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Abstract

:

Ly6c is an antigen commonly used to differentiate between classical and non-classical monocytes/macrophages. Here we show its potential as a marker of the mouse vasculature, particularly of the retinal vascular plexuses. Ly6c was immunodetected in several tissues of C57BL/6 mice using isolectin IB4 as the control of vasculature staining. In the retina, Ly6c expression was analyzed qualitatively and quantitatively in intact, ischemic, and contralateral retinas from 0 to 30 days after the insult. Ly6c expression was observed in all organs and tissues tested, with a brighter signal and more homogeneous staining than the IB4. In the retinas, Ly6c was well expressed, allowing a detailed study of their anatomy. The three retinal plexuses were morphologically different, and from the superficial to the deep one occupied 15 ± 2, 24 ± 7, and 38 ± 1.4 percent of the retinal surface, respectively. In the injured retinas, there was extravasation of the classically activated monocyte/macrophages (Ly6chigh) and the formation of new vessels in the superficial plexus, increasing the area occupied by it to 25 ± 1%. In the contralateral retinas, the superficial plexus area decreased gradually, reaching significance at 30 days, and Ly6c expression progressively disappeared in the intermediate and deep plexuses. Although the role of Ly6c in vascular endothelial cell function is still not completely understood, we demonstrate here that Ly6c can be used as a new specific marker of the mouse vasculature and to assess, qualitatively and quantitatively, vascular changes in health and disease.
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1. Introduction


One of the main fields of study within neuroscience deals with the relationship between the circulatory system and the central nervous system (CNS). The circulatory system is responsible for providing oxygen and nutrients to all cells in the body, including the brain, as well as for removing the CO2 discarded by them. Unlike what happens in other organs, the brain has almost zero capacity to store energy in the long term, and therefore requires a continuous flow of oxygen and nutrients. In fact, despite accounting for about 2% of the weight of an adult, the brain requires approximately 20% of the heart output [1]. Therefore, the physiological role of the circulatory system is crucial; proof of this is that most neurodegenerative diseases or brain illnesses are associated with blood supply disorders, such as brain stroke or edema [2,3].



The retina is metabolically very active and, like the brain, also requires a large supply of nutrients and oxygen. The blood supply of the mouse retina is established in two vascular systems: the choriocapillaris, which irrigates the pigment epithelium and the outer retina, and the central retinal artery, which irrigates the inner retina [4]. Once the central retinal artery enters the retina through the optic nerve, it divides into three plexuses: the superficial vascular plexus in the plane of the retinal ganglion cells (RGCs) and the nerve fiber layer, the intermediate vascular plexus above the inner nuclear layer, and the deep vascular plexus above the outer nuclear layer [4].



Retinal vasculature alterations can have important effects on the visual system. A correlation between inner vascular deficits and RGC loss observed after the induction of ocular hypertension has been shown [5]. Similar to cerebral infarction, retinal ischemia is a serious problem that can lead to a severe loss of vision and even blindness, especially among the elderly population [6]. Glaucoma is a group of eye diseases that damage the optic nerve, the health of which is vital for good eyesight [7]. Although there are several risk factors for glaucoma, such as age or genetics, the main one is a high intraocular pressure, which is believed to cause a vascular and RGC axonal impairment [8,9,10].



Understanding the physiology and anatomy of the well-organized retinal vascular system is essential to monitor visual health and detect abnormalities associated with pathologies, such as glaucoma or ischemia.



There are several markers and techniques to identify the mouse blood vessels, summarized in Table 1.



Among them, the isolectin IB4, which binds to the sugar residues of the glycocalyx present on the surface of the blood vessels, is one of the most used, especially in the retina [5,11,12,13,14,15,16]. It has been reported that it could be used as a premature indicator of endothelial regression, i.e., the pruning of superfluous connections by regression and the polarized migration of endothelial cells, since its lack of expression precedes that of other markers such as collagen IV [11]. However, in the CNS, IB4 also binds to activated microglia, impairing in some cases the visualization of the blood network [30]. Antibodies against ZO-1, cadherin, CD31, ICAM-2, and claudin-5 recognize the endothelial cell–cell junctions giving rise to a brighter signal where the cells attach to each other and a lower signal in the cytosol. The intravenous injection of fluorophore-coupled substances (e.g., dextran or gel-BSA) results in the fluorescent labelling of the whole space inside blood vessels and can be used to study vessel permeability [31]. Each marker has its advantages and disadvantages, but in mice none is as precise as the best marker for endothelial cells in rats, the rat endothelial cell antigen 1 (RECA1), which shows vascular endothelium cell-specificity both in vitro and in vivo [32].



