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Abstract

Management of neuropathic pain is notoriously difficult; current analgesics, including anti-inflammatory- and
opioid-based medications, are generally ineffective and can pose serious side effects. There is a need to uncover
non-addictive and safe analgesics to combat neuropathic pain. Here, we describe the setup of a phenotypic screen
whereby the expression of an algesic gene, Gchl, is targeted. GCH1 is the rate-limiting enzyme in the de novo
synthesis of tetrahydrobiopterin (BH4), a metabolite linked to neuropathic pain in both animal models and in human
chronic pain sufferers. Gehl is induced in sensory neurons after nerve injury and its upregulation is responsible for
increased BH4 levels. GCH1 protein has proven to be a difficult enzyme to pharmacologically target with small
molecule inhibition. Thus, by establishing a platform to monitor and target induced Gchl expression in individual
injured dorsal root ganglion (DRG) neurons in vitro, we can screen for compounds that regulate its expression levels.
This approach also allows us to gain valuable biological insights into the pathways and signals regulating GCH1
and BH4 levels upon nerve injury. This protocol is compatible with any transgenic reporter system in which the
expression of an algesic gene (or multiple genes) can be monitored fluorescently. Such an approach can be scaled
up for high-throughput compound screening and is amenable to transgenic mice as well as human stem cell-derived
Sensory neurons.
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Background

Tetrahydrobiopterin (BH4) is a co-factor metabolite used by the aromatic amino acid hydroxylases and nitric oxide
synthases in the production of dopamine, serotonin, noradrenaline, and nitric oxide (Werner et al., 2011). BH4
synthesis is increased in dorsal root ganglion (DRG) sensory neurons after nerve injury, where its levels correlate
with pain hypersensitivity in rodent neuropathic pain models, as well as in patients with chronic pain (Tegeder et
al., 2006; Campbell et al., 2009; Kim et al., 2010; L&sch et al., 2010; Heddini et al., 2012; Nasser and Mdler, 2014;
Belfer et al., 2015; Sadhu et al., 2018; Zheng et al., 2019). Targeting BH4 synthesis peripherally in injured sensory
neurons represents a novel and potentially safe approach to combat certain neuropathic pain conditions
(Latremoliere et al., 2015; Fujita et al., 2019). Since the early 1990s, the focus of drug discovery has been driven by
target-based screening, using structural modeling and in silico computational analyses to design and screen small
molecules using simple target-dependent assays, to find those that enter and block a certain enzymatic domain or
binding motif (Sams-Dodd, 2005; Swinney, 2013). However, before this target-based approach, phenotypic
screening was prevalent, often with limited information on the underlying mechanisms involved in the disease in
question, and in which no targets were known or identified. Indeed, the success of these phenotypic screens over
the more precision-targeted screens is revealed by the fact that the majority of first-in-class drugs actually came
from phenotypic screens (Swinney and Anthony, 2011). Here, we describe a phenotypic screening platform using
primary DRG sensory neurons from transgenic Gch1-GFP reporter mice that allowed us to monitor the effects of
chemical libraries on the regulation of Gehl expression in individual DRG neurons after axonal injury (axotomy).
Using this platform, we provided not only novel insights into the biology of GCH1 expression and BH4 synthesis
in injured sensory neurons, but also identified FDA-approved compounds with existing safety and pharmacokinetic
profiles, which could potentially be repurposed to block the GCH1/BH4 pathway in neuropathic pain (Cronin et al.,
2022). This protocol can be adapted to monitor the effects of compounds on the expression of multiple algesic genes
in primary DRG cultures from transgenic mice or on human stem cell-derived sensory neurons.
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Materials and Reagents

1.5 mL Eppendorf tubes (Eppendorf, catalog number: 0030121872)
Pipette tips (Biozym)

Glass Pasteur pipettes (Thermo Fisher, catalog number: 1367820C)
50 mL conical centrifuge tubes (Falcon, catalog number: 352070)
100 pm cell strainer (Corning, catalog number: 352360)

o0 R~®NE

012014-UCD]
Neurobasal media (Thermo Fisher, catalog number: 21103049)

~

Gchl-GFP reporter mice [GENsat.org; stock name: Tg(Gchl-EGFP)GU68Gsat/Mmucd; stock number:

