated negatively with ABI. Associated risk factors for peripheral arterial disease
were total cholesterol (positively) and HbA . (negatively) after adjustment for age, gender,
diabetes duration, smoking and alcohol intake. There were no significant association of PAD
with LDL- and HDL-cholesterol (YEBOAH et al. 2011).

Out of 966 surgical patients seen at the Military Hospital in Accra, 80 (8.3 %) had diabetes
mellitus with soft tissue infection or foot disease. The peak age of presentation with soft tissue
infection or foot disease was 5059 years. Diabetic foot disease (53.0 %) was the commonest
followed by cellulitis of the leg and other soft tissue infections. Overall amputation rate was
33.3 % while mortality was 8.8 % (ASUMANU et al. 2010). Presently there are no systematic
foot care programmes. Podiatrists are non-existent in the health system. Professional and
degree programmes may therefore be established in the Schools of Allied Health Sciences to
develop much needed capacity to reduce limb loss. Meanwhile, programmes to train health
providers to care for the feet of patients with diabetes may prove beneficial.

3.7 Diabetes Education, Care and Management

To the best of our knowledge Ghana was the first country to implement a comprehensive
national multidisciplinary diabetes care programme in SSA (AMOAH et al. 2000). Between
1995-1998 Diabetes Teams (doctor, nurse educator dietician/medical nutrition counsellor
and pharmacist) were trained for all teaching hospitals, all 10 provincial hospitals and 63 %
of sub-regional/district government hospitals. Among diabetes subjects, the main sources of
diabetes information were diabetes nurse/dietherapist, 95.7 %; radio 94.2 %; posters 92 %,
and television 84.9 % (AMoAH et al. 2003). Advantage may be taken of these electronic me-
dia with high patronage and wide coverage to implement a diabetes education and awareness
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programme to enhance diabetes knowledge and awareness in the light of the high morbidity
and mortality burdens from diabetes.

3.8 Diabetes Control

Most diabetes patients cannot afford home blood glucose monitoring as the cost of the glu-
cose meters and test strips are expensive for patients who have to pay for these out of pocket.
Further, HbA . is neither widely available nor affordable. At the Tamale Teaching Hospital in
the northern part of Ghana, among 240 subjects with diabetes, (60.8 %) had good preprandial
glucose levels (<7.2 mmol/L) whilst 39.2% had high (>7.2 mmol/L) (TiTTY et al. 2010).
Glycaemic control as assessed by Alc was good (HbA1C <7.5 %) in 40 % of the patients and
poor in the remaining 60.0 % (TiTTY et al. 2010). Lack of adherence may be contributory with
42.4 % of 140 diabetes patients missing clinic appointment, 27.9 % skipping taking diabetes
medication, and with 25 and 75 % following their dietary regime when at home and away
from home, respectively (AMOAH et al. 2003).

3.9 Psychosocial Perspectives

Daily drug and dietary routines impose a considerable psychosocial burden on patients with
diabetes in Ghana. Additionally, the relatively high cost of diabetes medication and recom-
mended foods tends to undermine the commitment of patients to biomedical care. It has been
estimated that rural diabetes patients on the minimum daily wage could be using up to 60 %
of their monthly income for a month’s supply of insulin (DE GRAFT-AIKINS 2003). Further,
DE GRAFT-AIKINS (2005) showed that most persons with diabetes are aware that diabetes was
not curable. However, their hope for cure, tended to set them on a passive cure seeking course
with intermittent healer shopping during acute phases of diabetes.

