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Purpose: Cellular therapy with mesenchymal stem cells (MSC) is emerging as an effective option to treat optic
neuropathies. In models of retinal degeneration, MSC injected in the vitreous body protects injured retinal
ganglion cells and stimulate their regeneration, however the mechanism is still unknown. Considering the
immunomodulating proprieties of MSC and the controversial role of microglial contribution on retinal regeneration, we developed an in vitro co-culture model to analyze the effect of MSC on retinal microglia population.
Methods: We used whole adult rat retinal explants in co-culture with human Wharton’s jelly mesenchymal stem
cells (hMSC) separated by a transwell membrane and analyzed hMSC effect on both retinal ganglion cells (RGCs)
and retinal microglia.
Results: hMSC in co-culture protected RGCs after 3 days in vitro by paracrine signaling. In addition, hMSC reduced
microglia population and inhibited the pro-inflammatory phenotype of the remaining microglia.
Conclusions: Using a co-culture model, we demonstrated the paracrine effect of hMSC on RGC survival after injury
concomitant with a reduction of microglial population. Paracrine signaling of hMSC also changed microglia
phenotype and the expression of antiinflammatory factors in the retina. Our results are consistent with a
detrimental effect of microglia on RGC survival and regeneration after injury.

1. Introduction
Microglia are the main immune cell population in the central nervous system (CNS). In the healthy CNS, microglia play a fundamental
role maintaining homeostasis, actively monitoring tissue environment
and quickly responding to minimal alterations (Li and Barres, 2018).
However, in the diseased or injured CNS, microglia have a dual role that
is characterized by improving tissue recovery or worsening the damage
depending on the profile of activation (Hu et al., 2015). Therefore,
microglia contribute to CNS homeostasis by maintaining a very strict
balance of cytokines production and response, both local and systemic.
Thus, understanding microglial response to tissue damage is fundamental to uncover new therapies in order to improve CNS regeneration.
The visual system has a unique anatomy that allows the isolation of
key points of CNS tissue and the optic nerve is one of the most used
models to study retinal and axonal degeneration. After optic nerve crush

(ONC), all retinal ganglion cells (RGC) axons are axotomized, leading to
progressive degeneration of these cells (Sánchez-Migallón et al., 2016).
Several studies demonstrated that increased ocular inflammation after
ONC is linked to RGC protection and axonal regeneration (Fischer et al.,
2001; Kurimoto et al., 2013; Leibinger et al., 2013, 2009; Leon et al.,
2000; Lorber et al., 2005; Yin et al., 2006). However, this link is not
clear, and microglia and inflammation role in injury recovery is still
debatable (Hauk et al., 2008). Retinal microglia secrete IL-1α, TNF-α and
Cq1 after ONC, activating astrocytes that produce a still unknown factor
that leads to neuronal death (Liddelow et al., 2017). Indeed, inhibition
of these microglia-secreted factors completely abolishes neuronal death
(Liddelow et al., 2017). In contrast, microglia and monocyte depletion
does not alter the beneficial outcome of an inflammatory stimulus (lens
injury) known to protect and improve RGC regeneration (Hilla et al.,
2017).
One of the promising therapies to overcome CNS injury is cell
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therapy, and mesenchymal stem cells (MSC) are being widely investigated as therapeutic agents (Galipeau and Sensébé, 2018). MSC are
known to be very responsive to tissue damage and inflammation, by
integrating to damaged tissue, providing immunomodulatory effects,
and secreting trophic factors and exossomes (Andrzejewska et al., 2019;
Harrell et al., 2019). As shown by our group, the intravitreal injection of
MSC (Mesentier-Louro et al., 2014, 2019; Nascimento-dos-Santos et al.,
2019) or bone marrow mononuclear cells (Zaverucha-do-Valle et al.,
2014; Zaverucha-Do-Valle et al., 2010) is neuroprotective and regenerative. It is known that the immunomodulatory effects of MSC therapy
in the retina are dependent on signaling through cytokines, growth
factors (Johnson et al., 2014; Zaverucha-Do-Valle et al., 2010) and
exossomes (Mead and Tomarev, 2020), but the overall contribution of
MSC in the inflammation outcome and its impact in microglia population is unclear. Considering this lack of understanding of the microglial
role in CNS injury, it is fundamental to uncover its response to different
therapeutic strategies.
In the present work, we assessed the paracrine effects of human
mesenchymal stem cells (hMSC) specifically on microglial population.
We confirmed the paracrine effects of hMSC on neuroprotection and
demonstrated that paracrine signaling reduces microglial population
and the inflammatory outcome of injury.

