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Abstract
Vessel damage is a general pathological process in many neurodegenerative disorders, as well as spinal cord injury, stroke, 
or trauma. Biomaterials can present novel tools to repair and regenerate damaged vessels. The aim of the present study is 
to test collagen hydrogels loaded with different angiogenic factors to study vessel repair in organotypic brain slice cultures. 
In the experimental set up I, we made a cut on the organotypic brain slice and tested re-growth of laminin + vessels. In the 
experimental set up II, we cultured two half brain slices with a gap with a collagen hydrogel placed in between to study 
endothelial cell migration. In the experimental set up I, we showed that the number of vessels crossing the cut was tenden-
cially increased with the addition of fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor, or platelet-derived 
growth factor-BB compared to the control group. In the experimental set up II, we demonstrated that a collagen hydrogel 
loaded with FGF-2 resulted in a significantly increased number of migrated laminin + cells in the gap between the slices 
compared to the control hydrogel. Co-administration of several growth factors did not further potentiate the effects. Taken 
together, we show that organotypic brain slices are good models to study brain vessels and FGF-2 is a potent angiogenic 
factor for endothelial cell proliferation and migration. Our results provide evidence that the collagen hydrogels can be used 
as an extracellular matrix for the vascular endothelial cells.
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Introduction

The human brain contains approximately 650 km-long capil-
laries, so much that it is estimated that each neuron is per-
fused by its own capillary (Zlokovic 2005; Cipolla 2009). 
The brain capillary network includes primarily endothelial 
cells and pericytes, which are surrounded by astrocytic end-
feet, forming a neurovascular unit (Cipolla 2009). Endothe-
lial cells line all the vessels from big arteries and veins to 
the smallest capillaries in the whole body, regulating the 

diffusion of molecules in circulation. Brain endothelial 
cells form the blood–brain barrier (BBB) and tightly regu-
late the transport between the brain and the periphery. Proper 
functioning of neurons depends on this tight regulation of 
the extracellular environment and impairments of BBB dis-
rupts central nervous system (CNS) homeostasis. Vascular 
damage in the brain is associated with various pathologies, 
including neurodegenerative diseases, microbleeds, ischemic 
stroke, cognitive problems, and BBB disorders (Hu et al. 
2017). In spinal cord injury, rupture of the blood vessels 
causes hemorrhages and loss of tissue (Oudega 2012).

Endothelial cells under normal circumstances prolifer-
ate very slowly, for a mouse brain once a couple of years 
(Alberts et al. 2002). However, in case of injury or other 
external stimuli such as angiogenic factors and inflamma-
tory molecules, proliferation of endothelial cells accelerates. 
After sustaining a vessel injury, angiogenic mechanisms take 
action which, however, mostly fail to restore the previous 
function. To study endothelial cell proliferation and migra-
tion, aortic ring models are one of the most common meth-
ods, in which a ring of the aorta is embedded in extracellular 
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matrix (Bellacen and Lewis 2009). Matrigel, a reconstituted 
basement membrane preparation, is one of the most fre-
quently used extracellular matrices for 2D and 3D in vitro 
cultures, besides some in  vivo applications. However, 
Matrigel is not a well-defined matrix with variable amounts 
of growth factors from batch to batch, as well as the presence 
of proteins with unknown functions, which may cause vari-
ability among experiments (Vukicevic et al. 1992; Hughes 
et al. 2010). Therefore, it is beneficial to come up with alter-
native in vitro extracellular matrices with a precisely defined 
composition to clearly identify the effects of experimental 
conditions without interference of matrix variability. Type I 
collagen was used as an extracellular matrix in ex vivo mod-
els of aortic ring organ cultures for evaluating endothelial 
cell sprouting and angiogenesis (Kapoor et al. 2020). Colla-
gen is a natural extracellular matrix protein with remarkable 
biocompatibility and no toxicity (for a review see: Ucar and 
Humpel 2018). We have previously used biodegradable col-
lagen hydrogels crosslinked with polyethyleneglycol (PEG) 
for controlled and longer term release of other growth fac-
tors with the aim of showing neuroprotection, namely nerve 
growth factor (NGF) for cholinergic neurons and glial cell 
line-derived neurotrophic factor (GDNF) for dopaminergic 
neurons (Foidl et al. 2018; Ucar and Humpel 2019). Col-
lagen hydrogels can provide a precisely defined and cost-
effective extracellular matrix for endothelial cell growth, 
as well as providing delivery of angiogenic factors such as 
fibroblast growth factor-2 (FGF-2).

