
Retinal vein occlusion (RVO) is a common disease in 
industrialized countries. Though there are several opinions 
on how the occlusion develops [1,2], there are only sparse 
experimental data. As RVO is not usually treated surgically, 
tissue specimens for laboratory investigations are rare. There-
fore, animal models are essential to understand the conditions 
and the process of RVO formation.

Fundus observations in patients show that branch RVO 
(BRVO) typically occurs at arteriovenous crossings [3,4], 
while central RVO (CRVO) occurs within the optical nerve 
head [5,6]. In human BRVO, the arteriovenous crossing 
sites were investigated in serial sections showing a close 
convergence of both vessels with a common adventitia at the 
crossing site [1,7,8]. In almost all cases of BRVO, the vein 
resides between the retina and the crossing artery, i.e., the 
artery is located on top of the vein toward the vitreous. The 
vein is depressed into the retinal tissue, and its cross section 
is flattened and broadened to a certain extent. This vascular 
conformation is a likely cause of turbulent blood flow, which 
favors thrombus formation. However, surgical separation of 
the artery and vein after vitrectomy in patients with BRVO 
did not lead to a significant functional improvement, espe-
cially in comparison to intravitreal anti-vascular endothelial 

growth factor (VEGF) treatment, and it is not recommended 
anymore [9].

Current animal models of BRVO depend on experi-
mental occlusion of the vein, either by mechanical means or 
by robust laser treatment [10,11]. They allow an investigation 
of the consequences of an RVO, such as hypoxia, microglial 
activation, and inflammation. They also allow the testing of 
chirurgical or therapeutic strategies in porcine models [12-14]. 
In contrast, they do not allow observation of RVO formation. 
For this purpose, an animal model is favorable where the 
occlusion is induced by food, pharmacological treatment, 
or genetic conditions. To select such an appropriate model 
organism, it is important to characterize the anatomic and 
histological structure of the arteriovenous crossing sites in 
the respective species. Whereas vascular corrosion casts were 
studied in rats and pigs [15,16], in this study, we investigated 
the histology of arteriovenous crossings in the retina of rats 
and pigs by serial paraffin sections and compared to those of 
a human specimen.

METHODS

Animals and human specimen: Six eight-week-old C57BL/6J 
mice and Sprague-Dawley rats of the same age were used. 
They were housed at 24 °C with a 12 h:12 h light-dark 
rhythm. The eyes were gifts from collaborating groups 
working with different organs (brain or lung). Eyes from 
pigs were freshly obtained from a local abattoir. Mice were 
perfused with PBS (9.1 mM Na2HPO4, 1.7 mM NaH2PO4, 
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150 mM NaCl, pH 6.8) after death, while rats were not. All 
animal procedures adhered to the animal care guidelines of 
the Institute for Laboratory Animal Research (Guide for the 
Care and Use of Laboratory Animals) in accordance with the 
ARVO Statement for the Use of Animals in Ophthalmic and 
Vision Research, and they were approved by the local animal 
welfare committee (Tierschutzkommission).

A human retinal specimen from an eye that was enucle-
ated due to a uveal carcinoma was used for comparison 
(female, 72 years). Institutional Review Board (IRB)/Ethics 
Committee approval had been obtained for specimen acquisi-
tion and use and data generation.

Retinal flat mounts: Eyes from mice or rats were fixed in 
4% formalin for 1–2 h and then transferred to PBS. After a 
circumferential cut, the anterior part of the eye was removed 
and the retina was immersed in PBlec (1 mM CaCl2, 1 mM 
MgCl2, 10 g/l BSA in PBS). GSL1-Lectin labeled with TRITC 
was added to a final concentration of 5 µg/ml, and the retinas 
were incubated at 4 °C overnight. After washing, the retinas 
were mounted on slides.

Paraffin sections: Eyes from rats were fixed in 4% formalin 
for 1–2 h and then transferred to PBS. After removing the 
anterior part including the lens, five sclera and retina cups 
were arranged as a stack in a small reaction tube in 2% 
agarose in PBS liquefied at 60 °C. First, some agarose was 
filled into the tube. Then, a cup was put at the top of the 
agarose and embedded with additional agarose. This proce-
dure was repeated five times. The agarose block was then 
embedded in paraffin.