4. The Way Forward

Type 2 diabetes is on the increase in Ghana fuelled by rising urbanization and obesity in asso-
ciation with a large burden of pre-diabetes. There is little information on diabetes types such
type 1 diabetes, ketosis prone diabetes and MODY. Gestational diabetes and diabetes in preg-
nancy appear to be associated with poor maternal and foetal outcome. Diabetes is associated
with serious morbidity and premature mortality. There, however, exist major knowledge gaps
that require to be addressed. Ghana presently lacks resident indigenous research expertise to
bridge these gaps. Bridging the knowledge gaps will therefore require multidisciplinary and
international research teams drawn from within and outside Ghana. Opportunity exist in such
research partnerships to build much needed middle and senior level diabetes research capac-
ity in Ghana for now and the future.
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Die Sepsis erfordert eine besonders kostenintensive Behandlung im Krankenhaus. Rela-
tiv hadufig entwickelt sich sehr rasch aus der Sepsis eine schwere Sepsis und schlielich
ein septischer Schock, der besondere Anforderungen an die Arzte stellt. Gerade auch
die Behandlung schwerer Fille hat in den letzten Jahren deutliche Fortschritte durch
ein besseres Verstidndnis der Mechanismen der Erkrankungsauspragung gemacht. Neue
therapeutische Ansidtze wurden entwickelt und eingesetzt. Die Beitridge behandeln an
der Nahtstelle von Grundlagenforschung und klinischer Anwendung diese neuen En-
twicklungen von innovativen Therapiestandards und ihren Nutzen fiir das Uberleben der
Patienten. Die Beitridge sind in englischer Sprache verfasst.

Wissenschaftliche Verlagsgesellschaft Stuttgart
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Peter WIEDEMANN ML (Leipzig)

Diabetes is a global epidemic with significant morbidity. The prevalence of diabetes type 2
in our adult population is 5—8 %. Diagnosis in good time and the avoidance of complications
is the medical goal in the initially symptomless disease. Diabetic retinopathy is the specific
microvascular complication of diabetes and affects 1 in 3 persons with diabetes. Diabetic
retinopathy remains a leading cause of vision loss in working adult populations. Patients with
severe diabetic retinopathy have a poorer quality of life and reduced levels of physical, emo-
tional and social well-being, and they use more health care resources.

Studies have shown that optimal control of blood glucose, blood pressure, and blood lip-
ids can reduce the development of a diabetic retinopathy and slow its progression. Since
visual loss may not be present in the earlier stages of diabetic retinopathy, regular screening
is essential to enable early intervention.

In the Leopoldina Symposium “Vision and Diabetes™ it was our wish to show the inter-
action between ophthalmology and general especially internal medicine in the treatment of
diabetic patients. During the development of this programme we saw that ophthalmology has
to learn a lot from general medicine to best help the patients and prevent a further progress
of this disease. But it also showed that ophthalmology may help in the early diagnosis of
this disease by advanced imaging technology which shows early deficits and morphological
changes in the cornea and retina as surrogate of diabetic damage and biomarker for diabetic
neuropathy.

In the sessions current treatment procedures were reported for diabetic retinopathy and
systemic disease, and special emphasis was given to the African experience.

And therefore we hope that having an eye on “Vision and Diabetes” our symposium may
help to improve the situation worldwide for patients suffering from diabetes and diabetic
retinopathy.

Prof. Dr. Peter WIEDEMANN
Universititsklinikum
Klinik und Poliklinik

fiir Augenheilkunde
Liebigstrafie 10—14

04103 Leipzig

Germany

Phone: +49 341 9721650
Fax:  +49 3419721659
E-Mail: peyew @me.com
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Forschung und Verantwortung im Konflikt?
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Die Moglichkeit, das komplette Genom von Individuen zu sequenzieren, ist seit einigen
Jahren vorhanden und wird stetig weiterentwickelt. Damit werden nicht nur neue Diag-
nose- und Therapieformen zukiinftig verfiigbar, sondern es gelangen auch gesellschaft-
liche Probleme und neue ethische Fragen in den Fokus. Die ethischen und rechtlichen
Aspekte der Totalsequenzierung des menschlichen Genoms bediirfen vor diesem Hinter-
grund einer wohldurchdachten interdisziplindren Auseinandersetzung. Die Beitrige des
Bandes beleuchten den Konflikt zwischen Forschungsdynamik, drztlichem Handeln und
Patientenversorgung aus verschiedenen Perspektiven und wollen Orientierungspunkte fiir
die aktuelle Debatte sein. Das Spektrum der Ansitze reicht von gesundheitsokonomischen
und gesellschaftswissenschaftlichen Uberlegungen iiber Regulierungsfragen bis zu grund-
legenden ethischen Reflexionen.

Wissenschaftliche Verlagsgesellschaft Stuttgart
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