
IL-1α and TNF-α following compound treatment, however, for compound profiling and screening, either stimuli 
alone will work and choice of cytokine is depended on the upstream or downstream target and biology.

Plate Type
The NF-κB assay is considered a very robust HCS assay using HeLa cells and likely can be adapted to many 
different SLAS standard plate types including 384-well or even 1536-well formats, however it is recommended to 
first perform the proof of concept in a validated format such as the 96-well, as discussed within, then move to 
another well plate format. In this assay sterile 96-well tissue cultured treated Perkin Elmer (Packard) View plates 
were chosen with no extracellular matrix proteins or PDL substrate coating.

Reagent & Probes
There are a few validated assay kits and antibodies in market that can be used for this assay, or alternatively 
development of an in-house or “homebrew” assay protocol kit can be developed. In the next section, details of 
developing and comparing with a commercially available kit are described. The primary advantage of using a 
commercial kit is it is “ready to use” with “cookbook” instructions included. If just measuring a few plates, then 
this is a preferable option. The benefit of developing an in-house “homebrew” kit is to know what antibodies, 
buffers, and reagents are being used in the assay as this may not be disclosed by commercial sources of kits. In 
addition, the cost for running many plates is reduced once an in-house kit is developed. This chapter should 
reduce development time and costs. An example comparing a commercial kit with an in-house kit using 
alternative antibody sources and the process to cross validate their relative performance is described in next 
section.

Figure 9: Cell Passage Number Comparison. Different cell splitting passages of HeLa cells seeded at 5,000 cells/well overnight and 
treated with dose response of TNF-α for ~35 minutes, then fixed and stained to measure NF-κB translocation. Plates were analyzed on 
HCS imager to determine NF-κB translocation using CytoNuc Difference calculation; data was normalized to control and plotted in 
GraphPad Prism using non-linear regression 3-parameter fit.
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Note: Before beginning the assay development process determine if a fixed endpoint assay is appropriate for the 
biological question. Alternatives to the classic antibody recognition and binding approach is the use of a fusion 
protein of NF-κB with a fluorescent protein reporter such as GFP, mCherry, or HaloTag® (Promega, Madison, WI) 
are other options to consider for measuring protein function.

Commercial Kit Validation & Development of In-house “Home-Brew” Kit
The initial assay development was performed using commercial available validated kits for NF-κB. Additional, 
several different commercial available antibodies were screened for signal-to-noise ratio performance that 
targeted the p65 subunit of NF-κB (Appendix-1). Although other antibodies worked well in the evaluation, 
based on performance and comparable EC50 calculated values, the rabbit polyclonal IgG NF-κB-p65 antibody 
from Santa Cruz (SC-372) was used for assay development and validation procedures (see Figure 11).

Since the commercial kit contains other unknown and perhaps proprietary reagents, i.e., antibody, buffers, and 
reagents including PBS; PBS containing 0.5% Triton X-100; PBS containing 0.01% Tween-20 for testing and 
comparison with “in-house” buffers and commercial kit; it is always important to verify the signal-to-noise ratio 
window and insure that assay variability is not sacrificed .

Comparisons of different lots of NF-κB antibody from Santa Cruz were done at three different concentrations of 
primary antibody following stimulation with IL-1α. There were no significant differences observed (Figure 12). 
Lot-to-lot variability was evaluated several times with new antibody lot shipments and no significant differences 
in the calculated EC50 values were observed.

Figure 10: Activation of NF-κB-p65 with Different Stimuli. HeLa cells seeded at 5,000 cells/well overnight and treated with stimuli 
for 30 minutes, then fixed and labeled with NF-κB-p65-AF488 and Hoechst33342 to measure NF-κB translocation. Plates were 
analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference calculation; data expressed as raw unit values (y-
axis) from algorithm using non-linear regression 3-parameter fit was done in GraphPad Prism; standard deviation error bars (n=3) was 
removed for visualization.

786 Assay Guidance Manual



Fixation comparison of two different forms of formaldehyde solution
Formaldehyde, 37% stock solution (Sigma) and Ultra-pure Formaldehyde, methanol-free 10% stock solution 
(Polysciences) were compared. HeLa cells were treated with IL-1α for about 30 minutes, followed by 1:10 
dilution of fixation buffer in PBS for 10 minutes. An approximately 3-fold shift in the EC50 values was observed 
(Figure 13). For this assay, 3.7% formaldehyde from Sigma containing methanol was used. It is possible higher 
concentrations of Ultrapure formaldehyde may be used but this needs confirmation by testing.

Note: At the time of testing 16-20% paraformaldehyde solution was not readily available from commercial sources 
and should be considered as alternative source.

Please refer to institutional safety guideliens before working with formaldehyde; suggestions are in Safety 
Consideration Guidelines Precautions. Formaldehyde is specifically regulated by OSHA, so be sure you are in 
compliance with the OSHA standard (http://www.osha.gov/pls/oshaweb/owadisp.show_document?
p_id=10075&p_table=STANDARDS).

Stability and Lot Variability of Cytokines
Variability of cytokines lots were measured to determine variability of the assay if new reagents were introduced 
to the assay during the screening campaign or used in subsequent screens. Please note, it is highly recommended 
to order all reagents before the start of the experiment and/or screen. From this experiment and several other 
experiments, both IL-1α (data not shown) and TNF-α EC50 responses and calculated EC50 values indicated very 
high reproducibility (Figure 14). In addition, the activity and stability of cytokine performance was measured 
after one or more freeze-thaw cycles (Figure 15).