Porcine eyes were freed from adherent tissue and opened 
by a circumferential cut to remove the anterior part of the 
eye, including the lens and vitreous. The optic nerve head 
was cut out by a 6 mm punch. The rest of the posterior part 
of the eye, including the retina and sclera, was cut into three 
parts for easier handling. The retina was carefully removed 
and submerged in PBS. Sites of arteriovenous crossings were 
cut out using a scalpel under a dissecting microscope and 
fixed in 4% formalin. After transfer to PBS, the crossing 
sites were arranged in parallel in 2% agarose in PBS lique-
fied at 60 °C by the following procedure. In a small syringe 
from which the tip was cut off, some agarose was filled in. 
Then, a crossing site was arranged at the agarose surface and 
covered with agarose. This procedure was repeated for nine 
additional crossing sites. After cooling, the agarose block was 
embedded in paraffin. Serial paraffin sections were stained 
with Masson’s trichrome. The human specimen was treated 
similarly.

Immunohistochemistry: Paraffin sections from pieces of 
porcine or human retina were pre-selected for the presence 
of arteriovenous crossings. Staining was performed by stan-
dard procedures. After demasking the sections in boiling 
Tris-EDTA buffer, primary antibodies (monoclonal mouse 
anti-vascular smooth muscle actin [ACTA2], clone 1A4, 
A2547, Sigma, Taufkirchen, Germany, 1:2,000; or polyclonal 
rabbit anti-glial fibrillary acidic protein [GFAP], RB-087-A0, 
Thermo Fisher Scientific, Germany, 1:2,000) were followed 
by biotinylated secondary antibodies, avidin coupled with 
alkaline phosphatase, and Vector Red AP Substrate Kit I, 
(Vector Labs, Burlingame, CA). Sections were counter-
stained with hematoxylin.

RESULTS

Arteriovenous crossings in murine retinas are highly rare: 
The inner retinal vasculature in mice typically consists of 
four to six main arteries and four to six main veins (Figure 
1A and Appendix 1). Arteries and veins originate from the 
optic nerve head and extend radially in an almost equiangular 
alternating fashion. The corresponding areas of arterial and 
venous capillaries typically do not overlap but are arranged 
side by side. Sometimes, a small vein has a small area of 
venous capillaries that does not reach the periphery. In this 
case, the remaining venous area is drained by a peripheral 
arc of a neighboring large vein (Figure 1A). The same is true 
when a larger artery branches so that the venous area between 
the two branches is drained from a peripheral vein. In this 
way, the typical murine retina does not show arteriovenous 
crossings.

Location of retinal arteriovenous crossings in rats and pigs: 
Although the arrangement of retinal arteries and veins in 
rats is similar to that in mice, some arteriovenous crossings 
are present. The distribution of arteriovenous crossings was 
determined in 29 flat mounted retinas of rats. The mean 
number of crossings per retina was 2.8±1.4 with a range 
of 1–5. The mean distance from the optic nerve head was 
2.79±0.53 mm with a range of 1.3–3.7 mm, while the distance 
from the optic nerve head to the border of the retina was 
around 4.5 mm. This means that most crossings are at a 
distance of two-thirds of the retinal width from the optic 
nerve head (Figure 1). Most arteries and veins run radially, 
alternating in a spoke wheel-like arrangement equivalent to 
the situation in mice. Therefore, the central part of the retina 
is sufficiently supplied with blood. However, as the retina of 
rats is larger than that of mice, not all peripheral venous areas 
that are located between two arterial branches or between two 
arteries separated by a short vein are drained by a peripheral 
arc of a large neighboring vein. Instead, veins are crossing 
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arteries. Accordingly, more crossings were found in retinas 
with a small number of veins. The rather large distance of the 
crossings from the optic nerve head implies that the crossing 
vessels are rather small in diameter with a thin wall and thus 
unlikely to form a compressive RVO.

The spatial position of the artery in relation to the vein 
was determined by carefully focusing the microscope. The 
artery was above the vein (toward the vitreous) in 44% of the 
crossings in rats.

In porcine retinas, many arteriovenous crossings were 
found in a large variety of distances from the optic nerve head 
(Figure 2). Accordingly, the diameter of the vessels at the 
crossing sites varied widely. This is similar to the situation 
in humans. In total, 28.4±3.5 crossings per retina (mean ± 
standard deviation) were found in five pig eyes, and 23±11% 
of these were arterial overcrossings. Veins dive into the 
inner layers of the retina at small ramifications, mainly in 
the periphery. In these cases, it is sometimes difficult to see 
whether there is a crossing with the artery touching the vein 
or if it is simply an underpinning with a greater distance of 
both vessels. As a consequence, the percentage of true arterial 
overcrossings may be even smaller.

