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Abstract

:

Signaling mediated by cytokines and chemokines is involved in glaucoma-associated neuroinflammation and in the damage of retinal ganglion cells (RGCs). Using multiplexed immunoassay and immunohistochemical techniques in a glaucoma mouse model at different time points after ocular hypertension (OHT), we analyzed (i) the expression of pro-inflammatory cytokines, anti-inflammatory cytokines, BDNF, VEGF, and fractalkine; and (ii) the number of Brn3a+ RGCs. In OHT eyes, there was an upregulation of (i) IFN-γ at days 3, 5, and 15; (ii) IL-4 at days 1, 3, 5, and 7 and IL-10 at days 3 and 5 (coinciding with downregulation of IL1-β at days 1, 5, and 7); (iii) IL-6 at days 1, 3, and 5; (iv) fractalkine and VEGF at day 1; and (v) BDNF at days 1, 3, 7, and 15. In contralateral eyes, there were (i) an upregulation of IL-1β at days 1 and 3 and a downregulation at day 7, coinciding with the downregulation of IL4 at days 3 and 5 and the upregulation at day 7; (ii) an upregulation of IL-6 at days 1, 5, and 7 and a downregulation at 15 days; (iii) an upregulation of IL-10 at days 3 and 7; and (iv) an upregulation of IL-17 at day 15. In OHT eyes, there was a reduction in the Brn3a+ RGCs number at days 3, 5, 7, and 15. OHT changes cytokine levels in both OHT and contralateral eyes at different time points after OHT induction, confirming the immune system involvement in glaucomatous neurodegeneration.
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1. Introduction


Glaucoma is a multifactorial neurodegenerative disease, characterized by progressive damage of the optic nerve produced by retinal ganglion cells’ (RGCs) death [1]. One of the most important treatable risk factors is the increase in intraocular pressure (IOP). However, IOP control cannot always prevent RGCs’ death [2]; thus, other mechanisms such as neuroinflammation may be involved in the glaucomatous damage progression [3,4]. The microglial cells are the immunocompetent cells of the central nervous system and respond to neuronal damage through activation [5]. In the course of this activation, microglial cells change their morphology (increase the cell body size, retract and reorient their processes, and can be transformed into amoeboid cells, acting as macrophages), proliferate, and migrate towards damaged areas [6,7,8,9]. In addition, activated microglia can alter the expression of different receptors such as cell surface transmembrane glycoprotein CD200 receptor (CD200R), receptor for the CX3C chemokine fractalkine (CX3CR1), and purinergic receptor P2Y12 (P2RY12) and can modify their gene expression, promoting the synthesis and release of inflammatory cytokines (tumor necrosis factor alpha (TNF-α), interleukin 1 beta (IL-1β), interleukin 6 (IL-6), etc.) [10,11,12]. These cytokines may be involved in the apoptosis of RGCs activated by both intrinsic and extrinsic pathways, exacerbating the neurodegenerative process [13,14]. In the experimental models of glaucoma and in the aqueous humor, serum, and retina of glaucoma patients, an increase in inflammatory mediators (IL-1β, interleukin 4 (IL-4), IL-6, interleukin 10 (IL-10), interleukin 12 (IL -12), interferon gamma (IFN-γ), vascular endothelial growth factor (VEGF), and TNF-α) has been found [15,16,17,18].



Activated microglial cells, such as macrophages, show two M1 and M2 activation phenotypes. M1 produces an intense inflammatory response and is characterized by the release of inflammatory mediators (nitric oxide and reactive oxygen species) and pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-12). Uncontrolled activation of the M1 phenotype can induce chronic inflammation, which leads to neuronal death. However, the M2 phenotype is characterized by the release of neurotrophic factors (brain-derived neurotrophic factor (BDNF), neurotrophins, glial cell-derived neurotrophic factor (GDNF), etc.) and anti-inflammatory cytokines (IL-4, IL-10, interleukin 13 (IL-13), transforming growth factor beta (TGF-β)) and can contribute to controlling inflammation and improving neuronal survival [7,19].



By using a mouse model of unilateral laser-induced ocular hypertension (OHT), we performed a study comparing the different signs of microglial activation (cell number, soma size, process retraction, number of vertical processes) at different time points (1, 3, 5, 7, and 15 days) after laser application [6,8,9,20,21]. In this work, we observed that the greatest microglial activation, in both the OHT and in the contralateral eyes, occurred three and five days after OHT laser induction, coinciding with high IOP values and with a downregulation of P2RY12 expression in the OHT eyes. P2RY12 is a resident microglial-specific receptor and its expression, which is robust in non-pathological situations, becomes undetectable when there is a strong activation of microglial cells [22]. However, we still do not know the pattern of cytokine release in the OHT eyes and normotensive contralateral eyes at different time points after OHT induction. Thus, in the same unilateral laser-induced OHT experimental model, and also at the same time points after OHT induction, the aim of the current study was to analyze both in OHT and contralateral eyes: (i) the expression of different mediators of inflammation both with neuroprotective and anti-inflammatory properties (IL-4, IL-10, BDNF, VEGF) and with pro-inflammatory properties (TNF-α, IL-1β, IL-6, interleukin 17 (IL-17), IFN-γ), as well as a microglial activation regulator such as fractalkine (CX3CL1), using multiplex assay and immunohistochemical techniques, and (ii) the relationship between the expression of these factors and the decrease in the number of RGCs that occurs after OHT induction.




2. Results


2.1. Intraocular Pressure


In the eyes where OHT was induced, the IOP showed the highest difference with respect to the naïve and contralateral eyes one to three days after laser induction (all: p < 0.01; Figure 1). Five days after the OHT induction, the IOP decreased, although it remained significantly higher than in the naïve eyes (p < 0.01; Figure 1) and in the contralateral eyes (p < 0.05; Figure 1). Seven days after the laser, the IOP in the lasered eyes was similar to that in the naïve and contralateral eyes (Figure 1). At all the time points analyzed, the contralateral eyes had an IOP similar to that of the naïve eyes (p > 0.05; Figure 1).




2.2. Levels of Pro-Inflammatory Mediators in the Course of Experimental Glaucoma


2.2.1. Interleukin 1 Beta (IL-1β)


IL-1β overexpression was only detected in the contralateral eyes. After OHT induction, IL-1β expression in the contralateral eyes increased significantly after one day (p < 0.05) and three days (p < 0.01). However, after seven days, contralateral eyes showed a significant decrease (p < 0.01) in comparison with naïve eyes. In the OHT eyes, IL-1β expression was significantly lower than in naïve eyes after one day (p < 0.01), five days (p < 0.05), and seven days (p < 0.01). After three days, in contralateral eyes, the IL-1β expression was significantly higher (p < 0.01) than in OHT eyes (Figure 2a). The immunohistochemical techniques showed that IL-1β was expressed by microglia (Figure 2b) and macroglia (astrocytes and Müller cells) (Figure 2c) (Table 1).




2.2.2. Interleukin 6 (IL-6)


In OHT eyes, a significant increase in IL-6 expression was observed at one and three days (p < 0.01), and five days (p < 0.05) compared with naïve eyes. In the contralateral eyes, this significant increase was detected at days 1, 5, and 7 (all: p < 0.05) after laser induction; however, at day 15, a significant decrease (p < 0.05) was observed with respect to naïve eyes. In contralateral eyes, with respect to OHT eyes, the IL-6 expression was significantly lower after one and three days (p < 0.01) and significantly greater after seven days (p < 0.01) (Figure 3a). The immunohistochemical techniques revealed that IL-6 was expressed by microglia (Figure 3b) (Table 1).