Figure 11: Comparison of Commercial and HomeBrew Buffers. HeLa cells seeded at 5,000 cells/well overnight and treated with dose 
response of IL-1α for ~35 minutes, then fixed and stained to measure NF-κB translocation using SC-372 antibody. Plates were analyzed 
on HCS imager to determine NF-κB translocation using CytoNuc Difference calculation; data was normalized to control and plotted in 
GraphPad Prism using non-linear regression 3-parameter fit.
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Figure 12: Lot-to-Lot Variability Comparison of Santa Cruz SC-372 NF-κB-p65 Antibody. HeLa cells seeded at 5,000 cells/well 
overnight and treated with dose response of IL-1α for ~35 minutes, then fixed and stained to measure NF-κB translocation using two 
different lots of SC-372 antibody and at different concentration dilutions. Plates were analyzed on HCS imager to determine NF-κB 
translocation using CytoNuc Difference calculation; data was not normalized and plotted with “raw” numbers in GraphPad Prism.

Figure 13: Comparison of Formaldehyde Fixatives. HeLa cells seeded at 5,000 cells/well overnight and treated with either dose 
response of IL-1α (left) or TNF-α (right) for ~35 minutes, then fixed with either 3.7% formaldehyde or 1% Ultrapure Formaldehyde 
and stained to measure NF-κB translocation. Plates were analyzed on HCS imager to determine NF-κB translocation using CytoNuc 
Difference calculation; data was normalized to control and plotted in GraphPad Prism using non-linear regression 3-parameter fit.
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Stability of NF-κB detection in cells following fixation
The NF-κB protein in HeLa cells is stable for several days at 4°C prior to staining with NF-κB antibody following 
fixation with 3.7% formaldehyde for 10 minutes, washed and stored in PBS. This provides flexibility in screening 
operations if a “Stop Point” is required in the workflow. It is recommended that cells stained with NF-κB 
antibody be imaged as soon as possible, and not to exceed 14-days (Figure 16). For logisitics in screening 
operations including robotics, liquid handling, and cell plate handling to reduce flutations in pH and 
temperature, 35 minutes was choosen.

Figure 14: Lot variability of tumor necrosis factor alpha. HeLa cells seeded at 5,000 cells/well overnight and treated with dose 
response of TNF-α for ~35 minutes, then fixed and stained to measure NF-κB translocation. Plates were analyzed on HCS imager to 
determine NF-κB translocation using CytoNuc Difference calculation; data was normalized to control and plotted in GraphPad Prism 
using non-linear regression 3-parameter fit.

Figure 15: Stability of cytokines following multiple freeze-thaw cycles. Following the reconstitution of the cytokine per manufacture 
suggestion, cytokine reagents were store at –80oC, and then allowed to thaw at room temperature before use. Samples were then re-
frozen at –80oC multiple times. Translocation of NF-kB was performed on HeLa cells following treatment with IL-1α (left) or TNF-α 
(right) as previously described and data was normalized to control and plotted in GraphPad Prism using non-linear regression 3-
parameter fit.

NF-κB Translocation Assay Development and Validation for High Content Screening 789



Time Course of Cytokine Stimulation
Determine the optimal time window for NF-κB translocation by performing a time dependent stimulation with 
known stimuli. HeLa cells seeded at 5,000 cells/well in a 96-well plate overnight were then treated with 50 ηg/ml 
of IL-1α to establish a time course for activation and redistribution of NF-κB. Following incubation with 
cytokine, cells were fixed at different times and then labeled with NF-κB antibody using an indirect staining 
method with secondary fluorescent antibody. Images of cells expressing fluorescent antibody are captured using 
HCS imager and analyzed for NF-κB expression. Time ½ = 24 minutes (Figure 17). Based on these results 30-60 
minutes proved to be an excellent window to capture NF-κB translocation.

Effects of Serum
HeLa cells treated with cytokines IL-1α and TNF-α were tested with different concentrations of fetal bovine 
serum (FBS) to determine if serum affects the assay performance and window. While the assay window did not 
diminish with concentration of serum, the sensitivity of cytokine stimulation as calculated by EC50 values of 
NF-κB translocation was significantly different; IL-1α sensitivity with 0.5% FBS increased ~3-fold as compared 
to 10%FBS, while TNF-α sensitivity increased by ~ 2.5-fold using 0.5%FBS as compared to 10%FBS (see Figure 
18). Based on this data and subsequent data 0.5% FBS concentration was chosen for validation experiments.

DMSO Tolerance
HeLa cells seeded at 5,000 cells/well in 100µL media containing 0.5%FBS were allowed to attach overnight. Cells 
were then incubated with DMSO concentrations up to 10% for 30 minutes (2X the dosing time for compound 

Figure 16: Stability of NF-kB-p65-AF488 complex post staining and fixation. Using several plates, HeLa cells seeded at 5,000 cells/
well overnight and treated with 25ηg/ml of TNF-α for ~35 minutes, then fixed and stained to measure NF-κB translocation at the 
maximum signal. At different time points (days), plates were analyzed on HCS imager to determine NF-κB translocation fluorescent 
intensity measurements using CytoNuc Difference calculation; raw data was used and plotted for comparison.
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treatment) followed by 30-minute incubation of cytokine. The increase and subsequent decrease in signal at 
DMSO concentrations greater than 1% on the graph is a result in change in cell morphology and cytotoxicity 
respectively (Figure 19). At 5% DMSO, the cell’s cytoplasm area shrunk as a result of increase in nuclear size, 

Figure 17: NF-κB Translocation time course kinetics. HeLa cells seeded at 5,000 cells/well overnight and treated with 25ηg/ml of 
IL-1α over time, at 5 or 10 time minute intervals, cells were fixed and then stained to measure NF-κB translocation. Plates were 
analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference calculation; data was normalized and plotted in 
GraphPad Prism using non-linear regression one-site binding to calculate the ½ time response, 24 minutes.

