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Chapter 1 

 
 

General introduction and scope of the thesis  



The blood-retinal barrier and blood-brain barrier 
The retina and brain are the most energy-demanding tissues in the body due to the high 
metabolic requirements of neuronal tissue and the dark adaptation function of the rod 
photoreceptors [1-3]. In addition, neuronal tissues require a tightly regulated 
microenvironment for proper function. For this purpose, the retina and brain possess 
specialized blood vessels with a highly selective barrier that ensures adequate delivery of 
oxygen, glucose and other blood-borne components, removal of waste products, and 
protection of neuronal tissue by limiting the free transport of molecules and cells across the 
barrier. The barriers in the retina and brain are called blood-retinal barrier (BRB) and blood-
brain barrier (BBB), respectively, and they are formed by cellular and extracellular 
components [2, 4, 5]. In the retina, there is an outer and inner BRB. The outer BRB is 
guaranteed by tight junctions between the retinal pigment epithelial cells that separate the 
neural retina from the choroid. The inner BRB and BBB consist of capillary endothelial cells 
that form the vasculature and are also interconnected by tight junctions, lack fenestrations 
and have few pinocytotic vesicles.  
 

  
Figure 1. Schematic illustration of the neurovascular unit in the eye and brain. The blood-retinal 
barrier and blood-brain barrier are formed by endothelial cells that are connected by tight junctions. 
Endothelial cells are lining capillaries and are surrounded by pericytes, sharing the basal lamina. End 
feet of astrocytes and Müller cells (retina) are projected onto the capillaries. Endothelial cells, 
pericytes, macroglia (astrocytes and Müller cells), microglia, and surrounding neurons together form 
the neurovascular unit. Created with BioRender.com. 

 
 
The neurovascular unit in the eye and brain 
The barrier properties are regulated by the neurovascular unit (NVU), a complex, 
multicellular structure composed of endothelial cells, pericytes, macroglia, microglia, and 
neurons (Figure 1) [4-9]. Pericytes are perivascular cells that tightly wrap around capillaries, 
thereby partially covering the capillary wall [5, 10-15].  
 
Pericytes are surrounded by basal lamina and share the basal lamina with endothelial cells. 
Pericytes form direct contacts with endothelial cells through peg-socket contacts and 



adhesion plaques and communicate through autocrine and paracrine regulation and 
modulation of the basal lamina [10]. Pericytes are crucial for vascular development, 
maturation, remodelling and maintenance, for regulation of blood flow, for clearing of 
harmful metabolites in the extracellular matrix and for regulation of transcytosis, astrocyte 
end feet polarization, and tight junction protein expression. The importance of pericytes in 
the eye and brain is reflected by the high prevalence of pericytes in the retina and brain in 
comparison with other organs. The pericyte-to-endothelial cell ratio ranges from 1:1 to 1:3, 
in contrast to the ratio of 1:10 to 1:100 observed in other capillaries throughout the body 
[10, 16].  
 
Macroglia project their end feet onto the basal lamina that is directly surrounding pericytes 
[5, 7]. In the brain NVU, macroglial cells are represented by astrocytes, while in the retina, 
both astrocytes and Müller cells are present, with Müller cells being exclusive to the retinal 
tissue [5, 7, 17-19]. Müller cells have radial processes that span the width of the neural 
retina. Astrocytes are mostly located in the nerve fibre layer of the retina and are the most 
abundant cell type in the human central nervous system. Macroglia are considered to play a 
critical role in barrier permeability regulation, structural support for neuronal cells and 
maintenance of the balance of water, ions, and neurotransmitters. Additionally, macroglia 
are involved in the regulation of immune cell entry, blood flow, the supply of nutrients, and 
the removal of waste products.  
 
Microglia, which are unrelated to macroglia, are the resident immune cells of the central 
nervous system [4, 6]. Microglia perform continuous surveillance in the tissues and remove 
dying cells and metabolic debris by phagocytosis. Microglia produce anti-inflammatory 
cytokines and neurotrophic factors to protect neuronal tissue but can also secrete high levels 
of pro-inflammatory cytokines during pathology.  
 
Neurons in the retina include photoreceptors, ganglion cells, bipolar cells, horizontal cells, 
and amacrine cells [6, 20]. The light signals are converted into electrical signals by 
photoreceptors, and the other retinal neurons process and transmit these signals to the 
brain via the optic nerve. In the brain, there is a wide variety of neuronal types classified by 
function, structure, and molecular signatures [21]. To ensure an adequate supply of nutrients 
and oxygen, both organs regulate local blood supply in response to neuronal activity, which is 
called neurovascular coupling [22, 23]. Neurovascular coupling involves complex interactions 
between neurons, astrocytes, Müller cells, endothelial cells, smooth muscle cells, and 
pericytes. Neurons can directly act on pericytes of capillaries and smooth muscle cells of 
arterioles via the production of nitric oxide, leading to vasodilation. Upon activation, neurons 
can also release vasoactive agents. Astrocytes and Müller cells detect the neuronal activity 
and transmit signals to smooth muscle cells and pericytes through a series of molecular 
events. Specifically, these cells initiate a cascade of signalling pathways that lead to 
hyperpolarization of their end-feet on the vascular wall, resulting in the relaxation of 
capillaries and arterioles. Taken together, the NVU in both the eye and brain exhibit similar 
structural and functional characteristics. 
 
The eye and brain in diabetes 
Diabetes is characterized by abnormal glucose metabolism having deleterious effects on the 
systemic vasculature [24]. A common microvascular complication associated with chronic 



hyperglycaemia is diabetic retinopathy (DR) [25], a leading cause of blindness among the 
working-age population. DR is characterized by retinal vascular abnormalities, including 
increased vessel tortuosity, capillary occlusion and dropout, microaneurysms, haemorrhages, 
lipid exudates, increased vascular permeability, cotton-wool spots and in a later stage 
neovascularization [26-28]. Prior to the appearance of these overt abnormalities, subtle 
changes occur in the BRB, including basal lamina thickening, loss of pericytes and endothelial 
cells, disruption of tight junction complexes, and an increase in the number of transport 
vesicles within endothelial cells [5, 29-31]. Macular edema can develop early and late in DR 
and can lead to significant vision loss [32]. In addition to microvascular complications, DR is 
also characterized by neurodegeneration [26, 29, 33], particularly ganglion cell apoptosis in 
the inner retina [29, 34]. Notably, neuronal and Müller cell death precede the loss of 
pericytes and endothelial cells [29, 35-43], although these changes are not visible with 
optical coherence tomography until they become more widespread in the retina [36-39, 44-
46]. Neurovascular coupling dysfunction is also a common feature in DR [23] and may form a 
link between the neurodegenerative and vascular features.  
 
Despite the similarities in the NVU between the eye and brain, and their shared embryonic 
origin [47], there is no equivalent of DR in the brain, the reasons of which are still unclear. 
Possible explanations are specific metabolic or vascular characteristics of the retina, and/or 
activation of compensatory mechanisms in the brain that prevent the development of DR-
like changes. In diabetes, cerebral vascular abnormalities are generally limited to capillary 
basal lamina thickening [48-51] and alterations in vessel tortuosity and capillary density [49, 
52]. Microbleeds [53], white matter lesions, and lacunes [54] have been reported in the 
brains of diabetic individuals, but these may represent vascular damage of larger order 
vessels. A correlation has been reported between retinal vessel density and structural 
abnormalities in cerebral vasculature in individuals with type 2 diabetes [55]. However, no 
direct association has been identified between retinal microvascular changes/DR and such 
small vessel dysfunction in the brain [56]. Moreover, no evidence of pericyte loss, a hallmark 
of DR, has been observed in the cerebral vasculature of diabetic patients [57, 58]. 
Hyperglycaemia and insulin resistance can induce oxidative stress and inflammation in the 
brain, contributing to neuronal apoptosis [59, 60]. Atrophy has been observed in several 
brain regions in diabetic patients [61-67], and may represent an equivalent of the 
neurodegeneration known to occur in the retina independently from DR. In line with this, 
type 2 diabetes is also associated with cognitive impairment, including deficits in attention, 
memory, executive function, and emotional processing, and is a known risk factor for true 
dementia, including Alzheimer’s disease (AD) [4, 68]. This increased risk persists even after 
adjusting for vascular risk factors [69, 70]. The precise mechanisms underlying these 
functional and structural changes in the brain, whether due to microvasculopathy [53, 71-
74], direct hyperglycaemic effects [75, 76], or fluctuations in glucose levels [77], remain 
debated. Differences in glucose uptake rates between endothelial cells in the retina and brain 
may contribute to the distinct pathologies observed in these tissues [78-80]. However, the 
biological mechanisms driving these changes in the brain remain incompletely understood. 
 
The eye and brain in Alzheimer’s disease 
AD is an age-related neurodegenerative disorder characterized by progressive cognitive 
decline [81, 82]. With the increasing life expectancy, the number of patients suffering from 
AD is expected to rise worldwide, posing a major health and societal burden [81]. Heritability 



accounts for 60-80% of the risk for developing AD [83, 84], with type 2 diabetes also 
identified as a risk factor [4]. However, it is unknown whether the presence of DR is an 
additional risk factor, and the relationship between DR and AD remains debated [85-87]. 
Pathological changes in the brain, including extracellular accumulation of amyloid-beta (Aβ) 
plaques and intracellular tau tangles, begin long before clinical symptoms of AD emerge [88-
91]. Aβ plaques and neurofibrillary tangles can cause synaptic dysfunction and neuronal loss 
[90, 91]. However, these pathological hallmarks have also been found in normal aging [92]. 
Significant atrophy of the cerebral cortex, amygdala, hippocampus and parahippocampus is 
associated with AD because of high susceptibility to neuronal degeneration in these regions 
[91, 93-95]. In contrast, regions like the striatum and cerebellum do not show similar 
neuronal pathology, although these regions show some degree of plaque formation. Cerebral 
vascular alterations also occur in AD, including changes in vascular density, basal lamina 
thickening, BBB dysfunction, and cerebral amyloid angiopathy, contributing to microbleeds, 
lacunes, and infarcts [4, 96, 97]. In addition, widespread astrocyte activation [98-101] and 
pericyte loss across multiple brain regions [14, 101-108] have been observed in the human 
AD brain. 
 
Although less widely recognized, both vascular abnormalities and neurodegeneration occur 
in the retina of patients with AD. Retinal vascular abnormalities in AD include narrowing of 
the veins [109] and venules [110], altered venular structure [110, 111], reduced blood flow 
[109, 112], and both increased [110, 113] and decreased [111] tortuosity have been 
suggested. Some studies reported an association between alterations in the retinal 
vasculature and vascular dementia, but not between alterations in the retinal vasculature 
and AD [114-116]. Retinal vascular changes have been previously associated with retinal Aβ 
plaque burden [111]. In several mouse models of AD, Aβ and tau accumulations have been 
observed in the retina, but findings in human studies are inconsistent [117], questioning the 
relevance of retinal findings in these mouse models. Retinal neurodegeneration, such as 
retinal ganglion cell loss and thinning of the retinal nerve fibre layer, has been identified in 
AD [117-120]. A better understanding of the biological mechanisms underlying AD pathology 
in both the retina and brain, and in particular the role of the microvasculature and the blood-
tissue barriers, is essential for improving understanding of AD, its diagnosis, monitoring, and 
for expanding treatment options. 
 
Scope of the thesis 
The studies presented in this thesis are primarily aimed at understanding changes in the NVU 
in the retina and brain in the context of type 2 diabetes and its increased risk of AD. First, we 
have worked on improving and developing new model systems in this context. For this 
purpose, zebrafish are an ideal in vivo model for studying changes within the NVU due to 
their optical transparency, small size, rapid reproduction, and suitability for genetic editing, 
offering advantages over larger animal models for real-time studies and high-throughput 
research. In Chapter 2, we describe a zebrafish model which represents a multimodal 
toolbox for visualizing and quantifying barrier permeability, protein expression, and 
ultrastructure in the brain. It provides a valuable foundation for using a zebrafish model to 
investigate the molecular mechanisms of BBB disruption in various pathological conditions, 
with direct implications for studies of diabetic macular edema and other neurovascular 
diseases. Such animal models facilitate longitudinal studies of the structure and function of 
the NVU, as demonstrated in Chapter 3, which details alterations in the retina of an 



established transgenic AD mouse model during disease progression, with a focus on changes 
in the JNK signalling pathway, synaptic integrity, gliosis, and amyloid pathology. In the 
following chapter, the focus shifts to a broader examination of retinal and cerebral 
neurovascular changes in human AD as well as type 2 diabetes. Chapter 4 describes human 
retinal and cerebral neurovascular changes in type 2 diabetes and AD, including assessment 
of vascular permeability, tight junction integrity, transcytosis, macroglial reactivity and 
functionality, and pericyte coverage. Increased vascular permeability can be attributed to 
dysfunctional transcellular and paracellular transport. We further explored the changes in 
pericytes associated with type 2 diabetes and further progression into DR in the retina, and 
the brain in type 2 diabetes and AD. Chapter 5 describes the development of an 
immunofluorescence staining methodology for 3D reconstruction of pericytes in human 
retinal flatmounts. Using flatmounts, rather than tissue sections, enhances spatial 
information by allowing visualisation of pericyte distribution across the entire retinal vascular 
network. The newly developed immunofluorescence staining protocol is used to examine 
pericyte characteristics in the retina in type 2 diabetes and further progression into DR, as 
well as in the brain in diabetes and AD, as described in Chapter 6. Immunofluorescence 
staining for several pericyte markers is performed to assess marker expression, vascular 
staining coverage, and cellular pericyte density in capillaries. These pericyte characteristics 
were compared between the retina and brain to explore similarities and differences in 
pericyte pathology across the studied conditions. Chapter 7 discusses the novel findings of 
this thesis in the context of the current literature and outlines potential directions for future 
research.  
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Abstract 
Vasogenic edema, due to blood-retinal barrier (BRB) disruption, is a major cause of vision 
loss across various ocular diseases. Similarly, blood-brain barrier (BBB) breakdown is a 
hallmark of many neurological disorders. However, the precise molecular and cellular 
mechanisms underlying barrier dysfunction under pathological conditions remain poorly 
understood. In this study, we aimed to develop a pathological model to investigate the 
integrity of the BRB and BBB using in vivo live imaging in zebrafish larvae, employing 
hyperglycemia-induced leakage as a proof of concept. Our results show that external glucose 
exposure elevates internal glucose levels, inducing hyperglycemia. Hyperglycemia increased 
midbrain blood vessel diameter and tracer leakage, indicative of barrier dysfunction, without 
affecting overall larval survival. Using fluorescent reporters, we found that hyperglycemia 
concurrently reduced claudin-5 and increased PLVAP, suggesting compromised tight junction 
integrity and impeded BBB maturation. Preliminary studies using transmission electron 
microscopy further revealed ultrastructural defects of junctions and transcellular caveolae. 
This proof of concept study establishes an in vivo protocol for visualizing and quantifying 
barrier permeability, protein expression, and ultrastructure. It provides a valuable foundation 
for a zebrafish model to dissect the molecular mechanisms of blood-barrier breakdown, with 
direct implications for investigations of diabetic macular edema and other neurovascular 
diseases. 
  



Introduction 
In the eye, vasogenic macular edema arises from the breakdown of the blood-retinal barrier 
(BRB) and is a primary cause of vision loss in patients with diabetic retinopathy, retinal vein 
occlusions, uveitis, and exudative age-related macular degeneration [1, 2]. Similarly, 
disruption of the neuroprotective blood-brain barrier (BBB) is a critical and persistent 
pathological event in various neurological disorders such as brain trauma and brain tumors 
[1, 3]. Compromised barrier integrity leads to plasma protein extravasation, which 
contributes to vasogenic edema and is associated with neuronal injury and cell death. The 
cerebral and retinal vasculatures share structural and functional characteristics, including 
highly selective transport mechanisms that restrict the passage of proteins and other 
molecules from the circulation into the neural parenchyma, thereby protecting the delicate 
neuronal components. Both the BBB and BRB maintain homeostasis through a coordinated 
interplay of specialized cellular and molecular features. Nevertheless, the precise molecular 
and cellular mechanisms governing barrier dysfunction under pathological conditions remain 
incompletely understood. Advancing therapeutic strategies necessitate a comprehensive 
understanding of disease progression and underlying mechanisms.  
 
The aim of our study was to establish a zebrafish model that can be employed to investigate 
effects of pathological breakdown of the BBB, serving as a model for both the BBB and BRB. 
Currently, no such zebrafish model exists. We focused on the BBB because zebrafish larvae 
lack a BRB similar to humans [4, 5], and as the BRB shares many structural and functional 
features with the BBB [3]. Rodent models are most commonly used for studying the BRB and 
BBB, because of their similarity in cell types, transporters and restrained permeability 
properties as compared to those of the human BBB [6]. However, use of these animal models 
raises ethical concerns, is expensive and time-consuming, and requires invasive procedures 
to assess brain gene expression.  
 
In this study, we used zebrafish larvae to study vascular leakage induced by hyperglycemia, as 
a model for vasogenic edema. Zebrafish are the smallest vertebrate model organisms with a 
functional endothelial BBB [7-10] that resembles that of humans. The zebrafish model is 
ideal for vascular biology and therapy development due to its transparency, rapid 
development, and suitability for live imaging. While it is established that zebrafish larvae 
develop a functional BBB between 3 and 10 days post fertilization (dpf) [5, 7, 8, 10-12], the 
precise timing of its maturation remains debated. Some studies posit that BBB development 
coincides with angiogenesis from 2 dpf onwards [5, 10], while others report a broader 
maturation window from 3 to 10 dpf based on tracer permeability assays [11]. In addition, 
BBB development has been assessed through the expression levels of tight junction proteins 
[5, 10, 12]. Claudin-5 and ZO-1 have been detected in all cerebral blood vessels as early as 3 
dpf [5, 10], although one study reported a more gradual upregulation of claudin-5 in the 
cerebral vasculature, with expression initiating at 3 dpf and becoming widespread across 
nearly all brain vessels by 5 dpf [12]. Anatomical analysis by transmission electron 
microscopy (TEM) identified tight junctions at 5 dpf and pericytes and astrocyte endfeet at 
10 dpf [11]. 
 
In the light of this discussion, as a proof of concept for our model, we investigated whether 
hyperglycemia disrupts, delays, or alters normal BBB development. We used the Tg(fli1:EGFP) 
transgenic line to visualize the cerebral vasculature in vivo. We also employed transgenic 



zebrafish lines to visualize expression of claudin-5 and plasmalemma vesicle-associated 
protein (PLVAP), which are markers of BBB formation [12] and immature and permeable 
vasculature [8], respectively. These reporter lines allowed for real-time in vivo monitoring of 
gene expression during barrier formation. To investigate BBB integrity and molecular 
responses, we used these zebrafish reporter lines [8, 12, 13] in combination with techniques 
including quantification of internal glucose level [14], vascular diameter [15] and fluorescent 
tracer-based permeability [7], BBB marker expression analysis and TEM. Based on these 
techniques, we present a multimodal in vivo platform for assessing BBB disruption under 
hyperglycemic conditions. 
 
 

Results 
Increased internal glucose levels in zebrafish larvae without affecting survival or 
morphology 
To establish hyperglycemic conditions in zebrafish, Tg(fli1:EGFP) zebrafish were continually 
immersed in medium supplemented with 60 mM or 130 mM glucose, from 3 to 5 dpf. To 
confirm the establishment of hyperglycemia, we measured internal glucose levels in larvae 
after glucose exposure (Figure 1). We observed significant heterogeneity in glucose levels 
among zebrafish under hyperglycemic conditions. Larvae exposed to 60 mM and 130 mM 
glucose for 24 h (4 dpf) (Figure 1b) and 48 h (5 dpf) (Figure 1c) showed at least 4-fold higher 
glucose levels relative to both the non-exposed control group and the 130 mM mannitol 
group (P < 0.05). No differences were observed between the control groups at 24 h and 48 h. 
These results demonstrate a dose-dependent increase in the total internal glucose levels of 
zebrafish after 24 h and 48 h of exposure to 60 mM and 130 mM glucose.  
 
Hyperglycemic exposure from 3 to 5 dpf did not significantly affect survival rates (Figure 2a) 
or cause morphological abnormalities compared to controls (Figure 2b). In summary, 
immersing zebrafish in medium supplemented with glucose elevates internal glucose levels 
without affecting survival rates or morphology.  
 



 
Figure 1. Endogenous glucose level measurements at 5 dpf in zebrafish after exogenous glucose 
exposure. (a) Experimental design for internal glucose measurements. Tg(fli1:EGFP) zebrafish were 
exposed to 60 mM or 130 mM glucose between 3 dpf and 5 dpf. 0 mM glucose and 130 mM mannitol 
were included as controls. Forty zebrafish from each experimental group were collected, washed and 
homogenized. Supernatant was collected after centrifugation and internal glucose levels were 
measured with a glucose meter. Images adapted from Servier Medical Art 
(https://smart.servier.com/), licensed under CC BY 4.0 
(https://creativecommons.org/licenses/by/4.0/). Internal glucose levels were measured after (b) 24 h 
(4 dpf) or (c) 48 h (5 dpf) of exposure to 60 mM or 130 mM glucose. 0 mM glucose and 130 mM 
mannitol were included as controls. n = 9-16 biological replicates per group. Data are represented as 
mean ± SD. *P < 0.05, **P < 0.01, ****P < 0.0001 by Kruskal-Wallis statistical test. 



 
Figure 2. Hyperglycemia effects on survival and morphology in zebrafish larvae of 5 dpf. (a) Survival 
rates after glucose exposure (60 mM or 130 mM glucose) in Tg(fli1:EGFP) zebrafish larvae at 5 dpf. 0 
mM glucose and 130 mM mannitol were included as controls (n = 5 per condition). Data are 
represented as mean ± SD. (b) Morphological differences were not found between control conditions 
(0 mM glucose and 130 mM mannitol) and glucose-treated Tg(fli1:EGFP) zebrafish larvae (60 mM or 
130 mM glucose) at 5 dpf. Scale bars: 500 µm. 

 
 
Increased cerebral tracer permeability under hyperglycemic conditions 
To evaluate the effects of hyperglycemia on BBB formation in zebrafish larvae, we performed 
permeability assays using simultaneous intracardiac co-injections of small (792 Da Cy5) and 
large (70 kDa Dextran-Texas Red) fluorescent tracers in zebrafish larvae at 3, 4 and 5 dpf. 
Tracer extravasation was quantified by live-imaging after injection (Figure 3a-d).  
 
At all time points, both tracers were detected in brain parenchyma (Figure 3e, f; 
Supplementary Figure S1), confirming their extravasation. In control larvae (0 mM glucose), 
the normalized tracer intensity in the midbrain remained stable throughout development 
(Figure 3g, h).  
 
Following 48 h of exposure to 130 mM glucose, leakage of both 70 kDa-Dextran (0.78 ± 0.17 
intensity; P = 0.0014) and Cy5 (0.93 ± 0.21 intensity; P = 0.026) was increased compared to 
baseline. Cy5 leakage showed a 1.6-fold increase relative to the 0 mM glucose control at 5 
dpf (P = 0.011) (Figure 3h). No differences were found for any other conditions or time 
points.  
 
These results indicate that 130 mM glucose exposure had a more pronounced effect on 
tracer leakage than 60 mM glucose for 70 kDa-Dextran, and an even greater effect for the 
smaller Cy5 tracer. To determine how the BBB itself contributes to this hyperglycemia-
induced increase in permeability , we further characterized the developing cerebral 
vasculature.   



 
Figure 3. BBB permeability measurements after hyperglycemia in zebrafish larvae. (a-d) 
Experimental design for the quantification of blood vessel permeability. Created in 
https://BioRender.com. (a) At 3, 4 and 5 dpf, Tg(fli1:EGFP) zebrafish larvae were injected into the 
cardiac sac with fluorescent tracers. (b) Confocal microscopy images of a fluorescent tracer (left 
image) and the fluorescent blood vessels (right image) are shown separately. (c) Fluorescence 
intensity measurements using ImageJ software are shown. Left image: In the tracer channel, the 
vasculature (GFP) was subtracted from the tracer fluorescence. Tracer fluorescence was measured in 
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6 regions of brain parenchyma (red rectangles). Right image: In the tracer channel, the fluorescence 
intensity was measured at 3 regions inside the lumen (red rectangles). (d) To normalize the 
fluorescence intensity, the mean fluorescence inside the parenchyma is divided by the fluorescence 
intensity inside the lumen. (e, f) Examples of vascular leakage in the zebrafish brain (dorsal view) of 
Tg(fli1:EGFP) zebrafish at 4 dpf injected with (e) 70 kDa Dextran-Texas Red (green) and (f) 792 Da Cy5 
(cyan) under hyperglycemic conditions. Vasculature is shown in magenta. (g, h) Quantification of 
tracer intensity as measured in the midbrain parenchyma at baseline, after 24 h and 48 h of glucose 
exposure normalized to luminal tracer intensity, both for (g) 70 kDa Dextran-Texas Red and (h) 792 Da 
Cy5. n = 10-15 fish per group. Data are represented as mean ± SD. *P < 0.05, **P < 0.01. 

 
 
Hyperglycemia-induced increase in cerebral vascular diameter 
To assess the effects of glucose on cerebral vasculature, we measured the diameter of the 
middle mesencephalic central artery following 48 h of exposure (5 dpf) (Figure 4a-c). 
Exposure to 60 mM and 130 mM glucose increased vascular diameter compared to both 0 
mM glucose (8.85 µm ± 2.04 µm) and mannitol controls (8.75 µm ± 1.19 µm) (Figure 4d). 
Specifically, the diameter increased to 11.21 µm ± 2.52 µm with 60 mM glucose (P < 0.05) 
and to 11.42 µm ± 2.05 µm with 130 mM glucose (P < 0.01). 
 
Hyperglycemia alters inter-endothelial junctions in zebrafish midbrain 
To examine the impact of hyperglycemia on tight junction integrity, we analyzed claudin-5 
expression using a Tg(cldn5a:EGFP) reporter zebrafish line (Figure 5a, b). In a preliminary 
small sample set (n = 3 per condition), hyperglycemic larvae showed reduced claudin-5 
expression at 5 dpf (Figure 5b).  
 
Ultrastructural analysis by TEM confirmed intact tight junctions in both groups but indicated 
qualitative morphological changes, with hyperglycemic larvae occasionally displaying 
widened intercellular spaces at endothelial cell junctions that were largely absent in controls 
(Figure 5c and 5d). 
 
Higher PLVAP expression in hyperglycemic barrier endothelium 
To assess the effects of glucose on the transcellular pathway, we visualized the expression of 
plvapb, a marker of immature and permeable vasculature involved in transcellular transport 
[8, 16], using a Tg(plvapb:EGFP)ulb40 transgenic zebrafish line. In this zebrafish line EGFP is 
controlled by the cis-regulatory sequences of plvapb, as defined by Umans et al [8]. 
plvapb:EGFP expression normally decreases during maturation of the endothelial barrier [8]. 
To evaluate the effect of hyperglycemia on plvapb expression in the midbrain and hindbrain 
vasculature, zebrafish exposed to 0 mM glucose, 130 mM mannitol or 130 mM glucose from 
3 dpf onwards were compared at 4 and 5 dpf (Figure 6). plvapb:EGFP expression was similar 
at 4 dpf for all conditions (Figure 6a,b). By contrast, EGFP expression in zebrafish exposed to 
130 mM glucose appeared heterogenous with a minor fraction of the larvae exhibiting higher 
values compared to the untreated control group (Figure 6c,d). These results suggest that 
hyperglycemia can increase PLVAP expression and consequently upregulate transcytosis in 
the brain vasculature.   



 
Figure 4. Cerebral artery diameter measurements after hyperglycemia in zebrafish larvae. (a-c) 
Procedure to quantify cerebral blood vessel diameter. (a) The zebrafish head was imaged using 
confocal microscopy. (b) Microscopical fluorescence images at 20x magnification were prepared and 
the cerebral blood vessel diameter was measured using ImageJ. (c) The diameter of middle 
mesencephalic central artery was determined in 2 branches at 4 sites (orange) on the 2 concentric 
circles (blue) drawn with the Concentric Circle plugin of ImageJ. Created in https://BioRender.com. (d) 
Quantification of the mesencephalic vein diameter. The diameter of the middle mesencephalic 
central artery in Tg(fli1:EGFP) zebrafish at 5 dpf increased after 48-h exposure to 60 mM and 130 mM 
glucose as compared to 0 mM glucose and mannitol conditions. An average of the diameter 
measured at 4 locations on the middle mesencephalic central artery was taken for n = 13-17 fish per 
group. Data are represented as mean ± SD. *P < 0.05, **P < 0.01. 
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Figure 5. Imaging-based methods to analyze brain endothelial junctions in hyperglycemic zebrafish 
larvae (a) Schematic figure to illustrate the orientation of the zebrafish head for images shown in (b). 
(b) Representative maximum intensity projection of a confocal z-stack showing the midbrain (dorsal 
view) in Tg(cldn5a:EGFP) zebrafish larvae at 5 dpf to visualize claudin-5 expression (green) for 0 mM 
glucose control, mannitol control and after hyperglycemia (130 mM glucose). Lower panel, higher 
magnification of inset (midbrain boxed in images). (c, d) High-magnification TEM images of 
interendothelial junctions, indicated with arrowheads. The yellow arrowhead indicates an inter-
endothelial junction with increased electron-lucent space. Scale bars: 100 µm in b; scale bars: 500 nm 
in c, d. 

 
 



 
Figure 6. Microscopical analysis of plvapb:EGFP expression in larval brains under hyperglycemic 
conditions. Representative maximum intensity projection of a confocal z-stack showing 
Tg(plvapb:EGFP;kdrl:ras-mCherry) zebrafish larvae at 4 dpf (a) and 5 dpf (c) to visualize plvapb:EGFP 
expression (green) in 0 mM glucose controls, 130 mM mannitol-exposed larvae and after 
hyperglycemia (130 mM glucose). Vasculature is shown in magenta. Scale bars: 100 µm. 
Quantification of vessels segments positive for GFP in the brain parenchymal vasculature, indicating 
PLVAP expression, at 4 dpf (b) and 5 dpf (d).  

  
 
Challenges in ultrastructural analysis of hyperglycemia-induced BBB disruption  
To investigate mechanisms of glucose-induced BBB permeability, we assessed endothelial 
caveolae. Blood vessels were identified in the zebrafish midbrain, of which examples are 
shown in Figure 7a-c. While caveolae were identifiable in all groups (Figure 7d-f), their overall 
scarcity made quantification difficult. This limited abundance may be an inherent feature of 
zebrafish vasculature or a technical artifact. 
 



 
 
Figure 7. TEM analysis of caveolae after hyperglycemia in zebrafish larval cerebral vasculature. (a) 
Optimized TEM images of individual cerebral blood vessels (cross-sectional) in Tg(fli1:EGFP) zebrafish 
at 5 dpf. Morphology of cerebral blood vessels with endothelial cells (EC) pseudocoloured red, and 
lumen (L). (b, c) Representative TEM images of individual cerebral blood vessels (cross-sectional) in 
Tg(fli1:EGFP) zebrafish at 5 dpf. Morphology of cerebral blood vessels with endothelial cells (EC) 
pseudocoloured red, and lumen (L). Scale bars in a-c: 500 nm. High-magnification TEM images of 
vascular endothelial cells in Tg(fli1:EGFP) zebrafish at 5 dpf for (d) 0 mM glucose, (e) mannitol, or (f) 
hyperglycemic (130 mM glucose) conditions. Examples of a caveola are indicated with a yellow arrow. 
Scale bars in d-f: 100 nm. 

 
 

Discussion 
This study aimed to establish a zebrafish model to investigate the BBB under physiological 
and pathological conditions, serving as a model for both the BBB and BRB. Disruption of 
these barriers, a hallmark of neurological disorders and a major cause of vision loss in retinal 
diseases [1, 3, 17-19], is poorly understood at the molecular level. Employing hyperglycemia-
induced vascular leakage as a proof of concept to validate the model, we used developing 
zebrafish larvae as an in vivo model of vasogenic edema. To this end, we developed a toolbox 
to comprehensively assess BBB integrity. The techniques include 1) live imaging in 
Tg(fli1:EGFP) zebrafish to visualize the midbrain vasculature and quantify tracer 
extravasation, 2) fluorescent reporter imaging in transgenic lines to examine claudin-5 and 
PLVAP expression, and 3) TEM to reveal tight junction structures and incidental transcellular 
caveolae.  
 
Hyperglycemia altered BBB formation in our zebrafish model between 3 and 5 dpf, resulting 
in increased extravasation of fluorescent tracers. However, this permeability assay alone is 
not sufficient to prove BBB disruption. Other barriers in the brain, including the choroid 
plexus and meninges, could also contribute to the increase in parenchymal tracer intensity. 
Therefore, additional assays are required to determine whether the BBB is specifically 
affected under these pathological conditions. To find further evidence that the BBB 
contributes to the tracer extravasation, we studied the expression of claudin-5 and PLVAP 
using two transgenic zebrafish lines, Tg(cldn5a:EGFP) and Tg(plvapb:EGFP). Our preliminary 



imaging from the Tg(cldn5a:EGFP) line indicates impaired tight junctions in the brain vessels 
that form a BBB under hyperglycemic conditions. The observed reduction in cerebral claudin-
5 expression aligns with reports from diabetic rodents, human co-culture models [20-22] and 
a prior zebrafish study [23]. These findings collectively suggest that BBB dysfunction is a key 
contributor to the increased tracer leakage. 
 
Heterogeneous PLVAP expression was observed in zebrafish exposed to high levels of 
glucose. A minor fraction of larvae in the high-glucose group showed significantly higher 
expression than the controls, suggesting that high glucose levels can prevent BBB maturation 
in the cerebral vasculature. The bimodal nature of the PLVAP response is consistent with 
heterogeneity in internal glucose levels, a possibility that remains to be tested. The observed 
heterogeneity in internal glucose levels represents a limitation of the current hyperglycemic 
model and may contribute to variability in other physiological parameters measured in 
zebrafish in this study. PLVAP expression is regulated by several key pathways. VEGF, a 
primary regulator, is increased during hyperglycemia and upregulates PLVAP, thereby 
compromising BBB and blood-retina barrier (BRB) integrity [1, 24-30]. Conversely, the Wnt/β-
catenin pathway is essential for maintaining low PLVAP expression and intact BBB/BRB 
function [31-35]. Sustained Wnt/β-catenin activity is required to suppress PLVAP. Consistent 
with this, PLVAP expression in the mouse [25] and zebrafish [8] retina, as well as in the 
mouse and zebrafish brain [8, 31], has been established as a marker of immature or 
pathological BBB and BRB.   
 
While our model is well-suited to investigate the prevention of BBB formation during 
development, it may not fully recapitulate the breakdown of a mature barrier. Therefore, 
future research using adult zebrafish may be more appropriate for investigating BRB and BBB 
dysfunction in the context of established human disease [36, 37]. The current model 
replicates compromised barrier integrity and the resulting vasogenic edema, as observed in 
various human pathologies affecting the BRB [1, 3] and BBB [18, 19]. However, it studies the 
barrier during its initial formation rather than after its subsequent disruption. Therefore, 
adult zebrafish may be a superior model for future research, since their larger head size 
minimizes confounding tracer influx from non-BBB sources. 
 
In addition to increased tracer permeability, we detected vasodilation in the midbrain 
vasculature of zebrafish exposed to hyperglycemia, with changes in vessel diameter 
detectable as early as 24 h (4 dpf) after exposure. This early response to hyperglycemia in the 
brain is in agreement with reports of hyperglycemia-induced vasodilation in retinal blood 
vessels of diabetic patients [38]. A potential mechanism for the vasodilation is 
hyperglycemia-triggered VEGF signaling, leading to nitric oxide (NO)-mediated pericyte 
relaxation [15, 18, 39]. This mechanism is supported by Jung et al. (2016), who demonstrated 
hyperglycemia-induced NO production in hyaloid-retinal vessels through direct NO 
measurements [15]. Alternatively, hyperglycemia may induce phenotypic changes in 
pericytes that impair their maturation and disrupt pericyte-endothelial communication [40-
42]. This disruption can lead to both vasodilation [40] and impaired barrier formation in the 
developing brain [43]. In addition to investigating the role of pericytes, other cell types of the 
neurovascular unit, such as radial glia cells [10, 44, 45] and microglia [46-50], may be worth 
investigating for their contribution to BBB formation. Live imaging of these cell types in 



transgenic lines would enable detailed investigation of their roles in processes such as 
vasodilation and vascular permeability. 
 
Elevated VEGF levels could also promote caveolae formation in barrier endothelium, as 
shown by TEM [2, 26, 51]. In the present study, TEM analysis confirmed the presence of 
caveolae in endothelial cells at 5 dpf on both the luminal and abluminal sides with 
morphology consistent with prior reports [7]. However, their quantification was challenged 
by their frequent indistinctness. It remains unclear if this was due to an intrinsically low 
density of caveolae in this model or a technical limitation of our image resolution. As a result, 
the role of caveolar-mediated transcytosis in the hyperglycemia-induced permeability we 
observed could not be determined. A much higher caveolar density (up to 13-fold) has been 
reported in other models, such as retinal capillary endothelial cells of monkeys [51], likely 
reflecting interspecies variation. However, technical limitations in resolution or contrast in 
our study may also be a factor. Future studies using enhanced TEM protocols with contrast 
agents like peroxidase tracers [52], may yield more reliable visualization .  
 
In conclusion, we have established a zebrafish model of vasogenic edema and a 
corresponding toolbox for in vivo BBB in assessment. This platform is extendable to other 
BBB challenges, including inflammatory proteins, and allows for deeper mechanistic insight 
through the analysis of additional targets like tight junction proteins ZO-1 [10, 53], and the 
transcytosis inhibitor Mfsd2a [7, 54]. As a proof of concept, our work also underscores the 
potential of this model for studying long-term BRB and BBB breakdown in adult zebrafish, 
thereby accelerating the development of therapies for associated eye diseases and 
neurological complications. 
 
 

Materials and methods 
 
Zebrafish maintenance 
The animal ethics of this study were conducted in accordance with the EU Directive 
2010/63/EU on the protection of animals used for scientific purposes. All methods were 
conducted in compliance with the ARRIVE guidelines (https://arriveguidelines.org). Adult 
zebrafish were maintained at 28.0 °C in aerated 5 liter tanks with a 14 h light/10 h dark 
cycle. Embryos were obtained from adult Tg(fli1:EGFP), Tg(cldn5a:EGFP) (kindly provided by 
prof. dr. Wilbert Bitter) and Tg(plvapb:EGFP;kdrl:mCherry) and raised in embryonic (E3) 
media under standard conditions at 28.0 °C. Tg(fli1:EGFP) expresses enhanced green 
fluorescent protein (EGFP) under the control of the promotor of the fli1 gene, an endothelial 
cell marker, showing the vasculature [55]. Tg(cldn5a:EGFP) was included because of the high 
homology and synteny of claudin 5a with human CLDN5 and has an inserted EGFP at the 
translation start site of the claudin 5a gene [12]. The Tg(plvapb:EGFP)ulb40 line was generated 
in this study, by cloning a 3.083 kb fragment of the zebrafish plvapb promoter 
(ENSDARG00000045003) upstream of EGFP in pTol2, as previously described8. The transgenic 
line was generated by co-injecting 15 pg of the construct with 25 pg of Tol2 transposase 
mRNA in one-cell stage embryos.  
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Glucose exposure and measurement of whole-body glucose levels 
Tg(fli1:EGFP) zebrafish embryos were placed in 100 mm petri dishes at 3 dpf with 100 
embryos per petri dish in E3 media containing either 60 mM or 130 mM D-glucose (Cat. No. 
108337; Merck), based on results previously published by Jung et al. (2016) and Sing et al. 
(2019) [14, 15]. Media were maintained until 5 dpf and refreshed every day. Survival rates 
were determined at 3, 4 and 5 dpf. In the following experiments, zebrafish larvae were 
exposed to 60 mM and 130 mM glucose from 3 to 5 dpf.  
 
