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Abstract

Purpose—Retinal degenerations are a heterogeneous group of diseases in which there is slow

but progressive loss of photoreceptors (PR). There are currently no approved therapies for treating

retinal degenerations. In an effort to identify novel small molecules that are (1) neuroprotective
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and (2) promote PR differentiation, we have developed microscale (1,536 well) cell culture assays

using primary retinal neurons.

Methods—Primary murine retinal cells are isolated, seeded, treated with a 1,280 compound

chemical library in a 7 point titration and then cultured under conditions developed to assay

protection against an introduced stress or enhance PR differentiation. In the protection assays a

chemical insult is introduced and viability assessed after 72 h using CellTiterGlo, a single-step

chemiluminescent reagent. In the differentiation assay, cells are isolated from the rhodopsin-GFP

knock-in mouse and PR differentiation is assessed by fixing cells after 21 days in culture and

imaging with the Acumen plate-based laser cytometer (TTP Labtech) to determine number and

intensity of GFP-expressing cells. Positive wells are re-imaged at higher resolution with an

INCell2000 automated microscope (GE). Concentration-response curves are generated to

pharmacologically profile each compound and hits identified by xx.

Results—We have developed PR differentiation and neuroprotection assays with a signal to

background (S/B) ratios of 11 and 3, and a coefficient of variation (CV) of 20 and 9 %, suitable

for chemical screening. Staurosporine has been shown in our differentiation assay to

simultaneously increase the number of rhodopsin positive objects while decreasing the mean

rhodopsin intensity and punctate rhodopsin fluorescent objects.

Conclusions—Using primary murine retinal cells, we developed high throughput assays to

identify small molecules that influence PR development and survival. By screening multiple

compound concentrations, dose-response curves can be generated, and the false negative rate

minimized. It is hoped that this work will identify both potential preclinical candidates as well as

molecular probes that will be useful for analysis of the molecular mechanisms that promote PR

differentiation and survival.
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97.1 Introduction

The retinal degenerations, the prototype of which is retinitis pigmentosa (RP), are a group of

genetically heterogeneous orphan diseases in which there is slow but progressive loss of

Photoreceptor (PR) cells, resulting in concomitant loss of vision. The past several decades

have witnessed tremendous strides to define many of the genes that when mutated can cause

retinal degeneration. To date, more than 150 retinal degeneration related genes have been

identified [1]. These findings have led to mechanistic insights and have opened up the

possibility of new treatment strategies, such as gene therapy and related treatment

approaches [2–6]. Although these avenues are exciting and have great potential, treatment

strategies based on a particular gene or mutation have the limitation that even if they are

effective, they generally are appropriate for only a small fraction of RP patients. An

alternative and complementary approach is to develop so called “neuroprotective”

treatments aimed at protecting PRs from degeneration, often independent of the nature of the

initiating cellular insult. Neuroprotection may therefore be useful for a larger group of

patients, since they may preserve vision in multiple different genetic forms of RP.
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Theoretically, such approaches could also be effective for the treatment of the “dry”

(atrophic) form of age-related macular degeneration.

With the goal of identifying lead compounds for the development of such novel

neuroprotective therapies, we have been carrying out phenotypic screens with primary

retinal neurons to identify small molecules that promote the survival and/or differentiation

of PR cells. Although not the traditional route to contemporary drug discovery, phenotypic

screens actually have a well-established track record. Out of the 50 first-in-class small

molecules given FDA approval between 1998 and 2008, 28 were discovered using

phenotypic approaches and of these, 8 were approved without a known molecular

mechanism of action [7].

For our phenotypic screens, we have developed cell-based assays that are compatible with

quantitative high throughput screening (qHTS), which by assessing the compound library

over multiple concentrations develops a full pharmacokinetic profile for each molecule

tested [8]. We are using primary retinal neurons in a high content assay that measures the

numbers of cells expressing endogenous levels of a knocked-in human rhodopsin-EGFP

fusion protein [9]. For retinal cell survival following oxidative damage, we employ a single-

step addition cell viability reagent that is amenable for ultra HTS (greater than 100,000 wells

per day).

In addition to their potential as therapeutic lead compounds for further development, it is

envisioned that small molecules discovered in this study may also be of use as molecular

probes which will be useful for discovering and dissecting the mechanisms of PR

development and survival.