2.2.3. Interferon Gamma (INF-γ)


In comparison with naïve eyes, the expression of INF-γ in OHT eyes showed a significant increase at days 3 (p < 0.01), 5 (p < 0.05), and 15 (p < 0.01) after laser induction. No difference was observed between contralateral and naïve eyes. The comparison between contralateral and OHT eyes showed that the INF-γ expression in contralateral eyes was significantly lower after 15 days (p < 0.01) (Figure 4a). In the histological sections, it was observed that the immunolabeling of INF-γ was related to microglial cells (Figure 4b) (Table 1).




2.2.4. Interleukin 17 (IL-17)


Only after 15 days, in contralateral eyes, we observed a significant increase in the IL-17 expression (p < 0.01) with respect to naïve eyes; however, this expression was significantly greater than in OHT eyes at all time points analyzed (all: p < 0.01). In the OHT eyes, the IL-17 expression was significantly lower than in naïve eyes at all time points analyzed (all: p < 0.01) (Figure 5a). The immunohistochemical techniques showed that IL-17 was expressed by microglial cells (Figure 5b) (Table 1).




2.2.5. Tumor Necrosis Factor Alpha (TNF-α)


With respect to the TNF-α expression in this work, a detectable concentration level of this cytokine was not obtained, but the immunohistochemical analysis showed that TNF-α expression was localized in the microglial cells (Figure 6a) and astrocytes (Figure 6b) (Table 1).





2.3. Levels of Anti-Inflammatory Mediators in the Course of Experimental Glaucoma


2.3.1. Interleukin 4 (IL-4)


In comparison with the naïve group, in the OHT eyes, we observed a significant increase in the IL-4 expression at days 1, 3, 5, and 7 (all: p < 0.01) after laser photocoagulation. However, in the contralateral eyes, this significant increase was observed at days 7 and 15 (p < 0.01) after laser induction. The comparison between OHT eyes and contralateral eyes showed that, in contralateral eyes, the IL-4 expression was significantly lower (p < 0.01) at days 1, 3, and 5 and significantly higher at day 15 (p < 0.01) than in OHT eyes. (Figure 7a). In the immunohistochemical sections, IL-4 was expressed by microglial cells (Figure 7b) (Table 1).




2.3.2. Interleukin 10 (IL-10)


In OHT eyes, we observed a significant increase after three (p < 0.05) and five days (p < 0.01), while seven days after OHT induction, the IL-10 expression was significantly lower (p < 0.05) than in naïve eyes. In contralateral eyes, the IL-10 expression was significantly higher after three (p < 0.01) and seven days (p < 0.05) with respect to naïve eyes. Compared to OHT eyes, contralateral eyes showed a significant increase in IL-10 expression after three (p < 0.05) and seven days (p < 0.01), with this expression being significantly less after five days (p < 0.01) (Figure 8a). Immunohistochemical techniques showed that IL-10 expression colocalized with the NF-200+ axons of the RGCs (Figure 8b) (Table 1).




2.3.3. Brain-Derived Neurotrophic Factor (BDNF)


In OHT eyes, we detected a significant increase in the BDNF expression at all time points analyzed except five days (all: p < 0.01). In contralateral eyes, BDNF expression was significantly lower than in naïve eyes after 1 day (p < 0.01), and 3 and 15 days (p < 0.05). Contralateral eyes showed significantly lower BDNF expression compared to OHT eyes at days 1, 3, and 15 (all: p < 0.01) (Figure 9a). Immunohistochemical analysis showed that the BDNF expression was located in the macroglial cells (astrocytes and Müller cells) (Figure 9b) (Table 1).




2.3.4. Vascular Endothelial Growth Factor (VEGF)


One day after laser induction, VEGF expression in OHT eyes was significantly higher (p < 0.01), and in contralateral eyes, it was significantly lower (p < 0.01), both in comparison with naïve eyes. This VEGF expression in OHT eyes and in contralateral eyes was significantly lower at days 7 and 15 (p < 0.01) than in naïve eyes. In addition, in comparison with OHT eyes, contralateral eyes showed a significant decrease in VEGF expression after one day (p < 0.01), with this expression being significantly greater 15 days (p < 0.01) after laser induction (Figure 10a). The immunohistochemical techniques showed that VEGF was expressed by macroglia (astrocytes and Müller cells) (Figure 10b) (Table 1).





2.4. Levels of Microglial Activation Regulator in the Course of Experimental Glaucoma


CX3CL1 (Fractalkine)


In the OHT retinas, we observed a significant increase in fractalkine expression after one day (p < 0.01) in comparison with naïve eyes. However, this expression of fractalkine in OHT eyes was significantly lower than in naïve eyes at all the other time points analyzed (days 3, 5, and 7, p < 0.01; 15 days, p < 0.05). The contralateral eyes showed a significant decrease in fractalkine expression at days 1, 3, and 5 (all: p < 0.01) compared to naïve eyes.



In addition, in contralateral eyes, the expression of fractalkine was significantly lower than in OHT eyes after one day (p < 0.01) and significantly greater after seven days (p < 0.05) than in OHT eyes (Figure 11a). Fractalkine expression was observed in microglial cells when the processed sections were analyzed with immunohistochemical techniques (Figure 11b) (Table 1).





2.5. Number of Brn3a+ RGCs in the Course of Experimental Glaucoma


2.5.1. Temporal Profile


In OHT eyes, a significant reduction in the number of Brn3a+ cells was observed three days after laser induction (p < 0.05), and the decrease became more severe at days 5, 7, and 15 (p < 0.005, p < 0.01, and p = 0.005, respectively) compared with control naïve eyes. In the contralateral eyes, a modest decrease was also observed, but it only achieved statistical significance after 3 and 15 days (p < 0.05) with respect to naïve eyes (Figure 12).




2.5.2. Spatial Distribution


In OHT eyes, a decrease in the number of Brn3a+ RGCs was initiated at day 3 (Figure 13d) in the temporal region, and specifically in its central zone; at day 5 (Figure 13f), an extensive decrease in the number of Brn3a+ RGCs was observed, with the temporal region and all its zones being more dramatically involved. The central region and its central and superior zones also showed significant decreases, while the nasal region recorded the lowest reduction in the number of Brn3a+ RGCs. At days 7 (Figure 13h) and 15 (Figure 13j), the decrease in Brn3a+ RGCs was still significant in the temporal and central retinal regions. These changes seemed to be less evident in the inferior retina. In the contralateral eyes, the decrease in the number of Brn3a+ RGCs was also initiated at day 3 (Figure 13e) in the temporal region, but its superior and central zones were the only ones that underwent changes. The decrease in the number of Brn3a+ RGCs was significant at day 7 (Figure 13i), but only in the temporal central retina, and at day 15 (Figure 13k) in the temporal central and temporal nasal retina.






3. Discussion


To our knowledge, this is the first work that has analyzed the temporal pattern of expression of pro-inflammatory cytokines (IL-1β, IFNγ, TNF-α, IL-6, and IL-17), anti-inflammatory cytokines (IL-4, IL-10), neurotrophic factors with neuroprotective and anti-inflammatory properties (BDNF, VEGF), and fractalkine (CX3CL), a microglial activation regulator, in a mouse experimental model of unilateral laser-induced OHT.



