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Abstract

The adult mammal lacks the ability to regenerate neurons lost to retinal damage or disease in 

a meaningful capacity. However, previous studies from this laboratory have demonstrated that 

PNU-282987, an α7 nicotinic acetylcholine receptor agonist, elicits a robust neurogenic response 

in the adult murine retina. With eye drop application of PNU-282987, Müller glia cells re-enter 

the cell cycle and produce progenitor-like cells that can differentiate into various types of retinal 

neurons. In this study, we analyzed the regenerative capability of PNU-282987 in two retinal 

disease models and identified the source of newly regenerated neurons. Wild-type mice and 

mice with a transgenic Müller-glia lineage tracer were manipulated to mimic loss of retinal cells 

associated with glaucoma or photoreceptor degeneration. Following treatment with PNU-282987, 

the regenerative response of retinal neurons was quantified and characterized. After onset of 

photoreceptor degeneration, PNU-282987 was able to successfully regenerate both rod and cone 

photoreceptors. Quantification of this response demonstrated significant regeneration, restoring 

photoreceptors to near wild-type density. In mice that had glaucoma-like conditions induced, 

PNU-282987 treatment led to a significant increase in retinal ganglion cells. Retrograde labeling 

of optic nerve axon fibers demonstrated that newly regenerated axons projected into the optic 
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nerve. Lineage tracing analysis demonstrated that these new neurons were derived from Müller 

glia. These results demonstrate that PNU-282987 can induce retinal regeneration in adult mice 

following onset of retinal damage. The ability of PNU-282987 to regenerate retinal neurons 

in a robust manner offers a new direction for developing novel and potentially transformative 

treatments to combat neurodegenerative disease.
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1 Introduction

Irreversible vision loss due to neurodegenerative diseases cause significant problems 

across social spectrums, which negatively impacts the economy and leads to undesirable 

biomedical consequences (Tham et al., 2014). This results in a decreased quality of life, 

large burdens on health care systems, and increased morbidity and mortality (Kirtland et al., 

2015). Two of the leading causes of retinal degenerative diseases are glaucoma and retinitis 

pigmentosa (RP) (Bourne et al., 2017; Openshaw et al., 2008; Tham et al., 2014).

Glaucoma is characterized by a progressive loss of retinal ganglion cells (RGCs) and optic 

disc cupping that can lead to loss of vision and visual defects. The axons of the RGCs 

converge at the optic nerve head (ONH) to form the optic nerve, carrying visual information 

to the brain for further vision processing and perception. Even though glaucoma is a 

leading cause of blindness globally, the biological basis of glaucoma is not well understood, 

which significantly limits treatment options and disease outcomes (Weinreb et al., 2014). 

Likewise, retinitis pigmentosa (RP), a retinal disease that leads to blindness due to loss 

of photoreceptors (Van Soest et al., 1999; Hartong et al., 2006; Liu et al., 2015;), is very 

difficult to treat as it is largely a hereditary condition, with well over 100 genes implicated in 

the disease (Shintani et al., 2009). In mammals, photoreceptors and RGCs cannot regenerate, 

rendering diseases such as glaucoma and RP currently uncurable. Therefore, strategies that 

can regenerate physiologically functional retinal neurons in adult mammals are of significant 

interest (Gamm and Wong, 2015; Vetter and Hitchcock, 2017).

Teleost fish, which include zebrafish, have been studied extensively for their intrinsic retinal 

regenerative capabilities (Gemberling et al., 2013; Hitchcock et al., 2004; Hitchcock and 

Raymond, 1992; Reh and Levine, 1998; Thummel et al., 2008). In zebrafish, Müller glia 

(MG) are the source of retinal stem cells which generate new neurons, replacing those 

that have been damaged, and can lead to vision restoration (Goldman, 2014; Hitchcock 

and Raymond, 1992; Ramachandran et al., 2015). MG in mammals do not typically have 

this capability (Elsaeidi et al., 2018; Osakada et al., 2007). Instead, upon activation due 

to damage, mammalian MG briefly re-enter the cell cycle but do not generate retinal stem 

cells (Pran et al., 2017). However, previous work from this lab has demonstrated that the 

α7 nicotinic acetylcholine receptor agonist (α7 nAChR), PNU-282987, has the ability to 

stimulate MG to generate Müller-derived progenitor cells (MDPCs) and generate multiple 

types of new differentiated neurons in adult mammalian retinas (Webster et al., 2017, 2019).
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PNU-282987 is a quinuclidine benzamide developed as a part of a screen for selective 

α7 nAChR agonists (Hajos et al., 2005; Walker et al., 2006) and was characterized 

as the most selective α7 nAChR agonist developed. Previous work demonstrated that 

activation of nAChRs in cultured porcine RGCs led to neuroprotection against glutamate 

excitotoxicity (Wehrwein et al., 2004) and intraocular injections of PNU-282987 led to 

robust neuroprotection against glaucoma-induced conditions in rats (Iwamoto et al., 2014a; 

Mata et al., 2015). However, if applied as eyedrops, PNU-282987 induces BrdU+ retinal 

neurons (Webster et al., 2017) from a MG lineage, and migrates in a pattern similar to 

interkinetic nuclear migration (Lahne and Hyde, 2016; Lenkowski and Raymond, 2014). 

The α7 nAChR has been localized to bipolar, amacrine, and ganglion cells in the adult 

mammalian neural retina (Dmitrieva et al., 2007). In the non-neuronal retina, the receptor 

is found on retinal pigment epithelium (RPE) (Maneu et al., 2010). Since PNU-282987 is 

an efficacious agonist and inhibition of the receptor with methyllycaconitine prevents BrdU 

incorporation following exposure to the agonist (Webster et al., 2017), it was hypothesized 

that RPE respond to the agonist causing MG to undergo neurogenesis (Webster et al., 

2019). It was proposed that stimulation of RPE with PNU-282987 is sufficient to generate 

not only BrdU+ neurons, but progenitor-like cells derived from MG (Webster et al., 

2019). These progenitor-like cells were shown to be genetically similar to those seen in 

Zebrafish regeneration (Stanchfield et al., 2020). However, it remains to be demonstrated if 

PNU-282987 can regenerate lost or damaged retinal neurons in specific models of retinal 

degeneration.

The objective of this research was to determine if PNU-282987 could stimulate regeneration 

of neurons in models of glaucoma and in a model of photoreceptor loss in adult mice. 

Damaged retinas were treated with PNU-282987 and the regenerative response was 

characterized. The source of new neurons was determined to be MG. These data support 

the hypothesis that the adult mammalian retina is capable of robust regeneration using 

selectively targeted compounds.

2 Methods

2.1 Animals, Transgenic Constructs, Breeding, and Genotyping

All procedures using animal subjects were conducted in accordance with the standards of the 

Institute of Animal Care and Use Committee (IACUC) at Western Michigan University. 

Wild-type (Jackson Laboratories, Bar Harbor, ME) and transgenic 129/SvJ mice (3–6 

months old, both sexes) weighing between 22 and 25 g were used for these studies. 