buffered saline (PBS) and spun 3 times at 2000×g, 1000×g and 500×g
for 15 min, replacing the supernatant with fresh PBS each time. Cells
were plated in 75 cm2 culture flasks in supplemented DMEM-F12 containing 15% fetal bovine serum, 1% penicillin/streptomycin and 1%
glutamine, then maintained in an incubator at 37 ◦ C and 5%/95%
CO2/air. The medium was completely changed every 2–3 days. At
80–90% of confluence, the medium was discarded, and cells were
washed with PBS and treated for 5 min with trypsin solution (0.25%
trypsin and 1 Mm EDTA, all from Invitrogen, Carlsbad, CA, USA) at
37 ◦ C. Trypsin was inactivated with 5 mL of DMEM-F12 15% of FBS and
cells were centrifugated for 5 min 300×g. The precipitated cells were
resuspended and plated in 75 cm2 flasks.
After expansion, cells were frozen to later use (1 × 106 cells in 100 μl
of DMEM/F-12 were added to 900 μl 10% DMSO and 90% FBS in a
cryotube and stored in liquid nitrogen after freezing). For thawing, the
cryotube was placed in a water bath at 37 ◦ C, cells were transferred to
supplemented DMEM/F-12 and centrifuged at 300×g for 5 min. Cell
pellet was resuspended in supplemented DMEM/F-12 and cells plated in
60 cm2 plastic plates.
2.4. Co-culture of retina with hMSC

Adult (3–5 months old) Lister Hooded rats of both sexes were used.
Rats had access to food and water ad libitum in a 12/12 h light/dark
cycle. All animal care and experiments were carried out in accordance
with the Association for Research in Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision Research and with
approval from the Committee for the Use of Experimental Animals of the
Centro de Ciências da Saúde from Universidade Federal do Rio de
Janeiro (UFRJ).

We used hMSC from the same donor at the same passage (5th) in all
experiments. To co-culture with rat retinas, hMSC were plated in 6-well
plates and maintained in DMEM-F12 until 90% confluence. Cells were
then washed in PBS 3 times for the complete removal of FBS and the
culture medium was changed to supplemented Neurobasal used in
retinal explants as described above. After 24 h, half the medium was
changed and the transwell with the retina explant was inserted in the
plate. Half the media was changed every 24 h until the end of the
experiment (Fig. S1A). Retinas from both eyes of the same animal were
used and randomly assigned before dissection between co-culture and
control groups to avoid selection bias in the procedure. For RGC and
microglial quantification 3 to 5 retinas were used per group in 5 independent experiments (Figs. S2 and S3).

2.2. Retinal explant

2.5. Immunohistochemistry

Animals were deeply anesthetized with ketamine and xylazine and
euthanized by cervical dislocation. Both eyes were removed immediately and transferred to ice-cold Hank’s Balanced Salt Solution (HBBS,
Life, 24,020–117, Rio de Janeiro, Brazil) and retinas were dissected
under sterile conditions. Briefly, the cornea was totally removed, followed by careful removal of the lenses alongside with the whole vitreous
body. Finally, the retina was separated from the choroid and cut out
from the cup at the optic disc. The retina was transferred to a transwell
insert (Millicell, Millipore, PICM03050, Tullagreen, Ireland) with the
RGC layer facing down and four small cuts were made to allow the tissue
to be completely flat. The insert containing a single whole retina was
transferred to a 6-well dish containing 1.2 mL of supplemented Neurobasal, 1% B27, 2% N2, 1% glutamine, 1% penicillin/streptomycin (all
from Invitrogen, Carlsbad, CA, USA). Medium was pre-incubated at
37 ◦ C in 5%/95% CO2/air. Half media was changed every 24 h until the
end of the experiment.

