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Background: Neurological dysfunction and glial activation are common in severe
infections such as sepsis. There is a sexual dimorphism in the response to
systemic inflammation in both patients and animal models, but there are few
comparative studies. Here, we investigate the effect of systemic inflammation
induced by intraperitoneal administration of lipopolysaccharide (LPS) on the
retina of male and female mice and determine whether antagonism of the
NLRP3 inflammasome and the extrinsic pathway of apoptosis have protective
effects on the retina.

Methods: A single intraperitoneal injection of LPS (5 mg/kg) was administered to
two months old C57BL/6J male and female mice. Retinas were examined
longitudinally in vivo using electroretinography and spectral domain optical
coherence tomography. Retinal ganglion cell (RGC) survival and microglial
activation were analysed in flat-mounts. Retinal extracts were used for flow
cytometric analysis of CD45 and CD11b positive cells. Matched plasma and
retinal levels of proinflammatory cytokines were measured by ELISA. Retinal
function and RGC survival were assessed in animals treated with P2X7R and
TNFR1 antagonists alone or in combination.

Results: In LPS-treated animals of both sexes, there was transient retinal
dysfunction, loss of vision-forming but not non-vision forming RGCs, retinal
swelling, microglial activation, cell infiltration, and increases in TNF and IL-1p.
Compared to females, males showed higher vision-forming RGC death, slower
functional recovery, and overexpression of lymphotoxin alpha in their retinas.
P2X7R and TNFR1 antagonism, alone or in combination, rescued vision-forming
RGCs. P2X7R antagonism also rescued retinal function. Response to treatment
was better in females than in males.
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Conclusions: Systemic LPS has neuronal and sex-specific adverse effects in the
mouse retina, which are counteracted by targeting the NLRP3 inflammasome
and the extrinsic pathway of apoptosis. Our results highlight the need to analyse
males and females in preclinical studies of inflammatory diseases affecting the
central nervous system

KEYWORDS
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1 Introduction

Systemic inflammatory disorders, such as those caused by
uncontrolled bacterial or viral infections, are associated with
cognitive and memory impairment and exacerbation of
neurocognitive diseases (1-6).

Sepsis is defined as life-threatening acute organ dysfunction
secondary to bacterial infection (7). It is a complex and rapidly
progressive medical problem in which several factors interact and
determine the patient’s prognosis. It affects 19 million patients
worldwide annually (8). Of these, half recover, one-third die within
the next year, and one-sixth subsequently develop severe persistent
neurological impairments (2, 3, 9). Clinical management of patients
(10) does not include the treatment or prevention of neurological
disorders, although it is an area of intense research (11).

Sepsis-induced neuronal dysfunction is thought to be caused by
an exaggerated inflammatory response that, in the central nervous
system (CNS), leads to blood-brain barrier dysfunction (12),
neuroinflammation, oxidative stress, neurotransmitter imbalance
(13, 14), decreased metabolism (15) and ultimately neuronal injury
and death, the latter varying between brain areas (16, 17). These
pathological processes are thought to be caused by activated macro-
and microglial cells, and infiltrating peripheral immune cells that
release pro-inflammatory cytokines [reviewed in (14, 18)].

There are several models of sepsis in rodents (19-21). One of
the most widely used is based on the administration of the Gram-
negative bacterial endotoxin lipopolysaccharide (LPS), which causes
an increase in proinflammatory cytokines such as interleukin-13
(IL-1B) and tumour necrosis factor-alpha (TNF), microglial
activation, and cognitive decline in rodents (22-25).

Abbreviations: CD11b, CD11 antigen-like family member B, also called integrin
o-M; CD45, cluster of differentiation 45, leukocyte common antigen [LCA], also
called; receptor-type tyrosine-protein phosphatase C; CNS, central nervous
system; ERG, Electroretinography; Ibal, ionized calcium-binding adapter
molecule 1; IL-1B, interleukin 1B; LT-o, lymphotoxin o5 P2X7R, purinergic
receptor P2X7; RGC, retinal ganglion cells; SD-OCT, spectral domain optical
coherence tomography; TNFR1, tumour necrosis factor receptor 1; TNF, tumour

necrosis factor o.
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Although the mechanism underlying LPS-induced
neuroinflammation and impairment is unknown, it has been
reported that systemic LPS enters the CNS, albeit at low levels
(26), and may therefore directly activate microglial cells. In
addition, inflammatory caspases are directly activated by LPS
through a non-canonical mechanism (27). In line with this, it has
been shown that inhibition of the P2X7 receptor (P2X7R), which is
activated by extracellular ATP and damage-associated molecular
patterns (DAMPs) thereby promoting the assembling and
activation of the NLRP3 inflammasome pathway, ameliorates
cognitive decline in LPS-treated mice and reduces the levels of
proinflammatory cytokines in the brain (28). Neuronal death
caused by systemic LPS may be triggered as well through the
activation of the extrinsic apoptosis pathway by TNF, the
canonical ligand of the death receptor TNFR1 (tumour necrosis
factor receptor la) (29).

Importantly, there is a sexual dimorphism in response to
systemic inflammation in both patients and animal models (30-
36). In fact, females usually have a better outcome. However, despite
the increasing evidence of sexual dimorphisms in neurological and
immunological systems, research into these differences in sepsis-
associated neurodegeneration remains critically understudied (30).

The retina is the window to the brain, and offers several advantages
compared with other CNS areas to study neurodegeneration and
neuroprotection (37, 38). However, despite its advantages, little is
known about how the retina responds to systemic inflammation, and
no comprehensive studies comparing females and males have
been reported.

Here, we compared the functional and anatomical changes in
the retina in response to LPS in males and females. We focused on
the ganglion cell layer, where we studied the fate of retinal ganglion
cells (RGCs), the only afferent retinal neurons. RGCs consist of two
functional subtypes, those implicated in vision-forming roles and
those that elicit non-vision-related light responses. Vision-forming
RGCs are the majority and express Brn3a, a transcription factor that
is also a viability marker (Brn3a"RGCs) (39). Non-vision forming
RGCs are detected by their melanopsin expression (m*"RGCs), i.e.
the chromophore that renders them intrinsically photosensitive
(ipRGCs) (39, 40). ipRGCs are more resilient to several insults
than Brn3a*RGCs (41, 42). Within this framework, we have
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performed longitudinal in vivo functional and anatomical analyses
in septic mice. In post-mortem samples, we have assessed the
survival of vision and non-vision forming RGCs, microglial
dynamics and activation, and measured the levels of pro-
inflammatory cytokines in matched plasma and retinal samples.
Finally, we have tested the neuroprotective potential of P2X7R and
TNFRI1 antagonists, alone or in combination, to prevent neuronal
damage associated with systemic inflammation.

2 Material and methods
2.1 Animal handling

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the University of Murcia
(Murcia, Spain) and performed according to our institutional
guidelines (approved protocol A13210201) and ARRIVE guidelines.

Two months old C57BL/6] male and female mice were obtained
from the breeding colony of the University of Murcia or purchased
from Envigo (Barcelona, Spain). Animals were kept at the University
of Murcia animal housing facilities in temperature and light
controlled rooms (12 h light/dark cycles) with food (pellet 12 mm,
Teklad Global Diet®, Inotiv, Mucedola, Milan, Italy) and water
administered ad libitum.

2.2 Anaesthesia and euthanasia

Optical coherence tomography was conducted with general
inhalational anesthesia utilizing 3% isoflurane (Abbott Laboratories,
Abbott Park, IL) at a rate of 1.5 L/min oxygen, employing a calibrated

10.3389/fimmu.2024.1340013

precision vaporizer. For electroretinogram analyses, animals underwent
anesthesia through an intraperitoneal injection of a combination of
ketamine (60 mg/kg, Ketolar, Parke-Davies, S.L., Barcelona, Spain) and
xylazine (10 mg/kg, Rompun, Bayer S.A., Barcelona, Spain). Following
anesthesia, a protective ointment (Tobrex; Alcon S.A., Barcelona, Spain)
was applied to the eyes to prevent corneal desiccation. The euthanasia
process involved an intraperitoneal injection of a lethal dose of sodium
pentobarbital (Dolethal, Vetoquinol; Especialidades Veterinarias, S.A.,
Alcobendas, Madrid, Spain).