Animals were housed in a normal experimental room and exposed to 12-hour light/dark 

cycle with free access to food and water. 129/SvJ mice carrying the RlbpCre-ER (Cre+) and 

Rosa-tdTomatofloxstopflox (tdTomato+) transgenes (generated and used with permission by E. 

Levine, Vanderbilt Univ.) were used to label Müller glia (MG) (Vazquez-Chona et al., 2009; 

Webster et al., 2019). Cre+/WT;tdTomato+/− mice were injected with tamoxifen, leading to 

tdTomato reporter expression in MG cells of the retina, as previously reported (Webster et 

al., 2019). Specifically, 6-week old male and female mice were injected intraperitoneally 

with 10 mg/mL tamoxifen in corn oil for three subsequent days for a total injection 

volume of 300μl tamoxifen. To generate experimental mice, Cre+/WT;tdTomato+/− males 
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were crossed with CreWT/WT;tdTomato+/+ females. Pups were tagged, tail-clipped, and 

genotyped by PCR.

2.2 Hypertonic Saline Injections

Glaucomatous damage was induced by elevating the intraocular pressure following a 

hypertonic saline injection into the episcleral vein as previously described in rats and mice 

(Morrison et al., 1997; Kipfer-Kauer et al., 2010; Gossman et al., 2016). The hypertonic 

saline causes scarring to reduce aqueous humor outflow and increase IOP (Morrison et 

al., 1997). This protocol has become the standard technique used to induce glaucoma-like 

conditions in this lab and was chosen over other techniques due to the consistent and robust 

loss of RGCs that corresponds with an increase in IOP. Briefly, mice were anesthetized with 

a ketamine (100mg/mL)/acepromazine (10mg/mL)/xylazine (20mg/mL) injection (0.1mL 

per 100g body weight) and kept warm. One drop of topical anesthetic (Proparacaine 

Hydrochloride Ophthalmic Solution, USP, 0.5%) was applied to the cornea. Sterile 1.2M 

sodium chloride (25μL) was injected into the episcleral vein of one eye using a beveled 

microneedle until the entire episcleral vein blanched white. Typically, two injections on 

contralateral sides of the eye were required to blanch the entire vessel. A cotton applicator 

was used to apply triple antibiotic ointment (Bacitracin zinc, neomycin sulfate, polymysin B 

sulfate) to the injection site following injection. During recovery, animals were kept warm 

until normal behavior was regained. This procedure was performed once or was repeated 

one-week post the first injection if the intraocular pressure did not increase. Animals then 

remained in the animal facility for 28 days post-surgery before being treated or were 

euthanized.

2.3 Intraocular Pressure Measurements

Intraocular pressure (IOP) was measured using the TonoLab tonometer for rodents (Colonial 

Medical Supply, Windham, NH) according to the manufacturer’s protocol. Briefly, awake 

animals were gently restrained by hand and IOP measurements were then performed 

using the tonometer. For each reading, 3 separate IOP measurements were obtained, each 

consisting of the mean of six consecutive error-free IOP readings and averaged to represent 

an N of 1. All measurements were taken between 6 and 8 PM to control for diurnal 

variation. For experiments, IOP measurements were taken prior to saline injection, and 

then every two days for 28-days in control and glaucoma-induced mice, with or without 

PNU-282987.

2.4 N-methyl-N-nitrosourea Injections

To generate photoreceptor cell loss, N-methyl-N-nitrosourea (MNU) was used to induce 

retinal degeneration. MNU induces apoptosis in photoreceptors through oxidative stress, 

which leads to loss of mitochondria and displaced remnant synaptic ribbons. This effect 

is observed relatively quickly, while loss of other neurons in the INL and GCL take 

several months to observe (Chen et al., 2014; Lin et al., 2017; Rösch et al., 2014). Wild

type 129/SvJ mice were intraperitoneally injected with N-methyl-N-nitrosourea (60 mg/kg; 

ChemService, West Chester, PA), solubilized in a carrier of 0.05% acetic acid in sterile 

saline (Lin et al., 2017). Control animals were injected with the carrier alone. Animals 
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were euthanized at varying time points based on treatment scheme and retinal counts were 

quantified and characterized.

2.5 Eye Drop Treatments, Retina Preparation, and Optic Nerve Preparation

Both eyes of all experimental animals were treated once daily with eye drops containing 

PNU-282987 (1 mM; Sigma, St. Louis, MO) and 5-bromo-2’-deoxyuridine (BrdU) (1 

mg/mL; Sigma, St. Louis, MO) in PBS for varying amounts of time as previously described 

(Linn et al., 2018) and then euthanized. Verified detection of the agonist was found in the 

retina using LC/MS/MS after eyedrop application (Mata et al., 2015). Control animals were 

treated once daily with only 1 mg/mL BrdU in PBS in both eyes. Following euthanasia, the 

retinas and 5–7 mm of optic nerve were removed using the blunt dissection for enucleation 

of the mouse eye in unfixed specimens (Mahajan et al., 2011). For retrograde labeling, 

the optic nerves were kept attached to the retina, pinned, and fixed in 4% PFA. For other 

applications, the excised retinas were flat-mounted and fixed in 4% PFA. The contralateral 

eye was not used as a control as repetitive facial self-grooming behaviors in mice could lead 

to the transfer of eye drop solution between eyes.

2.6 Immunohistochemistry and Retrograde Labeling

Antibody labeling was performed as previously described (Webster et al., 2019). Antibody 

staining was carried out using anti-Thy1.2 antibody (1:200, abcam, Cambridge, MA), anti

BrdU antibody (1:125; abcam, Cambridge, MA), anti-Cone arrestin antibody (1:10,000; 

Millipore, Temecula, CA), anti-recoverin antibody (1:1000; Millipore, Temecula, CA), anti

Iba1 antibody (1:500; abcam, Cambridge, MA), or anti-RFP antibody (1:200; Rockland 

Antibodies and Assays, Limerick, PA). Primary antibodies were detected using Alexa 

Fluor 405, 488, or 594 fluorescent secondary antibodies (1:500; abcam, Cambridge, MA 

or Invitrogen, Waltham, MA). Nuclei were counterstained with DAPI (0.1 μg/mL; Sigma, 

St. Louis, MO), Sytox Green (5 mM; ThermoFisher, Waltham, MA), or Sytox Red (5 mM; 

ThermoFisher, Waltham, MA).

For retrograde labeling, a small triangular piece of filter paper containing the lipophilic 

green emitting dye (ex max = 748nm; em max=508nm), NeuroVue Jade (MTTI, West 

Chester, PA, USA) was used. The filter paper was inserted centrally into a longitudinal cut 

made to the optic nerve 2–3 mm from the ONH. The filter paper was placed in control 

and PNU-282987 treated transgenic mice; similar to the retrograde labeling procedure using 

NeuroVue dyes in other applications (Duncan et al., 2011; Saito et al., 2016). Lipophilic 

dyes diffuse in all processes belonging to the given neuron it touches, both retrogradely 

and anterogradely. After inserting the dye, the optic nerve and attached retina were kept in 

the dark in a 37°C incubator for 4 days in 4% PFA. After 4 days, the dye filter paper was 

removed, the retina and attached optic nerve were bisected with a single cut allowing the 

retina to be flat-mounted. The tissue was then mounted in glycerol and imaged immediately 

using a confocal microscope to examine lipophilic and transgenic fluorescence.