97.2 Materials and Methods

97.2.1 Primary Cell Dissociation

All animal procedures were performed according to the guidelines of the ARVO statement

for the “Use of Animals in Ophthalmic and Vision Research” and were approved by the

Institutional Animal Care and Use Committees at the Johns Hopkins University School of

Medicine. Retinas from postnatal day 0 (GFP differentiation assay) or 4 (cell survival) are

isolated from homozygous rhodopsin-GFP knock-in mice [9] or C57BL/6 mice,

respectively. Animals are sacrificed by hypothermia followed by decapitation, eyes are

enucleated, and retinas are dissected. The retinas are dissociated into single cell suspensions

by incubation with activated papain in Hibernate-E without Ca2+ (BrainBits) for 15 min at

37 °C. The solution is neutralized by adding Hibernate-E with Ca2+ plus B27 (Invitrogen),

L-Glutamine, and Pen/Strep. The cells are then transported on ice to the screening facility.

97.2.2 1536 Well Cell Plating and Compound Library Treatment

Prior to cell plating, 1,536 well plates are filled with 4 µL of neuronal culture medium

consisting of Neurobasal-E, B-27, L-Glutamine, pen/strep (all Life Technologies) using a

Multidrop Combi peristaltic bulk dispenser (ThermoFisher). Each plate is then “pinned”

with 23 nL of a compound at a set stock concentration in DMSO that is delivered from a

library plate using a robotic pintool transfer tool (Wako). Cells are resuspended at a
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concentration of 2.5 × 105 cells/mL, filtered through a 10 µm nylon filter (Amazon.com:

Small Parts), dispensed at a final well culture volume of 8 µL (1,000 cells/well), and

incubated for up to 21 days. Since we are using such low volumes for extended cultures, the

plates are covered with a Breathe-Easy gas-permeable membrane (Diversified Biotech) and

a Microclime vapor barrier lid (Labcyte).

97.2.3 Fixation and Imaging

For the differentiation assay, cells are treated with 2 µL of 20 % (4 % final) fresh

paraformaldehyde in PBS containing Hoechst 33342 (1:5000 final) for 15 min at room

temperature. The plates are then aspirated and rinsed twice with PBS using an EL406

washer dispenser (BioTek Instruments) equipped with an aspirator and syringe dispenser for

1,536 well plates, and imaged with an Acumen Explorer (TTP Labtech) plate cytometer

equipped with 405, 488, and 633 nm lasers [10]. PRs are defined as Hoecsht positive objects

with size and GFP fluorescence intensity above defined threshold values. “On the fly”

analysis allows for virtual ‘cherry-picking’ wells that display fraction of GFP positive cells

or GFP intensity values greater or lesser than 3*SD relative to DMSO controls. These wells

are then imaged with a microscope-based INCell2000 HCA platform (GE), with triple-

channel images for nuclei, GFP, and brightfield acquired for each designated well.

97.2.4 CellTiterGlo Viability Assay

For the neuroprotection assay, following treatment with 0.2 mM paraquat (Sigma), cell

cultures are treated with compounds and incubated for 72 h. Plates are then equilibrated at

room temperature for 10 min treated with 4 µL CellTiterGlo (Promega), treated for 10 min

at room temperature, and then imaged using a Viewlux uHTS CCD-based imager (Perkin

Elmer).

97.2.5 Analysis and Curve Fitting

Plate data from GFP positive cell count data, GFP intensity, or viability (raw relative

luminescence units) are exported from each respective instrument into .CSV files. Assay

statistics are generated by analyzing activity of control compounds, as well as DMSO-

treated control plates. The raw data is then normalized using the following formula:

 where Y = percent activity, x = specific data value, N = median

DMSO control value, and P = median positive control value [8]. Following normalization,

the data is then fitted with either NIH CurveFit (http://tripod.nih.gov/curvefit), an open

source curve fitting and classification software, or with Prism (Graphpad). The data is then

ranked according to efficacy, potency, and curve class as defined by Inglese et al. [8].

97.3 Results

97.3.1 Rhodopsin-GFP Count

In an effort to observe the effects of small molecules on PR development, we chose to use a

fluorescent reporter to follow PR differentiation. The hRhoGFP knock-in mouse was

generated by replacing the mouse rhodopsin (rho) open reading frame with a human Rho-

GFP fusion construct, thus creating a rhodopsin reporter controlled by native regulatory
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mechanisms [9]. Since the peak of PR cell genesis in the mouse is near the time of birth of

the animal, for the assay we chose to harvest and culture cells from postnatal day 0 retinas.

