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Microglia cells (MGCs) play a key role in scavenging patho-
gens and phagocytosing cellular debris in the central nervous
system and retina. Their activation, however, contributes to
the progression of multiple degenerative diseases. Given the
potential damage created by MGCs, it is important to better
understand their mechanism of activation. Here, we explored
the role of MGCs in the context of retinitis pigmentosa (RP)
by using four independent preclinical mouse models. For
therapeutic modeling, tamoxifen-inducible CreER was intro-
duced to explore changes in MGCs when RP progression
halted. The phenotypes of the MGCs were observed using
live optical coherence tomography, live autofluorescence,
and immunohistochemistry. We found that, regardless of ge-
netic background, MGCs were activated in neurodegenerative
conditions and migrated beyond the layers where they are
typically found to the inner and outer segments, where degen-
eration was ongoing. Genetic rescue not only halted degener-
ation but also deactivated MGCs, regardless of whether the
intervention occurred at the early, middle, or late stage of
the disease. These findings suggest that halting long-term
disease progression may be more successful by downregulat-
ing MGC activity while co-administering the therapeutic
intervention.

INTRODUCTION

Microglia cells (MGCs) are a specialized type of resident macrophage
that have been described as the sentinels of the CNS for their role in
scavenging pathogens and phagocytosing cellular debris." MGCs are
distinguished from other glial cells, such as astrocytes and oligoden-
drocytes, through their origin, gene expression pattern, morphology,
and functions.>” It is believed that MGCs are derived from primitive
hematopoiesis in the fetal yolk sac and function as the resident
immune cells in the CNS and retina.* MGCs are highly sensitive to
their environmental milieu and remain quiescent until activated, as
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they are primarily recruited in response to subtle changes resulting
from the compromise of the physiological integrity of other cells.’
Once activated, they perform two primary functions: phagocytose
debris from the site of injury and release inflammatory mediators
into the extracellular space.’”®

Activation of MGCs has been shown to contribute to disease progres-
sion in multiple CNS diseases, such as stroke, Parkinson’s disease, and
%~ In a stroke, for example, activated MGCs
phagocytose debris from the primary injury site and secrete molecules
that kill nearby unaffected neurons. Similarly, we suggest that MGCs
are activated by primary rod cell death and in addition may kill adja-
cent photoreceptors.'” An analogous phenomenon has been observed
in the retina, where exaggerated, chronic MGC reactions are sus-
pected to contribute to photoreceptor degeneration."'* Recent studies
have found that activated retinal MGCs contribute to photoreceptor
death via phagocytic activation and production of pro-inflammatory
factors. In a study of retinal degenerative conditions, specifically late-

Alzheimer’s disease.

onset retinal degeneration, age-related macular degeneration, and
retinitis pigmentosa (RP), MGCs were greater in number compared
to controls and stained positively for markers of rod photorecep-
tors.'* Thus, while MGCs play an important role in cell protection
against pathogens and other insults, they can also cause harm by pro-
moting neuroinflammation, which is cytotoxic and induces death in
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neighboring cells.'” Here, we further explore MGC activation in the
context of RP.

RP is a group of inherited retinal degenerative conditions that present
with photoreceptor death. It has been estimated that 1 in 4,000 are
affected by RP, a disease that significantly impairs the ability to
conduct activities of daily living and leads to a substantial public
health burden.'” RP patients initially present with symptoms such
as difficulty seeing at night, peripheral vision deterioration, develop-
ment of tunnel vision, and eventual blindness.'*™'® Although gene
therapy holds potential as a novel strategy for slowing or even halting
disease progression, there is currently no treatment for RP. One of the
challenges in treating RP using gene therapy is the disease’s genetic
heterogeneity, as there are more than 60 genes associated with RP.
Gene therapy approaches are specific to the affected gene, thus
limiting the scalability and clinical relevance of this treatment modal-
ity. In most forms of RP, the mutations are expressed in rod photore-
ceptors, but cone photoreceptor death also occurs.'” The mechanism
behind secondary cone death, however, remains a mystery. Thus,
developing a mechanism that prevents disease progression, regardless
of the affected gene, is an important unmet need for treating inherited
conditions like RP.