2.7 Microscopy, Cell Counting, Normalization

Flat mounts: Flat mounted retinal tissue was visualized using a Nikon C2+ scanning laser 

confocal microscope (Nikon, Tokyo, Japan). Using the Z stack function of the confocal 
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microscope, images were obtained 4 mm from the optic nerve head (ONH). This peripheral 

distance from the ONH was chosen as a result of previous studies that demonstrated the 

procedure to induce glaucoma-like conditions produced the greatest amount of damage 

to RGCs 4 mm from the ONH (Iwamoto et al., 2014b; Mata et al., 2015). Images were 

obtained throughout the entire nerve fiber layer and RGC layer in 1 μm increments to 

measure nerve fiber thickness and RGC density. As the distribution of RGCs vary across the 

mouse retina (Drager and Olsen, 1981), images were obtained from four 200 μm2 quadrants 

in each retina, 4 mm away from the center of the ONH and averaged. This represented 

an N of 1. Previous studies have averaged the number of cells in two, four, eight, ten and 

twenty 200 μm2 sections across each retina (Iwamoto et al., 2014b; Mata et al., 2015) to 

determine the most reliable averaging method. Averaging cell counts from 4 retinal sections 

in 4 different quadrants proved the be most accurate representative of the true cell count in 

the retina (Iwamoto et al., 2014a; Mata et al., 2015). The total number of Thy1.2-postive 

RGCs or BrdU+ cells were counted, averaged, and compared to experimental and control 

retinas as in previous studies (Birkholz et al., 2016; Iwamoto et al., 2014a; Mata et al., 2015; 

Webster et al., 2019, 2017). Quantitative analysis was performed using ImageJ software.

Retinal Sections: Retinas were sectioned in 40 μm increments and imaged as above. 

DAPI-stained nuclei that colocalized with anti-BrdU or other markers were counted and 

normalized as a mean percentage of total cells. To measure the width of the outer nuclear 

layer (ONL), three different areas of a section were measured and averaged from 10 sections 

per retina in 4 different animals. A total of 10 flat mounted retinas were analyzed to quantify 

axon fasciculation. To obtain images of the axon bundles, the confocal microscope was 

focused on the GCL and stacked images (1 μm) were obtained throughout the entire nerve 

fiber layer. A line was drawn perpendicular to the axis of the axon fascicule and the length 

of this line was measured using ImageJ software. For lineage tracing in the optic nerve, 

the length of the nerve was trimmed to 6 mm and serial sections were taken every 40 

μm up to the optic nerve head. To ensure that the animals expressed the transgene in all 

experiments and that the lack of tdTomato in the ON was not due to lack of transgenic 

expression, the retinas were sectioned and imaged for tdTomato. Investigators were blind to 

the experimental condition of the sample.

2.8 RNAseq Analysis and Bioinformatics

A previously published RNAseq dataset from out lab (Stanchfield et al., 2020) was used. 

This dataset described the transciptiomics of MG post PNU-282987 treatment (GEO 

accession ID: GSE151477). Using DESdeq2, a comparison of gene expression between 

untreated and multiple timepoints of treated MG was performed. The Wald test was used 

to generate p-values and log2 fold changes. Genes with a p-value greater than 0.05 and 

absolute log2 fold change greater than one were called as differentially expressed genes for 

each comparison. Differentially expressed genes were mapped using Morpheus (Morpheus; 

https://software.broadinstitute.org/morpheus) using their log2 fold changes based on genes 

grouped in classes according to their ontology of differentiated MG, primary retinal 

progenitor cells (RPCs), or neurogenic RPCs (Lahne et al., 2020).
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2.9 Statistical Analysis

Statistical analysis used the Kruskal-Wallis nonparametric ANOVA, with post hoc multiple 

comparisons (Dunn’s test), with p< 0.01 was considered statistically different using 

GraphPad software (La Jolla, CA, USA).

3 Results

3.1 Incorporation of BrdU by Neurons in the Adult Mouse Retina

Previous studies demonstrated that PNU-282987 application results in cells entering the cell 

cycle as indicated by BrdU incorporation in adult rat retina (Webster et al., 2017). Daily 

eye drop application in rats for two weeks first led to BrdU incorporation in the inner 

nuclear layer (INL), then in the outer nuclear layer (ONL) and finally in the ganglion cell 

layer (GCL). This resembled the typical pattern of dividing MG in zebrafish regeneration, 

better known as interkinetic nuclear migration. For these studies using adult mice, the 

timeline of BrdU incorporation in the mouse was examined. Eye drops were given once 

daily for a period of 72 hours, and retinas were examined at multiple timepoints for BrdU 

incorporation. Application of BrdU alone yielded no BrdU+ cells (Figure 1A). In eyes 

treated with PNU-282987 and BrdU, the first BrdU-positive cells were found in the INL 12 

hours post PNU −282987 treatment (Figure 1B). Interestingly, in contrast to results obtained 

using the rat model, there were also BrdU+ cells in the GCL at this time point. After 18 

hours, BrdU+ cells were found in all three cell layers, with the greatest number of labeled 

cells being found in the INL. At 72 hours there was robust BrdU+ staining of cells (Figure 

1C). BrdU-labeled cells were dispersed throughout all retinal cell layers, with BrdU+ 

labeling in 25±2.1% of the total cells in each confocal image (Figure 1D). Furthermore, 

other markers of cell-cycle activation were seen in PNU-282987 treated retinas. Specifically, 

expression of proliferating cell nuclear antigen (PCNA; Figure 1E, F) and Ki67 (Figure 

1G,H) were seen during this timeline. Both Ki67 and PCNA (Figure 1E, F) appeared in the 

INL 12 hours post PNU-282987 application. Expression of Ki67 persisted for 72 hours and 

Ki67+ cells could be seen in the IPL, OPL, and GCL (Figure 1G,H).

To test the hypothesis that BrdU labeling in the retina represents a neurogenic response 

to PNU-282987 in adult mice, experiments were designed to determine if new RGCs and 

new photoreceptors were induced after PNU-282987 treatment. For these studies, IHC 

studies were performed to co-label cells for BrdU and cell-type specific markers including; 

Thy1.2, which is expressed in RGCs (Barnstable and Dräger, 1984; Barres et al., 1988; 

Strom and Williams, 1998), cone arrestin, which is expressed in cone photoreceptors 

(Brown et al., 2014; Craft et al., 1994) and recoverin, which is expressed in rod and cone 

photoreceptors in the mouse (Dizhoor et al., 1991; Mcginnis et al., 1997). Mice were treated 

with PNU-282987 and BrdU for a period of two weeks while control mice received BrdU 

eyedrops alone. Figure 2 shows the presence of co-labeled BrdU+ cone photoreceptors 

(Figure 2A) and rod photoreceptors (Figure 2B) in the ONL, as well as RGCs in the GCL 

(Figure 2C) after PNU-282987 treatment. Not all BrdU+ cells were co-labeled in the ONL 

(Figure 2A’, arrowheads).
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We hypothesized that adult MG can dedifferentiate into progenitor-like cells to generate 

these new neurons. To validate this, we examined the gene expression changes in cultured 