FGF-2 (or basic FGF) is involved in various cellular 
functions regulating proliferation, differentiation, survival, 
and migration (Montesano et al. 1986; Slavin 1995). It is 
a strong mitogen and chemoattractant for both endothelial 
cells and smooth muscle cells in vasculature (Slavin 1995). 
FGF-2 also stimulates pericyte proliferation and produc-
tion of proteinases from endothelial cells, which can locally 
degrade the extracellular matrix, allowing cells to migrate 
for the formation of the new vessels (Slavin 1995; Presta 
et al. 2005). FGF-2 was recognized for a long time as a 
potent angiogenic factor supported by the results showing 
that it induced formation of tubular structures in endothelial 
cell cultures in vitro and various angiogenic responses and 
vascular regeneration in vivo (Montesano et al. 1986; Park 
and Hollenberg 1989; Khurana and Simons 2003). Vascular 
endothelial growth factor (VEGF) is the best characterized 
and most studied angiogenic factor due to its role in tumor 
growth. VEGF was shown to be a potent angiogenic factor 
by promoting the survival and growth of vascular endothelial 
cells (Ferrara et al. 2003). The platelet-derived growth factor 
family (PDGFs) comprises homodimers or heterodimers of 
four polypeptides: PDGF-A/B/C/D. Among these, PDGF-
BB induces the recruitment of smooth muscle cells and peri-
cytes to the vessels (D’Amore and Smith 1993) and modu-
lates endothelial cell proliferation (Battegay et al. 1994). 

FGF-2, VEGF, and PDGF-BB demonstrated angiogenic 
activities and vessel repair both for blood and lymphatic 
vessels (Cao et al. 2004). These factors were also studied 
in combinations in various models and synergistic effects 
of FGF-2 and VEGF, as well as FGF-2 and PDGF-BB are 
well documented (Pepper et al. 1992, 1998; Asahara et al. 
1995; Cao et al. 2003).

Organotypic brain slices constitute a link between in vitro 
and in vivo models, in that they preserve the complex struc-
tural interconnection of the brain tissue while allowing direct 
manipulation and observation (for a review, see: Humpel 
2015). Organotypic brain slices have been shown to maintain 
the complex vasculature of the brain, even in the absence 
of blood flow (Moser et al. 2003). The cerebral vessels in 
organotypic brain slices can be successfully stained for base-
ment membrane markers laminin, collagen IV, isolectin IB4, 
pericyte marker PDFGRβ, smooth muscle  and pericyte 
marker α-smooth muscle actin (αSMA), as well as BBB 
markers claudin and occludin (Moser et al. 2003; Bendfeldt 
et al. 2007; Hutter-Schmidt et al. 2015). Thus, organotypic 
brain slices are a suitable tool to investigate vascularization 
in the brain. In this current study, we explore the potential 
use of collagen hydrogels as an extracellular matrix envi-
ronment for endothelial cell proliferation, migration, and 
possible new vessel formation in organotypic brain slices 
by loading the hydrogels with angiogenic factors FGF-2, 
VEGF, and PDGF-BB.