8. Black flat-bottomed TC-treated 384-well plate pre-coated with poly-D-lysine (BD Biocoat, Corning, catalog

number: 354663)
9. Laminin (Sigma, catalog number: L2020)
10. Phosphate-buffered saline (PBS) (Thermo Fisher, 10010023)
11. Liberase-TH (Roche, catalog number: 5401135001)
12. Trypsin 0.5% (Gibco, catalog number: 15400-054)
13. Dulbecco’s modified Eagle medium (DMEM) (Thermo Fisher, catalog number: 12491015)
14. Fetal bovine serum (FBS) (Gibco, catalog number: 26140079)
15. L-glutamine (Gibco, catalog number: 25030-024)
16. Penicillin and streptomycin (Sigma, catalog number: P0781)
17. DNase-I (Sigma, catalog number: D5025)
18. 30% BSA solution (Sigma, catalog nhumber: A9205)
19. 50%B-27 supplement (Thermo Fisher, catalog number: 17504044)
20. Trypan blue (Invitrogen, catalog number: T10282)
21. Propidium iodide (Thermo Fisher, catalog number: P1304MP)
22. Phorbol 12-myristate 13-acetate (PMA) (Sigma, catalog number: P1585)
23. Go6976 (Tocris, catalog number: 2253)
24. Complete media (see Recipes)
25. DRG media (see Recipes)

Equipment

1. Pipettes (P20, P200, and P1,000) (Gilson, catalog number: F167360)

2. Centrifuge (Eppendorf, model: 5810R)

3. Heidolph Unimax 1010 plate shaker

4. Bunsen burner (USBECK, W. Germany)

5. Hemocytometer (Marienfeld, catalog number: 0630010)

6. PerkinElmer/Evotec Opera QEHS model 2.0 laser spinning-disk confocal fluorescence microscope
7.  Sterile tissue culture cabinet (Szabo Scandic, SafeFAST Premium 212)

Software

1. PerkinElmer Acapella language (PerkinElmer)
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Procedure

A. DRG culture in 384-wells

Below is an optimized protocol for DRG culture used to coat one 384-well plate; work should be performed
under sterile conditions in a tissue culture cabinet.

1.

10.
11.
12.
13.

14.

Coat a poly-D-lysine-coated 384-well plate additionally with 40 puL of laminin (10 ug/mL in PBS) for 3 h
at 37 <C.

Isolate DRGs from eight Gch1-GFP reporter mice and collect evenly into two (for balancing purposes
during centrifugation) 1.5 mL Eppendorf tubes filled with 1.4 mL of neurobasal media.

When all DRGs are collected, allow them to settle by gravity and remove as much neurobasal media as
possible by pipetting with a 1,000 pL tip.

Add 350 pL of liberase-TH solution to the DRGs and incubate at 37 <C for 80 min.

Remove liberase-TH solution by pipetting and wash DRGs slowly in 1 mL of PBS, again allowing the
DRGs to settle by gravity.

Remove PBS by pipetting.

Dilute 250 pL of 0.5% trypsin 1:1 in PBS. Add 350 pL of the resulting 0.25% trypsin solution to the tubes
and incubate them at 37 <C for 7 min.

Add 1 mL of complete media (see Recipes) to stop trypsin reaction.

Allow DRGs to settle by gravity and remove supernatant by pipetting carefully.

Wash with 1 mL of complete media.

Allow DRGs to settle by gravity and remove supernatant by pipetting carefully.

Add 1 mL of complete media with DNase-I (10 pg/mL).

Flame-polish the tip of three Pasteur pipettes over a Bunsen burner flame, to achieve varying diameters of
pipette opening: large, medium, and small (Figure 1).

large

medium
O

~

Figure 1. Flame-polished (using a Bunsen burner) pipettes with three comparative sizes of pipette
opening

Mechanically triturate the DRGs, progressing from the normal diameter pipette to the medium and finally
to the small, to dissociate the DRGs into single-cell suspension (with each pipette size, triturate 10-15
times).
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15.
16.
17.
18.
19.

20.

21.
22,
23.
24,
25.

26.
27.
28.
29.

Prepare 10% BSA solution in a 50 mL tube by mixing 2 mL of 30% BSA solution with 4 mL of PBS.
Layer 1 mL of dissociated DRG suspension over the 10% BSA solution.

Wash tube with 500 uL of complete media and transfer and overlay to the 10% BSA tube.

Centrifuge at 800>g for 15 min at 4 <C.

Carefully remove BSA interface first and then the rest of BSA supernatant (top layer). Then, carefully
remove all the BSA lower layer ensuring not to disrupt the cell pellet.

Carefully resuspend the DRG pellet first in 2 mL of complete media and bring up to 20 mL. At this point,
combine DRG pellets in a total of 20 mL.

Pass the cell suspension through a 100 um cell strainer into a fresh 50 mL conical tube.

Centrifuge at 800>g for 15 min at 4 <C.

Carefully remove supernatant.

Resuspend cell pellet in 2 mL of DRG media (see Recipes).

Count DRG neurons using trypan blue staining (in a 1:1 ratio, i.e., 10 uL each) and add 10 uL of resulting
mixture to a hemocytometer.

Adjust volume to ensure density of 25,000 neurons/mL.

Remove laminin solution from the wells completely.