Ly6c (lymphocyte antigen 6 complex, locus C1) is a monocyte/macrophage cell differentiation antigen commonly used to differentiate classical monocytes (Ly6chigh) from non-classical ones (Ly6clow) [33,34]. Alliot et al., in 1998 [30], showed that Ly6c was expressed in the blood vessels of the mouse brain but not in microglial cells, and we wondered whether the same was true for the healthy and diseased retina. Thus, using Ly6c immunodetection and IB4 as the positive control, we have characterized in depth the three retinal vascular plexuses in healthy retinas and in both retinas after the unilateral induction of retinal ischemia using the acute ocular hypertension model (AOHT) [35,36,37].




2. Results


2.1. Determination of the Ly6c Value as a Vasculature Marker


Ly6c and IB4, as the control of blood vessel staining, were detected in several mouse organs and tissues. Ly6c was expressed in the vasculature of all analyzed samples (Figure 1A), including the brain [30]. In the intestine, Ly6c is expressed in blood vessels, and by the macrophages lining the villi [38] (arrow and asterisks, Figure 1A). To ascertain whether Ly6c in the retina, labelled macrophages/monocytes associated with blood vessels, we immunodetected Ly6c and CD115 in perfused and non-perfused retinas. CD115 (also known as receptor for macrophage colony stimulating factor [39]) is expressed by monocytes, macrophages, osteoclasts, and some epithelial cells. The Ly6c and CD115 signal in non-perfused tissue was similar, evidencing the blood vessels. However, in the perfused retinas, while Ly6c expression in the vessels remained, the CD115 signal disappeared (Figure 1B), indicating that Ly6c does not label perivascular macrophages/monocytes.




2.2. Retinal Vasculature Visualized with Ly6c


Next, we investigated Ly6C expression in the retina, using IB4 as the positive control. Ly6c was strongly expressed in arteries, veins, and capillaries (Figure 2). In the central retina, Ly6c identified the 12 main superficial retinal vessels: 6 veins and 6 arteries arranged alternately while the IB4 signal was seen in only half of them, the arteries. In the retinal periphery, with thinner and smaller vessels, the IB4 signal was weaker and more difficult to visualize and image than the Ly6c signal (Figure 2, compare panels F and G).



In the three retinal plexuses (P1, superficial; P2, intermediate; and P3, deep), the Ly6c signal was bright and clear (Figure 3A). Flat mounts show the spatial anatomy of each plexus distinctly (Figure 3B). The inner or superficial plexus, P1, is the more ramified, and the capillaries are capped with an engrossment, while P3 capillaries are saccular, with fewer free ends. P2 has an intermediate morphology. Finally, we measured the area of the retina occupied by the vasculature in each of the plexuses. In intact healthy retinas, 15 ± 2.2, 24 ± 7, and 31 ± 1.4% of the retinal area was occupied by P1, P2, and P3, respectively (graph in Figure 4).




2.3. Ly6c Identifies Vascular Changes in a Model of Retinal Ischemia


Once Ly6c expression in intact retinas was determined, we decided to validate its use in disease, using a model of retinal ischemia induced by increasing intra-ocular pressure by saline injection into the anterior chamber of the eye [36,37]. We only analyzed P1, because P2 and P3 could not be imaged due to retinal thinning (see below).



2.3.1. Injured Retinas


As shown in Figure 4, immediately after the ischemia retinas were quite damaged, but they recovered progressively. During the first 3 days, the expression of Ly6c around the optic nerve head decreased, and some major vessels showed a discontinuous Ly6c expression which could mean vessel rupture or down-regulation of this protein. At 24 h and 3 days, classically activated monocyte/macrophages (Ly6chigh) were observed extravasated around the optic nerve head and in the periphery (Figure 5).