Control zebrafish were maintained under identical conditions in E3 medium only. 
Furthermore, zebrafish were exposed to mannitol (130 mM) (Cat. No. 12.534.21; Janssen 
Chimica) instead of glucose under identical conditions as a control for hyperosmolarity. 
Quantitative analysis of glucose levels was performed on whole body lysates at 3, 4 and 5 
dpf. Forty zebrafish larvae in each experimental group were placed on ice. The medium was 
removed and the larvae were washed thrice with E3 medium to remove extracellular 
glucose. After the E3 medium was aspirated as completely as possible, the zebrafish were 
homogenized using a hand homogenizer. After centrifugation at 18,407 g for 2 min, 5 µl of 
the supernatant was placed on parafilm and aspirated by a test strip. Total internal glucose 
levels were measured with a glucose meter (Accu-Chek Instant, Roche). The procedures are 
shown in Figure 1a. The average of 3 technical replicates was taken per condition with at 
least 3 independent biological replicates (n = 3).  
 
Tracer injections 
Tg(fli1:EGFP) zebrafish larvae at 3, 4 and 5 dpf were anesthetized using tricaine (0.9 mM; A-
5040, Sigma) and placed with their yolk sac facing upwards in a 2% low melting point (LMP) 
agarose (Cat. No. 16520; Invitrogen) with grooves made with an injection mold. Two 
nanoliter of 5 mg/ml Cy5 792 Da (Cat. No. 95017-553; Amersham Bioscience) and 5 mg/ml 
Dextran-Texas Red 70 kDa (D1830; Invitrogen) was injected into the cardiac sac using a 
FemtoJet (Eppendorf) coupled to an InjectMan NI 2 (Eppendorf) under a Leica DM IRB 
inverted fluorescence microscope. Following injection, larvae were screened for a beating 
heart. Those with confirmed cardiac activity were selected, and the timing of their live 
imaging was randomized within the 30 min to 4 h post-injection window. 
  
Fluorescence microscopy 
Injected Tg(fli1:EGFP) and non-injected Tg(cldn5a:EGFP) zebrafish larvae were anesthetized 
with tricaine and mounted in 0.8% LMP agarose on a glass bottom imaging dish (Cat. No. 
627860; Greiner bio-one) with their yolk sac facing upwards and were imaged within 3 h. 
Image analysis was performed with a confocal laser scanning microscope (Leica TCS SP8 X/ 
Leica TCS SP8 SMD/Leica Stellaris 8; Leica DMI 6000) using a 20x dry objective (NA 0.75) and 
40x oil immersion objective (NA 1.30). A z-stack of 30 µm was taken with the middle 
mesencephalic central arteryin the middle of the z-stack to image cerebral blood vessels.  
Tg(plvapb:EGFP)ulb40;(kdrl:ras-mCherry)s896 larvae were anesthetized with tricaine and 
mounted in 1% low melting point agarose on a glass bottom imaging dish (MatTek 
Corporation, Ashland, MA) with their yolk sac facing upwards. Larvae were imaged using the 
Zeiss LSM900 confocal microscope with 20x dry objective (NA 0.8). A z-stack of 3 µm was 
taken. Images were analyzed and processed using ImageJ software. 
 



Non-injected Tg(fli1:EGFP) zebrafish of 3, 4 and 5 dpf were mounted in 0.8% LMP agarose on 
a glass bottom imaging dish in a lateral position to assess the zebrafish morphology. Fifteen 
zebrafish per condition per day were imaged. Brightfield and fluorescence images were 
generated with an Axio Zoom.V16 microscope (Zeiss).  
 
Quantification of tracer permeability  
Permeability of cerebral blood vessels was assessed after tracer injection and imaging of 
zebrafish heads. Fluorescence images taken at 20x magnification with a z-stack of 30 µm 
were included for quantification. Fluorescence tracer intensity was measured using ImageJ. 
After masking and digitally subtracting the vasculature, fluorescence intensity was measured 
in 6 parenchymal regions. The mean of the parenchymal tracer intensity was then 
normalized to the mean tracer intensity within the vasculature, that was measured in 3 
regions in order to correct for variations in the amount of tracer injected or circulating tracer. 
The normalized fluorescence intensity was calculated for each fish, with a total sample size of 
10-15 fish per experimental condition, originating from at least 3 independent adult crosses. 
The quantification procedure is shown in Figure 3a-d. 
 
Quantification of blood vessel diameter 
Cerebral blood vessel diameter was determined using ImageJ software (National Institute of 
Health) with the Concentric Circle plugin [56]. Fluorescence images of the zebrafish head 
were used for quantification of blood vessel diameter. Images were prepared as a z-stack of 
30 µm. The diameter of the middle mesencephalic central artery of each fish was measured 
at 4 different locations on the artery on the concentric circles of which the mean was 
calculated for every fish. The blood vessel measurement procedures are shown in Figure 4a-
c. A total number of 15 ± 2 fish was quantified per experimental condition with at least 3 
biological replicates.  
 
Quantification of PLVAP expression  
plvapb:EGFP expression was quantified using ImageJ. Vessel segments were defined as 
discrete vascular elements between branching points or endpoints. For each larvae, the 
proportion of GFP⁺ vessel segments relative to the total number of mCherry⁺ segments at 4 
and 5 dpf was calculated from maximum intensity projections of confocal z-stacks. For each 
experimental condition, a total of 8–15 larvae were analyzed across two independent 
biological replicates. 
 
Transmission electron microscopy 
Tg(fli1:EGFP) zebrafish of 5 dpf were fixed in glutardialdehyde 25% (Sigma, 1.04239) 
overnight at room temp and post-fixed with 1% osmium tetroxide (OsO4, Electron 
Microscopy Sciences, Hatfield, PA, USA). Subsequently, the samples were dehydrated in an 
alcohol series and last steps in 1,2-propylene oxide (Sigma-Aldrich) then embedded into 
Epon (LX-112 resin Ladd research, Williston, VT, USA). Ultrathin (60 nm) epon sections of the 
samples were cut and collected on Formvar-coated grids, counterstained with uranyl acetate 
and lead citrate. All samples were examined and photographed in a Tecnai T12 TEM with a 
Xarosa camera and Radius software (EMSIS) at the Electron Microscopy Centre Amsterdam. 
 
 
 



Statistical analysis 
Statistical analysis was performed using GraphPad Prism 8 or 10 (GraphPad Software, Inc.). A 
Kruskal-Wallis statistical test (with post hoc Dunn’s test) was used to determine statistically 
significant differences between experimental groups and between different ages. P < 0.05 
was considered statistically significant. No data was excluded from the statistical analyses.  
 
 

Data availability 
The datasets generated during and/or analyzed during the present study are available from 
the corresponding author on request. 
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Supplementary Figure 

 
Supplementary Figure S1. Tracer permeability in zebrafish cerebral vasculature. Representative 
maximum intensity projection of a confocal z-stack showing the brain (dorsal view) of Tg(fli1:EGFP) 
zebrafish injected with (a) 70 kDa Dextran-Texas Red (green) and (b) 792 Da Cy5 (cyan) at 3, 4 and 5 
dpf under hyperglycemic conditions (60 mM or 130 mM glucose). 0 mM glucose and 130 mM 
mannitol were included as controls. Vasculature is shown in magenta.  
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Abstract 
5xFAD mouse model recapitulates key pathological features of Alzheimer's disease (AD). 
However, it remains unclear whether JNK activation is a common pathogenic mechanism 
driving both retinal and cerebral neurodegeneration. Establishing this shared pathway would 
significantly enhance the retina's potential as an accessible central nervous system (CNS) 
window for monitoring AD progression.  
We analyzed total retinal homogenates and postsynaptic-enriched protein fractions from 2, 
4, 6, and 10-month-old 5xFAD B6SJLF1/J mice using western blotting and 
immunofluorescence staining. Key markers of JNK signaling (JNK, p-JNK, JNK3, c-Jun, p-c-Jun) 
and synaptic integrity (PSD95, p-PSD95) were examined. Additionally, we assessed gliosis 
(GFAP) and amyloid pathology (APP, p-APP) markers to evaluate retinal AD progression. 
Finally, we compared retinal layer thickness between 5xFAD and wild-type (WT) mice across 
these age points. 
Although western blotting revealed no significant JNK signaling activation in total retinal 
homogenates, synaptic dysfunction was evident through increased PSD95 phosphorylation in 
5xFAD mice. Immunofluorescence analysis demonstrated elevated JNK3 immunoreactivity 
and gliosis in transgenic animals compared to controls. Notably, while WT mice exhibited 
age-related inner nuclear layer (INL) thinning, 5xFAD mice maintained stable INL thickness 
and showed progressive total retinal thickening. 
These findings demonstrate fundamental differences in AD pathology between retinal and 
brain tissues in 5xFAD B6SJLF1/J mice. The weak JNK activation signature observed in retinal 
tissue, contrasting with robust brain pathology, suggests current limitations in developing 
retinal biomarkers for AD detection. Furthermore, our results underscore the necessity of 
both technical refinement and cautious interspecies interpretation when evaluating the 
retina's potential as a CNS disease monitor. 
  



Introduction 
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized by a 
gradual and irreversible decline in cognitive and functional abilities [1]. Current treatments 
are primarily symptomatic and aim to slow the progression of the disease rather than pro-
vide a definitive solution. Recently, two anti-amyloid therapies have been approved for early-
stage Alzheimer’s disease, marking a milestone in disease-modifying treatment. Lecanemab 
(Leqembi) received FDA approval in January 2023, and donanemab (Kisunla) was approved in 
July 2024. Both are monoclonal antibodies targeting amyloid plaques, aimed at reducing 
amyloid burden and slowing cognitive decline in patients with early symptomatic AD.  
 
The pathological features of AD include the accumulation in the brain of amyloid β (Aβ) 
plaques and the formation of neurofibrillary tangles (NFTs) of hyperphosphorylated tau 
(pTau). These pathological processes drive synaptic dysfunction and neuronal degeneration, 
ultimately leading to cognitive impairment. The absence of a resolutive cure for AD is 
primarily due to its multifactorial pathology and the brain's limited accessibility, which makes 
it difficult to identify the onset and progression of degenerative processes. 
 
Recent evidence suggests that the retina may serve as a window into brain parenchyma. As 
an extension of the central nervous system (CNS), the retina shares an embryonic origin with 
the brain and exhibits similar responses to neuronal damage. This connection is reinforced by 
clinical observations in type 2 diabetes (T2D), where diabetic retinopathy frequently co-exists 
with cognitive impairment and dementia [2, 3]. Retinal neural degeneration in AD was first 
reported in 1986 [4], showing ganglion cell loss and optic nerve fiber degeneration in post-
mortem AD retinas. Optical coherence tomography (OCT), now the gold standard for retinal 
imaging, has since revealed AD-related retinal changes, including thinning of the 
peripapillary retinal nerve fiber layer (pRNFL), ganglion cell-inner plexiform layer (GC-IPL), 
macula volume, and choroid [5-7]. Similar thinning has been seen in mild cognitive 
impairment (MCI) patients, correlating with AD severity and cognitive decline [8]. Aβ plaques 
have also been detected in AD retinas [7]. However, collecting longitudinal data on elderly 
populations can be challenging. Consequently, transgenic mice serve as a valuable model for 
studying AD-related changes in the CNS and retina and for assessing drug efficacy [9]. 
 
Retinal accumulation of Aβ has been observed in multiple transgenic mouse models of AD, 
though the timing of plaque formation varies across models [10, 11]. For instance, 5xFAD 
mice, with a C57BL/6J pure background, exhibit the earliest plaque formation at 2 months, 
while Tg2576 mice exhibit the latest at 10 months [12-14]. Notably, in APPSWE/PS1△E9 
mice, retinal Aβ plaques appear earlier than brain plaques, suggesting retinal changes pre-
cede brain pathology [15, 16]. Functional retinal degeneration, including RNFL thinning and 
ganglion cell activity shifts, be-gins early and progresses with disease severity. Retinal 
thinning correlates with broader neurodegenerative changes, making the retina a potential 
early marker for AD progression. 
 
Although evidence is growing, the link between retinal, brain abnormalities and cognitive 
impairment remains unclear. Identifying shared pathogenic mechanisms and therapeutic tar-
gets between the brain and retina is crucial for identifying measurable retinal indicators for 
brain damage, paving the way for new diagnostic and therapeutic advancements. 



c-Jun N-terminal kinase (JNK) plays a critical role in Alzheimer’s disease and retinal 
degeneration. The JNK family consists of three main isoforms, JNK1, JNK2, and the neuron-
enriched JNK3, which typically appear at ~46 kDa and ~54 kDa, and collectively regulate 
stress-responsive signaling pathways highly relevant to neurodegeneration. In AD, JNK 
contributes to Aβ plaque formation and tau tangle pathology by phosphorylating of APP and 
tau. Additionally, it disrupts synaptic function through glutamate receptors mislocalization. In 
the retina, JNK activation is involved in retinal ganglion cell loss, vascular endothelial growth 
factor (VEGF) expression, and photoreceptor death [17-23]. In the context of AD, the CRND8 
AD model showed increased JNK and c-Jun activation in both the retina and the brain [24]. 
This suggests that JNK activation in both areas is linked to Aβ oligomer production and 
neuronal degeneration, making JNK a common player in the retina and brain. In the 5xFAD 
mouse model on B6SJLF1/J hybrid background, amyloid plaque deposition in the brain begins 
at 2 months, during the presymptomatic phase, while cognitive decline becomes apparent by 
3.5 months [25]. In this model, JNK activation also correlates with post-synaptic density 
alterations and early-stage memory impairment, underscoring its pivotal role in AD 
pathogenesis.  
 
Using western blotting and immunofluorescence, we examined whether neurodegeneration 
occurs earlier in the retina in this model and whether JNK activation represents a shared 
pathogenic pathway in retinal and brain degeneration. We longitudinally analyzed mice using 
OCT to assess retinal alterations focusing on four different time points to mirror the 
progression of AD: 2 months of age (pre-symptomatic phase), 4 months of age (prodromic 
phase), 6 months of age (advanced phase), and 10 months of age (late-stage disease). 
 
 

Materials and methods 
Mice  
5xFAD mice (B6SJL-Tg (APPSwFlLon, PSEN1*M146L*L286V) 6799Vas/Mmjax Strain #034840-
JAX) on a B6SJLF1/J background were obtained from the Jackson Laboratory. Age-matched 
wild-type (WT) littermates were used as controls. Hemizygous male mice (not carriers for the 
Pde6brd1 gene) were bred to B6SJLF1/J female mice (carriers for the Pde6brd1 gene) at the 
Mario Negri Institute for Pharmacological Research IRCCS animal facility [25]. Procedures 
involving animals and their care were conducted by national and international laws and 
policies (Permit Number 4/2021-PR). The experimental design included two groups: Tg-
5xFAD B6SJLF1/J mice and WT mice. Blind (homozygous for mutation in the Pde6brd1 gene) 
and heterozygous mice were not included in the experiment. Both male and female Tg-5xFAD 
B6SJLF1/J and WT mice were assessed at four ages: 2 months (n = 7 per group), 4 months (n 
= 7 per group), 6 months (n=7 per group) and 10 months (n = 7 per group). Specifically, for 
each group (WT and TG), four males and three females were included at each time point. 
Animals were sacrificed by decapitation and retinas were extracted from the eyes of Tg-
5xFAD B6SJLF1/J and WT. Retinal tissues were stored at −80°C until further pro-cessing.  
 
Genotyping 
Genotyping was conducted using PCR, using a standard protocol provided by the Jackson 
Laboratory, using the GoTaq®G2 Flexi DNA polymerase kit (Promega, Madison, WI, USA). Tg-
5xFAD B6SJLF1/J and WT mice were tested for APP and Pde6brd1 genes.  
 



Triton X-100 insoluble fractionation (TIF)  
Animals were sacrificed and the retina was extracted to perform biochemical analysis. Sub-
cellular fractionation was performed as reported in the literature[26, 27], with minor 
modifications. Briefly, the tissue was homogenized with a glass-glass Potter apparatus in 0.32 
M ice-cold sucrose (S0389) buffer containing the following concentrations: 1 mM HEPES 
(H3375), 1 mM MgCl2 (M8266), 1 mM NaHCO3 (S5761), 10 mM NaF (71519) and 0.1 mM 
PMSF (P7626) at pH 7.4 (all from Sigma-Aldrich Darmstadt, Germany), with a complete set of 
pro-tease inhibitors and phosphatase inhibitors (4693124001, 04906837001, Roche 
Diagnostics, Basel, Switzerland). A portion of the sample was stored at -80°C as total 
homogenate, while the remaining part was processed for TIF. Samples were centrifuged at 
17,900 × g, for 15 min at 4°C and the supernatant was removed. The pellet was resuspended 
in a buffer containing 75 mM KCl (P5405) 1 mM HEPES, and 1% Triton X-100 (X100) (all from 
Sigma-Aldrich) plus protease and phosphatase inhibitors. The suspension was 
ultracentrifuged at 100,000×g for 1 h. After supernatant removal, the final pellet (TIF) was 
homogenized using a sonicator (SONOPLUS, Bandelin, Berlin, Germany) in 20 mM HEPES 
(H3375, Sigma-Aldrich) with a complete protease and phosphatase inhibitor cocktail. The 
homogenate was stored at −80°C until further processing. 
 
Western blot  
Protein concentrations were quantified using the Bradford Assay (5000006, Bio-Rad Protein 
Assay, Hercules, CA, USA): 20 μg of total tissue homogenate and 10 μg of TIF extracted pro-
teins were separated by 10% SDS polyacrylamide gel electrophoresis. PVDF membranes 
(1620177, Bio-Rad) were blocked in PBS-buffered saline with 5% non-fat milk powder (70166, 
Sigma-Aldrich), and 0.1% Tween20 (P1379, Sigma-Aldrich) (1 h, RT). Primary anti-bodies were 
diluted in the same buffer and incubated overnight at 4°C with the dilutions listed in Table 1. 
Blots were developed using horseradish-peroxidase-conjugated secondary antibodies (Santa 
Cruz Biotechnology, Dallas, TX, USA) and the ECL chemiluminescence system (Bio-Rad). 
Protein bands were quantified by densitometry using Quantity One software (Bio-Rad). All 
experiments were performed in at least three independent replicates.  
 
ELISA 
The Mouse Aβ42 Elisa Kit (KMB3441, Invitrogen) was used to assess the presence of Amy-
loid beta 42 in the tissue homogenate of the retina of WT and Tg-5xFAD B6SJLF1/J mice ac-
cording to the manufacturer’s instructions. The calibration curve ranges between 3.12 and 
200 pg/mL. In case of low values (below the limit of detection), the data were censored and 
substituted with a constant value, equal to half the limit of detection (1.56 pg/mL). 
 
OCT 
In vivo analysis of the retina was carried out as previously described (Zerbini et al., 2023). 
Briefly: optical coherence tomography of the retina was performed using Micron IV together 
with Image-Guided 830nm OCT (Phoenix Research Laboratories, Pleasanton, CA, USA). After 
anaesthesia with intraperitoneal injection of 80 mg/kg Ketamine, 10 mg/kg Xylazine (Sigma-
Aldrich, Munich, Germany), mydriatic animals underwent OCT through a bidimensional scan 
(B-scan) of both eyes and results were finally averaged. Insight software (Phoenix Research 
Laboratories) was used to perform retinal layer segmentation and quantification [28].  
 
 



RNA extraction, reverse transcription and droplet digital PCR 
RNA was isolated from the retina of 3 WT and 3 Tg-5xFAD B6SJLF1/J mice (4 months old) 
using the Maxwell® RSC SimplyRNA Tissue Kit (Promega) following the manufacturer’s 
instructions. The RNA was eluted in 50 µL of nuclease-free water and reverse transcribed 
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, 
Massachusetts, USA), generating cDNA at a final concentration of 25 ng/µl. Human and 
mouse APP expression levels were determined by droplet digital PCR (ddPCR) using a QX100 
ddPCR platform (Bio-Rad). The final volume of the PCR mix was 20 µL, including 10 µL of 
ddPCR™ Supermix for Probes (No dUTP, Bio-Rad), 1 µL of probe (Human APP = 
dHsaCPE5046076 labelled in FAM, mouse APP = dMmuCPE5117707 labelled in HEX, Bio-
Rad), and 2 µL (50ng) of cDNA template. The droplet emulsion was thermally cycled using a 
C1000 Touch Thermal Cycler (Bio-Rad). Cycling conditions were 95°C for 5 min, followed by 
40 cycles of amplification (94°C for 30 s and 55°C for 1 min), and ending at 98°C for 10 min, 
according to the manufacturer’s protocol. The concentration of the target was calculated 
automatically using QuantaSoft™ software version 1.7.4 (Bio-Rad). 
 
Immunofluorescence staining of mouse retina 
For immunofluorescence staining of mouse retina, eyes of Tg-5xFAD B6SJLF1/J mice and WT 
mice were collected. Retinal cryostat sections (10 μm thick) were fixed in 4% (w/v) 
formaldehyde for 20 min and were washed once in 3x phosphate-buffered saline (PBS). For 
blocking, sections were incubated for 1h or 30 min (only for APP) at room temperature (RT) 
with blocking solution composed of either 2% BSA, 0.1% Triton X-100 and 2% normal goat 
serum (NGS) in PBS (for APP); or 3% BSA, 0.5% Triton X-100 and 2% NGS in PBS (for p-APP); 
or 0.1% Triton X-100 and 10% NGS in PBS (for p-JNK and glial fibrillary acidic protein (GFAP)); 
or 0.5% Triton X-100 and 5% NGS in PBS (for JNK3). Directly after blocking, sections were 
incubated overnight at 4°C with primary antibodies (Table 1).  
 
Table 1. List of antibodies used in Western blots and IF analysis.  

Antigen Host Species Source Dilution for WB Dilution for IF  

 APP  Rabbit PA1-4648, Invitrogen 1:1000 1:50 
 p-APP (Thr668)  Rabbit 3823, Cell Signaling 1:1000   
 p-APP (Thr668) Rabbit 6986, Cell Signaling   1:100 
 p-JNK 
(Thr183/Tyr185) 

Rabbit 9251, Cell Signaling 
1:1000 1:100 

 JNK Rabbit 9252, Cell Signaling 1:1000   
 JNK3  Rabbit 2305, Cell Signaling 1:1000 1:200 
 c-Jun  Rabbit 9165, Cell Signaling 1:1000   
 p-c-Jun (Ser73) Rabbit 06-659, Millipore 1:1000   

 PSD95  Mouse 
004CA10011435-25, 
Cayman  1:4000   

 p-PSD95 (Ser295) Rabbit ab2930, Abcam 1:4000   
 Actin  Mouse MAB1501, Millipore 1:5000   
 GFAP  Rabbit Z0034, DAKO   1:500 

 
 
For negative controls, primary antibodies were omitted. Antibodies were diluted in blocking 
buffer (APP and p-JNK), in 1% BSA (p-APP) or in normal antibody diluent (AB999, Scytek) (for 
GFAP and JNK3). Sections were subsequently washed 3 times with PBS for 5 min and 



incubated with Isolectin GS-IB4 conjugated to Alexa Fluor™ 488 (I21411, Invitrogen; 1:50) 
and secondary antibodies goat anti-rabbit Alexa Fluor™ 633 (A21071, Invitrogen; 1:200) or 
goat anti-rabbit Cy3 (111-165-144, Jackson ImmunoResearch; 1:200). After washing 3 times 
with PBS for 5 min, sections were mounted with Vectashield antifade mounting medium with 
DAPI (H-1200–10, Vector Laboratories). Sections were imaged using a confocal laser scanning 
micro-scope (Leica, SP8) with settings kept constant between experimental groups. 
 
Statistical analysis  
Statistical analyses were performed with GraphPad Prism (version 10.2.0). For layer thickness 
measurements, individual eyes were included as independent samples. Data were assessed 
using Student’s t-test and Mann-Whitney test, with results reported as mean ± standard 
deviation (SD). A P value <0.05 was considered statistically significant.  
 
 

Results 
The JNK signaling pathway is not active in retinal total homogenates of 5xFAD B6SJLF1/J 
mice 
Previous work from our group demonstrated activation of the c-Jun N-terminal kinase (JNK) 
pathway in cortical total homogenates of 5xFAD B6SJLF1/J mice, with significant JNK 
activation detectable at 3.5 months of age, followed by induction of the c-Jun-mediated 
neuronal death pathway by 10 months [25]. In the current study, we investigated whether 
this pathway is similarly activated in retinal total homogenates. Specifically, we assessed: (1) 
the ratio of phosphorylated JNK (p-JNK) to total JNK, (2) protein levels of JNK3 (the 
predominant CNS-specific JNK isoform), and (3) phosphorylation of c-Jun (the principal 
downstream effector of JNK signaling and a key transcriptional regulator of apoptotic cell 
death). 
 
In contrast to our cortical findings, retinal analyses revealed no significant activation of JNK 
or c-Jun in 5xFAD B6SJLF1/J mice compared to wild-type (WT) controls at any examined time 
point (Fig. 1A, B). JNK3 expression levels also remained unchanged between genotypes and 
across all ages (Fig. 1A, B), further supporting the absence of JNK pathway engagement in the 
retina. This tissue-specific difference in JNK signaling dynamics points to intrinsic differences 
in stress vulnerability between cortical and retinal neurons in neurodegenerative disease. 
 
Altered PSD95 levels in retinal neurons precede JNK activation during disease progression 
in 5xFAD B6SJLF1/J mice 
We have previously demonstrated a disrupted organization of postsynaptic density (PSD) 
markers in the cortex of 5xFAD B6SJLF1/J mice [25]. To determine whether similar alterations 
occur in the retina, we analyzed protein levels in the retinal postsynaptic-enriched protein 
fraction by isolating the Triton-insoluble fraction (TIF), which is known to represent the PSD 
region [22, 23, 25-27, 29]. 
 
 
 
 
 



 
Figure 1. JNK signaling pathway in retinal total homogenates of WT and 5xFAD B6SJLF1/J mice 
across different ages. A) Representative cropped images of Western blots of p-JNK, JNK, JNK3, p-c-
Jun, c-Jun and β-actin (loading control) in retinal total homogenates from WT and 5xFAD B6SJLF1/J 
mice at 2, 4, 6, and 10 months of age. B) Quantification of protein levels relative to WT mice, 
presented as mean ± SD (n = 7 per time point).  

 
 
We focused on the postsynaptic compartment specifically the postsynaptic density (PSD) 
fraction to examine molecular changes occurring directly at the synapse, a critical hub for 
synaptic signaling and plasticity. Enriching for postsynaptic proteins enhances our ability to 
study PSD-95, a scaffold protein and direct target of JNK. This targeted approach increases 
sensitivity for detecting subtle, functionally relevant alterations that might otherwise be 
masked in analyses of total retinal protein, providing a more precise view of early synaptic 
dysfunction. 
 
To assess whether JNK activation occurs selectively within the PSD region, we examined 
both: (1) JNK phosphorylation status in the TIF, and (2) JNK-mediated modulation of PSD95, a 
canonical JNK substrate and essential PSD scaffolding protein that organizes synaptic 
signaling complexes [30-32]. While our previous work demonstrated early JNK pathway 
activation in cortical postsynaptic fractions (evidenced by increased p-JNK and p-PSD95 levels 
from 3.5 months of age), retinal analyses revealed distinct spatiotemporal patterns. At 4 
months, we detected elevated p-PSD95 despite the absence of p-JNK (Figure 2). Notably, 
retinal JNK activation only became apparent at 10 months. Together, these findings suggest a 



compartmentalized and delayed JNK-mediated stress response in the retina compared to 
cortical neurons, highlighting distinct spatiotemporal patterns of neurodegenerative 
pathology in the CNS of 5xFAD mice. 
 

 
Figure 2. JNK signaling pathway in the retinal postsynaptic-enriched protein fraction. A) 
Representative cropped images of Western blots of post-synaptic enriched protein fractions of p-JNK, 
JNK, JNK3, P-PSD95, PSD95, and β-actin (loading control) from WT and 5xFAD B6SJLF1/J (TG) mice at 
2, 4, 6, and 10 months of age. B) Quantification of protein levels relative to WT mice, presented as 
mean ± SD (n = 7 per time point). Statistical analyses were performed using t-tests. Data are 
expressed as mean ± SD. Statistical significance is indicated as *P < 0.05, **P < 0.01. 

 
 
Absent JNK3 but persistent gliotic GFAP upregulation in 5xFAD mouse retinas  
To evaluate JNK3 and p-JNK expression patterns in 5xFAD B6SJLF1/J retina, we performed 
immunofluorescence staining (Figure 3A). While JNK3 expression was minimal in WT retinas 
at 4 months, 5xFAD B6SJLF1/J mice showed enhanced JNK3 immunofluorescent signal 
specifically in the inner nuclear layer (INL). Notably, this layer-specific intensity is in contrast 
with Western blot analyses of total retinal homogenates, which showed no genotype-
dependent differences in JNK3 levels (Figure 1B). 
 
Immunofluorescence staining revealed nuclear p-JNK expression in the GCL, INL, and outer 
nuclear layer (ONL) of both WT and 5xFAD B6SJLF1/J mice, with a slightly reduced signal in 



5xFAD retinas. GFAP staining showed vascular-associated expression in WT mice, while 5xFAD 
B6SJLF1/J retinas exhibited more intense GFAP staining in Müller cell radial processes, 
indicative of reactive gliosis.  
 

 

Figure 3. Immunohistochemical analysis of retinal sections in murine samples. Representative IHC 
images of retinal sections of WT and 5xFAD B6SJLF1/J (TG) mice at 4 months of age (n = 3), showing 
staining for JNK3, phosphorylated JNK (p-JNK), GFAP, IB4, and DAPI. Scale bars = 50 µm.  

 
 
5xFAD B6SJLF1/J mice do not exhibit Alzheimer's disease-related marker expression in the 
retina 
Given the absence of clear JNK pathway activation, we next assessed whether 5xFAD 
B6SJLF1/J retinas exhibit altered AD marker expression. Digital droplet PCR (ddPCR) detect-ed 
human amyloid precursor protein (APP) expression exclusively in 5xFAD B6SJLF1/J retinas at 
4 months (Figure 4A, left), while combined human/murine APP levels (normalized to GAPDH) 
showed no genotype-dependent differences due to predominant murine APP ex-pression 
(Figure 4A, right). ELISA analysis revealed comparable amyloid beta 42 (Aβ42) levels between 
5xFAD B6SJLF1/J and WT retinal homogenates (Figure 4B). 
 
Western blot analysis of retinal tissue from 2- to 10-month-old mice confirmed no significant 
differences in either total APP or phosphorylated APP (p-APP) levels between genotypes 
(Figure 4C). This retinal profile contrasts sharply with our previous findings in brain 
parenchyma, where both APP and p-APP levels increase progressively during disease 
progression [25], indicating fundamental differences in APP metabolism between retinal and 
brain tissues. 



 

 



 
Figure 4. Characterization of amyloid pathology in mouse retina. A) Digital PCR analysis of human 
and murine APP expression levels in retinal samples of 4-month-old mice (n = 3). B) ELISA 
quantification of Aβ oligomers in retinal tissues from 4-month-old mice (n = 3). C) Representative 
cropped images of Western blots and quantification of APP and p-APP in 2, 4, 6, 10 months old WT 
and 5xFAD B6SJLF1/J (TG) mice (n = 7 per time point). Data is presented as mean ± SD. D) 
Representative immunohistochemistry images of retinal sections and magnifications of 4-month-old 
WT and TG mice showing APP and p-APP localization, co-stained with IB4 and DAPI (n = 3). Scale bar: 
50 µm.   
 
 

Immunofluorescence analysis of 4-month-old mice confirmed transgenic human APP 
expression in 5xFAD B6SJLF1/J retinas (Figure 4D). While WT retinas showed vascular-
associated APP expression in the GCL, 5xFAD B6SJLF1/J retinas exhibited: (1) widespread APP 
distribution throughout retinal layers, with reduced vascular localization; and (2) decreased 
p-APP expression compared to WT controls. In WT mice, p-APP was detected in all nuclear 
layers (GCL, INL, ONL), whereas 5xFAD B6SJLF1/J retinas showed nuclear-restricted p-APP 
localization primarily in the GCL and INL. Together, these results demonstrate distinct APP 
handling between retinal and brain tissues in 5xFAD mice, suggesting tissue-specific 
protection against Alzheimer's-related protein dysregulation.  
 

5xFAD Mice show total Retinal thickening with stable INL thickness while WT mice develop 
INL thinning over time 
Given the increased immunostaining of JNK3 in the GCL and INL and the presence of gliosis in 
the transgenic mice (Figure 3), we assessed potential structural changes in retinal layer 
thickness during the mice 10-month lifespan using OCT (Figure 5A).  
 
The INL was thinner in 5xFAD B6SJLF1/J at 2 months (P = 0.035), but thicker at 4 months 
(P<0.001) and 10 months (P = 0.012) (Figure 5B). The retinal nerve fiber layer (RNFL), existing 
of axons of ganglion cells, was thicker in 5xFAD B6SJLF1/J at 4 months (P = 0.042), but no  
differences at other ages. Total retinal thickness was increased in 5xFAD at 4 months (P = 
0.036) and 10 months (P = 0.024). No consistent genotype differences were found in ONL 
and choroid. 
 
Longitudinal comparison between 2-month and 10-month time points revealed significant 
age-related thinning of the INL (P < 0.001) accompanied by choroidal thickening (P < 0.001) 
in WT mice (Figure 6). In contrast, TG mice exhibited increased total retinal thickness (P = 
0.011) and similar choroidal thickening (P < 0.001), while maintaining stable INL thickness (P 
= 0.824). While both genotypes show choroidal thickening with age, 5xFAD B6SJLF1/J retinas 
diverge through maintained INL thickness and increased total retinal thickness, indicating 
genotype-specific differences.  
 

 
 
 
 
 
 



 
 

 
 
Figure 5. Longitudinal analysis of retinal layer thickness in WT and 5xFAD B6SJLF1/J mice. A) 
Representative OCT images of the right eye from WT and 5xFAD B6SJLF1/J (TG) mice at 2, 4, 6, and 10 
months of age (n = 7 per group). The optic nerve head is indicated with a circle. B) Graphical 
representation of the longitudinal changes in retinal layer thickness over time for WT and 5xFAD 
B6SJLF1/J (TG) mice. Statistical analyses were performed using t-tests. Statistical significance is 
indicated as *P < 0.05, **** P< 0.001. RNFL, Retinal Nerve Fiber Layer; INL, inner nuclear layer; ONL, 
outer nuclear layer. 

 
 
 



 
Figure 6. Longitudinal changes in retinal layer thickness. Graphical representation of the longitudinal 
changes in retinal layer thickness over time for WT and 5xFAD B6SJLF1/J (TG) mice. Statistical analyses 
were performed using ANOVA. Statistical significance is indicated as *P < 0.05, ** P< 0.01, *** P< 
0.001, **** P< 0.0001. RNFL, Retinal Nerve Fiber Layer; INL, inner nuclear layer; ONL, outer nuclear 
layer. 

 
 

Discussion  
There is increasing evidence that neurodegenerative brain diseases, including AD, often 
involve retinal pathology, suggesting the retina as a potential "window into the brain" [33]. 
This is rooted in their shared embryonic origin and structural similarities, including synaptic 
networks and vascular systems. Recently, in the context of AD, the concept that detectable 
changes in the retina may mirror, or diverge, from cerebral pathology has emerged. A key 
advantage of studying the retina is that these alterations can be assessed through non-
invasive imaging, offering a promising pathway for early diagnosis. 
 
Emerging studies also reveal that retinal metabolic dysfunction and oxidative stress closely 
mirror those in the AD brain [34], suggesting overlapping degenerative pathways. To 
investigate this further, we examined whether retinal neurodegeneration aligns with brain 
pathology in the 5xFAD B6SJLF1/J mouse model of AD, previously reported in Priori et al., 
2023[25] and whether JNK activation is a shared pathogenic mechanism. Retinal changes 
were tracked across disease progression (2, 4, 6, and 10 months) using OCT imaging, Western 
blotting and immunofluorescence. 
 



Despite robust cerebral pathology, including amyloid accumulation and JNK activation, the 
retina of 5xFAD B6SJLF1/J mice showed minimal Aβ oligomer accumulation and no significant 
APP expression compared to wild-type mice. This corresponded with a lack of JNK pathway 
activation, as indicated by stable p-JNK/JNK and JNK3 levels assessed by Western blot in the 
total retinal homogenate. 
 
However, JNK3 is particularly sensitive to changes in the neuronal environment, and 
immunofluorescence revealed its early, localized upregulation in 4-month-old 5xFAD 
B6SJLF1/J mice, especially in the ganglion cell layer (GCL) and inner nuclear layer (INL). This 
technique provides superior spatial resolution, allowing detection of compartment-specific 
alterations that are not evident in whole-retina lysates. Consistently, PSD-enriched fractions 
showed early increases in PSD95 phosphorylation without changes JNK activation, suggesting 
that initial postsynaptic dysfunction can arise independently of detectable JNK signaling at 
the tissue level. These localized changes likely precede broader pathway activation and may 
relate to early JNK3 engagement at the synapse. Elevated GFAP in Müller cells further 
indicated early gliosis and neuroinflammation, reinforcing that localized retinal pathology can 
occur in the absence of overt global biochemical changes. By 10 months, increased p-
JNK/JNK ratios in TIF fractions indicated later-stage, more widespread activation of JNK 
isoforms, making these changes detectable by Western blot. This temporal progression 
supports a model in which early, spatially restricted signalling events eventually converge 
into broader stress pathway activation. Together, these findings emphasize that subcellular 
and cell-type–specific analyses are essential for detecting early retinal alterations in this 
model and illustrate how localized molecular changes may precede or even diverge from 
global pathological readouts. 
 
Strikingly, no retinal Aβ aggregation was detected, strongly contrasting with the Aβ42 
accumulation in the brain [25], aligning with some human studies [35]. However, our findings 
must be interpreted within the context of a complex and sometimes contradictory body of 
literature on retinal pathology in 5xFAD mice. A key factor underlying these inconsistencies is 
the influence of genetic background. Although all 5xFAD colonies carry the same transgenes, 
their backgrounds can markedly modulate Aβ kinetics, inflammatory tone, and neuronal 
vulnerability. The B6SJLF1/J hybrid background combines C57BL/6J and SJL/J contributions, 
introducing genetic diversity that better reflects the heterogeneity observed in human 
populations and potentially broadens the translational relevance of the model. However, this 
diversity also alters disease expression. Mouse background can influence the timing and 
extent of amyloid accumulation, retinal thickening, and synaptic alterations, as shown by 
differences between B6SJLF1/J, C57BL/6J, and SJL/J 5xFAD lines. For instance, Nam et al. 
(2022) reported delayed Aβ deposition in SJL/J 5xFAD mice, while early Aβ42 accumulation 
was observed in C57BL/6J strains [36-38]. These discrepancies suggest that the hybrid 
background may attenuate or delay retinal involvement, even when central pathology is 
pronounced. Thus, although the B6SJLF1/J background provides valuable genetic 
heterogeneity, it also highlights important limitations when attempting to model the full 
spectrum of AD-related retinal changes and underscores the need to consider background-
dependent variability when comparing findings across studies. Detection methods should 
also be taken into ac-count. Using alternative antibodies, Jovanovic Macura et al. (2023) 
detected Aβ in 5xFAD B6SJLF1/J mice at 4 and 12 months, emphasizing the methodological 
sensitivity required to detect subtle retinal pathology [39]. In addition, antibody selection, 



tissue preparation, imaging resolution, and sample processing can markedly affect the 
detection of subtle pathological features, including Aβ aggregation and JNK activation. These 
considerations likely explain why some studies report early retinal amyloid deposits, whereas 
our data highlight selective synaptic and inflammatory alterations without robust Aβ 
accumulation. 
 
Unexpectedly, our longitudinal OCT data revealed retinal thickening over time, rather than 
the expected thinning, potentially reflecting Müller cell swelling and gliotic remodeling. Simi-
lar findings have been reported [40], although others observed retinal thinning [41] or no 
changes [36, 42], further underscoring the influence of strain background and temporal 
progression [12, 43]. 
 
