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PDGF as an Important Initiator for Neurite Outgrowth Associated with Fibrovascular 
Membranes in Proliferative Diabetic Retinopathy
Evy Lefeverea, Inge Van Hovea, Jurgen Sergeysa, David H. W. Steelb,c, Reinier Schlingemannd,e, Lieve Moonsa*, 
and Ingeborg Klaassen d*
aNeural Circuit Development and Regeneration Research Group, Department of Biology, KU Leuven, Leuven, Belgium; bBiosciences Institute, 
Newcastle University, Newcastle-upon-Tyne, UK; cDepartment of Ophthalmology, Sunderland Eye Infirmary, Sunderland, UK; dOcular Angiogenesis 
Group, Department of Ophthalmology, Amsterdam Cardiovascular Sciences, Amsterdam Neuroscience, Amsterdam UMC, University of Amsterdam, 
Amsterdam, The Netherlands; eDepartment of Ophthalmology, University of Lausanne, Jules Gonin Eye Hospital, Fondation Asile Des Aveugles, 
Lausanne, Switzerland

ABSTRACT
Purpose: The formation of fibrovascular membranes (FVMs) is a serious sight-threatening complication of 
proliferative diabetic retinopathy (PDR) that may result in retinal detachment and eventual blindness. 
During the formation of these membranes, neurite/process outgrowth occurs in retinal neurons and glial 
cells, which may both serve as a scaffold and have guiding or regulatory roles. To further understand this 
process, we investigated whether previously identified candidate proteins, from vitreous of PDR patients 
with FVMs, could induce neurite outgrowth in an experimental setting.
Materials and methods: Retinal explants of C57BL6/N mouse pups on postnatal day 3 (P3) were cultured 
in poly-L-lysine- and laminin-coated dishes. Outgrowth stimulation experiments were performed with the 
addition of potential inducers of neurite outgrowth. Automated analysis of neurite outgrowth was 
performed by measuring β–tubulin-immunopositive neurites using Image J. Expression of PDGF receptors 
was quantified by RT-PCR in FVMs of PDR patients.
Results: Platelet-derived growth factor (PDGF) induced neurite outgrowth in a concentration-dependent 
manner, whilst neuregulin 1 (NRG1) and connective tissue growth factor (CTGF) did not. When comparing 
three different PDGF dimers, treatment with PDGF-AB resulted in the highest neurite induction, followed 
by PDGF-AA and -BB. In addition, incubation of retinal explants with vitreous from PDR patients resulted in 
a significant induction of neurite outgrowth as compared to non-diabetic control vitreous from patients 
with macular holes, which could be prevented by addition of CP673451, a potent PDGF receptor (PDGFR) 
inhibitor. Abundant expression of PDGF receptors was detected in FVMs.
Conclusion: Our findings suggest that PDGF may be involved in the retinal neurite outgrowth, which is 
associated with the formation of FVMs in PDR.

ARTICLE HISTORY 
Received 4 May 2021  
Revised 27 July 2021  
Accepted 2 August 2021 

KEYWORDS 
Proliferative diabetic 
retinopathy; fibrovascular 
membranes; neurite 
outgrowth; PDGF; Müller 
cells; angiogenesis

Introduction

Diabetic retinopathy (DR) is a chronic and progressive eye 
disease and a leading cause of blindness amongst the working- 
age population. Its proliferative stage, with retinal neovascular
ization, can result in severe intraocular hemorrhage as well as 
retinal traction and detachment, with vascular endothelial 
growth factor (VEGF) as the main driver.1 In addition to 
VEGF, many other pro-angiogenic growth factors and pro- 
inflammatory cytokines have been reported to play a role in 
PDR, including PlGF, interleukins, angiopoietin-2, MMP-9 
and CTGF.2–5