From 7 to 15 days there were no clear anatomical changes, although at 15 days there seemed to be more capillaries, with a tortuous morphology, in the periphery. At 30 days, the neo-vascularization was clearer and observed in the optic nerve head and the retinal periphery. Accordingly, the vascular fraction area of the retina increased significantly compared to that of the intact retinas (25 ± 1% vs. 15 ± 2%, graph in Figure 4).



To study P2 and P3, we resorted to confocal imaging; this approach also allowed the changes in retinal thickness to be assessed. As seen in Figure 6, there was a progressive retinal thinning, as previously reported [37], and, as a result, P2 and P3 were practically indistinguishable at 30 days.




2.3.2. Contralateral Retinas


The retinal area fraction of the superficial plexus (P1) in the contralateral retinas diminished gradually, reaching significance compared to the intact retinas at 30 days (15 ± 2% vs. 12 ± 0.7, Figure 7).



In P2 and P3, there was a gradual loss of Ly6c expression (Figure 8) until it became almost undetectable at 30 days. To elucidate whether this reflected a loss of P2 and P3 vessels or a down-regulation of Ly6c expression, a double staining with IB4 was performed. As the positive control we used injured retinas (Figure 9). In the injured retinas, Ly6c marked the three vascular plexuses, while IB4 staining revealed abundant activated microglial cells in P1 and P2 around the vessels, masking them. In P3, the IB4 and Ly6c signal was circumscribed to the vessels. In the contralateral retinas 30 days after the ischemic insult, Ly6c expression in P2 and P3 had disappeared but not the vascular plexuses, which were clearly observed with IB4. These results indicate that the loss of the Ly6c signal in the contralateral P2 and P3 plexuses was due to a down-regulation of Ly6c rather that to a regression of the vasculature.






3. Discussion


As we see here, Ly6c, a marker of classically activated monocyte/macrophages [33,34], is also a good marker to identify blood vessels in mice.



We have focused this work on the retina, but we also show that Ly6c detects vessels in the brain, in accordance with previous studies [30] in the heart, intestine, kidney, and tail. Therefore, Ly6c is expressed in the vasculature of tissues derived from the three germinal layers, and in continuous and fenestrated capillaries [40,41].



In the retina, Ly6c immunodetection presents two main advantages over the traditional staining with IB4 isolectin [11,12,13,14]. Firstly, the Ly6c signal is similar in arteries, veins, and capillaries, allowing the study of all the components of the vascular system. IB4 binds to the α-gal residues present on the blood vessels, but because veins have a lower density of them than arterioles, IB4 staining in veins is weak [42]. Secondly, Ly6c is more selective of blood vessels than IB4. IB4 also binds to activated microglial cells as seen here and elsewhere [43], a binding that impairs the analysis of the vasculature in pathological situations. Certainly, as shown here, Ly6c also detects classically activated monocyte/macrophages (Ly6chigh) infiltrated in the retinal parenchyma. This is an advantage because it allows for assessment of whether a given insult to the CNS affects the blood–brain/retinal barrier permeability.



Using our experimental conditions, the Ly6c signal was brighter than that of IB4, and so imaging fine peripheral capillaries with IB4 was difficult, in contrast to other reports [44]. The choice of fluorochrome (555 for Ly6c and 647 for IB4) may have had an impact because the 647 signal is weaker. However, in Figure 1B, Ly6c was detected with a 647 fluorophore and its signal was still brighter than that of IB4. Thus, these differences, we believe, may be due to the different protocols: while we used IB4 directly coupled to fluorescence, Pitulescu et al. [44] used biotinylated IB4 which was subsequently identified with avidin-fluorophore, hence amplifying the signal.



The retinal superficial vascular plexus is formed by veins (6) and arteries (6) that later branch into venules and arterioles to finally give rise to capillaries. In the last stages of P1 development, some vessels enter the retina originating the deep plexus (P3), which is mostly made up of capillaries with a saccular morphology. Finally, a network of capillaries is established between plexuses one and three, giving rise to the intermediate plexus (P2) [4,45]. Ly6c immunodetection allows the three plexuses to be imaged and the fraction of the retinal area that they occupy to be quantified, with results similar to previous reports using other markers [16].