Figure 18: NF-κB translocation effects from serum concentrations. HeLa cells seeded at 5,000 cells/well overnight in 10% Fetal 
Bovine Serum (FBS), were then removed from complete serum by washing with serum-free media and replaced with 0.5%, 1%, 2%, or 
10% FBS and treated with dose response of either IL-1α (left) or TNF-α (right) for ~35 minutes. Cells were then fixed and stained to 
measure NF-κB translocation. Plates were analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference 
calculation; data was normalized and plotted in GraphPad Prism using non-linear regression 3-parameter fit.
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thus the image analysis algorithm measurement is reflective in the data showing an increase in CytoNuc 
translocation (see figure 19). At 10% DMSO, the cells are fragmented, dissociated, or detached from the plate 
and therefore not possible to quantify cytoplasm or nuclear fluorescent expression.

Reference Compounds

Dosing Time of compounds on Cells
It is highly recommended to pre-determine the duration of exposure dose of an inhibitor compound prior to 
stimulation with secondary stimuli such as cytokines or growth factors. Please keep in mind and consider the 
following:

• Is it possible to co-add the inhibitor compound and stimuli simultaneously?
• How does this affect the S:N window or assay variability?
• Is a pre-incubation required to maximize window and assay variability?
• Is there an advantage for the workflow in screening operations?

For this assay a 15 minute pre-incubation of inhibitor compound was chosen to make certain the compound 
exposure to the cells was saturated prior to stimulating with cytokines. Comparative data suggests simultaneous 
co-addition of both the inhibitor compound and stimuli does not affect the performance of the assay window 
(data not shown). But keep in mind these are reference compounds and unknown chemicals in a compound 
library may not readily penetrate cells before NF-κB is activated.

Inhibitors of NF-κB Pathway
There are several known inhibitors of NF-κB pathway that have been published such as Bayer’s compound, BAY 
11-7085, which was initially selected as the control inhibitor reference compound for assay development and 
validation because it was commercially available and showed IC50 activity of about 10 μM (Figure 20). 
Additionally there were two compounds identified in-house named IK101 and IK202 with improved potency. 
These compounds were chosen as reference compounds in the assay validation, although BAY 11-7085 and BAY 
11-7082 compounds both could serve as reference compounds. The IK101 and IK202 compounds, with IC50 
values of less than 2 μM and 0.3 μM, respectively, were used for demonstration and performance for assay 
validation purposes (Figure 21). Inhibitor compounds were pre-incubated with cells for 15 minutes followed by 
cytokine addition for about 30 minutes.

Reference Compound Stability of Freeze-Thaw Cycles
HeLa cells treated with reference compounds (IK101 or IK202) that underwent multiple freeze-thaw cycles over 
a course of several weeks were tested for stability and/or loss of activity. Compounds were dissolved in 100% 
DMSO and aliquoted in cryovials and stored at –80°C for later use. After up to 10 freeze-thaw cycles there is no 
significant evidence of loss of compound activity (Figure 22).

Performance and Validation Pre-Screen
Following the optimization in the prior steps it is critical to validate the process procedure for screening 
operations before testing unknown chemicals. In Figure 23 and Figure 24, the reproducibility of cytokine stimuli 
is determined over a course of three independent assays and at least 3 different days to mimic the time it may 
take to screen an entire library. This requires independent harvesting of cells from flasks, cell seeding, and so on 
over 3 or more days. In Figure 25, the reference compound inhibitor IK202 was tested for reproducibility over 3 
independent experiments, again to mimic screening operations. The results were acceptable for proceeding with 
Z-factor determination.
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To determine the robustness and variability of single dose addition across the entire plate using liquid handling 
and robotics, at least 2 full plates with minimum and maximum responses are required to calculate a Z-factor. Z-
factor is calculate using the formula 1- [3*(standard deviation of positive control + standard deviation of 
negative control) / (mean of positive control – mean of negative control)] (33). The values from the Z-factor are 
indicative of the variability of the data, values of less than 0 is considered too much overlap in the positive and 
negative signal; 0 – 0.5 is considered a marginal assay and 0.5 – 1 is considered an excellent assay.

For the NF-κB assay, the maximum response (Max or positive) is cytokine addition and the minimum (Min or 
negative) response is the reference compound inhibitor, i.e., IK202 + cytokine. Additional a Mid response can be 
added to verify ~50% reduction in the assay window. As mentioned earlier and throughout this chapter 
measuring translocation of NF-κB with HCS can use one or more HCS data features, namely intensities of the 
Cytoplasm-Nucleus Difference (CytoNuc Diff) or the Nucleus to Cytoplasm Ratio (Nuc/Cyt Ratio). In Figure 26 
(IL-1α) and Figure 27 (TNF-α), both the CytoNuc Diff and Nuc/Cyt Ratio is reported. Interestingly, the TNF-α 
stimuli showed equivalent Z-factor values, however, the IL-1α stimuli Z-factor was significantly different; the 
CytoNuc Diff was 0.76 and the Nuc/Cyt Ratio was 0.64. Both are considered excellent screenable assays.

Figure 19: DMSO tolerance. HeLa cells seeded at 5,000 cells/well overnight and treated DMSO for 15 minutes followed by stimulation 
with either media only containing 0.5% FBS, 25ηg/ml IL-1α, or 25ηg/ml TNF-α for ~35 minutes. Cells were then fixed and stained to 
measure NF-κB translocation. Plates were analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference 
calculation; raw data was used and plotted for comparison (top) and images captured using 10X/0.3NA objective (bottom) show 
differences in concentration.

NF-κB Translocation Assay Development and Validation for High Content Screening 793



Reagents for assay are listed in Table 3.

Figure 20: BAY 11-7085 structure and NF-κB translocation inhibition experimental variability. From 3 experiments, HeLa cells 
seeded at 5,000 cells/well overnight and treated in dose response with reference compound inhibitor, BAY11-7085 for 15 minutes 
followed by stimulation with 25ηg/ml TNF-α for ~35 minutes. Cells were then fixed and stained to measure NF-κB translocation. 
Plates were analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference calculation; data was normalized 
and plotted in GraphPad Prism using non-linear regression 3-parameter fit.