MG due to PNU-282987 activation of RPE through RNAseq analysis (Stanchfield et 

al., 2020). Using this dataset, we examined the significant differentially expressed genes 

(sDEGs) that fell into a category of differentiated MG, primaryretinal progenitor cells 

(RPCs), or neurogenic RPCs. Using the log2 fold change values between control treated 

and PNU-treated samples, a heatmap was generated showing the gene expression changes in 

the MG over time (Figure 2G). Initially, the MG have a strong differentiated MG identity, 

with high expression of rlbp1a and gfap. After approximately 24h of exposure to RPE 

cells that had been treated with PNU-282987, the expression of these genes significantly 

decreased. As differentiated MG gene expression decreased, primary RPC markers, cdk1 
and ccnd1, increased. Between 12h and 48h post exposure, the MG slowly start to express 

neurogenic RPC markers beginning with Pax6 first, followed by Lhx2. By 48h, express 

several important genes for neurogenic RPCs including Foxf1, several Wnt family genes, 

Sox family genes, and Pou3f1 were expressed. The expression of these genes was not seen 

in the untreated controls. The generation of progenitor-like cells and new differentiated 

neurons through PNU-282987 application led to the hypothesis that PNU-282987 may act as 

an activator of regeneration.

3.2 Inducible Model of Glaucoma in Mice

Previous studies have induced glaucomatous damage in rodents (Gossman et al., 2016) using 

hypertonic saline injections to induce vascular scarring and increase intraocular pressure. In 

Fig. 3, mice were injected with 1.2M hypertonic saline in the episcleral vein. After 28 days, 

the animals were euthanized, and retinal cells were viewed and analyzed. The glaucoma 

inducing procedure elicited a significant increase in intraocular pressure (IOP) two-weeks 

post injection and maintained a constant increase in IOP in the injected group across the 

five-week timeframe (Figure 3A). Peak IOP in the ocular hypertension group was 15.8 

mmHg vs 11.2 mmHg in the control group. In conjunction with the increase in IOP, there 

was a significant loss of RGC density in saline-injected animals compared to un-injected 

animals (Figure 3B and 3C). The cell density of Thy1.2+ RGCs in the GCL was reduced 

by 28.31±1.5% (Figure 3D). The loss of RGCs and increased IOP is consistent with other 

models of glaucoma-like damage (Fedorchak et al., 2014; Jakobs et al., 2005; Morrison et 

al., 1997; Park et al., 2019; Schlamp et al., 2006). To determine if subsequent injections 

increase the IOP further and cause further loss of RGC cell density (Kipfer-Kauer et al., 

2010), a second round of injections were done one-week after the first injection. These 

injections showed no further significant elevation in IOP nor further loss of RGC density 

via IHC analysis (Supplemental Figure 1) and therefore, only one day of hypertonic saline 

injection was performed for these studies.

3.3 PNU-282987 Regenerates New Ganglion Cells after Glaucomatous Damage

In order to assess the regenerative potential of PNU-282987, the agonist was applied to 

mice with glaucomatous damage. 28 days following the injection, mice were treated with 

once daily eyedrops for 72 hours, the time after which the first significant amounts of new 

BrdU+ cells appear, or for 7-days (Figure 4A). In control animals treated with BrdU alone 

(Figure 4B), episcleral vein injection did not elicit BrdU labeling of retinal cells, despite a 

Webster et al. Page 8

Exp Eye Res. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



loss of 30.88±1.4% of Thy1.2+ cells and despite thinning of the axon fascicles due to loss of 

RGCs (Figure 4C). However, mice that had induced glaucomatous damage and were treated 

with PNU-282987 for 3 days (Figure 4D) had Thy1.2/BrdU+ neurons present in the GCL 

(D”). Similarly, mice with glaucomatous damage treated with PNU-282987 for 7 days had 

significantly more Thy1.2/BrdU+ neurons and axons resembled control conditions (Figure 

4E). Normalized counts of Thy1.2+ cells showed that treatment with PNU-282987 reduced 

the loss of Thy1.2+ cells to 22.59±1.05% 3 days post treatment and to 12.4±0.8% after 7 

days of treatment (Fig 4F). Because the PNU-282987 treatments begin 28 days following the 

episcleral vein injections when GCL loss has already occurred, the presence of progressively 

increasing numbers of Thy1.2+, in conjunction with BrdU labeling of Thy1.2 positive cells, 

provides evidence that these are newly generated RGCs.

To determine if the source of these new RGCs could be Müller glia-derived progenitor 

cells (MDPC), a transgenic reporter was used for lineage tracing. The reporter makes use 

of a Cre-lox system in which injection of tamoxifen allows for expression of a tdTomato 
fluorescent reporter in mature MG cells. The induced reporter is specific to MG in the retina 

(Figure 5A,B) and serves as a lineage tracer, as any cells resulting from proliferating MG 

maintain the tdTomato expression (Webster et al., 2019). Transgenic mice were injected with 

hypertonic saline to induce glaucoma-like conditions. After 28 days, they were treated once 

daily for 14 days with PNU-2829897/BrdU or BrdU only (Figure 5C). Normal transgenic 

expression from a retina flat mount preparation demonstrated the tdTomato-labeled MG 

endfeet between RGCs (Figure 5D, arrowheads). After hypertonic saline injection, the loss 

of RGCs was noted, but there was no obvious loss of MG, as endfeet were still seen (Figure 

5E). Interestingly, after PNU-282987 treatment, tdTomato positive Thy1.2+ RGCs were 

present (Figure 5F, arrows). 22.06±2.28% of examined RGCs co-labeled with tdTomato/
Thy1.2 cells (Figure 5G).

To further establish that MDPCs were the source of new cells, RGC axons were retrogradely 

labeled with the green fluorescent-emitting lipophilic dye, NeuroVue. In transgenic mouse 

treated with a vehicle control, no labeled axons were found in the retina (Figure 5H). 

However, after application of PNU-282987, retrograde-labeled axons were identified that 

had tdTomato-positive cell bodies (Figure 5I, arrowhead).

3.4 New MG-derived Ganglion Cells Make Axons that Extend into the Optic Nerve

Induction of glaucoma caused changes in fasciculation of the RGC axons located near 

the GCL plane. Immunohistochemistry images display axon fascicles in wild type animals 

that are well organized into fascicles (Figure 6A), while induction of glaucoma caused 

defasciculation (Figure 6B). After 14-day application of PNU-282987 to glaucomatous eyes, 

axon fascicles appeared more like those found in control eyes (Figure 6C). Quantification 

of the width of axon fascicle showed three different groups: large (≥ 4 μm), medium (2–4 

μm), or small (≤ 2 μm). Axon fascicle widths in the retinas from uninjured eyes consisted 

of the medium (57.37%) and large (42.63%) width groups (Figure 6D). Upon glaucomatous 

damage, 64.62% of fascicles were classified as small, with a reduction in the percentage 

of fascicles classified as large (16.92%) or medium (18.46%) widths (Figure 6D). After 

PNU-282987 application, the percentage of axons in glaucomatous eyes that were classified 
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as having a small width decreased to 13.21% and the organization of fascicles looking 

indistinguishable from normal retinas. These findings suggest that the newly generated 

RGCs in the damaged retinas by PNU-282987 treatment extend their axons and improve 

fascicle organization (Figure 6D,E).