Besides vascular pathogenesis, neuroglial cell migration/ 
proliferation and fibrosis at the vitreoretinal interface are 
linked to proliferative DR (PDR). Importantly, fibrovascular 
membrane (FVM) formation is a serious sight-threatening 
complication of PDR as it may result in tractional retinal 
detachment.6 Extensive neurite sprouting occurs during the 
formation of fibrovascular membranes (FVMs) and may 

originate from any type of neuron including photorecep
tors, bipolar, amacrine and ganglion cells, as well as from 
retinal glial cells.7–9 The role of these neurites in FVM 
formation is unknown, but it has been speculated that 
vascular growth is stimulated by neurotrophic factors 
derived from neurons and Müller cells and that the neurite 
outgrowths may also serve as a scaffold for the newly 
formed vessels.7,8,10 During progression of the disease, in 
which myofibroblasts play a central role in a wound-healing 
-like response, fibrosis leads to FVM formation. In addi
tion, Müller glial–mesenchymal transition has been postu
lated as an alternative fibrinogenic mechanism associated 
with membrane formation in PDR.11 More precise knowl
edge of the molecular mechanisms underlying FVM devel
opment and progression may enable novel pharmacological 
interventions to be identified.

To date, the neurotrophic factors which initiate the 
neurite outgrowth in FVMs are unknown. In a previous 
study, we used a custom antibody array that included 
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antibodies against various neurotrophic factors to analyze 
the protein content of vitreous samples of PDR patients 
with FVMs, as compared to PDR patients without 
FVMs.12 Based on these expression data and on published 
associations with neurite outgrowth or formation of fibro
vascular membranes, we selected two proteins that were 
highly elevated (>2.5-fold) in vitreous of PDR patients 
and which may have the potential to induce retinal neurite 
extension: neuregulin-1 (NRG1β1) and platelet-derived 
growth factor (PDGF). An additional finding in our pre
vious study was that the PDGF axis has a central role in 
a protein cluster of co-regulated proteins.12 NRG1β1 is 
a neurotrophic factor that is highly expressed in the central 
nervous system and that was found to stimulate neurite 
outgrowth in dorsal root ganglia explants13 and in the 
developing rat retina.14 PDGF is a dimeric glycoprotein 
that can consist of two A subunits (PDGF-AA), two 
B subunits (PDGF-BB), or one of each (PDGF-AB). In 
addition, two other dimeric proteins exist that consist of 
two C or two D subunits (PDGF-CC and PDGF-DD), 
which need proteolytic cleavage before receptor binding.15 

PDGF stimulates proliferation and differentiation of cells of 
mesenchymal origin, including fibroblasts, smooth muscle 
cells and Müller cells.15 In vitro, PDGF has been shown to 
stimulate neuronal and Müller cell proliferation and neurite 
outgrowth in rat brain cultures.16–19 In addition, we 
selected connective tissue growth factor (CTGF), which is 
highly elevated in vitreous of PDR patients and functionally 
linked to the formation of fibrous membranes, fibrosis and 
the angio-fibrotic switch.3,20 Whereas others were able to 
demonstrate elevated levels of BDNF, GDNF, NT-3 and 
NT-4,21 we were unable to detect these neurotrophins in 
our previous study12 and therefore did not include them in 
the present study.

In the present study, we investigated the role of these selected 
growth factors on neurite outgrowth using ex vivo cultures of 
retinal explants isolated from neonatal mice. After 3 days of 
exposure to accumulating concentrations of growth factor, the 
total area of immunolabeled neurites was quantified per 100 µm 
segment by automatic morphometric analysis.22 This organotypic 
model has been well characterized and applied to explore the 
potential of compounds of interest in supporting neurite 
outgrowth.23–26 In this model, we subsequently tested the effect 
of vitreous from PDR patients on neurite outgrowth as compared 
to vitreous from non-diabetic patients undergoing vitrectomy for 
macular holes.

Materials and methods

Animals

Experiments were performed using C57BL6/N mice of both sexes 
on postnatal day 3 (P3). Breeding pairs and litters were housed 
under standard laboratory conditions, raised in 12/12 hours light/ 
dark cycle, with food and water ad libitum. All animal experiments 
were approved by the Institutional Ethical Committee of KU 
Leuven and followed the European Communities Council 
Directive of 22 September 2010 (2010/63/EU).