Chronic microglial activation has been shown to be one of the main pathogenic mechanisms involved in the development of neurodegenerative diseases, including glaucoma [7,10]. Activated microglial cells can adopt two phenotypes in response to damage. The M1-like or neurotoxic phenotype generates a large inflammatory response, releasing pro-inflammatory cytokines and reactive oxygen and nitric oxide species. Initially, this response could be protective in an attempt to restore homeostasis of nerve tissue. However, a chronic activation of M1-like can induce neurodegeneration due to the excessive release of neurotoxic molecules and pro-inflammatory cytokines [23,24,25]. Alternatively, the M2-type phenotype releases neurotrophic factors and anti-inflammatory mediators that have the ability to moderate the pro-inflammatory response and promote tissue repair, leading to a supportive neuronal environment [12,26,27]. Among the inflammation mediators, IFN-γ, TNF-α, IL-1β, IL-6, IL-12, IL-17, and IL-18 are well-known pro-inflammatory cytokines, whereas IL4, IL-10, IL-13, and transforming growth factor-beta (TGF-β) are recognized as anti-inflammatory cytokines.



Our study showed a significant increase in the expression of inflammation mediator IFN-γ at days 3, 5, and 15 in the OHT eyes with respect to the naïve ones after the laser OHT induction. In the contralateral eyes, although the values were also elevated (at days 3, 5, and 7) with respect to the naïve eyes, these changes were not statistically significant. In addition, in our immunohistochemical sections, the immunolabeling of IFN-γ was related to the microglial cells. IFN-γ is one of the most efficient natural inductors of microglial activation [28]. This molecule promotes the upregulation of MHCI and MHCII, the production of cytokines, and the induction of components of the complement cascade. Microglia polarize the phenotype M1 when stimulated with IFN-γ and can produce inflammatory mediators such as IL-1β, IL-6, TNF-α, C-C chemokine ligand 2 (CCL2), reactive oxygen species (ROS), and nitric oxide (NO) [29]. Thus, this cytokine is important in amplifying the effects of other cytokines and growth factors, playing a key role in maintaining and extending the immune response [30]. The data on this cytokine in the present study coincide with those found in our previous studies of OHT eyes [21], in which we found a greater activation of the microglial cells at days 3 and 5 and a downregulation in the expression of P2RY12 in these cells, indicating a greater inflammatory process. In the contralateral eyes, at these times (days 3 and 5), we have also shown greater microglial activation, although to a lesser degree than in the OHT eyes [21], which would coincide with the non-significant increase in this cytokine.



In the present study, we found a significant decrease in the expression of IL-1β in OHT eyes at days 1, 5, and 7 in comparison to naïve eyes. However, in the contralateral eyes, we found a significant increase in IL-1β at days 1 and 3 and a significant decrease at day 7, being expressed by both microglia and macroglia, as we could observe in our immunohistochemical study. These results seem to be contradictory to previous results from other models. In hypoxia conditions, amoeboid microglial cells increased the production of TNF-α and IL-1β, suggesting that the binding of the cytokines to their respective receptors could be one of the most important factors related to RCG death [31]. IL-1β was significantly elevated in both proximal and distal portions of the optic nerve in DBA/2J mice compared to controls, indicating a possible role for this cytokine in distal axonopathy in glaucoma [32]. In a unilateral laser-induced OHT model in rats, a significant increase in IL-1β protein levels was observed at days 3 and 7 after OHT induction compared to control animals [33]. However, Chidlow et al. [34], in an experimental glaucoma model by laser photocoagulation of the trabecular meshwork in rats, did not find TNF-α and IL-1β immunolabeling in either the retina or the optic nerve, despite evidence of moderate IL-1β and TNF-α mRNA upregulation in response to elevated IOP. The authors proposed three possible explanations for this: (i) the mRNAs were not translated; (ii) the proteins were only transiently expressed by individual cells or degraded rapidly, which would make immunohistochemical detection more difficult; and (iii) the tissue level of the proteins was below the detectable limit of the relevant assays. In our study, we also could not detect TNFα with the multiplex assay, and we believe that Chidlow et al.’s third explanation could support this fact. However, we were able to obtain immunolabeling of TNFα on microglial cells and macroglial cells. It has been shown that both types of retinal cells can express this cytokine in glaucoma [35].



Contrary to what was observed in OHT eyes, we were able to detect an upregulation of IL-1β in the contralateral eye. The downregulation of IL1- β at days 1, 3, 5, and 7 in OHT eyes could be explained by the action of IL4 and IL10. These cytokines may inhibit the production of IL-1β and TNF-α by monocyte-derived macrophages and may be important in controlling the immune response by negatively regulating the production of pro-inflammatory mediators [36,37]. In our study, the significant upregulation of IL-4 (at days 1, 3, 5, and 7) and IL-10 (at days 3 and 5) would coincide with the significant downregulation of IL-1 β (at days 1, 5, and 7) in OHT eyes. In addition, in the contralateral eyes, upregulation of IL-1β (at days 1 and 3) and downregulation at day 7 would coincide with downregulation of IL4 (at days 3 and 5) and upregulation at day 7. In our study, IL-4 was detected immunohistochemically in microglial cells, while IL-10 was located in the axons of the RGCs. It has been observed that RGC cultures express IL-10 receptors, suggesting that this cytokine may have a direct neuroprotective effect on RGC axons [38]. The anti-inflammatory cytokines IL-4 and IL-10 may play a compensatory role early in glaucoma, prior to functional transport loss and RGC death [39], and could induce alternative activation and polarization of M2 microglia [29].



In our work, we found a significant increase in IL-6 in OHT eyes at days 1, 3, and 5 after OHT induction with respect to naïve eyes, being expressed by microglial cells, as we observed in our immunohistochemical study. There is substantial evidence of a strong relationship between IL-6 secretion and increased IOP. Johnson et al. [40] found early upregulation of IL-6 mRNA in the optic nerve head as an early response to high IOP levels in a hypertonic saline OHT rat model. In an OHT experimental model of laser photocoagulation in rats [34], researchers found a statistically significant upregulation of IL-6 expression in the retinas using ELISA techniques at days 1, 3, and 7 after induction of elevated IOP, with the highest value at day 1. It has been found that the expression of IL-6 may be key to the microglial response to elevated pressure. In RGC cultures subjected to high hydrostatic pressure, a decrease in cell survival occurs when the IL-6 supplied by the microglia decreases, suggesting that IL-6 released by the microglia may be counteracting proapoptotic factors such as TNF-α, nitric oxide, and other factors [41]. In our study, we found that in OHT eyes, the major expression of IL-6 coincides with the times when the IOP is highest (days 1, 3, and 5). We agree that there could be a close relationship between an elevation of IOP and an increase in IL-6, as stated by other authors [34,40]. Moreover, in our study, we observed that when the IOP normalizes (seven days after OHT induction), IL-6 decreases, with no significant difference being seen with respect to naïve eyes. This coincides with the fact that after seven days, there is a significant death of the RGCs in this experimental model [42,43,44]. In addition, in our study, three days after the induction of OHT, there was a decrease in Brn3a+ RGC, and this decrease increased at subsequent time points, which was parallel to the decrease in the secretion of IL-6. Therefore, this would support the notion that IL-6 exerts a neuroprotective effect, counteracting the proapoptotic effects of other factors and induced by the increase in IOP, as has been reported by other authors [41]. In our study, after laser induction, we also observed an increase in IL-6 expression (at days 1, 5, and 7) in normotensive contralateral eyes with respect to naïve eyes. Therefore, the increase in IL-6 in the contralateral eyes, which was less than in OHT eyes, could be related to factors other than the increase in IOP. In previous studies, we have shown that an activation of microglial cells in the contralateral eyes is taking place that could be caused by immune signals derived from the OHT eyes [6,8,9,20,45]. Microglia have been shown to be the main retinal cell type responsible for IL-6 synthesis after inflammatory damage [34]. It has been shown that IL-6 pretreatment can prevent apoptosis of neuronal cells exposed to different physiological stressors in vitro, which would support the idea that IL-6 may have neuroprotective effects [46].