Mutations in rod phosphodiesterase (Pde6) contribute to approxi-
mately 4% of autosomal recessive RP (arRP) cases.'®"” The rod
PDE6 protein is composed of two catalytic subunits, Pde6-alpha
(PDE6A) and Pde6-beta (PDE6B) and a pair of inhibitory Pde6-
gamma (PDE6G) subunits. Mutations in Pde6 prevent the photoexci-
tation cascade from functioning properly, in addition to causing pri-
mary rod cell death through elevated cyclic guanosine monophosphate
(cGMP) levels, unregulated influx of calcium, and subsequent second-
ary cone loss.””*" In this study, we analyzed four different rod Pde6-
associated mouse models of RP: Pde6a”"7"“/P%7C, peehHo20/H620Q,
Pde6bSTOPSTOP  and  PecbH620USTOP  pegaP670G/D670G — \ hi )
involves an aspartic acid-to-glycine residue conversion at amino
acid 670, presents the most advanced phenotype, with overt morpho-
logical changes detectable by 1 week postnatally and complete retinal
degeneration by 4 weeks. Pde6b"®?’H5?°? mice possess a histidine-
to-glutamine residue conversion at amino acid 620 in the PDE6b sub-
unit, inducing the mildest phenotype of the three models. Retinal
degeneration in this mouse model is observable around 2 weeks
postnatally and is complete by 8 to 10 weeks.”>** PdecbSTO"STOP s
a new genetic model of RP that carries a floxed STOP cassette in intron
one of each Pde6b allele, preventing PDE6B from being expressed in
the absence of Cre recombinase activity.”*** Each of the mouse models
described above was labeled with GFP at the CX3CR1 receptor. Thus,
the genotype of each mouse is Pde6a”%7°¢/P7%G. Cx3cr1-GFPY ™,
Pde6b"o*YH0% Cx3er1-GFPY~,  Pde6b®”*T%;Cx3cr1-GFPY,

and Pde6b0?0STOP. Cx3cr1-GEPY~; hereafter they will be referred
to as Pde6aP70%/P570G  poahHO20Q/H620Q b, STOP/STOP.

Pd€6bH620Q/STOP

and
, respectively. CX3CRI is a delta chemokine receptor
that is specifically expressed in MGCs and their neuronal ligand.***” Tt
has been widely studied previously in the context of the CNS, 89
liver,”® intestinal system,”’ and skeletal muscles.””> Cx3xr1 “/¢FP
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and Cx3xrl “™** mouse models were commonly used to conduct
the aforementioned studies. Cx3cr1::GFP can be observed in both
live and fixed tissue, although most research done so far has focused
on the latter.

In this study, we present one of the first characterizations of the effects
of neurodegeneration on MGC activation in the retina via the
CX3CRI receptor in living mice with retinal degeneration caused
by a Pde6 mutation. We also halted degeneration at early, middle,
and late disease stages with genetic rescue and assessed the effects
on the MGC population, providing a new paradigm for the study of
MGCs in neurodegeneration and retinal degenerative diseases.

RESULTS

MGCs Are Activated in Multiple Preclinical Models of RP

Optical coherence tomography (OCT) imaging, which provides live
cross-sectional images through the retina, was performed on mutant
mice (Pde6b>TOPSTOP, pleghH620Q/H620Q 414 Ple6aPo70/P570G) ang
age-matched WT (Pde6b™®?°Y*;Cx3cr1-GFP™™) mice at 4 weeks
(Figure 1A). Diminished outer retinal layer thickness was exhibited
in all three RP models compared to WT. Photoreceptor thickness
obtained with OCT was quantified and presented graphically,
showing a significant difference (p < 0.001) for all three mutant
groups compared to WT (Figure 1C). A statistically significant differ-
ence in photoreceptor thickness was found between Pde6aP®”°%/P670G
and Pde6b™620/H620Q (p <0.001) as well as between Pde6aP0706/P670G
and PdecbSTOP/STOP (p < 0.001), while no difference was found be-
tween  Pde6bSTOPSTOP and  Pdecb620Q/H620Q  pj,6.D670G/D670G
showed the most severe phenotype, as it displayed the thinnest layers
on OCT compared to the other two mutant models at the same age.

A confocal scanning laser ophthalmoscope (cSLO) was used to
perform SLO imaging on the three mutant mouse models and WT
mice at 4 weeks postnatally (Figure 1B). GFP, which was expressed un-
der the control of the Cx3cr1 promoter, served as a reporter of the den-
sity of live MGCs in all WT and mutant mice. A higher density of
MGCs was found in all three mutant mice compared to WT (Fig-
ure 1D). Statistically significant differences were found in all mutant
mice compared to WT: p = 0.004 for Pdesb™*°YH5, 1 < 0,001
for Pde6bSTOP/STOP, p < 0.001 for Pde6gP¢70G/P670G Notably, there
was also a significant difference in MGC density between each mutant
mouse model: Pde6b™™0?0YH620Q yersus PdechSTOPSTOP (p = 0.002);
Pde6b620UH620Q yerus Plecal07/P570G (1 — 0.02); PdebSTOP/STOP
versus Pde6aP6706/P6706 (p < 0.001). The Pde6aP67%/P57%C mice,
which had the lowest MGC density compared to the other Pde6b
mutant mice, showed MGCs congregating to form denser areas, which
were not observed in the other mutants. Based on our observation, the
denser patches were randomly distributed throughout the retina
except in the peripapillary area, where a particularly higher density
of MGCs was observed. Although the Pde6a”*”’“P*7%% mouse model
exhibited the lowest MGC density despite displaying the severest
degenerative phenotype, we believe that the low density may result
from the fact that there is very minimal ONL remaining at this stage
in this particular model.
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Figure 1. MGC Aggregation Is Directly Proportional to Disease Severity of Preclinical Models