Add 40 pL (~1,000 neurons) of the DRGs in DRG media to each well.

Incubate plate at 37 T with 5% CO; (timepoint set as Day 0).

B. Compound and propidium iodide (P1) addition

1.

o g s wN

Twenty-four hours after plating the neurons (i.e., on Day 1), add compounds from chemical library.
Compounds should be prepared in such a way that 10 uL of each compound is added to the 40 uL of DRGs
to give a desired final working concentration. Add compounds at a rate of approximately 1 mL/min to
minimize cell disturbances.

Shake plate for 5 min on a shaker at 120 rpm.

Incubate plate at 37 T with 5% CO..

On Day 3, prepare a working solution of PI viability stain (0.5 pg/mL) to identify dead cells.

Add 50 pL of PI solution to the DRGs (i.e., 1:1 mixture).

Shake plate for 1 min on a shaker at 120 rpm and incubate plate at 37 <C with 5% CO_ for 20 min.

C. Neuronal imaging

After PI staining, transfer the plate immediately to PerkinElmer/Evotec Opera QEHS model 2.0 laser
spinning-disk confocal fluorescence microscope.

Visualize and image Gchl-GFP cells with a 488 nM laser and Pl with a 561 nM laser. Divide each well
into 15 sections and acquire each section (Figure 2).
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Figure 2. Confocal imaging of individual Gech1-GFP-expressing dorsal root ganglion (DRG) neurons.
A. Each 384-well was divided into 15 regions; confocal fluorescent images of GFP and propidium iodide
(PI) were taken of each section. All 15 sections were combined, and the various parameters extracted for
each well. B. Representative GFP fluorescent images of a single-well subsection depicting high-expressing
GFP DRG neurons (red arrows) induced by vehicle (DMSQ), PMA, and Go6976. Scale bar, 30 jm.

3. Proceed to image analysis.

Data analysis

Image analysis

1.

Analyze the resulting images with scripts written in the PerkinElmer Acapella language that is packaged with
the automated microscope. Use the GFP channel images for subroutines for nuclei detection. The first-round
candidate nuclei that were too small, large, wide, or narrow were filtered out using the follow scripts [please
refer to Supplemental Figure 3 in original paper (Cronin et al., 2022)]:

/I User script STARTS

input(IN_Green_lo_pos_thresh, 300,"Green Low Positive Threshold","i","Minimum Green intensity to qualify
as Low Positive")

input(IN_Green_hi_pos_thresh, 1000,"Green High Positive Threshold","i","Minimum Green intensity to
qualify as High Positive™)

input(IN_max_nuc_area, 2000)

input(IN_min_nuc_area, 300)

input( IN_LowerWidthToLengthThresh, 0.3, "Lower WidthToLength Threshold™)

input(IN_Green_channel, 1,"Green Channel","i","Channel with Green Nuclear Marker")
input(IN_viability_channel, 2,"viability_channel”,"i","Channel with viability Nuclear Marker")
input(IN_Green_neg_thresh, 60,"Green False Nuclei Threshold","i","Minimum Green intensity to qualify as a

Real Nucleus™)
input(IN_Viability_thresh, 75,"Viability Threshold","i","Minimum Viability intensity to qualify as Dead")

set(Green_channel=_["IM_CH" & IN_Green_channel])

[lset(viability_channel=_["IM_CH" & IN_viability_channel])
set(viability_channel= IM_CH2)

Cite as: Cronin, S. J. F. et al. (2023). Implementation of a Drug Screening Platform to Target Gechl Expression in Injured
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Nuclei_Detection_Select(green_channel)
/IMake all the measurements before starting the object filters
set(objects=nuclei)

Calclntensity(image=Green_channel, objects=objects)
RenameAttr(Green_intensity=intensity, objects=objects)

CalclIntensity(image=viability_channel, objects=objects)
RenameAttr(viability intensity=intensity, objects=objects)

set(nuclei=objects)

CalcAttr( "Roundness™ )

CalcWidthLength()

DefineAttr( WidthToLength, "half_width / full_length" )
set(nuclei=objects)

/I Collects results for Nuclei

if (defined("all_Nuclei")) // Not the first evaluated field
AddObjects(Nuclei, objects=all_Nuclei, CheckOverlap=no)
set(all_Nuclei=objects) // Renames output from AddObjects()
else()

set(all_Nuclei=Nuclei) // The first evaluated field

end()

end() // end of the analysis of valid image fields
end() // end of the foreach loop over image fields