After 21 days of culture, PRs in the culture develop bright GFP fluorescence with bright

punctate (‘peak rhodopsin’) objects, believed to be proto-outer segments, that have a signal

to background of 11-fold over pre-differentiated RhoGFP cells. As a demonstration of the

capability of this screen identifying modulators of PR differentation, we have found that

culture in the presence of staurosporine, a broad spectrum kinase inhibitor implicated in

rhodopsin expression modulation [11, 12], increases the number of rhodopsin positive cells

(Fig 97.1a, c, e). However, the number of cells with peak rhodopsin objects (Fig 97.1f,

arrows) is significantly decreased.

97.3.2 Cell Titer Viability Screening

Oxidative and ER stress have been implicated in the pathogenesis of PR degeneration [13–

18]. In an effort to find novel PR protective small molecules, we have developed a primary

cell-based screen for compounds protective against this type of cell damage. For this assay,

the herbicide paraquat, an inducer of both oxidative and ER stress that has been used to

model retinal degeneration in vivo, is used to induce acute oxidative damage to retinal cell

cultures [13, 19–23]. The cells are treated with 0.2 mM paraquat, a concentration found to

induce 75 % cell death in 72 h. Cell survival is assayed at 72 h using CellTiterGlo

(Promega), a single-step viability reagent. We have measured assay performance and have

found a cell concentration correlation of 95 % and CV below 10 %. The difference between

untreated and paraquat-treated cells as has a signal to background ratio of 3 and a Z’ of 0.61.

We have found that J147 (Cellagen), a known neuroprotective compound [24], has maximal

protective activity at 27 µM, and used as a positive control for this assay (Fig. 97.2).

97.4 Discussion

There is a clear need for drug therapies that target vision loss arising from retinal

degeneration. Currently, the pharmaceutical and biotechnology sectors struggle with

increasing R&D costs and dwindling development pipelines [25]. The so-called preclinical

‘valley of death’ particularly impacts rare disease therapeutic development due to increasing

risks incurred in development with a reduced incentive (treatable patient populations). As

such, there has been a trend towards increased involvement by academic and government

laboratories in developing strategies for treating orphan diseases [26, 27]. One major benefit

to this approach with respect to retinal degeneration will be the rapid establishment of new

paradigms for discovery by pairing novel assay technologies (e.g. advanced high content

imaging systems) with more appropriate models of retinal disease. In our work, rather than

focusing on a single target in retinal degeneration, we are striving to find the most potent

and efficacious molecules that are neuroprotective and modulate PR development.

High-throughput screening with retinal primary cells has many challenges to overcome.

Issues such as day-to-day variability in cell preparation, variability in animal litters, and

stochastic effects within each well can have tremendous effects on culture conditions. We

have found that cells take at least 6 days to produce a measurable response with respect to

RhoGFP numbers and rhodopsin intensity. In typical, 1,536 well assays in this time frame
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would be unacceptable due to variation arising from plate-edge and evaporation effects.

However by taking precautions to mitigate edge and evaporation effects, we can consistently

culture cells well over a period of three weeks under conditions in which the cells develop in

a fashion that mirrors in vivo PR development.

Autofluorescence in the GFP emission spectrum is a major challenge for fluorescent protein-

based reporter assay systems as many molecules in compound libraries are also fluorescent

in the FITC spectrum. To distinguish false positives, we have employed a far-red conjugated

primary antibody to stain positive wells after primary GFP object identification. However,

high throughput immunostaining in a large screening campaign can be expensive and labor

intensive. An alternative approach would be to develop a consensus biocircuit that employs

nonhomologous reporters separated by a 2A polycistronic peptide [28].

In this study, we have used primary retinal neurons in high-throughput format for studying

small molecule effects on PR differentiation and survival. In addition to their potential as

therapeutic leads, we believe that bioactive molecules identified though our ongoing screens

will have applicability as molecular probes that are involved in retinal cell biology will serve

as useful reagents for future studies.
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Fig. 97.1.
Extended culture of mature RhoGFP photoreceptors in 1536 qHTS format. Primary retinal

neurons treated for 21 days with staurosporine (20 nM) show a small increase in total

RhoGFP + cells (b: green objects, d, e). However total intensity and objects with a peak

GFP area > 1200 RFU are decreased (b: red, f, g) a, b: Acumen GFP (green), ‘peak GFP’

objects (red), objects outside parameters (gray), c, d: corresponding INCell2000 images

showing mature photoreceptors with ‘peak’ punctate GFP positive structures (arrows) and

neurites (arrowheads). *p < 0.0001 (unpaired t-test)
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Fig. 97.2.
Neuroprotection of primary photoreceptors following paraquat-induced oxidative damage

with J147, a reported neuroprotective molecule. J147 is a single point positive with activity

at 27 µM. *p < 0.0001 (unpaired t-test)
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