Retinal explants in the transwell were gently washed 3 times in PBS
and incubated in 4% paraformaldehyde in phosphate buffer (PBS, 0.1 M)
for 1 h and washed 3 times in PBS. Explants were carefully detached
from the transwell membrane for free floating immunohistochemistry.
After 30 min incubation in blocking solution (5% BSA, 0,5 Triton X-100
in PBS) the retinas were incubated in PBS with 0.5% Triton X-100
overnight at 4 ◦ C with primary antibodies anti-Tuj1 produced in mouse
(1:250, Covance, Berkeley, CA, USA), anti-Iba-1 produced in rabbit
(1:300, Wako, Japan) and anti-CD68 produced in mouse (1:600, BioRad, Hercules, CA, USA). After 3 washes in PBST the retinas were
incubated in secondary antibody anti-mouse IgG (Alexa-488, 1:1000,
Invitrogen) and anti-rabbit IgG (Cy3, 1:1000, Jackson Immunoresearch
Lab, West Grove, PA, USA) for 2 h.

2. Methods
2.1. Animals

2.6. RGC and microglia quantification
For RGC and microglial quantification the mean of each whole retina
was considered as an experimental unit. RGCs were labeled with Tuj-1
antibody, which binds to neuronal βIII tubulin. Images were acquired
in a confocal microscope (LSM510, Zeiss, Germany) using 40x/1.3na
lenses capturing images of 0.05 mm2. Twenty images were captured per
retina at 1 mm and 3.5 mm from the optic disk. Microglial cells were
labeled with antibody against Iba-1. Images were acquired in a confocal
microscope (Zeiss LSM510) using 20x/0.5na lenses capturing images of
0.2 mm2. Ten images were captured per retina at 1 mm and 3.5 mm from
the optic disk. For microglia counting in the insert membrane, 20 images
were captured randomly in the region in contact with the retina. Images
from different experimental groups were renamed and mixed before

2.3. Extraction of human umbilical cord Wharton’s jelly MSC
hMSC were obtained from donated human umbilical cords of deidentified patients, after signed consent form and approval from Ethics
Committee in Research (HUCFF 519.235) of UFRJ. hMSC used in this
study were previously characterized by their differentiation capacity
and distinct surface markers in a previous study (Bodart-Santos et al.,
2019). Umbilical cords were dissected to detach the Wharton’s jelly,
avoiding contamination with endothelial cells from artery and veins.
Tissue was dissociated and digested with collagenase II (200 μL/mL) for
16 h at 37 ◦ C, under slow agitation. Material was diluted in phosphate
2
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quantification.

3.2. Co-cultured hMSC promotes neuroprotection in retinal explants
Given that intravitreally injected MSC do not invade the retina
(Johnson et al., 2014; Mesentier-Louro et al., 2014), the main hypothesis
is that MSC exert their effect by paracrine signaling (Mead and Tomarev,
2018). To test this hypothesis, we co-cultured retinal explants with
hMSC separated by a transwell membrane to prevent direct contact
between the cells and the retina (Fig. S1B). The results of RGC quantification were normalized by control retinas (Fig. 2A; n = 18) of five
independent experiments (Fig. S2) and we found that the retinas that
were co-cultured with hMSC had 27 ± 0.06% more RGCs (Fig. 2B; n =
15), confirming the hypothesis that at least part of hMSC effects on
neuroprotection are paracrine. In addition, the co-culture with the
degenerating retina had no effect on the number of adherent hMSC
(Fig. S1C) or its viability (Fig. S1D). In addition, the high viability of the
cells and the full confluence of the well at the end of the experiment
indicates that the change of medium and removal of fetal bovine serum
(FBS) was not deleterious to hMSC.
In our in vitro design, the absence of peripheral circulation makes
resident microglia the principal responders to cytokine signaling from
hMSC. Confirming the paracrine effect of hMSC in neuroprotection we
moved to analyze the response of microglia in the same setting.