To determine if the newly generated RGCs extended their axons beyond the retina into the 

optic nerve, the transgenic reporter in MG was used. If new RGCs were tdTomato+ and 

extended their axons into the optic nerve, some nerve fibers should also be positive for 

tdTomato. In uninjected (non-glaucomatous) tdTomato transgenic control mice, no tdTomato 
reporter expression was detected in the ON (Figure 6F). Likewise, saline injected transgenic 

mice (glaucomatous) treated with control eyedrops, illustrated no tdTomato expression in the 

ON (Figure 6G). However, when glaucomatous tdTomato transgenic mice were treated with 

PNU-282987 and left for 5 weeks, tdTomato expression was seen along the entire 6 mm 

length of ON (Figure 6H). Examination of the fluorescent pattern after 6-weeks revealed that 

glaucomatous mice treated with PNU-282987 expressed tdTomato in a pattern consistent 

with RGC membranes and cell bodies, while untreated controls showed tdTomato limited to 

MG endfeet (supplemental figure 2).

3.5 Inducible Model of Photoreceptor Degeneration in Mice

Intraperitoneal injection of MNU into wildtype and transgenic mice led to loss of 

photoreceptor cells as quantified with a reduction in ONL thickness 10-days post injection 

(Figure 7A, B). On average, the control vehicle-injected mice had a ONL thickness of 

65.041 ± 3.69 μm, whereas MNU injected mice had approximately a 20% reduction in ONL 

thickness to 52.089 ± 1.27 μm (Figure 7C). This was consistent in all animals injected with 

MNU and is similar to ONL damage seen with MNU injection reported in other studies 

(Chen et al., 2014; Lin et al., 2017; Rösch et al., 2014; Tao et al., 2017).

3.6 PNU-282987 Application Reverses the loss of Photoreceptors in MNU Treated Mice

Mice were injected with MNU or a vehicle and treated with PNU-282987/BrdU, or BrdU 

only in one of two treatment schemes: 1) PNU-282987 drops began day 3 after MNU 

injections and mice were maintained for 10 days before sacrifice, (group M1) or 2) 

PNU-282987 drops began day 10 post MNU injections and treated for 72 hours before 

sacrifice, (group M2). In group M1, PNU-282987 was administered during the onset of 

mild MNU damage, while in group M2, PNU-282987 was administered after 10 days, 

when more significant photoreceptor damage typically occurred (Figure 8). Compared to the 

vehicle-injected control animals (Figure 8B), loss of photoreceptors was evident at 10-days 

(Figure 8C) as well as at 13-days (Figure 8D) in the retinas of MNU injected animals 

treated with BrdU drops alone. When quantified, group M1 had 80.07±4.64% of cells in 

the ONL compared to control retinas, while group M2 had 72.99±11.31% of cell density 

in the ONL compared to control conditions, representing a statistically significant loss from 

vehicle controls (Figure 8G). However, in group M1 eyes treated with PNU-282987, the 

ONL cell density was similar to controls tissue, containing 99.69±10.61% of cells that 

were typically found in the ONL. Similarly, in group M2 eyes treated with PNU-282987, 

the ONL cell density was 91.77±12.76% of expected cells in the ONL. The increase in 
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ONL cell density observed in PNU-treated eyes compared to the BrdU-treated controls was 

significantly different for both groups (p<0.01, Fig. 8G).

To determine if the increase in ONL cell density following PNU-282987 treated eyes was 

the result of regeneration, IHC was used to label and quantify the percentage of BrdU+ 

cells found in the ONL after each treatment type (Figure 8F). The damage caused by 

MNU failed to elicit a regeneration response (MI and M2), as only a few BrdU+ cells 

were seen (Figure 8C, 8D, 8G). However, when mice in groups M1 and M2 were treated 

with PNU-282987/BrdU, 11.32±4.09% (M1) and 12.89±0.55% (M2) of ONL cells were 

BrdU+. In each group, the majority of BrdU+ cells in the ONL were double labeled with 

recoverin, a photoreceptor-specific marker consistent with regeneration of photoreceptors. 

However, BrdU+ neurons migrate through the retina similar to interkinetic nuclear migration 

seen in zebrafish, which has been previously described (Webster et al., 2019, 2017). 

Therefore, BrdU+ cells in the ONL which were recoverin-negative (Figure 8E, arrows) may 

be non-photoreceptors. These regenerated photoreceptors (BrdU+/recoverin+) composed 

85.31±4.5% of total BrdU+ cells in the ONL in group M1 and 88.64±6.06% of total BrdU+ 

cells in the ONL in group M2.

3.7 Application of PNU-282987 Leads to Increased Presence of Microglia in the Retina 
and Optic Nerve

Microglia are non-retinal immune cells that have been implicated in injury and regenerative 

responses in the retina (Fisher et al., 2014; Vecino et al., 2016). Interestingly, a small 

percentage (~10%) of the tdTomato positive labeling in the optic nerve may not be attributed 

to RGC axons, as some Sytox labeled cells that label nuclei were double-labeled cells for 

tdTomato (Figure 6H”; arrows). This labeling was consistent with the presence of resident 

microglia, astrocytes, or oligodendrocytes that occur in the optic nerve (Butt et al., 2004). 

IHC analysis using antibodies against Iba-1, a marker for microglia, showed that application 

of PNU-282987 increased the numbers of microglia in the retina (Figure 9). Appearance of 

microglia in vehicle control treated mice (DMSO) showed microglia localized to the INL 

almost exclusively (Figure 9B), while after PNU-282987 treatment, microglia were localized 

in the ONL, INL, and GCL (Figure 9C) at a significantly higher amount (Figure 9D). To 

determine if some BrdU+ cells seen after application of PNU-282987 could be explained by 

an increased presence of microglia, cells were triple-labeled with antibodies against BrdU, 

Iba-1, and the nuclear stain (Sytox Red) after addition of PNU-282987/BrdU+ eye drops for 

7 days (Figure 9E). Microglia were responsible for 9.8±2.54% of total BrdU+ cells after 

PNU-282987 treatment. Additionally, the number of microglia in the optic nerve increased 

following PNU-282987 treatment (Figure 9F, 9G). Although it is clear that microglia are not 

responsible for the majority of PNU-282987’s regenerative effect, they likely play a role that 

should be investigated further.