In line with our findings, Zhang and colleagues (2021) also reported early structural retinal 
changes in 5xFAD mice before the onset of robust functional deficits. They observed 
thickening of the outer nuclear layer (ONL) at 4 months, followed by general retinal 
thickening at 6 months, accompanied by glial activation and a modest increase in amyloid 
plaques. Importantly, they documented that this structural remodelling preceded major 
functional decline: at 6 months the mice showed impaired visual behaviour (optomotor test) 
and reduced light responses of retinal ganglion cells (via multielectrode-array), while 
full‑field ERG and pERG remained relatively preserved. These observations parallel our OCT-
based detection of retinal thickening at early ages and support the hypothesis that structural 
changes, rather than synapse loss or massive amyloid deposition, may be among the first 
detectable retinal pathologies in 5xFAD. On the other hand, while Zhang et al. reported more 
amyloid plaques (albeit few) in the retina by 6 months, our study found no robust Aβ 
aggregation at similar or earlier timepoints, suggesting a divergence in the timeline or 
magnitude of amyloid accumulation [40]. 
 
In summary, our study highlights a compartmentalized and non-linear relationship between 
retinal and cerebral pathology in the 5xFAD model of Alzheimer’s disease. While the 5xFAD 
B6SJLF1/J model faithfully recapitulates cerebral AD phenotypes, including Aβ deposition and 
JNK activation [25], the retina exhibits a distinct trajectory: early synaptic dysfunction, 
localized JNK3 upregulation, gliosis, and paradoxical retinal thickening occur in the absence 
of widespread Aβ aggregation or global JNK activation.  
 
Localized JNK3 activation and gliosis in the retina, alongside paradoxical thickening, suggest a 
distinct trajectory, possibly driven by alternative stress pathways or compensatory 
remodeling. It is possible that differences in APP expression and Aβ processing between 
brain and retina, shaped by regional regulation and strain background, likely underlie these 
divergent outcomes. 
 
Importantly, our results reconcile previously conflicting reports by demonstrating that subtle 
retinal alterations may precede overt amyloid pathology and functional deficits, supporting 
the retina as a sensitive but independent window into neurodegeneration. 
 
These findings support the retina’s potential as a sensitive site for monitoring 
neurodegenerative changes but also emphasize the importance of methodological rigor and 



strain con-sideration. The retina does reflect brain pathology, but not as a simple mirror. It 
may offer an early glimpse into neurodegeneration, albeit through its own molecular lens. 
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Abstract 
Diabetic retinopathy (DR), the major microvascular complication of diabetes mellitus (DM), is 
associated with neurovascular unit (NVU) impairment. At the same time, patients with DM 
are at an increased risk of Alzheimer's disease (AD). However, the mechanisms induced by 
DM and the potential similarities in NVU pathology between DR and the AD brain remain 
unexplored. In this study, we examined NVU alterations in the retina of patients with type 2 
DM and DR, and in the brain of patients with DM and AD. Immunofluorescence staining of 
key vascular and glial markers related to NVU functions revealed distinct tissue- and disease-
specific profiles. In DM conditions, the retinal vasculature showed disrupted vascular 
permeability, a feature not observed in the brain vasculature. The DM retina also showed 
alterations in tight junction integrity, transcytosis, and pericyte coverage that differed from 
those seen in the brain. Our findings suggest that the mechanisms driving NVU alterations 
may differ between the eye and brain. However, a common response to DM was also 
identified: both tissues exhibited macroglial activation, indicating a shared inflammatory 
response. In AD, we observed similar macroglial activation alongside changes in tight 
junctions, transcytosis regulation, water and potassium channel expression, and pericyte 
coverage, collectively impairing blood-brain barrier function. Notably, vascular permeability 
and tight junction disruption were most severe in patients with both DM and AD, surpassing 
the damage observed in either condition alone. These results underscore the critical role of 
microvascular dysfunction in the pathophysiology of DM and AD, and they reveal 
exacerbated cerebrovascular dysfunction when both diseases are present.   



Introduction 
Individuals with diabetes mellitus (DM) have an increased risk of developing Alzheimer’s 
disease (AD) [1], but the mechanisms involved are not yet understood [2]. DM is a fast 
growing global pandemic [3] and diabetic retinopathy (DR) is the most common 
microvascular complication in diabetic patients, characterized by vascular damage, leakage 
and angiogenesis in the retina [4]. DR is considered to be a neurovascular disease affecting 
multiple cell types in the retina. Accumulating evidence indicates that NVU dysfunction in the 
retina contributes to the development and progression of DR [2, 5]. Likewise, NVU 
dysfunction in the brain has been implicated in the pathological processes underlying AD [6-
8]. The NVU consists of capillaries with a single layer of endothelial cells that are in close 
communication with pericytes, macroglia, microglia and neurons [9]. In both the retina and 
brain, the homeostasis of the neuronal microenvironment depends on the NVU, which 
regulates the permeability of the blood-retinal barrier (BRB) and blood-brain barrier (BBB) 
[2].  
 
In more detail, specialized endothelial cells in the retina and brain form continuous blood 
vessels and are tightly linked with tight junctions and adherens junctions to restrict 
paracellular transport of molecules and cells [10]. Furthermore, transcellular transport via 
transcytosis is highly suppressed in this healthy barrier endothelium, characterized by a 
relatively low number of endothelial caveolae, which are preferentially located at the 
abluminal membrane [11, 12]. Pericytes envelop the capillaries within the shared basal 
lamina. Pericytes are active signalling partners of the endothelium which locally regulate 
blood flow, clear harmful metabolites (e.g. lactate) from the endothelial microenvironment, 
and control endothelial cell proliferation. Importantly, they directly modulate the barrier's 
functional properties by regulating endothelial transport pathways and by contributing to the 
basal lamina through the secretion of extracellular matrix proteins [13-18]. Macroglia, 
astrocytes and Müller cells in the retina, as well as astrocytes in the brain [11], project their 
endfeet onto this basal lamina that covers pericytes, thereby providing essential structural 
support and creating a functional interface for metabolic exchange and signalling at the 
abluminal side of capillaries [9-11, 19]. Macroglia exhibit a polarised distribution of ion 
channels, including Kir4.1, and water channels, such as AQP4, which are highly concentrated 
in endfoot membranes and show low expression along somata and processes [20-25]. This 
polarisation is essential for regulating barrier function, nutrient and waste exchange, and 
signalling for vascular control. In addition, macroglia secrete basal lamina proteins and 
neurotrophic factors, regulate extracellular volume and glucose metabolism, participate in 
visual cycles, release neurotransmitters, and modulate innate immune response [10, 26, 27]. 
Finally, the NVU is monitored and modulated by microglia, the resident immune cells of the 
central nervous system [28]. Activated microglia have several functions in the NVU: 
regulating immune responses by balancing pro- and anti-inflammatory cytokines, releasing 
neurotrophic factors and enabling neuronal survival, activity and pruning of synapses, and 
regulating blood flow, degradation of apoptotic cells and protein aggregates, including 
amyloid-β (Aβ) [29-31]. 
 
NVU impairment in the retina in DM and during the different stages of DR has been well-
characterized. Both retinal neurodegeneration and vascular lesions occur early in the 
progression of DR [2]. Early vascular abnormalities include basal lamina thickening, loss of 
endothelial cells and pericytes, and diffuse impairment of the BRB, which is followed by the 



development of acellular capillaries. Progression of DR is associated with retinal 
haemorrhages, focal profuse leakage, exudate formation, and macular swelling, all of which 
are sequelae of retinal ischemia caused by widespread capillary loss [2, 32]. During this 
process, pro-angiogenic factors are upregulated, leading to local vascular leakage and in the 
more severe form of proliferative DR to abnormal neovascularization. In addition to 
microvascular complications, DR is also characterized by neurodegeneration [33-35], 
primarily involving ganglion cell apoptosis in the inner retina [33, 36]. Notably, neuronal and 
glial activation, as well as Müller cell death occur before the loss of pericytes and endothelial 
cells [2, 33, 37-45], although these changes are not clinically visible until they manifest more 
extensively across the retina [38-41, 46-48]. The heritability for DR varies widely across 
studies, ranging from 6 to 52% [49-51], with higher genetic contributions observed in more 
severe forms of the disease. 
 
There is no clear equivalent of DR in the brain. In diabetes, cerebral vascular abnormalities 
include capillary basal lamina thickening [52-55], alterations in vessel tortuosity and capillary 
density [53, 56], microbleeds [57], white matter lesions, and lacunes [58]. However, pericyte 
loss, gross dysfunction of the BBB, or widespread capillary damage such as occurs in DR has 
not been detected in the cerebral vasculature of diabetic patients [59-61]. In contrast, 
atrophy has been observed in several brain regions in diabetic patients, but is unknown 
whether this is caused by vascular damage [62-68]. Diabetes is also associated with an 
increased prevalence of cognitive impairment, including deficits in attention, memory, 
executive function, and emotional processing, and is a recognized risk factor for dementia [2, 
69]. The mechanisms underlying neurodegeneration in the diabetic brain remain debated. It 
may be secondary to alterations in the microvasculature [57, 70-73], or be a direct effect of 
hyperglycaemia or insulin resistance [74-77], or a result of fluctuations in glucose levels [78]. 
 
AD is typically associated with cerebral neurodegeneration and cognitive decline [2, 79], 
which correlates with significant atrophy in brain regions such as the cerebral cortex, 
amygdala, hippocampus and parahippocampus [80-83]. In addition, extracellular Aβ plaques 
and intracellular tau tangles are pathological hallmarks of AD, appearing long before clinical 
symptoms emerge [80, 84-86]. Heritability accounts for the majority of the risk (60-80%) in 
the development of AD [87, 88]. Recent advancements in neuroimaging techniques have 
demonstrated that increased BBB permeability is an early event in AD patients, independent 
of Aβ and tau [2]. Vascular alterations in the human AD brain include vascular remodelling, 
changes in vascular density, basal lamina thickening, and vascular regression [2, 89, 90]. 
Furthermore, widespread macroglia activation [91-94] and pericyte loss across multiple brain 
regions [94-102] are consistent neuropathological features. In AD, the brain exhibits higher 
vascular permeability, yet the contribution of altered paracellular and transcellular transport 
pathways remains insufficiently explored [2, 103-105]. Cerebral neuropathological hallmarks, 
along with cognitive assessments and biomarkers in the blood and cerebrospinal fluid, are 
currently used to diagnose AD [106]. Although less widely recognized, retinal pathology has 
also been observed in AD patients, including presence of Aβ and tau [107-109], loss of retinal 
ganglion cells [110], and thinning of the retinal nerve fibre layer [111-116], as well as vascular 
abnormalities [117-121]. We propose that cerebral NVU dysfunction, possibly caused or 
aggravated by DM, and possibly similar to the NVU changes in DM or DR, represents a critical 
mechanism leading to impaired neuronal function and neurodegeneration in AD.  
 



A comprehensive investigation exploring multiple components of the NVU in human retinal 
tissue in DM. The aim of our present explorative study is to investigate and compare NVU 
alterations in the human BRB in type 2 DM with or without DR, and in the human BBB in DM 
and AD. To characterize the structural components and functions of the NVU, we performed 
immunofluorescence staining of several key markers. These included markers for tight 
junction proteins, transcellular transport, macroglia and pericytes, and vascular permeability. 
Our analysis included retinal samples from donors with DM with or without DR, as well as 
brain tissues from donors with DM, AD, or both conditions. 
 

Materials and methods 
Human post-mortem retinal tissue 
Human post-mortem eyes from cornea donors were provided by the Corneabank, Beverwijk, 
the Netherlands. The current research was performed in accordance with all requirements 
stated in the Dutch law "Wet op orgaandonatie" that describes the use of donor material for 
research purposes. According to this law, donors provide written informed consent for 
donation with an opt out of left-over material for related scientific research purposes. 
Specific requirements for the use for scientific research of left-over material originating from 
corneal grafting have been described in an additional document formulated by the Ministry 
of Health, Welfare, and Sport and the BIS foundation (Eurotransplant; Leiden, July 21, 1995; 
6714.ht). The eyes were stored anonymously and therefore, approval of their use by the 
Ethics Committee was not required by Dutch law. The use of human material was also in 
accordance with the Declaration of Helsinki on the use of human material for scientific 
research.  
 
Several hours post mortem, eyes were enucleated and the anterior parts of the eye, 
including the cornea and lens, were dissected. Fundoscopy images of the retina were taken 
before storage in the freezer and were evaluated by two independent ophthalmologists to 
determine the ophthalmological status. The eyecup was filled with Tissue-tek (cat# 4583, 
Sakura, Finetek Europe, Alphen aan de Rijn, The Netherlands) and eyes were snap frozen 
before being stored at –80 °C. Information on the type and duration of diabetes, when 
available, was kindly provided by Bio Implant Services Foundation (Leiden, The Netherlands). 
The retinal tissues were obtained from three patient groups: 1) donors with type 2 DM 
without DR, 2) donors with DM and DR, and 3) non-diabetic controls. Donor characteristics 
are summarized in Table 1. For the PLVAP/MFSD2A double staining experiments, tissue from 
one donor in the DR group was replaced due to reduced quality over time and replaced with 
a sample from a donor matched for key parameters: age (71 years; average 64 ± 4.9 years), 
post-mortem interval (10 hours; average 15.8 ± 4.4 hours), and health status. For optimal 
staining, radial incisions were made in the eyecup prior to processing.  
 



 
 

Table 1. Characteristics of retinal tissue donors. 

Case Laser 

yes/ no 

Sex 

(F/M) 

Age at 

death (y) 

Post-

mortem 

delay (h) 

Age at 

diabetes 

onset (y) 

Insulin 

use 

(yes/no) 

Diagnosis Cause of death 

Control  
       

1 No F 68 14 
 

No Stomach cancer, asthma, COPD, fibrositis syndrome, Meniere's disease Cancer (stomach) 

2 No F 68 17 
 

No Myocardial infarction Myocardial infarction 

3 No F 67 12 
 

No Atherosclerotic disease, chronic kidney failure, narrowed coronary 

arteries 

Atherosclerotic 

disease 

4 No M 66 9 
 

No Melanoma, lung embolism Melanoma 

Mean ± SD 
 

67 ± 0.8 13.0 ± 2.9 
    

         

DM no DR 
       

5 No M 67 15 Unknown No Vascular disease, leg amputation Aortic aneurysm  

6 No F 71 18 64 No Hypertension, hypercholesterolemia, arthrosis, cardiac arrhythmia, 

vascular disease 

Cerebral infarction 

7 No M 62 19 57 Yes Hypertension, vascular disease, Dupuytren's contracture, basal cell 

carcinoma 

Heart failure 

8 No M 75 16 Unknown Yes Unknown Heart failure 

Mean ± SD 
 

69 ± 4.8 17.0 ± 1.6 
    

         

DM + DR 
       

9 Yes F 66 19 Unknown No Heart failure, hypertension, morbid obesity Heart failure 

10 Yes F 61 13 <49 Yes Heart failure, cardiac asthma Heart failure 

11 Yes M 58 21 31 Yes Nephropathy Heart failure 

12 Yes F 71 13 69 Yes Hypertension, myocardial infarction Heart failure 

Mean ± SD 
 

64 ± 4.9 16.5 ± 3.6 
    

DM, diabetes mellitus; DR, diabetic retinopathy. 



 

Immunofluorescence staining of human retina  
Eye tissue specimens were cut into 10-μm-thick sections at -20°C, using an Microm Cryo Star 
HM 560 cryostat (Thermo Fisher Scientific), and stored at -80°C until further use. Prior to 
immunofluorescence staining, tissue cryosections were air dried, at RT for 20 min. The 
sections were then fixed with 4% formaldehyde (28908; Thermo Fisher Scientific) for 20 min 
and were washed once in 3× PBS for 10 min. For staining of retinal vasculature using wheat 
germ agglutinin (WGA), the retinal cryosections were incubated with fluorescent WGA 
conjugate in PBS for 30 min followed by washing twice in PBS for 5 min. The retinal sections 
were incubated in blocking buffer containing 0.1% (v/v) Triton X-100 (T-X; T8787; Merck Life 
Science, Amsterdam, The Netherlands) and 10% (v/v) normal goat serum (006-01; Southern 
Biotech, Birmingham, AL, USA) or 5-10% normal donkey serum (0030-01, Southern Biotech), 
depending on the secondary antibodies, in PBS, at RT for 1 h. For double staining of claudin-5 
and CD31, the retinal cryosections were incubated in blocking buffer containing 2% (wt/v) 
bovine serum albumin (BSA; 10735094001; Roche Diagnostics, Mannheim, Germany) and 
0.1% T-X in PBS. Directly after incubation with blocking buffer, the sections were incubated 
with the primary antibodies (Table 2) diluted in Normal Antibody Diluent (phosphate 
buffered; ABB999; ScyTek Laboratories, Logan, UT, USA) overnight at 4°C. Anti-CD31, PLVAP 
and MFSD2A antibodies were incubated in 0.2% BSA and 0.01% T-X in PBS. As a negative 
control, primary antibodies were omitted. After primary antibody incubation, the sections 
were washed three times with PBS for 5 min. The sections were incubated with secondary 
antibodies (Table 3), at RT for 1 h. Fibrinogen antibodies directly conjugated with fluorescein 
isothiocyanate (FITC) were incubated together with secondary antibodies. Following 
incubation, the sections were washed three times with PBS for 10 min each for staining for 
claudin-5, CD31, PLVAP and MFSD2A, and 5 min for all other antibodies. Following secondary 
antibody incubation and washing, the sections were incubated overnight at 4°C with claudin-
5 antibodies directly conjugated with Alexa Fluor 488, diluted in Normal Antibody Diluent. 
This was followed by three 5-min washes in PBS. Finally, the sections were mounted with 
Vectashield antifading mounting medium containing DAPI (H-1200-10, Vector Laboratories 
Newark, CA, USA), covered with a cover glass, and sealed with transparent nail varnish. 
 
Table 2. Primary antibodies used in this study. 

Antigen Host species Source Working dilution 
in retina 

Working 
dilution in brain 

AQP4 Rabbit Merck, AB3594 1:10,000 1:200 

CD31 Sheep R&D systems, AF806 1:100/250 1:250 

Claudin-5-AF488 

(conjugated) 

Mouse Invitrogen, 352588 1:500 1:250 

Fibrinogen-FITC 

(conjugated) 

Rabbit DAKO, F0111 1:200 1:50 

GFAP Mouse Merck, G3893 1:400 1:400 

Kir4.1 Rabbit Alomone Labs, APC-035 1:200 1:50 

Laminin Rabbit Abcam, Ab11575 1:750/1000 1:250/1000 

MFSD2A Rabbit Chenghua Gu, J9590 1:500 1:200 



 

NG2 Mouse Merck, MAB2029 1:100 1:100 

Occludin Mouse Invitrogen, 33-1500 1:500 1:100 

PDGFRβ Goat R&D systems, AF385 1:100 1:60 

PLVAP  Mouse LUMC Pathology, clone: VC3, 

PAL-E 

1:500 - 

vWF Rabbit DAKO, A0082 1:400 1:600 

WGA-AF555 

(conjugated) 

Wheat germ Invitrogen, W32494 1:500 1:500/750 

AF = Alexa Fluor; AQP4 = aquaporin-4; GFAP = glial fibrillary acidic protein; FITC = Fluorescein isothiocyanate; NG2 = 
Neural/glial antigen 2; PAL-E, Pathologische anatomie Leiden endothelium; SMA = smooth muscle actin; VWF = Von 
Willebrand factor; WGA = wheat germ agglutinin. Abcam (Amsterdam, the Netherlands); Alomone Labs (Jerusalem, Israel); 
DAKO (Santa Clara, CA, USA); Invitrogen (Waltham, MA, USA); R&D Systems (Minneapolis, MI, USA). 

 
Table 3. Secondary antibodies used in this study. 

Antibody Conjugate Source Working dilution  

Goat anti-mouse IgG Alexa Fluor 488 Jackson ImmunoResearch 
Laboratories, 115-545-146 

1:400 

Goat anti-rabbit IgG Alexa Fluor 488 Invitrogen, A-11034 1:400 

Donkey anti-rabbit IgG Alexa Fluor™ 488 Invitrogen, A-21206 1:400 

Goat anti-mouse IgG Cy3 Jackson ImmunoResearch 
Laboratories, 115-165-166 

1:50-70 

Goat anti-rabbit IgG Cy3 Jackson ImmunoResearch 
Laboratories, 111-165-144 

1:200 

Donkey anti-goat IgG Cy3 Jackson ImmunoResearch 
Laboratories, 705-165-147 

1:100 

Goat anti-mouse IgG Alexa Fluor 633 Invitrogen, A-21052 1:100/200 

Goat anti-rabbit IgG Alexa Fluor 633 Invitrogen, A-21071 1:100 

Donkey anti-rabbit IgG Alexa Fluor 647 Invitrogen, A-32795 1:800 

Donkey anti-sheep IgG Alexa Fluor 647 Invitrogen, A-21448 1:400-500 

Jackson ImmunoResearch Laboratories (West Grove, PA, USA). 

 
 
Human post-mortem brain tissue 
Post-mortem brain samples of the human frontal cortex were provided by the Netherlands 
Brain Bank, Amsterdam, The Netherlands. Frontal cortex samples were selected, because 
pathological features [125-127], including vascular pathology [128, 129], appear in the 
frontal cortex during early stages of dementia. All donors or their relatives provided written 
informed consent for brain autopsy and the use of brain tissue for research purposes. This 
usage was also in accordance with the Declaration of Helsinki on the use of human material 
for scientific research. Brain tissues were collected within several hours post-mortem, 
dissected, snap frozen in liquid nitrogen and stored at –80°C until sectioning. Donors were 
classified into four groups: 1) donors with DM type 2, 2) donors with AD, 3) donors with DM 
type 2 and AD, and 4) non-diabetic non-AD controls. Clinical diagnoses were confirmed by 
autopsy findings. Donors characteristics are summarized in Table 4. The subject groups were 
age-matched to control group to account for age-dependent changes in BBB integrity.  
  



 

Table 4. Characteristics of brain tissue donors. 

Case Sex 
(F/M) 

Age at 
death (y) 

Post-
mortem 
delay (h) 

Age at 
disease 
onset (y) 

Braak 
stage 
(0–6) 

Vascular pathology in 
frontal cortex 

Neuropathology in frontal cortex Cause of death 

Control  
       

1 F 66 6.3 
 

1 Slight atherosclerosis Myelin pallor; only MS plaques; no AD plaques Cancer 

2 M 58 7.7  
 

0 Slight atherosclerosis Partly absent myelination; no amyloid plaques Myocardial ischemia 

3 F 87 4.6 
 

2 Slight atherosclerosis No CAA; moderate number of amyloid diffuse plaques; a few 
classic plaques, no tangles 

Pneumonia 

4 M 71 5.1  0 Moderate 
atherosclerosis 

Few fuzzy astrocytes (age-related Tau-astrogliopathy); no 
amyloid beta deposits.  

Pancreatic cancer, 
euthanasia 

Mean ± SD 71 ± 12.2 5.9 ± 1.4 
     

         

DM  
        

5 F 70 6.0 50 2 Slight atherosclerosis, 
perivascular oedema 
some iron pigment 

Few diffuse plaques; no CAA; no tangles Kidney failure 

6 M 67 9.0 61 1 Slight atherosclerosis No CAA; moderate to large number of diffuse plaques; no 
tangles; slight perivascular oedema 

Aortic aneurysm, 
asystole 

7 M 65 7.2 Unknown 2 Slight atherosclerosis No plaques or tangles; some tau-positive cells Fever, neuroleptic 
malignant syndrome 

8 F 86 7.5 Unknown 2 Slight atherosclerosis, 
severe perivascular 
oedema 

No CAA; moderate number of plaques; equal numbers of diffuse 
and classic types; no tangles 

Cancer 

Mean ± SD 72 ± 9.6 7.4 ± 1.2 
     

         



 

Table 4. Characteristics of brain tissue donors (continued). 

Case Sex 
(F/M) 

Age at 
death (y) 

Post-
mortem 
delay (h) 

Age at 
disease 
onset (y) 

Braak 
stage 
(0–6) 

Vascular pathology in 
frontal cortex 

Neuropathology in frontal cortex Cause of death 

AD 
        

9 F 78 7.5 71 5 Slight atherosclerosis Moderate CAA; no dysphoric angiopathy; no striking capillary 
angiopathy; moderate to many amyloid plaques, especially 
diffuse; many tangles 

Dehydration 

10 M 75 6.3 66 5 Slight atherosclerosis Slight CAA; many diffuse and classic plaques; presence of 
tangles, neuritic plaques, and Lewy bodies  

Cachexia 

11 M 63 9.8 56 6 Slight to severe 
atherosclerosis 

Slight CAA with dysphoric angiopathy and no capillary 
angiopathy; many plaques, diffuse types and classic types; many 
tangles 

Dehydration / 
cachexia 

12 M 80 5.5 79 6 No atherosclerosis CAA present; many diffuse plaques and few classic plaques; 
presence of tangles and Lewy bodies  

Dehydration and 
pneumonia 

Mean ± SD 74 ± 7.6 7.3 ± 1.9 
    

 
 

        

DM + AD 
       

13 M 67 5.4 DM and 
Dem: 
unknown 

5 Slight atherosclerosis Many senile plaques, neurofibrillary tangles and many neuropil 
threads; moderate number of plaques, mainly "classic" plaques 
with large cores 

Cerebral infarction 

14 M 71 4.0 DM: 57; 
Dem: 64 

6 Slight atherosclerosis Large plaques with coarse fibrils of weakly staining amyloid, few 
diffuse plaques; many neuritic plaques and a moderate amount 
of tangles 

Dementia, delirium 
and dehydration 

15 M 82 8.5 DM: 
unknown; 
Dem: 80 

5 Perivascular oedema Many amyloid beta depositions, including diffuse plaques, classic 
plaques and small depositions; many neuropil threads, tangles 
and dispersed neuritic plaques; myelination is normal 

Heart failure 

16 F 77 3.8 DM: 73; 
Dem: 73 

5 Moderate 
atherosclerosis 

Slight to moderate CAA, mostly diffuse plaques, few-to-
moderate neuritic plaques; moderate number of tangles; many 
Lewy inclusions; many Lewy threads 

Infection and 
dehydration 

Mean ± SD 74 ± 6.6 5.4 ± 2.2 
    

AD, Alzheimer’s disease; CAA, Cerebral amyloid angiopathy; DM, diabetes mellitus; Dem, dementia 



 
 

Immunofluorescence staining of human brain 
Brain tissue specimens were cut into 10-μm-thick sections at –20°C, using an Microm Cryo 
Star HM 560 cryostat, and were stored at –80°C until further use. Prior to 
immunofluorescence staining, the tissue cryosections were air dried at RT for 20 min. Next, 
the brain sections were fixed with 4% formaldehyde for 20 min and were washed once in 3× 
PBS for 10 min. The sections were blocked and permeabilized by incubation in PBS 
supplemented with (1) 10% normal goat/donkey serum and 0.1% T-X (NG2; PDGFRβ; 
fibrinogen; occludin and claudin-5; MFSD2A; co-staining Aqp4+GFAP), or (2) 5% BSA and 
0.1% T-X (co-staining Kir4.1+GFAP), at RT for 1 hour. Lipofuscin autofluorescence was reduced 
by incubating the sections in Trueblack [130, 131] (23007; Biotium, Fremont, CA) diluted 20x 
in 70% ethanol for 30 seconds followed by three times washing in PBS for 10 min each, 
except for fibrinogen, NG2, Mfd2a staining. The sections were incubated with primary 
antibodies (Table 2) diluted in 0.2% BSA with 0.01% T-X in PBS (MFSD2A) or Normal Antibody 
Diluent (ABB999; ScyTek) (all other markers) overnight at 4°C. Fibrinogen antibodies were 
incubated for 1 h at RT, followed by three times washing in PBS for 5 minutes and incubation 
with fluorescent WGA conjugate diluted in PBS, at RT for 30 min. As a negative control, 
primary antibodies were omitted. Following primary antibody incubation, the sections were 
washed three times with PBS for 5 min. Next, the sections were incubated with secondary 
antibodies (Table 3) for 1 h at RT in the dark. Following secondary antibody incubation, the 
sections were washed three times with PBS for 5-10 min. For NG2 and MFSD2A staining, the 
sections were subsequently incubated with Trueblack diluted 20× in 70% ethanol for 30 
seconds followed by three times washing in PBS for 5-10 min each. After secondary antibody 
incubation and washing, claudin-5 antibodies directly conjugated with Alexa Fluor 488 in 
Normal Antibody Diluent were incubated for 2 h at RT, followed by three times washing in 
PBS for 5 min. For co-staining of GFAP and WGA, secondary antibody incubation and washing 
was followed by incubation with fluorescent WGA conjugate diluted in PBS, at RT for 30 min, 
and three times washing in PBS for 5 min. Finally, the sections were mounted with 
Vectashield antifading mounting medium containing DAPI, covered with a cover glass, and 
sealed with transparent nail varnish. 
 
Microscopical analysis of staining 
Retinal and brain tissue sections were imaged using a Leica STELLARIS confocal microscope 
(Leica Microsystems, Wetzlar, Germany) with a HC APO CS2 40x/1.30 oil-immersion 
objective. The confocal images were made with bidirectional sequential scanning at 
1024x1024 resolution with a scanning speed of 600 Hz and line average of 8. Acquired 
images were processed and exported from Leica Application Suite X. For each marker, the 
exposure time and laser intensity were maintained constant for each section, among all 
patient groups.  
 
Image analysis 
Protein expression was quantified using ImageJ software (National Institutes of Health) [132]. 
Images of at least 3 randomly selected areas per tissue section were analysed for 
quantification for each donor (n = 3–4 donors for the control group; n = 4 for all other 
groups). 
 
For the quantification of fibrinogen protein expression, fluorescence intensity outside the 
vasculature and inside the vasculature was measured as follows: a region of interest (ROI) 



 
 

was drawn manually around individual blood vessels using WGA as a marker for blood 
vessels. For extravascular fibrinogen staining, the “Make Band” function in ImageJ was used 
with a band size customized for each blood vessel to cover all fibrinogen outside of 
vasculature. For blood vessels without fibrinogen leakage, a band size of 0.1 was assigned. 
The fluorescence intensity in the vascular ROI and the surrounding perivascular band was 
measured. The extravascular-to-intravascular ratio was calculated for each blood vessel and 
expressed either as individual datapoints per donor or as a mean value from all images per 
donor. 
 
Fluorescence intensity of tight junction proteins was normalized to blood vessel length. 
Briefly, individual blood vessels were delineated with a manual ROI based on the vascular 
marker. This ROI was applied to the channel with tight junction staining to measure 
fluorescence intensity. Vessel length was calculated using ImageJ by tracing the central axis. 
The fluorescence intensity for each blood vessel was then divided by its length in µm. Results 
are expressed either as individual datapoints per donor or as the mean intensity per µm 
blood vessel from all images per donor. In addition to intensity, the tight junction staining 
was quantified by a semi-quantitative score system based on two distinct approaches. The 
first approach quantifies the staining as follows: 1. Continuous for border staining as an 
uninterrupted line; 2. Fragmented for border staining as an interrupted line); 3. Absent for 
complete loss of border staining. The second approach was as follows: 1. Sharp for border 
staining; 2. Diffuse for intracellular staining; 3. Absent for complete loss of border staining. 
The results were summed and the frequency of each score was calculated and plotted. A 3D 
histogram of for each of the examples of staining pattern was formed using the Surface Plot 
function in ImageJ after applying Gaussian Blurr (Sigma of 2) as a filter.  
 
For semi-quantification of PLVAP and MFSD2A protein expression, PLVAP and MFSD2A 
staining was analysed via a semi-quantitative ranking score system on a scale of three 
categories indicating the fluorescence intensity: high (fluorescence intensity), low, and 
absent. Semi-quantification was performed in a blinded manner by three independent 
observers. The results were summed, and the frequency of each score was calculated and 
plotted. 
 
Global and perivascular GFAP fluorescence intensity as well as the global and perivascular 
GFAP-positive coverage was measured. To quantify global fluorescence and global coverage 
in the retina, we included only the retinal layers in each image and excluded other layers in 
the eye. For the brain, the total tissue area in each image was used for global quantification. 
A vascular ROI was drawn manually around individual blood vessels using WGA as a marker 
for blood vessels. A perivascular ROI was defined by drawing a band with a distance of 
around 5 µm around each vascular ROI. The mean fluorescence intensity and perivascular 
GFAP coverage was measured in perivascular ROI using ImageJ. Global and perivascular 
fluorescence intensity for AQP4 and Kir4.1 were measured using the same ROI for global and 
perivascular GFAP measurements. The ratio of perivascular and global fluorescence intensity 
for AQP4 and Kir4.1 was calculated for each image. The results were expressed either as 
individual datapoints per donor or as mean value from all images per donor. 
The percentage of vascular area covered by the pericyte marker was quantified. Individual 
blood vessels were delineated with a manual ROI based on the laminin staining. To select for 
capillaries, we excluded blood vessels with a diameter larger than 10 µm. This ROI was 



 
 

applied to the channel with staining for pericyte markers to measure Area Fraction of the 
NG2 or PDGFRβ channel. The results were expressed as individual datapoints per donor or as 
mean vascular coverage from all images per donor. 
 
Statistical analysis 
Statistical tests were performed using GraphPad Prism v10 (GraphPad Software, La Jolla, 
USA). A Kruskal-Wallis test was used for comparison between patient groups (n = 4) and data 
are presented as mean ± standard deviation. A two-way ANOVA with Tukey’s multiple 
comparisons test was used for statistical analysis of the tight junction staining pattern and 
when using each region of interest (blood vessel / image) as an individual datapoint. These 
data were presented as median per group. Statistical significance was set at p < 0.05. 
Correlation coefficients were calculated using Spearman's correlation (α = 0.05, CI 95%, two-
tailed) and heatmaps were generated in GraphPad Prism v10.  
 
 

Results 
Vascular permeability  
Vascular leakage was evaluated by immunofluorescence staining of endogenous fibrinogen in 
the retina (Fig. 1; Supplementary Fig. S1) and frontal cortex (Fig. 1, Supplementary Fig. S2). In 
control retinas, fibrinogen was predominantly localised within the retinal intravascular space 
(Fig. 1A, Supplementary Fig. S1). In contrast, the retina of individuals with DM and DR more 
frequently showed fibrinogen extravasation than non-diabetic controls. The extent of 
fibrinogen extravasation was highly variable, both across patient groups and within individual 
retinas and brains, with not all regions exhibiting leakage. Despite this heterogeneity, 
quantification revealed a trend toward higher vascular leakage in DM and in particular DR 
retinas compared with non-diabetic controls (Fig. 1B, C).  
 
In the brain, fibrinogen was predominantly confined to the intravascular space in both 
control and DM groups (Fig. 1D). Extravasation was observed more frequently in the brains of 
individuals with DM+AD compared to all other groups. Quantification confirmed this pattern, 
revealing the lowest level of extravasation in the DM-only group (Fig. 1E, F). DM+AD brains 
exhibited clearly higher scores of vascular leakage compared to DM-only brains (p = 0.0008; 
Fig. 1F). 
 
 
  



 
 

  



 
 

Figure 1. Assessment of vascular leakage via fibrinogen immunofluorescence in the human BRB and 
BBB in DM retina and DM and AD brain. (A) Fibrinogen (yellow) staining in the human retina under 
physiological control conditions, and pathological conditions showing fibrinogen extravasation (arrow 
heads). Vascular endothelial cells are stained with wheat germ agglutinin (WGA; magenta) and nuclei 
are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer. Scale bar: 30 µm. (B, 
C) Quantification of the ratio of extravascular and intravascular fibrinogen fluorescence intensity in 
human retina samples (Control, DM, AD, DM+AD). (B) Individual donors (dots), with mean ± SD per 
group. (C) Individual vessels (dots, coloured by donor), with group median (grey line). (D) 
Immunofluorescence for fibrinogen (yellow) , endothelial WGA (magenta) and nuclei (DAPI, blue). 
White arrowheads n pathological samples indicate fibrinogen extravasation (vascular leakage). Scale 
bar: 50 µm. (E, F) Quantification of the ratio of extravascular and intravascular fibrinogen 
fluorescence intensity in the human frontal cortex (Control, DM, AD, DM+AD). (E) Individual donors 
(dots), mean ± SD. (F) Individual vessels (dots, colored by donor), group median (grey line). *** p < 
0.001. 

 
 
Taken together, these results demonstrate a clear tissue-specific pattern: higher fibrinogen 
permeability is a feature of the diabetic retina, especially in DR, but in the DM brain it occurs 
only when AD is also present. 
 
Paracellular pathway 
To assess the integrity of the paracellular pathway of vascular permeability, we performed 
immunostaining for the tight junction proteins occludin and claudin-5. In the retina, both 
proteins were readily detectable in the vasculature of all donor groups (Supplementary Fig. 
S3, Supplementary Fig. S4). In non-diabetic control retinas, occludin and claudin-5 
predominantly appeared as sharp, continuous lines along endothelial cell borders, although a 
subset of vessels lacked detectable expression. In the diabetic retina without known DR, 
these staining patterns for claudin-5 and occludin were largely preserved. In contrast, retinas 
from DR donors showed a slight reduction in the expression of both proteins and altered 
junctional cell-border staining patterns. Grading of the tight junction organisation at cell 
borders and the formation of gaps (fragmentation) in tight junction complexes (Fig. 2) 
revealed sharply demarcated (Fig. 3A) and continuous (Fig. 3B) occludin staining in the 
control retina. In DR retinas, the proportion of the retinal vasculature lacking occludin 
staining was higher when compared to DM and control retinas. Quantitative analysis of the 
staining intensity per µm blood vessel confirmed a moderate reduction in occludin levels in 
both DM and DR groups compared to controls (Fig. 3C, D). 
 
Analysis of claudin-5 staining morphology in controls revealed that most vessels showed a 
sharp, continuous pattern (Fig. 3E, F) or a fragmented pattern (Fig. 3F). DM and DR retinas 
showed a trend of more disorganisation of claudin-5 compared to controls. Claudin-5 
staining intensity was similar in DM retinas and non-diabetic controls, but was reduced in the 
DR group (p < 0.001; Fig. 3G, H).   
 



 
 

 
Figure 2. Immunofluorescence staining patterns of tight junction proteins of the barrier 
endothelium in human BRB and BBB. Tight junction protein claudin-5 (CLN5; cyan) staining in the 
human brain depicting staining pattern categories used for semi-quantification of tight junction 
proteins in the retina and brain. The staining pattern categories are 1) Sharp (located at the cell 
border forming a line), 2) Continuous (no major gaps in tight junction staining), 3) Diffuse (not at cell 
border, more intracellular expression), 4) Fragmented (large gaps/discontinuity in tight junction 
staining), 5) Absent (lack of expression). Vascular endothelial cells were stained for von Willebrand 
Factor (vWF; magenta) and nuclei are stained with DAPI (blue). Scale bar: 20 µm. The right panel 
depicts 3D histograms of the claudin-5 expression in each of the blood vessels in the 
immunofluorescence images. 



 
 

  
Figure 3. DR affects tight junction expression in the human BRB. Semi-quantification of staining 
patterns of tight junction proteins in retinal cryosections (CON, DM, DR) that are categorized into (A, 



 
 

E) 1) Continuous, 2) Fragmented or 3) Absent and (B, F) 1) Sharp, 2) Diffuse or 3) Absent. Data are 
expressed as the mean ± SD. * for Sharp/Continuous and # for Absent. Quantification of (C, D) 
occludin (OCLN) and (G, H) claudin-5 (CLDN5) intensity per µm blood vessel in retinal cryosections. (C, 
G) Individual donors (dots), with mean ± SD per group. (D, H) Individual vessels (dots, coloured by 
donor), with group median (grey line). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 
 
We also confirmed the presence of occludin and claudin-5 in the cerebral vasculature 
(Supplementary Fig. S5). Qualitative analysis of the staining pattern in control brains showed 
that the majority of vessels exhibited a sharp (Fig. 4A) and continuous (Fig. 4B) occludin 
pattern. In contrast, a significant change towards a more diffuse and fragmented pattern was 
observed in the frontal cortex of donors with DM, AD, or both DM and AD compared to 
controls. The DM+AD group exhibited the highest percentage of diffuse occludin staining, 
suggesting a more cytoplasmic distribution, which may explain the higher intensity observed 
in the vasculature of this group (p < 0.0001; Fig. 4C, D). The intensity of the occludin staining 
in the cortex was similar in the control, DM and AD groups.  
 