2.7. Microglial morphology and CD68 expression
Microglia (Iba-1+ cells) morphology was analyzed on an orthogonal
projection of a Z stack using 63x/1.4na lens. Using Fiji (ImageJ) (Kurimoto et al., 2010), with the Analyze Particle tool and a lower limit of
cell body of 200 pixels, we identified single cells from four retinas for
each group and measured each cell circularity index. CD68 expression
was analyzed by the mean gray value of CD68 on the same images where
microglia area was delimited by Iba-1.
2.8. RNA isolation, reverse transcription, and real time PCR analysis
For mRNA extraction and purification, we used RNeasy kit (Mini Kit,
QIAGEN, Hilden, Germany) following product protocol. Briefly, samples
were lysed by adding 350 μl of RLT solution, followed by same volume of
70% ethanol. The solution was transferred to the centrifugation column
for RNA purification. The column was washed with RW1 and RPE solution (2 times) and the RNA was removed from the column with water.
RNA concentration and purification quality were assessed by spectrophotometry (NanoDrop, Thermo Fisher, USA). To exclude remaining
DNA, 2.5 μg of RNA was incubated with DNAse 1 (1U/μl) for 20 min,
followed by DNAse inactivation with 1 μl of EDTA 20 nM solution heated
at 65 ◦ C for 10 min.
For reverse transcription, we used 1 μg of RNA, 4 μl of RT-PCR buffer
5X, 2 μl of DTT 0.1 M and 1 μl of RNAse inhibitor (RNAout, Invitrogen).
The solution was incubated at 42 ◦ C for 2 min and 1 μl of SuperScript II
RT enzyme was added. The final solution was incubated at 42 ◦ C for 60
min and inactivated for 10 min at 70 ◦ C. To analyze mRNA expression by
qRT-PCR, we used the Power SYBR Green PCR Master Mix (Thermo
Fisher). Each reaction was performed with an equivalent of 1 μM of
antisense indicator of each gene and 50 ng of complementary DNA. DNA
sequences used were: IL-1β (Rn-00580,432-m1), TNF-α (Rn-01,525,859g1), IL-10 (Rn-00580,555-m1), IL-6 (Rn-01,456,866-m1). Reactions
were submitted to an initial incubation at 50 ◦ C for 2 min, followed by
95 ◦ C for 10 min, 45 cycles of 95 ◦ C for 15 s, and 60 ◦ C for 1 mi (ABI
prism 7000 Sequence Detection System, Thermo Fisher, USA). Transcripts levels between conditions were determined by 2-ΔΔCT method
normalized by expression of GAPDH.

3.3. Microglia density is reduced in vitro
First, we investigated the effect of in vitro conditions in microglia
population and morphology. We quantified the number of microglia in
the RGC layer and found 143 ± 2.4 Iba1+ cells/mm2 in the naïve retina
(n = 6, Fig. 3A), 139 ± 9.3 cells/mm2 1DIV (n = 4, Figs. 3B), 105 ± 10.7
cells/mm2 after 2 days (n = 3, Fig. 3C) and a significant reduction to 58
± 8 cells/mm2 3DIV (n = 18, Fig. 3D, P < 0.0001), demonstrating that
the number of microglia decreased progressively with time in culture.
3.4. hMSC potentiates the reduction of retinal microglia
After 3 days of co-culture we analyzed the microglial population at
the RGC layer. There was an even greater reduction on the microglial
population in the co-cultured group (3DIV + hMSC) (Fig. 4B; n = 18, 62
± 0.08% of control 3DIV group) when compared to 3DIV group of five
independent experiments (Fig. S3). To check the possibility of microglia
migration towards hMSC, we analyzed the presence of Iba-1+ cells in the
transwell membrane region where the retina was present. Despite a
small number of Iba-1+ cells (Figs. S4A–B), membranes without hMSC in
the co-culture system displayed no difference from those in the presence
of hMSC (Fig. S4C).

2.9. Statistical analysis
Values are expressed as mean ± SEM. The P values were considered
statistically significant when P > 0.05. Statistical significance was
assessed with unpaired t-test, one-way ANOVA followed by Turkey’s
multiple comparison post-test.