2.3 Animal groups and experimental design

Figure 1 summarises the experimental groups and analyses.
In vivo functional and anatomical analyses (ERG and OCT) were
performed longitudinally before (pre- or baseline) and after the
procedures, and animals sacrificed at different time points for
anatomical analyses on flat-mounts. New groups were done for
cytometry and ELISA assays. Intact animals were used as controls
for the total number of RGCs, morphology of resting microglia,
flow cytometry, and cytokine profiling analyses. The number of
samples per assay, sex and time point is shown in the scatter
dot plots.

2.4 Intraperitoneal and
subcutaneous injections

LPS [dissolved in saline. E. coli O111: B4, 437627 Millipore,
Merck Life Science S.L.U. Madrid, Spain] and TNFR1 antagonist
[12 mg/kg ip. in 5% of DMSO-saline; R7050, Tocris Bioscience;
Bio-Techne R&D Systems, Madrid, Spain], as previously published
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(43), were both injected intraperitoneally in a final volume of
200 pL.

P2X7R antagonist [[TH15004] was injected subcutaneously in a
final volume of 100 uL of 10% DMSO/saline. ITH15004 (2-[6-
chloro-9H-purin-9-yl)-1-(2,4-dichlorophenyl]ethan-1-one) is a
non-nucleotide purine derivative that has shown selective P2X7
receptors blocking properties, and it has been synthesized
accordingly to the method recently described (44).

For LPS and the P2X7R antagonist, we did a dose titration (see
results) and the selected final concentrations were 5 mg/kg for LPS
and 15 mg/kg for the P2X7R antagonist.

2.5 Electroretinography

The full-field electroretinogram (ERG) was conducted following
previously published methods (45-47). Briefly, mice underwent 12
hours of dark adaptation, followed by anesthesia, and dilation of
both eyes with a topical mydriatic (Tropicamide 1%; Alcon-Cust,
S.A., Barcelona, Spain). Scotopic and photopic responses were
simultaneously recorded using Burian-Allen corneal bipolar
electrodes. Methylcellulose (Methocel® 2%; Novartis Laboratories
CIBA Vision, Annonay, France) was applied between the cornea
and electrodes to enhance signal conductivity. The reference
electrode was positioned in the mouth, and a needle at the tail
base served as the ground electrode. Scotopic responses reflecting
retinal ganglion cell (RGC)-mediated activity were recorded with
light flashes ranging from -4.4 log cd-s/m> while rod-mediated
responses were recorded at -2.5 log cd-s/m* Mixed responses (a-
and b-waves) were recorded at 0.5 log cd-s/m?. For cone-mediated
responses, a flash of 0.5 log cd-s/m? was applied on a 30 cd/m” rod-
saturated background. The electrical signals were digitized at 20
KHz using a Power Lab data acquisition board (AD Instruments,
Chalgrove, UK), and standard ERG waves were analyzed in
accordance with the International Society for Clinical
Electrophysiology of Vision (ISCEV).

2.6 Spectral domain optical
coherence tomography

Retinas were longitudinally examined using SD-OCT
(Spectralis; Heidelberg Engineering, Heidelberg, Germany)
adapted with a commercially available 78-D double aspheric
fundus lens (Volk Optical, Inc., Mentor, OH, USA) positioned in
front of the camera unit, as outlined in a previous publication (48).
Following anesthesia, tropicamide eye drops (Tropicamide 1%;
Alcon-Cusi, S.A. Barcelona, Spain) were administered to induce
mydriasis in both eyes. Imaging was conducted with the proprietary
software package (Eye Explorer, version 3.2.1.0; Heidelberg
Engineering). A raster scan comprising 25 equally spaced
horizontal B-scans was used to capture retinal images. Manual
measurements of total, inner, and outer retinal thickness were taken
near the optic nerve head (0.4 mm) and at a 1-mm distance from it,
always within central sections spanning the optic disc.
Subsequently, the software calculated the volume of the central
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retina, with manual alignment of inner and outer retinal limits in
the 25 sections acquired per retina. Hyperreflective puncta in the
vitreous were manually quantified in 3 central OCT
sections/animal.

2.7 Tissue processing
and immunodetection

Euthanized animals underwent transcardial perfusion with a
0.9% saline solution, followed by 4% paraformaldehyde in 0.1 M
phosphate buffer solution. Flat-mounted retinas were prepared
according to established procedures (49). Immunodetection
procedures followed previous protocols (50). Flat-mounted retinas
underwent triple immunodetection with mouse anti-Brn3a (1:500;
MABI1585, Merck Millipore; Madrid, Spain) and rabbit anti-
melanopsin (1:750; UF008 (AB-N39), Advanced Targeting Systems,
Carlsbad, CA, USA) antibodies to quantify the total number of
vision-forming and non-vision-forming retinal ganglion cells
(RGCs), respectively. Additionally, guinea pig anti-Ibal antibody
was used to identify microglial cells or infiltrated macrophages
(1:500; 234308, Synaptic Systems, Gottingen, Germany).

Secondary detection employed Alexa Fluor-labeled secondary
antibodies (1:500; Molecular Probes; Thermo Fisher Scientific,
Madrid, Spain). Retinal whole-mounts were mounted using anti-
fading mounting media (H-1200, Vectashield®, Vector
Laboratories Inc., Burlingame, CA, USA).

2.8 Image acquisition and analyses

Images were captured using a Leica DM6B epifluorescence
microscope (Leica, Wetzlar, Germany). Retinal photomontages
were constructed from individual square images of 500 um? each.
The total population of Brn3a"RGCs was automatically quantified
following established procedures (49). m"RGCs were manually
marked on the photomontage, and the markings were
subsequently automatically quantified. The topographic
distribution of Brn3a"RGCs and m"RGCs was evaluated through
isodensity and neighborhood maps, respectively, using methods
previously described (49, 51). Isodensity maps depict RGC density
with a color scale ranging from 0-500 (purple) to > 3,200 RGCs/
mm? (red). Neighbour maps illustrate the number of neighboring
cells around a given cell within a radius of 0.165 mm, with a color
scale from 0-2 (purple) to > 21 neighbors (dark red).

2.9 Flow cytometry

Retinas freshly dissected post-euthanasia were collected in
neurobasal medium (Thermo Fisher Scientific), supplemented
with 10% fetal bovine serum (Thermo Fisher Scientific), 2% B-27
(Thermo Fisher Scientific), and 1% L-glutamine (Merck Life
Science). The dissected retinas were mechanically processed with
a scalpel. Following gentle resuspension through pipetting for
enhanced cell dissociation, 0.2% collagenase A (0.223 U/mg;
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Roche Diagnostics GmbH, Mannheim, Germany) in Dulbecco’s-
modified Eagle’s medium (DMEM) was added and incubated for 30
minutes at 37 °C. Subsequently, cellular suspensions were filtered
through a 70-um CorningTM cell strainer (Thermo Fisher
Scientific) and promptly centrifuged for 5 minutes at 600g. The
resulting cell pellets were resuspended in complete DMEM
medium, and primary fluorescence-labeled antibodies (1:250 anti-
mouse CD11b-FITC and 1:500 anti-mouse CD45-PE; eBioscience,
Thermo Fisher Scientific) were added. After a 30-minute incubation
at 4 °C, two washing steps were performed, and the cells were
ultimately analyzed using a FACS Canto flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, United States). Flow cytometry data
were analyzed with FlowJo software (FlowJo LLC, Ashland, OR,
United States) at the Tissue Culture Facility (ACTI, University of
Murcia and IMIB).

2.10 Plasma obtention, retinal protein
extraction, and ELISA assays

Six, 24 or 72h after LPS administration, blood was collected
from the heart of pentobarbital overdosed mice, mixed with citrate
buffer (3.3% in double distilled water) and placed in ice for 15 min.
Then, samples were centrifuged at 3,000 rpm for 10 min at 4°C, the
plasma collected and immediately frozen at -80°C until analysis.

