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Abstract
Diabetic retinopathy is an ophthalmic complication of diabetes that currently 

retinopathy that is characterized by leaking blood vessels in the central part of the 

In Sweden, the recommended screening interval for type 2 diabetic subjects with no 

 To determine the safety of the current screening interval, the 3-year incidence 
of diabetic retinopathy and macular edema was monitored in type 2 diabetic subjects 

retinal sensitivity in 29 consecutively recruited subjects with diabetic macular edema 

coagulation of the retinal pigment epithelium was established and used to evaluate 

 Study I demonstrated a very low incidence of sight-threatening diabetic 
retinopathy, which supports the current use of a 3-year retinal screening interval for 

laser treatment for diabetic macular edema during the 2-year follow-up compared to 

IV, the downregulation of the protein Carbonic anhydrase 9 and the upregulation of 
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AGE advanced glycation end product

ARPE-19 human retinal pigment epithelial cell line

ETDRS Early Treatment Diabetic Retinopathy Study

HbA1c glycosylated hemoglobin

KEGG Kyoto Encyclopedia of Genes and Genomes

LDH lactate dehydrogenase

mfERG multifocal electroretinography

RAGE receptor for advanced glycation end product

RPE retinal pigment epithelium

RT-qPCR reverse transcription quantitative PCR

SAP standard automated perimetry

SWAP short-wavelength automated perimetry
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Diabetes mellitus is a chronic disease that is characterized by elevated blood glucose 

respectively 

 Hyperglycemia impacts both small and large blood vessels in the body, 

and the peripheral nerves (neuropathy), and the macrovascular complications 

morbidity, including visual impairment and blindness, renal failure, peripheral 

approximately 93 million people, of which 28 million are estimated to have vision-
threatening diabetic retinopathy 
of blindness among working-age adults worldwide 

 Diabetic retinopathy impacts the retina and is characterized by morphological 

bleeding, pathological blood vessels, which exhibit high vascular permeability and 

-

in diabetic retinopathy is linked to chronic hyperglycemia , but the mechanisms 
behind the development of the retinal microvascular abnormalities have not yet 
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in Table 
1
be pinpointed, nor overlooked, as being at least partly responsible for the retinal 

Breakdown of the inner blood retinal barrier
The inner blood retinal barrier consists of tight junctions between the endothelial 
cells of the capillaries in the inner retina, which prevent leakage of molecules from 
the retinal capillaries 

dysfunctional proteins in the tight junctions between the endothelial cells and 

Name Initiating process Endpoints References

Polyol pathway Hyperglycemia  Sorbitol (osmotic damage)
 AGEs and oxidative stress 
 Anti-oxidative protection

Advanced glycation 
end products (AGEs)

Hyperglycemia
Polyol pathway 
RAGE binding

 Vessel stiffness  
 (cross-links lipids and proteins)

 Transcription of growth factors  
 and inflammatory cytokines

Protein kinase C Hyperglycemia  Growth factors
 Pericyte loss

Hyperglycemia
Polyol pathway
AGEs
Protein kinase  
 C activation

 Growth factors

Table 1.
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augmented transcellular permeability of caveolar vesicles within the endothelial 

 Pericytes contribute to the integrity of the blood retinal barrier and, together 
with endothelial cells and the basal membrane, they make up the retinal capillaries 

earliest events in the development of diabetic retinopathy, and may be triggered by 
intercellular alterations that weaken adhesion between the pericytes and endothelial 
cells 

 An additional factor in breakdown of the blood retinal barrier is the modulation 
of aquaporin 4, a protein that is involved in the transport of water across cell 

of the Müller cells, which are responsible for regulating the water homeostasis in 

edema  

 Thickening of the basal membrane also occurs in diabetes, probably due to 
an imbalance between synthesizing and degrading factors 

 and is composed mainly of type IV 

 serves 
as a substratum for cell attachment, provides a selective permeability barrier, and 
regulates cell survival 
increased levels of growth factors, activation of protein kinase C, and accumulation 

Growth factors
The pathways presented in Table 1 are all linked to an upregulation of growth factors 

in the developlemt of diabetic retinopathy (Table 2), in addition to downregulation 
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Inflammation

mechanisms, which in turn mediate structural and molecular alterations associated 