Most works on glaucoma models are focused on the inner layers of the injured retina with the main goals of deciphering the underlying causes of the anatomical and functional loss of RGCs and testing neuroprotective therapies [46,47]. Previous works from our group [35,37,48] report the functional and anatomical changes following AOHT, in both the inner and outer retina. Here we continue those studies with the analyses of the vasculature in all retinal layers and in both retinas.



In the injured retinas, P2 and P3 could not be measured because the outer retina thinned, and they became indistinguishable. In P1, there was a loss of Ly6c expression around the optic nerve head right after the reperfusion and up to 3 days. Retinas processed immediately after were very fragile and difficult to dissect. However, the tissue recovered at 24 h. At these early time points, central arteries/veins appeared ruptured, with a discontinuous Ly6C expression, and there was extravasation of monocyte/macrophages. Vessel rupture and brain–blood barrier impairment is a common occurrence in stroke and ischemia/reperfusion injuries [48], which in our model may be worsened by the acute rise of the intraocular pressure up to 10 times physiological values.



At 15 days, extra-numerary twisted capillaries were observed, and this vascular growth reached significance at 30 days. These results are in agreement with previous studies showing that a decrease in oxygen supply can lead to vascular tortuousness and neovascularization to meet metabolic demands [21,49].



The contralateral effect is a puzzling phenomenon of yet unknown etiology, where the uninjured tissue/organ of a bilateral system responds to the injury performed in the other one (reviewed in [50]). Most current works on the contralateral response are described in the visual system. This effect has been observed in different models of unilateral retinal injuries, and comprises several changes, from RGC death to microglial and macroglial activation [51,52,53,54,55,56,57,58,59].



Contrary to that reported in most studies in which the contralateral effect is an attenuated and delayed reflection of what occurs in the damaged tissue [51,52,53,54,55,56,57,58,59,60,61], we see here a different contralateral response: while in the injured retina, the area of the superficial plexus increased in the contralateral one decreased with time slowly but significantly. Furthermore, the intermediate and deep plexuses of the contralateral retina down-regulated Ly6c expression, an effect that was not observed in the injured one.



What is the meaning of this behavior? At this stage we do not know, and further experiments are needed to elucidate this point. However, we poise the hypothesis that Ly6c plays an important role in vasculature recovery and/or monocyte/macrophage homing, and therefore its expression must be reduced in the contralateral eye to meet the needs of the injured one.



In conclusion, the main finding of this work is that Ly6c immunodetection is a new and precise approach to detect and quantify retinal vascular plexuses in health and disease, and to assess monocyte/macrophage infiltration after damage.




4. Materials and Methods


4.1. Animal Handling


Animal procedures conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and adhered to the ARRIVE guidelines. Adult pigmented C57BL/6 mice were obtained from the University of Murcia breeding colony. All animals were treated in compliance with the European Union guidelines for Animal Care and Use for Scientific Purpose (Directive 2010/63/EU) and the guidelines from the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research. All procedures were approved by the Ethical and Animal Studies Committee of the University of Murcia, Spain (approved protocols: A1320140704, A13170110, and A13170111).




4.2. Acute Ocular Hypertension (AOHT) Induction


AOHT was induced to the experimental group as described [36,37]. Briefly, anesthetized mice were placed over a heating pad to maintain normal body temperature. A 30-gauge infusion needle placed in the anterior chamber of the left eye was connected to a 500 mL container of 0.9% NaCl 1.2 m above the eye. Intra-ocular pressure (IOP) was raised from baseline (8 ± 2 mmHg) to 87 ± 4 mmHg, as monitored with a Tono-Pen (Tono-Pen; Medtronic Co., Dublin, Ireland) [37,51,60]. Following 90 min, the needle was removed and the IOP returned to basal values. Retinal blood flow was examined by direct fundoscopy with an operating microscope (Spot OPMI 11, Carl Zeiss, Oberkochen, Germany) prior to, during, and after acute OHT. While AOHT resulted in lack of retinal perfusion, there was complete blood flow reperfusion after the removal of the needle. During and after the procedure, the corneas were covered with an ointment (Tobrex; Alcon S. A., Barcelona, Spain) to prevent desiccation.