Right after blood extraction, retinas from the same animals were
fresh dissected and immediately submerged in Pro-PrepTM (Intron
Biotechnology, Seongram, South Korea) and dissociated with a
hand shredder. After 1h, samples were centrifuged for 15 min at
13,000 rpm. Finally, supernatants were collected and stored at -80°C
until analysis. Controls were samples from intact animals.

Each cytokine was measured individually using murine TNF,
IFN-y and IL1-f ELISA kits from Raybiotech (ELM-TNFa-CL-1,
ELM-IFN-g-CL-1 and ELM-IL1-b-CL-1, respectively, Bionova
Cientifica, Madrid, Spain), and LT-o from Cloud Clone
(SEA134Mu-96T; Bionova Cientifica, Madrid Spain) following the
manufacturer’s instructions. Absorbances were measured at 450
nm in a spectrophotometer and concentrations calculated from
standard curves.

2.11 Statistical analyses

The data were analyzed and graphed using GraphPad Prism v.7
(GraphPad Software, San Diego, CA, USA), and the results are
presented as mean * standard deviation (SD). Significance was

determined at p<0.05. Detailed information regarding the statistical
tests employed can be found in the Results section.

3 Results
3.1 LPS dose determination

The response to LPS is modulated by the sex, age and strain of the
mouse, as well as environmental factors such as diet (18, 35, 52).
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Therefore, the concentration of LPS used varies widely between
reports, even within the same mouse strain. We started by
determining LPS dose in C57BL/6] male mice from our facility
(CEIB, IMIB, Murcia Spain). In the literature it has been described
that males are more sensitive to LPS administration, therefore, we
decided to test the appropriate LPS dose in males (30, 36). At first, we
looked at whether there was RGC loss 3 days after LPS
administration. (Supplementary Figures 1A, B). The lowest
concentrations, 2 to 4 mg/kg, resulted in a loss of 10% of RGCs,
while 5 and 7 mg/kg concentrations caused a 20% loss. A 10 mg/kg
dose was lethal for these mice. At 3 days, there were no differences on
RGC survival between 5 and 7 mg/kg. Finally, we compared the effect
of the two doses at day 7 to confirm that RGC viability was still the
same (Supplementary Figure 1C). As there were no differences in
RGC survival between the two doses, all experiments were performed
at the concentration of 5 mg/kg, being less toxic to mice
(Supplementary Figure 1D).

3.2 Differential susceptibility of vision
forming and non-vision forming RGCs to
systemic inflammation

We then analysed the time course of the loss of Brn3a-
expressing RGCs (vision-forming RGCs; Brn3a*RGCs) and
melanopsin-expressing RGCs (non-vision-forming RGCs, M1 to
M3 subtypes of intrinsically photosensitive RGCs; m"RGCs) (39)
after LPS administration.

In both sexes, there was a significant and diffuse loss of
Brn3a"RGCs on day 3. This loss continued until day 7, when it
stabilised (Figures 2A, B). Females (blue bars) had significantly fewer
Brn3a*RGCs than males (red bars). Therefore, to compare RGC loss
between sexes, we calculated the percentage of RGC survival
compared with intact retinas. As shown in Figure 2C, Brn3a"RGC
loss was at all times proportionally higher in males than in females
(from day 7, 27 £ 0.4% loss in males, 20 + 0.6% in females).

The population of m"RGCs did not differ between males and
females. In addition, unlike Brn3a"RGCs, they were resistant to
LPS-induced systemic inflammation (Figure 2D).

3.3 Systemic inflammation causes
retinal swelling

Retinas of females and males were imaged longitudinally with
SD-OCT before and after LPS administration.

In the baseline images, the vitreous was clear. However, after
LPS administration, hyperreflective puncta, presumably infiltrated
cells, were visible in the vitreous from day 1 to day 45 in both sexes.
Their numbers were significantly higher than at baseline imaging at
all time points and were significantly more abundant in males than
females from day 4 onwards (Figures 3A, B).

The retinal volume increased early after LPS administration similarly
in both sexes (Figure 3C). Next, we measured the inner, outer and total
retinal thickness at 0.4 mm and 1 mm from the optic disc (Figure 3D)
and observed a significant thickening of the total retina, mainly due to
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enlargement of the inner retina. These changes were more marked in
females than in males except at day 2 in the inner retina at Imm.

CD11b" cell recruitment

macrophages was observed as soon as day 3 after LPS
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Systemic inflammation causes loss of vision forming RGCs but not of non-vision forming RGCs. (A) Isodensity maps showing the homogeneous loss
of Brn3a*RGCs in female and male mice from 3 to 45 days after intraperitoneal administration of 5 mg/kg of LPS compared to intact retinas. These
maps show the density of Brn3a*RGCs with a colour scale that goes from 0-500 (purple) to > 3,200 RGCs/mm? (red). Below each map is shown the
number of Brn3a*RGCs quantified in the original retina. (B) Column graph showing the mean total number + SD of Brn3a*RGCs in female (blue
columns) and male (red columns) intact retinas and retinas analysed from 3 to 45 days after intraperitoneal administration of LPS. *Significant loss vs
intact (**p<0.01; ***p<0.001; ****p<0.0001). °Significant loss between time points (°*°p<0.001; °**°p<0.0001). One-way ANOVA within sexes, post-
hoc Tukey's test. tFemales have significantly lower number of Brn3a*RGCs than males (Unpaired T-test; p<0.0001). (C) Column graph showing the
mean percentage + SD of Brn3a*RGCs loss in female (blue columns) and male (red columns) after LPS administration respect to intact retinas
(100%). *Significant difference between females and males (*p<0.05; ***p<0.001; ****p<0.0001. Two-way ANOVA Sidak's multiple comparison test
(time p<0.0001; sex p<0.0001). (D) Left: Neighbour maps depicting the distribution of m™RGCs in intact male and female retinas and retinas
analysed from 1 to 45 days after LPS administration. Neighbour maps show the number of neighbour m*RGCs around a given m*RGC in a radius of
0.165 mm with a colour scale that goes from 0-2 (purple) to > 21 neighbours (dark red). Below each map the number of m*RGCs counted in that
retina is shown. Right, column graph showing the mean total number + SD of m*RGCs in the same groups. S: superior pole. T: temporal pole. F
females. M: males

administration, and started to resume at 21 days, though still some
microglial cells showed signs of activation, mostly around the optic
nerve until day 45 (Figure 4, higher magnifications are shown in
Supplementary Figure 1E). Ibal'cells were hypertrophic, with
3.4 Microglial activation and CD45* swollen cell bodies and few ramifications. In addition, amoeboid
cells were found around retinal vessels, probably microglial cells,
perivascular macrophages or infiltrating monocytes.

In flat-mounts, morphological activation of Ibal microglia/ Because retinal swelling could be related to cell infiltration in

the retina as well as to microglial activation, we quantified the
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proportion of CDI11b" (myeloid cells: microglial cells or ~ CD11b" and CD45" cells at 3 and 7 days (Supplementary Figure 2)
macrophages, irrespective of their state of activation) or CD45"  returning to basal levels on day 21, in agreement with the
cells (broad leukocyte marker: expressed by activated microglia/ morphological activation. When cell populations were separated
macrophages and by monocytes or lymphocytes [reviewed in (53)]  according to their marker combination, we observed an increase in
by flow cytometry. In both sexes, there was a significant increase in  steady-state microglia/macrophages (CD11b"CD45") at 3 and 7
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layer after systemic inflammation. Magnifications taken from the optic nerve head (ON),

centre and periphery of flat-mounted retinas of intact male and female mice, and retinas analysed from 3 to 45 days after LPS administration,
showing Ibal™ cells (microglia or infiltrated macrophages). White arrows point to retinal vessels

days, which was significantly higher in females on day 3. In both
sexes, there was a similar transient increase in infiltrating
neutrophils, monocytes or lymphocytes (CD11b"CD45") at 3 days
and a smaller but still significant increase in activated microglia/
macrophages (CD11b"CD45") (Figure 5).