In control brain samples, claudin-5 staining showed a sharp pattern in most blood vessels, 
with a slightly smaller proportion displaying a diffuse pattern (Fig. 4E). The proportion of 
blood vessels exhibiting continuous and fragmented staining patterns was similar (Fig. 4F). 
Compared to controls, all disease groups (DM, AD, and DM+AD) exhibited a disorganised 
claudin-5 staining pattern in the brain (Fig. 4E, F). Claudin-5 staining intensity was the same 
in control, DM, and AD brains, but was on average 5-fold higher in the DM+AD group 
compared to controls (p = 0.018; Fig. 4G). When individual vessels were analysed, claudin-5 
intensity in DM+AD brains was significantly higher than in controls, DM, or AD donors (all p < 
0.0001; Fig. 4H). 
 
In summary, disorganisation of tight junctions was found in both the retina of patients with 
DM and DR, and in the brain of patients with DM, AD and both DM and AD. In the DR retina, 
moderately lower levels of occludin and claudin-5 intensity were found compared to 
controls, reflecting in a higher percentage of absent tight junction markers. In the brain, 
disorganised tight junction proteins across all patients groups were reflected in a more 
diffuse and fragmented expression pattern.  



 
 

 
Figure 4. DM and AD affect tight junction expression in the human BBB. Semi-quantification of 
staining patterns of tight junction proteins in cryosections of frontal cortex (CON, DM, AD, DM+AD) 



 
 

that are categorized into (A, E) 1) Continuous, 2) Fragmented or 3) Absent and (B, F) 1) Sharp, 2) 
Diffuse or 3) Absent. Data are expressed as the mean ± SD. * for Sharp/Continuous, ▲ for 
Diffuse/Fragmented and # for Absent. Quantification of (C, D) occludin (OCLN) and (G, H) claudin-5 
(CLDN5) intensity per µm blood vessel in cortical cryosections. (C, G) Individual donors (dots), with 
mean ± SD per group. (D, H) Individual vessels (dots, coloured by donor), with group median (grey 
line). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

 
 
Transcellular pathway 
To assess alterations in the transcellular endothelial pathway of permeability (transcytosis) in 
the diabetic retina and in the diabetic and AD brain, we performed immunostaining of PLVAP 
and MFSD2A in the retina (Fig. 5, Supplementary Fig. S6) and in the brain (Fig. 6, 
Supplementary Fig. S7). PLVAP is a marker of increased transcytosis in immature and 
pathological barrier endothelium [130] and MFSD2A is an inhibitor of transcytosis essential 
for barrier integrity [131, 132]. In the case of positive staining, a granular pattern was 
observed within the vasculature for both proteins in all patient groups in the retina. In 
control retina, PLVAP was minimally or not expressed at all in capillaries as reported 
previously [61](Fig. 5, Supplementary Fig. S6). Retinas from DM individuals displayed higher 
expression of PLVAP compared to controls, with an average of 30% of blood vessels being 
positive for PLVAP, and the majority of these vessels exhibited high PLVAP expression (Fig. 
5B). In DR retinas, the percentage of PLVAP-positive blood vessels was highest, averaging 
50%, with most vessels showing strong PLVAP expression. Changes in PLVAP expression were 
not associated with alterations in MFSD2A expression. On average, 45% of blood vessels 
were positive for MFSD2A in non-diabetic controls, though this ranged from 0% to 82% 
across individual donors. In control retinas, the proportion of vessels with low and high 
MFSD2A expression was similar. DM retinas had the highest percentage of positive vessels 
(~65%), but the expression level was mostly low. DR retinas also showed an higher 
percentage of positive vessels (~60%) compared to controls, though expression levels 
remained predominantly low.  
 
In the human frontal cortex, we did not observe any PLVAP staining for any of the groups 
using the same antibody that was applied to the retina samples. Consistent with our 
observations in retina samples, MFSD2A expression exhibited a granular staining pattern in 
the brain vasculature (Fig. 6, Supplementary Fig. S7). Semi-quantitative analysis 
demonstrated that on average 77% of cortical capillaries were MFSD2A-positive in control 
brain samples with high expression in 32% and low expression in 45% of the blood vessels 
(Fig. 6B). A significantly higher percentage of vessels showed high expression in brains of DM 
donors (63%) compared to controls (p = 0.040). MFSD2A expression was similar in AD brains 
compared to controls. In contrast, almost all blood vessels in brains of DM+AD donors 
showed a high MFSD2A expression (91%), which was higher than in controls (p < 0.0001) and 
AD brains (p = 0.004). 
 
 
 
 
 
 
 



 
 

Figure 5. Affected transcellular transport pathway in the human BRB in DM. (A) Plasmalemma 
vesicle-associated protein (PLVAP; yellow) and MFSD2A (cyan) double staining in the human retina 
under physiological control conditions, and pathological conditions showing increased transcytosis. 
Vascular endothelial cells are stained with CD31 (magenta) and nuclei are stained with DAPI (blue). 
GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer. Scale bar: 20 µm. Semi-
quantification of PLVAP (B) and MFSD2A (C) staining intensity in retinal cryosections (CON, DM, DR). 

 
 
Taken together, the highest PLVAP expression is observed in DR retinas but completely absent 
in the brain. Conversely, MFSD2A expression was elevated in both retina and brain in DM 
compared to controls. Furthermore, DM+AD brains showed the highest percentage of 
MFSD2A positive vessels and the highest expression intensity. 
 

Glial cell activation  
In control and DM retinas, GFAP staining was confined to astrocytes in the inner retina (Fig. 
7A, Supplementary Fig. S8). In contrast, DR retinas showed a marked upregulation of GFAP, 
characterized by intense focal staining in the inner retina and in the radial processes of  
 



 
 

 
Figure 6. Altered transcellular transport pathway in DM and DM+AD in the human BBB. (A) 
MFSD2A (cyan) staining in the human brain under physiological control conditions, and pathological 
conditions showing vascular MFSD2A upregulation. Vascular endothelial cells are stained with CD31 
(magenta) and nuclei are stained with DAPI (blue). Scale bar: 30 µm. (B) Semi-quantification of 
MFSD2A intensity in cortical cryosections (CON, DM, DR). * for High, and # for Low. * p < 0.05, ** p < 
0.01, **** p < 0.0001. 

 
 
  



 
 

 
 
Figure 7. DR induces gliosis in the human BRB. (A) GFAP (yellow) staining in the human retina under 
physiological control conditions and in the case of macroglia activation. Vascular endothelial cells are 
stained with wheat germ agglutinin (WGA; magenta) and nuclei are stained with DAPI (blue). 



 
 

GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer. Scale bar: 50 µm. 
Quantification of global (B, C) and perivascular (G, H) GFAP fluorescence staining intensity in retinal 
cryosections (CON, DM, DR). Quantification of the percentage of (D, E) total brain area and (I, J) 
perivascular area covered by macroglia expressing GFAP. (F) An example of a confocal image of a 
human retina with reduced perivascular GFAP expression. Scale bar: 50 µm. (B, D, G, I) Individual 
donors (dots), with mean ± SD per group. (C, E, H, J) Individual vessels (dots, coloured by donor), with 
group median (grey line). * p < 0.05, ** p < 0.01, **** p < 0.0001. 
 
 

Müller cells in the inner and outer nuclear layers (INL and ONL) (Fig. 7A-C), indicating Müller 
cell activation (gliosis). Quantitative analysis showed a significantly higher retinal area 
covered by GFAP-positive macroglia in DR (48%) versus controls (13%; p = 0.031) or DM (18%; 
p = 0.130; Fig. 7D). At the single-vessel level, DM retinas had greater GFAP-positive coverage 
than controls (p = 0.008), with a further elevation in DR compared to both groups (p < 0.0001 
for each; Fig. 7E). We additionally quantified perivascular GFAP expression, defined as the 
fluorescence intensity and area coverage of GFAP-positive macroglia immediately 
surrounding the blood-retinal barrier (Fig. 7F). Perivascular GFAP fluorescence intensity and 
area coverage (60%) in DM retinas were similar to controls (Fig. 7G-J). In contrast, when 
analysed at the level of individual vessels, DR retinas showed significantly higher perivascular 
intensity and a larger covered area (79%) than both control and DM retinas (p < 0.0001). 
 
In the brain of control donors, GFAP staining was observed in both astrocytic cell bodies and 
processes, mainly in close proximity of blood vessels, independent of blood vessel size (Fig. 
8, Supplementary Fig. S9). Global GFAP expression was moderately higher in DM, AD and 
DM+AD brains than in controls (p > 0.050; Fig. 8B, C). The cerebral area covered by GFAP-
positive astrocytes was significantly higher in AD (58%; p = 0.029) compared to controls 
(19%; Fig. 8D). When analysed at the individual-vessel level, the percentage of cerebral area 
covered by GFAP-positive macroglia was significantly larger in DM (53%), AD (58%), and 
DM+AD (48%) compared to controls (p < 0.0001 for each; Fig. 8E). Cerebral perivascular GFAP 
fluorescence intensity was significantly elevated in all three disease groups versus controls (p 
< 0.0001; Fig. 8G). In controls, perivascular coverage by GFAP-positive astrocytes averaged 
28% (Fig. 8H). This coverage was slightly higher in AD (33%) and DM+AD (34%) donors (p < 
0.0001; Fig. 8I), and greatest in DM brains (41%; p < 0.0001 vs. controls).  
 
In summary, these data indicate macroglial activation, also known as gliosis, in the retina of 
DR patients and in the brain of donors with DM, AD, and DM+AD. 
 
  



 
 

  



 
 

Figure 8. DM and AD induce gliosis in the human BBB. (A) GFAP (yellow) staining in the human brain 
in physiological control conditions and in the case of macroglia activation. Vascular endothelial cells 
are stained with wheat germ agglutinin (WGA; magenta) and nuclei are stained with DAPI (blue). 
Scale bar: 50 µm. Quantification of global (B, C) and perivascular (F, G) GFAP fluorescence staining 
intensity in frontal cortex cryosections (CON, DM, AD, DM+AD). Quantification of the percentage of 
(D, E) total brain area and (H, I) perivascular area covered by macroglia expressing GFAP. (B, D, F, H) 
Individual donors (dots), with mean ± SD per group. (C, E, G, I) Individual vessels (dots, coloured by 
donor), with group median (grey line). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
 
 

Water and potassium balance 
Immunostaining for AQP4 and Kir4.1 revealed alterations in these water-regulating channels. 
In control retinas, AQP4 was enriched in perivascular regions compared to the neuronal 
tissue (Fig. 9, Supplementary Fig. S10). AQP4 expression in DM retinas, both global (Fig. 9B, 
E) and perivascular (Fig. 9C, F), was similar to that in the controls, showing only minimal 
global loss (Fig. 9A). Quantitative analysis revealed a modestly higher global fluorescence 
intensity in DR retinas compared to controls (p = 0.005), as well as a higher perivascular 
fluorescence intensity compared to controls (p < 0.0001) and DM retinas (p = 0.003; Fig. 9E, 
F). Additionally, a significant delocalisation of AQP4 from its perivascular localisation toward 
a more global neuronal tissue localisation was observed in DR retinas (p = 0.045; Fig. 9D) (p < 
0.0001 compared to controls, p < 0.001 compared to DM; Fig. 9G). 
 
Likewise, alterations in water-regulating channels were evaluated in the human frontal cortex 
via AQP4 immunostaining. AQP4 was predominantly localised around blood vessels, with 
additional expression in the neuronal tissue (Fig. 10, Supplementary Fig. S11). Figure 10A 
illustrates an example of cerebral AQP4 expression colocalised with GFAP-positive astrocyte 
processes, indicating reduced polarisation toward astrocytic endfeet. Although global AQP4 
fluorescence was unchanged (Fig. 10B, E), the perivascular intensity was higher in AD brains 
than in controls and the DM+AD group (p = 0.003 and p = 0.040, respectively; Fig. 10F). In 
DM+AD brains, AQP4 was localised slightly more perivascular than global, compared to both 
controls (p = 0.013) and DM (p = 0.013), when analysed per vessel (Fig. 10G). 
 
In the retina, Kir4.1 was typically localised in the ganglion cell layer independently of the 
condition (Fig. 11A, Supplementary Fig. S12). A less pronounced polarisation towards 
macroglial endfeet was observed for Kir4.1 compared to AQP4. An example of Kir4.1 
expression in Müller cell processes in DR is shown in Fig. 11A. A significant reduction in 
global Kir4.1 fluorescence was observed in DR retinas compared to controls (p = 0.026) and 
DM retinas (p = 0.005; Fig. 11E) as well as a reduction in perivascular fluorescence in DR 
retinas compared to controls (p < 0.0001) and DM retinas (p < 0.001; Fig. 11F). Similar to 
AQP4, Kir4.1 staining in DR retinas demonstrated a significant reduction in polarisation 
compared to controls (p = 0.031; Fig. 11D, p = 0.001; Fig. 11G). 
 
In the brain, Kir4.1 exhibited generally low expression, with a moderately higher perivascular 
expression (Fig. 12A, Supplementary Fig. S13). In DM, AD, and DM+AD, Kir4.1 expression was 
observed in cellular processes, yet it did not colocalise with GFAP immunostaining (Fig. 12A), 
suggesting that these processes originate from macroglial cells that do not express GFAP. A 
lower global Kir4.1 expression in the brain was found in DM compared to AD donors   



 
 

 

 
Figure 9. DR causes depolarization of AQP4 in the human BRB. (A) AQP4 (yellow) and GFAP 
(magenta) double staining in the human retina under physiological control conditions and in the case 
of AQP4 loss. Vascular endothelial cells are stained with wheat germ agglutinin (WGA; white) and 
nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer. Scale bar: 20 
µm. Quantification of global (B, E) and perivascular (C, F) AQP4 expression in the retina (CON, DM, 
DR). (D, G) Quantification of the ratio of perivascular and global AQP4 fluorescence intensity. (B-D) 
Individual donors (dots), with mean ± SD per group. (E-G) Individual vessels (dots, coloured by 
donor), with group median (grey line). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
 
 
 



 
 

 

 
Figure 10. Increased perivascularAQP4 expression in the human BBB during AD with and without 
DM. (A) AQP4 (yellow) and GFAP (magenta) double staining in the human frontal cortex in 
physiological control conditions and in the case of AQP4 redistribution. Vascular endothelial cells are 
stained with wheat germ agglutinin (WGA; white) and nuclei are stained with DAPI (blue). Scale bar: 
20 µm. Quantification of global (B, E) and perivascular (C, F) AQP4 expression in the frontal cortex of 
(CON, DM, AD, DM+AD). (D, G) Quantification of the ratio of perivascular and global AQP4 
fluorescence intensity. (B-D) Individual donors (dots), with mean ± SD per group. (E-G) Individual 
vessels (dots, coloured by donor), with group median (grey line). * p < 0.05, ** p < 0.01. 
 
 
 
 
 



 
 

 
Figure 11. DR causes depolarization of Kir4.1 in the human BRB. (A) Kir4.1 (yellow) and GFAP 
(magenta) double staining in the human retina in physiological control conditions and in the case of 
Kir4.1 redistribution. Vascular endothelial cells are stained with wheat germ agglutinin (WGA; white) 
and nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer; 
ONL = outer nuclear layer. Scale bar: 20 µm. Quantification of global (B, E) and perivascular (C, F) 
Kir4.1 expression in the retina (CON, DM, DR). (D, G) Quantification of the ratio of perivascular and 
global Kir4.1 fluorescence intensity. (B-D) Individual donors (dots), with mean ± SD per group. (E-G) 
Individual vessels (dots, coloured by donor), with group median (grey line). * p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001. 
 
 
 
 



 
 

 
Figure 12. Moderate changes in Kir4.1 expression in human brains of patients with DM and AD. (A) 
Kir4.1 (yellow) and GFAP (magenta) double staining in the human frontal cortex in physiological 
control conditions and in the case of Kir4.1 redistribution. Vascular endothelial cells are stained with 
wheat germ agglutinin (WGA; white) and nuclei are stained with DAPI (blue). Scale bar: 20 µm. 
Quantification of global (B, E) and perivascular (C, F) Kir4.1 expression in the frontal cortex (CON, DM, 
AD, DM+AD). (D, G) Quantification of the ratio of perivascular and global Kir4.1 fluorescence intensity. 
(B-D) Individual donors (dots), with mean ± SD per group. (E-G) Individual vessels (dots, coloured by 
donor), with group median (grey line). * p < 0.05, ** p < 0.01, **** p < 0.0001. 
 
 
 



 
 

(p < 0.0001) and DM+AD donors (p = 0.004; Fig. 12E). In contrast, a higher global 
fluorescence was found for AD brain samples compared to controls (p = 0.001). Perivascular 
Kir4.1 fluorescence intensity was moderately lower in DM brains than in control (p = 0.047), 
AD (p < 0.0001), and DM+AD donors (p < 0.0001). In contrast, it was significantly higher in 
both AD (p = 0.003) and DM+AD donors (p = 0.016) compared to controls (Fig. 12F). The 
polarisation of Kir4.1 was similar in all disease groups compared to controls (Fig. 12D, G). 
 
In summary, distinct patterns of AQP4 and Kir4.1 were observed across disease states. In the 
DR retina, both proteins showed a significant shift in polarisation from macroglial endfeet 
toward processes. In the brain, AD was characterised by modestly higher levels of 
perivascular AQP4 and higher Kir4.1 levels, while DM showed lower Kir4.1 expression. The 
DM+AD conditions exhibited a slightly more perivascular than global AQP4 localisation and 
higher Kir4.1 expression. 
 
Pericyte coverage 
To evaluate pericyte coverage of capillaries, we employed a dual-marker approach with the 
established pericyte markers NG2 and PDGFRβ [133-139]. In control retinas, only cells 
identifiable as pericytes due to their localisation in vessel walls were positive for NG2 (Fig. 
13A, Supplementary Fig. S14) and PDGFRβ (Fig. 14A, Supplementary Fig. S15). Pericyte 
coverage based on NG2 expression in capillaries in DM and DR retinas was comparable to 
controls (~75%; Fig. 13B, C; Supplementary Fig. S14). Pericyte coverage based on PDGFRβ 
staining was comparable in control (87%) and DM (83%) retinas, but lower in DR retinas 
(75%) compared to both control (p = 0.024) and DM retinas (p = 0.009) (Fig. 14B, C). 
 
In the human frontal cortex, pericyte coverage in controls was higher than in the control 
retina, averaging 88% for NG2 (Fig. 15; Supplementary Fig. S16) and 98% for PDGFRβ (Fig. 16; 
Supplementary Fig. S17). NG2 coverage was lowest in DM (80%) and AD (78%) brains 
compared to both controls (p < 0.001) and DM+AD (86%; p < 0.001). PDGFRβ coverage in DM 
brains was comparable to controls, but lower in AD (94%) and DM+AD (95%) donors 
compared to both controls (p < 0.0001) and DM donors (AD: p < 0.001; DM+AD: p = 0.014; 
Fig. 16C). 
 
Taken together, vascular pericyte coverage based on NG2 staining was similar between the 
control, DM, and DR retinas, but was lower in DM and AD brains compared to controls and 
DM+AD. Coverage based on PDGFRβ staining was lower in DR retinas, and in AD and DM+AD 
brains. Additionally, the results indicate that the cerebral capillaries have a higher pericyte 
coverage than retinal capillaries. 
 
 
 
 



 
 

 
Figure 13. Vascular coverage by NG2-positive pericyte remain unchanged in the human BRB in DM. 
(A) NG2 (yellow) staining in the human retina in physiological control conditions, and an example of 
loss of NG2 expression under pathological conditions. White arrowheads indicate examples of NG2-
negative blood vessels. The basal lamina of blood vessels is stained for laminin (LAM; magenta), and 
nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer 
nuclear layer. Scale bar: 50 µm. (B, C) Quantification of the percentage of total blood vessel surface 
covered by NG2-positive pericytes in the retina (CON, DM, DR). (B) Individual donors (dots), with 
mean ± SD per group. (C) Individual vessels (dots, coloured by donor), with group median (grey line). 
 
 
 



 
 

 
Figure 14. DR causes a moderately reduced PDGFRβ-positive pericyte coverage in the human BRB. 
(A) PDGFRβ (yellow) staining in the human retina in physiological control conditions, and an example 
showing the loss of PDGFRβ expression under pathological conditions. White arrowheads indicate 
examples of PDGFRβ-negative blood vessels. The basal lamina of blood vessels is stained for laminin 
(LAM; magenta), and nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear 
layer; ONL = outer nuclear layer. Scale bar: 50 µm. (B, C) Quantification of the percentage of total 
blood vessel surface covered by PDGFRβ-positive pericytes in the retina (CON, DM, DR). (B) Individual 
donors (dots), with mean ± SD per group. (C) Individual vessels (dots, coloured by donor), with group 
median (grey line). * p < 0.05, ** p < 0.01. 
 
 
 
 
 
 



 
 

 
Figure 15. DM and AD cause a moderately reduced NG2-positive pericyte coverage in the BBB. (A) 
NG2 (yellow) staining in the human frontal cortex in physiological control conditions, and an example 
showing the loss of NG2 expression under pathological conditions. White arrowheads indicate 
examples NG2-negative blood vessels. The basal lamina of blood vessels is stained for laminin (LAM; 
magenta), and nuclei are stained with DAPI (blue). Scale bar: 50 µm. (B, C) Quantification of the 
percentage of total blood vessel surface covered by NG2-positive pericytes in the brain (CON, DM, 
AD, DM+AD). (B) Individual donors (dots), with mean ± SD per group. (C) Individual vessels (dots, 
coloured by donor), with group median (grey line). **** p < 0.0001. 
 
 
 
 



 
 

 
Figure 16. DM and AD cause a moderately reduced PDGFRβ -positive pericyte coverage in the BBB. 
(A) PDGFRβ (yellow) staining in the human frontal cortex in physiological control conditions and 
pathological conditions. The basal lamina of blood vessels is stained for laminin (LAM; magenta), and 
nuclei are stained with DAPI (blue). Scale bar: 50 µm. (B, C) Quantification of the percentage of total 
blood vessel surface covered by PDGFRβ-positive pericytes in the brain (CON, DM, AD, DM+AD). (B) 
Individual donors (dots), with mean ± SD per group. (C) Individual vessels (dots, coloured by donor), 
with group median (grey line). * p < 0.05, *** p < 0.001, **** p < 0.0001. 

 
 
 



 
 

 
Correlations between NVU alterations 
Based on our observations, we analysed correlations between the NVU components in the 
retina (Fig. 17) and brain (Fig. 18) The full analyses, including absolute Spearman correlation 
values and p-values, is available in Tables 5-8, with the strongest correlations summarized for 
each tissue (Supplementary Fig. S18 and S19). Several key relationships were unique to each 
tissue. 
 

 
Figure 17. Correlations of NVU components in the human retina based on immunofluorescence 
staining assessments. Heatmap represents the Spearman correlation coefficient for each correlation 
between NVU-associated parameters in the retina (Control, DM, AD, DM+AD). Values for each marker 
are scaled from -1.0 to 1.0. High values are illustrated in blue, and low values in red. 
 
 

Our analysis revealed a consistent, strong correlation between occludin and claudin-5 
staining patterns in the brain, but not in the retina. In the retina, a sharply demarcated 
occludin staining pattern showed a positive correlation with Kir4.1 expression levels but a 



 
 

negative correlation with higher GFAP expression and GFAP-positive macroglia coverage. On 
the other hand, diffuse and absent occludin staining was positively correlated with higher  
GFAP expression and GFAP-positive macroglia coverage. These correlations were lacking in 
the brain. 

 
Figure 18. Correlations of NVU components in the human frontal cortex based on 
immunofluorescence staining assessments. Heatmap represents the Spearman correlation 
coefficient for each correlation between NVU-associated parameters in the retina (Control, DM, AD, 
DM+AD). Values for each marker are scaled from -1.0 to 1.0. High values are illustrated in blue, and 
low values in red. 

 
 
In the brain, a strong negative correlation was identified between the vascular pericyte 
coverage based on PDGFRβ-positive pericytes and the percentage of capillaries with diffuse 
staining for both claudin-5 and occludin, a relation which was not found in the retina. Diffuse 
claudin-5 staining positively correlated with higher GFAP expression in the brain, whereas a 
weak negative correlation was demonstrated in the retina. The absence of claudin-5 in the 



 
 

brain negatively correlated with the GFAP expression, a relation which was not observed in 
the retina.  
 
Taken together, our initial analysis suggest correlations between several altered NVU 
characteristics in both the retina and the brain of DM and AD patients. 
 
Table 5. The absolute values of the Spearman's rank correlation coefficients (r) for the 

human retina. 

Spearman r values 

 

Fibrinogen 
outside/ 

inside 
blood 
vessel 

OCLN 
intensity

/µm 

OCLN - 
Sharp % 

OCLN - 
Diffuse % 

OCLN - 
Absent % 

OCLN- 
Continuous 

% 

OCLN - 
Fragmented 

% 

CLDN5 
intensity

/µm 

CLDN5 - 
Sharp % 

CLDN5 - 
Diffuse % 

CLDN5 - 
Absent % 

CLDN5- 
Continuous 

% 

CLDN5- 
Fragmented 

% 

OCLN intensity/µm -0.473             

OCLN - Sharp % -0.373 -0.255            

OCLN - Diffuse % 0.091 0.609 -0.782           

OCLN - Absent % 0.345 0.073 -0.773 0.400          

OCLN –  
Continuous % 

-0.173 -0.091 0.764 -0.436 -0.873         

OCLN –  
Fragmented % 

0.045 0.136 -0.673 0.564 0.573 -0.855        

CLDN5 intensity/µm 0.027 -0.155 0.346 -0.027 -0.743 0.574 -0.159       

CLDN5 - Sharp % 0.182 0.327 -0.364 0.391 0.509 -0.264 0.055 -0.042      

CLDN5 - Diffuse % -0.082 -0.173 0.045 -0.245 -0.173 0.018 0.118 0.270 -0.566     

CLDN5 - Absent % -0.355 0.118 0.155 0.036 -0.082 0.036 -0.091 -0.490 -0.259 -0.559    

CLDN5 –  
Continuous % 

0.282 -0.036 0.227 -0.100 0.045 0.127 -0.255 0.203 0.329 -0.105 -0.329   

CLDN5 –  
Fragmented % 

0.282 0.027 -0.355 0.200 0.045 -0.045 0.173 0.392 0.203 0.455 -0.769 -0.287  

% PLVAP
+
 blood 

vessels 
0.358 0.261 -0.612 0.600 0.103 0.006 0.188 0.064 -0.082 0.082 -0.145 -0.436 0.564 

% MFSD2A
+
 blood 

vessels 
-0.382 -0.321 0.358 -0.394 -0.358 0.467 -0.430 -0.027 -0.064 -0.218 0.264 -0.464 -0.064 

GFAP global 
fluorescence 

0.327 0.291 -0.791 0.727 0.600 -0.436 0.355 -0.342 0.536 -0.400 0.155 -0.355 0.264 

% total area GFAP
+
 

macroglia 
0.251 0.296 -0.715 0.656 0.569 -0.387 0.255 -0.352 0.524 -0.396 0.241 -0.337 0.169 

GFAP perivascular 
fluorescence 

0.064 0.364 -0.709 0.600 0.618 -0.591 0.455 -0.510 0.436 -0.391 0.391 -0.491 0.064 

% perivascular  

area  GFAP
+
  

macroglia 

0.136 0.609 -0.664 0.745 0.427 -0.445 0.355 -0.323 0.436 -0.455 0.336 -0.191 0.018 

AQP4 global 
fluorescence 

-0.009 0.382 -0.209 0.155 0.264 0.064 -0.209 -0.328 0.436 -0.009 -0.382 -0.009 0.400 

AQP4 perivascular 
fluorescence 

0.000 0.436 -0.200 0.155 0.264 0.009 -0.209 -0.319 0.391 0.055 -0.464 0.300 0.264 

Ratio 
perivascular/global  

AQP4 
-0.223 -0.132 0.387 -0.228 -0.387 0.109 0.036 0.443 -0.383 0.287 -0.114 0.442 -0.287 

Kir4.1 global 
fluorescence 

0.282 -0.264 0.500 -0.418 -0.355 0.300 -0.173 0.360 -0.264 0.209 -0.409 0.591 -0.018 

Kir4.1 perivascular 
fluorescence 

0.082 -0.327 0.700 -0.582 -0.555 0.473 -0.291 0.456 -0.473 0.336 -0.318 0.473 -0.082 

Ratio 
perivascular/global 

Kir4.1 
-0.400 -0.164 0.845 -0.755 -0.536 0.400 -0.345 0.251 -0.309 0.236 -0.082 0.236 -0.218 

Pericytes - NG2 
coverage % 

0.355 0.191 -0.318 0.436 -0.009 0.073 -0.100 0.082 0.282 -0.355 -0.064 0.245 0.091 

Pericytes - PDGFRβ 
coverage % 

-0.301 0.524 -0.251 0.551 -0.105 0.123 0.096 0.205 0.146 0.050 -0.232 -0.077 0.305 

 
  



 
 

Table 5. The absolute values of the Spearman's rank correlation coefficients (r) for the 

human retina (continued). 

 

Spearman r values 

 

% 

PLVAP
+
 

blood 
vessels 

% 

MFSD2A
+
 

blood 
vessels 

GFAP 
global 
fluo-

rescence 

% total 
area 

GFAP
+
 

macroglia 

GFAP 
peri-

vascular 
fluo-

rescence 

% peri-
vascular 

area 

GFAP
+
 

macroglia 

AQP4 
global 
fluo-

rescence 

AQP4 
perivascular 

fluo-
rescence 

Ratio 
perivascular/ 
global AQP4 

Kir4.1 
global 
fluo-

rescence 

Kir4.1 
peri- 

vascular 
fluo- 

rescence 

Ratio peri-
vascular/ 

global 
Kir4.1 

Pericytes - 
NG2 

coverage 
% 

% MFSD2A
+
 

blood vessels 
-0.154             

GFAP global 
fluorescence 

0.564 -0.030            

% total area 

GFAP
+
 macroglia 

0.401 -0.067 0.961           

GFAP 
perivascular 
fluorescence 

0.176 -0.030 0.873 0.902          

% perivascular 

area GFAP
+
 

macroglia 

0.224 -0.321 0.736 0.743 0.827         

AQP4 global 
fluorescence 

0.527 0.248 0.318 0.223 0.073 0.018        

AQP4 
perivascular 
fluorescence 

0.406 -0.018 0.082 0.000 -0.127 0.009 0.882       

Ratio 
perivascular/ 
global AQP4 

-0.401 -0.304 -0.765 -0.708 -0.633 -0.378 -0.606 -0.237      

Kir4.1 global 
fluorescence 

-0.152 -0.321 -0.645 -0.743 -0.755 -0.473 -0.109 0.064 0.456     

Kir4.1 
perivascular 
fluorescence 

-0.273 -0.152 -0.782 -0.838 -0.845 -0.645 -0.182 -0.064 0.497 0.945    

Ratio 
perivascular/ 
global Kir4.1 

-0.721 -0.030 -0.882 -0.802 -0.664 -0.600 -0.282 -0.164 0.583 0.582 0.718   

Pericytes - NG2 
coverage % 

0.503 0.030 0.209 0.077 -0.036 0.345 0.200 0.400 0.009 0.073 -0.127 -0.464  

Pericytes - 
PDGFRβ 

coverage % 
0.809 0.231 0.182 0.048 -0.077 0.050 0.551 0.565 -0.078 -0.155 -0.182 -0.369 0.487 

 

 
 

 



 
 

Table 6. The p-values corresponding to the Spearman's rank correlation coefficients for the 

human retina.  

p-value 

 

Fibrinogen 
outside/ 

inside 
blood 
vessel 

OCLN 
intensity 

/µm 

OCLN - 
Sharp % 

OCLN - 
Diffuse % 

OCLN - 
Absent % 

OCLN- 
Continuous 

% 

OCLN - 
Fragmented 

% 

CLDN5 
intensity

/µm 

CLDN5 - 
Sharp % 

CLDN5 - 
Diffuse % 

CLDN5 - 
Absent 

% 

CLDN5- 
Continuous 

% 

CLDN5- 
Fragmented 

% 

OCLN intensity/µm 0.146             

OCLN - Sharp % 0.261 0.451            

OCLN - Diffuse % 0.796 0.052 0.006           

OCLN - Absent % 0.299 0.838 0.007 0.225          

OCLN –  
Continuous % 

0.615 0.796 0.009 0.183 0.001         

OCLN –  
Fragmented % 

0.903 0.694 0.028 0.076 0.071 0.001        

CLDN5 intensity/µm 0.940 0.647 0.295 0.940 0.011 0.069 0.638       

CLDN5 - Sharp % 0.595 0.327 0.273 0.237 0.114 0.435 0.881 0.899      

CLDN5 - Diffuse % 0.818 0.615 0.903 0.468 0.615 0.967 0.735 0.394 0.059     

CLDN5 - Absent % 0.286 0.735 0.654 0.924 0.818 0.924 0.796 0.107 0.417 0.063    

CLDN5 –  
Continuous % 

0.402 0.924 0.503 0.776 0.903 0.714 0.451 0.523 0.297 0.749 0.297   

CLDN5 –  
Fragmented % 

0.402 0.946 0.286 0.557 0.903 0.903 0.615 0.206 0.528 0.140 0.005 0.366  

% PLVAP
+
 blood 

vessels 
0.313 0.470 0.067 0.073 0.785 1.000 0.607 0.860 0.818 0.818 0.673 0.183 0.076 

% MFSD2A
+
 blood 

vessels 
0.279 0.368 0.313 0.263 0.313 0.179 0.218 0.946 0.860 0.521 0.435 0.155 0.860 

GFAP global 
fluorescence 

0.327 0.386 0.005 0.014 0.056 0.183 0.286 0.302 0.094 0.225 0.654 0.286 0.435 

% total area GFAP
+
 

macroglia 
0.455 0.374 0.016 0.032 0.071 0.239 0.446 0.286 0.101 0.227 0.472 0.308 0.619 

GFAP perivascular 
fluorescence 

0.860 0.273 0.018 0.056 0.048 0.061 0.163 0.111 0.183 0.237 0.237 0.129 0.860 

% perivascular area 

GFAP
+
 macroglia 

0.694 0.052 0.031 0.011 0.193 0.173 0.286 0.330 0.183 0.163 0.313 0.577 0.967 

AQP4 global 
fluorescence 

0.989 0.248 0.539 0.654 0.435 0.860 0.539 0.322 0.183 0.989 0.248 0.989 0.225 

AQP4 perivascular 
fluorescence 

1.000 0.183 0.557 0.654 0.435 0.989 0.539 0.336 0.237 0.881 0.155 0.371 0.435 

Ratio 
perivascular/global 

AQP4 
0.507 0.698 0.238 0.497 0.238 0.749 0.918 0.172 0.244 0.389 0.739 0.174 0.389 

Kir4.1 global 
fluorescence 

0.402 0.435 0.122 0.203 0.286 0.371 0.615 0.275 0.435 0.539 0.214 0.061 0.967 

Kir4.1 perivascular 
fluorescence 

0.818 0.327 0.020 0.066 0.082 0.146 0.386 0.160 0.146 0.313 0.342 0.146 0.818 

Ratio 
perivascular/global 

Kir4.1 
0.225 0.634 0.002 0.010 0.094 0.225 0.299 0.455 0.356 0.485 0.818 0.485 0.521 

Pericytes - NG2 
coverage % 

0.286 0.577 0.342 0.183 0.989 0.838 0.776 0.811 0.402 0.286 0.860 0.468 0.796 

Pericytes - PDGFRβ 
coverage % 

0.366 0.101 0.455 0.083 0.760 0.719 0.781 0.541 0.667 0.887 0.489 0.823 0.359 

  



 
 

Table 6. The p-values corresponding to the Spearman's rank correlation coefficients for the 

human retina (continued). 

p-value 

 

% 

PLVAP
+
 

blood 
vessels 

% MFSD2A
+
 

blood 
vessels 

GFAP 
global 
fluo-

rescence 

% total 
area 

GFAP
+
 

macroglia 

GFAP 
peri-

vascular 
fluo-

rescence 

% peri-
vascular 

area 

GFAP
+
 

macroglia 

AQP4 
global 
fluo-

rescence 

AQP4 
perivascular 

fluo-
rescence 

Ratio 
perivascular/ 
global AQP4 

Kir4.1 
global 
fluo-

rescence 

Kir4.1 
perivascular 
fluorescence 

Ratio 
peri-

vascular/ 
global 
Kir4.1  

Pericytes - 
NG2 

coverage 
% 

% MFSD2A
+
 

blood vessels 
0.635             

GFAP global 
fluorescence 

0.096 0.946            

% total area 

GFAP
+
 macroglia 

0.250 0.857 0.000           

GFAP 
perivascular 
fluorescence 

0.632 0.946 0.001 0.000          

% perivascular 

area GFAP
+
 

macroglia 

0.537 0.368 0.013 0.011 0.003         

AQP4 global 
fluorescence 

0.123 0.492 0.342 0.507 0.838 0.967        

AQP4 
perivascular 
fluorescence 

0.247 0.973 0.818 1.000 0.714 0.989 0.001       

Ratio 
perivascular/ 
global AQP4 

0.250 0.390 0.008 0.018 0.041 0.250 0.053 0.480      

Kir4.1 global 
fluorescence 

0.682 0.368 0.037 0.011 0.010 0.146 0.755 0.860 0.160     

Kir4.1 
perivascular 
fluorescence 

0.448 0.682 0.006 0.002 0.002 0.037 0.595 0.860 0.123 0.000    

Ratio 
perivascular/ 
global Kir4.1 

0.023 0.946 0.001 0.004 0.031 0.056 0.402 0.634 0.064 0.066 0.016   

Pericytes - NG2 
coverage % 

0.144 0.946 0.539 0.823 0.924 0.299 0.557 0.225 0.983 0.838 0.714 0.155  

Pericytes - 
PDGFRβ 

coverage % 
0.007 0.519 0.589 0.888 0.823 0.887 0.083 0.074 0.820 0.648 0.589 0.263 0.131 

   



 
 

Table 7. The absolute values of the Spearman's rank correlation coefficients (r) for the 

human brain. 