Materials and methods

Organotypic brain slice cultures

Organotypic brain slices were prepared as described in detail 
previously by us (Foidl et al. 2018). Briefly, 9–11 day old 
postnatal C57BL/6 mouse pups were rapidly decapitated 
and brains were dissected. Brains were glued on the plat-
form of a water-cooled vibratome (Leica VT1000A) and 
150 μm-thick slices were cut at the hippocampal level. Half 
brain vibrosections were placed on membrane inserts (Mil-
lipore PICM03050), and cultured in 6-well plates (Greiner) 
(Fig. 1a). Optionally, slices were placed onto additional 
membranes (Merck, HTTP02500). Each well contained 1 ml 
of culture medium that contains 50% MEM/HEPES (Gibco), 
25% heat-inactivated horse serum (Gibco/Lifetech), 25% 
Hanks’ solution (Gibco), 2 mM  NaHCO3 (Merck), 6.5 mg/
ml glucose (Merck), and 2 mM glutamine (Merck), pH 
7.2. Brain slices were incubated at 37 °C, 5%  CO2 for 2 or 
8 weeks and culture media were changed once a week. Slices 
were incubated in culture media without any supplement 
(control) or with 100 ng/ml murine VEGF (Peprotech, #450-
32-2ug), with murine FGF-2 (bFGF, Peprotech, #450-33-
10ug) or with murine PDGF-BB (Peprotech, #315-18-2ug). 
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Slices with apparent hippocampi were used for all experi-
ments (Fig. 1b). In the experimental set I, a cut was made on 
the left side of the brain slice (Fig. 1c). In the experimental 
set II, 2 half brain slices were placed on the membrane with 
a distance of approximately 1.5 mm, and collagen hydro-
gels were placed in the middle of the gap between the slices 
(Fig. 1d). Our study using animals (mice) follows ethical 
guidelines for killing animals and our animal work is in com-
pliance with international and national regulations. All work 
was done to follow the 3Rs (reduce-refine-replace) rules of 
animal experiments.

Collagen hydrogels

Collagen hydrogels were prepared as described by us (Foidl 
et al. 2018). Briefly, a hydrogel solution was prepared with 
2 mg/ml bovine collagen type I (Collagen Solutions, UK), 
and 0.4 mM poly(ethylene glycol) succinimidyl succinate 
(4S-StarPEG) (Sigma, JKA7006-1G) as a crosslinker in 
phosphate-buffered saline (PBS). Recombinant murine 
FGF-2, VEGF, or PDGF-BB were added to this collagen-
PEG-PBS solution to the final concentration of 5 ng/μl in 
solutions for respectively loaded hydrogels and the same 
amount of PBS was added for generating control hydrogels. 
During the preparation of the collagen hydrogels, all com-
ponents were kept on ice all the time to prevent premature 
gel formation. The pH of the solution was set to 7.2 and 

2 μl of droplets from the hydrogel solution were pipetted 
onto previously sterilized teflon tapes. Droplets of collagen 
hydrogels were incubated at 37 °C for 1 h for gel forma-
tion. Collagen hydrogels that were either empty (control) or 
containing 10 ng angiogenic factor per 2 µl hydrogel were 
directly placed onto the membrane in the gap between the 
two coronal brain slices. For further experiments, collagen 
hydrogels were prepared with the combination of angiogenic 
factors by loading 10 ng/scaffold for each of the two or three 
angiogenic factors.

Immunohistochemistry

Immunohistochemistry of the brain slices was performed 
as previously described (Foidl et al. 2018). At the end of a 
2 or 8 week culturing period, the organotypic brain slices 
were fixed with 4% paraformaldehyde for 3 h and washed 
3 × with 10 mM PBS. Slices were incubated for 30 min in 
0.1% Triton-PBS (T-PBS) at room temperature (RT) and 
washed 3 × with PBS. Slices were blocked in 20% horse 
serum/0.2% bovine serum albumin (BSA)/T-PBS for 30 min 
at RT and subsequently incubated with primary antibody 
against laminin (1:500, Sigma, L9393) in T-PBS/0.2% BSA 
at 4 °C for 48 h. After subsequent washing 3 × with PBS, 
slices were incubated with Alexa488 conjugated anti-rabbit 
secondary antibody for 1 h and counterstained with DAPI. 
Slices were washed and mounted in mowiol. Some slices 