4 Discussion

Regeneration in the adult mammalian retina does not typically occur. Identification of 

mechanisms that can trigger regeneration to produce functional new neurons capable of 

improving or restoring vision is of great interest in regenerative medicine. PNU-282987 
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has been shown to induce production of MDCPs in adult mice without injury, but it was 

unknown if the induction of the α7 nAChR with this compound would be sufficient to 

regenerate neurons lost to neurodegeneration and damage (Webster et al., 2019). Results 

indicate the mechanism of neurogenesis, as a result of PNU-282987 treatment in adult rats, 

indicate that MG proliferate in a manner like that of MG in zebrafish and chick retinal 

regeneration. Specifically, this study demonstrated that MG proliferation begins with BrdU+ 

MG in the INL. Notably, these studies provide evidence that BrdU+ cells are detected in 

the GCL much sooner in mice than previously seen in rat. This is consistent with other 

reports of regeneration in mouse (Elsaeidi et al., 2018; Pirmardan et al., 2018) where various 

interventions to stimulate regenerative responses in the mouse retina show a relatively 

rapid timeframe, similar to the results presented here (Hoang et al., 2020). Furthermore, 

the expression of other cell-cycle markers, including PCNA and Ki67, demonstrate cells 

entering the cell cycle after PNU-282987 application. Ki67 has previously been shown 

to be expressed in the retina following high levels of retinal damage (Kaur et al., 2011) 

but PNU-282987 does not elicit a caspase-mediated damage response (Webster et al., 

2017). The ability of PNU-282987 to trigger generation of multiple different types of 

retinal neurons, as demonstrated in this and prior publications (Webster et al., 2019, 2017) 

makes it an interesting and exciting candidate for stimulating neuronal regeneration in adult 

mammalian retina.

Studies of retinal regeneration in mice over the age of 3 months in the past have not been 

as robust as the results obtained using PNU-282987 (Elsaeidi et al., 2018; Ramachandran 

et al., 2015; Yao et al., 2018, 2016). The induction of glaucomatous-type damage by 

elevation of IOP following injection of hypertonic saline to the episcleral vein was found 

to be a reliable model for ocular hypertension and RGC loss. Application of PNU-282987 

after the induction of glaucomatous damage yielded significant numbers of Thy1.2-positive 

RGCs following 72 hours of treatment. This returned RGC counts to near normal levels, 

compared to control un-injected animals. The robust regeneration of RGCs induced by 

PNU-282987 was unexpected based on other reports of RGC regeneration in mouse. In these 

studies, generation of RGCs from MG required deletion of Ptbp1 (Zhou et al., 2020) or 

overexpression of Brn3b and Math5 (Xiao et al., 2019) using AAV-mediated vectors which 

transduced both neurons and glia. These previous studies did not report levels of RGCs 

as seen with PNU-282987 treatment. Further, these studies did not demonstrate that the 

reprogrammed cells were generated after treatment with a marker such as BrdU.

However, a key question is whether these new RGCs are functional? Previous literature has 

reported that a complex treatment scheme is required to regenerate significant axon density 

5 mm from the optic nerve in a time span from between 8–10 weeks with limited restoration 

of function (De Lima et al., 2012). In this study, our lineage tracing analysis demonstrated 

that new RGC axons were capable of regenerating and extended into the optic nerve at least 

6 mm beyond the ONH after only 5 weeks. HPLC MS/MS studies measuring PNU-282987 

in the eye after eyedrop application verified detectable amounts of PNU-282987 in the retina 

as well as in deeper vasculature (Mata et al., 2015), possibly accounting for the more rapid 

timeline.
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Literature suggests that the microenvironment of the optic nerve is inhibitory to regeneration 

(Yang et al., 2020). However, based on the results obtained in this study, it may be possible 

that PNU-282987 application triggers interactions in this environment to remove normal 

existing inhibition. The regeneration of RGC axons is a critical prerequisite for vision 

restoration as appropriate synapses in the brain must be made before significant change 

in visual function can occur. Further electrophysiological studies are underway to evaluate 

PNU-282987-based restoration of functional vision.

In these current studies, the damage caused by MNU injection was consistent with 

other studies (Chen et al., 2014; Lin et al., 2017; Rösch et al., 2014). Interestingly, 

PNU-282987 application following MNU-induced loss of photoreceptors led to restoration 

of photoreceptor density, although not back to pre-damage levels. This is likely due to the 

fact that RPE cells have been found to direct PNU-282987 based regeneration (Stanchfield 

et al., 2020; Webster et al., 2019) and the MNU treatment leads to notable perturbations in 

the RPE cells as well as to the cells in the ONL (Chen et al., 2014). In previous regeneration 

studies of photoreceptors, new photoreceptor cells were not produced to a level which would 

support vision restoration (Berry et al., 2019; Ooto et al., 2004). It remains to be seen if the 

regeneration of photoreceptors due to PNU-282987 supports vision restoration.

Previous studies have demonstrated that late-stage neural progenitors and MG in mice share 

a common gene expression profile (Blackshaw et al., 2004). A recent study performed 

in our lab has demonstrated a similar gene expression profile of MDPCs and MG in the 

PNU-282987 treated system (Stanchfield et al., 2020). Previous studies indicate the ability 

of MG to re-enter the cell cycle in mammals is variable and dependant on the type and 

extent of damage, but often does not yield a number of new cells sufficient to replace 

the damaged neurons (Joly et al., 2011; Ooto et al., 2004). However, studies from our lab 

have consistently demonstrated that eye drop application of PNU-282987 elicits denovo 
generation of multiple types of new neurons and yields a significant number of cells to 

replace damaged cells. In fact, PNU-282987 treatment was able to stimulate regeneration 

of both RGCs and photoreceptors in response to a significant amount of cell death due 

to glaucomatous damage and photoreceptor degeneration. Lineage tracing studies using a 

MG-reporter showed that these new neurons were derived from MG cells, a result that 

has until now, has not been seen in the mouse retina. This supports the hypothesis that 

PNU-282987 enables MG to reprogram into MDPCs, which ultimately differentiate into 

mature neurons. The detailed mechanism of how PNU-282987 elicits this response is 

currently under investigation.

Recently, literature has demonstrated varying results with manipulation of gene expression 

to reprogram adult rodent MG into functional neurons using similar methods. These varied 

results have called into question the validity of using Cre-lox systems as reliable transgenic 

reporters (Blackshaw and Sanes, 2021). The transgene used in this study has been previously 

published as being specific to MG within the neuronal retina (Vazquez-Chona et al., 

2009) and more importantly, has recently been published as a rigorous transgenic line 

that remains limited to MG or MG-derived cells within the neuronal retina, even with 

excessive manipulation (Jorstad et al., 2017). However, does PNU-282987 application allow 

for “trans-differentiation” of MG, or does PNU-282987 simply allow the transgenic line 
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to become “leaky”? If the transgenic line were “leaky,” PNU-282987 application would 

cause expression of the TdTomato reporter molecule in other non-glial cells. However, this 

explanation is not possible in this study based on the experimental schemes used, based on 

how the CreER/TdTomato system works with the induction of the system several months 

before experimentation and based on the chemistry behind activation of the reporter system. 

Though trans-differentiation is a possibility, the RNAseq results from PNU-activated MG 

demonstrated that the MG express several key progenitor genes including Lhx2, Pax6, and 

Sox9 after exposure to PNU-282987-treated RPE. Expression of Lhx2 is required to specify 

the eye field and works with other genes to specify retinal neurogenesis (de Melo et al., 

2016; Tétreault et al., 2009). Pax6 is required for the multipotent state of RPCs and is 

considered the master regulator of RPCs (Marquardt et al., 2001; Raymond et al., 2006; Wan 

et al., 2012; Wang et al., 2012). Sox9 is known to both induce and maintain neural stem 

cells (Scott et al., 2010). The significant upregulation of these key genes, in conjunction with 

the decreased expression of differentiated MG markers, along with the previously published 

involvement of hbEGF/Ascl1/Lin28a genes would indicate that the MG are differentiating 

into MDPCs. However, single cell RNAseq is currently underway to assess the identity of 

the BrdU-positive and TdTomato-positive cells more directly to better answer this issue.