Spearman r values 

 

Fibrinogen 
outside/ 

inside 
blood 
vessel 

OCLN 
intensity 

/µm 

OCLN - 
Sharp % 

OCLN - 
Diffuse % 

OCLN - 
Absent % 

OCLN- 
Continuous 

% 

OCLN - 
Fragmented 

% 

CLDN5 
intensity 

/µm 

CLDN5 - 
Sharp % 

CLDN5 - 
Diffuse % 

CLDN5 - 
Absent % 

CLDN5- 
Continuous 

% 

CLDN5- 
Fragmented 

% 

OCLN intensity/µm -0.143             

OCLN - Sharp % -0.497 0.219            

OCLN - Diffuse % 0.349 0.411 -0.628           

OCLN - Absent % 0.145 -0.788 -0.472 -0.364          

OCLN –  
Continuous % 

-0.078 0.524 0.385 -0.119 -0.385         

OCLN –  
Fragmented % 

0.024 -0.019 -0.224 0.453 -0.202 -0.774        

CLDN5 intensity/µm 0.126 0.457 -0.374 0.588 -0.196 0.021 0.159       

CLDN5 - Sharp % -0.618 0.044 0.551 -0.699 0.053 0.212 -0.347 -0.397      

CLDN5 - Diffuse % 0.185 0.362 -0.047 0.649 -0.583 -0.100 0.535 0.400 -0.747     

CLDN5 - Absent % 0.530 -0.358 -0.700 0.086 0.680 -0.137 -0.264 -0.037 -0.149 -0.471    

CLDN5 –  
Continuous % 

-0.301 0.174 0.185 -0.120 -0.060 0.586 -0.698 0.128 0.196 -0.172 -0.091   

CLDN5 –  
Fragmented % 

-0.192 0.077 0.150 0.110 -0.251 -0.488 0.738 0.144 -0.047 0.406 -0.410 -0.699  

% MFSD2A
+
 blood 

vessels 
0.419 0.242 -0.474 0.402 0.113 0.111 0.013 0.457 -0.403 0.222 0.215 -0.043 -0.111 

GFAP global 
fluorescence 

-0.028 0.228 0.059 0.390 -0.432 -0.224 0.579 0.197 -0.434 0.741 -0.601 -0.174 0.344 

% total area GFAP
+
 

macroglia 
0.021 -0.034 0.009 0.113 -0.025 -0.235 0.194 0.276 -0.433 0.485 -0.170 0.150 0.138 

GFAP perivascular 
fluorescence 

-0.158 0.119 0.385 0.159 -0.599 -0.156 0.518 0.171 -0.144 0.518 -0.706 -0.249 0.547 

% perivascular area 

GFAP
+
 macroglia 

-0.413 0.186 0.306 -0.095 -0.205 0.006 0.097 0.118 0.142 0.135 -0.494 0.324 -0.006 

AQP4 global 
fluorescence 

-0.576 0.028 0.576 -0.333 -0.294 0.047 0.032 -0.156 0.401 0.000 -0.589 0.377 0.094 

AQP4 perivascular 
fluorescence 

-0.324 -0.019 0.400 -0.213 -0.269 0.074 0.015 -0.109 0.330 -0.053 -0.434 0.302 0.047 

Ratio perivascular/ 
global AQP4 

0.159 0.095 0.177 0.003 -0.284 0.153 -0.054 0.056 0.074 0.033 -0.146 0.130 0.036 

Kir4.1 global 
fluorescence 

0.452 -0.155 -0.032 0.074 0.019 0.065 -0.147 -0.282 -0.492 0.321 0.161 0.163 -0.359 

Kir4.1 perivascular 
fluorescence 

0.509 -0.159 -0.376 0.314 0.156 -0.150 -0.035 -0.076 -0.508 0.232 0.437 0.140 -0.326 

Ratio perivascular/ 
global Kir4.1 

0.059 -0.268 -0.492 0.232 0.384 -0.311 0.069 0.203 -0.073 -0.141 0.391 -0.044 0.144 

Pericytes - NG2 
coverage % 

0.215 -0.057 -0.115 -0.209 0.226 0.421 -0.556 -0.285 0.181 -0.444 0.362 0.255 -0.615 

Pericytes - PDGFRβ 
coverage % 

-0.206 -0.305 0.162 -0.659 0.552 0.203 -0.571 -0.291 0.582 -0.809 0.316 0.241 -0.412 

 

 

  



 
 

Table 7. The absolute values of the Spearman's rank correlation coefficients (r) for the 

human brain (continued) 

Spearman r values 

 

% 

MFSD2A
+
 

blood 
vessels 

GFAP 
global 
fluo-

rescence 

% total 
area 

GFAP
+
 

macroglia 

GFAP peri-
vascular 

fluo-
rescence 

% 
perivascular 

area GFAP
+
 

macroglia 

AQP4  
global 

fluorescence 

AQP4 
perivascular 
fluorescence 

Ratio 
perivascular/ 
global AQP4 

Kir4.1 global 
fluorescence 

Kir4.1 
perivascular 
fluorescence 

Ratio 
perivascular/ 
global Kir4.1 

Pericytes - 
NG2 

coverage 
% 

GFAP global 
fluorescence 

0.370            

% total area  

GFAP
+
 

macroglia 

0.234 0.524           

GFAP 
perivascular 
fluorescence 

-0.392 0.421 0.056          

% perivascular 

area GFAP
+
 

macroglia 

0.258 0.609 0.585 0.094         

AQP4 global 
fluorescence 

-0.385 0.129 0.268 0.379 0.509        

AQP4 
perivascular 
fluorescence 

-0.232 0.141 0.229 0.379 0.468 0.882       

Ratio 
perivascular/ 
global AQP4 

0.044 0.086 0.280 0.224 0.233 0.487 0.782      

Kir4.1 global 
fluorescence 

0.197 0.306 0.541 -0.247 0.165 -0.132 -0.094 0.081     

Kir4.1 
perivascular 
fluorescence 

0.198 0.132 0.435 -0.376 -0.006 -0.321 -0.253 -0.039 0.844    

Ratio 
perivascular/ 
global Kir4.1 

0.056 -0.160 -0.001 -0.222 -0.140 -0.397 -0.263 -0.164 -0.075 0.347   

Pericytes - NG2 
coverage % 

0.227 -0.159 -0.153 -0.512 0.062 -0.203 0.059 0.195 0.268 0.159 -0.032  

Pericytes - 
PDGFRβ 

coverage % 
-0.012 -0.571 -0.341 -0.497 0.047 -0.053 -0.153 -0.302 -0.191 -0.209 0.043 0.200 

  



 
 

Table 8. The p-values corresponding to the Spearman's rank correlation coefficients for the 

human brain. 

p-value 

 

Fibrinogen 
outside/ 

inside 
blood 
vessel 

OCLN 
intensity 

/µm 

OCLN - 
Sharp % 

OCLN - 
Diffuse % 

OCLN - 
Absent 

% 

OCLN- 
Continuous 

% 

OCLN - 
Fragmented 

% 

CLDN5 
intensity/µm 

CLDN5 - 
Sharp % 

CLDN5 - 
Diffuse % 

CLDN5 - 
Absent % 

CLDN5- 
Continuous 

% 

CLDN5- 
Fragmented 

% 

OCLN intensity/µm 0.593             

OCLN - Sharp % 0.052 0.411            

OCLN - Diffuse % 0.184 0.114 0.011           

OCLN - Absent % 0.589 0.000 0.066 0.165          

OCLN –  
Continuous % 

0.772 0.039 0.141 0.660 0.141         

OCLN –  
Fragmented % 

0.932 0.945 0.404 0.079 0.450 0.001        

CLDN5 intensity/µm 0.640 0.077 0.155 0.019 0.463 0.943 0.556       

CLDN5 - Sharp % 0.012 0.871 0.029 0.004 0.845 0.427 0.187 0.128      

CLDN5 - Diffuse % 0.489 0.167 0.865 0.008 0.020 0.713 0.035 0.126 0.001     

CLDN5 - Absent % 0.037 0.173 0.003 0.750 0.005 0.610 0.320 0.893 0.576 0.067    

CLDN5 –  
Continuous % 

0.255 0.516 0.489 0.654 0.824 0.019 0.003 0.634 0.461 0.521 0.735   

CLDN5 – 
 Fragmented % 

0.472 0.777 0.579 0.684 0.346 0.057 0.002 0.594 0.862 0.120 0.115 0.003  

% MFSD2A
+
 blood 

vessels 
0.107 0.364 0.065 0.123 0.675 0.681 0.963 0.076 0.122 0.405 0.419 0.874 0.681 

GFAP global 
fluorescence 

0.919 0.392 0.831 0.136 0.095 0.404 0.021 0.463 0.094 0.001 0.016 0.517 0.192 

% total area GFAP
+
 

macroglia 
0.941 0.902 0.978 0.676 0.928 0.379 0.470 0.299 0.095 0.059 0.527 0.576 0.609 

GFAP perivascular 
fluorescence 

0.555 0.658 0.141 0.554 0.016 0.563 0.042 0.527 0.593 0.042 0.003 0.350 0.031 

% perivascular area 

GFAP
+
 macroglia 

0.112 0.489 0.249 0.725 0.443 0.987 0.721 0.664 0.596 0.617 0.053 0.220 0.987 

AQP4 global 
fluorescence 

0.022 0.919 0.022 0.206 0.267 0.865 0.908 0.563 0.124 1.000 0.018 0.150 0.730 

AQP4 perivascular 
fluorescence 

0.219 0.945 0.126 0.424 0.312 0.788 0.961 0.689 0.210 0.848 0.094 0.254 0.865 

Ratio 
perivascular/global 

AQP4 
0.553 0.725 0.508 0.992 0.285 0.568 0.842 0.838 0.783 0.904 0.586 0.627 0.895 

Kir4.1 global 
fluorescence 

0.081 0.565 0.908 0.784 0.945 0.814 0.586 0.288 0.055 0.226 0.549 0.543 0.173 

Kir4.1 perivascular 
fluorescence 

0.046 0.554 0.151 0.234 0.560 0.579 0.900 0.780 0.047 0.385 0.092 0.603 0.217 

Ratio 
perivascular/global 

Kir4.1 
0.828 0.313 0.055 0.383 0.142 0.240 0.799 0.448 0.785 0.599 0.134 0.871 0.592 

Pericytes - NG2 
coverage % 

0.421 0.833 0.672 0.434 0.397 0.106 0.028 0.283 0.500 0.087 0.168 0.339 0.013 

Pericytes - PDGFRβ 
coverage % 

0.441 0.249 0.549 0.007 0.029 0.450 0.023 0.273 0.020 0.000 0.232 0.365 0.114 

 

  



 
 

Table 8 The p-values corresponding to the Spearman's rank correlation coefficients for the 

human brain (continued) 

p-value 

 

% 

MFSD2A
+
 

blood 
vessels 

GFAP 
global 
fluo-

rescence 

% total 
area 

GFAP
+
 

macroglia 

GFAP peri-
vascular 

fluo-
rescence 

% peri-
vascular 

area 

GFAP
+
 

macroglia 

AQP4 global 
fluorescence 

AQP4 
perivascular 
fluorescence 

Ratio 
perivascular/ 
global AQP4 

Kir4.1 global 
fluorescence 

Kir4.1 
peri-

vascular 
fluo-

rescence 

Ratio 
peri-

vascular/ 
global 
Kir4.1 

Pericytes - 
NG2 

coverage 
% 

GFAP global 
fluorescence 

0.158            

% total area  

GFAP
+
 macroglia 

0.380 0.040           

GFAP perivascular 
fluorescence 

0.133 0.106 0.839          

% perivascular 

area GFAP
+
 

macroglia 

0.333 0.014 0.019 0.730         

AQP4 global 
fluorescence 

0.141 0.633 0.315 0.148 0.046        

AQP4 perivascular 
fluorescence 

0.383 0.602 0.391 0.148 0.070 0.000       

Ratio perivascular/ 
global AQP4 

0.872 0.752 0.292 0.402 0.383 0.057 0.001      

Kir4.1 global 
fluorescence 

0.462 0.249 0.033 0.355 0.541 0.625 0.730 0.764     

Kir4.1 perivascular 
fluorescence 

0.458 0.625 0.094 0.151 0.987 0.226 0.343 0.886 0.000    

Ratio perivascular/ 
global Kir4.1 

0.835 0.550 0.998 0.405 0.603 0.128 0.322 0.541 0.782 0.187   

Pericytes –  
NG2 coverage % 

0.396 0.556 0.571 0.045 0.822 0.450 0.831 0.465 0.315 0.556 0.906  

Pericytes –  
PDGFRβ coverage 

% 
0.967 0.023 0.196 0.052 0.865 0.848 0.571 0.254 0.477 0.436 0.876 0.456 

  



 
 

Discussion 
The aim of this study was to comprehensively characterize and compare pathological 
alterations in the NVU between the retina in type 2 DM and DR and in the brain in DM and 
AD, using a unique series of human tissue samples. Our explorative semi-quantitative and 
qualitative analyses indicate that DM does not exert identical effects on relevant vascular 
parameters such as vascular permeability, tight junction integrity, transcytosis and vascular 
coverage of pericytes in the human brain, compared to the retina. This finding indicates 
tissue-specific and biologically fundamental differences in the pathophysiology of diabetic 
microvascular pathology, in line with the fact that no microvascular complication equivalent 
to DR is known in the brain.  
 
In addition, our data indicate that in AD, NVU alterations in the brain are similar to those in 
DM for most of the NVU markers studied here. The observed trends regarding differences in 
vascular and tight junction pathology in the brain between DM, AD and DM+AD may suggest 
that in patients with both DM and AD, the NVU and BBB are more impaired than in DM or AD 
alone.  
 
There are multiple causes for the development of AD [140], and for individual patients with 
DM it remains unclear whether the development of AD is induced by DM or occurs 
independently of DM. Individuals with DM carrying AD risk alleles, such as those in the APOE 
region, may experience earlier onset or faster progression of AD pathology when exposed to 
the metabolic and vascular disturbances of DM [141-144]. The presence of DM may 
exacerbate subclinical AD through an effect on the microvasculature, potentially facilitating 
its progression to clinical AD, but this hypothesis warrants further investigation. It has been 
suggested that diabetes may contribute to AD development via increased occurrence of 
ischemic lesions, although other mechanisms, such as alterations in cerebral glucose and 
insulin metabolism, or direct effects of DM on neurons, may also play a role [145]. However, 
the genetic risk factors identified for AD [146], with the APOE ε4 allele being one of the most 
well-established risk genes, differ from those associated with DR, such as erythropoietin 
(EPO) and tumour necrosis factor-alpha (TNF-α) [147, 148].  
 
While higher vascular permeability, based on fibrinogen staining, is observed in retinas of 
diabetic patients with and without DR, we did not find similar alterations in the brain in 
patients with DM alone. However, we found higher vascular permeability in the brains of 
patients with both AD and DM. In these circumstances, higher vascular leakage may be due 
to enhanced paracellular transport, as indicated by the changes in tight junction protein 
expression observed in both the retina of DR patients and in the brains of patients with both 
AD and DM. The highest expression levels of both occludin and claudin-5 were observed in 
DM+AD brain. However, protein expression levels alone do not reflect tight junction integrity. 
A more critical indicator is proper localisation at endothelial cell borders. The elevated 
expression in DM+AD brains likely indicates a more diffuse vascular distribution, leading to 
increased overall signal intensity. Although signalling of inflammatory reactive astrocytes is 
mostly barrier-disruptive in response to chronic hyperglycaemia, neuroinflammation, and Aβ 
accumulation, astrocytes can also upregulate signals that drive endothelial expression of 
tight junction proteins [21].  
 



 
 

We observed conformational changes in tight junction proteins in retinas of donors with DM 
and DR and in brains of donors with DM, AD, and DM+AD. Relocation of tight junction 
proteins from the cell membrane to an intracellular compartment occurs via endocytosis, a 
process regulated by phosphorylation, primarily at serine and threonine residues [149, 150]. 
Studies have reported both reduced and unchanged tight junction protein expression in the 
human AD brain [103-105, 151], as well as both reduced and elevated levels in the brains of 
DM patients [152]. A potential explanation is a biphasic response: early stress triggers a 
compensatory upregulation and remodeling of tight junctions at the BBB to counteract 
dysfunction. This ultimately fails under sustained pathology, leading to junction loss and BBB 
breakdown, explaining the observed discrepancies across studies. Additionally, increased 
transcytosis probably contributes to the higher vascular permeability in retinas in DR retinas, 
as indicated by the highest PLVAP expression found in DR compared to DM without DR and 
controls. While previous studies have established PLVAP expression in the retinal vasculature 
of DR patients [153, 154], our study confirms that its expression is upregulated in DR and 
further identifies high expression in a subset of blood vessels in DM patients without DR. 
However, limited clinical data on patient comorbidities restricts a fuller analysis of potential 
contributing factors to this higher PLVAP expression. Vascular endothelial growth factor 
(VEGF) induces PLVAP via VEGF receptor 2 (VEGFR2), leading to increased caveolae formation 
and transcytosis in barrier endothelium [130, 155, 156]. VEGF also induces changes in 
endothelial junction integrity [155, 157-160], aligning with the present results. In the brain, 
PLVAP expression was absent, pointing at a biologically fundamental difference between the 
BRB and BBB. 
 
To our knowledge, this is the first study to examine MFSD2A expression in the human 
diabetic retina and brain. Since MFSD2A suppresses transcytosis [161], and as PLVAP (a 
marker of increased transcytosis) is elevated in diabetes, we anticipated lower MFSD2A 
expression in diabetic retinas. Studies using the oxygen-induced retinopathy and 
streptozotocin diabetes mouse models have reported a significant decrease in MFSD2A 
expression [162]. However, contrary to expectations, we observed higher MFSD2A 
expression in DM and DR retinas compared to controls. Activation of the Wnt/β-catenin 
pathway has been previously reported in both diabetes and DR [163, 164] and can 
upregulate MFSD2A transcription [161]. However, activation of this pathway downregulates 
PLVAP expression [165, 166], which contradicts our findings. Alternatively, a higher presence 
of astrocytes may contribute to MFSD2A upregulation [167, 168], although their effects on 
PLVAP expression are currently unknown. These higher MFSD2A levels remain therefore 
unexplained, but may represent a protective response to counterbalance the higher 
transcytosis in these conditions. This could also be related to maintaining the lipid 
composition of the cell membrane or sustaining the uptake of docosahexaenoic acid (DHA), 
which is an anti-inflammatory an neuroprotective mediator [169].  
 
MFSD2A was the only measurable marker in the brain indicative of alterations in the 
transcytosis pathway. Higher MFSD2A expression was observed in brains of DM and in 
particular in the brain of DM+AD donors compared to controls, whereas expression in AD 
was similar. In accordance with the present results, a previous study in human AD brain has 
demonstrated similar upregulation of MFSD2A expression compared to controls [170].  
 



 
 

Although overall vascular permeability, assessed through fibrinogen extravasation, remained 
minimal across pathological groups, a statistically significant increase was detected only in 
the most severe condition, DM+AD brains. This elevated leakage may reflect cumulative 
disruptions in both transcellular and paracellular transport mechanisms, exceeding the 
effects observed in either DM or AD alone. Fibrinogen extravasation due to barrier loss may 
lead to neuroinflammation and neuronal degeneration [171-173]. Our GFAP staining 
confirmed neuroinflammation, as astrocyte activation was observed in the retina in DR and 
in the brains of patients with both DM and AD. Astrocyte activation has repeatedly been 
reported in the human AD brain [91-94, 110, 174-177], which is in agreement with our 
findings. However, in AD, we did not find higher vascular permeability, indicating this cannot 
explain the observed macroglial activation. Instead, exposure to Aβ, resulting from an 
imbalance between cerebral production and clearance of Aβ, may directly upregulate GFAP 
in astrocytes and induce morphological changes [178-181]. Exposure to Aβ also activates 
microglia, which can lead to neuroinflammation [182]. Macroglial activation can be 
interpreted as a protective mechanism aimed at restoring neuronal homeostasis [176], a 
response often associated with the acute phase of a disease [183]. In contrast, prolonged 
upregulation of GFAP may contribute to neurodegeneration by damaging synapses and 
neurons [176, 183]. The upregulation of GFAP, similar as the upregulation of tight junction 
proteins that we observed in the DM+AD brain may initially serve as compensatory 
responses to vascular stress and , aiming to counteract barrier dysfunction. However, these 
adaptions are ultimately unsustainable. This paradoxical progression, wherein early 
protective mechanisms fail and eventually lead to further pathology, highlights a critical 
aspect in disease progression. 
 
Consistent with previous studies in diabetic rats [184-186] and mice [187], the present 
results indicate dysregulation of water channels and potassium channels in the retina during 
DR. In addition, in the aqueous humour of DR patients, AQP4 was found to be significantly 
elevated, whereas Kir4.1 expression was reported as both higher and lower compared to 
controls [188-190]. In the present study, we observed higher Kir4.1 expression in the brain in 
AD and DM+AD, whereas Kir4.1 polarisation at the macroglial endfeet remained stable 
across all conditions. AQP4 expression remained generally stable in the brain, except for the 
higher perivascular expression observed in brains of AD donors compared to controls. The 
higher expression of both Kir4.1 and AQP4 in the AD brain may be due to activation of 
astrocytes induced by pathological stimuli, aimed at enhancing the clearance of 
accumulating Aβ and restoring water and ion homeostasis [177, 191-193]. Although 
dysfunction and depolarisation of AQP4 and Kir4.1 have been associated with retinal and 
brain oedema and impaired Aβ clearance, the available evidence remains limited [191, 193, 
194].  
 
Loss of pericytes in the retina is an early event in DM [195-200], which we could not confirm 
in this study using cryosections. In contrast, we have previously confirmed loss of pericytes in 
retinas of DM patients using retinal flatmounts instead of cryosections for 3D imaging and by 
counting the nuclei based on NG2 staining [201], which underscores the superior 
visualisation and sensitivity of the flatmount technique. A lower pericyte coverage was 
observed in retinas of DR donors compared to DM donors and controls, based on PDGFRβ 
staining, but not on NG2 staining. Studies on pericyte coverage in brains of DM patients are 
lacking. Studies on DM type 1 and type 2 rodent mostly report decreased cerebral pericyte 



 
 

coverage in diabetes [152, 202-204], similar to the observed reduction in pericyte coverage 
in DM brains based on NG2 staining. In AD, we found a moderately lower vascular coverage 
of both NG2 and PDGFRβ staining. This observed reduction in pericyte marker coverage 
aligns with previous findings in post-mortem human AD brain tissue [94, 95, 99]. Loss of 
pericytes may result from retraction of pericyte processes, apoptosis, transdifferentiation or 
migration [11, 205]. These events are potentially driven by inflammation, oxidative stress, 
elevated levels of advanced glycation end-products, increased levels of angiopoietin-2, and 
the basal lamina thickening [2, 102, 206]. In addition, we found a higher vascular pericyte 
coverage in the brain (NG2: 88%; PDGFRβ: 98%) than in the retina (NG2: 76%; PDGFRβ: 87%), 
which contrasts with prior morphometric analyses using electron microscopy [207]. These 
discrepancies in coverage may arise from limitations in the markers used, which could fail to 
identify all retinal pericytes, from post-mortem effects or from regional variations in pericyte 
distribution within the brain. 
 
In addition to the evidence for tissue-specific differential NVU alterations listed above, we 
also observed similarities in DM-induced NVU pathology between the retina and brain. A key 
parallel was the effect on macroglia. We observed macroglial activation in diabetic retinas, 
consistent with previously reported macroglial activation in the human diabetic eye [43, 208, 
209]. Similar to the retina, we also observed macroglial activation in the DM brain. However, 
the currently observed elevated GFAP expression in the frontal cortex contrasts the only 
other human study, which found reduced GFAP in the diabetic (n=28) hypothalamus [210]. 
This discrepancy may relate to differences in brain region, tissue preservation (paraffin vs. 
frozen), fixation methods, species or antibodies used. Another similarity is the 
disorganisation of tight junctions observed in both the retina of patients with DM and DR and 
in the brain of patients with DM, AD, and DM+AD. Additionally, higher MFSD2A expression 
and vascular permeability based on fibrinogen staining was observed in the worst pathology 
group of the retina (DR) and the brain (DM+AD). We also found that PDGFRβ expression was 
lower in retinas of patients with DR and in brains of patients with AD and DM+AD. 
 
Our present comprehensive study on multiple components of the NVU in human tissues in 
DM and AD is unique and allowed us to correlate changes across its components. The 
associations found here were largely tissue-specific. In the retina, we identified associations 
between macroglial activation and the delocalisation of water and potassium channels within 
these cells, which also correlated with tight junction protein disorganisation. Activation of 
astrocytic AQP4 indirectly regulates the expression and distribution of tight junction proteins 
via intracellular Ca²⁺ signalling [21]. Additionally, inflammatory factors, including IL-1β, IL-6, 
IFN-γ, TNF-α, VEGF-A, MCP-1 and CXCL-1 and matrix metalloproteinase-9 (MMP-9), 
expressed by astrocytes, are known to redistribute tight junctions [21, 211]. Cerebral 
macroglial activation and potassium channel delocalisation was negatively associated with 
the extent of vascular coverage by pericytes. The literature on pericyte-astrocyte crosstalk is 
limited and contradictory [21, 212-214]. Whereas previous studies have suggested that 
pericytes regulate the polarisation of astrocyte endfeet [14, 215], we did not find a 
correlation between pericyte loss and AQP4 redistribution. A key common finding was the 
positive correlation between the vascular coverage of PDGFRβ-positive pericytes and 
occludin localisation at cell borders in both the retina and brain. These results may suggest 
that pericyte loss in the human NVU disrupts the structural integrity of tight junction 
proteins. In accordance with the present results, previous reports link both pericyte 



 
 

dysfunction and pericyte loss with the degradation of endothelial junctional proteins in 
mouse models [95, 99]. In Pdgfrb−/− mice, structural abnormalities in tight junctions have 
been reported, including disorganization and misorientation at various angles in the cerebral 
vasculature [165]. These in vivo findings are supported by in vitro evidence that pericytes 
induce occludin expression and strengthen BBB barrier function during development [216, 
217].  
 
Vascular leakage, a phenomenon observed in clinical settings [218, 219], may serve as a 
biomarker for NVU status. In our analysis, however, fibrinogen extravasation did not correlate 
significantly with NVU markers in the retina. The single timepoint analysis in post-mortem 
tissue makes it challenging to compare with real-time in vivo fluorescent angiography. In the 
brain, by contrast, vascular leakage positively correlated with Kir4.1 expression and 
negatively with global AQP4 expression caused by delocalisation. Overall, our findings 
suggest that the brain has more compensatory capacity than the retina, as the NVU appears 
less affected under the pathologies studied. Consistent with this phenomenon, it has been 
hypothesized that microglia and macroglia may contribute to minimizing tissue damage, 
inflammation, and neurodegeneration, whereas retinal microglia, due to their proximity to 
the external environment, may prioritize inflammatory regulation [176, 220]. Additionally, 
the high demand for oxygen and glucose by photoreceptors can contribute to a more 
inflammatory environment, particularly in conditions like diabetes [221]. 
 
Our study is subject to multiple limitations. The scarcity of human brain and retina samples 
from donors with DM and/or AD resulted in small sample sizes. Furthermore, substantial 
inter-individual variability was observed, likely influenced by unrecorded donor comorbidities 
and the spectrum of DM and AD severity. Collectively, these factors reduce the statistical 
power of the study and may limit the generalizability of our findings to the broader patient 
population. A further limitation is the lack of matched retinal and brain tissue from the same 
donors, which prevents direct correlation of pathologies, and the longer post-mortem 
intervals for retinal samples, which may affect protein integrity patterns [222-224]. The study 
also does not account for the influence of circadian rhythms, which are known to regulate 
key NVU components such as tight junction protein expression, pericyte function, and glial 
cell activation [225-230]. Furthermore, while we sampled patients across DM stages (no DR 
vs DR), the cross-sectional design captures the NVU at a single time point. This makes it 
impossible to determine the temporal sequence of dysfunction in DM and AD progression. 
Additionally, the analysis was restricted to the frontal cortex, and the findings may not be 
generalizable to other brain regions. Future studies should therefore include a larger, well-
characterized cohort with matched retinal and multi-region brain samples from the same 
donors.  
 
Despite these limitations, this study offers valuable insights into cellular alterations within 
the NVU of the retina and brain under pathology. The panel of markers used is also 
applicable to other neuropathological disorders affecting the BRB or BBB, such as stroke, 
multiple sclerosis, and epilepsy [231]. Taken together, our findings in a unique human tissue 
collection, provide a preliminary indication that the pathogenic mechanisms affecting the 
NVU in the brain in DM and AD are distinct from those in the DM retina. Given the global rise 
in the prevalence of both DM and AD [232, 233], further research is crucial to determine the 
exact role of NVU alterations in AD and to explain the increased risk of AD in DM patients. 
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Supplementary materials 
 
 

 
 
Supplementary Figure S1. Immunofluorescence staining of fibrinogen in the human retina. 
Representative confocal microscopy images of fibrinogen (yellow) immunofluorescence staining in 
human retinal cryosections (10 µm) (Control, DM, DR). Vascular endothelial cells are stained with 
wheat germ agglutinin (WGA; magenta) and nuclei are stained with DAPI (blue). White arrowheads 
indicate examples of vascular leakage. GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer 
nuclear layer. Scale bar: 50 µm. 
  



 
 

 
 
Supplementary Figure S2. Immunofluorescence staining of fibrinogen in the human frontal cortex. 
Representative confocal microscopy images of fibrinogen (yellow) immunofluorescence staining in 
human cortical cryosections (10 µm) (Control, DM, AD, DM+AD). Vascular endothelial cells are stained 
with wheat germ agglutinin (WGA; magenta) and nuclei are stained with DAPI (blue). White 
arrowheads indicate examples of vascular leakage. Scale bar: 50 µm. 
  



 
 

 
 
Supplementary Figure S3. Immunofluorescence staining of occludin in the human retina. 
Representative confocal microscopy images of tight junction protein occludin (OCLN; yellow) 
immunofluorescence staining in human retinal cryosections (10 µm) (Control, DM, DR). Vascular 
endothelial cells are stained for von Willebrand Factor (vWF; magenta) and nuclei are stained with 
DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer. Scale bar: 20 µm. 
  



 
 

 
 
Supplementary Figure S4. Immunofluorescence staining of claudin-5 in the human retina. 
Representative confocal microscopy images of tight junction protein claudin-5 (CLDN5; cyan) 
immunofluorescence staining in human retinal cryosections (10 µm) (Control, DM, DR). Vascular 
endothelial cells are stained for CD31 (magenta) and nuclei are stained with DAPI (blue). 
GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer. Scale bar: 25 µm. 
  



 
 

 

 
 
Supplementary Figure S5. Immunofluorescence double staining of occludin and claudin-5 in the 
human frontal cortex. Representative confocal microscopy images of tight junction proteins occludin 
(OCLN; yellow) and claudin-5 (CLDN5; cyan) immunofluorescence double staining in human cortical 
cryosections (10 µm) (Control, DM, AD, DM+AD). Vascular endothelial cells are stained for von 
Willebrand Factor (vWF; magenta) and nuclei are stained with DAPI (blue). Scale bar: 20 µm. 
  



 
 

 
 
Supplementary Figure S6. Immunofluorescence double staining of plasmalemma vesicle-associated 
protein (PLVAP) and MFSD2A in the human retina. Representative confocal microscopy images of 
PLVAP (yellow) and MFSD2A (cyan) immunofluorescence double staining in human retinal 
cryosections (10 µm) (Control, DM, DR). Vascular endothelial cells are stained for CD31 (magenta) and 
nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer 
nuclear layer. Scale bar: 50 µm. 
 
  



 
 

 
 
Supplementary Figure S7. Immunofluorescence staining of MFSD2A in the human frontal cortex. 
Representative confocal microscopy images of MFSD2A (cyan) immunofluorescence staining in 
human cortical cryosections (10 µm) (Control, DM, AD, DM+AD). Vascular endothelial cells are stained 
for CD31 (magenta) and nuclei are stained with DAPI (blue). Scale bar: 30 µm.  



 
 

 

 
 
Supplementary Figure S8. Immunofluorescence staining of glial fibrillary acidic protein (GFAP) in 
the human retina. Representative confocal microscopy images of immunofluorescence staining of 
GFAP-positive (yellow) macroglia in human retinal cryosections (10 µm) (Control, DM, DR). Vascular 
endothelial cells are stained with wheat germ agglutinin (WGA; magenta) and nuclei are stained with 
DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer; ONL = outer nuclear layer. Scale bar: 
50 µm. 
  



 
 

 
 
Supplementary Figure S9. Immunofluorescence staining of glial fibrillary acidic protein (GFAP) in 
the human frontal cortex. Representative confocal microscopy images of immunofluorescence 
staining of GFAP-positive (yellow) astrocytes in human cortical cryosections (10 µm) (Control, DM, AD, 
DM+AD). Vascular endothelial cells are stained with wheat germ agglutinin (WGA; magenta) and 
nuclei are stained with DAPI (blue). Scale bar: 50 µm. 
  



 
 

 
 
Supplementary Figure S10. Immunofluorescence staining of aquaporin-4 (AQP4) in the human 
retina. Representative confocal microscopy images of immunofluorescence double staining for the 
water channel AQP4 (yellow) and GFAP-positive (magenta) macroglia in human retinal cryosections 
(10 µm) (Control, DM, DR). Vascular endothelial cells are stained with wheat germ agglutinin (WGA; 
white) and nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner nuclear layer; 
ONL = outer nuclear layer. Scale bar: 20 µm. 
 
 



 
 

 
 
Supplementary Figure S11. Immunofluorescence staining of aquaporin-4 (AQP4) in the human 
frontal cortex. Representative confocal microscopy images of immunofluorescence double staining of 
the water channel AQP4 (yellow) and GFAP-positive (magenta) astrocytes in human cortical 
cryosections (10 µm) (Control, DM, AD, DM+AD).Vascular endothelial cells are stained with wheat 
germ agglutinin (WGA; white) and nuclei are stained with DAPI (blue). Scale bar: 20 µm. 
 
 



 
 

 
 
Supplementary Figure S12. Immunofluorescence staining of Kir4.1 in the human retina. 
Representative confocal microscopy images of immunofluorescence double staining for the inwardly 
rectifying potassium channel Kir4.1 (yellow) and GFAP-positive (magenta) macroglia in human retinal 
cryosections (10 µm) (Control, DM, DR). Vascular endothelial cells are stained with wheat germ 
agglutinin (WGA; white) and nuclei are stained with DAPI (blue). GCL = ganglion cell layer; INL = inner 
nuclear layer; ONL = outer nuclear layer. Scale bar: 20 µm. 
 
 
 



 
 

 
 
Supplementary Figure S13. Immunofluorescence staining of Kir4.1 in the human frontal cortex. 
Representative confocal microscopy images of immunofluorescence double staining for the inwardly 
rectifying potassium channel Kir4.1 (yellow) and GFAP-positive (magenta) astrocytes in human 
cortical cryosections (10 µm) (Control, DM, AD, DM+AD).Vascular endothelial cells are stained with 
wheat germ agglutinin (WGA; white) and nuclei are stained with DAPI (blue). Scale bar: 20 µm. 
 
 
 



 
 

 
 
Supplementary Figure S14. Immunofluorescence staining of NG2 in the human retina. 
Representative confocal microscopy images of immunofluorescence staining of NG2-positive (yellow) 
pericytes on the vasculature in human retinal cryosections (10 µm) (Control, DM, DR). The basal 
lamina of blood vessels is stained for laminin (LAM; magenta), and nuclei are stained with DAPI 
(blue). The white arrowhead indicates an example of pericyte loss. GCL = ganglion cell layer; 
INL = inner nuclear layer; ONL = outer nuclear layer. Scale bar: 50 µm. 
 
  



 
 

 
 
Supplementary Figure S15. Immunofluorescence staining of PDGFRβ in the human retina. 
Representative confocal microscopy images of immunofluorescence staining of PDGFRβ-positive 
(yellow) pericytes on the vasculature in human retinal cryosections (10 µm) (Control, DM, DR). The 
basal lamina of blood vessels is stained for laminin (LAM; magenta), and nuclei are stained with DAPI 
(blue). White arrowheads indicate examples of pericyte loss. GCL = ganglion cell layer; INL = inner 
nuclear layer; ONL = outer nuclear layer. Scale bar: 50 µm. 
 
  



 
 

 
 
Supplementary Figure S16. Immunofluorescence staining of NG2 in the human frontal cortex. 
Representative confocal microscopy images of immunofluorescence staining of NG2-positive (yellow) 
pericytes on the vasculature in human cortical cryosections (10 µm) (Control, DM, AD, DM+AD). The 
basal lamina of blood vessels is stained for laminin (LAM; magenta), and nuclei are stained with DAPI 
(blue). Scale bar: 50 µm. 
 
 



 
 

 
 
Supplementary Figure S17. Immunofluorescence staining of PDGFRβ in the human frontal cortex. 
Representative confocal microscopy images of immunofluorescence staining of PDGFRβ-positive 
(yellow) pericytes on the vasculature in human cortical cryosections (10 µm) (Control, DM, AD, 
DM+AD). The basal lamina of blood vessels is stained for laminin (LAM; magenta), and nuclei are 
stained with DAPI (blue). Scale bar: 50 µm. 
 
 
  



 
 

 
 
Supplementary Figure S18. Highest correlation found for NVU parameters in the retina as 
compared with correlations in the brain.  



 
 

 
 
Supplementary Figure S19. Highest correlation found for NVU parameters in the brain as compared 
with correlations in the retina. 
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Abstract 
Vascular pericytes are widely present across the human body and crucial in regulating 
vascular flow, permeability, and homeostasis. In the human retina, pericytes are important 
for forming and maintaining the blood–retinal barrier, as well as for autoregulation of blood 
flow. Pericyte loss has been implicated in various pathological conditions. Visualization of 
pericytes by immunofluorescence (IF) staining provides valuable information on pericyte 
number, morphology, location, and on expression of anatomic and functional markers. 
However, species-specific differences in pericyte marker expression exist. In this study, we 
aimed to develop a novel IF co-staining protocol to detect the pericyte markers NG2, 
PDGFRβ, αSMA, CD13, and RFC1 in human retinal flatmounts. Unlike retinal sections, retinal 
flatmounts enable 3D visualization of pericyte distribution across the entire vascular 
network. Key optimizations included tailoring the fixation method, blocking buffer 
composition and antibody solvent, as well as using jasplakinolide to enhance αSMA 
detection. Our protocol successfully enabled double staining of NG2 and PDGFRβ, as well as 
αSMA and PDGFRβ, whereas CD13 and RFC1 expression was not detectable in human retinal 
flatmounts. This novel 3D IF protocol enhances in situ visualization of human retinal 
pericytes, enabling accurate studies of their role in vascular health and disease to aid 
targeted therapy development. 
  



 
 

Introduction 
Pericytes play a crucial role in the formation and maintenance of the inner blood-retinal 
barrier (iBRB) and blood-brain barrier (BBB). Pericyte dysfunction or loss is a hallmark of a 
wide range of diseases including Alzheimer’s disease, diabetes-induced microvascular 
diseases throughout the body, such as diabetic retinopathy (DR), macular oedema and 
various infectious diseases [1-4]. Changes in pericyte functions during pathological 
conditions are reflected in altered marker profiles [5]. Therefore, we aimed to identify 
reliable pericyte markers. Pericyte markers identified in this study will ultimately be used in 
immunofluorescence (IF) staining to study pericytes under pathological conditions. 
Important to highlight is that most previous studies have been performed in animal models 
and knowledge about pericyte marker expression in the human retina is limited. 
 
Pericytes are mural cells embedded in the microvascular wall and are important in vascular 
development and homeostasis [5]. In retinal capillaries, this is also reflected by the high 
prevalence of pericytes in the BRB in comparison with other organs, as the ratio of pericyte 
to endothelial cell is 1:1–1:3 [4-9]. Pericytes of the iBRB and BBB are part of the 
neurovascular unit, together with endothelial cells, glial cells, microglia, neurons and a basal 
lamina (Figure 1) [10-12]. These cell types are in constant to regulate the permeability and 
function of the barrier in the brain and retina [13], thereby tightly controlling the transport of 
molecules and cells in and out of surrounding tissues. This highly specialized environment 
ensures proper functioning of neuronal tissue in the retina and brain [14, 15].  
 
 

 
 
Figure 1. Retinal morphology and structure of the neurovascular unit of the inner blood-retinal 
barrier. The left panel shows the retinal layers. The microvasculature in the inner retina forms the 
inner blood retinal barrier (iBRB) (right panel). The iBRB protects the neuronal layers in the retina and 
consists of endothelial cells forming capillaries in the retina as part of the neurovascular unit. This 
unit also includes pericytes sharing the basal lamina with endothelial cells, microglia, astrocytes 
projecting their end feet onto the capillaries, and surrounding neurons. Created with BioRender.com. 

 
Under physiological conditions, pericytes maintain the barrier physically by regulating the 
polarization of astrocyte endfeet [16], by inhibiting transcytosis, and by inducing expression 
of tight junction proteins by endothelial cells [14]. Pericytes locally regulate blood flow, clear 



 
 

harmful metabolites such as lactate released in the extracellular matrix by endothelial cells 
[6, 17], control endothelial cell proliferation, and contribute to the basal lamina by secreting 
extracellular matrix proteins [18, 19]. In this way, pericytes stabilize existing and newly-
formed blood vessels. 
 