Fig. 1  Organotypic half brain 
slices of 10 day old postnatal 
mice were prepared at the hip-
pocampal level and cultured 
on semipermeable membrane 
inserts (a). After 2 weeks in cul-
ture, some slices were fixed and 
stained with cresyl violet (b). 
In experimental set I, a scapel 
cut was made on the right side 
and the vessel density was 
quantified on two fields (c). In 
experimental set II, two slices 
were placed onto the membrane 
with a distance of 1.5 mm and a 
collagen hydrogel was applied 
between the slices (d). Scale bar 
in a: 7.5 mm (a) and 514 µm (b)
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were additionally double-stained with primary antibodies 
against α-smooth muscle actin (1:1000, Novus Biologicals, 
NB300-978) followed by Alexa546 conjugated anti-goat 
secondary antibody or with tomato lectin Alexa649 (1:50, 
Vector Laboratories, DL-1178).

Data analysis and statistics

The vascular density was calculated with the grid method 
as described previously by us (Hutter-Schmid et al. 2015). 
Briefly, images were obtained with Leica DMIRB inverse 
microscope and Openlab Software at 10 × magnification. 
These images were overlaid with a 6 × 6 grid using Photo-
shop (Adobe Photoshop Elements 2.0). In the experimental 
set I, the number of vessels crossing the outlines of the grid 
was counted. The total number of vessels crossing the super-
imposed grid correlates with the degree of vessel density 
(Fig. 1c). For the experimental set II, laminin + cells in the 
gap between two organotypic slices were counted manually 
in three fields at 10 × magnification (Fig. 1d). Cells with a 
clear shape and visible nuclei were taken into account. Sta-
tistical analysis was performed by one-way ANOVA with 
a subsequent Fisher LSD post hoc test when more groups 

present, and by an unpaired T test with equal variance 
between two groups. Statistical results were considered sig-
nificant at p < 0.05. All values were given as mean ± standard 
error of the mean (SEM). Sample size (n) always signified 
the number of animals.

Results

Experimental set up I: vessel crossings after a cut

Organotypic brain slices incubated for 2 weeks attached and 
flattened on the membrane insert (Fig. 1a) and cresyl violet 
staining showed homogeneous cell layers (Fig. 1b). A scapel 
cut was made on the right side of the slices (Experimen-
tal set up I) and vessel crossings were evaluated in slices 
incubated with only medium or medium supplemented with 
100 ng/ml FGF-2, VEGF, or PDGF-BB. In a control field on 
the cortex, the vessel density was quantified for the angio-
genic factors (Fig. 1c). Vessels that cross a 6 × 6 grid were 
counted to evaluate the vessel density at the cortex (Fig. 2a). 
In the control slices incubated with medium without any 
supplements, 120 ± 12 vessels that cross the 6 × 6 grid were 

Fig. 2  In experimental set 
I, organotypic brain slices 
were cultured for 2 weeks 
either without any supplement 
(control) or in the presence of 
100 ng/ml fibroblast growth 
factor-2 (FGF-2), vascular 
endothelial growth factor 
(VEGF), or platelet-derived 
growth factor-BB (PDGF-
BB) in the media. Slices were 
stained for laminin and the ves-
sel density was quantified with 
the help of a superimposed 6 × 6 
grid on the microscope images 
(a, b). A cut with a scapel was 
made on the right side of the 
slices directly after setting up 
the cultures and the number of 
vessels crossing this cut (white 
arrows in c) was quantified (c, 
d). The image (c) was obtained 
from a slice incubated in PDGF-
BB. Statistical analysis was 
performed by one-way ANOVA 
with a subsequent Fisher LSD 
post hoc test. Values in paren-
theses indicate the number of 
animals. Note that the laminin 
vessel density did not change 
significantly, but there was a 
tendency for increased vessel 
crossings in the cut. Scale bar in 
(c): 75 µm (a, c)
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counted (Fig. 2b). Slices incubated with 100 ng/ml angio-
genic factors did not exhibit a significant increase in the 
vessel density in the cortex (Fig. 2b). The addition of VEGF 
to the medium provided a tendency for an increase in the 
number of vessels crossing the grid (158 ± 13) compared to 
the control group, while PDFG-BB (125 ± 12) and FGF-2 
(128 ± 14) did not provide a noticeable change. To study 
spontaneous vessel growth in organotypic brain slices, ves-
sels in the slice were cut with a scapel after the transfer of 
the slices onto the semipermeable membrane (Fig. 2c). The 
number of laminin + vessels crossing this cut was 1 ± 0.3 in 
the control group. In contrast, when slices were incubated 
with 100 ng/ml VEGF, PDGF-BB, and FGF-2, the number 
of vessels crossing the cut was increased two-fold (2.4 ± 1.5 
for VEGF, 3.0 ± 0.7 for PDGF-BB, and 2.1 ± 0.8 for FGF-2), 
although not statistically significant (Fig. 2d).