//Start Filtering now that we have all the nuclei collected. do imageviews of each individual classification
objectfilter(area>=IN_max_nuc_area, objects=all_Nuclei)

set(too_big=objects)

objectfilter(area<IN_max_nuc_area, objects=all_Nuclei)

set(all_Nuclei=objects)

objectfilter(area<=IN_min_nuc_area, objects=all_Nuclei)
set(too_small=objects)
objectfilter(area>IN_min_nuc_area, objects=all_Nuclei)
set(all_Nuclei=objects)

objectfilter(WidthToLength<IN_LowerWidthToLengthThresh, objects=all_Nuclei)
set(too_skinny=objects)
objectfilter(WidthToLength>=IN_LowerWidthToLengthThresh, objects=all_Nuclei)
set(all_Nuclei=objects)

objectfilter( (Green_intensity <=IN_Green_neg_thresh) , objects=all_Nuclei)
set(GreenFalseNuc=objects)

objectfilter( (Green_intensity >IN_Green_neg_thresh) , objects=all_Nuclei)
set(all_Nuclei=objects)

Cite as: Cronin, S. J. F. et al. (2023). Implementation of a Drug Screening Platform to Target Gechl Expression in Injured
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/[find all 12 phenotypic classes for each of the 3 markers (Io_pos and hi_pos for ubiq)

//GreenNeg
objectfilter( (Green_intensity <=IN_Green_lo_pos_thresh) , objects=all_Nuclei)
set(GreenNeg=objects)

objectfilter( (Green_intensity <=IN_Green_lo_pos_thresh) AND (Viability_intensity > IN_viability thresh) ,
objects=all_Nuclei)
set(GreenNeg_Dead=objects)

objectfilter ((Green_intensity <=IN_Green_lo_pos_thresh) AND (Viability intensity <= IN_viability thresh),
objects=all_Nuclei)
set(GreenNeg_Alive=objects)

/IGreenLoPos

objectfilter((Green_intensity >IN_Green_lo_pos_thresh) AND (Green_intensity <=IN_Green_hi_pos_thresh) ,
objects=all_Nuclei)

set(GreenLoPos=objects)

objectfilter((Green_intensity >IN_Green_lo_pos_thresh) AND (Green_intensity <=IN_Green_hi_pos_thresh)
AND (Viability_intensity > IN_viability_thresh), objects=all_Nuclei)
set(GreenLoPos_Dead=objects)

objectfilter((Green_intensity >IN_Green_lo_pos_thresh) AND (Green_intensity <=IN_Green_hi_pos_thresh)
AND (Viability_intensity <= IN_viability_thresh), objects=all_Nuclei)
set(GreenLoPos_Alive=objects)

/IGreenHiPos
objectfilter((Green_intensity > IN_Green_hi_pos_thresh), objects=all_Nuclei)
set(GreenHiPos=objects)

2. Divide the remaining accepted nuclei into high-intensity, low-intensity, or GFP-negative based on the average
intensities in the GFP channel (and also use non-transgenic mice to set baseline GFP levels).

3. Subgroup the cells further into alive or dead based on their PI fluorescence intensity. Only living, Pl-negative
cells are included in further analysis.

4. The following parameters will depend on the specific target gene(s) being analyzed; for Gch1-GFP, these were
individually optimized. See Notes.

5. Calculate three different parameters for each compound well: the number of high-expressing GFP neurons
(#GFPH"), the mean GFP intensity per well (mean GFP intensity), and the percentage of high-expressing GFP
neurons of total neurons identified per well (%GFPH/total nuclei).

6. For each parameter, three standard deviations above and below (%3 SD) that of the vehicle (DMSO) control
samples were scored.

7. For each threshold passed, assign the following scoring: #GFPH = 1; mean GFP intensity = 3; %GFP"/total
nuclei = 5. The total rank sum was assigned to each compound. For decreasers, compounds that acquired a
total score > 1 were considered a hit; for increasers, a stricter total score >5 was used.

Notes

1. Positive [PMA; phorbol 12-myristate 13-acetate; protein kinase C (PKC) activator], negative (Go6976; PKC
inhibitor), and appropriately diluted vehicle (DMSO) control chemicals were included as controls on each plate
to validate the algorithm thresholds and data consistency on each plate.
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2. Inour screen, Gechl-GFP expression could be classified into high and low GFP expression, as described in the
paper. We focused on the effect of compounds on the GFP-high-expressing neurons.

3. The section of the acapella script we added to the PerkinElmer supplied Multifield Analysis script is shown
above. Presumably, any image analysis scripting language that finds nuclei, measures sizes, and measures
intensity at different wavelengths could be used. Moreover, the calculations and thresholds we used to select
cells for analysis inclusion could vary with different biological experimental systems.

Recipes

1. Complete media (suggested volume to prepare: 100 mL)
DMEM + 10% FBS + L-glutamine (5 mM) + Penicillin and streptomycin (5 mM)

2. DRG media (suggested volume to prepare: 50 mL)
Neurobasal media + 50%B-27 supplement + L-glutamine (5 mM) + Penicillin and streptomycin (5 mM)
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