(A) Live OCT images were taken from three mutant mouse models (Pde6b! 62096200 preahSTOP/STOP  and Pae6aP670%/P670G) at 4 weeks as compared to WT, with the red
bar indicating the ONL and IS/OS layers (scale bar, 100 um). (B) Live SLO images were taken from WT and three mutant mouse models at 4 weeks. The white dots, obtained
by cSLO, are GFP expressed under the control of the Cx3cr1 promoter in MGCs (scale bar, 1 mm). (C) Photoreceptor thickness was measured and quantified based on
OCT images from WT and mutant mice. p < 0.001 for WT compared to all three mutant groups; p < 0.001 for Pde6aP670%/P67%G compared to Pde6b!620H620Q gng
Pde6bSTOPSTOP For WT, n = 10 eyes. For all mutant groups, n = 8 eyes. (D) The MGC density was captured using SLO at 4 weeks and measured and quantified by ImageJ
in WT and mutant mice. p = 0.004 between WT and Pde6b0209H620Q: 1 « 0.001 for WT compared to Pde6b°"°”S70P and Pde6aP070%/P67%G 1 = 0.002 between
Pde6b!1620H620Q gng Pe6bSTOSTOP: b = 0.02 between Pde6b020YH620Q and pgeaP870e/P570C: b « 0.001 between Pde6bS ST and Pde6aP70%"P57%C  For W,
n = 10 eyes. For all mutant groups, n = 8 eyes. OCT, optical coherence tomography; ONL, outer nuclear layer; IS/OS, inner and outer segment layers; cSLO, confocal
scanning laser ophthalmoscope. *p < 0.05; **p < 0.01; ***p < 0.001. Error bars are 1 SD.

MGCs Migrate to the Sites Where Degeneration Occurs, Sections were stained for GFP, which is co-localized to MGCs under
Especially to the 1IS/OS Layers and ONL the control of the Cx3crl promoter.33 The thickness of the ONL was
Vertical retinal sections were collected at 3, 6, and 12 weeks from  stable in WT mice, while an apparent decrease of the ONL thickness
WT (Pde6b™?°¥*;Cx3cr1-GFP™™) mice (Figures 2A, 2E, and 2I),  was detected in the time period from 3 to 6 weeks, with roughly only
Pde6b®" """ (Figures 2B, 2F, and 2J), Pde6b™*°"? (Figures  one row of photoreceptors remaining in the ONL at 12 weeks for all
2C, 2G, and 2K), and Pde6a”*"°%P57%¢ (Figures 2D, 2H, and 2L).  three RP models. When there was no retinal degeneration, MGCs
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WT Pde6bSTOP/STOP Pde6bHGZOQ/H620Q Pde6aD67OG/D67DG

3 weeks

6 weeks

12 weeks

Figure 2. MGCs Migrate to the Layers of the Retina Where Degeneration Is Occurring

Vertical retinal sections were collected from Pde6b! 0206200 prgapSTOPSTOP  pigaPs705/D870G gnd WT mice at 3 (A-D), 6 (E-H), and 12 weeks (I-L). Nuclei were stained
with DAPI (blue). Immunostaining with anti-GFP (green) is targeted to MGCs. All sections were crossed by the optic nerve and collected from the medial area of the retina
(scale bar, 50 um; yellow bar, ONL; magenta bar, INL layer).
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were seen to localize to the outer and inner plexiform and ganglion
cell layers (Figures 2A, 2E, and 2I). In the degeneration models, how-
ever, the MGCs, which appeared to be activated given their enlarged,
balloon-like shapes and short, broad processes, migrated from the in-
ner retina to the outer retina®® and phagocytosed photoreceptor
debris.'> Activated MGCs were also found from the ganglion cell layer
to the inner plexiform layer as well as from the outer plexiform layer
to the inner segment/outer segment (IS/OS) layer at all time points in
each mutant model. Roughly only one ONL was observed as early as
6 weeks in the Pde6a”*”?/P7%¢ mouse model (Figure 2H), whereas
this occurred at 12 weeks for the other two RP models (Figures 2J,
2K, and 2L).