Human samples/tissue

Pooled vitreous samples were used from both control patients 
that had undergone vitrectomy for macular hole (n = 5) and 
separately from PDR patients showing high vitreal PDGF 
levels (n = 7). Pooling was necessary to obtain a sufficient 
sample with equal amounts of PDGF. The concentrations of 
PDGF-AA and PDGF-BB protein in the vitreous samples 
were quantified by using an array-based multiplex immu
noassay (Human Quantibody array) performed by the man
ufacturer (RayBiotech, Norcross, GA, USA) with 200 µl of 
each vitreous sample. PDGF-AB was not determined in these 
samples.

The vitreoretinal membranes were harvested during pars 
plana vitrectomy from a separate set of patients that were 
operated on for removal of primary epiretinal membranes 
from non-diabetic patients (n = 5) or for removal of fibrovas
cular membranes from PDR patients (n = 4). Retinal tissue was 
isolated from donor eyes (n = 6), provided anonymously by the 
Cornea Bank Beverwijk, The Netherlands (http://www.eurotis 
suebank.nl/comeabank/), as described previously.12 The study 
followed the tenets of the Declaration of Helsinki, with 
approval from the National Health Service Research Ethics 
Committee (South East Coast – Surrey research ethics com
mittee reference 12/LO/0130). Signed informed consent was 
obtained from the subjects after explaining the nature of the 
study. Patient data was treated confidentially, and samples were 
anonymized.

Compounds

The following neurogenic and angiogenic factors, dissolved in 
culture medium, were used: neuregulin 1 β1 human recombi
nant (NRG1β1, CYT-733) used at 10, 50 and 100 ng/ml; con
nective tissue growth factor human recombinant (CTGF, CYT- 
541) used at 10, 50 and 100 ng/ml; and platelet-derived growth 
factor (PDGF). From the latter compound, three isoforms were 
investigated: PDGF-AA human recombinant (CYT-590), 
PDGF-AB human recombinant (CYT-342) and PDGF-BB 
human recombinant (CYT-501), respectively, used at concen
trations of 1, 10, 50 or 100 ng/ml. All compounds were derived 
from ProspecBio (Rehovot, Israel). CP673451 (Tocris, Bio- 
techne, Abingdon, UK) was used as a potent and selective 
PDGFRα/β inhibitor at a concentration of 100 nM.27 

A combination of recombinant brain-derived neurotrophic 
factor (BDNF, cat# 450–02, 5 ng/ml) and recombinant ciliary 
neurotrophic factor (CNTF, cat# 450–50, 1 ng/ml), both pur
chased from Preprotech (London, UK), was used as a positive 
control.

Retinal explant culture

Retinal explant cultures were performed as described 
previously.23 Briefly, retinas were dissected from postnatal day 
3 (P3) mouse pups and 750 μm diameter explants were punched 
from the retinas. Explants were cultured in poly-L-Lysine- 
(0.25 mg/ml) and laminin (2 μg/ml)-coated 4-well plates 
(NunclonTM dElta Surface, ThermoFisher Scientific, Waltham, 
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MA, USA) for 3 days, oriented with the retinal ganglion cell 
(RGC) layer facing the coated surface to allow RGC axons to 
grow out from the retinal tissue. Explants were cultured in 
Neurobasal-A medium supplemented with 1 mM L-glutamine, 
0.25 μg/ml Fungizone, 100 U/ml penicillin, 100 μg/ml strepto
mycin, 2% B27 supplement (all from Invitrogen, Carlsbad, CA, 
USA), and 0.4% methylcellulose (Sigma-Aldrich, St. Louis, MO, 
USA). In addition, the culture medium was supplemented with 
either 250 µl neurogenic/angiogenic compounds or vitreous 
samples from control or PDR patients (1/5 diluted in PBS). 
During the 3-day incubation period, half of the medium was 
replaced every 24 hours by fresh medium, containing the same 
concentration of compound or vitreous sample.