IL-17 is an inflammatory response-inducing cytokine, as it can induce other cytokines and inflammatory chemokines [47]. Astrocytes [48], infiltrated T cells [49], and microglia [50] may be responsible for secreting this cytokine. Surprisingly, in our study, we only found a significant increase in IL-17 in the contralateral eyes 15 days after laser induction, and we also observed that it was expressed by microglial cells. However, in OHT eyes, we found a statistically significant decrease in IL-17 with respect to naïve eyes at all time points analyzed. A possible explanation for this could be that cytokines with an anti-inflammatory character could be counteracting the action of IL-17 in OHT eyes, as IL-10 and IL-4 did on IL-1β. It has been shown that several cytokines such as IL-4, IL10, and IL-13 may have an inhibitory effect on IL-17 [51,52]. A possible explanation for the high IL-17 levels in the contralateral eyes could be that IL-1β is elevated in these eyes. It has been shown that IL-17 is produced by the microglia in response to IL-1β [50]. In addition, IL-17 may have an anti-inflammatory and neuroprotective effect that is produced by astrocytes under short-term stimulation of a high-level IL-17 cytokine in the culture medium [53,54]. This effect may be occurring in the contralateral eyes 15 days after OHT induction: a significant increase in this cytokine was observed only at this time point.



Microglia express the chemokine fractalkine receptor (CX3CR1), and their signaling could regulate microglial behavior in glaucoma. Fractalkine (CX3CL1) is constitutionally expressed by the neurons and endothelial cells of the retina and is upregulated in conditions of inflammation [55,56]. In our study, we observed in the OHT eyes a significant increase in fractalkine on day 1 after OHT induction with respect to naive eyes and a positive immunolabeling of this chemokine on the microglial cells. This increase was not observed at later time points after OHT laser induction. It has been suggested that fractalkine released by apoptotic neurons may act as a “find me” signal promoting microglial processes to be directed towards apoptotic neurons for elimination [57]. In a previous study, we found that microglial migrations, the reorientation of processes towards certain areas of the retina, and the appearance of amoeboid microglia occurred one day after OHT induction [20,21]. Therefore, the fractalkine released by RGCs could promote the activation and migration of microglial cells observed at an early time, such as day 1, after OHT laser induction. In addition, fractalkine signaling regulates cytokine secretion, phagocytosis, the migration and survival of circulating monocytes, and recruitment of chemokine C-C motif receptor 2 (Ccr2)-positive monocytes [56,58,59,60,61]. In previous works, one day after OHT induction, we also found that in the OHT eyes, there was a large number of rounded MHC-II+ cells near vascular zones and that they were phagocyted by the amoeboid microglia [20,21]. These rounded cells could be macrophages and monocytes that could have infiltrated the retinal tissue, helped by the increase in fractalkine in the tissue. In addition, rounded MHC-II+ cells could have entered the retinal tissue due to an alteration of the blood‒retinal barrier in the OHT eye [20].



In the present study, we observed that, one day after OHT induction, there is a significant VEGF upregulation, not found at later time points after OHT laser induction or in the contralateral eyes. It has been demonstrated that VEGF can induce increased vascular permeability and is a chemoattractant of monocytes/macrophages (which have VEGF receptors), allowing them to migrate into the tissues [62]. In the retina, VEGF is principally expressed in endothelial cells [63], the retinal pigment epithelium [64], Müller cells [65], astrocytes [66], and RGCs [67]. In our immunohistochemical study, we found the expression of this cytokine in the macroglial cells. This vascular factor has been suggested as a survival factor for retinal neurons [68]. The cause of an elevated VEGF concentration in eyes with glaucoma may be related to the ischemia, hypoxia, or elevated reactive oxygen intermediates caused by glaucomatous damage [17].



Another factor that could have a protective effect against the neurodegeneration produced by OHT is BDNF. This factor can be produced locally by RGCs, astrocytes [69], and microglia [70], and it can play an important role in the survival of RGCs by protecting them from apoptosis. BDNF, by stimulating its high-affinity receptor, tropomyosin receptor kinase B (TrkB), causes the activation of prosurvival cell signaling pathways that induce neuroprotection in the retina [71,72]. The TrkB expression is relatively high in RGCs and Müller glia [73,74]. Stimulation of BDNF-TrkB signaling in glial cells has been shown to produce neuroprotective effects by supplying neurotrophic factors that stimulate neuroprotection [75]. The reduction in the retrograde transport of neurotrophic factors such as BDNF in RGCs, by increasing IOP, has been suggested as a critical factor for the degeneration of these cells in glaucoma [71,72]. The neuroprotective effect of BDNF was shown in an OHT model similar to that used in the present study but carried out in rats. BDNF produced neuroprotection of RGCs against OHT-induced retinal injury. Thus, approximately 25‒38% of Brn3a+ RGCs in the BDNF-treated groups were rescued after 12 or 15 days compared to the corresponding vehicle-treated groups [76]. In our study, we observed an upregulation of BDNF at all time points analyzed after OHT induction, finding immunolabeling in the macroglial cells. Disruption of retrograde transport by increased IOP may favor the release of BDNF in an attempt to maintain the survival of RGCs [71]. This was not observed, however, in the contralateral eye, where significant upregulation of BDNF did not occur because this factor would not be as necessary as in OHT eyes, due to the lower Brn3a+ RGCs decrease.



As in previous studies, we found a decrease in Brn3a+ RGCs in the OHT eyes in this mouse model of OHT. These studies were performed one week and later after OHT induction [42,43,44]. However, in the present work, we analyzed earlier times. The decrease in Brn3a+ RGCs in OHT was observed three days after laser induction and was more notable by day 5. The Brn3a+ RGCs’ decrease was initiated in the temporal region, in particular in its central zone, and spread to the central and, to a lesser extent, to the nasal retinal regions; in each region in the central and superior areas, the number of RGCs was lower than in the inferior one. The fact that the number of RGCs was lower at day 5 than at days 7 and 15 could be explained by a transitory loss of Brn3a expression in some RGCs that could have been recovered later; however, other cells could have been lost definitively. This transitory loss of expression of Brn3a+ could coincide with the greater activation of the microglial cells described in previous studies of our group, at days 3 and 5 in OHT eyes [21], and with the pro-inflammatory process we have described in the present study mainly at days 3 and 5 after OHT induction.