Sections of retinal arteriovenous crossings: Serial paraffin 
sections were prepared to enable a closer look at the retinal 
arteriovenous crossing sites. Examples from the rat retina 
are shown in Figure 3 and Appendix 2 and Appendix 3. 
At the contact site, the artery and the vein seem to share a 
common vessel wall. No neuronal tissue was found between 
both vessels. Arterial overcrossings were observed in three 
out of nine crossing sites investigated in serial sections. The 
crossing vessels are rather small in diameter so that the cross-
ings locate to the nerve fiber layer or ganglion cell layer and 
do not extend to deeper retinal layers, as is the case in larger 
animals, such as pigs or humans.

The arteriovenous crossing sites of larger vessels in the 
porcine retina show a typical composition known from human 
crossing sites. The tunica media layers of the artery and vein 
are intensely stained blue by trichrome staining (Figure 4, 
Appendix 4, Appendix 5, Appendix 6 and Appendix 7). or 
red by immunostaining for ACTA2 (Figure 5 and Appendix 
8), and they are in close contact with no neuronal tissue in 
between, as shown by immunostaining for GFAP, an inter-
mediate filament mainly expressed in astrocytes and also in 
Müller cells. GFAP staining was outside of this wall, and 
both formed a sharp border with no intermediate tissue 

Figure 1. Murine and rat retinal flat mounts. Flat mounted retinas from mice or rats stained with lectin. The main vessels are arranged radi-
ally with alternating arteries and veins. A: Six arteries (a) are separated by three large and three smaller veins (v) in mice. The two largest 
veins form three peripheral arcs draining additionally the peripheral areas of the smaller veins without crossing an artery. Arteriovenous 
crossings are highly rare and are not found in most retinas. B: There are some arteriovenous crossings (indicated by green circles) in rats. 
Most crossings are found at two-thirds the distance between the optic nerve head and the periphery. Usually, the vein is crossing an artery 
to reach an area between two arterial branches or an area between two arteries with a small and short vein in between.
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(Figure 5). At the center of the arteriovenous crossing site, 
the media of the artery touched the media of the vein without 
fusion of both. In some cases, the neuronal tissue around the 
vessels appears loose so that the vessels may be surrounded 
by a common tunica adventitia. This is in accordance with a 

higher density of astrocytes immunostained by GFAP around 
the vessels (Figure 5). These features are similar to the human 
situation (Figure 6, Appendix 9 and Appendix 10).

Some differences between pigs and humans are as 
follows. While the ACTA2 staining covers the whole 

Figure 2. Porcine retinal flat mounts. Pieces of fresh, unfixed, porcine retina in PBS, as seen in a dissecting microscope. Vessels are filled 
with red blood cells. A–D: Many arteriovenous crossings at different distances from the optic nerve head (located at the bottom of each 
image) are visible. The veins are somewhat thicker than the arteries. E–F: Arteriovenous crossing in a flat mounted porcine retina imaged 
with differential interference contrasts (DICs). E: Focus on the thick-walled artery. F: Focus on the vein that is crossing above the artery.
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Figure 3. Rat retinal arteriovenous crossings. Paraffin sections of retinal arteriovenous crossings in rats stained with trichrome. Arteries 
are characterized by a slightly thicker wall and a rounded oval cross-section area. These features are prominent in only some of the serial 
sections. A–C: The artery (a) is above (toward the vitreous) the vein (v); the vein is cut longitudinally in C. D–H: The vein is crossing over 
the artery (toward the vitreous). The artery is cut perpendicularly in F, while it is cut obliquely in D, E, G, and H. At all crossing sites, only 
a small tissue layer separates artery and vein. No obvious compression of the veins was observed.
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thickness of the porcine media, the staining is restricted to 
one or (in larger vessels) two rings in the human specimen. 
The cross-sectional areas and shapes usually did not change at 
porcine crossing sites. Only in cases where vessel diameters 
were highly different was some flattening or compression 

of the small vessel observed within the crossing area. This 
flattening was only visible in perpendicular cross sections of 
the small vessel. In human arterial overcrossings, the artery 
usually slightly impinges on the vein, resulting in a heart-
shaped venous cross section (Figure 6). In addition, porcine 