3.5. Microglia phenotype is altered by hMSC paracrine signaling
Microglia can have distinct responses in a degenerating tissue that
can be modulated by cytokine signaling. We observed a dramatic change
in microglial morphology in explanted retinas with a ramified
morphology changing to ameboid (Fig. 5A–D). To quantify this change
we assessed microglia circularity in different time points and in the
presence or absence of hMSC in the co-cultures. In the 3DIV group
(Fig. 5E; n = 194, 0.3 ± 0.009 of circularity index) microglia circularity
increased 4-fold when compared to the 1DIV group (Fig. 5E; n = 143,
0.07 ± 0.004 of circularity index). Interestingly, hMSC co-culture,
despite accelerating microglial loss, reduced their circularity (Fig. 5E;
n = 163, 0.24 ± 0.009 of circularity index). Ameboid morphology has
been associated to an active phagocytizing microglia (Neumann et al.,
2009) and to analyze microglial active state we compared CD68
expression by the mean gray value of expression in each cell marked by
Iba-1. A 5.5-fold increase in CD68 expression was observed in the 3DIV
group (Fig. 5F; n = 196, 4246 ± 182.3 mean gray value) when compared
to the 1DIV group (Fig. 5F; n = 142, 765.8 ± 75.79 mean gray value).
Similarly, hMSC co-culture (3 DIV + hMSC) increased CD68 expression

3. Results
3.1. Progression of retinal ganglion cell degeneration in vitro
We analyzed the progression of RGC loss in vitro every 24 h for up to
3 days in culture by labeling RGCs with Tuj-1 antibody (Fig. 1). The
number of RGCs was not changed when comparing retinas that were
cultured one day in vitro (1DIV) (Fig. 1B; n = 4, 1299 ± 59 Tuj1+ cells/
mm2) and 2 days (2DIV) (Fig. 1C; n = 5, 1013 ± 44 cells/mm2) to retinas
that were freshly dissected (naïve) (Fig. 1A; n = 4, 1324 ± 54 cells/
mm2). However, after 3 days in vitro (3DIV) (Fig. 1D; n = 18, 775 ± 59
cells/mm2) there was a decrease of 42% in the number of RGCs when
compared to naïve control group (p < 0,001). Considering this degeneration rate, we decided to test hMSC paracrine effect on neuroprotection for 3 days in co-culture.
3

Fig. 1. Progression of retinal ganglion cell degeneration in vitro. (A–D) Flat-mounted retinas labeled with Tuj-1 antibody. A: Naïve retina; (C–D) Retinas after 1, 2, e 3 days in vitro (DIV); E: Quantification of Tuj-1
positive cells in retinas. Results are displayed as mean ± SEM. ***p < 0.001 (compared to Naïve), ###p < 0.001 (compared to 1DIV) (One-Way ANOVA with Tukey post-test). Scale bar: 50 μm (A–D).
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Fig. 2. hMSC co-culture is neuroprotective in vitro. (A–B) Flat-mounted retinas labeled with Tuj-1 antibody; C: Quantification of Tuj-1 positive cells in retinas.
Quantifications were normalized by control group (3DIV) of each independent experiment. Dotted line represents the number of RGC in a naïve retina. Results are
displayed as mean ± SEM. *p < 0.05 (compared to 3DIV) (unpaired t-test). Scale bar: 50 μm (A–B).

Fig. 3. Microglia number in the RGC layer is reduced in vitro. (A–D) Flat-mounted retinas labeled with Iba-1 antibody. A: Naïve retina; (C–D) Retinas after 1, 2, e
3 days in vitro (DIV); E: Quantification of Iba-1 positive cells in retinas. Results are displayed as mean ± SEM. ****p < 0.0001 (compared to Naïve), ###p < 0.001
(compared to 1DIV) (One-Way ANOVA with Tukey post-test). Scale bar: 100 μm (A–D).

(Fig. 5F; n = 159, 3170 ± 139.8 mean gray value). Considering this
phenotype change, we will refer to ameboid CD68-expressing microglia
as “active” in contrast to classical ramified “naïve” microglia.
To analyze if hMSC was exerting an anti-inflammatory effect on the
retina we analyzed the mRNA expression of inflammatory cytokines
(Fig. 6). When comparing 1DIV and 1DIV + hMSC groups, we found no

difference in the mRNA levels for TNF-α, IL-6, IL-1β and NOS2, all
related to pro-inflammatory outcome (Turner et al., 2014). However, we
observed a significant increase in the mRNA levels for IL-10 and ARG1,
both related to an anti-inflammatory outcome (Burmeister and Marriott,
2018; Cherry et al., 2014), in the 1DIV group.