Both retinas were analyzed at 0, 24 h, 3, 15, or 30 days after the induction of the AOHT (n = 4/time point). Retinas from intact animals were used as controls (n = 8). No exclusion criteria were enforced, and all animals were considered. In total, 28 mice were used in the present study.




4.3. Tissue Processing


Animals were sacrificed with an intraperitoneal injection of an overdose of sodium pentobarbital (Dolethal, Vetoquinol; Especialidades Veterinarias, S.A., Alcobendas, Madrid, Spain). and perfused transcardially with saline and 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer.



The eyes were enucleated and fixed for one extra hour in 4% PFA at room temperature. Both retinas were dissected and prepared as flattened whole-mounts maintaining the retinal orientation by making four radial cuts [52]. Flat mounts were maintained for 1 h at RT in PFA 4% and then kept in PBS until immunodetection, which is the recommended fixation for IB4 detection [44].



The brain, kidney, intestine, heart, and tail from some intact animals were dissected and post-fixed in 4% PFA at 4 °C overnight, and then cryoprotected in increasing concentrations of sucrose before embedding them in an optimal cutting temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA). Serial sections (15–30 μm thick) were obtained on a cryostat.



To analyze the non-perfused retinas, eyes were enucleated and fixated in 4% PFA at 4 °C overnight. Thereafter, flat mounts were processed as above.




4.4. Immunodetection


Whole-mounted and cross-sections retinas were immunodetected as previously described [35,36,37,43,52,59,60,61,62,63] with rat α-Ly-6C primary antibody (1:500; sc-52650, Santa Cruz Biotechnology Inc., Dallas, TX, USA) and mouse monoclonal α-CD115 (1:200; sc-46662, Santa Cruz Biotechnology Inc., Dallas, TX, USA). Secondary detection was carried out with goat α-rat Alexa 555 or 647 and goat α-mouse IgG1 Alexa 488 secondary antibodies diluted 1:500 (Moleculasr Probes; Thermo Fisher Scientific, Madrid, Spain. Cat. Number A21434, A21247, A21121). For comparative purposes, the isolectin GS-IB4 from Griffonia simplicifolia coupled to Alexa 647 (1:300, Molecular Probes, Thermo Fisher Scientific Alcobendas, Madrid, Spain) was used in combination with Ly6C immunodetection. No signal was observed when testing the cross-reactivity of the secondary antibodies in samples without the primary antibody.



In brief, after permeabilization, samples were incubated overnight at 4 °C with the primary antibody diluted in blocking buffer (phosphate buffer saline (PBS) with 2% donkey normal serum and 2% Triton for flat mounts and 0.2% for cross sections). Then, they were washed three times in PBS and incubated for 2 h at room temperature with the secondary antibody and IB4 when required. Finally, samples were thoroughly washed in PBS and mounted in slides covered with antifading solution (Vectashield, Vector laboratories, Palex Medical, Barcelona, Spain). In all sections, nuclei were counterstained with DAPI (Vectashield with DAPI).




4.5. Image Acquisition and Analysis


Images were acquired using a Leica DM6B epifluorescence microscope or a Leica SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany). Retinal and brain photomontages were reconstructed from 64 (11 × 14) individual images. Photomontages of the three vascular plexuses were acquired from the same retina, focusing on the Ly6c signal in the corresponding retinal layer, and the color acquisition settings were red (P1), purple (P2), and green (P3). The area fraction of Ly6c staining was measured by ImageJ software (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij (15 May 2021) and defined as the number of pixels which form the retinal vessels over the total area of the retina. Ischemia versus control measures were blinded.