3.5 Proinflammatory cytokine profile in
retinas and plasma

We measured pro-inflammatory cytokine levels by ELISA in
matched retinal and plasma samples at early time points after LPS
administration (Figure 6A). TNF levels increased significantly in the
retinas of both sexes 6 and 24h after LPS exposure. In plasma, this
increase was observed at 6h and progressively increased, especially
at 72h. Lymphotoxin-o. (LT-ct), the non-canonical ligand of
TNFR1, whose canonical ligand is TNF, was increased only in
male retinas 6h after LPS administration. IL1-B, secreted by
macrophages through inflammasome activation after LPS
challenge (54), was significantly upregulated in the plasma of
females and males at 24h, while this increase was observed in the
retina at 24h in females and 72h in males.

IFN-y is necessary for LPS-responsive gene induction and
facilitates the production of several proinflammatory mediators

Frontiers in Immunology

(55). In our mice model, IFN-y levels in plasma increased in both
sexes after 24 h, without changes in the retina. Contrary to the other
cytokines measured, IFN-y basal levels were higher in plasma than
in retina [4.6-fold]. Indeed, and surprisingly, basal retinal levels of
TNF, IL-1B and LT-o were significantly higher in retina than in
plasma, exceeding plasma levels by a factor of about 12, 4 and 1.4,
respectively. Yet, the relative increment in TNF and IL-1B was
much higher in plasma than in the retina (Figure 6B). By contrast,
LT-o was not altered in plasma.

3.6 RGC neuroprotection by P2X7R and
TNFR1 antagonists

In view of the above, we decided to block, alone or in combination,
the P2X7 receptor (P2X7R), which induces IL-1B secretion by
inflammasome activation, and the TNF receptor 1 (TNFR1), which
activates the extrinsic pathway of apoptosis. Antagonists (0.) were
injected intraperitoneally (0TNFR1) or subcutaneously (aP2X7R) on
a daily basis from day 1 after LPS administration.

The dose of the o« TNFR1 (R7050) was already established in
mice (43). For the aP2X7R (ITH15004), we did a preliminary
experiment on LPS-treated male mice using a dose of 15 mg/kg
based on in vitro assays (Supplementary Figure 3). This dose is
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CD11b*-CD45" CD11b™-CD45" CD11b*-CD45"

Dynamics of CD45"CD11b*, CD45*CD11b™ and CD45 CD11b* cells in the retina after systemic inflammation. (A) Representative flow cytometry dot
plots showing the percent of CD45%/CD11b*, CD45*CD11b™ and CD45 CD11b* cells in intact male and female mice retinas, and retinas analysed at
3,7 and 21 days after LPS administration. (B) Flow cytometry quantification graphs showing the percent + SD of CD45 CD11b", CD45*CD11b™ and
CD45%/CD11b* cells. *Significant vs. intact (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). °Significance between different time points (°°p<0.01;
9995<0.001; °°*°p<0.0001). t Females vs. males at the same time point (p<0.05). Two-way ANOVA Sidak’s multiple comparison test (for all cell

typestime p<0.0001; sex p>0.05). F: females. M: males.

comparable to those used for evaluating the effect of ITH15004 on
the LPS-induced IL-1B release in ATP-stimulated murine
peritoneal macrophages, as an eligible model of inflammation. In
those experiments, the selective 0P2X7R halved the IL-1P release
from 1 uM (44). In our experiments, there was significant RGC
rescue at this dose. To determine the effect of higher concentrations,
we tried 30 and 60 mg/kg. These two higher doses did not improve
RGC neuroprotection, so we performed all subsequent experiments
at the lowest dose of 15 mg/kg.

Each antagonist was able to reverse LPS-induced Brn3a"RGC
loss. Both antagonists worked better in females, with no differences
compared to intact animals, while RGC neuroprotection was not
complete in males. The combination of both treatments
significantly improved neuroprotection in males compared with
either treatment alone. (Figures 7A, B). Strikingly, the rescue of
RGCs with the TNFR1 antagonist was significantly better in females
than in males (Figure 7C).
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3.7 Retinal functionality

Electroretinographic waves were recorded in all animals before
(pre) and at 3 and 7 days after LPS administration, with or without
pharmacological treatments (Figure 8). LPS caused a transient
decrease in all wave amplitudes at day 3 in both sexes, indicating
functional impairment of the inner and outer retina. In females, all
waves were completely recovered by day 7, whereas in males this
recovery was incomplete except for the photopic wave. P2X7R
antagonism completely restored all waves at day 3, except the b-
wave in females, whereas TNFR1 antagonism restored only the
photopic wave in males. The combined treatment was better than
the TNFRI antagonism alone, but not as good as the single P2X7R
antagonism. There were some subtle differences between females
and males, such as smaller recovery at day 3 of the a- and b- mixed
waves in males than in females when treated with both antagonists,
or of the rod response after P2X7R antagonism.
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FIGURE 6

Proinflammatory cytokine levels in retina and plasma after systemic inflammation. (A) Column graphs showing the mean + SD concentration (pg/mL)
of TNF, LT-a, IL-1B and IFN-v, in plasma and retinas from intact male and female mice, and retinas analysed from 6 to 72 h after LPS administration.
Plasma and retinal extracts are animal matched. *Significantly different vs. intact (**p<0.01; ***p<0.001; ****p<0.0001); tp<0.01 females vs. males at
the same time point and treatment. Two-way ANOVA Sidak’s multiple comparison test (treatment p<0.0001; sex p>0.05). °p<0.01 plasma vs. retina
in intact animals (Mann Whitney Test). (B) Column graphs showing the averaged percentage + SD of TNF, LT-a, IL-1B and IFN-y compared to intact
(100%) in the same groups as above. The dotted line marks 100%. In all graphs, the range of the Y-axis has been adjusted for each cytokine and

sample. F: females. M: males.

Finally, when we measured the implicit time, we observed that
the response of the female retina was significantly slower than that
of the male retina for all waves 3 days after LPS administration
(Supplementary Figure 4). In animals treated with the antagonists,
where the implicit times of females were faster, this difference was
not observed.

4 Discussion

We show here that systemic inflammation induced by
intraperitoneal administration of LPS causes transient functional
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impairment, swelling, microglial activation and increase in number,
CD45"CD11b" cell infiltration, vision-forming RGC death and a
pro-inflammatory profile in the mouse retina. RGC death and
retinal function are restored by antagonising P2X7R and TNFR1
alone or in combination, with better results for RGC survival when
both receptors are targeted. Importantly, some of these events differ
between male and female mice.

In our mice, systemic inflammation leads to RGC loss, which is
significantly lower in females than in males and it affects only
vision-forming RGCs. Non-vision-forming RGCs are more
resistant than vision-forming RGCs (41, 42); their resistance may
be due to protection against neuroinflammation. In fact, after optic
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nerve axotomy, m " RGCs die as Brn3a"RGCs during the fast phase
of death, but they survive the second phase, which is secondary to
the axotomy itself (41). During this second phase, Brn3a"RGC
death is very slow but sustained, and microglial cells remain
activated (56). In accordance, we show here that m*RGCs are not
affected by the neuroinflammation triggered by LPS.

LPS rapidly induced a retinal and systemic proinflammatory
status, as evidenced by increased levels of TNF and IL-1f in both
tissues, LT-ot only in the male retina, and IFN-y only in plasma.
Interestingly, basal levels of all these proinflammatory mediators,
except IFN-y, were significantly higher in the retina than in plasma,
although their increased levels after LPS challenge were much
higher in plasma, as expected. We do not know the biological
significance of this, but it would be interesting to measure the basal
levels of these cytokines in other areas of the CNS to determine
whether their constitutive levels are higher in the CNS than in
plasma or other peripheral tissues.

We found that systemic inflammation kills RGCs through both
the extrinsic apoptotic pathway and the NLRP3 inflammasome
pathway. This is supported by the increased levels of TNF and IL-1§
in the retina and by the fact that the antagonism of the key receptors
of each pathway, TNFR1 and P2X7R, rescues RGCs and, for P2X7R
antagonism, retinal function.
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Importantly, RGC neuroprotection in females is complete with
all treatments, whereas this level of protection in males is only
achieved with administration of both antagonists.