5
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Fig. 4. hMSC reduce the number of microglia in the RGC layer in vitro. (A–C) Flat-mounted retinas labeled with Iba-1 antibody; D: Quantification of Iba-1
positive cells in retinas. Quantifications were normalized by control group (3DIV) of each independent experiment. Results are displayed as mean ± SEM. *p <
0.05 (compared to 3DIV) (unpaired t-test). Scale bar: 50 μm (A–B).

Fig. 5. Analysis of microglial morphology and CD68 expression. (A–D) Flat-mounted retinas labeled with Iba-1 and CD68 antibodies. (E–G) Each dot is a single
cell from four retinas for each group. E: Circularity analysis of individual Iba-1 positive cells; F: CD68 expression analyzed by the mean gray value of CD68 staining in
the area of individual Iba-1 cells. Bars of different symbols (#, $, %, &) are statically different from each other G: Correlation representation between the mean gray
value and circularity index for each group. Results are displayed as mean ± SEM. p < 0.0001 (One-Way ANOVA with Tukey post-test). Scale bar: 50 μm (A–L).

4. Discussion

2013) and to maintain microglia survival in vitro (Bohlen et al., 2017),
the response of microglia to neuronal damage and to therapeutic strategies remains poorly understood. The retinal tissue has a singular
anatomy that allows its culture in vitro without heavily damaging tissue
structure.
In our experiments, RGC death rate curve was similar but faster than
in vivo. While in vivo most RGCs express cleaved caspase-3 at 3 days after
ONC and have their number reduced to around 50% after 7 days
(Sánchez-Migallón et al., 2016), our data shows that in vitro RGC death
was observed as early as 2 days in culture and RGC number was reduced
to 58% at the third day (Fig. 1). In previous studies, retinal explants are
performed by dividing the retina in four pieces and placing the RGC
layer facing up to allow better oxygenation (Bull et al., 2011). Using this
model, the effects of hMSC were tested in rats (Bull et al., 2011; Johnson
et al., 2014, 2010) and human (Osborne et al., 2018) retina by placing

Here we developed an in vitro method to study how MSC therapy
modulates resident microglia response after retina and optic nerve
damage. First, to completely separate the retina from systemic circulation, we performed whole retinal explants, which are widely used as a
model of retinal degeneration (Nascimento-dos-Santos et al., 2019), but
we modified the standard protocols and inverted the retina orientation
in the transwell to better study the paracrine effects of cell therapy
targeting RGCs (RGCs facing down). Second, using a co-culture system
with hMSC, we were able to preserve an increased number of microglial
cells in culture over time and showed that this was associated to a shift
from a pro-inflammatory to an anti-inflammatory profile. In part
because of the technical challenge to observe resident microglial population without interference of infiltrating monocytes (Yona et al.,
6
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with RGC death (Fig. 3). In addition, we found a dramatic morphological
change of microglia towards an ameboid morphology and increased
CD68 expression (Fig. 5). In the presence of hMSC, we found even fewer
microglia (Fig. 4). The lack of microglia migration from the retina to the
transwell membrane or to the IPL suggests that the lower number of
microglia in the RGC layer is a result of microglia death in the presence
of hMSC. We also observed a decrease in the ameboid transition and
CD68 expression in microglia in the presence of hMSC when compared
to cultures without hMSC (Fig. 5). A pro-apoptotic effect of MSC on
microglia was described in a model of isolated microglia, where MSC
conditioned medium induced apoptosis of microglia (Jaimes et al.,
2017; Jose et al., 2014; Yan et al., 2013). Secretion of prostaglandin by
MSCClique ou toque aqui para inserir o texto. could also explain this
result as activation of prostaglandin receptor was found to induce
microglia apoptosis (Fu et al., 2015; Nagano et al., 2014). Our results
support the evidence that MSC can induce retinal microglia apoptosis
and this effect could be of great importance in chronic effects of traumatic injury. As we have shown MSC injected in the vitreous can still be
found up to 18 weeks (Mesentier-Louro et al., 2014) and increase axon
regeneration and target reconnection up to 34 weeks from injury
(Mesentier-Louro et al., 2019). Considering the long-term homing of
MSC in the eye, prolonged regenerative effect in vivo and the effects we
described in resident microglia; future studies should consider a deeper
evaluation of MSC effect in chronic inflammation after optic nerve
injury. Given to limitations of our model in regards to circulating immune cells, future in vivo research should also consider that MSC produces a variety of chemoattractants that could influence infiltrating
immune cells that play an important role in retinal inflammation. Future
studies should also consider evaluation of gender differences on both the
cells of the host tissue and MSC donors, growing evidence shows that
microglia can have gender specific responses in degenerative diseases
and treatment protocols (Yanguas-Casás, 2020).
In conclusion, we used an in vitro model of neuronal degeneration
and tested the effects of MSC therapy, confirming a paracrine effect that
is protective of RGC death and reduces microglial number and activation. In accordance with the latest research we found the microglia
reduction seem to correlate with RGC protection.