Immunological staining

After 3 days in culture, explants were rinsed with cold phos
phate-buffered saline (PBS) and fixed in 4% phosphate- 
buffered paraformaldehyde (PFA) for 1 hour. The explants 
were rinsed and incubated in blocking solution for 45 minutes. 
Neurite outgrowth was visualized using a mouse anti-β-tubulin 
primary antibody (Sigma-Aldrich) overnight and an Alexa- 
488-labeled secondary antibody (Invitrogen) for 2 hours, as 
previously described.23 Explants were counterstained with 
4ʹ,6-diamidino-2-phenylindole (DAPI, 1 µg/ml) in PBS for 
30 minutes and mounted with mowiol (Sigma-Aldrich). All 
explant pictures were taken on a confocal microscope 
(Olympus, FV1000) and analyzed using an in-house ImageJ 
script, all as described.23,28

Image analysis

Automated analysis of neurite outgrowth was performed by 
measuring the Immunodetected Neurite Area (INA), identi
fied as the area containing outgrowing β-tubulin-immuno- 
positive neurites attached to the explant body. The INA was 
normalized for explant size by dividing by the perimeter of 
the DAPI-stained explant body and normalized further by 
equating the control explants per experiment to 100%. Next, 
the acquired INA was divided into four segments, using con
centric circles, each 100 µm further from the explant body. 
This provides three ring segments and an outer segment with 
the remaining immune-labeled neurites, allowing the effect of 
the compounds on axonal growth to be investigated by mak
ing a distinction between neurite outgrowth initiation (close 
to explant body; 0–100 µm and 100–200 µm) and neurite 
elongation (further from the explant body; 200–300 µm and 
>300 µm).23

Quantitative RT-PCR

RNA was isolated using TRIzol reagent (ThermoFisher 
Scientific). RNA integrity was verified using an Experion 
Automated Electrophoresis System (Bio-Rad, Hercules CA, 
USA). All samples had clear ribosomal RNA bands with mini
mal sign of degradation. Complementary DNA (cDNA) was 
generated from 1 μg RNA per sample. cDNA and RNA were 
stored at −80°C.

Primer sequences were as follows: PDGFRA forward 5ʹ- 
ACATCGGAGGAGAAGTTTCCCAGA-3ʹ and reverse 5ʹ- 
TTAGGCTCAGCCCTGTGAGAAGA-3ʹ; PDGFRB forward 
5ʹ-AGCCAGCTCCACCCTGAATG-3ʹ; and reverse 5ʹ- 
CGAATCCGGCAACTGTTCCAG-3ʹ. Real-time quantita
tive PCR was performed on 20x diluted cDNA samples 
using a CFX96 system (Bio-Rad, Hercules, CA). Ct values 
were converted to arbitrary absolute amounts (2−Ct × 
1e12) and normalized to tyrosine 3-monooxygenase/tryp
tophan 5-monooxygenase activation protein zeta 
(YWHAZ) mRNA levels for each sample, forward 5ʹ- 
ACTTTTGGTACATTGTGGCTTCAA-3ʹ, and reverse 5ʹ- 
CCGCCAGGACAAACCAGTAT-3ʹ.

Statistical analysis

Retinal explant data are presented as mean ± SEM. The normal 
distribution was verified using a Kolmogorov–Smirnov test, 
and parallel equal variance between groups was tested. 
Outliers were identified and excluded, based on a Grubbs’ 
test (extreme studentized deviate (ESD) method). One-way 
ANOVA followed by Dunnett’s multiple comparisons test or 
unpaired t-tests was performed. Gene expression data are pre
sented as mean ± SD, and statistical differences between groups 
were analyzed with the Mann–Whitney U test. All statistical 
tests were performed using GraphPad Prism version 8.0.0 for 
Windows (GraphPad Software, San Diego, California, USA). 
Differences were considered statistically significant with 
a probability level of α <0.05.