In contralateral eyes, we observed a minor decrease in Brn3a+ RGCs that only reached a slight significance at days 3 and 15. The decrease in Brn3a+ RGCs was initiated at day 3 in the temporal retinal region, with its superior and central zones being the only ones affected, and it was also significant at day 7, only in the temporal central retina, and at day 15 in the temporal central and temporal nasal retina. As occurred with OHT, a transient downregulation of Brn3a+ expression may occur in some RGCs. This Brn3a+ downregulation may coincide with increased microglial cell activation in the contralateral eye at days 3 and 5 after laser induction, although to a lesser degree than in the OHT eyes [21]. In addition, in the present study, we demonstrated an alteration in the levels of pro- and anti-inflammatory cytokines in contralateral eyes that could be caused by immune signals derived from the OHT eyes [6,8,9,20,44]; altogether, this could explain the downregulation in Brn3a+ expression detected in contralateral eyes. However, in two previous studies carried out with this experimental model [42,43], no significant differences were found in the number of RGCs in the contralateral eyes at days 7 and 15 after OHT induction. The slight differences observed between these studies and the present work could be due to the different quantification method used: our study used retinal sections, while previous works considered whole retinas.




4. Materials and Methods


4.1. Animals and Anesthetics


Albino male Swiss mice (12‒16 weeks of age and 40‒45 g in weight) from the University of Murcia breeding colony were used in this study. Animals were given free access to water and a standardized diet and were kept under a light intensity ranging from 9 to 25 lux and controlled temperature.



All procedures, OHT induction, and IOP measurement were performed under intraperitoneal general anesthesia with a mixture of xylazine (10 mg/kg; Xilagesic®, Laboratorios Carlier SA, Barcelona, Spain) and ketamine (75 mg/kg; Ketamidor®, Richter Pharma AG, Wels, Austria). To prevent possible desiccation and corneal infection after surgery, ocular topic tobramycin (Tobrex®; Novartis Farmaceutica SA, Barcelona, Spain) was applied on the corneal surface during the anesthesia recovering time. Animals were handled in such a way as to minimize discomfort and pain during the experiments. An intraperitoneal overdose of pentobarbital (Dolethal Vetoquinol®, Especialidades Veterinarias, Madrid, Spain) was used to kill the animals.



Experiments were performed in accordance with Spanish law and the Guidelines for Humane Endpoints for Animals Used in Biomedical Research. In addition, the study was approved by the Ethics Committee for Animal Research of Murcia University (Murcia, Spain) and the Animal Health Service of the Murcia Regional Ministry of Agriculture and Water (approval ID number: A13170110; approval date: 11 January 2017). All animal procedures were performed using the institutional guidelines, European Union regulations for the use of animals in research, and the Association for Research in Vision and Ophthalmology (ARVO) statement for the use of animals in ophthalmic and vision research.




4.2. Experimental Groups


Animals were divided into six groups: one naïve control group, not submitted to any procedure, and five OHT groups, in which animals were sacrificed at different time points after OHT laser induction (1, 3, 5, 7, and 15 days), and both the treated OHT eye and the untreated contralateral eyes were analyzed. In the present study, two separate sets of animals were employed. For the multiplexed immunoassay, 12 animals per experimental group were used, and five animals per group were used for the immunohistochemistry study.




4.3. Laser Induction and Measurement of IOP


A single session with a diode laser (spot size, 50‒100 μm; duration, 0.5 s; power, 0.3 W (Viridis Ophthalmic Photocoagulator-532 nm, Quantel Medical, Clermont-Ferrand, France) in the left eyes was used to induce OHT, as previously described [77,78]. The limbal and episcleral veins were photocoagulated by applying 55‒76 laser burns. The intraocular pressure (IOP) was measured in the treated eyes and in the contralateral untreated eyes with a rebound tonometer (Tono-Lab, Tiolat, OY, Helsinki, Finland) [79,80]. In the naïve group, IOP was registered before sacrifice. In the OHT groups, IOP was taken before laser induction and at different time points of the study (1, 2, 3, 5, 7, and 15 days). Possible variations in the IOP measures, due to circadian rhythms or spontaneous increases, were minimized by performing the measurement at the same time, 9 a.m. and immediately after anesthesia [81,82].




4.4. Multiplexed Immunoassay Study


4.4.1. Protein Assay


The animals were sacrificed with a pentobarbital overdose, and then the retinas were dissected and snap frozen. Given the small amount of retinal tissue obtained from each mouse, three retinas were needed to obtain enough protein concentration to perform the assay. Thus, four samples (from three mice from the same experimental group) were employed in the present study. Retinal tissue was homogenized in a lysis buffer (MILLIPLEX MAP Lysis buffer for Multiplexing, Merck KGaA, Darmstadt, Germany), on ice, at a proportion of 1:3 (weight/volume) and then frozen overnight at −70 °C. The next day, samples were centrifuged at 12,000× g for 5 min at 4 °C. Supernatants were collected and centrifuged again with the same procedure. Final supernatants were transferred to an aliquot and total protein concentration was estimated by Bradford protein assay (Bio-Rad Dye Reagent Concentrate, Bio-Rad Laboratories, Irvine, CA, USA) and analyzed with Multiskan lector (ThermoFisher Technologies, Madrid, Spain). The total protein concentration obtained was sufficient to perform our immunoassay.




4.4.2. Multiplexed Magnetic Bead Immunoassay


Cytokines and myokines were measured in duplicate using two multiplexed magnetic bead immunoassay kits (MILLIPLEX MAP Mouse Cytokine/ Chemokine Magnetic Bead Panel; MILLIPLEX MAP Myokine Magnetic Bead Panel, Merck KGaA, Darmstadt, Germany). This method of analysis is based on the Luminex© technology. In summary, retinal tissue samples (25 µL) and magnetic beads (25 µL) conjugated to the specific antibody for different cytokines/myokines (IFN-γ, IL-1β, IL-4, IL-6, IL-10, IL-17, TNF-α, VEGF, BDNF, and fractalkine) were incubated with shaking overnight at 4 °C. After that, wells were washed three times using a wash buffer and a biotinylated antibody was added for detection. We incubated those for 1 h at room temperature. After incubation, beads were incubated with streptavidin-PE (Phycoerythin), a reporter molecule that completes the reaction on the surface of each microsphere for 30 min, at room temperature. Samples were washed three more times and the detection compound included in each immunoassay kit was added. Samples incubated with conjugated beads were analyzed using the Bio-Plex suspension array system 200 and mean fluorescence intensity was analyzed using Bio-Plex Manager Software 4.1 (Bio-Rad Laboratories, Irvine, CA, USA).





4.5. Immunostaining


Animals were deeply anesthetized, as mentioned previously, and transcardially perfused with 0.9% saline solution followed by 4% paraformaldehyde (PFA 4%) in a 0.1 M phosphate buffer. Eyes were removed and post-fixed for 24 h, at 4 °C, in the same fixative solution. Twenty-four hours later, corneas and lenses were removed and optical cups with the retina were kept in the same solution overnight at 4 °C. The day after, they were washed three times, 30 min each, in phosphate buffer saline (PBS), pH 7.2, and cryoprotected in 11% sucrose in PBS at 4 °C, for 24 h; samples were then transferred to PBS containing 33% sucrose and conserved at 4 °C for 48 h. Finally, the samples were embedded in a tissue-freezing medium (Tissue-Tek® O.C.T.™ Compound, Sakura Finetek Spain, Barcelona, Spain), preserving eye anatomical references in order to assure the spatial orientation of the retinas, and kept at −30 °C until use.