To date, there is no single universal marker exclusively specific for pericytes in the iBRB and 
BBB. Pericytes are a heterogeneous cell population, and their identification often relies on a 
combination of markers. Markers that are often used in such a combination are platelet-
derived growth factor receptor β (PDGFRβ), nerve/glial antigen 2 (NG2), CD13 (also known as 
aminopeptidase N), alpha smooth muscle actin (αSMA), and desmin [5, 20, 21]. A more 
recently identified pericyte marker is reduced folate carrier 1 (RFC1), also named solute 
carrier family 19 member 1 (SLC19A1) [22, 23]. However, all these markers identify either a 
subset of pericytes in the tissue or are not uniquely expressed by pericytes, but by other cell 
types as well. Pericytes can be best identified on the basis of a combination of their location 
in capillary walls, morphological characteristics and expression of molecular markers. 
Notably, there are differences in the ontogeny of pericytes in the central nervous system as 
compared to pericytes elsewhere in the body [5]. Therefore, the marker expression of 
pericytes differs between organs, and there are also differences between species [24-26].  
 
To investigate the expression of various molecular markers in human retinal pericytes, we 
performed IF staining using antibodies against NG2, PDGFRβ, αSMA, CD13 and RFC1 in 
human retinal flatmounts. The NG2 proteoglycan, also known as chondroitin sulfate 
proteoglycan-4, melanoma proteoglycan or high-molecular weight melanoma-associated 
antigen [27], is a transmembrane receptor that interacts extracellularly with more than 40 
presumed ligands and can interact intracellularly with the cytoskeleton [28, 29]. NG2 is 
important in pericyte proliferation, motility and formation and maturation of endothelial 
junctions through the integrin signaling pathway [27, 28, 30]. It has been reported to have 
higher expression in activated pericytes in tumor stroma and wound healing tissues [27]. 
PDGFRβ is a membrane-bound receptor, of which one of its major ligands, PDGF-B, is 
expressed by endothelial cells [31, 32]. Pericyte proliferation and recruitment to vascular 
endothelial cells is promoted by the PDGF-B/PDGFRβ signaling pathway [33-36]. αSMA is a 
contractile protein found in smooth muscle cells and a subset of pericytes [37, 38]. Pericytes 
expressing αSMA were found at the branching points of retinal capillaries in mice, suggesting 
their role in vessel contraction [38]. CD13 is a membrane-bound metalloprotease that 
proteolytically activates or inactivates regulatory peptides, such as enkephalins, neurotensin 
and somatostatin [18, 19, 39, 40]. In addition, CD13 is involved in the nociception pathway 
and in inflammation through inactivation of the cytokine interleukin-8 [40]. CD13 promotes 
pericyte proliferation and migration in response to stimulation with angiogenic growth 
factors [41, 42]. In a previous in vitro study, increased expression of CD13 in migratory 
pericytes was observed, suggesting that the motility of pericytes may be increased, at least 
partly, via CD13 proteolysis [42]. The novel pericyte marker RFC1, identified by single-cell 
expression profiling of retinal microvessels in adult mice [22, 23], is a membrane transport 
protein. RFC1 is responsible for transport of the B9 family of vitamins, known as folates, or a 
subset of cyclic dinucleotides, driven by the export of organic anions across the BRB [22, 23]. 
The presence of RFC1 highlights the importance of pericytes in vitamin metabolism, which is 
crucial for DNA replication and repair. 
 



 
 

The expression of these markers in pericytes may change in pathological conditions. While 
pericytes in healthy tissue exhibit αSMA expression to a limited extent, αSMA expression 
alters in pericytes in DR, tumor angiogenesis, fibrosis and inflammation [5, 43, 44]. In DR, 
signaling through PDGFRβ is impaired, which may play a role in pericyte apoptosis [5]. A 
reduction in NG2 expression in retinal pericytes was found in previous studies in 
streptozotocin-induced diabetic mice [45-47]. 
 
IF staining provides spatiotemporal information about pericyte markers at a quantitative 
level [48]. IF methodology optimization is key for each pericyte marker before studying the 
changes in marker expression in pericytes in pathological conditions. The current study 
includes retinal flatmounts instead of retinal sections to enhance spatial information. In this 
way, pericytes can be reconstructed in 3D after IF staining, and flatmounts provide insights in 
the pericyte location in relation to arteries, microvascular branching and veins. To our 
knowledge, IF staining has not been performed on human retinal flatmounts for any pericyte 
marker apart from one study that investigated PDGFRβ in Alzheimer’s disease [49]. 
Therefore, we have developed an IF protocol for detecting various pericyte markers in human 
retinal flatmounts. This IF methodology can be applied to study how various diseases affect 
pericytes in the human retina.  
 
 

Material and methods  
Human retina  
Human post-mortem eyes were provided by the Corneabank, Beverwijk, the Netherlands. 
The current research was performed in accordance with all requirements stated in the Dutch 
law "Wet op orgaandonatie" that describes the use of donor material for research purposes. 
According to this law, donors provide written informed consent for donation with an opt out 
of left-over material for related scientific research purposes. Specific requirements for the 
use for scientific research of left-over material originating from corneal grafting have been 
described in an additional document formulated by the Ministry of Health, Welfare, and 
Sport and the BIS foundation (Eurotransplant; Leiden, July 21, 1995; 6714.ht). The eyes were 
stored anonymously and therefore, approval of their use by the Ethics Committee was not 
required by Dutch law. The use of human material was also in accordance with the 
Declaration of Helsinki on the use of human material for scientific research. Several hours 
post mortem, eyes were enucleated and the anterior parts of the eye, including the cornea 
and lens, were dissected. Fundoscopy images of the retina were taken before storage in the 
freezer and were evaluated by two independent ophthalmologists to determine the 
ophthalmologic status. The eyecup was filled with Tissue-tek (cat# 4583, Sakura, Finetek 
Europe, Alphen aan de Rijn, The Netherlands) and eyes were snap frozen before being stored 
at −80 °C. Information on the type and duration of diabetes, when available, was kindly 
provided by Bio Implant Services Foundation (Leiden, The Netherlands). A summary of donor 
characteristics is listed in Table 1. Radial cuts of the eyecup were made to facilitate staining 
and microscopical imaging of the staining.  
 
 
 
 
  



 
 

Table 1. Donor information for retinal tissues. 

Case Ophthal-
mological 
status 

Sex 
(F/M) 

Age at 
death (y) 

Post-
mortem 
delay 
(h) 

Diagnosis Cause of death 

1 Normal M 49 15 Melanoma Heart 
dysfunction 

2 Normal F 54 20 Tendinitis wrist Circulatory 
system 
complication 

3 Normal F 68 14 Stomach cancer Cancer 

4 Normal F 67 5 Atherosclerosis, 
chronic kidney 
failure, 
percutaneous 
transluminal 
coronary 
angioplasty 

Circulatory 
system 
complication 

 
 
Fixation of retinal tissue 
The eyecup pieces were fixed with 4% formaldehyde (28908, Thermo Fisher Scientific, 
Bleiswijk, The Netherlands) at 4°C and were washed twice in phosphate buffered saline (PBS)  
for 10 min, after which the retina was detached from the eyecup and cut into sections to 
compare various experimental conditions. The sectioned retinas were collected in a PCR 
tube. Various additional fixation methods of human retinal flatmounts were tested: (1) 
methanol gradient fixation, which exists of a gradient of methanol in PBS with 0.1% Tween20 
(PBST) for 10 min (25% >50%>75%>100%), followed by rehydration with a reversed gradient 
(0.2 M hydrogen chloride in 100% methanol for 30 min>75% (in PBST for 10 min)>50%>25%) 
at room temperature (RT); (2) cold methanol fixation with 100% methanol pre-chilled at -
20°C and incubated at -20°C; or (3) no methanol fixation. After methanol treatment, 
flatmounts were washed twice in PBS for 10 min. To minimize the use of human tissue, 10 
µm retinal cryosections were included for double staining with antibodies against PDGFRβ 
and RFC1, instead of flatmounts. Cryosections were air-dried for 20 min and fixed with 4% 
formaldehyde for 20 min. Sections were washed 3 times in PBS for 10 min. For all fixation 
conditions, the washing step was directly followed by incubation of blocking buffer.  
 
Permeabilization and blocking of retinal tissue 
Flatmounts and cryosections were subsequently incubated in blocking buffers for 1 h at RT 
unless stated otherwise. Different blocking buffers, with varying quantities of Triton X-100 
(TX; T8787, Merck Life Science, Amsterdam, The Netherlands), fetal bovine serum (FBS; 
F7524, Merck Life Science), normal goat serum (0060-01, Southern Biotech, Birmingham, 
AL), normal donkey serum (0030-01, Southern Biotech), Tween20 (P1379, Merck Life 
Science), bovine serum albumin (BSA; 10735094001, Roche Diagnostics GmbH, Mannheim, 
Germany), or sodium azide (1.06688.0100, Merck Life Science) in PBS or Tris-buffered saline, 
were tested. Details on blocking buffer content are shown in Table 2. Blocking buffer 2 was 
previously described in the IF staining protocol for murine retinal wholemounts by Van der 



 
 

Wijk et al. [50]. Immediately after the blocking procedure, flatmounts and cryosections were 
incubated with primary antibodies.  
 
 
Table 2. Blocking buffers used in this study. 

Blocking buffer 
number 

Blocking buffer content 

1 PBS-0.3%TX + 0.2% BSA + 5% normal goat/donkey serum 

2 PBS-3%TX + 1% FBS + 0.5% Tween20 + 0.1% sodium azide  

3 PBS-0.1%TX + 10% normal donkey serum 

4 PBS-0.1%TX + 5% BSA 

5 PBS-0.1%TX + 2% BSA 

6 PBS + 5% BSA 

7 PBS-0.5%TX + 2% BSA + 0.2 M glycine 

8 PBS-0.5%TX + 10% normal donkey serum 

9 Tris-buffered saline-0.3%TX 

10 PBS + 10% normal donkey serum 

BSA = bovine serum albumin, FBS = fetal bovine serum, PBS = phosphate buffered saline, PBS-0.3%TX = PBS 
supplemented with 0.3% Triton X-100 

 
 
Jasplakinolide treatment for actin stabilization 
For double staining of PDGFRβ and αSMA, fixation and blocking were adapted from the 
methods described in Mai-Morente et al [51]. Jasplakinolide was included as a F-actin  
stabilizing reagent to enhance αSMA detection. Flatmounts were first incubated with a 
blocking buffer. Immediately after blocking, flatmounts were incubated with jasplakinolide 
(20 µM) (ab141409, Abcam, Amsterdam, The Netherlands) for 40 min at 4°C, followed by 
fixation. Subsequently, flatmounts were washed 3 times for 10 min with PBS-0.05%TX. 
Alternatively, flatmounts were incubated with jasplakinolide followed by fixation and 
incubation with a blocking buffer. Then, flatmounts were washed 3 times for 10 min with 
PBS-0.05%TX. Additionally, a condition without jasplakinolide was included.  
 
IF staining of pericyte markers in human retinal flatmounts 
Flatmounts and cryosections were incubated overnight with primary antibodies against NG2, 
PDGFRβ, αSMA, CD13 and RFC1 at 4°C (Table 3). Antibody solvents with varying quantities of 
TX, FBS, NGS, NDS, Tween20, BSA or sodium azide in PBS or Tris-buffered saline were tested 
and are described in Table 4. Antibody solvent 4 was previously described in the IF staining 
protocol for hippocampal slices by Mai-Morente et al. [47]. Additionally, commercially 
available (phosphate buffered) normal antibody diluent (ABB999, ScyTek Laboratories, Logan, 
UT) was tested as antibody solvent as well as antibody solvents identical to the blocking 
buffer (NG2; CD13).  
 
 
 



 
 

Table 3. Primary antibodies used in this study. 

Antigen Host 
species 

Source Working dilution  Working 
concentration 

Collagen type 

IV 

Mouse Invitrogen, MA1-22148 1:1000 7.9 µg/ml 

Laminin Rabbit Abcam, Ab11575 1:1000 0.72 µg/ml 

NG2 Mouse Merck Life Science, 

MAB2029 

1:100 10 µg/ml 

PDGFRβ Goat R&D Systems, AF385 1:100 2 µg/ml 

αSMA Mouse DAKO, M0851 1:250-1000 71-284 µg/l 

CD13 Mouse R&D Systems, MAB3815 1:200 2.5 µg/ml 

RFC1 Rabbit Merck Life Science, 

AV44167 

1:100-500 1-10 µg/ml  

NG2 = neural/glial antigen 2, PDGFRβ = platelet-derived growth factor receptor beta, RFC = reduced folate 
carrier, αSMA = alpha smooth muscle actin. Invitrogen (Waltcam, MA); R&D systems (Minneapolis, MI); DAKO 
(Santa Clara, CA). 

 
 
Table 4. Solvents used for antibody dilution in this study. 

Solvent number Solvent content 

1 (phosphate buffered) normal antibody diluent  

2 PBS-0.01%TX + 1% BSA 

3 PBS-0.01%TX + 0.2% BSA 

4 PBS-0.5%TX + 2% BSA 

BSA = bovine serum albumin, PBS = phosphate buffered saline, PBS-0.01%TX = PBS supplemented with 0.01% 
Triton X-100.  

 
 
Different antibody concentrations were tested for RFC1 and αSMA (Table 3). As a negative 
control, primary antibodies were omitted. After primary antibody incubation, flatmounts or 
sections were washed 3 times with PBS-0.3%TX for 20 min (NG2; PDGFRβ), or 3 times with 
PBS for 20 min (PDGFRΒ) or 10 min (PDGFRβ and RFC1), or 6 times with PBS for 10 min 
(PDGFRβ; PDGFRβ and NG2; PDGFRβ and CD13), or 2 times with PBS-0.05%TX for 10 min 
(PDGFRβ and αSMA). Flatmounts or sections were incubated with secondary antibodies 
(Table 5) for 2 h at RT in the dark in the same antibody solvent as was used for primary 
antibodies. Following secondary antibody incubation, flatmounts were washed in the same 
manner as after primary antibody incubation, apart from double staining of PDGFRβ and 
αSMA, that was washed 3 times with PBS-0.05%TX for 10 min. Retinal sections were washed 
3 times with Tris-buffered saline for 5 min or 3 times with PBS for 10 min. 



 
 

 
 
Table 5. Secondary antibodies used in this study. 

Antibody Conjugate Source Working 
dilution  

Working 
concentration 

Donkey anti-rabbit IgG Alexa Fluor 488 Invitrogen, A-21206 1:400 5 µg/ml 

Donkey anti-mouse IgG  Alexa Fluor Plus 488  Invitrogen, A32766 1:1000 2 µg/ml 

Goat anti-mouse IgG Cy3 Jackson, 115-165-166 1:100  15 µg/ml 

Goat anti-rabbit IgG Cy3 Jackson, 111-165-144 1:400 3.75 µg/ml 

Donkey anti-goat IgG Cy3 Jackson, 705-165-147 1:200 7.5 µg/ml 

Goat anti-mouse IgG Alexa Fluor 633 Invitrogen, A-21052 1:500 4 µg/ml 

Goat anti-rabbit IgG Alexa Fluor 633 Invitrogen, A-21071 1:200 10 µg/ml 

Donkey anti-rabbit IgG Alexa Fluor Plus 647  Invitrogen, A32795 1:1000 2 µg/ml 

Donkey anti-mouse IgG Alexa Fluor 647 Invitrogen, A31571 1:200 10 µg/ml 

Jackson ImmunoResearch Laboratories (West Grove, PA) 

 
 
Mounting of retinal tissue 
After the final washing step, flatmounts were positioned on a microscope slide with the 
inside of the eye facing upwards. Flatmounts or cryosections were mounted with Vectashield 
antifading mounting medium containing DAPI (H-1200-10, Vector Laboratories, Newark, CA, 
USA), covered with a cover glass and sealed with transparent nail varnish.  
 
Microscopical analysis of pericyte staining 
Flatmounts and sections were imaged using a Leica STELLARIS confocal microscope (Leica 
Microsystems, Wetzlar, Germany) with a HC APO CS2 40x/1.30 oil-immersion objective. The 
confocal images were made with bidirectional sequential scanning at 1024x1024 resolution 
with a scanning speed of 600 Hz and line average of 8. Acquired images were processed and 
exported from Leica Application Suite X. 
 
Expression analysis of CD13 and RFC1 
The mRNA expression of ANPEP (CD13) and SLC19A1 (RFC1) in pericytes of the mature 
human eye, specifically in the retina, was explored using the following resources: The Human 
Protein Atlas (http://www.proteinatlas.org/, accessed on 16 December 2024), the Human 
Eye Transcriptome Atlas v3.0 (https://www.eye-transcriptome.com/index.php, accessed on 
17 December 2024) and the Eye Integration database of the National Eye Institute 
(https://eyeintegration.nei.nih.gov/, v2.12accessed on 17 December 2024). This analysis 
utilized RNA-sequencing data generated by the Genotype-Tissue Expression project accessed 
from Tissue data in the Human Protein Atlas, selecting “Retina” as tissue. In the Human Eye 
Transcriptome Atlas, mRNA data of ANPEP and SLC19A1 in the “Retina periphery” and 
“Retina centre” were selected. mRNA expression of ANPEP and SLC19A1 reported by 
eyeIntegration was accessed by the Single Cell Plots function, selecting “Mature” and 



 
 

“Pericyte” for each gene. mRNA data from the Human Protein Atlas were analysed using 
GraphPad Prism 10 (GraphPad Software, Inc., La Jolla, CA). A Mann-Whitney U test was 
performed to compare the expression of each gene between human and mouse data. 
Statistical significance was determined as P < 0.05.  
 

 
Results 
Human retinal flatmounts were immunofluorescently stained to localize pericytes using 
antibodies against NG2, PDGFRβ, αSMA, CD13 and RFC1.  
 
NG2 staining  
IF staining with anti-NG2 was developed to detect NG2+ pericytes in the human retina. 
Various fixation methods were tested to compare staining results using anti-NG2 antibodies, 
including fixation with formaldehyde followed by (1) fixation with a methanol gradient; (2) 
cold 100% methanol (-20°C) for 5, 15 or 30 min; or (3) no methanol fixation. Methanol can 
improve tissue penetration and may help unmask epitopes that are masked by formaldehyde 
crosslinking, but on the other hand, it may disrupt established crosslinks. NG2-antibody 
signal was not detectable after fixation conditions 1 and 2, which both included methanol 
(Figure 2A-D). Only condition 3, without the use of methanol, resulted in staining of pericytes 
(Figure 2E).  
 
Next, the impact of formaldehyde fixation time on NG2 staining was studied. Retinal 
flatmounts fixed for 1 h exhibited stronger and more specific NG2 staining of pericytes as 
compared to 2 h fixation (Figure 3), indicating that shorter fixation time better preserves the 
epitopes necessary for optimal antibody binding.  
The composition of the blocking buffer was also optimized to enhance specific NG2 staining. 
Of the two blocking buffers used, blocking buffer 1 (Table 2) (Figure 4A) and blocking buffer 2 
(Figure 4B), blocking buffer 1 provided the best NG2 staining. This buffer minimized non-
specific staining and allowed for clearer visualization of both the pericyte cell bodies and 
their processes in the human retina. Optimal staining conditions for NG2 staining are listed in 
Table 6.  
 
PDGFRβ staining  
Our study aimed to perform a double staining with antibodies for PDGFRβ and NG2 to assess 
simultaneous marker expression in pericytes and potentially identify pericyte subsets. In the 
initial trials for optimizing PDGFRβ staining, NG2 antibodies were excluded to minimize 
antibody usage.  
 
PDGFRβ staining on human retinal flatmounts was initially tested using the same protocol 
established for NG2 staining. However, these conditions did not result in positive staining of 
PDGFRβ (Figure 5A). Altering blocking buffer 1 to blocking buffer 3, thereby reducing the 
percentage of TX and replacing BSA by an increased percentage of normal serum (Table 2), 
also failed to improve PDGFRβ staining (Figure 5B). Specific staining of PDGFRβ was 
successfully achieved after applying blocking buffers 4, 5 or 6 (Figure 5C-E), that all contained 
low amounts of TX or no TX and in which normal serum was replaced by BSA. Optimal results 
were obtained after blocking with blocking buffer 5 (Figure 5D). Apparently, the omission of  



 
 

 



 
 

Figure 2. Effect of different fixation methods on immunofluorescence staining of NG2 in human 
retinal flatmounts. Flatmounts were stained for laminin (LAM) for basal lamina (magenta), NG2 for 
pericytes (cyan) and DAPI for nuclei (blue) after different fixation methods. After initial fixation with 
4% formaldehyde, additional fixation was performed with (A) a methanol gradient, (B) cold 100% 
methanol for 30 min, (C) cold 100% methanol for 15 min, (D) cold 100% methanol for 5 min or (E) no 
methanol. Nuclei were stained with DAPI (blue). Scale bar = 25 μm.  
 
 

normal serum from the blocking buffer improved the specificity of PDGFRβ staining, 
suggesting that the absence of normal serum may reduce non-specific binding and enhance 
the immunodetection of PDGFRβ+ pericytes. 
 
 

 
 
Figure 3. Effect of fixation time on immunofluorescence staining of NG2 in human retinal 
flatmounts. NG2 staining (cyan) after formaldehyde fixation for 2 h (A), or 1 h (B). Basal lamina was 
stained with anti-laminin (LAM) antibodies (magenta) and nuclei with DAPI (blue). Scale bar = 25 μm.  
 



 
 

 
Figure 4. Effect of different blocking buffers on immunofluorescence staining of NG2 in human 
retinal flatmounts. Specific NG2 staining (cyan) was observed for incubation with blocking buffer 1 
(A) and blocking buffer 2 (B). Basal lamina was stained with anti-laminin (LAM) antibodies (magenta) 
and nuclei with DAPI (blue). Arrowheads indicate pericyte cell bodies and arrows indicate pericyte 
processes. Scale bar = 50 μm. 
 
 
Table 6. Optimal conditions for IF staining of pericytes in human retinal flatmounts. 

Markers Fixation Blocking buffer Antibody 
solvent 

Optimal 
concentration 
primary 
antibody 

Wash 
solution 

NG2 4% FA for 1 h PBS-0.3%TX + 
0.2% BSA + 5% 
normal serum 

PBS-0.3%TX + 
0.2% BSA + 5% 
normal serum  

NG2 1:100 PBS-0.3%TX  

NG2+ 
PDGFRβ 

4% FA for 1 h (1) PBS-0.3%TX + 
0.2% BSA + 5% 
normal serum; 
(2) PBS-0.1%TX + 
2% BSA 

PBS-0.01%TX + 
0.2% BSA 

NG2 1:100, 
PDGFRβ 1:100 

PBS 

αSMA + 
PDGFRβ 

100% 
methanol for 
20 min 

PBS-0.5%TX + 2% 
BSA + 0.2M 
glycine 

PBS-0.01%TX + 
2% BSA 

αSMA 1:500, 
PDGFRβ 1:100 

PBS-
0.05%TX 

 
 
In addition to varying blocking buffers, different antibody solvents (Table 4) were compared: 
solvent 1 (Figure 6A), solvent 2 (Figure 6B); and solvent 3 (Figure 6C). All experimental 
conditions incorporated the application of blocking buffer 5. While all three conditions 
resulted in specific PDGFRβ staining, the use of solvent 1 produced the lowest background 
signal, providing the clearest and most specific staining (Figure 6A). This suggests that the  
 



 
 

 
Figure 5. Effect of different blocking buffers on immunofluorescence staining of PDGFRβ in human 
retinal flatmounts. The pericyte marker PDGFRβ (yellow) was immunostained using antibodies in 
conditions optimized for NG2 staining, performed with blocking buffer 1 (A) or buffer 3-6 (B-E). Basal  
lamina was stained with anti-collagen type IV (COL IV) antibodies (magenta) and nuclei with DAPI 
(blue). Examples of pericytes are indicated with arrowheads. Scale bar = 50 μm.  

 



 
 

 

 
Figure 6. Effect of different antibody solvents on immunofluorescence staining of PDGFRβ in human 
retinal flatmounts. Specific PDGFRβ staining (yellow) was obtained when using antibody solvent 1 
(A), solvent 2 (B) or solvent 3 (C). Basal lamina was stained with anti-collagen type IV (COL IV) 
antibodies (magenta) and nuclei with DAPI (blue). Examples of pericytes are indicated with 
arrowheads. Scale bar = 50 μm.  

 
 
normal antibody diluent was the most effective for minimizing non-specific binding and 
improving the overall signal-to-noise ratio for PDGFRβ detection.  
 
NG2 and PDGFRβ double staining  
After separately optimizing the staining of NG2 and PDGFRβ, the protocol for double staining 
of these markers was optimized. As shown in Figure 7A, the optimized condition for NG2  
 
 



 
 

 
 
Figure 7. Effect of different blocking buffers and antibody solvents on immunofluorescence double 
staining of NG2 and PDGFRβ in human retinal flatmounts. The immunofluorescence conditions 
optimized for NG2 (A) or PDGFRβ (B) did not result in specific double staining of NG2 (cyan) and 
PDGFRβ (yellow). Optimized immunofluorescence conditions for PDGFRβ were tested with solvent 3 
as antibody solvent instead of solvent 1 (C) and optimized immunofluorescence conditions for NG2 
were tested with solvent 3 as antibody solvent instead of blocking buffer 1 as antibody solvent (D). 
Basal lamina was stained with anti-laminin (LAM) antibodies (magenta) and nuclei with DAPI (blue). 
Examples of pericytes are indicated with arrowheads. BB = blocking buffer. Scale bar = 50 μm. 

 
 
staining did not result in positive PDGFRβ staining, and similarly, Figure 7B demonstrates that 
the optimized PDGFRβ conditions did not yield positive NG2 staining. However, when the 
optimized IF conditions for PDGFRβ were applied with solvent 3 (10x diluted blocking buffer 
5) as antibody solvent, instead of solvent 1, the retinal flatmounts showed specific 
expression of both NG2 and PDGFRβ (Figure 7C). Likewise, when the optimized IF staining 
condition for NG2 was applied with solvent 3 instead of blocking buffer 1 as antibody solvent, 
strong expression of both NG2 and PDGFRβ was observed in retinal flatmounts (Figure 7D). 



 
 

Negative control flatmounts revealed no unspecific staining caused by the application of the 
secondary antibodies (Supplementary Figure 1). These results suggest that optimizing the 
antibody solvent composition is crucial for achieving specific and robust double staining of 
NG2 and PDGFRβ, enabling the detection of both markers simultaneously in retinal tissue. 
Optimal staining conditions for NG2 and PDGFRβ double staining are listed in Table 6 and the 
result is shown at higher magnification in Figure 9A. 
 
αSMA and PDGFRβ double staining  
For double staining with αSMA and PDGFRβ antibodies, we adapted the IF staining protocol 
for hippocampal slices of Mai-Morente et al. [51]. The protocol includes the use of 
jasplakinolide, a reagent that stabilizes F-actin by promoting actin filament polymerization, 
which is essential to detect αSMA in pericytes using IF staining. To achieve this, flatmounts 
were incubated with jasplakinolide prior to fixation.  
When fixation of retinal flatmounts with 4% formaldehyde for 20 min (Figure 8A) or 100% 
methanol for 20 min (Figure 8B) was performed after incubation with blocking buffer 7 for 2 
h at RT, the tissue morphology was severely damaged. To preserve tissue integrity, the 
fixation step with methanol was performed before incubation with blocking buffer rather 
than afterwards (Figure 8C). As a result, αSMA+ PDGFRβ+ pericytes were clearly visible in the 
human retinal flatmounts. When incubation with jasplakinolide was omitted, specific αSMA 
was still detected (Figure 8D). However, there was an increase in non-specific signal, and the 
integrity of the flatmounts was compromised. Negative control flatmounts revealed no 
unspecific staining caused by the application of the secondary antibodies (Supplementary 
Figure 1). 
 
These results suggest that the use of jasplakinolide is crucial for achieving specific staining of 
αSMA. The order of incubation with jasplakinolide, followed by fixation and blocking enables 
the detection of both αSMA and PDGFRβ simultaneously in retinal tissue. Optimal staining 
conditions for αSMA and PDGFRβ double staining are listed in Table 6 and the result is shown 
at higher magnification in Figure 9B. 
 



 
 

 
 

Figure 8. Effect of different fixatives and jasplakinolide on immunofluorescence double staining of 
αSMA and PDGFRβ in human retinal flatmounts. 
Immunofluorescence staining of αSMA (yellow) and PDGFRβ (cyan) after fixation with 4% 
formaldehyde (A) or methanol (B and C). Tissue integrity was compromised after fixation with 
formaldehyde (A) and fixation with methanol (B) after blocking buffer incubation. αSMA and PDGFRβ 
staining was best after fixation with methanol before application of the blocking buffer in 
combination with the use of jasplakinolide (C). αSMA and PDGFRβ staining without the use of 
jasplakinolide (D). Basal lamina was stained with anti-laminin (LAM) antibodies (magenta) and nuclei 
with DAPI (blue). Examples of pericytes are indicated with arrowheads. BB = blocking buffer. Scale bar 
= 50 μm.  
 

 
 



 
 

 
Figure 9. Immunofluorescence double staining of NG2 and PDGFRβ and of αSMA and PDGFRβ in 
human retinal flatmounts. Higher magnification images of pericytes detected with 
immunofluorescence double staining of (A) NG2 (cyan) with PDGFRβ (yellow) and (B) αSMA (yellow) 
with PDGFRβ (cyan). Pericyte bodies are indicated with arrowheads. Basal lamina was stained with 
anti-laminin (LAM) antibodies (magenta) and nuclei with DAPI (blue). Scale bar = 25 μm. 

 
 
 



 
 

CD13 and PDGFRβ double staining  
Our study aimed to perform a double staining with antibodies for CD13 and PDGFRβ. As 
shown in Supplementary Figure 2A and B, the conditions optimized for NG2 and PDGFRβ 
were tested for this purpose, but did not result in positive CD13 staining. Altering the 
blocking buffer to blocking buffer 8 also failed to improve CD13 staining (Supplementary 
Figure 2C). Furthermore, no specific signal for CD13 was detected when varying the antibody 
solvents (Supplementary Figure 3). Since no optimal staining condition could be identified for 
CD13 staining in human retinal flatmounts, and CD13 staining has only been reported in 
mouse retinas, we considered the possibility that CD13 expression may differ between  
species. According to RNA sequencing data from the Human Protein Atlas, CD13 expression is 
reported in the mouse retina (3.2 normalized transcripts per million), whereas CD13 
expression in human retina is completely absent (Figure 10). Similarly, the Human Eye 
Transcriptome atlas and the Eye Integration database from the National Eye Institute found a 
low number of reads for CD13 in pericytes in the mature human eye. The absence of mRNA 
expression may well be an explanation for the failure to detect CD13 protein in the human 
retina. 
 
 

 
 
Figure 10. CD13 and RFC1 mRNA expression levels in the human and mouse retina. RNA sequencing 
data for CD13 and RFC1 are shown in boxplots as normalized transcripts per million for human retina 
(magenta bars) and mouse retina (blue bars). Box plots indicate median, min and max and 1st and 3rd 
quartile. Based on GTEx RNA-seq data from the Human Protein Atlas. 

 
 
RFC1 and PDGFRβ double staining  
For double staining of RFC1 and PDGFRβ, we first tested the conditions optimized previously 
for double staining of NG2 and PDGFRβ in retinal cryosections. Supplementary Figure 4A 
shows that these conditions resulted in positive staining of PDGFRβ, but not of RFC1. We also 
adapted and tested the IF staining protocol of Gurler et al. [22], performing permeabilization 
with blocking buffer 9 for 30 min at RT followed by incubation with blocking buffer 10 for 1 h 
at RT. These staining conditions did not improve detection of RFC1 in the retinal vasculature 



 
 

(Supplementary Figure 4B). No optimal staining condition could be found for RFC1 staining in 
human retinal tissue. This was in line with the Human Protein Atlas for RNA sequencing data, 
which showed that RFC1 mRNA expression (2.2 normalized transcripts per million) in human 
retina is considerable lower than that in the mouse retina (Figure 10). Similarly, the Human 
Eye Transcriptome atlas and the Eye Integration database from the National Eye Institute 
found a low number of reads for RFC1 in pericytes in the mature human eye. The low mRNA 
expression may be an explanation for the lack of RFC1 protein detection in the human retina. 
 
 

Discussion 
In this study, we developed IF staining protocols to detect NG2, αSMA, and PDGFRβ as 
pericyte markers in human retinal flatmounts. Based on IF staining of these pericyte markers, 
we were able to identify pericytes with typical morphological characteristics: pericytes that 
have a cell body with a prominent nucleus and large processes covering blood vessels. CD13 
and RFC1 could not be detected in the human retina in contrast to their reported expression 
in mouse retina. We have identified variations in the IF staining protocol that led to the most 
significant improvement in staining for each marker. Appropriate fixation is essential for 
frozen tissues to improve tissue morphology and proper detection of the protein of interest 
[52, 53]. The importance of fixation solution and timing of fixation is illustrated by this study. 
For NG2 staining, fixation with methanol did not result in a positive staining signal. On the 
contrary, fixation with formaldehyde resulted in specific NG2 signal. This outcome is in 
contrast to earlier findings which have suggested that methanol is suitable to fix retinal 
wholemounts for immunostaining [54], also specifically for NG2 staining [10, 38, 55]. This 
discrepancy could be attributed to the difference in species as murine retinas were used in 
previous studies. Also, the importance of timing of fixation was demonstrated here for the 
double staining with PDGFRβ and αSMA antibodies. Fixation enhances specific IF signal by 
preventing autolytic activity of enzymes in the tissue and conserves tissue morphology by 
crosslinking macromolecules [56, 57]. Delaying fixation leads to protein degradation in the 
retina, and thus reduces the IF signal as well as tissue morphology. 
 
Selecting the appropriate detergents and blocking reagents is crucial to optimize IF staining. 
Detergents such as Tween20 or TX allow antibodies to access intracellular epitopes, but using 
too much of these agents may lead to loss of pericyte marker detection for proteins that are 
sensitive to detergents [58]. Detergents in washing buffers help to remove non-specifically 
bound antibodies, resulting in more specific staining. Excessive presence of detergents may 
also wash off specifically bound antibodies, resulting in less specific staining. Blocking 
reagents reduce non-specific antibody binding and background noise by covering reactive 
sites on the antigens in the tissue and can additionally stabilize cellular morphology [59]. 
 
We recommend to optimize the IF staining protocols for each tissue type and protein of 
interest. Parameters that can be adjusted to optimize specific staining, and that were not 
shown in this study, include: antibody concentration, antibody clonality, isotype and host 
species, temperature and duration of each incubation step, composition of washing solvent, 
number of washing steps, type of mounting medium, and the use of fresh tissue instead of 
frozen tissue [60, 61]. When using frozen tissue for IF staining, limiting post-mortem time 
improves protein signal detection in immunostaining [62]. Antibody clonality affects IF 
staining because monoclonal antibodies are more specific, whereas polyclonal antibodies 



 
 

provide higher sensitivity. Matching antibody isotype and host species ensures compatibility 
between epitope, primary and secondary antibodies and preventing species-on-species non-
specific staining. Optimization of washing further improves specific staining, because the 
washing step allows for removal of antibodies that are bound non-specifically. In addition, 
appropriate microscope settings and software settings for image acquisition and image 
analysis are essential to obtain high-quality and accurate images and help achieve a high 
signal-to-noise ratio while limiting photobleaching [63].  
 
After optimization of the IF staining, all markers were detected and localized in pericytes in 
both the cell body and the processes covering the blood vessel. We are the first to report a 
staining protocol for multiple pericyte markers in human retinal flatmounts. Using retinal 
flatmounts instead of retinal tissue sections has several advantages. First, flatmounts allow 
for visualization of the entire vascular network, which is not possible in tissue sections. This 
provides information on the location of the pericyte, for example regarding the proximity to 
an arteriole or venule or regarding the branch order of capillaries. Furthermore, pericytes 
that are migrating away from blood vessels can be visualized. In addition, visualization of 
pericytes in a 3D reconstruction image is easier in flatmounts compared to serial tissue 
sections.  
 
Using our protocol, we observed that the expression of NG2 was evenly distributed 
throughout pericytes in the human retina. These results are consistent with the staining 
pattern previously found in human retina [64]. In addition, the staining pattern found in 
humans was similar to that in retinas of mice [10, 55, 65, 66] and rats [67]. In the current 
study, PDGFRβ was detected as granulated staining in pericytes. The granulated staining 
pattern found here matches with the staining pattern previously found in human retina [49] 
and murine retina [68]. PDGFRβ is primarily localized at the pericyte membrane and 
internalization of PDGFRβ upon ligand binding relocates PDGFRβ to endosomes that can 
attribute to the granulated appearance of PDGFRβ staining [31, 69]. Staining patterns in 
other studies that reported staining of PDGFRβ in murine retina could not be assessed 
properly due to the low magnifications used in these studies [66, 70]. For αSMA, we found a 
patchy appearance localizing at blood vessels of the human retina. This finding corresponds 
to the staining pattern found in human retina [43] and mouse retina [38, 51, 71]. The 
expression of each pericyte marker did not fully colocalize with that of the other pericyte 
markers. The observed differences in expression location and expression pattern of the 
included pericytes markers may be attributed to the distinct function of pericytes or state of 
maturity, suggesting the presence of pericyte subpopulations [20, 21, 44, 72-74]. For 
example, arteriolar pericytes express NG2 and αSMA, while capillary pericytes lack these 
markers in some tissues. This distinction suggests that arteriolar pericytes may play role in 
blood flow regulation, linked to their contractile function. Postcapillary pericytes that lack 
NG2 have been shown to regulate neutrophil movement across the basal lamina in muscles 
[75]. However, little is known about pericyte heterogeneity and the function of pericyte 
subpopulations [20, 73]. Therefore, double staining of pericyte markers is crucial to identify 
pericyte subpopulations. 
 
Other reported pericyte markers include CD13 [76, 77], also known as aminopeptidase N, 
and SLC19A1 [22, 23], also known as RFC1. However, immunostaining of CD13 and RFC1 was 
only reported in the mouse retina and not yet in the human retina. IF staining of these 



 
 

markers was tested in the current study. The antibodies detecting human CD13 and RFC1 did 
not show any immunoreactivity in pericytes in the human retina. For CD13, our results are in 
line with RNA sequencing data from the Human Protein Atlas. Although for RFC1 mRNA 
expression was found in the human retina, its expression was significantly lower than that in 
mouse retina. The Human Eye Transcriptome atlas and the Eye Integration database from the 
National Eye Institute reported a low number of reads for both CD13 and RFC1 in pericytes in 
the mature human eye. The presence of mRNA in the human retina may be due to 
expression in other cell types in the retina than pericytes, for example RFC1 is also expressed 
in retinal microglia [78]. The difference in pericyte marker expression between mice and 
humans highlight the importance of established IF protocols specifically tailored for human 
tissues. 
 
IF staining allows multiple pericyte markers and supporting markers to be simultaneously 
stained in flatmounts [59]. In addition, visualization of pericytes by immunostaining provides 
information on pericyte number, morphology and location, and permits quantitative 
microscopy [59, 67, 68]. The limitation of using fluorophores to detect proteins of interest is 
the possibility of photobleaching of fluorophores and autofluorescence of the tissue of 
interest [59, 79]. To circumvent the issues related to fluorophores, chromogenic 
immunohistochemistry offers a staining alternative that also provides additional information 
on the tissue morphology [59, 80]. However, IF staining offers increased sensitivity, 3D 
visualization, quantification possibilities related to abundance of protein and multiplexing 
opportunities compared to chromogenic immunohistochemistry [59, 81]. An alternative 
technique to visualize pericytes in human retina includes electron microscopy [82, 83]. 
Electron microscopy studies provide information on pericyte number and morphology, but 
functional information based on pericyte markers and numbers is lacking. Another drawback 
is that the thin sections used in electron microscopy offer limited spatial information in 
relation to the vasculature. Another limitation of IF staining and electron microscopy is the 
use of fixed, non-living cells, while seeking information regarding the state in living 
organisms, tissues and cells. Visualization of pericytes in the living human retina is possible 
by combining adaptive optics scanning laser ophthalmoscopy with a modified dark-field 
detection scheme [84-86]. This technique provides information on pericyte number and 
location, and visualization in living retina allows for studying of pericytes during disease 
progression or during treatment. However, this technique cannot identify pericyte subsets 
based on pericyte markers.   
 