Results

Platelet-derived growth factor (PDGF) as an important 
initiator of neurite outgrowth

As demonstrated in Figure 1, treatment with the positive con
trols, BDNF and CNTF, effectively induced neurite outgrowth 
in retinal explants, while treatment with increasing concentra
tions of NRG1 did not stimulate neurite outgrowth as com
pared to the control condition. As with NRG1, incubation with 
CTGF also did not augment neurite outgrowth.

However, when mouse retinal explants were exposed to 
PDGF-BB, a concentration-dependent increase in neurite out
growth was observed using a concentration of 1–50 ng/ml with 
the highest concentration of PDGF-BB showing a significant 
difference as compared to control retinas. For this initial 
experiment, we chose PDGF-BB since it has previously been 
shown to induce Müller cell proliferation,19 neuronal 
differentiation16 and neurite outgrowth from primary rat 
brain cultures.18

To further investigate the effects of PDGF on neurite out
growth, we tested the effect of not only PDGF-BB but also 
PDGF-AA and -AB ligands on neurite outgrowth and at 
higher concentrations ranging from 10 to 100 ng/ml, as the 
dose-dependent increase observed in our initial experiments 
did not reach a plateau (Figure 2). PDGF-AA treatment 
showed a 1.9-fold increase in total neurite outgrowth at 
a concentration of 50 and 100 ng/ml, as compared to control 
(P = .0054 and 0.0370, respectively). PDGF-AB demonstrated 
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a concentration-dependent increase in total neurite out
growth of 1.9-fold at 10 ng/ml (P = .0108), 2.4-fold at 50 ng/ 
ml (P < .0001) and 2.6-fold at 100 ng/ml (P < .0001), while 
PDGF-BB addition resulted in a 1.9-fold increase in total 
neurite outgrowth at 100 ng/ml (P = .0078) (Figure 2a). 
When we distinguished neurite outgrowth initiation and 
elongation using the concentric rings described in the meth
ods, we confirmed that treatment of explants with BDNF/ 
CNTF robustly stimulated neurite elongation, which was 
clearly visible in the outer segment (>300 µm).25 Of all 
ligands, PDGF-AB (at 100 ng/ml) showed the largest effect 
on neurite outgrowth initiation and elongation with 
a 1.5-fold, 5.5-fold and 11.5-fold difference as compared to 
controls in regions of 0–100 µm (P = .0006; Figure 2b), 100– 
200 µm (P < .0001; Figure 2c) and 200–300 µm (P < .0001; 
Figure 2d), respectively. The effects of PDGF-AA were some
what less robust and most pronounced at a concentration of 
50 ng/ml with 3.7-fold in the regions of 100–200 µm 
(P < .0001; Figure 2b) and 6.3-fold in the regions of 200– 
300 µm (P = .0059; Figure 2c). PDGF-BB at 50 mg/ml showed 
an increase in neurite outgrowth initiation with a difference 
of 1.4-fold as compared to controls in regions of 0–100 µm 
(P = .0033; Figure 2b) and at 100 ng/ml an increase of 2.9-fold 
in regions of 100–200 µm (P = .0146; Figure 2c). None of the 

ligands showed a significant effect in the region >300 µm 
(representative images of the two highest concentrations 
that show the largest differences as compared to control are 
given in Figure 2e). Overall, PDGF-AB showed the most 
pronounced effects on initiation of neurite outgrowth, but 
even more on neurite elongation, which was especially evi
dent by the 11.5-fold increase in the region 200–300 µm.

Pharmacological inhibition of PDGF signaling is sufficient 
to prevent neurite outgrowth induced by vitreous of PDR 
patients

Next, we wanted to investigate whether PDGF in vitreous 
samples of PDR patients was able to induce neurite out
growth and whether this could be blocked with a specific 
PDGF inhibitor. For this purpose, we used pooled vitreous 
samples from seven PDR patients with relatively high 
PDGF-AA protein levels and pooled vitreous samples 
from five control patients. Together, the pooled vitreous 
samples from PDR patients contained 5249 pg/ml PDGF- 
AA and 1.8 pg/ml PDGF-BB. The pooled vitreous from 
control patients contained 41.7 pg/ml PDGF-AA and no 
detectable PDGF-BB.