4.6. Statistics


Data were analyzed and plotted with GraphPad Prism v.7 (GraphPad, San Diego, CA, USA). Anatomical data are presented as mean ± standard deviation (SD). Differences were considered significant when p < 0.05. The tests are detailed in the results.
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	Ly6c
	Lymphocyte antigen 6 complex



	CNS
	Central nervous system



	RGC
	Retinal ganglion cells



	CD31
	Cluster of differentiation 31



	ICAM2
	Intercellular adhesion molecule 2



	CLDN5
	Claudin 5



	Col4
	Collagen 4



	ENG
	Endoglin



	ZO-1
	Zonula occludens-1



	CDH5
	Cadherin 5



	Erg
	ETS-related gene



	BSA
	Bovine serum albumin



	P (1–3)
	Vascular plexus



	IOP
	Intraocular pressure



	OHT
	Ocular hypertension



	AOHT
	Acute ocular hypertension



	PFA
	Paraformaldehyde



	OCT
	Optimal cutting temperature compound



	PBS
	Phosphate buffered saline



	SD
	Standard deviation
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Figure 1. Ly6c is expressed in mouse blood vessels. (A) Ly6c (red) and IB4 (purple) detection in several tissues showing Ly6c signal in the brain, intestine, kidney, heart, and tail. The arrow points to blood vessels, and the asterisk to macrophages in the intestinal villi. Nuclei are counterstained with DAPI (blue). (B) Ly6c (purple) and CD115 (red) double immunodetection in non-perfused and perfused retinas. Scale bar is the same for all panels. 
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Figure 2. Comparison of Ly6c and IB4 vascular staining in the retina. (A–C) Photomontage of a representative intact retina showing Ly6C ((A), red), IB4 ((B), purple) and both signals (C) in the ganglion cell layer. (D–G) Magnifications from the central (D,F) and peripheral (E,G) retina are from the yellow squares in (C). Scale bar in (C) for (A–C) images, and in (F) for (D–G) panels. 
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Figure 3. Retinal vascular plexuses. (A) Left: Ly6c immunodetection (red) in a retinal cross-section counterstained with DAPI (blue). Right: drawing depicting the retinal layers and the position of each vascular plexus. RGCL: retinal ganglion cell layer, IPL: inner plexiform layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear layer. (B) Whole-mounted retina showing Ly6c staining in the three retinal vascular plexuses. Below each one there are magnifications from the two regions framed in yellow. 1 mm and 100 µm scale bars are for photomontages and magnifications, respectively. 
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Figure 4. Changes in the retinal vasculature after transient ischemia. (A) Ly6c immunodetection showing the superficial plexus (P1) of ischemic retinas analyzed from 0 h (immediately after) to 30 days after the induction of the ischemia. Below each photomontage are shown magnifications of the optic nerve head or retinal periphery. (B) Bar graphs showing the area fraction of the retina covered by P1 ± standard deviation in intact and contralateral retinas. * Significant compared to intact retinas (p < 0.05, Kruskal–Wallis, Dunn’s multiple comparisons test). 1 mm and 100 µm scale bars are for photomontages and magnifications, respectively. 
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Figure 5. Extravasation of classically activated monocyte/macrophages early after the induction of transient ischemia. Ly6c expression in the superficial plexus around the optic nerve head and in the periphery of intact retinas and retinas analyzed 24 h and 3 days after the ischemia. Arrows point to extravasated classically activated monocytes/macrophages. 
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Figure 6. Retinal thinning after ischemia. Confocal images showing Ly6c signal in the three plexuses from 0 h to 30 days after the induction of the ischemia. To the left of each magnification is shown the z-stack spanning the retinal thickness (DAPI in blue) and a magnification of the z-stack (yellow square) where the ganglion cell layer is positioned a 0 µm in all images. 
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Figure 7. Changes in the retinal vasculature of the contralateral uninjured retinas. (A) Ly6c immunodetection showing the superficial plexus (P1) of contralateral retinas analyzed from 0 h (immediately after) to 30 days after the induction of the ischemia. Below each photomontage are shown magnifications of the optic nerve head or retinal periphery. (B) Bar graphs showing the area fraction of the retina covered by P1 ± standard deviation in intact and contralateral retinas. * Significant compared to intact retinas (p < 0.05, Kruskal–Wallis, Dunn’s multiple comparisons test). 1 mm and 100 µm scale bars are for photomontages and magnifications, respectively. 
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Figure 8. Loss of Ly6c expression in the intermediate and deep vascular plexuses of the contralateral uninjured retinas. Confocal images showing Ly6c signal in the three plexuses from 0 h to 30 days after the induction of the ischemia. To the left of each magnification is shown the z-stack spanning the retinal thickness (DAPI in blue) and a magnification of the z-stack (yellow square) where the ganglion cell layer is positioned a 0 µm in all images. 
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Figure 9. Microglial activation in the injured retinas and down-regulation of Ly6c in the contralateral ones. Confocal images showing Ly6c and IB4 staining in the three vascular plexuses of injured and contralateral retinas analyzed at 3 and 30 days after the induction of the ischemia, respectively. 
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Table 1. Markers to identify mouse blood vessels.