RGCs express TNFR1 (43) and can therefore be killed directly
by the increased retinal levels of TNF and LT-o (in males). LT-ovis a
non-canonical ligand of TNFR1 and, like TNF, it also binds to other
death receptors (57). This cytokine is involved in apoptosis,
necroptosis and inflammation (58). The significant increase in
retinal LT-o only in males may explain their higher RGC loss.
LPS induces LT-o secretion by microglial cells (59) and our data
indicate that this secretion is sexually dimorphic.

Activation of the NLRP3 inflammasome by P2X7R induces
Gasdermin D pore formation and the release of IL-1f, leading to
inflammation and pyroptosis (60). RGCs also express P2X7R (61),
therefore they are vulnerable to pyroptosis. In addition, because
microglial cells become neurotoxic after P2X7R activation (62-64),
it is plausible that, in this model, where the number of microglial
cells increases and they are activated, both mechanisms, i.e. direct
pyroptotic RGC death and microglial neurotoxicity, take place.

OCT analysis showed retinal swelling and the appearance of
hyperreflective puncta, most likely infiltrated cells, in the vitreous
which were more abundant in males than in females. Further
cytometric analysis showed an increase in microglial cells/

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1340013
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rodriguez-Ramirez et al.

10.3389/fimmu.2024.1340013

A Females Males
3d 7d 3d 7d
-4.3log cd-s/m’
0.04. 0.04- 0.04. 004
4
5 om0
Q
oaz
ont
-2,
°0
of &
o
2l s
g a
- g &
9|2
alo -
<]
x as as 2
0.5log cd-s/m’
oz 02
bwave
k-
Q
X
s
o
s
. Tena 9 T4 Tine 4 im0
- o -
0.5log cd-sim’
o 015 0.15- 0.15-
) o
Q) o ass.
‘3 : i t sm = ¢ =
BN o \ o. — s N [\ 08
g . V= N M\~
an o .
T ) Time 5 - Tine 6
o o 0.15- 0.15-
B
0.5 PSTR 025 Rod Response
oo ol PRI Wr'
= s - Do
£ a0 -ll Eos = ’— g j ool
§ Pl 8 i SV RA Y- .}
2o ' Zow Ik :
H] £ g . .
001 008 [+ 5 :
Ml 1l
7 days Pre 3 7 Pre 7 days
Females
05 bwave 0.15.
o oo i e
— Pre Tl L[] e
— Vehicle g ’— 1F ’— JIle ¢
@|— «TNFR1 g o2 O el s L .
< N . < 0.
-|— aP2XR7 w1 3.
Both o1 mm ﬂ
" Pre 3 7 Pre " 7days

FIGURE 8

Transient impairment of retinal functionality after systemic inflammation: effect of TNFR1 and P2X7R antagonism. (A) Electroretinographic waves
from female and male mice recorded before (PRE) and 3 and 7 days after being treated with LPS + vehicle, LPS and TNFR1 antagonist (¢TNFR1), LPS
and P2X7R antagonist (aP2X7R), and LPS and aP2X7R + oTNFR1. (B) ERG quantification bar graphs showing the mean wave amplitude (uV + SD).
Control amplitudes are baseline recordings (pre). *vs. baseline values (*p<0.05; **p<0.01***; p<0.001; ****p<0.0001); ®3 vs. 7" day within the same
group (**®p<0.001; ***®p<0.0001). °Between different groups (°p<0.05; °°p<0.01; °°°p<0.001; °°°°p<0.0001). tp<0.001 females vs. males at the
same time point and treatment. Two-way ANOVA Sidak's multiple comparison test (treatment p<0.0001; sex p>0.05).

macrophages in different activation states (CD45"CD11b" and
CD45°CDI11b" cells). There was also an increase in
CD45CD11b" cells, which are probably infiltrating lymphocytes
as they are not macrophages or microglial cells. Retinal swelling
may be a consequence of this infiltration, the higher number of
microglial cells and the subsequent inflammation. Morphological
microglial activation is observed from day 3, more pronounced
around the optic nerve disc and retinal vessels in agreement with
(64). This geographical pattern may indicate the route
of infiltration.

Early after LPS administration, inner and outer retinal function
was impaired and recovered for all waves at 7 days, better in females
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than in males. The loss of function may be a response to the
systemic shock and the early increase in pro-inflammatory
mediators in both retina and plasma. Activated microglial cells in
sepsis release IL-1B in microvesicles, which can potentially cause
synaptic damage (54). Thus, overexpression of IL-1f in the retina
may explain the early loss of function that we observe here, and its
rescue in P2X7R antagonised groups. The idea that the
inflammatory environment underlies the loss of retinal function is
also supported by the fact that TNFR1 antagonism, while rescuing
RGCs, does not restore retinal function. Surprisingly, the pSTR
wave, corresponding to RGCs, also recovered despite a 20-27% loss
of RGCs. The electroretinogram shows functional changes with
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~50% neuronal loss or impairment (45, 65). Loss of function, as
measured by the ERG, is observed when ~50% of neurons are lost or
functionally impaired. Since LPS causes the loss of 20-27% of RGCs,
it is possible that the pSTR decrease at early time points is due to
extensive RGC dysfunction as well as loss. Later, the surviving
RGCs function well, and with 73-80% still alive, the ERG is not
sensitive enough to detect functional deficits. Additionally, the
PSTR recovery could also be related to functional compensatory
mechanisms. The transient loss of outer retinal function suggests
that bipolar cells or photoreceptors (66) are also affected. Whether
this loss of function is associated with death below ERG sensitivity
remains unclear and requires further investigation.

5 Conclusions

The most important conclusion to be drawn from our work is
that the response of the retina to systemic LPS is sexually
dimorphic. Females show a better functional recovery, less cell
infiltration in the vitreous, less loss of vision-forming RGCs and a
better response to treatment than males. Furthermore, males show
increased levels of retinal LT-o, which is not observed in females.
This sexual dimorphism may be related to estrogen receptors, which
have been shown to inhibit proinflammatory cytokines (67),
highlighting the need for preclinical studies in both sexes in
diseases with an inflammatory component, either systemic or
neurodegenerative, such as Parkinson’s disease (68).

The two functional subtypes of RGCs show differential
susceptibility to systemic inflammation. The intrinsic resilience of
non-vision-forming RGCs to various insults is well known, a
resilience that may be shared by other CNS neurons. Therefore,
one of the main goals of current research is to isolate the basis of this
resilience in order to identify successful neuroprotective therapies.

Finally, our data provide evidence that the NLRP3
inflammasome and the extrinsic pathway of apoptosis play a role
in RGC death induced by systemic inflammation. In addition,
P2X7R activation is also involved in the early loss of retinal
function. Thus, this work provides the basis for further research
into their possible role in retinal or CNS diseases with a systemic or
local inflammatory component.

Data availability statement
The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee at University of Murcia [Murcia, Spain] and
performed according to the guidelines of our Institution [approved

Frontiers in Immunology

13

10.3389/fimmu.2024.1340013

protocol A13210201]. The study was conducted in accordance with
the local legislation and institutional requirements.