Cre-Conditional Pde6b'62°%/STOP. pge6g©re’+;Cx3cr1-GFP*/~

Mice Exhibit Increased MGC Density in Conjunction with
Increasing Photoreceptor Degeneration

The mouse model Pdecb020STOP ;Pde6gcre/ *.Cx3crl-GFP*~
(hereon referred to as Pde6b020/STOP Pde6gcre/ *) was created. Acti-
vation of Cre leads to the removal of the STOP cassette, allowing
the expression of functional PDE6 as previously described.”* Prior
to tamoxifen administration, we characterized the phenotypic mani-
festations of this mouse model (Figure 3), which experienced retinal
degeneration due to an H620Q missense mutation in one allele of the
Pde6b gene and a Cre-reversible STOP cassette in the other.

OCT imaging, as described previously, was obtained to observe
both RP progression in this mouse model at multiple time
points compared to the 4-week wild type (WT) (Pde6b™*2°¥*;
Pde6gC”/ *:Cx3crI-GFP*'™) (Figures 3A and 3C) as well as MGC
localization labeled with Cx3cr1::GFP (Figure 3E). The thickness of
the ONL decreased with time, with the thinnest length observed at
16 weeks. Live SLO images (Figures 3B and 3D) and retinal flat
mount immunoreactivity of Cx3cr1::GFP (Figure 3F) displayed a sta-
tistically significant difference in MGC density at each time point
compared to WT. The MGC density was stable from week 6 to 12.

These results confirmed that the Pde6b™*°Y5TPPde6g“* mouse
phenotype and MGC activation were similar to that observed in
the Pde6b"620QH620Q  poglSTOPISTOP o1 4 pioaD670G/D670G 1 o
models, which were shown previously. The level of degeneration in
the Pde6b™*°YSTOPpde6g '+ mice, however, appeared to be milder
than that of the other three models, as even at 16 weeks, there were
still roughly two rows of photoreceptors in the ONL remaining
compared to only one row remaining in the other three models. Addi-
tionally, GFP was observed in the ONL and IS/OS layers along with a
higher density of MGCs. These MGCs were shorter and broader
compared to those in WT at all time points. These findings were com-
parable with the observations acquired from the Pde6b™¢2°¥H620Q
Pde6b’TOPSTOP, and Pde6a”*7"“"P57%% mouse models.

Genetic Rescue Stops the Progression of Photoreceptor
Degeneration and Reverses the Activity of MGCs

Tamoxifen was injected intraperitoneally into the Pde6
Pde6g“"*"* mice, resulting in the translocation of the Cre recombinase

H620Q/STOP,
b ;

and removal of the STOP cassette. This allows the Pde6 07 allele to
be corrected to Pde6", which expresses the normal functional PDE6
protein and helps halt the progression of degeneration.

The Pde6b™*2°YSTOP; pde6g "+ mice were divided into three groups
based on when tamoxifen treatment was administered: 2, 4, or
8 weeks postnatally. Live OCT and SLO images were obtained at
2, 6, and 14 weeks after tamoxifen treatment. These images were
measured and quantified (Figure 4). No significant difference in
photoreceptor thickness was detected from week 2 onward in
the mice treated at 2 weeks compared to WT (Pde6bH620Q/ *
Pde6g“"™*;Cx3cr1-GFP*' ™) (Figure 4B). When the mice were treated
at 4 and 8 weeks, the difference in photoreceptor thickness was
always significant compared to WT, but as seen in the 2-week treat-
ment group, the thicknesses remained at relatively constant levels at
each imaging time point (Figures 4E and 4H). This suggests that the
degeneration of photoreceptors halted within the first 2 weeks after
tamoxifen injection regardless of when treatment occurred (Fig-
ure 5A). The MGC density was significantly higher in the mutant
mice at 2 weeks after treatment compared to WT (Figures 4C, 4F,
and 4I). At 6 and 14 weeks after treatment, however, the MGC den-
sity reached levels similar to those of WT for all treatment groups,
suggesting that the density decreased between 2 and 6 weeks after
treatment (Figure 5B).

Fate mapping of MGCs in retinal cross-sections of Pde6b™?°¥/STOF;
Pde6gcm/ " mice at 2, 6, and 14 weeks after treatment (Figure 6)
was performed by assessing the location of CX3CRI1::GFP immuno-
reactivity. The degeneration of photoreceptors was halted 2 weeks
after treatment. The GFP signal, which is co-expressed with the
MGC-specific marker CX3CR1, was identified in the ganglion cell
layer, inner plexiform layer, and outer plexiform layer. No GFP
was identified in the ONL or in the IS/OS layer, where the photo-
receptor degeneration halted within 2 weeks after treatment. Loss
of the CX3CR1 marker revealed deactivation of MGCs following
restoration of Pde6b expression in the Pdesb Y510, pdeaq ™

mouse model.