Fig. 6. mRNA expression after 1DIV indicate an anti-inflammatory
signaling of hMSC. mRNA levels of TNF-α (A), IL-6 (B), IL-10 (C), IL-1β (D),
NOS2 (E), ARG1 (F) of whole retinas after 1DIV measured by RT-qPCR. Gene
expression was normalized by the 1DIV group. Results are displayed as mean ±
SEM. *p < 0.05 (compared to 1DIV) (unpaired t-test).

hMSC direct in contact with RGC layer. In our study, by mounting the
retina with RGC facing down to the side of hMSC but still separated by
the transwell membrane, we allowed a better diffusion of secreted factors from hMSC to RGC layer, which allowed us to test the hypothesis of
a paracrine effect of hMSC. We (Mesentier-Louro et al., 2014, 2019;
Nascimento-dos-Santos et al., 2019) and others (Johnson et al., 2010;
Mead et al., 2016, 2014; Millán-Rivero et al., 2018) have shown that the
intravitreal injection of MSC protects or at least delays RGC death after
optic nerve injury. Consistently, in the present work we confirmed hMSC
neuroprotective potential to preserve RGCs by paracrine activity in vitro
(Fig. 2).
One of the main hypotheses to explain the neuroprotective effects of
hMSC is a role in modulating neuroinflammation. Neuroinflammation is
thought to be a key process to trigger RGC regeneration. For instance,
lens injury (Hauk et al., 2008), or inflammation induced by intravitreal
administration of Zymozan (Kurimoto et al., 2010), stimulates RGC axon
regeneration by activation of IL-6/Stat 3 pathway (Leibinger et al.,
2013). However, the role of microglia in this process is still controversial. Even with microglia/macrophage depletion, RGC regeneration
induced by inflammation is unaltered (Hilla et al., 2017). Microglia
activation can also be prejudicial to RGC survival and regeneration after
injury (Liddelow et al., 2017).
To test the hypothesis that hMSC effects on RGC survival are
concomitant with retinal microglia modulation, we investigated the
changes in microglia in our culture system. We found that hMSC caused
a reduction in the number of retinal microglia and induced a shift towards an anti-inflammatory phenotype in the surviving microglia
consistent with an anti-inflammatory effect of MSC shown in a variety of
neurodegenerative models (Furno et al., 2018; Jha et al., 2018; Liu et al.,
2014; Staff et al., 2019). However, we and others have demonstrated
that, after intravitreal injection, MSC are trapped in the vitreous (Mesentier-Louro et al., 2014) which increases the number of microglia/macrophage in the retina (Millán-Rivero et al., 2018).
To better understand whether hMSC increase microglia proliferation
or monocyte invasion, we developed an in vitro model that allowed us to
eliminate monocytes and therefore selectively test the effect of hMSC in
retinal microglia. After the retina was prepared as an explant, we
observed a reduction of microglia cells in RGC layer which correlated
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