Author contributions

KR-R: Data curation, Formal analysis, Investigation,
Methodology, Writing — review & editing. MN-M: Data curation,
Formal analysis, Investigation, Methodology, Writing — review &
editing. FL-R: Data curation, Formal analysis, Investigation,
Methodology, Writing - review & editing. AG-O: Data curation,
Formal analysis, Investigation, Methodology, Writing — review &
editing. FC: Investigation, Methodology, Resources, Writing — review
& editing. DG-B: Investigation, Methodology, Resources, Writing -
review & editing. CM: Methodology, Writing - review & editing.
CG-R: Investigation, Methodology, Writing - review & editing.
CdIR: Funding acquisition, Investigation, Resources, Supervision,
Writing - review & editing. MV-S: Conceptualization, Funding
acquisition, Writing - review & editing. MA-B: Conceptualization,
Data curation, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision,
Validation, Visualization, Writing — original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research was funded by the Spanish Ministry of Economy and
Competitiveness PID2019-106498GB-100 funded by MCIN/AEI/
10.13039/501100011033 (MV-S) and CNS2022-135290 (CdIR), by
the Instituto de Salud Carlos III, Fondo Europeo de Desarrollo
Regional “Una manera de hacer Europa” project: P119/00071
(MA-B).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1340013
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rodriguez-Ramirez et al.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1340013/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

LPS dose determination. (A) Isodensity maps showing the homogeneous loss
of Brn3a*RGCs in the retinas of male mice treated with increasing
intraperitoneal doses of LPS (mg/kg) compared to intact retinas. These
maps show the density of Brn3a*RGCs with a colour scale that goes from
0-500 (purple) to > 3,200 RGCs/mm? (red). Below each map is shown the
number of RGCs quantified in the original retina. (B) Column graph showing
the mean total number + standard deviation (SD) of Brn3a*RGCs in intact
retinas and retinas analysed 3 days after intraperitoneal administration of
increasing doses of LPS. (C) Column graph showing the mean total number +
standard deviation of Brn3a*RGCs in intact retinas and retinas analysed 7 days
after intraperitoneal administration of 5 or 7 mg/kg of LPS. (D) XY graph (LPS
dose vs. mouse survival) showing the percentage of mice surviving each of
the LPS doses tested. (E) Magnifications taken from the optic nerve head (ON),
centre and periphery of flat-mounted retinas of intact male and female mice,
and retinas analysed from 3 to 45 days after LPS administration, showing Ibal*
cells (microglia or infiltrated macrophages).

SUPPLEMENTARY FIGURE 2
Transient increase of CD45% and CD11b* cells in the retina after systemic
inflammation. (A) Representative flow cytometry dot plots showing the
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percent of CD45" or CD11b* cells in intact male and female mice retinas,
and retinas analysed at 3, 7 and 21 days after LPS administration. (B) Flow
cytometry quantification graph showing the mean percent + SD of CD45"
(left) or CD11b* (right) cells. *Significant compared to intact retinas (*p<0.05;
**p<(0.01). Two-way ANOVA Sidak’s multiple comparison test (For both cell
typestime p<0.0001; sex p>0.05). F: females. M: males.
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mean total number + SD of Brn3a*RGCs in the same groups. °Significant vs.
vehicle (°°°°p<0.0001) *Significant compared to intact retinas (*p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001); ?15 mg/kg vs. 30 mg/kg (p<0.05).
One-way ANOVA, post-hoc Tukey's test.
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15. Semmler A, Hermann S, Mormann F, Weberpals M, Paxian SA, Okulla T, et al.
Sepsis causes neuroinflammation and concomitant decrease of cerebral metabolism. J
Neuroinflamm (2008) 5:38. doi: 10.1186/1742-2094-5-38

16. Giridharan VV, Generoso JS, Lence L, Candiotto G, Streck E, Petronilho F, et al.
A crosstalk between gut and brain in sepsis-induced cognitive decline. ] Neuroinflamm
(2022) 19:114. doi: 10.1186/s12974-022-02472-4

17. Semmler A, Okulla T, Sastre M, Dumitrescu-Ozimek L, Heneka MT. Systemic
inflammation induces apoptosis with variable vulnerability of different brain regions. J
Chem Neuroanat (2005) 30(2-3):144-57. doi: 10.1016/j.jchemneu.2005.07.003

18. Hoogland ICM, Houbolt C, van Westerloo DJ, van Gool WA, van de Beek D.
Systemic inflammation and microglial activation: systematic review of animal
experiments. ] Neuroinflamm (2015) 12:114. doi: 10.1186/s12974-015-0332-6

19. Fink MP. Animal models of sepsis. Virulence (2014) 5(1):143-53. doi: 10.4161/
viru.26083

20. Cai L, Rodgers E, Schoenmann N, Raju RP. Advances in rodent experimental
models of sepsis. Int ] Mol Sci (2023) 24(11):9578. doi: 10.3390/ijms24119578

21. Lewis AJ, Seymour CW, Rosengart MR. Current murine models of sepsis. Surg
Infect (2016) 17(4):385-93. doi: 10.1089/sur.2016.021

22. Zhao J, Bi W, Xiao S, Lan X, Cheng X, Zhang J, et al. Neuroinflammation
induced by lipopolysaccharide causes cognitive impairment in mice. Sci Rep (2019)
9:5790. doi: 10.1038/541598-019-42286-8

23. Brown GC. The endotoxin hypothesis of neurodegeneration. J Neuroinflamm
(2019) 16:180. doi: 10.1186/s12974-019-1564-7

24. Terrando N, Rei Fidalgo A, Vizcaychipi M, Cibelli M, Ma D, Monaco C, et al.
The impact of IL-1 modulation on the development of lipopolysaccharide-induced
cognitive dysfunction. Crit Care (2010) 14(3):R88. doi: 10.1186/cc9019

25. Terrando N, Monaco C, Ma D, Foxwell BMJ, Feldmann M, Maze M. Tumor
necrosis factor-o triggers a cytokine cascade yielding postoperative cognitive decline.
Proc Natl Acad Sci U.S.A. (2010) 107(47):20518-22. doi: 10.1073/pnas.1014557107

26. Banks WA, Robinson SM. Minimal penetration of lipopolysaccharide across the
murine blood-brain barrier. Brain Behav Immun (2010) 24(1):102-9. doi: 10.1016/
j.bbi.2009.09.001

27. de Rojas T, Pérez-Martinez A, Cela E, Baragafio M, Galan V, Mata C, et al.
COVID-19 infection in children and adolescents with cancer in Madrid. Pediatr Blood
Cancer (2020) 67(7):¢28397. doi: 10.1002/pbc.28397

28. Alves VS, da Silva JP, Rodrigues FC, Aratjo SMB, Gouvéa AL, Leite-Aguiar R, et al.
P2X7 receptor contributes to long-term neuroinflammation and cognitive impairment in
sepsis-surviving mice. Front Pharmacol (2023) 14:1179723. doi: 10.3389/fphar.2023.1179723

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1340013/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1340013/full#supplementary-material
https://doi.org/10.1186/s12974-022-02619-3
https://doi.org/10.1001/jama.2010.1553
https://doi.org/10.1097/MCC.0000000000001022
https://doi.org/10.7759/cureus.38194
https://doi.org/10.1007/s00705-023-05801-x
https://doi.org/10.1007/s00705-023-05801-x
https://doi.org/10.1016/j.neuroscience.2008.07.031
https://doi.org/10.1038/nrdp.2016.45
https://doi.org/10.1001/jama.2017.17687
https://doi.org/10.3389/fimmu.2022.855006
https://doi.org/10.1007/s00063-023-01028-5
https://doi.org/10.23736/S0375-9393.22.16689-7
https://doi.org/10.23736/S0375-9393.22.16689-7
https://doi.org/10.1007/s10753-021-01501-3
https://doi.org/10.1007/s10753-021-01501-3
https://doi.org/10.1007/s12640-020-00270-5
https://doi.org/10.1007/s12640-020-00270-5
https://doi.org/10.1042/CS20220549
https://doi.org/10.1186/1742-2094-5-38
https://doi.org/10.1186/s12974-022-02472-4
https://doi.org/10.1016/j.jchemneu.2005.07.003
https://doi.org/10.1186/s12974-015-0332-6
https://doi.org/10.4161/viru.26083
https://doi.org/10.4161/viru.26083
https://doi.org/10.3390/ijms24119578
https://doi.org/10.1089/sur.2016.021
https://doi.org/10.1038/s41598-019-42286-8
https://doi.org/10.1186/s12974-019-1564-7
https://doi.org/10.1186/cc9019
https://doi.org/10.1073/pnas.1014557107
https://doi.org/10.1016/j.bbi.2009.09.001
https://doi.org/10.1016/j.bbi.2009.09.001
https://doi.org/10.1002/pbc.28397
https://doi.org/10.3389/fphar.2023.1179723
https://doi.org/10.3389/fimmu.2024.1340013
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rodriguez-Ramirez et al.