RAGE leads to leukostasis and tight junction dysfunction 

Growth factor Pro- or antiangiogenic

Angiopoietin 2 Pro

Angiostatin  Anti

 Anti

Chemokine ligand 12 Pro

Pro

Cystein-rich 61 Pro

Endostatin  Anti

Erythropoietin Pro

Pro

Pro

Pro

 Anti

Pro

 Anti

Pro

Pro

Thrombospondin  Anti

Pro

Pro

Table 2.
Alphabetical list of growth factors reported to be involved in the development of diabetic retinopathy 
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endothelial cell permeability by increasing the gene expression of VEGF , and 
IL-8 promotes angiogenesis 

 and acts 

Carbonic anhydrase
Carbonic anhydrases are enzymes that catalyze the conversion of carbon dioxide and 
water to bicarbonate and a proton, and they participate in physiological processes 

2 and 
3   suggested that the carbonic 

retinal oxygen tension 
in tumors 

Due to the complex characteristics of diabetic retinopathy, grading scales have been 

In this context, monitoring in screening programs is crucial to identify subjects in 
need of treatment, because the retinal vascular changes in diabetic subjects can 

Epidemiological studies have shown that the risk of progression of vascular changes 
increases with the severity of both the diabetes per se  and the retinal vascular 
changes 

 The ever-increasing burden on health service providers that has accompanied 
the increasing number of people with diabetes has prompted a debate regarding 

screening methods with smart phone photography have been studied and found to 
show considerable agreement with clinical examination 
images by use of automated algorithms  and by non-professionals  have also 
provided promising results and may help decrease the burden on the health care 

 Recommended screening intervals for type 2 diabetic subjects with no 

, 
whereas biennial screening is advocated in Iceland 
considered appropriate by the Swedish Board of Health and Welfare until 2010, when 
it was replaced by the currently applied recommendation of a 3-year interval 
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 Extended screening intervals are believed to reduce the workload of health care 
providers, and yet the screening interval applied in Sweden until 2010 for diabetic 
subjects with no retinopathy was based on expert opinion rather than epidemiologic 

England, which included more than 20 000 screening events, was published in The 
Lancet in 2003 , and the results that were reported suggested that it could be 
safe to extend the screening interval from 2 to 3 years in type 2 diabetic subjects 

Study I included in this thesis was to determine whether a 3-year interval could be 
safe in a Swedish population by conducting prospective longitudinal monitoring of 

Thickening of the retina in the macular region is considered to be a major cause of 

Such edema can occur at any stage of diabetic retinopathy and does not necessarily 

Table 3) was introduced in the Early Treatment Diabetic Retinopathy Study (ETDRS) 

Standard automated perimetry (SAP) is based on the principles of the Goldmann 

perimetry was introduced as being more sensitive than SAP for detecting subtle visual 

Table 3.

 

• A zone or zones of retinal thickening one disc area or larger, any part of which is within one disc 
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diabetic macular edema 
study 

 Microperimetry is a technique in which fundus imaging and tracking are 

direct testing of areas of the retina exhibiting morphological changes, and it may 

A drawback of microperimetry is that it has a limited dynamic 
range compared to SAP 

 SAP is the conventional method for monitoring subjects with suspected or 

 and in Sweden , and also for classifying visual impairment 
and blindness 

allows assessment of retinal sensitivity alone and also enables mapping of local 

type 2 diabetic subjects with and without retinopathy and found that mfERG was 

have been demonstrated in CSME patients by mfERG , and models using this 
method to predict diabetic macular edema have been developed 

of age-matched normative data 

diabetic macular edema, laser therapies still constitute an important part of the 

In focal photocoagulation, the laser beam is aimed at leaking microaneurysms, 
where the energy is absorbed by the hemoglobin in the blood, leading to thrombus 
formation and vessel wall contraction 
is directed toward areas of leakage or retinal thickening originating from dilated 
leaking capillaries, and, in this case, the energy is absorbed by the melanin of the 
RPE 

 The amount of energy delivered to the retina is determined not only by the 
settings of the laser machine, but also by the characteristics of the eye being treated, 
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retina or an eye with cataract or other forms of decreased transparency can require 
higher energy settings compared to an eye with less edema or normal transparency 