The increased presence and activation of microglia with PNU-282987 application is an 

interesting phenomenon that has been previously documented in other tissues (Hijioka et al., 

2012; Ke et al., 2017; Navarro et al., 2017). Microglia, generally recognized as the resident 

immune cells of the CNS, play various roles in injury, inflammation, and regeneration in 

the retina (Butt et al., 2004; Gallina et al., 2014). During retinal regeneration in zebrafish, 

microglia are activated following injury and migrate to the ONL where they play a role 

in initiating MG reprogramming (White et al., 2017). Likewise, in chick, activation of 

microglia is necessary for the formation of MDPCs (Fisher et al., 2014; Gao et al., 2021). 

Microglia play a key role in regeneration of lower vertebrates that can regenerate on their 

own. Here we showed that PNU-282987 causes an increase in microglia in the mouse retina, 

suggesting a potential role for microglia in the PNU-282987 regenerative response. The 

study of the role of inflammation and microglia in this response is currently underway.

Before PNU-282987 was tested as a neurogenic compound (Webster et al., 2019, 2017), it 

was shown to be neuroprotective against the loss of RGCs associated with induced glaucoma 

when the agonist was applied before the induction procedure. (Iwamoto et al., 2014a; 

Mata et al., 2016, 2015; Wehrwein et al., 2004). However, these current studies focused 

on regeneration of retinal neurons, as PNU-282987 was applied after specific cell types 

in the retina were already lost or damaged. This study demonstrated regeneration of new 

neurons in two injury paradigms using multiple methods. While it is known that the α7 

nAChRs play a role in mammalian CNS regeneration in the brain (Shabani et al., 2020), 

our understanding of the mechanisms by which PNU-282987 stimulates retinal regeneration 

remains incomplete. In addition to activation of microglia, it is known that PNU-282987 

acts on retinal pigment epithelium (RPE) and in response the RPE releases signals that drive 

MG back into the cell cycle (Webster et al., 2019) and promote MG dedifferentiation to 

MDPCs (Stanchfield et al., 2020). The molecular response of the RPE with stimulation by 

PNU-282987 is currently under investigation.
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5 Conclusions

The results from this study provides evidence of the regenerative ability of PNU-282987 

to elicit new RGCs and new photoreceptors in two different retinal disease models. 

Specifically, PNU-282987 induced new RGCs with axons that extended into the optic 

nerve when it was applied after loss of RGCs occurred. In addition, PNU-282987 acted 

to generated new photoreceptors after loss of photoreceptors occurred following MNU 

injections. Using tdTomato Müller glia reporter mice, PNU-282987 driven neurogenesis was 

shown to be initiated from Müller glia. As the adult mammalian retina typically lacks the 

capability to regenerate neurons lost to many retinal diseases, these results suggest a future 

clinical potential for using PNU-282987 in the treatment of degenerative retinal diseases.
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Highlights:

PNU-282987 induces regeneration of adult mammalian neurons in all retinal layers

Regeneration of new RGCs after glaucoma induction

Alpha7 nAChR agonist induces BrdU positive photoreceptors after damage
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Figure 1: Eye drop application of PNU-282987 in mice causes cell proliferation in the mouse 
retina.
All retinas were processed for detection of BrdU. Application of BrdU alone (A) in the 

adult mouse retina yields no BrdU-positive cells. Mice treated with PNU-282987 for 6 hours 

show no BrdU+ cells, but BrdU+ cells are detected in the INL and GCL after 12 hours of 

treatment (B). By 72 hours, there are BrdU+ cells in all three nuclear layers (C). At 18, 

24, 36, and 72-hours post PNU-282987 application, the number of BrdU+ cells increase 

with consistently highest amounts of BrdU+ cells in the INL (D). To validate that the 

BrdU incorporation is due to cells entering the cell cycle two different makers were used. 
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PCNA (E,F) which marks S, G2, and M was found as early as 12h after PNU-2829887 

application in the INL (F) while no PCNA+ cells could be found in DMSO treated animals 

(E). Additionally, Ki67 which marks G1 through M was used and was found starting at 12h 

with few cells in the INL and by 72h had cells in the INL and GCL (H). Mice treated with 

DMSO did not show any expression of Ki67 (G). n=5; scale bar = 50 μm; p≤0.001.
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Figure 2: PNU-282987 in adult mice generates both Müller-derived progenitor cells and new 
differentiated neurons.
Cone arrestin (cone photoreceptors) (A), recoverin (rod and cone photoreceptors) (B) Thy1.2 

(RGC) (C) labels across the retina. Application of PNU-282987 for 14 days leads to new 

BrdU+ cones (A’) and rods (B’) marked by arrowheads. However, not all BrdU+ cells in the 

ONL are differentiated neurons (arrow; A’). New RGCs are indicated by BrdU+ in the GCL 

(C’). RNAseq data shows that PNU-282987 activated RPE induce MG to dedifferentiate 

into progenitor-like cells (D). Initially, MG show high expression of rlbp1 and gfap, 

gene markers for differentiated MG. However, between 8 and 48 hours post PNU-282987 

treatment, the MG cells switch to producing genes that are found in a neurogenic RPC, 

including Pax6, Pou3f1, and Sox9. n=4; scale bar = 50 μm.
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Figure 3: An inducible model of glaucoma-like damage.
Chronic IOP elevation and loss of RGCs was induced by injection of 1.2M hypertonic 

saline into the episcleral vein of mice eyes. (A) The hypertonic saline injection group hit a 

peak IOP of 15.8 mmHg as compared to a peak of 11.2 mmHg in control uninjected mice 

after a significant increase initially two-weeks post injection which continued to increase 

up to five-weeks post injection. (B & C) IHC of RGCs in the retina 28 days post-injection 

was completed using Thy1.2. As compared to control uninjected, saline-injected animals 

showed a loss of RGC cell density and a defasciculation of axon bundles (arrows), both 

characteristics of glaucomatous damage. (D) Quantification of loss of Thy1.2-positive cells 

in the RGC 28 days post saline injection showed a consistent loss of about 30% of RCS 

cell density. N=3 for control condition and N=8 for glaucoma condition; scale bar = 50 μm; 

p≤0.05 (*), p≤0.001 (***).
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Figure 4: Glaucomatous mouse retinas treated with PNU-282987 show a regeneration of RGCs
. Damage induction and treatment scheme shown in (A). Both uninjected and saline injected 

controls were treated with BrdU eye drops only. (B) Uninjected mice treated with BrdU 

show a normal RGC density and no BrdU expression (B’) where saline injected (C) 

treated with BrdU alone show a loss of RGC density. Saline injected mice treated with 

PNU-282987 and BrdU for 3 days (D) show new RGCs that are BrdU positive (D’) and 

after 7 days of treatment (E) RGC density looks like that of the uninjected controls (E’ ’). 