MGCs Are Deactivated as a Result of Genetic Rescue
Whole-mount anti-GFP immunohistochemistry images acquired
from retinal flat mounts harvested before and after tamoxifen treat-
ment in the Pde6b™***YSTOP; Pde6g"** mice were compared against
normal WT to confirm that the deactivation of MGCs was a result
of genetic rescue (Figure 7). The MGCs before treatment were
imaged 2 weeks postnatally. Tamoxifen was injected that same
day to begin monitoring the MGC phenotype over the course of
1, 2, 3, and 4 weeks after treatment. At 1 week after treatment,
the MGCs remained activated, exhibiting balloon-like morphology
that is similar to that of the MGCs before tamoxifen treatment.
From 2 weeks after treatment and onward, however, fewer dendritic
branches and decreased balloon-like morphology were observed,
resulting in a phenotype that closely resembles that of the normal
WT retina. This suggests that the MGCs were deactivated after ge-
netic rescue was performed.
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Figure 3. MGC Density Increases in Conjunction with Increased Photoreceptor Degeneration

(Aand B) Live OCT (A) and SLO (B) images were taken from the Pde6b62°YSTOP: pae6g®®* mouse model at 4, 6, 8, 12, and 16 weeks, while the WT was imaged at 4 weeks
(red bar, ONL and IS/OS; for OCT, scale bar, 100 um; for SLO, scale bar, 1 mm). (C and D) Photoreceptor thickness and MGC density were measured and quantified using
the technigues outlined in Figure 1. (C) p < 0.001 for WT compared to each mutant mouse and between each mutant mouse. (D) p < 0.001 for WT compared to mutant mice
at all time points. No statistically significant difference was found between 6, 8, and 12 weeks in the mutant mouse. p = 0.002 between 4 and 6 weeks. (E and F) Retinal cross
sections (E) and retinal flat mounts (F) were stained at 4, 6, 8, 12, and 16 weeks for the mutant mice compared to at 4 weeks for WT (blue, DAPI; green, GFP; yellow bar, ONL;
scale bar, 25 um). *p < 0.05; **p < 0.01; **p < 0.001. Error bars are 1 SD.

DISCUSSION phagocytosis,”*® antigen presentation, recognition of pathogens and
MGCs are widely studied in the CNS and retina, as they perform key ~ bound antibodies, and cytotoxicity.””** In the retina, the main func-
roles in both physiological and pathological processes. These roles  tion of MGCs is phagocytosis, which involves clearing tissue debris,”
include modulation of the inflammatory and immune response,”  aberrant neurons, and synapses.”” In addition, MGCs can exist as
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Figure 4. Genetic Rescue Arrested the Increase in MGC Density in Pde6b"62°?/STOP pge6gC®re/* Mouse Models

Pde6b620STOP-paeggCe+ mice were treated with intraperitoneal tamoxifen injections at 2, 4, and 8 weeks postnatally. (A, D, and G) Live OCT (top) and SLO (bottom)
images were acquired at 2, 6, and 14 weeks after treatment, as described previously (OCT scale bar, 100 um; red bar, ONL and IS/OS layers; SLO scale bar, 1 mm). (B, E, and
H) Photoreceptor thickness in mice treated at 2, 4, and 8 weeks was measured and quantified based on the OCT images at each time point compared to WT. (B) No statistical
difference was detected between mutant groups or compared to WT. (E and H) Compared to WT and mutant mice at all time points, p < 0.001. No statistical difference was
detected at any time point between mutant groups. (C, F, and ) MGC density in mice treated at 2, 4, and 8 weeks was measured and quantified based on the SLO images at
each time point compared to WT. (C) p = 0.008 for WT compared to mutant mice 2 weeks after treatment. No difference was found when WT was compared at 6 and
14 weeks. (F) p = 0.007 for WT compared to mutant mice 2 weeks after treatment. No difference was found when WT was compared at 6 and 14 weeks. (I) p = 0.003 for WT
compared to mutant mice 2 weeks after treatment. No difference found when WT was compared at 6 and 14 weeks. “p < 0.05; *p < 0.01; **p < 0.001. Error bars are 1 SD.

other morphological states such as rod MGCs and multinucleated
MGCs.” After birth, the renewal of the MGC pool primarily relies
on the self-proliferation of embryonic invaded MGCs, namely the
resident MGCs.”*” One of the most commonly used mouse models
in MGC research is the CX3CR::EGFP mouse line, in which all MGCs
are GFP positive. The CX3CL1-CX3CRI axis is one of the most
prominent ligand-receptor pairs that are specifically expressed in
MGGC:s for a variety of inhibitory factors that are constitutively ex-
pressed in the retina and brain.>*"**