Figure 4. Porcine retinal arteriovenous crossings. Images from serial paraffin sections of porcine retinal arteriovenous crossing sites stained 
with trichrome. The artery has a much thicker wall (stained blue) and a rounded shape in cross sections as compared to the vein. A–D: The 
artery is crossing above the vein. E–H: The vein is crossing above the artery. Large vessels are clearly above the inner retinal level in B, 
D, and H.
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Figure 5. Immunohistochemistry of porcine arteriovenous crossings. Immunohistochemical staining of serial paraffin sections of porcine 
retinal arteriovenous crossing sites using antibodies raised against ACTA2 (A, C, E, and G) and GFAP (B, D, F, and H). Vicinal sections are 
compared. While the antibody raised against GFAP stains astrocytes (and some Müller cells) in the nervous tissue surrounding the vessel, 
the antibody raised against vascular smooth muscle ACTA2 stains the compact layer of the vessel wall that is intensely stained by aniline 
blue in the trichrome staining. The layers of the vascular wall that are stained by the antibody raised against ACTA2 are touching but not 
fusing. There is no space left for cells expressing GFAP between the two vessels at the center of the crossing. Note that the astrocytes show 
a much higher density around the vessels. A and B show the same arterial overcrossing as in Figure 4D.
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Figure 6. Human arteriovenous crossings. A–C: Images from serial paraffin sections of human retinal arteriovenous crossing sites stained 
with trichrome. The eye was enucleated because of a tumor and shows some alteration from the normal retinal aspect. The vessels are within 
the inner retinal layers and the vessel wall shows a low density in contrast to pigs. The artery has a slightly thicker wall (stained blue) and 
a rounded shape in cross sections as compared to the vein. A–B: The artery is crossing above the vein. C: Two veins that split just before 
passing the artery are crossing above the latter. D: Immunohistochemical staining of a paraffin section of human retina using antibodies 
raised against ACTA2 and GFAP. In the artery (left) and the vein (right), the GFAP staining is surrounding the tunica media (stained by 
ACTA2), resulting in a complementary staining pattern that does not overlap. E–H: Immunohistochemical staining of serial paraffin sections 
of human retinal arteriovenous crossing sites using antibodies raised against ACTA2 (E and G) and GFAP (F and H). Adjacent sections are 
compared. The staining is similar to that of porcine crossings. The outer border of the tunica media is more clearly visible than the trichrome 
staining. Usually, the undercrossing vein shows a depression at the site where it is touching the artery. The layers of the vascular wall that 
are stained by the antibody raised against ACTA2 are touching but not fusing. E and F: A large vein is undercrossing a large artery in the 
central retina. G and H: A large vein is undercrossing a small vein in a peripheral part of the retina (compare the thickness of the retina).
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vessels are positioned more superficially, within the nerve 
fiber layer and often extending into the vitreal space, whereas 
the human vessels are running within the ganglion cell layer. 
At the crossing site, the overlaying porcine vessel, usually the 
vein, deviates into the vitreal space, whereas the underlying 
human vessel, usually the vein, deviates toward the outer 
layers of the retina. Arterial overcrossing was observed in 
five of 27 (19%) porcine crossing sites investigated by serial 
sections. In the human specimen, six of seven (86%) crossing 
sites investigated by serial sections were arterial overcross-
ings. These differences should be considered when choosing 
an animal model.

DISCUSSION

RVO is a common disease in industrialized countries, and 
BRVO is more common than CRVO [17]. BRVO was found to 
occur at arteriovenous crossing sites and is restricted almost 
exclusively to arterial overcrossings [4,18].

Arterial overcrossings are more common in humans 
(67% to 71% of crossings) and are almost exclusive at BRVO 
sites (97.6%) [4]. In human eyes with BRVO, the arteries at 
the occlusion site are overlaying the vein toward the vitreous 
at 99% of arteriovenous crossings, whereas at other crossing 
sites, the artery is anterior to the vein in around 60% of the 
crossings [19]. In another study, arteries were anterior to the 
vein, toward the vitreous cavity, at all BRVO sites in 26 eyes 
examined, while in a control group, the artery was anterior to 
the vein 65% of the time [20]. The values of 44% of arterial 
overcrossings in flat mounts and 33% in retinal sections of 
rats, as well as 23% of arterial overcrossings in flat mounts 
and 19% in retinal sections of pigs were somewhat smaller. 
Similar ratios were reported earlier in studies of retinal 
vascular corrosion casts for rats [15] and for pigs [16]. The 
small value for pigs is a feature of the porcine species and 
must be considered when selecting a model species.

RVOs were reported to occur most commonly in the 
superotemporal quadrant and second-most commonly in the 
inferotemporal quadrant of the human retina within a distance 
of three disc diameters (6 mm) from the optic disc [18,21-23]. 
In the superotemporal quadrant, a greater proportion of cross-
ings were vein-posterior than in the inferotemporal quadrant 
[24], which may explain the distribution of RVOs. In pigs, no 
RVOs were reported, so there is no distribution of occlusion 
sites. In our study, the distribution of arteriovenous crossings 
was investigated in retinal flat mounts of rats but not pigs 
because of high distortions from flattening spherical tissues, 
and it is unknown if this is relevant to BRVO.