 The temperature rise in the retina can also disperse to adjacent retinal structures 

can in turn impair retinal sensitivity, and even lead to choroidal neovascularization, 

 Change in retinal sensitivity after photocoagulation in patients with CSME 
has been assessed, but previous clinical investigations have been based on short 

changes in retinal sensitivity in diabetic subjects with CSME over a period of 2 years 

that the positive therapeutic outcome of laser coagulation is due either to biochemical 
changes occurring on the RPE level during the healing process after treatment  or 

 produced 
in vivo due to loss of 

enzymatic activity and cytoskeletal polarization  established the 
hTERT-RPE cell line by transfecting RPE cells with vectors that encode the human 

 generated 
the ARPE-19 cell line, which, because of its characteristics in terms of polarization 
and permeability 

 The objective of Study III was to use the ARPE-19 cell line to establish a model 
of in vitro photocoagulation and to investigate necrosis, apoptosis, migration, 
proliferation, and the expression of genes involved in proliferation, migration, 

in 
vitro
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Table 4.

Function Description

Light absorption Absorbs scattered light which enhances vision quality and protects 

Transports electrolytes and water from the subretinal space to the 

Spatial buffering of ions Buffers ions in the subretinal space, compensates for fast changes in 

Visual cycle

Phagocytosis Phagocytizes photoreceptor outer segments and redelivers important 

Secretion of growth factors
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were diagnosed with diabetes and were being treated only with insulin treatment 

 In Study I, a total of 1,691 type 2 diabetic subjects with no retinopathy detected 
at a photographic screening session in a program for early detection of diabetic 

Severity Scales 

 In Study II, 29 diabetic subjects with untreated CSME were consecutively 

photocoagulation (

ETDRS charts at a distance of four meters and was expressed as the logarithm of 

retinal thickness was measured by time-domain optical coherence tomography (TD-

The RPE cell line ARPE-19 was obtained from the American Type Culture Collection 
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Figure 1.

15 minutes (a) and 24 months (b) after treatment (

a

b



27

the laser treatment (referred to as time “zero”), the cells were plated at a density 
of 3 x 104 on glass cover slips placed in cell culture wells and incubated for seven 

 Inasmuch as ARPE-19 cells lack pigment, a black paper was placed under the 
cover slips before starting the laser treatment to facilitate absorption of the laser 

50 uniformly spaced laser burns (
highest reproducibility with respect to lesion size, we used spot sizes of 100, 200, and 

 

Figure 2. 
Lesions observed within minutes of in vitro photocoagulation 

Small gas bubbles appeared between the paper and the glass 
coverslip after photocoagulation, forming the pale punctuated 

)
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To monitor the morphological appearance of the laser lesions, ARPE-19 cells were 

 To visually distinguish between living and dead ARPE-19 cells after 

stains living cells) and red with ethidium homodimer-1 (which stains dead cells), 
and subsequently imaged at various time points between 0 and 168 h after the laser 

various time points between 2 and 168 h after the treatment and were visualized 
with an 

h after the laser treatment by using a Cell Death Detection ELISAplus assay (Roche 
Applied Science, Mannheim, Germany) to quantify cytoplasmic histone-associated 

At various time points between 0 and 168 h after laser treatment, proliferation of 

Zeiss LSM 5 Pascal laser scanning confocal microscope (Carl Zeiss, Öberkochen, 

and migration, ARPE-19 cells were scratched with the tip of a sterile pipette and 
photographed at 0 and 24 h later after incubation with or without either of the two 

proliferation and migration during the repair process after photocoagulation were 
evaluated by measuring the size of the cell-free region within the laser lesions at 12, 
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Gene Expression Master Mix (Applied Biosystems), TaqMan Gene Expression Assay 

cyclophilin A, actin beta, and hypoxanthine guanine phosphoribosyl transferase 1 

for each time point (2, 6, and 24 h after photocoagulation) were subjected to microarray 

quality control, probe summarization, and data normalization were performed by 
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-

 Pathway information was obtained from the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) 
of selected pathways showing more than the expected number of genes in the analysis 

The group comparisons between the two concentrations of glucose showed no 

four to eight by pooling the data on low and high glucose in both laser-treated and 
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Table 5.