Figure 21: Comparison of NF-κB translocation inhibition using reference compound inhibitor compounds BAY 11-7085, IK101 and 
IK202. HeLa cells seeded at 5,000 cells/well overnight and treated in dose response with reference compound inhibitors, BAY11-7085, 
IK101, or IK202 for 15 minutes followed by stimulation with 25ηg/ml TNF-α for ~35 minutes. Cells were then fixed and stained to 
measure NF-κB translocation. Plates were analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference 
calculation; data was normalized to control and plotted in GraphPad Prism using non-linear regression 3-parameter fit.
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Figure 22: Freeze-thaw cycle stability of reference compound inhibitors IK101 and IK202. Reference inhibitor compounds were 
made at 10mM in DMSO and stored at –80oC, and then allowed to thaw at room temperature before use. Compound vial samples were 
then re-frozen at –80oC multiple times following thaw. HeLa cells seeded at 5,000 cells/well overnight and treated in dose response 
with reference compound inhibitors IK101 (left) or IK202 (right) for 15 minutes followed by stimulation with 25ηg/ml TNF-α for ~35 
minutes. Cells were then fixed and stained to measure NF-κB translocation. Plates were analyzed on HCS imager to determine NF-κB 
translocation using CytoNuc Difference calculation; data was normalized to control and plotted in GraphPad Prism using non-linear 
regression 3-parameter fit.
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Figure 23: IL-1α dose response experimental variability. HeLa cells seeded at 5,000 cells/well overnight and treated with IL-1α in 
dose response for ~35 minutes were fixed and then stained to measure NF-κB translocation. Plates were analyzed on HCS imager to 
determine NF-κB translocation using CytoNuc Difference calculation; data was normalized and plotted in GraphPad Prism using non-
linear regression 3-parameter fit.
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Figure 24: TNF-α dose response experimental variability. HeLa cells seeded at 5,000 cells/well overnight and treated with TNF-α in 
dose response for ~35 minutes were fixed and then stained to measure NF-κB translocation. Plates were analyzed on HCS imager to 
determine NF-κB translocation using CytoNuc Difference calculation; data was normalized and plotted in GraphPad Prism using non-
linear regression 3-parameter fit.
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Figure 25: Reference compound inhibitor IK202 dose response 3 day experimental variability. HeLa cells seeded at 5,000 cells/well 
overnight and treated in dose response with reference compound inhibitors IK202 for 15 minutes followed by stimulation with 
25ηg/ml TNF-α for ~35 minutes. Cells were then fixed and stained to measure NF-κB translocation. Plates were analyzed on HCS 
imager to determine NF-κB translocation using CytoNuc Difference calculation; data was normalized to control and plotted in 
GraphPad Prism using non-linear regression 3-parameter fit.
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Figure 26: NF-κB translocation IL-1α stimuli Z-factor calculation & graph display. HeLa cells seeded at 5,000 cells/well overnight 
into 3 different 96-well plates were treated with 0.5% DMSO for maximum response (Red), media for unstimulated (green), and 
reference compound inhibitors IK202, 50µM for minimum response (blue) for 15 minutes followed by stimulation with 25ηg/ml IL-1α 
for ~35 minutes. Cells were then fixed and labeled to measure NF-κB translocation. Plates were analyzed on HCS imager to determine 
NF-κB translocation using CytoNuc Difference (Panel A) or Nuc/Cyt Ratio (Panel B) calculation. Raw data values from HCS 
instrument were used to calculate the mean response (left axis) and standard deviation (right axis). Z-factor was calculate using the 
formula 1- [3*(standard deviation of positive control + standard deviation of negative control) / (mean of positive control – mean of 
negative control)] (33).
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Table 3: List of materials and reagents

Reagents Vendor Cat #

Alexa 488 goat anti-rabbit IgG (H+L, 2 mg/ml Invitrogen A-11008

Albumin from Bovine Serum (BSA) Sigma A-2153

Dimethylsufloxide (DMSO), 78.13 g/mole Thermo 20684

Figure 27: NF-κB translocation TNF-α stimuli Z-factor calculation & graph display. HeLa cells seeded at 5,000 cells/well overnight 
into 3 different 96-well plates were treated with 0.5% DMSO for maximum response (Red), media for unstimulated (green), and 
reference compound inhibitors IK202, 50µM for minimum response (blue) for 15 minutes followed by stimulation with 25ηg/ml TNF-
α for ~35 minutes. Cells were then fixed and labeled to measure NF-κB translocation. Plates were analyzed on HCS imager to 
determine NF-κB translocation using CytoNuc Difference (Panel A) or Nuc/Cyt Ratio (Panel B) calculation. Raw data values from 
HCS instrument were used to calculate the mean response (left axis) and standard deviation (right axis). Z-factor was calculated as 
previously described.
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Table 3 continued from previous page.

Reagents Vendor Cat #

DPBS (PBS), Mg2+ and Ca2+ free Lonza 17-512Q

Fetal Bovine Serum, Defined Thermo Sh30070

Formaldehyde, 37% Sigma F-1268

*Formaldehyde, Ultrapure, MeOH free, 10% Polysciences 04018

*Paraformaldehyde, Ultrapure, MeOH free, 16% Polysciences 18814-20

HeLa cells ATCC CCL-2

Hoehst 33342 Invitrogen H-21492

L-Glutamine, 200 mM Lonza 17-605E

Minimum Essential Medium Eagle (EMEM) Lonza 12-662F

NF-κB p65 (C-20) Rabbit Polyclonal IgG, 200 µg/ml Santa Cruz SC-372

Penicillin/Streptomycin, 10000 Units Lonza 17-602E

Polyoxyethylensorbitan monolaurate (Tween-20) 10% Roche 1332465

Recombinant Interleukin -1α (rh IL-1α) R&D Systems 200-LA

Recombinant Tumor Necrosis Factor-α (rh TNF-α) R&D Systems 210-TA

t-Octylphenoxypoly-ethoxyethanol (Triton X-100), 10% Roche 1332481

Trypsin-EDTA, 1X (0.05%) Invitrogen/Gibco 25300-054

Water, Reverse Osmosis (RO-H2O) House

Reference Compound(s)