29. Lindhout IA, Murray TE, Richards CM, Klegeris A. Potential neurotoxic activity
of diverse molecules released by microglia. Neurochem Int (2021) 148:105117.
doi: 10.1016/j.neuint.2021.105117

30. Polcz VE, Barrios EL, Chapin B, Price CC, Nagpal R, Chakrabarty P, et al. Sex,
sepsis and the brain: defining the role of sexual dimorphism on neurocognitive
outcomes after infection. Clin Sci Lond (2023) 137(12):963-78. doi: 10.1042/
(CS20220555

31. Bosch F, Angele MK, Chaudry IH. Gender differences in trauma, shock and
sepsis. Mil Med Res (2018) 5(1):35. doi: 10.1186/s40779-018-0182-5

32. Barter J, Kumar A, Stortz JA, Hollen M, Nacionales D, Efron PA, et al. Age and
sex influence the hippocampal response and recovery following sepsis. Mol Neurobiol
(2019) 56(12):8557-72. doi: 10.1007/512035-019-01681-y

33. Zhang M, Fergusson DA, Sharma R, Khoo C, Mendelson AA, McDonald B, et al.
Sex-based analysis of treatment responses in animal models of sepsis: a preclinical
systematic review protocol. Syst Rev (2023) 12:50. doi: 10.1186/s13643-023-02189-2

34. Jacobs MC, Haak BW, Hugenholtz F, Wiersinga WJ. Gut microbiota and host
defense in critical illness. Curr Opin Crit Care (2017) 23(4):257-63. doi: 10.1097/
mcc.0000000000000424

35. De Maio A, Torres MB, Reeves RH. Genetic determinants influencing the
response to injury, inflammation, and sepsis. Shock Augusta Ga (2005) 23(1):11-7.
doi: 10.1097/01.shk.0000144134.03598.c5

36. Gahima I, Twizeyimana E, LuckGonzales E, Gay Remonde C, Jin Jeon S, Young
Shin C. Strain, age, and gender differences in response to lipopolysaccharide (LPS)
animal model of sepsis in mice. ] Pharm Pharm Sci (2021) 65(1):1-6. doi: 10.17480/
psk.2021.65.1.1

37. Frith P, Mehta AR. The retina as a window into the brain. Lancet Neurol (2021)
20(11):892. doi: 10.1016/S1474-4422(21)00332-X

38. London A, Benhar I, Schwartz M. The retina as a window to the brain-from eye
research to CNS disorders. Nat Rev Neurol (2013) 9(1):44-53. doi: 10.1038/
nrneurol.2012.227

39. Nadal-Nicolas FM, Galindo-Romero C, Lucas-Ruiz F, Marsh-Amstrong N, Li
W, Vidal-Sanz M, et al. Pan-retinal ganglion cell markers in mice, rats, and rhesus
macaques. Zool Res (2023) 44(1):226-48. doi: 10.24272/j.issn.2095-8137.2022.308

40. Provencio I, Rodriguez IR, Jiang G, Hayes WP, Moreira EF. Rollag MD. A Novel
Hum Opsin Inner Retina. ] Neurosci (2000) 20(2):600-5. doi: 10.1523/JNEUROSCI.20-
02-00600.2000

41. Vidal-Sanz M, Galindo-Romero C, Valiente-Soriano FJ, Nadal-Nicolas FM, Ortin-
Martinez A, Rovere G, et al. Shared and differential retinal responses against optic nerve
injury and ocular hypertension. Front Neurosci (2017) 11:235. doi: 10.3389/fnins.2017.00235

42. Tapia ML, Nascimento-dos-Santos G, Park KK. Subtype-specific survival and
regeneration of retinal ganglion cells in response to injury. Front Cell Dev Biol (2022)
10:956279. doi: 10.3389/fcell.2022.956279

43. Lucas-Ruiz F, Galindo-Romero C, Salinas-Navarro M, Gonzalez-Riquelme MJ,
Vidal-Sanz M, Agudo Barriuso M. Systemic and intravitreal antagonism of the TNFR1
signaling pathway delays axotomy-induced retinal ganglion cell loss. Front Neurosci
(2019) 13:1096. doi: 10.3389/fnins.2019.01096

44. Calzaferri F, Narros-Fernandez P, de Pascual R, de Diego AMG, Nicke A, Egea J,
et al. Synthesis and pharmacological evaluation of novel non-nucleotide purine
derivatives as P2X7 antagonists for the treatment of neuroinflammation. J Med
Chem (2021) 64(4):2272-90. doi: 10.1021/acs.jmedchem.0c02145

45. Alarcon-Martinez L, de la Villa P, Avilés-Trigueros M, Blanco R, Villegas-Pérez
MP, Vidal-Sanz M. Short and long term axotomy-induced ERG changes in albino and
pigmented rats. Mol Vis (2009) 15:2373-83.

46. Norte-Mufioz M, Gallego-Ortega A, Lucas-Ruiz F, Gonzalez-Riquelme M]J,
Changa—Espinoza Y1, Galindo-Romero C, et al. Immune recognition of syngeneic,
allogeneic and xenogeneic stromal cell transplants in healthy retinas. Stem Cell Res Ther
(2022) 13:430. doi: 10.1186/s13287-022-03129-y

47. Gallego-Ortega A, Norte-Mufioz M, Miralles de Imperial-Ollero JA, Bernal-
Garro JM, Valiente-Soriano FJ, de la Villa Polo P, et al. Functional and morphological
alterations in a glaucoma model of acute ocular hypertension. Prog Brain Res (2020)
256(1):1-29. doi: 10.1016/bs.pbr.2020.07.003

48. Valiente-Soriano FJ, Ortin-Martinez A, Di Pierdomenico ], Garcia-Ayuso D,
Gallego-Ortega A, Miralles de Imperial-Ollero JA, et al. Topical brimonidine or
intravitreal BDNF, CNTF, or bFGF protect cones against phototoxicity. Transl Vis
Sci Technol (2019) 8(6):36. doi: 10.1167/tvst.8.6.36

49. Galindo-Romero C, Avilés-Trigueros M, Jiménez-Lopez M, Valiente-Soriano FJ,
Salinas-Navarro M, Nadal-Nicolas F, et al. Axotomy-induced retinal ganglion cell death
in adult mice: quantitative and topographic time course analyses. Exp Eye Res (2011) 92
(5):377-87. doi: 10.1016/j.exer.2011.02.008

Frontiers in Immunology

15

10.3389/fimmu.2024.1340013

50. Nadal-Nicolas FM, Jimenez-Lopez M, Sobrado-Calvo P, Nieto-Lopez L,
Canovas-Martinez I, Salinas-Navarro M, et al. Brn3a as a marker of retinal ganglion
cells: qualitative and quantitative time course studies in naive and optic nerve-injured
retinas. Invest Ophthalmol Vis Sci (2009) 50(8):3860-8. doi: 10.1167/i0vs.08-3267

51. Galindo-Romero C, Jiménez-Lopez M, Garcia-Ayuso D, Salinas-Navarro M,
Nadal-Nicolas FM, Agudo-Barriuso M, et al. Number and spatial distribution of
intrinsically photosensitive retinal ganglion cells in the adult albino rat. Exp Eye Res
(2013) 108:84-93. doi: 10.1016/j.exer.2012.12.010

52. Kotimaa J, Klar-Mohammad N, Gueler F, Schilders G, Jansen A, Rutjes H, et al.
Sex matters: Systemic complement activity of female C57BL/6] and BALB/cJ mice is
limited by serum terminal pathway components. Mol Immunol (2016) 76:13-21.
doi: 10.1016/j.molimm.2016.06.004

53. Greter M, Lelios I, Croxford AL. Microglia versus myeloid cell nomenclature
during brain inflammation. Front Immunol (2015) 6:249. doi: 10.3389/
fimmu.2015.00249

54. Moraes CA, Hottz ED, Dos Santos Ornellas D, Adesse D, de Azevedo CT,
d’Avila JC, et al. Microglial NLRP3 inflammasome induces excitatory synaptic loss
through IL-1B-enriched microvesicle release: implications for sepsis-associated
encephalopathy. Mol Neurobiol (2023) 60(2):481-94. doi: 10.1007/s12035-022-
03067-z

55. Romero CR, Herzig DS, Etogo A, Nunez J, Mahmoudizad R, Fang G, et al. The
role of interferon-y in the pathogenesis of acute intra-abdominal sepsis. J Leukoc Biol
(2010) 88(4):725-35. doi: 10.1189/j1b.0509307