An arteriovenous crossing implicates that both vessels 
converge. In pigs, the tunica media of the vein and that of the 
artery touch at the center of the crossing site but do not fuse. 
There is no space left for neuronal tissue, as indicated by 
GFAP immunostaining. This fits the situation in humans and 
is in agreement with earlier histological reports [1,8]. Some 
of these reports also describe that arteries and veins have 
a common adventitial sheath at the crossing site. A slightly 
denser mesh of GFAP-positive filaments was observed in our 
study in pigs and humans that may be interpreted as a tunica 
adventitia. Thickening of the tunica media or other layers 
of the vessel wall at the crossing site, as described in earlier 
reports [8], was not observed in our study.

At arterial overcrossing sites in humans, the artery is 
straight while the vein is dipping into the retina to pass under 
the artery [1,25]. Other studies did not report such retinal vein 
dipping [3], so it is unclear whether this feature is important 
to RVO formation. In this study, we observed this feature 
at arteriovenous crossing sites in humans but not in pigs. In 
the latter, the artery rather deviates into the vitreous. This 
is related to the finding that the large vessels near the optic 
nerve head are on top of rather than within the retina [16]. 
This porcine feature must be considered when selecting a 
model species.

A good model species for the study of human RVOs 
should represent as many of the typical histological features 
at the arteriovenous crossing site as possible. Important 
features are the thickness and structure of the vessel walls, 
as well as the position and course of the vessels within the 
retina. In addition, it might be worth studying arteriovenous 
crossings in a primate species that has a macula. The streak-
shaped macular area of pigs contains no major vessels, but 
unlike the central fovea in the human eye, it is not completely 
avascular [16].

The histological aspect of the arteriovenous crossings in 
pigs is quite similar to that reported in humans. In contrast, 
arteriovenous crossings in rats are rare and located more 
peripherally, resulting in crossings of only small vessels. This 
is not typical in the human situation. Arteriovenous crossings 
in mice are usually missing. In conclusion, though a primate 
model might be an even better choice, the retinal arteriove-
nous crossings in pigs seem to be attractive sites to observe 
spontaneously occurring early stages of RVO.

APPENDIX 1. MURINE AND RAT RETINAL FLAT 
MOUNTS.

To access the data, click or select the words “Appendix 1.” 
High resolution images of Figure 1.
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APPENDIX 2. RAT RETINAL ARTERIOVENOUS 
CROSSINGS.

To access the data, click or select the words “Appendix 2.”  
Image stack of the serial paraffin sections from fig. 3E. 
Please, scroll through the series e.g. by using the mouse 
wheel.

APPENDIX 3. RAT RETINAL ARTERIOVENOUS 
CROSSINGS.

To access the data, click or select the words “Appendix 3.” 
Image stack of the serial paraffin sections from fig. 3F. 
Please, scroll through the series.

APPENDIX 4. PORCINE RETINAL 
ARTERIOVENOUS CROSSINGS.

To access the data, click or select the words “Appendix 4.” 
Image stack of the serial paraffin sections from fig. 4A. 
Please, scroll through the series e.g. by using the mouse 
wheel.

APPENDIX 5. PORCINE RETINAL 
ARTERIOVENOUS CROSSINGS. 

To access the data, click or select the words “Appendix 5.” 
Image stack of the serial paraffin sections from fig. 4B. 
Please, scroll through the series.

APPENDIX 6. PORCINE RETINAL 
ARTERIOVENOUS CROSSINGS.

To access the data, click or select the words “Appendix 6.” 
Image stack of the serial paraffin sections from fig. 4E. 
Please, scroll through the series.

APPENDIX 7. PORCINE RETINAL 
ARTERIOVENOUS CROSSINGS.

To access the data, click or select the words “Appendix 7.” 
Image stack of the serial paraffin sections from fig. 4F. 
Please, scroll through the series.

APPENDIX 8. PORCINE RETINAL 
ARTERIOVENOUS CROSSINGS.

To access the data, click or select the words “Appendix 8.” 
Image stack of the serial paraffin sections from fig. 5C. 
Please, scroll through the series e.g. by using the mouse 
wheel.

APPENDIX 9. HUMAN RETINAL 
ARTERIOVENOUS CROSSINGS.

To access the data, click or select the words “Appendix 9.” 
Image stack of the serial paraffin sections from fig. 6B 
stained by trichrome. Please, scroll through the series.

APPENDIX 10. HUMAN RETINAL 
ARTERIOVENOUS CROSSINGS.

To access the data, click or select the words “Appendix 
10.” Image stack of the serial paraffin sections from fig. 6E 
stained by immunohistochemistry. Please, scroll through the 
series.
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