BAY 11-7082 Enzo BML-EI278

BAY 11-7085 Enzo BML-EI279

Consumables

12-Place Dilution Reservoir USA Scientific 1301-1212

150 cm2 Cell Culture Flask (T-150) Corning 430825

96-well Packard View Plates Perkin Elmer 6005182

96-well V-bottom Plates Nunc 245128

Backing Tape, Black Perkin Elmer 6005189

Cell Strainer, 70 µM BD Falcon 352350

Plate Seals Excel Scientific 100-SEAL-PLT

Reagent Reservoir, 50 ml Corning (Costar) 4870

Storage Mats, 96-well plate Corning (Costar) 3092

* Alternative fixative solution; recommend a final solution of 4% paraformaldehyde but test in assay model to verify performance.

Preparation of Stock Reagents:
1. Reference compound (IK202), 10 mM: Make a 10mM stock solution by dissolving 10mg IK202 

compound (MW=202.3) into 4.95 ml DMSO. Store at –80°C.
2. Hoechst 33342, 2 mg/ml: Make a 2 mg/ml stock solution by dissolving in 100% DMSO. Protect from 

light. Store aliquots at -80°C ~indefinitely.
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3. IL-1α, 10 µg/ml: Make a 10 μg/ml stock solution by dissolving in PBS containing 0.1% BSA. Store aliquots 
at -80°C for up to 6 months.

4. TNF-α, 10 µg/ml: Make a 10 μg/ml stock solution by dissolving in PBS containing 0.1% BSA. Store 
aliquots at -80°C for up to 6 months.

Working Solutions per 96-well Plate (Prepared daily)
1. Inhibitor compound: Dilute in EMEM media without serum at 5X final concentration (50 μM final at 250 

μM). For IK202 compound, dilute 25 μl of 10mM stock into 1ml of EMEM media. Note final DMSO 
concentration should not exceed 1%.

2. IL-1α: Make working solution at 6X (150ηg/ml) the final assay concentration, which is 25ηg/ml. Dilute 15 
μl of 10 μg/ml cytokine into every 1ml of EMEM media needed to complete the assay. For one 96-well 
plate dilute 45 μl of 10 μg/ml cytokine stock in 3ml of EMEM. Note, for EC50, start at 40ηg/ml final and 
dilute 1:3 in PBS or medium. For time course or kinetics study, use 25 ηg/ml.

3. TNF-α: Make working solution at 6X (150ηg/ml) the final assay concentration, which is 25ηg/ml. Dilute 
15 μl of 10 μg/ml cytokine into every 1ml of EMEM media needed to complete the assay. For one 96-well 
plate dilute 45 μl of 10 μg/ml cytokine stock in 3ml of EMEM. Note, for EC50, start at 40 ηg/ml final and 
dilute 1:3 in PBS or medium. For time course or kinetics study, use 25 ηg/ml.

4. Formaldehyde: Dilute 37% formaldehyde 1:10 with PBS. Warm to 37°C before use, this must be prepared 
fresh with each assay run.

5. 0.1% Triton X-100: Dilute 250 µl of 10% Triton X-100 in 24.75 ml of PBS. Prepare fresh daily.
6. 0.01% Tween-20: Dilute 50 μl of 10% Tween-20 in 50ml of PBS. Prepare fresh daily.
7. Primary Rabbit anti-NF-κB-p65 polyclonal antibody: Make 5 μg/ml 1o antibody solution by diluting 

antibody 1:40 in PBS (137.5 μl of antibody into 5.5ml of PBS). Prepare fresh daily.
8. Goat anti-Rabbit Alexa-488 Secondary Antibody / Hoechst Stain: Make a 10 μg/ml 2o antibody solution 

by diluting antibody 1:400 in PBS (27.5 μl of 2o antibody into 5.5ml of PBS). Add 5.5 μl of 2 mg/ml 
Hoechst 33342 stock solution for a 2 μg/ml solution (1:1000 dilution). Prepare fresh daily and protect 
from light.

Plate Layout
Plate controls used as experimental references can be placed in any wells throughout the plate as long as the 
“data analysis calculator” is programmed to interrupt the plate layout conditions and concentrations of 
compound. For simplicity and a guideline use the example plate layout illustrated in Box 1 with controls on the 
outside columns and all test compounds in the center of the plate. Edge effects for the assay are minimal because 
of the short incubation period.
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Box 1: Example of a Plate Layout.

Protocol for finding Inhibitors (Antagonist) in the NF-κB Pathway
Note: All washes and buffers are at 100μl unless indicated otherwise.Assays can be performed with automated 
hand-held pipettes for less than 10-plates. For more than 10-plates it is recommended to use automated plate 
washers and liquid handling devices.

Day-1 

1. Seed approximately 5,000 cells/well in 100 μl volume of EMEM media containing 0.5% FBS, 2 mM L-
Glutamine in 96-well plate (recommend using automated cell dispensing device for uniformity)

2. Allow cells to attach overnight in complete medium at 37°C, 5% CO2, 95% relative humidity.

Day-2 

3. Transfer 25 μl 37°C pre-warmed compound from v-bottom compound plates to cell plate using automated 
liquid handling device.

4. Incubate for 15 minutes at 37°C, 5% CO2, 95% relative humidity.

5. Transfer 25 μl 37°C pre-warmed cytokine (IL-1α or TNF-α) from v-bottom compound plates to cell plate 
using automated liquid handling device.