Pericytes are widely spread throughout the human body and play an important role in 
vascular flow and homeostasis [7, 20, 87]. Pericytes also have roles not related to the 
vasculature, depending on the location in different organs. The prevalence of pericytes in the 
retina is, together with the brain, significantly higher compared to other organs to enable 
proper functioning of the neuronal tissue [4, 5, 7-9, 88]. In the retina, pericytes share the 
basal lamina with endothelial cells and provide structural support by covering most of the 
microvascular area [4, 9, 87, 89, 90]. During angiogenesis, pericytes regulate endothelial cell 
proliferation and sprouting and stabilize the newly formed blood vessels. Endothelial cells 
directly communicate with pericytes through direct gap junctions and peg-sockets and via 
paracrine signaling factors to facilitate formation, maturation, and stabilization of the 
microvasculature [6]. Pericytes also regulate blood flow by contracting or relaxing to facilitate 
the high metabolic demand of the retina, especially neuronal tissue. Some studies show a 



 
 

role of pericytes in immune cell trafficking by remodeling of the basal lamina or expression of 
cytokine receptors and toll-like receptors and release of cytokines and chemokines [91]. The 
high ratio of pericytes allows for precise control of these functions. Pericyte dysfunction or 
loss has been reported in various pathologies, for example diabetic retinopathy, ischemia, 
glaucoma and tumor formation [4, 7, 8, 20, 87, 89]. Therefore, restoring pericyte function as 
a future therapy may well ameliorate the pathological developments.  
 
Further research is required to establish the underlying mechanisms related to pericyte 
dysfunction and loss and whether manipulating pericytes can be used to treat retinal 
disorders. With this study, we have visualized pericytes in human retinal flatmounts using IF 
staining. Using a combination of pericyte markers can shed more light on heterogeneity in 
the pericyte population. Pericytes are heterogeneous in a tissue- and context-dependent way 
[9, 73]. Understanding pericyte heterogeneity can provide insights into regional population 
differences, for example in specific parts of the retina with vascular leakage or angiogenesis. 
The developed IF staining can be applied to study changes in pericytes in conditions affecting 
the human retina, such as ischemia in retinal vein occlusions or diabetic retinopathy. Staining 
pericytes in the human retina can provide valuable insight into the pathogenesis of these 
retinal conditions and can lead to development of new, more effective therapeutic 
approaches. In the near future, we will apply this newly developed staining protocols to 
retinas from patients with diabetic retinopathy to investigate the changes in pericytes 
associated with the disease.  
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Supplementary figures 
 

 
Supplementary Figure 1. Representative immunofluorescence staining images of negative controls 
of human retinal flatmounts. Immunostaining with secondary antibody only as a negative control 
under identical conditions for staining of (A) NG2, PDGFRβ and laminin, and (B) αSMA, PDGFRβ and 
laminin. Nuclei were stained with DAPI (blue). Scale bar = 50 μm. 

 
 

 



 
 

Supplementary Figure 2. Effect of different blocking buffers on immunofluorescence double 
staining of CD13 and PDGFRβ in human retinal flatmounts. The pericyte markers CD13 (yellow) and 
PDGFRβ (cyan) were immunostained using antibodies in conditions optimized for double staining of 
NG2 and PDGFRβ, performed with blocking buffer 1 (A), blocking buffer 5 (B) or blocking buffer 8 (C). 
Basal lamina was stained with anti-laminin (LAM) antibodies (magenta) and nuclei with DAPI (blue). 
Scale bar = 50 μm.  

 
 

 
Supplementary Figure 3. Effect of different antibody solvents on immunofluorescence double 
staining of CD13 and PDGFRβ in human retinal flatmounts. Immunofluorescence double staining of 
CD13 (yellow) and PDGFRβ (cyan) after testing antibody solvent 2 (A), solvent 3 (B) or a solvent 
identical to blocking buffer 1 (C). Basal lamina was stained with anti-laminin antibodies (magenta) and 
nuclei with DAPI (blue). Scale bar = 50 μm.  

  



 
 

 
Supplementary Figure 4. Comparing optimized immunofluorescence protocols for 
immunofluorescence double staining of RFC1 and PDGFRβ in human retinal cryosections. 
Immunofluorescence double staining of RFC1 (yellow) and PDGFRβ (cyan) using the optimized double 
staining protocol for PDGFRβ and NG2 (A) or using an adapted protocol from Gurler at al. (B). Basal 
lamina was stained with anti-collagen type IV (COL IV) antibodies (magenta) and nuclei with DAPI 
(blue). Scale bar = 50 μm. Abbreviations: GCL = ganglion cell layer, INL = inner nuclear layer, ONL = 
outer nuclear layer. 
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Abstract 
 
In diabetic retinopathy, pericyte dysfunction, pericyte loss, and inner blood–retinal barrier 
(iBRB) dysfunction contribute to neurovascular unit (NVU) impairment. Diabetes mellitus 
(DM) is also associated with increased risk of Alzheimer’s disease (AD), and it has been 
hypothesized that DM-induced NVU impairment in brain capillaries, including pericyte 
dysfunction, may contribute to AD pathogenesis In the present hypothesis-generating 
explorative study, we investigated pericyte characteristics in the iBRB in patients with type 2 
DM with or without diabetic retinopathy (DR), and in the blood–brain barrier (BBB) in type 2 
DM and AD. We analysed human retina and brain samples from controls and donors with DM 
and/or AD. Immunofluorescence staining for NG2, PDGFRβ, and αSMA was performed to 
analyse pericyte marker expression, vascular staining coverage, and pericyte cellular density 
on capillaries. In control retina and brain, the average pericyte staining coverage of capillaries 
was 70–80% based on NG2 and PDGFRβ expression, but only 25% when based on αSMA 
expression. Pericyte densities were 7 and 9 pericytes/mm capillary length in the control 
retina and brain, respectively. DM and DR retinas showed marked density reductions to 4 
pericytes/mm capillary length. In DM without DR, retinal vascular staining coverage of NG2 
and PDGFRβ decreased to 50–56%. In DR retinas, vascular coverage based on NG2 staining 
was comparable to controls, whereas coverage based on PDGFRβ staining was significantly 
reduced to 45%. Such reductions were not observed in brain samples from donors with DM 
or AD; however, NG2 staining was reduced. Both NG2 and PDGFRβ staining were markedly 
reduced in brain samples from donors with both DM and AD. These trends suggest a specific 
pericyte pathology in the brain in cases of DM and AD, particularly in patients with both 
conditions, which differs from the well-characterized pericyte loss observed in the diabetic 
retina. 
  



 
 

Introduction 
 
Individuals with diabetes mellitus (DM) carry a higher risk of developing dementia, but the 
mechanisms underlying this association remain unclear [1]. Diabetes impairs the retinal 
neurovascular unit (NVU) through various molecular and cellular alterations, driving diabetic 
retinopathy (DR) progression [2]. Patients with diabetes may exhibit thickening of the basal 
lamina, decreased junctional protein levels, pericyte dysfunction and loss, 
neurodegeneration, increased endothelial transcellular transport, microglia activation, glial 
cell dysfunction and loss, and endothelial cell damage or death. It is presently unknown 
whether similar NVU changes occur in the brain in cases of DM or DM-associated Alzheimer’s 
disease (AD). Studies in experimental animal models of diabetes, and incidental reports on 
human DM brain tissue, have yielded conflicting results regarding diabetes-induced NVU 
impairment [3-11]. 
 
Pericytes play crucial roles in the formation and maintenance of the inner blood–retinal 
barrier (iBRB) and blood–brain barrier (BBB) [1, 8, 12-14]. Retinal pericyte loss is an early 
event in diabetic retinopathy [1, 2, 12], which has also been reported to occur in the brain 
during experimental diabetes [3, 15], although human studies are lacking. Pericyte loss 
occurs via migration away from capillaries or cell death [12], and may be caused by 
inflammatory mechanisms, oxidative stress, increased levels of advanced glycation end-
products, high levels of angiopoietin-2, and thickening of the basal lamina [1, 2, 16]. Pericyte 
loss can result in changes in blood flow, microaneurysm formation, abnormal capillary 
remodelling and nonperfusion, and increased capillary permeability resulting in oedema [1, 
17, 18]. 
 
No clinical biomarkers are currently available to identify DM patients at higher risk of 
cognitive decline or dementia [1, 19]. Given the shared embryonic origin of the retina and 
brain [8], it is possible that retinal biomarkers reflecting NVU degeneration could serve as 
early indicators of cognitive impairment in DM patients. However, this assumes that common 
vascular pathological mechanisms underlie both brain and retinal changes in DM and AD. To 
further explore this possibility, in the present study, we investigated the brain and retinal 
vasculature in DM and AD, with particular focus on the pericytes of the NVU in the human 
retina and brain.  
 
In this explorative hypothesis-generating study, we examined pericyte alterations in the iBRB 
in DM, and in the BBB in DM and AD. To characterize pericytes in human retina and brain 
tissues, we performed immunofluorescence staining for neural/glial antigen 2 (NG2), 
platelet-derived growth factor receptor beta (PDGFRβ), and alpha smooth muscle actin 
(αSMA). Apart from our previous investigations [20, 21], no studies have systemically 
analysed NG2, PDGFRβ, and αSMA expression in pericytes of the adult human retina and 
brain. NG2 and PDGFRβ are receptors on the pericyte membrane; upon their activation, 
intracellular signalling pathways facilitate pericyte proliferation, and pericyte recruitment to 
newly formed vessels [8, 20, 22]. Interactions with endothelial cells enable maturation of the 
iBRB and BBB [12]. αSMA is a contractile protein found in smooth muscle cells and pericytes, 
which likely mediates pericyte contraction to regulate capillary diameter and blood flow in 
response to neural activity [23, 24]. Our analyses included retinal samples from donors with 
type 2 DM, with or without DR, and rare brain tissues from donors with type 2 DM, AD, or 



 
 

both conditions. This comprehensive approach enabled quantitative comparisons of pericyte 
cellular density and vascular staining coverage based on these pericyte markers, as well as 
assessment of the marker expression patterns in neurovascular pathological conditions 
affecting both the retina and brain. 
 
 

Materials and methods 
 
Retinal tissue  
Human post-mortem retina tissue samples were processed as previously described [20]. 
Retinal tissues were obtained from three donor groups: donors with type 2 DM without DR 
(mean age of 67 ± 2.3 years), donors with type 2 DM and DR (mean age of 65 ± 8.1 years), 
and non-diabetic controls (mean age of 67 ± 0.8 years) (n=4 for all groups). The male-to-
female ratio was 2:2 (DM no DR), 1:3 (DR), and 1:3 (controls). Table 1 summarizes the 
donors’ characteristics. The current research performed on human eyes is in accordance with 
all requirements stated in the Dutch law “Wet op orgaandonatie” that describes the use of 
donor material for research purposes. According to this law, donors provide written informed 
consent for donation with an opt out of left-over material for related scientific research 
purposes. Specific requirements for the use for scientific research of left-over material 
originating from corneal grafting have been described in an additional document formulated 
by the Ministry of Health, Welfare, and Sport and the Bio Implant Services (BIS) Foundation 
(Eurotransplant; Leiden, the Netherlands, July 21, 1995; 6714.ht). The eyes were stored 
anonymously and, therefore, approval of their use by the Ethics Committee was not required 
by Dutch law. 
 
Immunofluorescence staining of retinal tissue  
Human retinal flatmounts were subjected to immunofluorescence double staining for NG2 
and PDGFRβ, and for αSMA and PDGFRβ, which was performed after optimization, as 
recently described (Bakker et al., 2025). Retinal flatmounts were used instead of tissue 
sections, to enable 3D reconstruction of pericytes on capillaries and of their distribution 
across the vascular network, including their position relative to arteries, veins, and 
microvascular branches. Table 2 lists the primary antibodies used in this study. Flatmounts 
stained for laminin, NG2, and PDGFRβ were incubated with the following secondary 
antibodies: donkey anti-goat Cy3, donkey anti-rabbit Alexa Fluor™ 488, and donkey anti-
mouse Alexa Fluor™ 647 (Table 3). Flatmounts stained for laminin, αSMA, and PDGFRβ were 
incubated with the following secondary antibodies: donkey anti-goat Cy3, donkey anti-rabbit 
Alexa Fluor™ 488, and donkey anti-mouse Alexa Fluor™ 647 (Table 3). 
 
Brain tissue 
Post-mortem samples of the human frontal cortex were provided by the Netherlands Brain 
Bank, Amsterdam, The Netherlands (NBB project 1345S). Frontal cortex samples were 
selected, because pathological features, including vascular pathology [25, 26], appear in the 
frontal cortex during early stages of dementia [27-29]. All donors or their relatives provided 
written informed consent for brain autopsy and the use of brain tissue for research purposes. 
This usage was in accordance with the Declaration of Helsinki on the use of human material 
for scientific research. Brain tissues were collected within several hours post-mortem, 
dissected, snap frozen in liquid nitrogen, and stored at −80°C until sectioning. Donors were  



 
 

Table 1. Information about retinal tissue donors. 

Case Laser 
yes/ no 

Sex 
(F/M) 

Age at 
death (y) 

Post-
mortem 
delay (h) 

Age at 
diabetes 
onset (y) 

Insulin 
use 
(yes/no) 

Diagnosis Cause of death 

Control  
       

1 No F 68 14 
 

No Stomach cancer Cancer (stomach) 

2 No F 68 17 
 

No Myocardial infarction Myocardial infarction 

3 No F 67 12 
 

No Atherosclerotic disease, chronic kidney 
failure, narrowed coronary arteries 

Atherosclerotic disease 

4 No M 66 9 
 

No Lung embolism Melanoma 

Mean ± SD 
 

67 ± 0.8 13.0 ± 2.9 
    

 
 

        

DM no DR 
       

5 No M 67 15 Unknown No Vascular disease, leg amputation Aortic aneurysm  

6 No M 65 11 63 No COPD, acute bronchitis, 
hyperthyroidism 

Lung condition 

7 No F 66 13 Unknown No Brain metastasis Brain metastasis 

8 No F 71 10 Unknown No Breast carcinoma, alcohol abuse, 
hepatocellular carcinoma 

Hepatic coma, liver 
failure 

Mean ± SD 
 

67 ± 2.3 12.3 ± 1.9 
    

 
 

        

DM + DR 
       

9 Yes F 66 19 Unknown No Heart failure Heart failure 
10 Yes F 61 13 <49 Yes Heart failure Heart failure 

11 Yes M 77 18 62 Yes Heart failure, kidney stones, 
hypertension, cerebral hematoma 

Heart failure 

12 Unknown F 55 10 41 No Hypertension, adiposity, high 
cholesterol, lipid disorder, fatty liver 

Heart failure 

Mean ± SD 
 

65 ± 8.1 15.0 ± 3.7 
    

DM, diabetes mellitus; DR, diabetic retinopathy



 
 

Table 2. Primary antibodies used in this study. 

Antigen Host species Source Working dilution  

Laminin Rabbit Abcam, Ab11575 1:1000 
NG2 Mouse Merck Life Science, MAB2029 1:100 (retina)/1:200 (brain) 

PDGFRβ Goat R&D Systems, AF385 1:100 

αSMA Mouse DAKO, M0851 1:500 
R&D systems (Minneapolis, MI); DAKO (Santa Clara, CA) 

 
 
Table 3. Secondary antibodies used in this study.  

Antibody Conjugate Source Working dilution  

Donkey anti-rabbit IgG Alexa Fluor™ 488 Invitrogen, A-21206 1:400 
Donkey anti-mouse IgG Alexa Fluor™ 488 plus Invitrogen, A-32766 1:1000 
Donkey anti-goat IgG Cy3 Jackson, 705-165-147 1:200 
Donkey anti-rabbit IgG  Alexa Fluor™ 647  Invitrogen, A-31573  1:500 
Donkey anti-mouse IgG Alexa Fluor™ 647 Invitrogen, A-31571 1:200 

Invitrogen (Waltcam, MA); Jackson ImmunoResearch Laboratories (West Grove, PA) 
 
 

classified into four groups: donors with type 2 DM (mean age of 72 ± 9.6 years) (n=4), donors 
with AD (mean age of 74 ± 7.6 years) (n=4), donors with type 2 DM and AD (mean age of 74 ± 
6.6 years) (n=4), and non-diabetic non-AD controls (mean age of 70 ± 12.2 years) (n=3). 
Clinical diagnoses were confirmed by autopsy findings. The male-to-female ratio was 2:2 
(DM), 3:1 (AD), 3:1 (DM + AD), and 1:2 (controls). Table 4 summarizes the donors’ 
characteristics. The subject groups were age-matched to the controls, to account for age-
dependent loss of BBB integrity [30]. 
 
Immunofluorescence staining of brain tissue  
Brain tissue specimens were cut into 20-μm-thick sections at −20°C, using an Microm Cryo 
Star HM 560 cryostat (Thermo Fisher Scientific), which were stored at −80°C until further use. 
These thick brain sections enabled 3D visualization of pericytes. In preparation for 
immunofluorescence staining, the tissue sections were air dried at RT for 20 min. Next, the 
sections were fixed with 4% formaldehyde (28908; Thermo Fisher Scientific) for 20 min, and  
then washed once in 3× PBS for 10 min. Non-specific fluorescence was blocked following an 
adaptation of the methods described by Ma et al (Ma et al., 2018). The sections were 
blocked and permeabilized by incubation in PBS supplemented with 0.2% BSA, 0.3% T-X, and 
5% normal donkey serum, at RT for 1 h. Directly after incubation with blocking buffer, the 
sections were incubated with primary antibodies (Table 2) diluted in 0.2% BSA in PBS, 
overnight at 4°C. Subsequently, the sections were washed three times with PBS for 10 min 
each. To reduce lipofuscin autofluorescence, the sections were incubated in Trueblack (Zhang 
et al., 2022; Stillman et al., 2023) (23007; Biotium, Fremont, CA) diluted 20× in 70% ethanol 
for 30 sec, and were then washed three times in PBS for 10 min each. Next, the sections 
were incubated for 1 h at RT in the dark with the following secondary antibodies: donkey 
anti-mouse Alexa Fluor™ plus 488, donkey anti-goat Cy3, and donkey anti-rabbit Alexa 
Fluor™ 647 (Table 3). Following this incubation, the sections were washed three times with 
PBS for 10 min each. Finally, the sections were mounted with Vectashield antifading 
mounting medium containing DAPI (H-1200-10; Vector Laboratories), covered with a cover 
glass, and sealed with transparent nail varnish. 
  



 
 

Table 4. Information about brain tissue donors. 

Case Sex 

(F/M) 

Age at 

death (y) 

Post-

mortem 

delay (h) 

Age at 

disease 

onset (y) 

Braak 

stage 

(0–6) 

Vascular pathology 

in frontal cortex 

Neuropathology in frontal cortex Cause of death 

Control  
       

1 F 66 6.3 
 

1 Slight atherosclerosis Myelin pallor, only MS plaques, no AD plaques Cancer 

2 M 58 7.7  
 

0 Slight atherosclerosis Partly absent myelination, no amyloid plaques Myocardial 

ischemia 

3 F 87 4.6 
 

2 Slight atherosclerosis No CAA, moderate number of amyloid diffuse plaques, a 

few classic plaques, no tangles 

Pneumonia 

Mean ± SD 70 ± 12.2 6.2 ± 1.3 
     

         

DM  
        

4 F 70 6.0 50 2 Slight 

atherosclerosis, 

perivascular oedema, 

some iron pigment 

Few diffuse plaques, no CAA, no tangles Kidney failure 

5 M 67 9.0 61 1 Slight atherosclerosis No CAA, moderate-to-large number of diffuse plaques, 

no tangles, slight perivascular oedema 

Aortic aneurysm, 

asystole 

6 M 65 7.2 Unknow

n 

2 Slight atherosclerosis No plaques or tangles, some tau-positive cells Fever, neuroleptic 

malignant 

syndrome 

7 F 86 7.5 Unknow

n 

2 Slight 

atherosclerosis, 

severe perivascular 

oedema 

No CAA; moderate number of plaques, equal numbers 

of diffuse and classic types; no tangles 

Cancer 

Mean ± SD 72 ± 9.6 7.4 ± 1.2 
     



 
 

Table 4. Information about brain tissue donors (continued). 

Case Sex 

(F/

M) 

Age at 

death (y) 

Post-

mortem 

delay (h) 

Age at 

disease 

onset (y) 

Braak 

stage 

(0–6) 

Vascular 

pathology in 

frontal cortex 

Neuropathology in frontal cortex Cause of death 

AD 
        

8 F 78 7.5 71 5 Slight 

atherosclerosis 

Moderate CAA; no dyshoric angiopathy; no striking capillary angiopathy; 

moderate-to-many amyloid plaques, especially diffuse; many tangles 

Dehydration 

9 M 75 6.3 66 5 Slight 

atherosclerosis 

Slight CAA; many diffuse and classic plaques; presence of tangles, 

neuritic plaques, and Lewy bodies 

Cachexia 

10 M 63 9.8 56 6 Slight to severe 

atherosclerosis 

Slight CAA with dyshoric angiopathy and no capillary angiopathy; many 

plaques, diffuse types and classic types; many tangles 

Dehydration/ 

cachexia 

11 M 80 5.5 79 6 No 

atherosclerosis 

CAA present, many diffuse plaques and few classic plaques, presence of 

tangles and Lewy bodies 

Dehydration 

and pneumonia 

Mean ± SD 74 ± 7.6 7.3 ± 1.9 
    

         

DM + AD 
       

12 M 67 5.4 DM and 

Dem: 

unknown 

5 Slight 

atherosclerosis 

Many senile plaques, neurofibrillary tangles and many neuropil threads; 

moderate number of plaques, mainly "classic" plaques with large cores 

Cerebral 

infarction 

13 M 71 4.0 DM: 57; 

Dem: 64 

6 Slight 

atherosclerosis 

Large plaques with coarse fibrils of weakly staining amyloid, few diffuse 

plaques, many neuritic plaques, and a moderate amount of tangles 

Dementia, 

delirium, and 

dehydration 

14 M 82 8.5 DM: 

unknown; 

Dem: 80 

5 Perivascular 

oedema 

Many amyloid beta depositions, including diffuse plaques, classic 

plaques, and small depositions; many neuropil threads, tangles, and 

dispersed neuritic plaques; myelination is normal 

Heart failure 

15 F 77 3.8 DM: 73; 

Dem: 73 

5 Moderate 

atherosclerosis 

Slight to moderate CAA, mostly diffuse plaques, few-to-moderate 

neuritic plaques, moderate number of tangles, many Lewy inclusions, 

many Lewy threads 

Infection and 

dehydration 

Mean ± SD 74 ± 6.6 5.4 ± 2.2 
    

AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy; DM, diabetes mellitus; Dem, dementia



 

Microscopical analysis of pericyte staining in 3D  
Imaging was performed as previously described [20]. Images of at least 10 randomly selected 
areas in a section were analysed for quantification for each patient group (n=3–4 donors per 
group). For each marker, the exposure time and laser intensity were maintained constant for 
each section, among all patient groups. Three-dimensional confocal images were projected 
with maximum intensity projection from 5.89-μm-thick z-stacks for the retinal flatmounts, 
and from 4.5-μm-thick z-stacks for brain samples, each with a step size of 0.346 μm. 
 
Quantification  
Pericyte staining was quantified using ImageJ software (National Institutes of Health). 
Relative vascular staining coverage was calculated as % pericyte marker+ area/total vessel 
area, as determined by laminin immunofluorescence staining. Regions of interest (ROIs) were 
drawn manually (brain samples) or automatically (retina samples) around the vasculature,  
using ImageJ running macro script 1. Details are provided in Supplementary Figure 1. To 
select for capillaries and avoid small fragments of blood vessels, respectively, we excluded 
blood vessels with a diameter of >10 µm and those with a length of <20 µm. 
 
Before quantifying vascular staining coverage, we determined the background intensity for 
each pericyte marker in three equally-sized square regions, outside of blood vessels, in every 
image. The mean intensity from these background regions was used as the threshold for 
background subtraction using the ImageJ macro script 2 (Supplementary Figure 2).  
 
Vascular staining coverage was quantified as the percentage of pericyte area colocalized with 
vascular ROI, as determined by laminin immunofluorescence staining, using ImageJ Area 
Fraction measurement. The results were averaged across all images per donor. 
 
Pericyte cellular density was quantified by manually counting the NG2-positive pericyte 
bodies (identified based on their characteristic nodular or bump-shaped morphology) per 
mm of capillary length. To obtain vascular area measurements, laminin-positive blood vessels 
were traced in ImageJ, generating ROIs for each image. To measure capillary length in the 
laminin channel, a line was manually drawn through the central axis of each blood vessel in 
ImageJ. Finally, pericyte cellular density was calculated as the average number of pericyte 
bodies per mm capillary length for each donor. 
 
Statistical analysis 
Statistical tests were performed using GraphPad Prism v10 (GraphPad Software, La Jolla, 
USA). A Kruskal-Wallis test was used for comparison between patient groups (n=4). Data are 
presented as mean ± standard deviation. Statistical significance was set at p<0.05. 
 
 

Results 
Pronounced pericyte degeneration and alterations in the diabetic human retina  
NG2/PDGFRβ double immunofluorescence staining of retinal flatmounts yielded detailed 
comprehensive 3D reconstructions of the pericyte morphology (Figure 1A; Figure 2). 
Confocal microscopy tile scans from each patient group revealed the pericyte distributions in 
all disease states, with fine morphological details captured by high-resolution imaging 
[FiglinQ-link-NG2].  



 

 

 
Figure 1. Loss of pericyte markers from capillaries in retina samples from donors with type 2 
diabetes mellitus. Immunofluorescence 3D images of NG2 (yellow) and PDGFRβ (cyan) staining (A), 
and of αSMA (yellow) and PDGFRβ (cyan) staining (B). Images show expression in the human retina 
under physiological control conditions, and the loss of pericyte marker expression under pathological 
conditions. The basal lamina of blood vessels is stained for laminin (LAM, magenta), and nuclei are 
stained with DAPI (blue). White arrowheads indicate examples of pericytes. Scale bars: 50 µm. Images 
on the far right show higher magnification of the boxed region; scale bars: 25 µm. 

 
NG2 staining robustly labelled pericyte cell bodies, and distinctly outlined their processes 
along capillaries in all patient groups. NG2-positive pericytes with spherical somata were 
predominantly localized at the branching points of blood vessels. PDGFRβ expression 
exhibited a granular pattern, showing diffuse distribution across most of the vasculature in all 
patient groups. Overall, the NG2 and PDGFRβ signals showed substantial, although not 
complete, colocalization in the retinas of all patient groups. Notably, compared to control 
retinas, type 2 DM and DR retinas exhibited a higher prevalence of capillaries lacking 
expression of both markers. 



 

 

 
 
Figure 2. Immunofluorescence staining of NG2 and PDGFRβ in the human retina. Representative 3D 
confocal microscopy images of NG2 (yellow) and PDGFRβ (cyan) immunofluorescence staining on 
capillaries in retinal flatmounts from non-diabetic donors (Control), donors with type 2 diabetes 
mellitus (DM) without diabetic retinopathy (DR), and donors with DR. The basal lamina of blood 
vessels is stained for laminin (LAM, magenta), and nuclei are stained with DAPI (blue). Scale bars: 50 
µm. Images on the far right show higher magnification of the boxed region; scale bars: 25 µm. 

 
 
We also performed αSMA/PDGFRβ double immunofluorescence staining in human retinas 
from the same donors. Confocal microscopy tile scans of αSMA/PDGFRβ co-stained human 
retinal flatmounts were obtained from each patient group [FiglinQ-link-aSMA]. In  
contrast to the ubiquitous NG2 and PDGFRβ expression, αSMA immunoreactivity was 
predominantly localized in arteriolar smooth muscle cells, with only segments of capillaries 
being positive for αSMA, across all patient groups (Figure 1B; Figure 3). αSMA expression was 
consistently colocalized with PDGFRβ expression. Capillaries lacking both pericyte markers 
were observed in some regions in most DM and DR retinas, and in one control retina sample 
(Figure 1B). Retina samples from two DR donors exhibited reduced αSMA staining, compared 
to retina samples from both control and DM donors.  
 
Both double staining experiments revealed that total PDGFRβ expression in the retinal 
vasculature was generally lower in DR donors, compared to both control and DM donors.  
 



 

 
 
Figure 3. Immunofluorescence staining for αSMA and PDGFRβ in human retina samples. 
Representative 3D confocal microscopy images of αSMA (yellow) and PDGFRβ (cyan) 
immunofluorescence staining in retinal flatmounts from non-diabetic control donors (Control), 
donors with type 2 diabetes mellitus (DM), and donors with diabetic retinopathy (DR). The basal 
lamina of blood vessels is stained for laminin (LAM, magenta), and nuclei are stained with DAPI 
(blue). Arrow indicates arteriole. Scale bars: 50 µm. Images on the far right show higher magnification 
of the boxed region; scale bars: 25 µm. 

 
 
Based on the presence or absence of NG2, PDGFRβ, and αSMA, we identified distinct 
pericyte subpopulations in retinal flatmounts from all donors. These subpopulations showed 
similar overall distributions across patient groups, except that pericytes positive for both 
PDGFRβ and αSMA were presented at lower proportions in the DM and DR groups, 
compared to controls. 
 
Apart from pericyte-specific alterations, both control and DM retinas generally exhibited 
well-organized vasculature. In contrast, immunofluorescence staining revealed regional 
vascular disorganization in all retina samples from DR donors, characterized by disrupted 
vessel alignment or, for some donors, the presence of microaneurysms (Supplementary 
Figure 3), which are hallmarks of DR [1]. 
 
The immunofluorescence staining results were used to quantify the vascular staining 
coverage of these markers and the pericyte cellular density along retinal capillaries. Among  



 

non-diabetic controls, NG2-positive pericytes covered approximately 80% of retinal 
capillaries (Figure 4A), while PDGFRβ-positive pericytes covered approximately 70% (Figure 
4B), indicating that pericytes covered nearly the entire abluminal surface area of retinal 
capillaries. Compared to controls, diabetic retinas, with and without DR, showed reduced 
vascular staining coverage based on NG2 expression, although substantial variability was 
observed among diabetic donors (Figure 4A). Additionally, PDGFRβ coverage was significantly 
reduced to 45% in DR retinas, compared to non-diabetic controls (p=0.043) (Figure 4B).  
All groups showed consistently low vascular staining coverage of αSMA. Approximately 25% 
of capillaries displayed αSMA-positive pericytes, with no significant differences between 
groups (Figure 4C). Based on previous reports [17], we anticipated that pericyte deficiency 
may be associated with high variability in vascular diameter. However, compared to areas 
with normal pericyte marker expression, the retinal areas with reduced pericyte marker 
expression showed no major globally-detectable differences in blood vessel diameter.  
Pericyte density was calculated to be 7 pericytes/mm capillary length in the non-diabetic 
retinas, and was reduced to 4 pericytes/mm capillary length in both DM and DR retinas  

 
 
Figure 4. Quantification of retinal vascular staining coverage, and pericyte cellular density, based on 
pericyte markers. Quantification of NG2 (A), PDGFRβ (B), and αSMA (C) vascular coverage in human 
retina samples from non-diabetic controls (CON), donors with type 2 diabetes mellitus (DM), and 
donors with diabetic retinopathy (DR) (n=4). Quantification of NG2 pericyte cell number in the retina 



 

was normalized to laminin (LAM)-positive capillary length (D). Each dot represents an individual 
donor. Data are expressed as the mean ± SD. *p<0.05. 

 
 
(Figure 4D). These results are in accordance with previous reports of early pericyte loss in 
DM, prior to DR onset [1, 22]. Across all groups, we observed thin laminin-positive tubular 
structures bridging capillaries that lacked pericyte marker expression (Figure 5), with a 
predominance among control donors. 
 
In summary, quantitative immunofluorescence analysis revealed substantial reductions of 
NG2-postive pericyte density, and vascular NG2 and PDGFRβ staining coverage, in diabetic 
retinas, both with and without DR, compared to non-diabetic controls. We did not observe 
any DM-induced alterations in αSMA coverage. These findings correspond to the known 
pericyte alterations in DM and DR during early disease stages, preceding clinically detectable 
DR. 
 

 
Figure 5. Basal lamina bridges in the human retina. Confocal microscopy images of basal lamina 
bridges in human retina samples from a non-diabetic (Control) donor and a donor with diabetic 
retinopathy (DR). Laminin (LAM, magenta) staining reveals the basal lamina of the microvasculature 
in the retina, including the basal lamina bridges. Pericytes are stained for NG2 (cyan) and PDGFRβ 
(yellow), and nuclei are stained with DAPI (blue). White asterisks indicate basal lamina bridges. White 
arrowheads indicate pericyte somata in close proximity to a basal lamina bridge. Scale bars: 50 µm. 

 
 
Subtle reduction in the vascular staining coverage of pericyte markers in DM and AD brain 
samples, with unchanged pericyte density  
Consistent with our observations in retina samples, NG2 expression in the frontal cortex was 
predominantly localized to pericyte cell bodies and, to a lesser extent, in the pericyte 
processes (Figure 6A; Figure 7). In contrast, PDGFRβ expression was diffusely and evenly 
distributed throughout the pericyte cell body and processes, exhibiting a very different 
pattern compared to the granular pattern observed in pericytes in the retina. We did not 
observe brain sample regions with complete loss of both pericyte markers in any patient 



 

group. Some areas contained capillaries stained for PDGFRβ but lacking NG2 expression 
(Figure 6). Additionally, lower NG2 expression was generally observed in the patient groups 
compared to controls (Figure 7). Quantitative analysis demonstrated that approximately 70–
80% of cortical capillaries were covered by NG2-positive and PDGFRβ-positive pericytes in  
 
 

 
 
Figure 6. Immunofluorescence staining of NG2 and PDGFRβ in the human frontal cortex. 
Immunofluorescence images of NG2 (yellow) and PDGFRβ (cyan) staining in the human frontal cortex 
under physiological control conditions, and showing the loss of NG2 expression under pathological 
conditions. The basal lamina of blood vessels is stained for laminin (LAM, magenta) and nuclei are 
stained with DAPI (blue). White arrowheads indicate examples of pericytes. Scale bars: 50 µm. Images 
on the far right show higher magnification of the boxed region; scale bars: 25 µm. 
 
 
control brain samples, which was comparable to our observations in control retina samples 
(Figure 8A, B). Compared to controls, all patient groups (type 2 DM, AD, and type 2 DM+AD) 
exhibited reduced vascular staining coverage of NG2 (Figure 8A) and PDGFRβ (Figure 8B), 
with the DM+AD group exhibiting the lowest NG2 coverage (44%) and PDGFRβ coverage 
(63%). Quantitative analysis revealed that the pericyte density was modestly higher in 
control brain tissue (9/mm) compared to control retinal tissue (7/mm) (Figure 8C). However, 
pericyte density did not significantly differ among diabetic, AD, DM+AD, and control brain 
samples. 
 
We did not observe αSMA staining in human brain samples using the same antibody and 
fixation method that were applied to the retina samples. 
 
Overall, our comparative analysis revealed subtle reductions in the vascular staining coverage 
of pericyte markers in frontal cortex samples from donors with DM and AD, without 
alterations of pericyte cellular density. 
 



 

 
 
Figure 7. Immunofluorescence staining for NG2 and PDGFRβ in human brain samples from donors 
with type 2 diabetes mellitus (DM) and donors with Alzheimer’s disease (AD). Representative 
confocal microscopy images of NG2 (yellow) and PDGFRβ (cyan) immunofluorescence staining in 
human frontal cortex cryosections (10 µm) from control donors, donors with DM, donors with AD, 
and donors with both DM+AD. The basal lamina of blood vessels is stained for laminin (LAM, 
magenta), and nuclei are stained with DAPI (blue). Scale bars: 50 µm. Images on the far right show 
higher magnification of the boxed region; scale bars: 25 µm. 
 
 
 



 

 
Figure 8. Quantification of cerebral vascular coverage, and pericyte density, based on pericyte 
markers. Immunofluorescence analysis of NG2 and PDGFRβ pericytes in the blood–brain barrier. 
Quantification of NG2 (A) and PDGFRβ (B) vascular staining coverage in human frontal cortex samples 
from control donors (CON) (n=3), donors with type 2 diabetes mellitus (DM) (n=4), donors with 
Alzheimer’s disease (AD) (n=4), and donors with both DM+AD (n=4). Quantification of the NG2 
pericyte cell number in the retina is normalized to CD31-positive capillary length (C). Each dot 
represents an individual donor. Data are expressed as the mean ± SD. 

 
 

Discussion 
The aim of this study was to explore pericyte characteristics of the BBB in cases of type 2 DM 
and AD, with comparison to those of the iBRB in cases of type 2 DM. Our study is the first 
explorative quantitative analysis of this subject, and revealed an estimated vascular staining 
coverage of 70–80%, based on NG2 and PDGFRβ, under non-diabetic conditions. Compared 
to the human retina, the human brain samples exhibited similar widespread expression of 
NG2 and PDGFRβ in the vasculature, reflected by similar vascular staining coverage of 70–
80%. Among the examined markers, NG2 and PDGFRβ showed the highest vascular coverage, 
closely approximating the vascular coverage and density of the pericyte population. In 
contrast, αSMA showed lower staining coverage of around 25% in the retina. Although 
previous studies have reported αSMA detection in cerebral microvasculature [31-33], here 
we did not observe αSMA immunoreactivity in brain pericytes.  
 
Our results revealed interesting trends in differential tissue-specific pericyte alterations 
between retina and brain tissue, related to pericyte cellular density in DM and AD. First, 
while both tissue types showed lower vascular staining coverage of pericyte markers in 
samples from donors with DM, quantitative assessment showed reduced pericyte cellular 
density only in diabetic retinas. The unchanged cerebral pericyte cellular density may 
indicate that although reduced expression of pericyte markers leads to decreased vascular 
staining coverage, the marker expression in the pericyte somata remains detectable. 
Alternatively, pericyte somata may be preserved despite alterations of cell processes. Our 
study could not resolve this issues in the absence of electron microscopy. Secondly, among 
the brain samples, the DM+AD group showed marked reductions of both NG2 and PDGFRβ 
vascular staining coverage, which were not observed in the donor groups with only DM or 
only AD. This finding may indicate that pericyte alterations play a role via diabetes-specific 
mechanisms, specifically in patients with DM who develop AD. There remains a need for 
further research using human AD tissue, to better understand how diabetes-induced vascular 
pathology contributes to the development and progression of AD in DM. 



 

 
The visualization of pericytes using marker-independent techniques, such as 3D electron 
microscopy [34], offers superior resolution for defining pericyte morphology and spatial 
context; however, such approaches are often limited in human tissue studies by accessibility 
and practicality. Thus, here we employed immunofluorescence staining with commonly used 
pericyte markers, as a surrogate tool for assessing pericyte characteristics. These markers, 
including NG2, PDGFRβ, and αSMA, have been previously validated in retinal and brain 
tissues, through anatomical and morphological characterization and co-expression of 
pericyte markers [20, 35]. However, it must be noted that these markers are not entirely 
pericyte-specific, as they can also be expressed by other cell types. Moreover, their 
expression may not be uniform across all pericyte subpopulations or cellular compartments, 
potentially leading to underrepresentation. Despite their limitations, these markers remain 
the most valuable tools for approximating pericyte coverage and density in human tissue.  
 