Control uninjected Thy1.2-positive RGCs were quantified and normalized to 100% (F). 
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After glaucoma induction, an average loss of 30.8% RGCs was seen. Following 3 days 

of PNU-282987 treatment the average loss was reduced by 9.29% and after 7 days of 

treatment, loss was reduced to just 12.4% with there being no significant difference between 

control density and 7-day treatment density. p≤0.001 (**), p≤0.0001 (***); N=3 for each 

condition; scale bar = 50 μm
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Figure 5: New RGCs after PNU-282987 treatment are derived from MG.
(A) Experimental strategy for lineage tracing of regenerated RGCs. Transgenic mice 

expressing tdTomato in MG underwent glaucoma induction and were then treated for 

two weeks with either PNU-282987 and/or BrdU before undergoing IHC for Thy1.2 

(RGCs) and RFP (tdTomato expression). (B) Expression of TdTom with uninjected control 

shows MG endfeet (arrowhead) are in the spaces between the Thy1.2+ RGCs. (C) After 

glaucoma induction, TdTom as MG endfeet are still evident and RGC population shows 

glaucomatous damage 42-days post glaucoma induction. (D) After PNU-282987 treatment 
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in the glaucomatous retina Thy1.2/TdTom double-labeled RGCs are evident in the GCL 

(arrows) while MG endfeet still persist. (E) Experimental strategy for validation of lineage 

tracing results. Neurovue jade was inserted in optic nerves of mice that were treated with 

either DMSO or PNU-282987 per the strategy in (A). (F) RGC axons were retrogradely 

labeled with NeuroVue jade (green) and imaged for expression of the tracing dye and 

tdTomato (red). In retinas treated with vehicle control (F), no axons could be traced with a 

tdTomato-filled cell body. Increased magnification shows endfeet with normal morphology 

surrounded jade+ RGCs. (G) In contrast, retinas treated with PNU-282987 (G), axons 

could be traced that show tdTomato-filled RGC cell bodies. Upon closer magnification, 

full labeled jade+ RGC membrane can be seen filled with tdTom+ cell body with MG 

endfeet with normal morphology surrounding. Double labeling is seen (yellow) in many 

areas including the axon fascicles. (H) RGCs that were Thy1.2+ and RFP+ were normalized 

to cell counts for Thy1.2 after PNU-282987 treatment in the glaucomatous retina, indicating 

that around 22.06%±0.2 of RGCs post treatment are new and derived from MG. N=4 for 

each condition; scale bar = 50 μm.
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Figure 6: Glaucomatous mouse retinas treated with PNU-282987 show thicker axon fascicles and 
new axon projections into the optic nerve.
(A) Wild-type retinas treated with DMSO show organized axon fascicles as marked with 

Thy1.2. (B) 28 days after glaucoma onset, fascicles appear sparser and thinner than in 

wild type. (C) 7 days post PNU-282987 treatment in the glaucomatous retina, the bulk 

of the axon fascicles seem to be more organized and the fascicles appear more WT-like 

in appearance. (D) Graph representing composition of axons of given width from WT 

and glaucoma mice treated with DMSO or PNU-282987. (E) Distribution of axon widths 

in from WT and glaucoma mice treated with DMSO or PNU-282987. (F-H) New axons 
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are projected into the optic nerve and are derived from MG. All mice were treated with 

tamoxifen at 2mo before experimentation. Mice were either uninjected or saline-injected and 

were treated with vehicle control (DMSO) or PNU-282987. No tdTomato-positive axons are 

seen in the transgenic model with DMSO treatment with (F) and without (G) glaucomatous

like damage. Transgenic mice (H) treated with PNU-282987 showed new axon projections 

derived from MG at a distance 6 mm into the optic nerve (H). In addition, the PNU-282987 

treated optic nerve (H’) appears more wildtype (F’) than glaucomatous (G’). Interestingly, 

few Sytox green nuclei co-localized with TdTomato (H”; arrows) indicating the presence of 

either microglia, astrocytes, or oligodendrocytes. (I) A summary of experimental timelines 

for the axon fascicle and optic nerve projections. N=4 per condition; scale bar = 50 μm
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Figure 7: MNU-injections cause loss of photoreceptors
. Mice were IP injected with MNU and euthanized 10-days post injection. Compared to 

vehicle control injection (A) there is a significant loss of ONL thickness with MNU (B). 

Quantification shows that MNU-injected retinas have an ONL thickness of 52.089±1.27 μm 

compared to controls at 65.041±3.69 μm, a loss of around 20% (C). n=4; scale bar = 30 μm, 

p<0.01.
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Figure 8: PNU-282987 regenerates lost photoreceptors after photoreceptor damage.
(A) Treatment scheme for MNU-injections. On day 0, mice were injected with vehicle 

control or MNU. Group M1 mice were left for 3 days before starting treatment with 

BrdU (control) or PNU-282987/BrdU. Group M1 mice were then euthanized on day 10. 

Group M2 were left for 10 days before starting eyedrop treatments and were euthanized 

on day 13. (B-F) IHC for photoreceptors (recoverin) and DAPI showed a significant loss 

of ONL density in both groups M1 (C) and M2 (D) as compared to vehicle control (B). 

Application of PNU-282987 led to incorporation of BrdU-positive, recoverin positive cells 

(E,F arrowhead) as well as BrdU-positive cells that may be migrating as they are localized 

in the ONL but do not stain for recoverin (E, arrows). (G) ONL thickness was measured 

and data was normalized to vehicle control. MNU injections showed a significant loss of 

around 20% of ONL thickness in both groups M1 and M2. When compared to vehicle 

control, treatments in both M1 and M2 were no longer significantly different, indicating that 

they look more like wildtype conditions rather than damaged conditions. (H) Quantification 

of BrdU+ cells in the ONL showed integration of 11.32±4.09% in group M1 while group 

M2 showed 12.89±0.55% BrdU+ cells in the ONL. N=4; scale bar = 50 μm; *p<0.01, 

**p<0.001.
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Figure 9: Increased microglial presence in the PNU-282987-based regenerative response.
(A) Control mice were treated with DMSO vehicle and a no primary antibody control while 

(B) was treated with DMSO vehicle but was stained for the microglia marker Iba-1, and 

microglia were seen primarily in the INL. (C) Application of PNU-282987 for 7 days lead to 

an increased expression of Iba-1+ cells, expanding into the ONL, INL, and GCL. (D) When 

quantified, Iba-1+ cells increased to 3.37±0.89%, a statistically significant increase from 

the percentage of Iba-1+ cells found in the DMSO treated retina. (E) Using IHC, BrdU+, 

Iba-1+, and BrdU+/Iba-1+ cells were quantified. It was determined that new microglia, Iba+/

BrdU+/DAPI (triple-labeled cells; arrowheads) compose 9.8±2.54% of BrdU+ cells from 

application of PNU-282987. (F&G) Mice were treated with BrdU or PNU/BrdU for 7 days 

and then maintained for 14 days before optic nerves were prepped for IHC. An increase of 

Iba-1+ microglia is seen with PNU treatment (G) when compared to controls (F) in the optic 

nerve 10mm back from the optic nerve head. N=6; scale bar = 50 μm; p<0.01.
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