6. Incubate for 35 minutes at 37°C, 5% CO2, 95% relative humidity.

7. Remove all media using hand-held aspirator or with automated liquid handling device.

Note: option to add high concentration of fixative directly to the cells or remove media and add final concentration 
of fixative buffer.

8. Immediately fix cells by adding 100 μl of “pre-warmed” 3.7% formaldehyde solution in a vented hood or with 
an automated liquid handling device.

9. Incubate at room temperature for 10 minutes with plate lid.

10. Remove formaldehyde and replace with 100 μl of PBS using an automated liquid handling device. Please read 
safety precautions before working with formaldehyde.
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Note: At this step, you can stop the experiment and store plate at 4oC for several days by filling wells with salt 
solution and sealing to prevent evaporation.

11. Add 100 μl of 0.1% Triton X-100/PBS working solution and incubate 5 minutes at room temperature (RT). 
Use automated liquid handling device as needed.

12. Wash plate 2X with 100 μl PBS at RT, leaving PBS on cells.

13. Use 96-head aspirator to remove buffer or use an automated liquid handling device. DO NOT ALLOW 
WELLS TO DRY.

14. Immediately add 50 μl of 1o antibody using hand-held pipettor or automated liquid handling device. 
Incubate for 60 min at RT.

15. Remove antibody and discard. Wash plate 1X with 100 μl of 0.01% Tween 20/PBS.

16. Incubate for 15 minutes at RT.

17. Wash 2X with 100 μl PBS at RT, leaving PBS on cells.

18. Use 96-head aspirator or automated liquid handling device to remove buffer. DO NOT ALLOW WELLS TO 
DRY.

19. Immediately add 50 μl of 2o antibody containing Hoechst dye per well.

20. Incubate 1-hour in the dark at RT. Protect from light by using black tape plate lids or foil.

21. Wash with 100 μl of 0.01% Tween20/PBS. Incubate for 10 minutes at RT.

22. Wash plate with 100 μl PBS at RT

23. Add 200 μl PBS and seal plates.

24. Analyze plates on High Content Imaging device. If required, plates can be store at 4oC in dark for future 
analysis. Do not freeze plates.

Protocol for Activators (Agonist) of NFκB Pathway
Note: All washes and buffers are at 100 μl unless indicated otherwise.Assays can be performed with automated 
hand-held pipettes such as Matrix for less than 10-plates. For more than 10-plates, automated plate washers, 
Multidrop, or MultiMek should be used.

Day-1

1. Plate approximately 5,000 cells/well in 100 μl volume of EMEM media containing 0.5% FBS, 2mM L-
Glutamine in 96-well plate (Multidrop)

2. Allow cells to attach overnight in complete medium at 37°C, 5% CO2, 95% relative humidity.

Day-2

1. Transfer 25 μl of 37°C pre-warmed unknown agonist or known agonist such as cytokines (IL-1α or TNF-
α) from v-bottom compound plates to cell plate using automated liquid handling device.

2. Incubate for 35 minutes at 37°C, 5% CO2, 95% relative humidity.
3. Remove all media using hand-held aspirator or with automated liquid handling device.

Note: option to add high concentration of fixative directly to the cells or remove media and add final concentration 
of fixative buffer.
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4. Immediately fix cells by adding 100 μl of “pre-warmed” 3.7% formaldehyde solution in vented hood or with an 
automated liquid handling device.

5. Incubate at room temperature for 10 minutes with plate lid.

6. Remove formaldehyde and replace with 100 μl of PBS using an automated liquid handling device. Please read 
safety precautions before working with formaldehyde.

Note: At this step, you can stop the experiment and store plate at 4oC for several days by filling wells with salt 
solution and sealing to prevent evaporation.

7. Add 100 μl of 0.1% Triton X-100/PBS working solution and incubate 5 minutes at room temperature (RT). 
Use automated liquid handling device as needed.

8. Wash plate 2X with 100 μl PBS at RT, leaving PBS on cells.

9. Use 96-head aspirator to remove buffer or use an automated liquid handling device. DO NOT ALLOW 
WELLS TO DRY.

10. Immediately add 50 μl of 1o antibody using hand-held pipettor or automated liquid handling device. 
Incubate for 60 minutes at RT.

11. Remove antibody and discard. Wash plate 1X with 100 μl of 0.01% Tween20/PBS.

12. Incubate for 15 minutes at RT.

13. Wash 2X with 100 μl PBS at RT, leaving PBS on cells.

14. Use 96-head aspirator or automated liquid handling device to remove buffer. DO NOT ALLOW WELLS TO 
DRY.

15. Immediately add 50 μl of 2o antibody containing Hoechst dye per well.

16. Incubate for 1-hour in the dark at RT. Protect from light by using black tape plate lids or foil.

17. Wash with 100 μl of 0.01% Tween20/PBS. Incubate for 10 minutes at RT.

18. Wash plate with 100 μl PBS at RT

19. Add 200 μl PBS and seal plates.

20. Analyze plates on High Content Imaging device. If required plates can be store at 4oC in dark for future 
analysis. Do not freeze plates.

Note: Cells will respond to cytokines in the presence of serum and NF-κB will translocate to nucleus. For step-3, 
be sure to adjust either the volume of medium or the amount of cytokine.

Logistics Analysis of Protocol
1. Projected # plates/day: state number of plates that can be processed per day
2. Suggested equipment: automated cell dispensing devices, automated liquid handling devices, 96-well 

aspirator, HCS imager
3. Timing issues, stop points: After fixation step
4. Stability and process studies: Compound and cytokine freeze-thaw stability acceptable
5. Dealing with multiple lots of reagents: None
6. Reagent and supplies availability: None
7. Flow Chart: None
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8. Safety considerations: Example, formaldehyde use, see appendix-6
9. Data Collection Issues: state electronic location of data storage
10. Estimated throughput: state number of plates that can be processed per day
11. Batching Plates/Stop Points:
12. 3.7% formaldehyde fixation – STOP POINT - plates can be stored for several days at 4oC in PBS.
13. Permeabilization with 0.1% Triton X-100 – BATCHING – handle as many plates that can be processed 

under 15-minute incubation period.
14. Wash steps – BATCHING – do not allow wells to dry and do not introduce air bubbles during wash and 

aspiration steps. Handle one plate at a time unless automation devices are used.
15. Post staining, after plate is sealed – STOP POINT – store plates at 4oC in the dark and read on HCS 

Imager within 14-days.