We characterized the effects of neurodegeneration on MGC activa-
tion in the retina via the CX3CR1 receptor in living mice with retinal

degeneration due to PDES6 deficiency. In this study, we crossed several
mouse lines to obtain the Pde6a’®”°%P57°C.Cx3cr1-GFPY™,
Pde6b102°VHO20Q. 0 3011 GFP™~,  Pde6bSTOPSTOP.Cx3cr1-GFPY,
Pde6b00USTOP. 01301 1-GFP'~, and WT;Cx3crl-GEPY ~
models. These models exhibit GFP expression under the control of
Cx3crl, which specifically marks MGCs in the retina.**™*> GFP
expression can be detected using immunocytochemistry after the
mice are sacrificed and also by quantifying expression after images
are obtained from SLO in the living mice. Here, we used live OCT
and immunolocation and SLO imaging to characterize the density,
distribution, and morphology of MGCs. The combination of SLO
and immunostaining of GFP shows that MGCs are activated in

mouse
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Figure 5. A Schematic lllustration Summarizing the Effects of Tamoxifen
Treatment on MGCs and Photoreceptors in Pde6b'6209/ST0PpgeggCre/+
Mouse Models

(A) A line graph comparing the photoreceptor layer thickness between treated
(solid blue line) and untreated (dotted blue line) Pde6b 020 ST Pae6g®®* mice
over time. Approximately 2 weeks after treatment, the photoreceptor layer thickness
in Pde6b020STOPpge6g®+ mice plateaus and remains constant over time.
(B) A line graph comparing MGC density between treated (solid orange line) and
untreated (dotted orange line) Pde6b92°YSTOPpre6gC®* mice over time. MGC
density and inflammation returned to normal WT levels by 6 weeks after tamoxifen
treatment.

multiple RP mouse models, migrating to the IS/OS layer and
ONL, where the degeneration of photoreceptors occurs. In the
Pde6a”°“"P7%¢ mouse model, we found that MGCs congregated
to form denser areas, which suggested that degeneration is not uni-
form throughout the retina, leading to patches of atrophy where
MGCs are concentrated. No such patches of atrophy as shown in
the Pde6a”"’%P57°¢ mouse model were found in the other three
mutant mouse models, but a decrease in ONL thickness and an in-
crease in MGC density were found in all four mutant mouse models.
These results further confirm that MGCs are activated and contribute
to the progression of photoreceptor degeneration in RP with multiple
genetic backgrounds. Based on continuous observation of the
Pde6b™?°YSTOP mouse model, retinal degeneration progresses over
time until the late-onset stage, in which all the photoreceptor cells,
including cones, die. The density of MGCs increases in the mutant
mice and reaches a plateau during the middle stage of disease progres-
sion before the degeneration is completed.

In the current study, we established a Pdech020YSTOP ;Pde6gcre/ s
Cx3cr1-GFPY ™~
diseased Pde6b alleles that can be reversed when Cre is activated
by intraperitoneal tamoxifen injection.””"** The Pdecb™52°¥/STOF;
Pde6gC”/ *.Cx3cr1-GFPY~ mouse model, however, exhibits a slower
progression than Pde6a”®°“P%7%% and Pde6b® ®"ST", which pro-
vides a longer therapeutic window for distinguishing the character-
istic of MGCs. Gene replacement therapy could potentially lead to
a treatment in which disease progression is halted through the resto-
ration of continuous, normal protein expression via gene therapy,
similar to what occurs in our Cre-inducible rescue model. In this
study, we observed increased MGC density and activated MGC
morphology during the progression of photoreceptor degeneration
in all of the mutant mice. Moreover, we found that the degeneration
of photoreceptors was halted within 2 weeks after gene replacement
therapy was applied, and at week 6 after treatment, the activated

mouse model with a STOP cassette in one of the
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MGCs in the degeneration site disappeared, as MGCs with inacti-
vated morphology were found only in the ganglion cell layer, inner
plexiform layer, and outer plexiform layer. Surprisingly, we found
that the morphology and density of activated MGCs during photore-
ceptor degeneration could return to a normal level after treatment.
Hence, whether the MGCs are activated or not could be used as a
marker to test if the treatment for RP is effective. Moreover, we hy-
pothesize that effective genetic rescue methods that aim to target
and decrease MGC activation may serve as potential therapies for
RP, given that there may be a causal relationship between activated
MGCs and increased photoreceptor degeneration in the retina. How-
ever, more studies are needed to investigate this hypothesis.

In designing how to rescue the preclinical models from RP progression,
we considered two different genetic rescue approaches: viral-based
gene replacement therapy and intraperitoneal tamoxifen Cre-loxP
gene switch. Though gene therapy may be established after onset of
disease, as in slower degenerating mouse models, the Cre-loxP system
is more stable, practical, and easily repeatable for the purposes of our
project. First, the interphotoreceptor matrix, which reaches maturity
around postnatal day 15, blocks viral contact with the photoreceptor
plasma membrane.***” Second, subretinal injection of virus induces
trauma, which complicates post-injury MGC morphogenesis, retinal
rewiring,*® and data interpretation. Third, an important limitation of
viral-based gene therapy is the large variance in rescue, partly due to
the difficulty in successfully quantifying subretinal transduction.
Finally, after postnatal day 5, mice cannot be cryoanesthetized, which
is a standard Institutional Animal Care and Use Committee-approved
procedure for subretinal viral gene therapy.*>*° All of these challenges
were avoided in this study by using our inducible Cre-loxP method,
which affords the temporal control required for gene delivery at any
time point while also allowing for control of the target cell(s).