Figure 1. Neurite outgrowth in retinal explants incubated with selected growth factors. Retinal explants were incubated with increasing concentrations of recombinant 
human neuregulin 1 β1 (NRG1; 10, 50 and 100 ng/ml), recombinant human connective tissue growth factor (CTGF; 10, 50 and 100 ng/ml) and recombinant human 
platelet-derived growth factor (PDGF; 1, 10 and 50 ng/ml). A combination of recombinant brain-derived neurotrophic factor (BDNF) and ciliary neurotrophic factor 
(CNTF) was used as positive control (B/C), and untreated explants served as a negative control (CON). (a) Total neurite outgrowth area was determined by automated 
morphometric analysis of β-tubulin immunostained mouse retinal explants. Results are presented as mean ± SEM of 8–13 explants of 2 biological repeats. One-way 
ANOVA with Dunnett’s multiple comparison test was used to calculate statistical differences (** P < .01, *** P < .001). (b) Representative images of explants of each 
condition are shown with NRG1, CTGF and PDGF-BB at a concentration of 50 ng/ml. Scale bar is 500 µm.

280   E. LEFEVERE ET AL.



Figure 2. Neurite outgrowth in retinal explants incubated with three different PDGF dimers. Retinal explants were incubated with increasing concentrations (10, 50 and 
100 ng/ml) of PDGF-AA, -AB or -BB. A combination of recombinant brain-derived neurotrophic factor (BDNF) and recombinant ciliary neurotrophic factor (CNTF) was 
used as positive control (B/C). Relative neurite outgrowth area was determined as compared to control conditions (CON) in total (a) and 100 µm segments of 0–100 µm 
(b), 100–200 µm (c), 200–300 µm (d) and >300 µm segments (e). Results are presented as mean ± SEM of 14–36 explants of three biological repeats. One-way ANOVA 
with Dunnett’s multiple comparison test was used to calculate statistical differences (* P < .05, ** P < .01, *** P < .001, **** P < .0001). (f) Representative images of 
explants of each condition are shown with each PDGF-dimer at a concentration of 50 and 100 ng/ml. Scale bar is 500 µm.
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Retinal explants incubated with vitreous from PDR patients 
showed, on average, a 2.8-fold greater induction of neurite 
outgrowth as compared to control vitreous (Figure 3). To 
investigate whether specific inhibition of PDGF receptor sig
naling in vitreous from PDR patients was able to prevent this 

induced neurite outgrowth in the retinal explants, we used the 
pharmacological inhibitor CP673451, which is directed against 
both alpha and beta PDGF receptor types, thereby inhibiting 
downstream signaling of PDGF ligand binding (Figure 3a). 
When we simultaneously added the potent PDGFR inhibitor, 

Figure 3. Neurite outgrowth in retinal explants incubated with vitreous of PDR patients or non-diabetic controls with macular holes in the presence or absence of the PDGFR 
inhibitor CP673451. (a) CP673451 blocks downstream signaling of both PDGFRα and -β leading to processes such as proliferation, differentiation and migration. Relative neurite 
outgrowth area was determined as compared to control conditions (CON) in total (b), 100 µm segments of 0–100 µm (c) and 100–200 µm (d). Results are presented as mean ± 
SEM of 6–10 explants of two biological repeats. Unpaired t-tests were used to calculate statistical differences (* P < .05, ** P < .01). (e) Representative images of explants cultured 
with pooled control vitreous or pooled vitreous of PDR patients in the presence or absence of CP673451 (CP). Scale bar is 500 µm.

282   E. LEFEVERE ET AL.



the stimulation of neurite outgrowth by the PDR vitreous was 
completely abrogated, except for some sporadic single neurites 
(Figure 3b,e). This was especially observed in the region up to 
100 µm away from the explant (Figure 3c), but not in regions at 
a longer distance (Figure 3d) and in regions >200 µm (data not 
shown). Neurite outgrowth measured after culturing explants 
in control vitreous with PDGFR inhibitor was comparable to 
that without inhibitor (Figure 3b–e). Together, these results 
suggest that vitreous samples of PDR patients with high protein 
levels of PDGF-AA induce neurite outgrowth and that phar
macologic inhibition of PDGF signaling is able to prevent this.