Cell Based Screen
1. Cell Handling for HeLa cells

a. Cell Bank – location of cells in the cell bank
b. Continuous Passage – Yes, maximum passage is not known.
c. Transfection – No
d. Proposed Schedule – continuous passage
e. Cell Culturing Guidelines:

i. Subculturing: Remove medium, and rinse with PBS. Remove the solution and rinse cell 
monolayer with Trypsin-EDTA solution. Remove and allow flask to sit at room 
temperature for 3-5 minutes or until the cells round up. Lightly tap flask to detach cells.
Add fresh culture medium containing at least 0.5%FBS, aspirate and dispense into new 
culture flasks.

ii. Split Ratio: A subcultivation ratio from 1:2 to 1:10 is recommended
iii. Fluid Renewal: 2 to 3 times per week

2. Propagation: Suggested medium: Minimum essential medium Eagle with 2 mM L-glutamine, fetal bovine 
serum, 10%; 1% (100Units/ml) Penicillin/Streptomycin. 
Temperature: 37°C , 5%CO2

3. Freeze Medium: culture medium 90%; DMSO, 10%

Compound Libraries
It is recommended to use a library of compounds to test the sensitivity and robustness of the assay for both 
negative and positive responses. There is a unique NF-κB inhibitor set of 14 -compounds available from 
Calibiochem (Cat#481487 InhibitorSelect™ NF-κB Signaling Pathway Inhibitor Panel). There are now 4 versions 
of this library with the latter ones containing IκK inhibitors. Additional there are other larger compound library 
collections commercially available for purchase including LOPAC. For this assay the Calbiochem kinase Library, 
otherwise known as the Millipore EMD 539744 InhibitorSelect™ 96-Well Protein Kinase Inhibitor Library-I was 
the only commercial library available. Interestingly, this 80 chemical compound library contains no NF-κB or 
IκK inhibitor compounds and this is reflected in the results. For single point determination at 50 μM, two 
compounds showed an increase in NF-κB CytoNuc difference was a result in changes in the morphological 
characteristics of the cell in assay both with IL-1α and TNF-α stimulation (Figures 28 and 29). No activates were 
confirmed with IL-1α or TNF-α stimulation IC50 curves follow-ups from 50μM, 3-fold in duplicates.
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Other Considerations

Detection of Cytotoxicity and Fluorescent Compounds in NF-kB Translocation 
Assay
One of the powers of HCS is providing the capability to measure morpohological and intensities of bioprobe 
markers at the single cell level. The combination of these capapbilites allows the ability to measure cell 
populations and subpopulations captured in the image. If a compound dosing concentration is the direct or 
indirect cause of cytotoxicity it is often measureable with good precision by using population statistics of the 
number of cell objects detected in the well in comparison to a vehicle control well. Optional, cytotoxic and viable 
dyes can be used in combination with the biomarker indicator as an reporter. HeLa cells seeded overnight, then 
pre-incubated with 10-point compound dose response starting at 50µM, ½ log for 15 minutes and susequently 
treated with TNF-α for 35 minutes, were staiend with NFkB antibody as previously described. The inhibition of 
NF-κB in the presence of the known reference compound recorded an IC50 of 0.2095 µM using 3-parametric fit 

Figure 28: Results from Calbiochem kinase library (EMD 539744 InhibitorSelect™) screen. HeLa cells seeded at 5,000 cells/well 
overnight and dosed with a single dose of 50µM compound for 15 minutes followed by stimulation with 25ηg/ml TNF-α for ~35 
minutes. Cells were then fixed and labeled to measure NF-κB translocation. Plates were analyzed on HCS imager to determine NF-κB 
translocation using CytoNuc Difference calculation. Raw data values from HCS instrument were used to calculate the mean response. 
Controls represented as “red squares” and compound tested shown in “blue triangles”. Green line represents ~50% activity; points 
below this line are considered “hits”. No inhibitors were confirmed; one compound showed an increase in NF-κB Nuc-Cyt difference 
that was a result in changes in the morphological characteristics of the cell in assay both with IL-1α and TNF-α stimulation. Images not 
shown.
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in GraphPad Prism, whereas the unknown inhibitor compounds recored and IC50 of 0.2679 µM and 0.6685 µM. 
The differences in these values is somewhat subtle in the curve fitting; however, the key differences is observed in 

Figure 29: Reference compound and unknown inhibitor dose response with corresponding images. Top panel is a comparison of 
reference compound inhibitor and two unknown inhibitors identified as actives in screen. HeLa cells seeded at 5,000 cells/well 
overnight and treated in dose response with reference compound inhibitors IK202 or two unknown inhibitor compounds for 15 
minutes followed by stimulation with 25ηg/ml TNF-α for ~35 minutes. Cells were then fixed and stained to measure NF-κB 
translocation. Plates were analyzed on HCS imager to determine NF-κB translocation using CytoNuc Difference calculation; data was 
normalized to control and plotted in GraphPad Prism using non-linear regression 3-parameter fit. Bottom panel of images: (A) vehicleI 
DMSO) control; (B) TNF-α, 25ηg/ml control; (C) IK202, 50µM reference compound inhibitor; (D) Unknown inhibitor compound-1, 
0.62µM; (E) Unknown inhibitor compound-1, 16.7µM; (F) Unknown inhibitor compound-1, 50µM; (G) Unknown inhibitor 
compound-2, 0.62µM; (H) Unknown inhibitor compound-2, 16.7µM; (I) Unknown inhibitor compound-2, 50µM.
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the loss of cells with increasing concentration of the compound above the recorded IC50 value. It is important to 
always review and recored the number of cellular objects, fields, or other HCI feature parameters that provide 
information about an alteration in the cell seeding density in the well in addition to other key HCS feature values 
including reviewing the images to validate the results (Figure 30).