As discussed above, MGCs play an important role in cell protection
against pathogens and other insults, but can also contribute to
disease progression and cause harm by promoting neuroinflamma-
tion, which is cytotoxic and serves to induce death in neighboring
cells.””'” Our data agree with findings acquired in similar studies
of MGC activation. In a study of retinal degenerative conditions,
Gupta et al.'* found that the MGCs were enlarged compared to con-
trols and stained positively for markers of rod photoreceptors. The
researchers also found that retinal MGCs in patients with these
conditions were activated more quickly by rod cell death, and they
hypothesized that activated MGCs release cytotoxic factors that
may contribute to the gradual death of cones. Similar findings
have been observed in studies of glaucoma and age-related macular
degeneration as well.*>? Similarly, in a mouse model of RP,>
minocycline was used to inhibit MGC activation, and a chemokine
receptor, CX3CRI1, was identified as playing a potential role in the
disease progression. Specifically, transgenic rd10/Cx3cr1®™/¢FF
mice had significantly decreased functionality as measured by
electroretinogram (ERG). Another study of Cx3crl in a paraquat-
induced model of retinal degeneration showed that Cx3crl defi-
ciency leads to increased inflammation.”
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Pde6b™®2°%* Timing after treatment

Figure 6. Genetic Rescue Reversed the Migration of
Microglia

6 weeks

2 weeks

Treated at 2 weeks

Treated at 4 weeks

Treated at 8 weeks

In this unique study, we showed that genetic rescue can be used to
halt RP disease progression and study MGC density at different
time points. Together, our data suggested that MGCs play an impor-
tant role in RP and that genetic rescue helps reduce their density and
mislocalization, regardless of the time of treatment intervention.
Furthermore, although many gene therapy interventions are prom-
ising, they often fail to halt disease progression long-term. Long-
term halting of disease progression might be made more efficacious
by downregulating MGC activity while co-administering the
therapeutic intervention. MGCs in the context of retinal immune

14 weeks

Microglial  CX3CR1 expression was studied in
Pde6b620%STOP. pe6ge* retinal cross-sections at 2,
6, and 14 weeks after treatment. No CX3CR1 signal was
detected in the IS/OS layer and ONL. The thickness of the
ONL and photoreceptor nuclear density remained at the
same level from 2 to 14 weeks for all three different time
points of treatment (green, GFP; blue, DAPI; yellow bar,
ONL; magenta bar, INL; scale bar, 100 pm).

responses in gene therapy are an important
yet neglected field of study that merits further
work, as it holds the potential to strengthen
available therapies.

MATERIALS AND METHODS

The Institutional Animal Care and Use Commit-
tee (IACUC) at Columbia University approved
all experiments prior to experimentation.

Animals

Mice were used in accordance with the statement
for the use of animals in ophthalmic and vision
research of the Association for Research in Vision
and Ophthalmology, as well as the policy on the
Use of Human Subjects in Neuroscience Research
of the Society for Neuroscience. Cx3crl::GFP
mice (stock #005582) were obtained from
The Jackson Laboratory (Harbor, ME, USA).
Pde6b’™°P mice and Pdesg ““FR? mice were
generated at Jonas Children’s Vision Care, as
previously described.”*** Pde6b™**’? mice were
rederived via oviduct transfer from morulae
which were provided by the European Mouse
Mutant Archive (EMMA).”>® Pde6aP*”°¢ mice
(C57BL/6]-Pde6a™"2%3/mmf363)  \yere obtained
from Jackson Laboratory (Bar Harbor, ME,
USA). All mice were maintained in the Columbia
University Pathogen-free Eye Institute Annex
Animal Care Services Facility under a 12/12-hr
light/dark cycle, with food and water available
ad libitum. Efforts were made to minimize animal
suffering and numbers. All mice, including WT,
were crossed with Cx3cr1::GFP mice in order to visualize MGCs in
the retina.