Table 1. Markers to identify mouse blood vessels.





	Marker
	Target
	Characteristics
	References





	Isolectin-IB4
	Terminal α-d-galactosyl residues
	Binds to blood vessels and to activated microglial cells
	[5,11,12,13,14,15,16]



	CD31 (cluster of differentiation 31) also known as PECAM-1 (platelet endothelial cell adhesion molecule)
	Adhesion molecule that constitutes a large part of the intercellular junctions of endothelial cells
	It is found on endothelial cells, platelets, Kupffer cells, macrophages, granulocytes, lymphocytes, megakaryocytes, osteoclasts, and in certain tumors
	[12,16,17,18]



	ICAM2 (intercellular adhesion molecule 2) also known as CD102 (cluster of differentiation 102)
	Type I transmembrane glycoprotein present in the apical/luminal endothelial cell membrane
	ICAM2 masks highlight vessel segments undergoing remodeling. It mediates adhesive interactions important for antigen-specific immune response
	[11,18,19]



	CLDN5 (claudin 5)
	It is one of the six high abundant tight junction proteins in the blood–brain barrier in vivo and the dominant one in vitro
	Transiently expressed in the retinal pigment epithelium (RPE) during development, where its expression correlates with permeability changes in the developing RPE
	[12,20]



	ColIV or Col4 (collagen IV)
	One of the main components of the basement membrane (BM), a specialized extracellular matrix that compartmentalizes tissues, provides structural support, and influences cell behavior and signaling
	Collagen IV is the most abundant structural BM component and is essential for BM integrity but not initial BM formation
	[11,19,21]



	Endoglin (ENG) also known as CD105
	Transmembrane glycoprotein that functions as a coreceptor for ligands of the transforming growth factor-β superfamily. It is predominantly expressed by activated endothelial cells
	It is a facilitator of ligand binding and has a crucial role in angiogenesis. It is also a marker of mesenchymal stem cells and it is expressed in progenitor cells involved in vascular remodeling in animal models
	[22,23,24]



	ZO-1 (zonula occludens-1) also known as TJP1 (tight junction protein-1)
	One of the proteins that create intercellular boundaries between the plasma membrane domains of epithelial and endothelial cells (endothelial cell–cell junctions)
	Is thought to have both structural and signaling roles. It can also associate with claudin, occludin, and F-actin, at tight junction stands, where it provides a linkage between the actin cytoskeleton and the tight junction
	[11,16,25]



	CDH5 (cadherin 5) also known as VE-cadherin
	It is a strictly endothelial specific adhesion molecule located at junctions between endothelial cells and promotes homotypic cell-to-cell interaction
	It is vital for the maintenance and control of endothelial cell contacts. It is relevant for the control of vascular permeability and leukocyte extravasation and regulates various cellular processes such as cell proliferation and apoptosis and modulates vascular endothelial growth factor receptor functions. It is essential during embryonic angiogenesis
	[11,16]



	Erg (ETS-related gene)
	It is expressed in the nuclei of endothelial cells
	It is a transcription factor that has been linked to angiogenesis and to the promotion of vascular stability
	[11,26]



	Dextran-fluorophore (complex branched glucan labelled with a fluorophore)
	Blood vessel lumen
	Used for intravascular perfusion. High-molecular-weight FITC-dextran remains in the vasculature without diffusion
	[27,28]



	gel-BSA-FITC (gel-bovine serum albumin-fluorescein isothiocyanate)
	Blood vessel lumen
	Used for intravascular perfusion. The high molecular weight of albumin prevents the marker from crossing blood vessel walls, which ensures the confinement of the fluorescent signal within the blood vessels
	[29]
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