Expression of PDGF receptors in vitreoretinal 
membranes and retina

To further investigate the cellular mechanisms by which PDGF 
signaling may contribute to neurite/process outgrowth and 
FVM development, gene expression levels of PDGFA and 
PDGFB ligands and their receptors PDGFRα and -β were 
evaluated in FVMs from patients with PDR via quantitative 
RT-PCR. Whereas very low or undetectable mRNA levels of 
PDGFA and -B were found in FVMs of PDR patients,12 

PDGFRα and -β were found to be abundantly expressed 
(Figure 4). For comparison, we investigated mRNA levels in 
idiopathic epiretinal membranes (iERMs) from the eyes of 
non-diabetic patients with macular pucker and in whole reti
nae from non-diabetic donors. Expression of both receptors in 
iERMs was comparable to that of FVMs in PDR, whereas 
absent or low levels of PDGFRα and -β were found in non- 
diabetic retina.

Discussion

Of the three tested candidate growth factors, PDGF was found 
to be an important stimulator of neurite outgrowth in murine 
retinal explants, whereas no effect was observed for NRG1 or 
CTGF. In addition, we showed that neurite outgrowth is 
induced by vitreous of PDR patients with high protein levels 
of PDGF-AA, which could be prevented by a specific inhibitor 

of PDGF receptor-mediated signaling. Furthermore, our study 
revealed that PDGFRα and -β mRNA expression is highly 
abundant in FVMs of PDR patients, whereas expression in 
non-diabetic human retina is absent or low. Together, these 
results indicate that PDGF may be a prominent initiator of 
neurite outgrowth leading to fibrovascular membranes in PDR. 
PDGF signaling may play a role in the formation of not only 
FVMs but also iERMs in non-diabetic patients with macular 
pucker since highly abundant expression of both receptors was 
found in both membrane types.

PDGF receptors are cell surface receptor tyrosine kinases 
that have 10 phosphorylation sites, which upon activation can 
interact with a substantial number of downstream acting pro
teins, including signaling kinases Src, Fer, phosphoinositide 
3-kinase (PI3K), Src homology 2 (SH2) domain–containing 
phosphatase 2 (SHP2) and phospholipase C (PLC), thereby 
leading to activation of several signaling pathways, including 
the PI3K pathway, mitogen-activated protein (MAP) kinase 
pathways and the PLC pathway.29 Exactly which pathways 
are involved in the formation of FVMs remains elusive and 
needs future investigation.

The selection of PDGF as a candidate for induction of 
neurite outgrowth was based on expression levels in vitreous 
of PDR patients12 and their published activity on neurite pro
liferation. In our previous exploratory study with vitreous 
samples from PDR patients with FVMs, the PDGF axis was 
shown to play a central role in a network of co-regulated 
proteins.12 Our hypothesis-driven approach identified PDGF 
as a major inducer of neurite outgrowth, but this does not 
exclude that other growth factors and cytokines may also play 
an important role in neurite outgrowth in PDR. For example, 
two recent studies showed the involvement of the chemokine 
axis CXCL16/CXCR6 and the metalloproteinases ADAM10 
and ADAM1730 and the involvement of CD14631 in vitreous 
of PDR patients, FVMs and in Müller cell activation.