Baseline Follow-up

Diabetes duration (yrs)

2.0 (33)

Anti-diabetic treatment (%)

Diet only

Insulin only

Anti-hypertensive treatment (%)

Anti-hypertensive treatment

2.6
 

 

This subject had moderate non-proliferative retinopathy in both eyes, was on diet 
treatment, and received no anti-hypertensive treatment at either baseline or follow-
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 Subjects in whom the grade of retinopathy progressed two steps (to moderate 

progression to mild and moderate retinopathy was larger among those who required 
insulin treatment at baseline than among those on diet treatment or oral agents only 

the remaining six subjects, which corresponded to the laser-treated area in only one 

of 
 and the total number of laser 

Degree of retinopathy % Number of subjects

960

Any retinopathy 362

Mild 245

Moderate 117

Severe non-proliferative and proliferative 0 0

Clinically significant macular edema 1

Table 6. 
Three-year incidence of diabetic retinopathy in the worst eye (grading according to the International 
Clinical Diabetic Retinopathy and Diabetic Macular Edema Disease Severity Scales 
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Figure 3.  

Top
points per month) indicating minor increases in number of depressed 
points over time in all but one subject who developed proliferative 

Middle
Bottom

number of depressed points over time in all but one subject who showed 
considerable improvement from 20 points at baseline to three at 12 months 
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Photocoagulation caused a combination of necrotic and apoptotic cell death, and was 

the most reproducible lesions in the ARPE-19 cell culture and were therefore used 

 Morphological evaluation of necrosis demonstrated that necrotic cells 

Proliferation levels returned to normal after 24 h and continued to increase at all 

between proliferation and migration in the healing process after photocoagulation, 

-

Real-time RT-qPCR showed upregulation of genes involved in cell proliferation, 

total of 28,869 genes), and 33, 713, and 165 of those 911 genes were altered at 2, 6, 

found primarily in processes involved in the cell cycle, systemic lupus erythematosus, 
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 The datasets from the microarray and mass spectrometry analyses were 

protein expression, whereas the cytoprotective heat shock proteins 1A and 1B showed 
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Discussion

laser coagulation for diabetic macular edema has on retinal sensitivity and on 

-

In the cohort of type 2 diabetic subjects with no retinopathy included in Study I, 
only one individual developed CSME and none developed proliferative diabetic 

comprising larger cohorts of subjects with no retinopathy at baseline in Liverpool 
(n = 3,743) , Wales (n = 49,763) , the 

maculopathy or preproliferative or proliferative retinopathy that required assessment 
, the calculated cumulative 

whereas the corresponding rates in Liverpool 

 In Study I, all images were graded at a hospital eye service, and subjects found 

the various assessments and may explain the higher incidence rates noted in the 

fovea) or preproliferative or proliferative retinopathy in the Welsh study , whereas 
, which 

was not used, because both the grading and the clinical evaluation of the subjects 

subjects with eyes graded as referable retinopathy (Wales) or as maculopathy, 

were referred for further evaluation actually had sight-threatening vascular lesions 

maculopathy (exudates within one disc diameter), which would have resulted in a 
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retinopathy during a 3-year period in type 2 diabetic subjects without retinopathy, 
and hence it can be concluded that it is safe to retain the current 3-year screening 

other countries should prolong the screening interval from 1 to 3 years, considering 
that generalizations of results depend on similarities between study populations 

argued that prolonged intervals can lead to a lower screening compliance rate, but 
this problem can be addressed by designing an organization to minimize the risk for 

 investigated individualized intervals based on 
a calculated risk for each diabetic subject, and such an approach may prove suitable 

previously been assessed in only a few investigations, which applied considerably 

 included only subjects with 

at areas corresponding to a retinal area of either 28° by 22° or 47° by 39°, and those 

 reported 

research groups may be explained by greater severity of the macular edema, and 
presumably also subsequent use of more intensive laser treatment, as compared 
to the corresponding aspects in Study II and in the investigation conducted by 

a 2-year follow-up period, it cannot be excluded that impaired retinal sensitivity could 

II, focal/grid laser coagulation did not cause decreased retinal sensitivity during the 
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of retinal sensitivity after such treatment can only be speculated upon and must be 

To explore the cellular mechanisms that occur after photocoagulation, we investigated 