Experimental set up II: bridging a gap 
with a hydrogel

To study vessel growth, two coronal half brain slices with a 
distance of 1.4 ± 0.1 mm (n = 10) were prepared and a col-
lagen hydrogel was placed in between the next day (Fig. 1d). 
After incubation of slices for 2 weeks with a collagen hydro-
gel, laminin + cells were observed in the gap between slices. 
This effect was most pronounced when the hydrogels were 
loaded with FGF-2 (Fig. 3a, b). To quantify this effect, the 
number of laminin + cells was counted in three regions in 
the gap between the slices, one in the location of a collagen 
hydrogel (Field 2) and one on each side of the slices (field 
1 and 3) (Fig. 3c). The number of laminin + cells between 
slices was low in the control group in (1 ± 1 cells). Placing 
an FGF-2-loaded hydrogel resulted in a significant increase 
in the number of laminin + cells in field 2 (17 ± 7 cells), 

Fig. 3  In experimental set II, two coronal half brain slices were incu-
bated with a distance of 1.5 mm for 2 weeks and a hydrogel loaded 
with or without fibroblast growth factor-2 (FGF-2), vascular endothe-
lial growth factor (VEGF), or platelet-derived growth factor-BB 
(PDGF-BB) was placed in the gap between the slices. At the end 
of 2  week culturing, the slices were stained for laminin. Note the 
laminin + cells (white arrows in b) in the gap between the slices with 
a collagen hydrogel loaded with FGF-2 (b) compared to a control 
hydrogel (a). The number of laminin + cells in the gap between slices 
incubated for 2  weeks was quantified in three fields per each slice 
pair, one in the location of the collagen hydrogel and two at each side 
of the slices (c). The same quantification was conducted for a combi-

nation of FGF-2 with either PDGF-BB, VEGF, or both loaded into 
collagen hydrogels (d). Additionally, the number of laminin + cells 
for slices incubated for 8 weeks with an empty (control) or FGF-2-
loaded collagen hydrogel was evaluated (e). FGF-2-loaded colla-
gen hydrogels provided a time-dependent increase in the number of 
laminin + cells in the location of the hydrogel from 2 to 8 weeks (f). 
Values are given as mean ± SEM. Statistical analysis was performed 
by one-way ANOVA with a subsequent Fisher LSD post hoc test for 
(c) or an unpaired T test with equal variance for (d, e). (*p < 0.05; 
**p < 0.01) Values in parentheses indicate the number of animals. 
Scale bar in (a): 75 µm (a, b)
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where the hydrogel was located (Fig. 3c). VEGF and PDGF-
BB-loaded hydrogels did not cause any significant increase 
in the number of laminin + cells at field 2 (10 ± 5 and 5 ± 4 
cells, respectively) (Fig. 3c). Therefore, further experiments 
were carried out with FGF-2-loaded collagen hydrogels.

In this model, we additionally investigated a possible 
synergistic effect of FGF-2 in combination with PDGF-
BB, VEGF, or both. After 2 weeks of incubation, none of 
these slices had the formation of tube-like structures or de 
novo vessels. The number of laminin + cells in the loca-
tion of collagen hydrogel (field 2) was increased compared 
to collagen hydrogels loaded with FGF-2 alone (Fig. 3d), 
which was 19 ± 5 for FGF-2 + PDGF-BB and 20 ± 7 for 
FGF-2 + VEGF, neither statistically significant. A combi-
nation of all three angiogenic factors provided the highest 
number of laminin + cells at field 2 (22 ± 7); however, this 
was also not significantly higher than the combination of 
both factors.