For immunostaining techniques, optical cups with retinas were frozen sectioned using a Leica cryostat CM-3050 (Leica Biosystems, Heidelberger, Germany) in 16 μm-thick serial sagittal sections from the nasal to temporal retina (Figure 1). Tissue sections were collected onto gelatin-coated slides (two sections per slide), air-dried, and stored at −30 °C until use.



Immunohistochemical techniques were used to evaluate which cells of the retina expressed the different cytokines and factors analyzed in the multiplex assay. We selected those eyes (OHT and/or contralateral) and time points where their expression was greatest, showing the most notable changes in our glaucoma model; namely, IL-1β, IL-6, IL-17, IFN-γ, BDNF, VEGF, CX3CL1, TNF-α, IL-4, and IL-10. Colocalization of these cytokines with microglial cells, macroglia (astrocytes and Müller cells), and retinal ganglion cells (soma or axonal neurofilaments), identified with Iba-1 (red fluorochrome-conjugated), GFAP, and Brn3a and NF-200 (see details in Table 2) antibodies, respectively, was performed by double-labeling fluorescent immunohistochemistry.



Slides were allowed to dry at room temperature for 60 min, in order to increase the adhesion of the slices to the slides. All washes were conducted in PBS, pH 7.2, containing 0.1% Triton X-100, which constituted the washing buffer (WB), while incubations were performed in PBS, pH 7.2, containing 0.1% Triton X-100 and 10% R.T.U Animal-Free Blocker and Diluent, (SP-5035; Vector Laboratories, Inc., Burlingame, CA, USA), which constituted the immunohistochemistry buffer (IB). After three washes in WB, sections were incubated overnight at 4 °C with the primary antibodies (see Table 1), then rinsed three times in WB, and incubated for 2 h at room temperature with the secondary antibodies, except for Iba-1 immunostaining (not needed). Details and dilutions of all the primary and secondary antibodies used are presented in Table 2.



After incubations, sections were washed three more times with WB, then coverslipped with a Vectashield Vibrance Antifade® mounting medium with DAPI (Ref. H-1800; Vector Laboratories, Burlingame, CA, USA).



Immunostaining batches contained slides of the nasal, central, and temporal retina of every animal from the selected experimental group (n = 5 per experimental group), as well as an internal control (omitting the primary antibody), to check the specificity of the immunoreaction and rule out unspecific binding. Three different batches were run for each primary antibody.



Immunostained slides were observed under a fluorescence microscope Zeiss Axio Imager M.2 (Carl Zeiss AG, Oberkochen, Germany) associated with the Apotome-2 module (Carl Zeiss AG, Oberkochen, Germany) and high-resolution camera Axio Cam 503 Mono (Carl Zeiss AG, Oberkochen, Germany). The microscope was equipped with a Zeiss 10 filter set for Alexa Fluor 488, a Zeiss 64 filter set for Alexa Fluor 594, and a 49 filter set for Alexa Fluor 405. Images taken were analyzed using ZEN2 software (Carl Zeiss AG, Oberkochen, Germany). All lighting conditions and magnifications were kept constant during the capture process. Figures were prepared using Adobe Photoshop CS4 Extended 10.0 (Adobe Systems, San Jose, CA, USA).




4.6. Retinal Ganglion Cells’ (RGCs) Quantification


We quantified the number of Brn3a-positive (Brn3a+) RGCs using a double-blind procedure: counts were performed on coded slides, with unbiased evaluation; one slide per retinal region (nasal, central, and temporal) and animal was randomly selected, and two tissue sections per slide were analyzed. Quantification of Brn3a+ RGCs was performed in OHT eyes (n = 5), contralateral eyes (n = 5), and naïve eyes (n = 5) on high-resolution digital microphotographs, which were captured at the 20x magnification objective. The number of Brn3a+ RGCs was estimated by counting the number of immunoreactive Brn3a+ cells in the RGCs layer (Dogiel cells were not included in the quantification) of two consecutive microphotographs (representing a retinal area of 0.3004 mm2) from each region (nasal, central, and temporal) of the retina and within these regions in three zones (superior, central, and inferior). Equivalent areas of the retina were consistently selected in all slices. Therefore, we counted all the immunoreactive Brn3a+ cells that came into focus in nine spatial areas of the retina: nasal‒superior, nasal‒central, and nasal‒inferior; central‒superior, central‒central, and central‒inferior; and temporal‒superior, temporal‒central, and temporal‒inferior (Figure 14).




4.7. Statistical Analysis


The IOP measures, the Luminex values for different cytokines/myokines, and RGCs’ quantification were analyzed using SPSS version 25 (IBM, Armonk, NY, USA) and reported as the mean (±standard deviation, SD). The significant differences among naïve, contralateral, and OHT eyes were determined using a two-way analysis of variance (ANOVA) with Bonferroni test correction. A p-value less than 0.05 was considered statistically significant.