Our study is also subject to several other limitations. It was constrained by small sample 
sizes, due to the rarity of human brain and retina samples from donors with DM and/or AD. 
Additionally, there was high inter-patient variation, possibly due to comorbidities. Together, 
these limitations resulted in low statistical power. Therefore, the observed pathological 
differences should be regarded as trends, and may not reflect the true situation in the total 
patient population. There remains a need to increase the number of donors per patient 
group, to improve the statistical power. Another key limitation is the lack of matched eye and 
brain samples from the same donor, which prevents direct comparison of retinal and 
cerebral pathology. Furthermore, our analysis was confined to the frontal cortex, and 
pathological changes in AD vary according to region, e.g. with atrophy beginning in the 
hippocampus [36]. Additionally, it is possible that pericyte cellular density was 
underestimated because pericytes with a flat morphology, or with somata located on the 
underside of blood vessels, can be difficult to detect in post-mortem tissue, in contrast to the 
easily identifiable pericytes with a nodular shape. Discrepancies between our results and 
those in the literature may be attributed to post-mortem artifacts in our study, partial 
pericyte marker expression, or interspecies differences. Notably, previous reports have 
detected αSMA in brain pericytes, while this was not the case in our present study. This 
specific discrepancy may arise from antibody or fixation limitations; reduced αSMA 
expression in our aged donor cohort, consistent with reported age-related reductions of 20–
30% [37]; or the expression of alternative actin isoforms, such as smooth muscle γ-actin [37, 
38].  
 
Despite these limitations, the observed trends regarding differences in pericyte pathology 
between the retina and brain may indicate that pericytes are differently affected, or play a 
different role in pathology, in the NVU of the brain versus the retina, in DM alone, AD alone, 
and in DM patients developing AD. Alternatively, the brain may be more protected by 
compensating mechanisms [39]. Notably, the distinct and well-characterized early pericyte 
pathology observed in the retina in DM may explain why the retina shows microvascular 
damage in DM at an earlier stage, compared to the cerebral microvasculature [1]. The 
presently observed reduction in cerebral vascular staining coverage of pericyte markers 
aligns with previous findings in the diabetic rat brain [40] and in the post-mortem human AD 
brain [41-43]. On the other hand, the currently reported preserved pericyte density contrasts 
with previous studies, which have reported significant decreases [41, 42, 44-46] or increases 



 

[47, 48] of pericyte density in the human AD brain. Pericyte dysfunction and loss compromise 
the integrity of the BBB and iBRB, potentially affecting neural tissue homeostasis in the brain 
and retina, respectively [1, 12]. The contradictory findings regarding pericyte loss in brain 
capillaries in AD, in the literature together with our present findings, indicate that pericyte 
loss in the brain is not a consistent or universal feature of AD and DM. Alternatively, 
discrepancies may be explained by regional differences in cell bodies [46, 48], or by 
differences among quantification approaches. Beyond tissue-specific differences in pericyte 
pathology, previous studies have identified additional tissue-specific variations, including 
regulation of the amyloidogenic and non-amyloidogenic pathways, neuronal tissue thinning, 
ganglion cell loss, tau protein accumulation, and alterations in microglial gene expression 
[49, 50]. 
 
Our present findings, in a rare collection of human tissues, provide the first preliminary 
indication that there are distinct tissue-specific pathogenic mechanisms at play, which affect 
pericytes in the brain, as compared to the retina, in type 2 DM and AD. Moreover, our result 
suggest that retinal pericyte biomarkers may not be relevant as early predictors of cognitive 
impairment. Further work is needed to characterize these pericyte changes and other 
alterations in the BBB in type 2 DM and AD. 
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Macro for drawing blood vessel ROI 

if (bitDepth() != 16) { 

    exit("This script requires a 16-bit image."); 

} 

setAutoThreshold("Default dark"); 

setOption("BlackBackground", false); 

run("Analyze Particles...", "size=100-Infinity circularity=0.00-1.00 show=Nothing display clear 

add"); 

count = roiManager("count"); 

for (i = count-1; i >= 0; i--) { 

    roiManager("select", i); 

    diameter = getValue("Feret"); 

    length = getValue("Major"); 

    if (diameter < 10 || length > 20) { 

        roiManager("delete"); 

    } 

} 

roiManager("Show All"); 

 
 
Supplementary Figure 1. ImageJ macro script 1 to automatically draw an ROI around blood vessels 
in immunofluorescence images.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

Macro to set threshold for pericyte marker channel 

threshold = 1.000; 

setThreshold(threshold, 255); 

setOption("BlackBackground", false); 

run("Measure"); 

 
Supplementary Figure 2. ImageJ macro script 2 to remove background signal from 
immunofluorescence images using a pre-defined threshold. 

 
 

 
Supplementary Figure 3. Vascular disruptions in the human retinas from donors with diabetic 
retinopathy (DR). Immunofluorescence images of laminin (LAM, magenta), αSMA (yellow) and 
PDGFRβ (cyan) staining in the human DR retina. Nuclei are stained with DAPI (blue). White 
arrowheads indicate examples of microaneurysms. Scale bars: 200 µm. Images on the far right show 
higher magnification of the boxed region; scale bars: 100 µm. 

 
  



 

  



 

 

 
 
 
 
 
 
 
 
 

 

Chapter 7 

 
 

General discussion 

 

 

  



 

The neurovascular unit (NVU) is a complex, multicellular structure composed of endothelial 
cells, surrounded by pericytes, macroglia, microglia, and neurons (Figure 1, Chapter 1), which 
facilitate homeostasis in the retina and brain in a concerted manner [1-5]. The NVU regulates 
blood flow in response to the metabolic demand of neuronal tissue in the retina and brain. 
Endothelial cells in the NVU form a barrier between the blood and surrounding tissue, 
thereby protecting neuronal tissue from potentially harmful compounds in the circulation. 
Such a stable and functional environment is required for proper neuronal functioning in 
these organs. A dysfunctional NVU can lead to an impaired barrier function, which results in 
vascular leakage and neuronal damage.  
 
In this thesis, we aimed to study mechanisms involved in retinal and brain neurovascular 
impairment. Cellular and molecular alterations of the NVU in the retina and brain were 
investigated in the context of type 2 diabetes mellitus (DM) and Alzheimer’s disease (AD) in 
human patient material and animal models (zebrafish and mice).  
  
Animal models to study the neurovascular unit 
Animal models as an in vivo model for human diseases allow for studying pathophysiology, 
disease progression, and potential treatment options in a living organism with complex 
biological systems. Animal models offer a controlled in vivo environment related to genetic, 
environmental, and lifestyle effects to study mechanisms underlying neurovascular diseases. 
Zebrafish are highly suitable as an in vivo model for studying interactions within the NVU. In 
general, the advantage of zebrafish models over mice is that they allow studies of the NVU in 
real-time within the living organism because of their optical transparency [6]. Zebrafish are 
small in size and are widely considered a more ethical alternative to larger animal models in 
scientific research. Additionally, zebrafish allow for genetic editing and they reproduce 
rapidly and have a short life cycle, allowing for high-throughput studies.  
 
We developed a zebrafish multi-modal toolbox to study the blood-brain barrier (BBB) in the 
context of neurodegenerative diseases, as described in detail in Chapter 2. Zebrafish 
embryos were exposed to hyperglycaemia, which was used as a pathological stimulus to 
affect the BBB as proof of concept. Increased vascular diameters and tracer extravasation in 
the brain were identified in vivo in our zebrafish model as pathological responses. 
Contribution of the BBB to the tracer extravasation in the brain was confirmed by studying 
expression levels of proteins involved in the endothelial paracellular and transcellular 
transport pathways. Thus, this zebrafish embryo model allows for detailed studies of both 
BBB function and the role of proteins associated with barrier dysfunction. However, features 
of human adult neurodegenerative diseases, including protein aggregation and progressive 
neurodegeneration, are not fully recapitulated in embryonic stages. The zebrafish model 
would better reflect human diseases when zebrafish in fully matured stages are utilized and 
the time of exposure to pathological stimuli are prolonged. Nevertheless, our multi-model 
zebrafish toolbox is promising to study both the retina and brain.  
 
Given the fact that the retina shares an embryonic origin with the brain [7], the retina may 
offer a non-invasive assessment of pathophysiological alterations common to the brain, often 
referred to as a “window to the brain”. A link between retinal and brain abnormalities has 
also been suggested in AD, including thinning of neuronal tissue and presence of amyloid β 



 

(Aβ) plaques [8-11]. Identifying measurable retinal indicators of brain pathology may offer 
new opportunities for the diagnosis, monitoring, and treatment of AD.  
 
To study potential shared molecular mechanisms underlying NVU dysfunction in AD in both 
the eye and brain, we used an established animal model, the 5xFAD mouse model. This 
mouse model recapitulates characteristics of AD, including behavioural impairment and Aβ 
plaque formation, leading to microgliosis and inflammation as well as synaptic and neuronal 
loss [12]. In human AD, c-Jun N-terminal kinase (JNK) contributes to Aβ plaque formation, tau 
tangle pathology and synaptic dysfunction [13]. JNK activation has been suggested as a 
common pathogenic mechanism driving both retinal and cerebral neurodegeneration [14]. 
However, in Chapter 3, by means of a transgenic mouse model of AD, we provide data that 
do not support this hypothesis for this given model, as in the retina, early synaptic 
dysfunction and inflammation occurred without robust Aβ aggregation or widespread JNK 
activation.  
 
Still, finding a shared pathway in future studies would enhance the retina’s potential as a 
practical and accessible means of monitoring AD progression in the central nervous system. 
Other possible mechanisms shared by both tissues in AD, such as MAPK cascade activation 
induced by oxidative stress, mitochondrial dysfunction, dysregulated unfolded protein 
response pathways and impaired glial-cell mediated clearance need further study [15-18].  
 
In general, animal models of eye complications and neurological disorders are suitable in vivo 
models to provide insight in the status of the NVU over time and at different stages of the 
human disease. Animal models can provide information on the sequence of events and 
whether neuronal damage occurs before or after vascular damage. However, despite animal 
models being able to replicate the features of human eye complications and neurovascular 
diseases, the results should be interpreted with caution, and their applicability to human 
disease should be considered carefully.  
 
The human neurovascular unit in diabetes and Alzheimer’s disease  
There is a clear need for reliable retinal biomarkers that can effectively reflect structural and 
functional brain dysfunction. Early diagnosis and intervention based on these biomarkers 
may prevent the onset of neurodegenerative diseases. Therefore, understanding the precise 
pathophysiological nature of the complex cell-cell interactions in the brain and retina is 
required, especially pertaining to the NVU. Although the influence of DM on the retina and 
the inner blood-retinal barrier (iBRB) dysfunction has been extensively studied [3, 19-21], the 
effects of DM on the BBB remain underexplored and require additional research. In Chapter 
4, we compared type 2 DM-induced pathology in the NVU of the human eye and brain by 
performing immunostaining to study cellular changes. The general structure and function of 
the NVU in the human retina and brain are similar, but in this study we found that there are 
differences in DM-induced NVU pathology between these organs. DM differentially affects 
vascular permeability, tight junction integrity, transcytosis, the expression of water and ion 
channels and vascular coverage of pericytes in the eye and brain. Not only differences, but 
also similarities in pathology were found as changes in macroglia activity and function were 
observed in both the eye and brain in DM. Based on our findings we could confirm the 
clinical notion that there is no equivalent of diabetic retinopathy (DR) in the brain.  
 



 

Like in the retina and brain in type 2 DM, we also observed macroglial activation in the AD 
brain. Currently, there are no techniques available in the clinic to measure macroglia 
activation or function in the human eye or brain. There is a growing interest in astrocytes and 
their involvement in the pathophysiological processes underlying neurological diseases [22, 
23]. Whereas initial macroglia activation provides neuroprotection, chronic activation can 
lead to neuroinflammation, synaptic dysfunction and impaired waste removal, driving 
neurodegeneration. Currently, positron emission tomography (PET) tracers, along with 
biomarkers in blood and cerebral spinal fluid, enable assessment of astrocyte functions [24]. 
The potential of astrocytes as a therapeutic target need further study given their 
involvement in neuroinflammation and Aβ clearance.  
 
Dysfunction of the cerebral NVU has been suggested to be a critical event in AD [25], but 
current understanding regarding NVU dysfunction in AD is mostly based on findings in rodent 
models, and studies on the human NVU in the context of AD are often limited and/or have 
provided contradictory data. In our studies, using human post-mortem tissue samples of the 
frontal cortex, we found glial cell activation, lower vascular coverage of pericyte markers, 
altered localization of tight junction proteins, strong upregulation of the transcytosis 
inhibitor MFSD2A, and subtle changes in the expression of water and ion channels in AD. 
Thus, multiple cell types in the NVU appear affected in AD. However, we did not observe 
increased extravasation of the large plasma protein fibrinogen in AD alone. Fibrinogen might 
not be suitable to measure vascular leakage in the post-mortem brain. Given the previously 
reported vascular leakage in AD patients [26, 27], further validation using additional plasma 
proteins, such as immunoglobulin G (IgG) and albumin or smaller molecules, may be 
necessary as markers to identify vascular leakage.  
 
The most striking differences were observed in the elevated vascular permeability in patients 
with a combination of DM and AD. In future studies, it would be valuable to examine 
alterations in the NVU at the level of individual vessels exhibiting vascular leakage. 
Microvascular impairment, together with neurodegeneration, is a main mechanism involved 
in AD [4]. It is not clear whether microvascular pathology is a cause or a consequence in AD 
[28, 29]. It is be possible that Aβ in AD primarily affects neurons rather than the 
microvasculature. Several studies suggest that hypoxia causes changes in the endothelial 
cells of the microvasculature, leading to vascular leakage [28, 30, 31]. The increased 
permeability could be attributed to a dysfunctional paracellular transport pathway, based on 
the observed alterations in tight junction protein expression. In general, in addition to the 
paracellular transport pathway, the transcellular transport pathway contributes to vascular 
permeability in barrier endothelia. However, in our studies, we identified biologically 
fundamental differences between the retina and brain in this context, in particular in the 
expression pattern of plasmalemma vesicle-associated protein (PLVAP). PLVAP is a protein 
associated with endothelial plasmalemmal vesicles involved in transcellular transport and 
the regulation of vascular permeability [32-34]. PLVAP is absent in microvasculature with 
intact barrier function and upregulation correlates inversely with barrier integrity. In the 
brain, PLVAP expression was absent in all patient groups, including the patients with both DM 
and AD, suggesting that PLVAP and possibly transcellular transport, do not contribute to the 
increased vascular permeability observed in this patient group. In contrast, PLVAP was 
expressed in retinal microvasculature of DR patients, indicating altered transcellular 
transport as reported earlier.  



 

 
The human studies presented in this thesis provide only preliminary insights because of the 
limited sample sizes and cross-sectional nature of our studies. Nevertheless, the tissues 
prove to be useful for highlighting differences in the NVU between the retina and brain. 
Human studies with limited sample sizes may be more relevant for understanding human 
diseases than large-scale animal studies, due to the challenges in translating findings from 
the existing animal models to human conditions. However, human studies described in this 
thesis lack tissue samples from both the eyes and brains of the same donor due to the rarity 
of such specimens, preventing the assessment of simultaneous pathology in these organs. 
The simultaneous impairment of the NVU in retina and brain in DM patients remains to be 
elucidated. To assess whether the eye can serve as a window to the brain, it is essential to 
first confirm concurrent NVU pathology in the retina and brain from the same donors. Such 
correlations can be identified by analysing a large cohort of paired retinal and brain tissues. 
 
Alterations in the NVU have not only been found in DM and AD, but have also been reported 
previously in the brain in other diseases, including Parkinson’s disease, ischemic stroke, 
traumatic brain injury, amyotrophic lateral sclerosis [2, 35, 36]. Understanding the cellular 
and molecular alterations underlying NVU dysfunction may facilitate identification of 
potential therapeutic targets. However, non-invasive delivery of therapeutics to the eye and 
brain remains challenging because of the BRB and BBB [37]. The recent advancements in 
developing non-invasive delivery techniques show potential for clinical applications. Focused 
ultrasound in combination with microbubbles allow for localised increase in BBB 
permeability and the controlled breakdown of microbubbles to facilitate the release of 
therapeutic agents [38-43]. Likewise, electromagnetic fields can regulate BBB permeability 
and allow for drug delivery into the brain [44, 45]. Drug delivery can also be facilitated by 
modified extracellular vesicles [46, 47] or liposomes [48] that serve as a carrier across the 
BBB for therapeutic agents. 
 
Localisation of pericytes in human retinal flatmounts 
Retinal pericyte loss is an early event in DM, occurring prior to clinical DR onset [4, 49]. 
Pericyte loss has also been reported in the brain in experimental models of DM [50, 51]; 
however, corresponding human studies are lacking. Additionally, pericytes are considered to 
play a role in AD pathology, but findings regarding pericyte loss in the human AD brain 
remain contradictory [52-59]. Visualization of pericytes in retinal flatmounts provides a 
valuable tool for studying their role in retinal vascular health and disease.  
 
To be able to study pericytes in 3D in the human post-mortem retina, we developed a novel 
immunostaining protocol using several markers. In Chapter 5, we described how the 
immunostaining protocol on human retinal flatmounts was optimized for reliable 
visualisation of pericytes in human post-mortem retinal tissue. The advantage of retinal 
flatmounts over retinal cryosections lies in their ability to enable 3D reconstruction of 
pericytes and enhances spatial information by visualisation of pericyte localisation across the 
entire network. Optimization of staining protocols is crucial as the methodology may not be 
applicable for other tissues or other species. Furthermore, it is important to note that there 
is no single, universal marker that is exclusively specific to pericytes within the NVU of the 
retina and brain. Our study supports this notion, demonstrating distinct variations in the 
expression of neural/glial antigen 2 (NG2), platelet-derived growth factor receptor beta 



 

(PDGFRβ), and alpha smooth muscle actin (αSMA) in retinal pericytes. Consequently, we 
identified pericyte subpopulations based on differential marker expression.  
 
Immunofluorescence staining is performed in all human studies described in the present 
thesis. Immunofluorescence staining was the preferred technique as it allows highly specific 
and sensitive detection and localisation of target antigens within cells or tissues [60]. This 
method offers detailed spatial information regarding protein expression and enables the 
visualization of multiple targets within the same sample using different fluorophores. This 
capability allows for the examination of NVU alterations of individual blood vessels. A 
limitation of immunofluorescence staining in human tissue is that the tissue is removed from 
its natural in vivo environment and subjected to fixation, possibly affecting the conformation 
and location of proteins [60, 61]. Whereas fluorophores enable high sensitivity, the 
fluorescence signal can diminish over time or during exposure to light [60]. Additionally, 
autofluorescence and nonspecific antibody binding can complicate the interpretation of 
staining results [61, 62]. Furthermore, the lack of consensus on standardized methods for 
quantifying NVU markers complicates comparisons across studies. Nevertheless, 
immunofluorescence staining provides detailed insights into the process of barrier loss, 
offering information that cannot be obtained through in vivo imaging of the human retina 
and brain. Furthermore, immunofluorescence staining has broad applicability for studying 
molecular and cellular processes in both research and diagnostics. 
 
Pericyte pathology in the human neurovascular unit 
By employing our optimized immunofluorescence protocol to visualize pericytes in the 
retinal vasculature, we confirmed that pericyte loss is an early hallmark of DR progression in 
type 2 DM, as shown in Chapter 6. Additionally, we visualised pericytes in the human frontal 
cortex using immunofluorescence staining. Comparing the pericyte pathology between the 
human retina and brain revealed differential tissue-specific pericyte alterations in pathology. 
In the retina, vascular staining coverage of both NG2 and PDGFRβ and pericyte density was 
lower in DM donors. In the brain, vascular staining coverage of NG2 was lower in donors with 
DM, whereas pericyte density remained unchanged. A possible explanation is that pericytes 
are differentially affected or play distinct roles in the pathology of the NVU in these two 
tissues. Alternatively, compensatory mechanisms in the brain may protect pericytes from 
dysfunction and loss. Elucidating the precise mechanisms by which pericyte loss or 
dysfunction contributes to the effects of DM and AD pathology remains an important goal.  
 
Among the brain samples, the DM with AD group showed marked reductions in both NG2 
and PDGFRβ vascular staining coverage, a pattern not observed in the DM only or AD only 
groups, suggesting that pericyte alterations may be driven by DM-specific mechanisms that 
are particularly active in patients with DM who develop AD. Individuals with DM have an 
increased risk of developing AD [63], but much remains unknown regarding the mechanisms 
through which DM-induced vascular pathology contributes to the onset and progression of 
AD in individuals with DM.  
 
Notable differences were observed when comparing the vascular coverage by pericytes in 
retinal cryosections (Chapter 4) and retinal flatmounts (Chapter 6). Baseline pericyte 
coverage in non-DM controls was similar in both cryosections and flatmounts. However, 
cryosection analysis did not fully reflect the lowered coverage observed in type 2 DM retinas 



 

in flatmounts. Specifically, retinal cryosections of type 2 DM donors exhibited only a subtle 
reduction in vascular coverage, in contrast to the more pronounced reduction that was 
detected in flatmounts. These findings suggest that retinal cryosections may not be the 
optimal method for studying pericytes in DM retinas and cannot be considered a reliable 
substitute for flatmounts. 
 
Pericytes are not a homogeneous cell population. Pericyte subtypes can be identified based 
on their phenotype, expression of molecular markers, distribution, function and embryonic 
origin [64] and they differ between species [65]. Here, we have also demonstrated pericyte 
heterogeneity in both the retina and brain based on expression of NG2, PDGFRβ, and αSMA. 
Future studies should focus on better understanding of the contribution of pericyte 
subpopulations or altered marker expression patterns to pathology of the NVU. Single-cell 
sequencing techniques offer the potential for more precise subclassification based on gene 
expression profiles. Imaging modalities can be employed for subclassification of pericytes 
based on their morphological characteristics. These approaches allow for characterization of 
certain phenotypes in physiology and pathology. A pericyte subpopulation may be more or 
less prone to pathological stimuli or contribute to a larger extent to NVU dysfunction.  
 
Since our studies, together with previous literature, show that pericytes in the NVU are 
affected in pathological conditions, therapeutical approaches aiming to restore pericytes 
have the potential to improve barrier integrity. Experimental studies of transplanting 
pericyte-like cells or stem cell-derived progenitors in the eye and brain have demonstrated 
promising results: integration into the vasculature, restoring barrier integrity and 
ameliorating retinal and cerebral function [66-68]. Cell-based therapy may be an attractive 
therapeutic option for improving barrier function. However, major hurdles need to be 
overcome, including costs, delivery approach, adverse effects of the therapy, and the 
technical, manufacturing and regulatory challenges. Furthermore, future therapeutic 
approaches may benefit from targeting multiple cell types within the NVU, rather than 
focusing on a single cell type, as neurological diseases often involve dysfunction of several 
cell types. 
 
Concluding remarks 
The studies presented in this thesis advance our understanding of the cellular mechanisms 
underlying NVU disruption and BRB and BBB dysfunction. The NVU relies on coordinated 
interactions among its cellular and intercellular components to support proper neuronal 
function. In both type 2 DM and AD, NVU integrity is compromised in the eye and the brain. 
However, our findings indicate distinct pathological patterns in these tissues, both in human 
post-mortem tissue and in a mouse model of AD. Notably, there is no cerebral equivalent of 
DR. Further investigations are needed for the understanding of cellular and molecular 
mechanisms underlying BRB and BBB dysfunction for optimal diagnosis, monitoring and 
treatment of eye diseases, such as DR, and neurovascular disorders. In this context, zebrafish 
provide a valuable in vivo model for dissecting the mechanisms of blood-barrier breakdown. 
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English summary 
 
Exploring the divergence: the neurovascular unit in the eye and brain in diabetes and 
Alzheimer's disease 
 
The retina and brain contain specialized blood vessels that form highly selective barriers, 
which restrict the free movement of molecules and cells. These barriers are essential for 
protecting and regulating the local microenvironment necessary for proper neuronal 
function. The properties of these barriers are regulated by the neurovascular unit (NVU), a 
complex multicellular structure composed of endothelial cells, pericytes, macroglia, 
microglia, and neurons. Disruption of the NVU can compromise barrier integrity, leading to 
vascular leakage and neuronal damage. Both diabetes mellitus (DM) and Alzheimer’s disease 
(AD) are associated with vascular abnormalities and neurodegenerative processes involving 
the NVU in the eye and brain, respectively. Additionally, individuals with type 2 DM are at an 
increased risk of developing AD. However, the precise characteristics of these pathological 
structural and functional changes in the retina and brain and the mechanisms driving them 
remain poorly understood. While it is known that DM can lead to diabetic retinopathy (DR), 
the impact of DM on the brain NVU and its possible role in AD development in DM have yet 
to be fully explored. In this thesis, we aimed to investigate the alterations in the NVU within 
the retina and brain, especially focussing on DM and its associated increased risk of AD. 
 
In Chapter 2, we present a newly developed in vivo pathological model designed to 
investigate blood-brain barrier (BBB) integrity, utilizing zebrafish larvae. As a proof of 
concept, we induced hyperglycaemia to trigger BBB leakage. The techniques employed to 
comprehensively assess BBB integrity include: 1) live imaging in Tg(fli1:EGFP) zebrafish to 
visualise the cerebral vasculature and quantify vascular permeability via fluorescent tracer 
extravasation; 2) fluorescent reporter imaging in transgenic zebrafish lines to examine the 
expression of the tight junction protein claudin-5, as well as PLVAP, a marker for immature 
and pathological barrier endothelium involved in transcellular transport; and 3) transmission 
electron microscopy to investigate tight junction structures. This methodological toolbox 
provides a valuable foundation for utilizing zebrafish models to dissect the molecular 
mechanisms of blood-barrier breakdown, with important implications for studying diabetic 
macular oedema and other neurovascular diseases. 
 
In Chapter 3, we report retinal alterations in the 5xFAD mouse model of AD. In this model, 
both synaptic dysfunction and gliosis were observed in the retina. At 4 and 10 months of age, 
5xFAD mice showed an increased thickness of both the total retina and the inner retinal 
layer, which may be indicative of Müller cell swelling and gliotic remodelling. In contrast to 
the amyloid pathology observed in the brain of 5xFAD mice, minimal accumulation of 
amyloid precursor protein (APP) and amyloid beta 42 (Aβ42) was found in the retina. 
Furthermore, while the c-Jun N-terminal kinase (JNK) signaling pathway is activated in the 
brain, no activation of this pathway was observed in the retinal tissue of 5xFAD mice. The 
weak JNK activation and amyloid pathology observed in the retinal tissue, in contrast to the 
pronounced pathology in the brain, suggests a divergence between retinal and cerebral AD 
pathologies. 
 



 

In Chapter 4, we characterized and compared NVU alterations in the retina of type 2 DM and 
DR patients, and in the brain of type 2 DM and AD patients, using unique human tissue 
samples. We studied relevant surrogate markers of vascular parameters, including vascular 
permeability, tight junction integrity, transcytosis, and vascular coverage of pericytes, in both 
the human retina and brain. Our quantitative analysis revealed that DM affects vascular 
parameters differently in the brain compared to the retina. In AD, NVU alterations in the 
brain were similar to those observed in the DM retina for most of the NVU markers. NVU 
disruption was most severe in patients with both DM and AD, exceeding the damage 
observed in either condition alone. This was evidenced by the highest vascular permeability, 
the most pronounced alterations in endothelial paracellular and transcellular transport, and 
the greatest delocalization of astrocytic water channels. This explorative analysis in a small 
cohort also highlighted correlations between several altered NVU characteristics in the retina 
of DM patients and in the brain of DM and AD patients.  
 
Chapter 5 outlines the development of an optimized immunofluorescence staining protocol 
to visualise pericytes in 3D in human retinal flatmounts. Human retinal pericytes express 
platelet-derived growth factor receptor beta (PDGFRβ), nerve/glial antigen 2 (NG2), and 
alpha smooth muscle actin (αSMA). The use of retinal flatmounts enables comprehensive 3D 
visualization of pericyte distribution across the entire retinal vascular network. Key 
refinements to the methodology included optimization of the fixation procedure, blocking 
buffer composition, antibody solvent, and the incorporation of jasplakinolide to enhance 
αSMA detection. These improvements were essential for establishing a reliable 
immunofluorescence staining approach to study pericyte characteristics in the retina.  
 
This optimized protocol was then applied to examine pericyte coverage and density in 
human retinal flatmounts from individuals with type 2 DM and DR, as discussed in Chapter 6. 
Compared to non-DM controls, retinas from DM and DR patients showed significant 
reductions in pericyte density. In non-DR DM retinas, there was a notable decrease in the 
vascular coverage of NG2 and PDGFRβ. In DR retinas, reductions in PDGFRβ coverage were 
more pronounced, along with a decrease in αSMA staining. In addition to retinal analysis, we 
investigated pericyte characteristics in the human frontal cortex in DM and AD. We found 
subtle reductions in NG2 vascular coverage in frontal cortex samples from DM and AD 
donors, as well as from those with both DM and AD, though there were no statistically 
significant changes in pericyte density. Notably, PDGFRβ staining coverage was reduced in 
individuals with both DM and AD. We did not observe αSMA staining of pericytes in any of 
the brain samples. Taken together, these findings suggested distinct tissue-specific 
pathogenic mechanisms affecting pericytes in the brain in DM and AD, contrasting with the 
well-characterized pericyte loss observed in the retina of individuals with early pre-clinical 
DR in DM. 
 
Conclusions and future perspectives 
Finally, in Chapter 7, we present a broader discussion of the novel findings and hypotheses 
from this thesis, contextualized within the current body of research and the objectives and 
study questions of the RECOGNISED project. We discuss the use of zebrafish as an in vivo 
model to further investigate the molecular mechanisms involved in NVU disruption. Our 
work in human and mouse models demonstrates that the NVUs in the eye and brain are 
affected in both DM and AD. However, we identified differential pathologies in the retina and 



 

brain in both human post-mortem tissues and in a mouse model of AD. Finally, in patients 
with both DM and AD, specific and more pronounced changes occurred. Future research 
should focus on elucidating the cellular and molecular processes driving dysfunction of the 
blood-retinal barrier and BBB in DM, DR and AD. Such insights will be crucial for 
understanding the pathophysiology of these diseases, but also for improving diagnostic 
strategies, monitoring disease progression, and expanding treatment. 
 
  



 

Nederlandse samenvatting 
 
Neurovasculaire Verschillen tussen Oog en Hersenen bij Diabetes en de Ziekte van 
Alzheimer 
 
De retina en de hersenen hebben gespecialiseerde bloedvaten die zeer selectieve barrières 
vormen en die de vrije beweging van moleculen en cellen beperken. Deze barrières zijn 
essentieel voor het beschermen en reguleren van de lokale micro-omgeving die nodig is voor 
een goede neuronale functie. De eigenschappen van deze barrières worden gereguleerd 
door de neurovasculaire eenheid (NVE), een complexe multicellulaire structuur bestaande uit 
endotheelcellen, pericyten, macroglia, microglia en neuronen. Verstoring van de NVE kan de 
integriteit van de barrière aantasten, wat leidt tot vaatlekkage en neuronale schade. Zowel 
diabetes mellitus (DM) als de ziekte van Alzheimer (AD) worden geassocieerd met vasculaire 
afwijkingen en met neurodegeneratieve processen van de NVE in respectievelijk het oog en 
de hersenen. Bovendien hebben personen met DM type 2 een verhoogd risico om AD te 
ontwikkelen. De precieze kenmerken van deze pathologische structurele en functionele 
veranderingen in de retina en de hersenen en de onderliggende mechanismen, zijn echter 
nog steeds onvoldoende begrepen. Hoewel bekend is dat DM kan leiden tot diabetische 
retinopathie (DR), is de impact van DM op de NVE in de hersenen en de mogelijke rol in de 
ontwikkeling van AD in DM nog niet volledig onderzocht. In dit proefschrift was onze 
doelstelling om de veranderingen in de NVE in de retina en de hersenen te onderzoeken, met 
name in relatie tot DM en het daarmee samenhangende verhoogde risico op AD. 
 
In Hoofdstuk 2 presenteren we een nieuw in vivo pathologisch model, ontworpen om de 
integriteit van de bloed-hersenbarrière (BHB) te onderzoeken met behulp van 
zebravissenlarven. Als bewijs van concept induceerden we hyperglycemie om lekkage van de 
BHB te veroorzaken. De gebruikte technieken om de BHB-integriteit uitgebreid te 
beoordelen, zijn: 1) live imaging in Tg(fli1:EGFP) zebravissen om de cerebrale vasculatuur te 
visualiseren en de vasculaire permeabiliteit te kwantificeren via extravasatie van fluorescente 
tracers; 2) fluorescentie reporter imaging in transgene zebravissenlijnen om de expressie van 
het tight junction-eiwit claudine-5 te onderzoeken, evenals PLVAP, een marker voor 
immatuur en pathologisch barrière-endotheel dat betrokken is bij transcellulair transport; en 
3) transmissie-elektronenmicroscopie om tight junction-structuren te onderzoeken. Deze 
methodologische toolbox biedt een waardevolle basis voor het gebruik van zebravismodellen 
om de moleculaire mechanismen van bloed-barrière afbraak te ontrafelen, met belangrijke 
implicaties voor het bestuderen van diabetisch macula-oedeem en andere neurovasculaire 
aandoeningen. 
 
In Hoofdstuk 3 beschrijven we retinale veranderingen in het 5xFAD-muismodel van AD. In dit 
model werden zowel synaptische disfunctie als activatie van gliale cellen (gliose) in de retina 
waargenomen. Bij 4 en 10 maanden oude 5xFAD-muizen was er een toegenomen dikte van 
zowel de totale retina als de binnenste retinale laag, wat mogelijk duidt op zwelling van de 
Müller-cellen en reactieve gliacelveranderingen. In tegenstelling tot de amyloïde pathologie 
in de hersenen van 5xFAD-muizen, werd er minimale ophoping van amyloïde 
precursorproteïne (APP) en amyloïde bèta 42 (Aβ42) in de retina gevonden. Bovendien, 
hoewel de c-Jun N-terminale kinase (JNK)-signaalroute geactiveerd is in de hersenen, zagen 
we geen activatie van deze route in het retinale weefsel van 5xFAD-muizen. De zwakke JNK-



 

activatie en amyloïde pathologie in het retinale weefsel, in tegenstelling tot de uitgesproken 
pathologie in de hersenen, suggereert een divergentie tussen retinale en cerebrale AD-
pathologie. 
 
Hoofdstuk 4 beschrijft de karakterisering en vergelijking van NVE-veranderingen in de retina 
van patiënten met DM type 2 en DR, en in de hersenen van patiënten met DM type 2 en AD, 
met behulp van unieke menselijke weefsels. We bestudeerden relevante surrogaatmarkers 
voor vasculaire parameters, waaronder vasculaire permeabiliteit, integriteit van tight 
junctions, transcytose en vasculaire bedekking van pericyten, in zowel de humane retina als 
de hersenen. Onze kwantitatieve analyse toonde aan dat DM vasculaire parameters anders 
beïnvloedt in de hersenen dan in de retina. Bij AD waren de NVE-veranderingen in de 
hersenen vergelijkbaar met die in de DM-retina voor de meeste NVE-markers. De verstoring 
van de NVE was het ernstigst bij patiënten met zowel DM als AD, en overtrof de schade die 
werd waargenomen bij elk van beide aandoeningen afzonderlijk. Dit bleek uit de hoogste 
vasculaire permeabiliteit, de meest uitgesproken veranderingen in het paracellulaire en 
transcellulaire endotheeltransport, en de sterkste verplaatsing van astrocytaire 
waterkanalen. Deze exploratieve analyse in een klein cohort bracht bovendien correlaties 
aan het licht tussen verschillende veranderde NVE-kenmerken in de retina van DM-patiënten 
en in de hersenen van DM- en AD-patiënten die in toekomstige studies nader dienen te 
worden onderzocht. 
 
Hoofdstuk 5 beschrijft de ontwikkeling van een geoptimaliseerd immunofluorescentie 
kleuringsprotocol om pericyten in 3D te visualiseren in humane retinale flatmount 
preparaten. Humane retinale pericyten brengen de platelet-derived growth factor receptor 
bèta (PDGFRβ), nerve/glial antigen 2 (NG2), en alpha smooth muscle actin (αSMA) tot 
expressie. Het gebruik van retinale flatmounts maakt een uitgebreide 3D-visualisatie 
mogelijk van de verdeling van pericyten over het gehele retinale vaatnetwerk. Belangrijke 
verfijningen van de methodologie omvatten de optimalisatie van de fixatieprocedure, de 
samenstelling van de blokkeerbuffer, het antilichaam oplosmiddel en de incorporatie van 
jasplakinolide om de detectie van αSMA te verbeteren. Deze verbeteringen waren essentieel 
om een betrouwbare immunofluorescentiekleuring te ontwikkelen voor het bestuderen van 
pericyt kenmerken in de retina. 
 
Dit geoptimaliseerde protocol werd vervolgens toegepast om de pericyt bedekking en -
dichtheid te onderzoeken in humane retinale flatmount preparaten van individuen met DM 
type 2 en DR, zoals besproken in Hoofdstuk 6. Vergeleken met controles zonder DM 
vertoonden retina’s van DM- en DR-patiënten een statistisch significante afname van de 
pericyten dichtheid. In retina’s van patiënten met DM zonder DR was er een opmerkelijke 
afname van de vasculaire bedekking van NG2 en PDGFRβ. In retina’s van patiënten met DR 
waren de afnames in PDGFRβ-bedekking meer uitgesproken, samen met een afname van de 
αSMA-kleuring. Naast de analyse van de retina onderzochten we ook pericyt kenmerken in 
de humane frontale cortex bij DM en AD. We vonden subtiele verminderingen in de NG2-
vasculaire dekking in de frontale cortex van DM- en AD-donoren, net als van donoren met 
zowel DM als AD, terwijl de pericyten dichtheid onveranderd bleef. Opvallend was de 
vermindering van de PDGFRβ-kleuring in individuen met zowel DM als AD. We vonden geen 
αSMA-kleuring in de pericyten in de hersenen. Al met al wijzen deze bevindingen op 
verschillende weefselspecifieke pathogene mechanismen die pericyten in de hersenen bij 



 

DM en AD beïnvloeden, in tegenstelling tot het goed gekarakteriseerde pericytenverlies in de 
retina van individuen met vroege preklinische DR in DM. 
 
Conclusies en toekomstperspectieven 
Tot slot presenteren we in Hoofdstuk 7 een discussie over de nieuwe bevindingen en 
hypothesen uit dit proefschrift, geplaatst in de context van het huidige onderzoeksveld en de 
doelstellingen en onderzoeksvragen van het RECOGNISED-project. We bespreken het gebruik 
van zebravissen als in vivo-model om de moleculaire mechanismen verder te onderzoeken 
die betrokken zijn bij NVE-disruptie. Ons onderzoek met humane en muismodellen toont aan 
dat de NVE in het oog en de hersenen zowel bij DM als bij AD worden aangetast. We 
identificeerden echter verschillen in de pathologische veranderingen in de NVU tussen de 
retina en de hersenen, zowel in menselijke post-mortem weefsels als in een muismodel van 
AD. Ten slotte vonden we opvallend juist bij patiënten met zowel DM als AD specifieke en 
meer uitgesproken veranderingen in de NVE. Toekomstig onderzoek zou zich moeten richten 
op het ophelderen van de cellulaire en moleculaire processen die de disfunctie van de bloed-
retina barrière en de BHB bij DM, DR en AD veroorzaken. Dergelijke inzichten zijn van cruciaal 
belang voor het begrijpen van de pathofysiologie van deze ziekten, maar ook voor het 
verbeteren van diagnostische strategieën, het monitoren van de ziekteprogressie en het 
uitbreiden van de behandelingsmogelijkheden. 
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Dankwoord 
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zo goed van geest ben. Ik wens je veel mooie fietsritten en treinreizen, wellicht samen met 
Dylan. 
 
Lieve (oud-)collega's van de OAG-groep, wat fijn om jullie te leren kennen tijdens mijn 
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