Furthermore, two coronal half slices were incubated 
with a collagen hydrogel that was empty or loaded with 
FGF-2 for 8  weeks. The number of laminin + cells in 
between was significantly higher in the field where the 
FGF-2-loaded collagen hydrogel was placed compared to 
the control group (Fig. 3e). The number of laminin + cells 
also increased in a time-dependent manner. This increase 
was not statistically significant for the control group 
between 2 and 8 weeks (10 ± 4 cells). The number of cells 
in the field where FGF-2-loaded collagen hydrogels were 

placed (field 2) was significantly higher for slices incu-
bated for 8 weeks (41 ± 6 cells) compared to the slices 
incubated for 2 weeks (Fig. 3f).

For the control fields outside of the region where col-
lagen hydrogels were located (field 1 and 3), there was no 
significant change for any of the groups or time points. At 
week 2, these values were for control group 1 ± 1 and 5 ± 5, 
for PDGF-BB 2 ± 2 and 1 ± 1, for FGF-2 5 ± 1 and 3 ± 2, 
and for VEGF 1 ± 1 and 1 ± 1 (field 1 and field 3, respec-
tively). In the combination experiment, these values were 
for FGF-2 + PDGF-BB 5 ± 2 and 5 ± 2, for FGF-2 + VEGF 
3 ± 1 and 3 ± 2, for FGF-2 + VEGF + PDGF-BB 5 ± 1 and 
4 ± 1 (field 1 and field 3, respectively). At week 8, there 
was an increase compared to week 2 in control group in 
the areas outside of empty collagen hydrogels, 4 ± 2 and 
3 ± 1 (field 1 and field 3, respectively), which was not 
significant. Additionally, there was a slight increase for 
FGF-2 group from week 2 to week 8 in these areas, 6 ± 2 
and 5 ± 1 (field 1 and field 3, respectively), which was not 
significant.

To characterize the cells in between the slices, co-
localization immunostainings were performed for laminin 
with lectin and a αSMA. Laminin + cells co-localized with 
lectin for brain vessels (data not shown) and also with 
migrated cells in the gap between the slices (Fig. 4a–c). 
These cells displayed an elongated appearance with thin 
cell bodies and filopodia-like extensions. Some of these 
cells also co-stained for αSMA (Fig. 4d–f).

Fig. 4  Characterization of migrated cells that were in the gap 
between the slices stained for laminin (a and d), lectin (b), or alpha-
smooth muscle actin (αSMA) (e). Slices were incubated for 8 weeks 
loaded with a fibroblast growth factor-2 (FGF-2) collagen hydrogel. 
Staining for lectin (b) showed co-localization with laminin + migrated 

cells (c), showing long-thin cell bodies with protruding extensions. A 
few laminin + cells also co-localized with αSMA (f). c and f Merged 
pictures, where cell nuclei were co-stained with DAPI (blue). Scale 
bar in (a): 25 µm (a–c) and 50 µm (d–f)
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Discussion

In the present study, we show that collagen hydrogels 
loaded with FGF-2 may provide a “bridging” to enhance 
vessel re-growth in organotypic brain slices.

Laminin + vessels in organotypic brain slices

In our research group, we have well documented that in 
organotypic brain slices, capillaries survive well in the 
absence of blood flow during culturing up to 4 weeks 
(Moser et al. 2003). Some components of the brain vascu-
lature degenerate and break down due to the dissection and 
slicing procedures, as well as the absence of blood flow 
during culturing (Bendfeldt et al. 2007). Nonetheless, an 
intact and extensive capillary network was visualized with 
laminin staining in all slices after 2 weeks or 8 weeks in 
culture. Laminin is a well-established basement membrane 
marker used for staining the vessel walls and laminin pro-
ducing vascular endothelial cells. Therefore, staining for 
laminin has been successfully used in organotypic brain 
slices for the examination of vessels (Bendfeldt et al. 2007; 
Hutter-Schmid et al. 2015). In fact, we show a very dense 
laminin + network all over the brain slices, but focused on 
cortical areas in the further experiments.