The observed effects of PDGF on neurite outgrowth confirm 
the results from previous studies. Cultured primary rat neuronal 
cells treated with PDGF-BB for 2 days resulted in extended cell 
survival and increased outgrowth of neurites.18 In addition, 
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Figure 4. Expression of PDGFRA and PDGFRB in vitreoretinal membranes and human retina. Levels of PDGFRA and PDGFRB mRNA was determined by real-time 
quantitative PCR and presented as absolute amounts in Log10 scale. Mean ± SD are given of fibrovascular membranes of patients with PDR (PDR, n = 4), idiopathic 
epiretinal membranes of non-diabetic patients with a macular pucker (iERM, n = 5) and non-diabetic retina (Retina, n = 6). All data points of PDGFRA and one data point 
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prolonged incubation of more than 10 days with PDGF-BB 
resulted in an extended survival of cultured GABAergic 
interneurons.32 PDGF-BB was also found to stimulate prolifera
tion of Müller cells and PDGF receptor phosphorylation, which 
was blocked by a PDGFR-selective tyrosine kinase inhibitor.19 

Müller cells may play a role in the formation of FVMs in PDR. 
Proliferating Müller cells are considered to be a scaffold for 
neurites to grow on,7,33 and recently, Müller glial–mesenchymal 
transition was postulated as an alternative fibrinogenic mechan
ism associated with membrane formation in PDR.11 Another 
recent study showed that proliferation and migration of cultured 
Müller cells were stimulated by vitreous of PDR patients 
(Rezzola et al. 2021).34 Together, this provides further evidence 
for a role of Müller cells in the formation of FVMs in PDR.

Since treatment of PDR as well as neovascular AMD with 
anti-VEGF therapy may be ineffective or incomplete,35 addi
tional therapies have been sought including anti-PDGF ther
apy. In the cancer biology field, it was found that 
a combination therapy targeting PDGF and VEGF pathways 
was more effective as an anti-angiogenic treatment than anti- 
VEGF therapy alone, which could largely be subscribed to the 
role of pericytes in this process.36–40 Also in ocular models of 
corneal and choroidal neovascularization, increased vascular 
regression was observed using a combination of an anti-VEGF 
aptamer and an anti-PDGFR-β antibody as compared to an 
anti-VEGF aptamer alone.41 In the laser-induced CNV model 
in mice, it was found that PDGFR-expressing mesenchymal 
(pericyte-like) cells infiltrated into the wound to form 
a scaffold for endothelial cells to develop new vessels, which 
could be prevented by inhibiting PDGF signaling.42

Dual targeting against PDGF (Fovista) and VEGF (ranibizu
mab) in a Phase 2B trial in neovascular AMD showed promising 
results as compared to ranibizumab alone, including reduced 
macular fibrosis and a higher gain in visual acuity.43 This has 
prompted many other companies to invest in the development 
of novel applications using this dual-target approach. However, 
a follow-up phase 3 study by Fovista failed to show the beneficial 
effects of the combination therapy over the monotherapy, and 
likewise, other combination therapies targeting PDGF and 
VEGF signaling showed disappointing results.44

The lack of treatment efficacy in this study may have been 
due to the wide range of pleiotropic effects of PDGF and its 
role in survival of multiple cell types, including endothelial 
cells, pericytes, ganglion cells, neurons and Müller cells.45,46 

Müller glia, which closely interact with pericytes, express high 
levels of PDGF and PDGFRα and -β,45,46 suggesting an 
important role for a PDGF-mediated cross talk between 
Müller cells and pericytes during angiogenesis and vascular 
homeostasis. This has been confirmed with Müller cell- 
specific PDGFRα knockout in the laser-induced choroidal 
neovascularization (CNV) model in mice although PDGFRα 
deletion also showed adverse effects on Müller cell 
homeostasis.47 Knockout mice showed reduced vascular leak
age and smaller CNV lesion areas as compared to wild-type 
animals. However, under conditions of hypo-osmotic stress, 
in which Müller cells normally do not swell, PDGFRα- 
deficient Müller cells immediately increase in volume. More 
research is clearly needed on the effect of PDGF inhibition on 
Muller cell viability and homeostasis.

In conclusion, our study supports the role of PDGF signal
ing in neurite outgrowth during the formation of FVMs in 
PDR. A possible involvement of Müller cells in this process 
needs to be further established. The development of novel 
therapies based on these findings is not immediately evident, 
given the protective properties of PDGF on neurons, Müller 
cells and many other retinal cells. However, our study provides 
important new insights into the molecular mechanisms of 
FVM formation in PDR.
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