 The ARPE-19 cell line was chosen for the experiments, because it has been 

in the RPE 

 The morphological healing process demonstrated in Study III guided the 
selection of time points deemed to be relevant in the repair process in Studies III 

proteomics in Study IV was based on the morphological appearance of the healing 

correlation 

 Carbonic anhydrase 9 was suppressed in the laser-treated samples as compared 
 found that levels of carbonic anhydrase were higher in 

In the same investigaiton, it was also observed that intravitreal injections of carbonic 
anhydrase and erythrocyte lysis in rats increased both retinal vascular permeability 
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both carbonic anhydrase and erythrocyte lysis play a role in blood retinal barrier 
breakdown, and that retinal hemorrhages in diabetic retinopathy can potentiate 

 In Study IV, the expressions of heat shock proteins 1A and 1B were enhanced 

expressed in the samples had a molecular weight of 70 kDa and thus belong to the 
Hsp70 family of stress-inducible proteins that enhance the ability of cells to manage 
and survive the accumulation of denatured proteins that occurs following stressful 

many inducers of apoptosis and/or necrosis, such as oxidative stress , which is 
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2 diabetes but no retinopathy is safe to retain, considering the very low 

and apoptosis, which was followed by a healing process involving both 

be partly explained by the downregulation of Carbonic anhydrase 9 and 
upregulation of the heat shock proteins 1A and 1B in the retinal pigment 
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orsakas av att vätska läcker ut ur näthinnans små blodkärl och orsakar förtjockning 

 Då diabetesretinopati kan uppstå utan påverkan på synfunktionen, genomgår 
patienter med diabetes fotografering av ögonbotten eller undersökning hos 

på Island rekommenderas två-åriga intervall och i Sverige rekommenderar 

 I studie I undersöktes hur stor risk det nuvarande tre-åriga intervallet utgjorde 

Endast en person insjuknade i diabetiskt makulaödem och inga patienter utvecklade 

Patienten som i studie I drabbades av diabetiskt makulaödem erhöll laserbehandling 

av laserbehandlingen är att värmen sprids från pigmentepitelet och gör åverkan 

eventuell skada kan upptäckas med hjälp av synfältsundersökning som kontrollerar 

 I studie II undersöktes om laserbehandling av diabetiskt makulaödem 

metod som har använts mot diabetiskt makulaödem sedan 80-talet, har de studier 



44

jämfördes över tid och visade att inga patienter utvecklade laserorsakad skada under 

 De förändringar som laserbehandlingen förmodligen orsakar på cellerna i 

En sådan kartläggning hade kunnat bidra till utvecklingen av nya läkemedel mot 

Med hjälp av metoden undersöktes vilken typ av celldöd som laser gav upphov 

programmerade celldöden (även kallad apoptos) sker under mer kontrollerade 
förhållanden genom att cellen stegvis bryter ned sitt eget innehåll och begår 

att tolka i nuläget, men programmerad celldöd kan tänkas spela en möjlig roll i 
tillbakabildningen av ödemet, antingen i sig självt genom att sjuka celler utraderas 
och nya friska växer till, eller genom att det parallellt gynnar händelser i cellerna som 

som följde efter laserbehandling utgjordes dels av att cellerna växte i antal genom 

Bland annat tillverkar de proteiner som används av andra celler i näthinnans 

av en gen först tillverkar ett slags mellanprotein som i sin tur används som en mall 

Typen och mängden av proteiner som cellen tillverkar i steget efter genuttrycket, 

 I studie IV undersöktes hur pigmentepitelcellernas uttryck av gener 
respektive proteiner ändrades efter laserbehandling, med hjälp av metoden från 

har några gemensamma roller, utfördes en datauträkning som jämförde respektive 

 Därutöver uppmärksammades att uttrycket av proteinet karbanhydras 
9, som i tidigare studier påvisats vara förhöjd i ögonvävnad hos patienter med 
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shock proteinerna 1A och 1B, som i tidigare studier påvisats vara delaktiga i läknings- 

dessa proteiner är delaktiga i den förmånliga process som följer efter laserbehandling 

• 

• 

• Laser orsakar plötslig celldöd samt programmerad celldöd och följs därefter av 

• Det sänkta uttrycket av karbanhydras 9 och det höjda uttrycket av heat shock 
proteinerna 1A och 1B efter laserbehandling kan vara delaktiga i den förmånliga 
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