Effects of angiogenic factors (experimental set up I)

FGF-2 added to the culture media (100 ng/ml) did not pro-
vide a significant improvement in the vessel density at the 
end of the 2 week culturing period compared to the con-
trol group. In a previous study, FGF-2 in low doses was 
shown to significantly prevent the loss of vessels in cor-
tical organotypic brain slices, while higher doses (50 ng/
ml) were ineffective (Bendfeldt et al. 2007). The addition 
of VEGF (100 ng/ml) resulted in an increase in the density 
of laminin + vessels, although statistically not significant. 
VEGF is an important factor also for the maintenance and 
stabilization of the vessel structures. Our results can point 
out a protective effect of VEGF on the vessels in organotypic 
brain slices during culturing. On the other hand, PDGF-BB 
failed to show any improvement in the vessel density com-
pared to the control group. Indeed, PDGF-BB is involved in 
smooth muscle and pericyte incorporation onto the vessels, 
rather than angiogenesis on its own (D’Amore and Smith 
1993). When a scapel cut was applied to the slices, spon-
taneous repair of the blood vessels over the cut was rare. 
This repair also could not be achieved in significant level 
by the addition of angiogenic factors, although provided an 
improvement. These results indicate that there must be addi-
tional requirements to be met other than exogenous growth 
factor support to accomplish vessel repair.

Collagen hydrogels for release of angiogenic factors

Collagen hydrogels are biocompatible, cause no cytotoxicity, 
and can be directly applied onto the organotypic brain slices 
(Ucar and Humpel 2018). Collagen hydrogels crosslinked 
with PEG release loaded molecules in a degradation-based 
fashion, in which the loaded molecules are discharged as the 
surrounding hydrogel is naturally degraded over time (Foidl 
et al. 2018). Collagen hydrogels are stable in medium or on 
organotypic brain slices, and degraded within 14 days in 
culture, as shown in our previous studies (Foidl et al. 2018). 
Various collagen hydrogel formulations were frequently 
used as three-dimensional growth matrices to study angio-
genesis by embedding endothelial cells or vessel fragments 
(Hoying et al. 1996; Satake et al. 1998; Koh et al. 2008) or 
by growing cells on top (Montesano et al. 1986; Bayless 
et al. 2009). Collagen gels together with FGF-2 treatment 
provided higher survival of embedded endothelial cells and 
enhanced vessel branching from embedded vessel fragments 
(Satake et al. 1998; Nicosia et al. 2005). Collagen hydrogels 
loaded with FGF-2 were used before incorporated into col-
lagen sponges in periodontal wound healing and provided 
early ingrowth of vessel-like structures besides promoting 
healing in different tissue types (Momose et al. 2016). In 
the light of these studies, collagen hydrogels can be a useful 
tool for providing an extracellular matrix for endothelial cell 
proliferation and migration, as well as a modifiable platform 
for delivering angiogenic factors.

Effect of angiogenic factors loaded into collagen 
hydrogels (experimental set up II)