The cSLO Imaging

0.1 mL/10 g body weight (BW) of anesthetic solution (1 mL of
100 mg/mL ketamine, 0.1 mL of 20 mg/mL xylazine, and 8.9 mL of
PBS) was used to anesthetize mice via intraperitoneal injection.
Dilation was achieved with a combination of 2.5% phenylephrine hy-
drochloride (Paragon) and 1% tropicamide (Akorn) administered
topically. A heating pad was used to maintain body temperature at
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After treatment

] Before treatment

1 week

2 weeks

Figure 7. MGCs Were Deactivated After Genetic Rescue Was Performed

3 weeks 4 weeks Normal

Retinal flat mounts were harvested from treated and untreated Pde6b™20YSTOP pae6g®e*:Cx3er1-GFP*~ mice as well as from WT Pde6b52°Y*:Pde6g©®*;Cx3cr1-
GFP*~ mice. Images in the bottom row are magnified images of a portion of MGCs seen in the top row. The MGCs of the before-treatment group were imaged at postnatal
day 14. The mice in the treatment group were given tamoxifen on postnatal day 14 and imaged weekly for 4 weeks (green, anti-GFP; top row scale bar, 200 um; bottom row

scale bar, 500 pm).

37°C. Until the pupil was fully diluted, Gonioscopic Prism solution
(Akorn) was applied to both eyes to prevent dry eyes. The tested
eye was washed with Balanced salt water (Alcon Laboratories, Fort
Worth, Texas). A custom-made platform was used to position
anesthetized mice on the forehead rest of a cSLO (Spectralis HRA;
Heidelberg Engineering, Heidelberg, Germany). Tested eyes were
administered with hydroxypropyl methylcellulose (Akorn) to main-
tain corneal moisture during the imaging session. The infrared
mode of the Spectralis was utilized to locate and focus on the large
retinal vessels of the fundus to enable consistent imaging of retinal
layers in all mice. Centered on the optic nerve, SLO images were ac-
quired at a resolution of 768 x 768 pixels using the 55° wide-field lens
mounted on a Heidelberg Spectralis device. The superficial vascular
plexus was used as a point of focus for each image for consistency.
The laser power was set at approximately 280 uW with a sensitivity
of 100. Because the true-track mode was not available at the time of
image acquisition, images were manually aligned with previously re-
corded images in the same imaging session. Images were analyzed by
Image] (https://imagej.nih.gov/ij/; provided in the public domain by
the NIH, Bethesda, MD, USA).

OCT

OCT imaging was performed directly following SLO imaging so
that animals remained anesthetized. The commercially available
HRA + OCT device (Spectralis; Heidelberg Engineering, Heidelberg,
Germany) equipped with a broadband super-luminescent diode at
A =880 nm as a low coherent light source was used. Two-dimensional
B-scan recordings were acquired with a 30° lens, and each scan con-
sisted of 768 A-scans acquired at a speed of 40,000 scans per second.
Images were also analyzed by Image].

Tamoxifen Injection
Tamoxifen (100 mg/mL in ethanol; Sigma-Aldrich T5648) was mixed
thoroughly at 42°C, then diluted to a final concentration of 2 mg/mL
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with corn oil. The solution was then injected intraperitoneally once
per day for 3 consecutive days at a concentration of 100 ng/g BW,
beginning at the time points described in the Results section.

Immunohistochemistry

Mice were euthanized following established IACUC guidelines. Eyes
were enucleated, with the upward cornea labeled to ensure all retinas
were cut in the same fashion. Subsequently, eyes were placed in
4% paraformaldehyde for 5 min, and then the anterior segment
(including the cornea, lens, and vitreous) was removed. The posterior
segment was then placed into another 4% paraformaldehyde bath for
45 min, washed three times with PBS for 5 min, then cryoprotected in
30% sucrose overnight. The posterior eye cup was then embedded in
optimal cutting temperature compound (Thermo Fisher Scientific,
Waltham MA) and sectioned from temporal to nasal at 8 um using
a cryostat (Leica). All sections were post-fixed with 4% paraformalde-
hyde for 20 min, then washed and incubated with PBS containing
0.3% Triton X-100 (PBST) and 5% ChemiBLOCKER (2170,
Millipore) at room temperature for 1 hr. Sections were washed again
with PBST and incubated overnight at 4°C with primary antibody.
The following antibodies were used: Alexa Fluor 488-conjugated
anti-GFP (1;1,000; catalog A-21311; Thermo Fisher), Cy3-coupled
anti-GFAP (1:800; catalog C9205; Sigma-Aldrich). Sections were sub-
sequently washed again with PBST for 10 min, three times, then incu-
bated in 5 pg/mL Hoechst 33342 (H13999, Molecular Probes, Life
Technologies) for 5 min and finally imaged using a confocal micro-
scope (Nikon Al).

Whole-Mount Immunohistochemistry

Retinas were fixed in 4% paraformaldehyde for 20 min, washed, and
stained as described above. For each whole-mounted retina, six im-
ages were obtained at 10x and 20x magnificent on a Nikon Eclipse
Ti microscope and then merged using NIS-elements AR 4.40.00
software.


https://imagej.nih.gov/ij/
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Statistical Analysis

Statistical analysis was performed by using GraphPad Prism, version
6 (GraphPad Software, CA, USA); *p < 0.05 was treated as statistically
significant and **p < 0.01 and **p < 0.001.
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