56. Gonzalez-Riquelme MJ, Galindo-Romero C, Lucas-Ruiz F, Martinez-Carmona
M, Rodriguez-Ramirez KT, Cabrera-Maqueda JM, et al. Axonal injuries cast long
shadows: long term glial activation in injured and contralateral retinas after unilateral
axotomy. Int ] Mol Sci (2021) 22(16):8517. doi: 10.3390/ijms22168517

57. Albarbar B, Dunnill C, Georgopoulos NT. Regulation of cell fate by lymphotoxin
(LT) receptor signalling: Functional differences and similarities of the LT system to
other TNF superfamily (TNFSF) members. Cytokine Growth Factor Rev (2015) 26
(6):659-71. doi: 10.1016/j.cytogfr.2015.05.001

58. Etemadi N, Holien JK, Chau D, Dewson G, Murphy JM, Alexander WS, et al.
Lymphotoxin o induces apoptosis, necroptosis and inflammatory signals with the same
potency as tumour necrosis factor. FEBS ] (2013) 280(21):5283-97. doi: 10.1111/
febs.12419

59. Appel K, Honegger P, Gebicke-Haerter PJ. Expression of interleukin-3 and
tumor necrosis factor-beta mRNAs in cultured microglia. J Neuroimmunol (1995) 60
(1-2):83-91. doi: 10.1016/0165-5728(95)00057-9

60. Pelegrin P. P2X7 receptor and the NLRP3 inflammasome: Partners in crime.
Biochem Pharmacol (2021) 187:114385. doi: 10.1016/j.bcp.2020.114385

61. Nadal-Nicolas FM, Galindo-Romero C, Valiente-Soriano FJ, Barbera-Cremades
M, deTorre-Minguela C, Salinas-Navarro M, et al. Involvement of P2X7 receptor in
neuronal degeneration triggered by traumatic injury. Sci Rep (2016) 6:38499.
doi: 10.1038/srep38499

62. Skaper SD, Facci L, Culbert AA, Evans NA, Chessell I, Davis JB, et al. P2X(7)
receptors on microglial cells mediate injury to cortical neurons in vitro. Glia (2006) 54
(3):234-42. doi: 10.1002/glia.20379

63. Monif M, Reid CA, Powell KL, Smart ML, Williams DA. The P2X7 receptor
drives microglial activation and proliferation: a trophic role for P2X7R pore. ] Neurosci
(2009) 29(12):3781-91. doi: 10.1523/jneurosci.5512-08.2009

64. Tsioti I, Steiner BL, Escher P, Zinkernagel MS, Benz PM, Kokona D. Endothelial
Toll-like receptor 4 is required for microglia activation in the murine retina after
systemic lipopolysaccharide exposure. J Neuroinflamm (2023) 20(1):25. doi: 10.1186/
§12974-023-02712-1

65. Alarcon-Martinez L, Avilés-Trigueros M, Galindo-Romero C, Valiente-Soriano
J, Agudo-Barriuso M, de la Villa P, et al. ERG changes in albino and pigmented mice
after optic nerve transection. Vision Res (2010) 50(21):2176-87. doi: 10.1016/
j.visres.2010.08.014

66. Galindo-Romero C, Norte-Mufioz M, Gallego-Ortega A, Rodriguez-Ramirez
KT, Lucas-Ruiz F, Gonzalez-Riquelme MJ, et al. The retina of the lab rat: focus on
retinal ganglion cells and photoreceptors. Front Neuroanat (2022) 16:994890.
doi: 10.3389/fnana.2022.994890

67. Zhang L, Wan H, Zhang M, Lu W, Xu F, Dong H. Estrogen receptor subtype
mediated anti-inflammation and vasorelaxation via genomic and nongenomic actions
in septic mice. Front Endocrinol (Lausanne) (2023) 14:1152634. doi: 10.3389/
fendo.2023.1152634

68. Bourque M, Morissette M, Soulet D, Di Paolo T. Impact of sex on neuroimmune
contributions to Parkinson’s disease. Brain Res Bull (2023) 199:110668. doi: 10.1016/
j.brainresbull.2023.110668

frontiersin.org


https://doi.org/10.1016/j.neuint.2021.105117
https://doi.org/10.1042/CS20220555
https://doi.org/10.1042/CS20220555
https://doi.org/10.1186/s40779-018-0182-5
https://doi.org/10.1007/s12035-019-01681-y
https://doi.org/10.1186/s13643-023-02189-2
https://doi.org/10.1097/mcc.0000000000000424
https://doi.org/10.1097/mcc.0000000000000424
https://doi.org/10.1097/01.shk.0000144134.03598.c5
https://doi.org/10.17480/psk.2021.65.1.1
https://doi.org/10.17480/psk.2021.65.1.1
https://doi.org/10.1016/S1474-4422(21)00332-X
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.24272/j.issn.2095-8137.2022.308
https://doi.org/10.1523/JNEUROSCI.20-02-00600.2000
https://doi.org/10.1523/JNEUROSCI.20-02-00600.2000
https://doi.org/10.3389/fnins.2017.00235
https://doi.org/10.3389/fcell.2022.956279
https://doi.org/10.3389/fnins.2019.01096
https://doi.org/10.1021/acs.jmedchem.0c02145
https://doi.org/10.1186/s13287-022-03129-y
https://doi.org/10.1016/bs.pbr.2020.07.003
https://doi.org/10.1167/tvst.8.6.36
https://doi.org/10.1016/j.exer.2011.02.008
https://doi.org/10.1167/iovs.08-3267
https://doi.org/10.1016/j.exer.2012.12.010
https://doi.org/10.1016/j.molimm.2016.06.004
https://doi.org/10.3389/fimmu.2015.00249
https://doi.org/10.3389/fimmu.2015.00249
https://doi.org/10.1007/s12035-022-03067-z
https://doi.org/10.1007/s12035-022-03067-z
https://doi.org/10.1189/jlb.0509307
https://doi.org/10.3390/ijms22168517
https://doi.org/10.1016/j.cytogfr.2015.05.001
https://doi.org/10.1111/febs.12419
https://doi.org/10.1111/febs.12419
https://doi.org/10.1016/0165-5728(95)00057-9
https://doi.org/10.1016/j.bcp.2020.114385
https://doi.org/10.1038/srep38499
https://doi.org/10.1002/glia.20379
https://doi.org/10.1523/jneurosci.5512-08.2009
https://doi.org/10.1186/s12974-023-02712-1
https://doi.org/10.1186/s12974-023-02712-1
https://doi.org/10.1016/j.visres.2010.08.014
https://doi.org/10.1016/j.visres.2010.08.014
https://doi.org/10.3389/fnana.2022.994890
https://doi.org/10.3389/fendo.2023.1152634
https://doi.org/10.3389/fendo.2023.1152634
https://doi.org/10.1016/j.brainresbull.2023.110668
https://doi.org/10.1016/j.brainresbull.2023.110668
https://doi.org/10.3389/fimmu.2024.1340013
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Retinal response to systemic inflammation differs between sexes and neurons
	1 Introduction
	2 Material and methods
	2.1 Animal handling
	2.2 Anaesthesia and euthanasia
	2.3 Animal groups and experimental design
	2.4 Intraperitoneal and subcutaneous injections
	2.5 Electroretinography
	2.6 Spectral domain optical coherence tomography
	2.7 Tissue processing and immunodetection
	2.8 Image acquisition and analyses
	2.9 Flow cytometry
	2.10 Plasma obtention, retinal protein extraction, and ELISA assays
	2.11 Statistical analyses

	3 Results
	3.1 LPS dose determination
	3.2 Differential susceptibility of vision forming and non-vision forming RGCs to systemic inflammation
	3.3 Systemic inflammation causes retinal swelling
	3.4 Microglial activation and CD45+ CD11b- cell recruitment
	3.5 Proinflammatory cytokine profile in retinas and plasma
	3.6 RGC neuroprotection by P2X7R and TNFR1 antagonists
	3.7 Retinal functionality

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