In the next step, we aimed to use collagen hydrogels to 
bridge two brain slices. We evaluated three areas between 
the slices. Under normal circumstances, the turnover of 
vascular endothelial cells is very slow (Folkman 1992). 
Indeed, a very low number of laminin + cells was seen in 
the gap between slices with a control hydrogel in between 
in the slices incubated for 2 weeks. When a hydrogel loaded 
with FGF-2 was placed between the slices, there were sig-
nificantly more laminin + cells observed in the area between 
the slices where the collagen hydrogel was placed (field 2). 
The laminin + endothelial cells in this gap displayed mostly 
long, thin cell bodies with extending filopodia-like cellular 
projections from one side, which are known for guiding cell 
migration (de Smet et al. 2009). In the fields outside of the 
hydrogel (fields 1 and 3), there was a very low number of 
laminin + cells, which was not significantly different from 
the control group. No statistically significant increases were 
found in the number of laminin + cells when the hydrogels 
in between the slices were loaded with VEGF or PDGF-BB. 
Based on these results and previous data, we focused on 
FGF-2 in further experiments.
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The synergistic effects of FGF-2 and VEGF or PDGF-
BB are demonstrated in various models previously. FGF-2 
and VEGF in combination had significantly stronger effects 
on endothelial cell migration and tube-like structure forma-
tion in vitro compared to either factors alone (Pepper et al. 
1992, 1998). This synergism was later confirmed in an 
in vivo model, where the combination of FGF-2 and VEGF 
provided a more potent effect than the effects of FGF-2 and 
VEGF alone on angiogenic responses such as capillary den-
sity (Asahara et al. 1995). In an in vivo model, PDGF-BB 
and FGF-2 also provided higher vascularization than their 
individual effects added together, while in this study, the 
combination of FGF-2 and VEGF did not induce a signif-
icant effect (Cao et al. 2003). Therefore, we investigated 
the effect of the combination of these angiogenic factors 
with FGF-2 loaded into collagen hydrogels. Slices with 
collagen hydrogels loaded with a combination of FGF-2 
with VEGF, PDGF, or both did not show de novo vessel 
formation. However, they caused an increase in the num-
ber of laminin + cells compared to FGF-2 alone, although 
this increase was not statistically significant for any of the 
groups. The largest increase was in the group with collagen 
hydrogels loaded with all three angiogenic factors.

To follow up long-term effects, slices were incubated for 
8 weeks with a collagen hydrogel loaded with FGF-2. In these 
slices, FGF-2-loaded collagen hydrogels again showed a signif-
icant increase in the number of laminin + cells compared to the 
control hydrogels. Furthermore, the number of laminin + cells 
for the FGF-2 group was significantly higher when slices were 
incubated for 8 weeks compared to the slices incubated for 
2 weeks. This result indicates that an initial FGF-2 support and 
an extracellular collagen matrix induce longer term benefits 
for endothelial cell proliferation and migration, even after the 
hydrogel is degraded. To characterize the migrated cells, a co-
staining was performed for laminin, lectin, and αSMA. Lectin 
co-localized well with laminin not only for the vessels in the 
slices, but also for the migrated endothelial cells in the gap 
between the slices. In the brain vasculature αSMA is a marker 
for pericytes and vascular smooth muscle cells (Smyth et al. 
2018). Staining for αSMA showed a few laminin /lectin + cells 
that were surrounded by αSMA + fiber bundles. Thus, our 
data indicate that, indeed, FGF-2 promotes the migration of 
endothelial cells, but not new vessel formation.

Limitations and future perspectives

This study provides proof of concept that collagen hydrogels 
loaded with FGF-2 can be used as an extracellular matrix 
for proliferation and migration of vascular endothelial cells. 
Collagen hydrogels have the potential to provide a flexible 
platform as an external matrix with considerable possibilities 
for modification of mechanical properties, degradation rate, 
and incorporated substances. Formation of new capillaries 

depends on proliferation of endothelial cells, local degra-
dation of basement membrane, and endothelial migration. 
FGF-2 takes part in all these processes. However, a cocktail 
of growth factors and angiogenesis modulators seems to be 
necessary to induce vessel formation. These factors could 
also be applied in collagen hydrogels. The slice bridging 
technique can be used to study different neurodegenerative 
conditions, but also peripheral nerve injuries or spinal cord 
lesions, as well as local vascular damage. More experiments 
are necessary in vivo to demonstrate the potential of FGF-2-
loaded collagen hydrogels to induce vessel formation.

Conclusion

In conclusion, our data provide evidence that FGF-2 induced 
proliferation and migration of laminin + endothelial cells 
into the gap between two brain slices. None of these cells 
formed tube-like structures, but instead spread as a mon-
olayer. Collagen hydrogels loaded with a mixture of different 
angiogenic growth factors may provide a potent tool in brain 
vessel repair.
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