5. Conclusions


We can conclude that increased IOP causes changes in the levels of pro-inflammatory and anti-inflammatory cytokines, BDNF, VEGF, and fractalkine, in a mouse experimental model of unilateral laser-induced OHT, both in OHT eyes and in contralateral normotensive eyes, associated with the neurodegenerative process. At the earliest time points (days 1, 3, and 5 after OHT laser induction), the expression of pro-inflammatory cytokines would be compensated for by the expression of anti-inflammatory cytokines, in an attempt to control the damage to the RGCs. However, more prolonged exposure to pro-inflammatory factors such as IFN-γ could lead to the death of RGCs from three days after OHT laser induction, as we observed in this study. The main changes in the expression of cytokines and other factors occurring at days 1, 3, and 5 after laser induction may be related to the activation of microglial cells. In previous works, we observed that at these time points (days 1, 3, and 5), the main signs of microglial activation are seen in the eyes of OHT, which would support the results of this study. Further, in normotensive contralateral eyes (where there is a modest decrease in the number of Brn3a+ RGCs), changes in the levels of cytokines and other molecules occur, although they are slighter than those observed in OHT eyes, which would coincide with the signs of microglial activation observed in contralateral eyes in previous studies. Therefore, with this study, we can confirm the participation of the immune system in glaucomatous neurodegeneration.
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Figure 1. Intraocular pressure (IOP) values at different times after laser-induced ocular hypertension (OHT). Variation over time in intraocular pressure IOP values after OHT induction. Points show the mean levels (±SD) of IOP previously and at 1, 2, 3, 5, 7, and 15 days after laser OHT induction in naïve eyes, ocular hypertension eyes (OHT), and contralateral eyes. Statistical significance indicators: ** p < 0.01 vs. naïve; ## p < 0.01 vs. contralateral; # p < 0.05 vs. contralateral. 
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Figure 2. IL-1β levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the IL-1β levels in the multiplex assay. The histogram shows the mean levels (±SD) of IL-1β (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b,c) Immunohistochemical study of IL-1β expression in naïve and contralateral eyes three days after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IL-1β (green), Iba-1 (red in (b)), or GFAP (red in (c)). Merge (yellow). (b) The arrowheads show the co-expression of Iba-1 and IL-1β. This expression is higher in contralateral eyes than in naïve eyes. (c) Arrowheads (astrocytes) and arrows (Müller cells) indicate the co-expression of GFAP and IL-1β, with the expression being more intense in contralateral than in naïve eyes. Abbreviations: OHT (ocular hypertension); IL-1β (interleukin 1 beta); GFAP (glial fibrillary acidic protein). 
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Figure 3. IL-6 levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the IL-6 levels in the multiplex assay. The histogram shows the mean levels (±SD) of IL-6 (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of IL-6 expression in OHT eyes one day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IL-6 (green) and Iba-1 (red). Merge (yellow). The arrowheads show the co-expression of Iba-1 and IL-6 in OHT and naïve eyes. This expression is higher in OHT eyes than in naïve eyes. Abbreviations: OHT (ocular hypertension); IL-6 (interleukin 6); Iba-1 (ionized calcium-binding adaptor molecule 1). Values at different times after laser-induced ocular hypertension (OHT). Variation over time in intraocular pressure IOP values after OHT induction. IL-1β levels at different times after laser-induced ocular hypertension (OHT). 
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Figure 4. IFN-γ levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the IFN-γ levels in the multiplex assay. The histogram shows the mean levels (±standard deviation, SD) of IFN-γ (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of IFN-γ expression in OHT eyes three days after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IFN-γ (green) and Iba-1 (red). Merge (yellow). The arrowheads indicate the co-expression of Iba-1 and IFN-γ in both naïve and OHT eyes. The expression is more intense in OHT eyes. Abbreviations: OHT (ocular hypertension); IFN-γ (interferon-gamma); Iba-1 (ionized calcium-binding adaptor molecule 1). 
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Figure 5. IL-17 levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the IL-17 levels in the multiplex assay. The histogram shows the mean levels (±SD) of IL-17 (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of IL-17 expression in contralateral eyes 15 days after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IL-17 (green) and Iba-1 (red). Merge (yellow). The arrowheads show the co-expression of Iba-1 and IL-17 in naïve and contralateral eyes; it is more intense in contralateral eyes. Abbreviations: OHT (ocular hypertension); IL-17 (interleukin 17); Iba-1 (ionized calcium-binding adaptor molecule 1). 
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Figure 6. TNF-α expression in OHT eyes after laser-induced ocular hypertension (OHT). (a,b) Immunohistochemical study of TNF-α expression in OHT eyes at 1 day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to TNF-α (green), Iba-1 (red in (a)), and GFAP (red in (b)). Merge (yellow). (a) Arrowheads point to the co-expression of Iba-1 and TNF-α in OHT eyes. (b) Arrowheads show the co-expression of GFAP and TNF-α in the OHT eyes. Abbreviations: OHT (ocular hypertension); TNF-α (tumor necrosis factor-alpha); GFAP (glial fibrillary acidic protein); Iba-1 (ionized calcium-binding adaptor molecule 1). 
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Figure 7. IL-4 levels at different times after laser-induced ocular hypertension (OHT). (a) Variation over time in the IL-4 levels in the multiplex assay. The histogram shows the mean levels (±SD) of IL-4 (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of IL-4 expression in OHT eyes three days after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IL-4 (green) and Iba-1 (red). Merge (yellow). The arrowheads indicate the co-expression of Iba-1 and IL-4 in OHT eyes. Abbreviations: OHT (ocular hypertension); IL-4 (interleukin 4); Iba-1 (ionized calcium-binding adaptor molecule 1). 
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Figure 8. IL-10 levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the IL-10 levels in the multiplex assay. The histogram shows the mean levels (±SD) of IL-10 (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01 vs. naïve; + p < 0.05, ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of IL-10 expression in contralateral eyes three days after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to IL-10 (green) and NF-200 (red). Merge (yellow). The arrowheads indicate the co-expression of NF-200 (retinal ganglion cell (RGC) axons) and IL-10 in naïve and contralateral eyes; it is more intense in contralateral eyes. Abbreviations: OHT (ocular hypertension); IL-10 (interleukin 10); NF-200 (neurofilament of 200 KDa). 
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Figure 9. Brain-Derived Neurotrophic Factor (BDNF) levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the BDNF levels in the multiplex assay. The histogram shows the mean levels (±SD) of BDNF (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of BDNF expression in OHT eyes one day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to BDNF (green) and GFAP (red). Merge (yellow). The arrowheads (astrocytes) and arrows (Müller cells) indicate the co-expression of GFAP and BDNF, with the expression being more intense in OHT than in naïve eyes. Abbreviations: OHT (ocular hypertension); BDNF (brain-derived neurotrophic factor); GFAP (glial fibrillary acidic protein). 
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Figure 10. Vascular Endothelial Growth Factor (VEGF) levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the VEGF levels in the multiplex assay. The histogram shows the mean levels (±SD) of VEGF (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of VEGF expression in OHT eyes one day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to VEGF (green) and GFAP (red). Merge (yellow). The arrowheads (astrocytes) and arrows (Müller cells) show the co-expression of GFAP and VEGF, with the expression being higher in OHT than in naïve eyes. Abbreviations: OHT (ocular hypertension); VEGF (vascular endothelial growth factor); GFAP (glial fibrillary acidic protein). 






Figure 10. Vascular Endothelial Growth Factor (VEGF) levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the VEGF levels in the multiplex assay. The histogram shows the mean levels (±SD) of VEGF (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: ** p < 0.01 vs. naïve; ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of VEGF expression in OHT eyes one day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to VEGF (green) and GFAP (red). Merge (yellow). The arrowheads (astrocytes) and arrows (Müller cells) show the co-expression of GFAP and VEGF, with the expression being higher in OHT than in naïve eyes. Abbreviations: OHT (ocular hypertension); VEGF (vascular endothelial growth factor); GFAP (glial fibrillary acidic protein).



[image: Ijms 22 02066 g010]







[image: Ijms 22 02066 g011 550] 





Figure 11. Fractalkine levels at different times after laser-induced ocular hypertension (OHT). (a) The variation over time in the fractalkine levels in the multiplex assay. The histograms show the mean levels (±SD) of fractalkine (pg/mg) at days 1, 3, 5, 7, and 15 after laser OHT induction, in ocular hypertension eyes (OHT) and in contralateral eyes. The dashed line indicates the mean levels in naïve eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01 vs. naïve; + p < 0.05, ++ p < 0.01 vs. OHT. (b) Immunohistochemical study of fractalkine expression in OHT eyes one day after unilateral laser-induced OHT. Retinal sections were immunolabeled with antibodies to fractalkine (green) and Iba-1 (red). Merge (yellow). The arrowheads indicate the co-expression of Iba-1 and fractalkine in OHT eyes and naïve eyes; it is more intense in OHT eyes. Abbreviations: OHT (ocular hypertension); Iba-1 (ionized calcium-binding adaptor molecule 1). 
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Figure 12. The variation over time in the number of Brn3a+ cells in the immunohistochemical assay. Points show the mean levels (±SD) of Brn3a+ cells at days 1, 3, 5, 7, and 15 after laser OHT induction in control naïve eyes, ocular hypertension eyes (OHT), and in contralateral eyes. Statistical significance indicators: * p < 0.05, ** p < 0.01, *** p < 0.005, OHT vs. control naïve; # p < 0.05, contralateral vs. control naïve. Abbreviations: RGCs (retinal ganglion cells); Brn3a (brain-specific homeobox/POU domain protein 3A); OHT (ocular hypertension). 
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Figure 13. The variation over space and time in the number of Brn3a+ cells in the immunohistochemical assay. The histograms show the mean levels (±SD) of Brn3a+ cells at days 1, 3, 5, 7, and 15 after laser OHT induction. (a) Control naïve eyes; (b,d,f,h,j) ocular hypertension eyes (OHT); (c,e,g,i,k) contralateral eyes. In each region and zone of the retina: nasal‒superior, nasal‒central, nasal‒inferior; central‒superior, central‒central, central‒inferior; and temporal‒superior, temporal‒central, temporal‒inferior. Statistical significance indicators: * p < 0.05, ** p < 0.01, *** p < 0.005, OHT vs. control naïve. Abbreviations: RGCs (retinal ganglion cells); Brn3a (brain-specific homeobox/POU domain protein 3A); OHT (ocular hypertension). 
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Figure 14. Diagram of the retina showing the nine spatial areas analyzed. (a) Each optical cup with the retina was frozen sectioned in 16 μm-thick serial sagittal sections from nasal to temporal (nasal, central, and temporal) retina. (b) Tissue sections were collected onto gelatin-coated slides. Images were obtained at 20× magnification from each region (nasal, central, and temporal) and zone of the retina (superior, central, and inferior), and equivalent areas of the retina were consistently selected in all slices (rectangle in (b)). Immunostaining batches contained sections from the nine spatial areas indicated: nasal‒superior, nasal‒central, and nasal‒inferior; central‒superior, central‒central, and central‒inferior; and temporal‒superior, temporal‒central, and temporal‒inferior. Abbreviations: N (nasal); T (temporal); C (central); S (superior); I (inferior). 
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Table 1. Multiplexed immunoassay and immunohistochemical results.
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Cytokine

	
Multiplex

	
Time point

	
p-Value

	
Co-Expression Cell Type






	
IL-1β

	
Downregulated OHT eyes

	
1 day

5 days

7 days

	
p < 0.01

p < 0.05

p < 0.01

	
Microglia and Macroglia (astrocytes and Müller cells)




	
Upregulated Contralateral eyes

	
1 day

3 days

	
p < 0.05

p < 0.01




	
Downregulated Contralateral eyes

	
7 days

	
p < 0.01




	
IL-6

	
Upregulated OHT eyes

	
1 and 3 days

5 days

	
p < 0.01

p < 0.05

	
Microglia




	
Upregulated Contralateral eyes

	
1, 5, and 7 days

	
p < 0.05




	
Downregulated Contralateral eyes

	
15 days

	
p < 0.05




	
INF-γ

	
Upregulated OHT eyes

	
3 days

5 days

15 days

	
p < 0.01

p < 0.05

p < 0.01

	
Microglia




	
No difference Contralateral eyes

	

	




	
IL-17

	
Downregulated OHT eyes

	
All time points

	
p < 0.01

	
Microglia




	
Upregulated Contralateral eyes

	
15 days

	
p < 0.01




	
TNF-α

	
No detectable concentration

	

	

	
Microglia and Astrocytes




	
IL-4

	
Upregulated OHT eyes

	
1, 3, 5, and 7 days

	
p < 0.01

	
Microglia




	
Upregulated Contralateral eyes

	
7 and 15 days

	
p < 0.01




	
IL-10

	
Upregulated OHT eyes

	
3 days

5 days

	
p < 0.05

p < 0.01

	
Axons of retinal ganglion cells




	
Downregulated OHT eyes

	
7 days

	
p < 0.05




	
Upregulated Contralateral eyes

	
3 days

7 days

	
p < 0.01

p < 0.05




	
BDNF

	
Upregulated OHT eyes

	
1, 3, 7, and 15 days

	
p < 0.01

	
Macroglia (astrocytes and Müller cells)




	
Downregulated Contralateral eyes

	
1 day

3 and 15 days

	
p < 0.01

p < 0.05




	
VEGF

	
Upregulated OHT eyes

	
1 day

	
p < 0.01

	
Macroglia (astrocytes and Müller cells)




	
Downregulated OHT eyes

	
7 and 15 days

	
p < 0.01




	
Downregulated Contralateral eyes

	
1, 7, and 15 days

	
p < 0.01




	
Fractalkine

	
Upregulated OHT eyes

	
1 day

	
p < 0.01

	
Microglia




	
Downregulated OHT eyes

	
3, 5, and 7 days

15 days

	
p < 0.01

p < 0.05




	
Downregulated Contralateral eyes

	
1, 3, and 5 days

	
p < 0.01








Results of different cytokine concentrations in the OHT and contralateral eyes in comparison with naïve eyes at different time points after laser-induced ocular hypertension, as well as the co-expression of these same cytokines with microglia, macroglia (astrocytes and Müller cells), and retinal ganglion cell axons.
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Table 2. Antibodies employed for the immunostaining analysis.
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Color

	
Primary Antibody

	
Conc.

	
Secondary Antibody

	
Conc.






	
GREEN

	
Rabbit polyclonal anti IL1β (ref. ab9722, Abcam plc) [83]

	
1:250

	
Goat anti rabbit Alexa Fluor 488

(ref. ab150077, Abcam plc)

	
1:150




	
Rabbit polyclonal anti IL6 (ref. ab208113, Abcam plc) [84]

	
1:200




	
Rabbit polyclonal anti IL17 (ref. ab79056, Abcam plc) [85]

	
1:300




	
Rabbit polyclonal anti IFNγ (ref. ab9657, Abcam plc) [86]

	
1:300




	
Rabbit monoclonal anti BDNF (ref. ab213323, Abcam plc) [83]

	
1:250




	
Rabbit monoclonal anti VEGF receptor 1 (ref. ab32152, Abcam plc) [87]

	
1:200




	
Rabbit polyclonal anti CX3CL1 (ref. ab25088, Abcam plc) [88]

	
1:500




	
Rabbit polyclonal anti TNFα (ref. ab9739, Abcam plc) [89]

	
1:300




	
Rat monoclonal anti IL4 (ref. ab11524, Abcam plc) [90]

	
1:250

	
Goat anti rat Alexa Fluor 488

(ref. ab150165, Abcam plc)

	
1:150




	
Rat monoclonal anti IL10 (ref. ab189392, Abcam plc) [91]

	
1:200




	
RED

	
Rabbit polyclonal anti Iba-1 Red Fluorochrome 635 conjugated (ref. 5100756, Wako Chemicals GmbH) [92]

	
1:200

	

	




	
Mouse monoclonal anti Brn-3a (ref. MAB1585, Sigma-Aldrich) [93]

	
1:600

	
Goat anti mouse IgG1 Alexa Fluor 594 (ref. A21125, Invitrogen)

	
1:1000




	
Chicken polyclonal anti GFAP (ref. AB5541, Sigma-Aldrich) [94]

	
1:200

	
Goat anti chicken IgY (H + L) Alexa Fluor 594 (ref. A-11042, Invitrogen)

	
1:300




	
Rabbit polyclonal anti NF-200 (ref. N4142, Sigma-Aldrich) [95]

	
1:150

	
Donkey anti rabbit IgG1 Alexa Fluor 594 (ref. A21207, Invitrogen)

	
1:800








Details of the commercial antibodies employed are indicated, including the concentration at which they were used. The antibodies employed for the determination of cytokines include: interleukin 1 beta (IL-1β), interleukin 6 (IL-6), interleukin 17 (IL-17), interferon gamma (IFN-γ), brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), fractalkine (CX3CL1), tumor necrosis factor alpha (TNF-α), interleukin 4 (IL-4), and interleukin 10 (IL-10); as well as those employed to identify microglial cells, Iba-1; retinal ganglion cells, Brn3a (soma) and NF-200 KDa (axonal neurofilaments); and macroglia, GFAP. The color (green/red) indicates how the immunostaining is labeled.
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