To determine if an unknown compound(s) is fluorescent in the visible spectra when screening a chemical 
compound library using HCS assays can be achived by using intensity measurements in the nucleus or 
cytoplasm regions of interests (ROI). These compounds can create a false positive and are not commonly 
identified until follow ups are underway in protein redistrubution assay such as NFkB where fluorescence can 
occupy both the cytoplasm and nuclear ROI. If a suspect compound is thought to be fluorescent in the HCS 
assay, this can verify using a high content imager by measuring the baseline autofluorescence of cells using 
vehicle control, then measure any increase in fluorescence following compound treatment. Evidence of 
compound fluorescence in the cells is typically observable using fluoresent mcirscopy images not shown.

Screening Commercially Available NF-κB Antibodies (Appendix 
1)
NF-κB Antibody Staining (Santa Cruz, SC-372)

Secondary labeling concentration; 1, 10, 20μg/ml.

Graph of commercially available antibodies evaluated

X-axis represents 1oAb concentration with 10μg/ml 2oAb;

Y-axis represents average fluorescent intensity of NF-κB difference between the cytoplasm and nucleus 
subtracted from the 2oAb control. Values listed below x-axis are the raw data (CytoNuc Diff).
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Figure 30: SpotFire 3-D graph visulaization: well level plate HCS features showing separation between normal cell distrubution, 
altered morhology, or cell loss and/or cytotoxic effects. X axis = number of valid fields; Y axis = valid object count; Z axis = average cell 
density/field
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Safety Considerations: Guidelines & Precautions (Appendix 2)
Please follow institutional laboratory safety considerations and special precautions with regard to formaldehyde 
and paraformaldehyde use. Training is commonly required for all personnel using formaldehyde and 
paraformaldehyde

Formaldehyde and Paraformaldehyde Use Guidelines in the Laboratory:
1. All stock solutions greater than 4% must be maintained in a fume hood.
2. Working solution of less than 4% and less than 37°C can be used in the following areas:

⚬ Fume hood
⚬ Biosafety cabinet
⚬ Automation liquid handling robots with standard setup with <4% formaldehyde solution in 

appropriate reservoir positions. Following addition of formaldehyde, plate lids must cover open 
plates to minimize formaldehyde exposure during a 10-15 minute incubation period. Transfer of 
formaldehyde to and from the liquid handling robot reservoir requires a safety container that is 
larger than the stock reservoir container to collect any spill. It is recommended that the volume of 
working solution of formaldehyde does not exceed 100ml at any given time. If additional 
formaldehyde solution volume is required than add as needed.

3. Transport of formaldehyde working solution between laboratories and pre-warming to 37°C requires 
standard lid cover to prevent potential exposure.

4. Formaldehyde waste should be less than 0.1% before it is discarded; be sure to verify per institution or 
government ordinance.

5. Formaldehyde mixture with DMSO requires normal DMSO disposal procedures.
6. Stock solutions of 37% formaldehyde contains methanol and disposal of this stock solution should be 

treated as flammable if appropriate.
7. Report any excessive spill of formaldehyde to your safety department
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Abstract
Advances in microscopy, instrumentation, and image analysis software, combined with improved protocols for 
acquiring and maintaining primary neuronal cultures, have made high content analysis (HCA) with primary 
neurons a routine procedure in many labs. Additional improvements in robotics and automation allow the high-
throughput application of HCA in high-content screening (HCS). Given its multiplexed nature, HCS provides an 
unprecedented amount of multiparametric kinetic and morphogenic information from cells. It holds promise for 
better understanding of molecular signaling networks, and for easing the bottleneck in the drug discovery 
process, particularly relating to neurological disorders. Here we describe protocols for preparing different 
neuronal types and discuss advantages, challenges, pitfalls, and detailed workflows for utilizing them in HCS 
with various perturbagens.

1. Introduction
High-content screening (HCS) has emerged as a new approach for drug target validation and lead optimization 
before costly animal testing (1,2), as well as a valuable tool for understanding complex molecular processes in a 
cellular context (3). Despite years of progress, in understanding the etiology and genetics of numerous disorders 
afflicting the nervous system, the number of disease modifying therapeutics remains modest. HCS offers a 
number of advantages over conventional high-throughput screening (HTS) approaches when studying neurons, 
which will be discussed below.

1.1. What is HCS?
HCS is a screening method based on multiparametric analyses of large scale image data extracted from multiple 
targets in thousands or millions of cells in multiwell plates (1,2,4). Thus, although high-content analysis (HCA) 
refers to the extraction of multiparametric information from image data, HCS is the automated medium-to-
high-throughput application of HCA in screening campaigns. The concept of HCA dates back to the late 1990s, 
when the CellomicsTM initiative conceptualized it as a strategy for cataloging multiple molecular processes 
inside intact cells (5). The initiative was bolstered by the development of fluorescent-protein biosensors that 
allowed time-dependent examination of processes ranging from membrane activity and cell signal transduction 
to energy metabolism and cell physiology (2). By utilizing the correct combination of probes, and by spatially 
(and sometimes temporally) resolving readouts of individual cells, HCA can provide quantitative measurements 
of nuclear size/shape, DNA content, organelle shape and function, protein modification and intracellular 
localization, cell movement, and cell shape. HCS can thus produce an enormous amount of morphometric and 
kinetic outputs.

1.2. Why HCS?
The majority of drug discovery campaigns have utilized HTS methods as originally introduced by the 
pharmaceutical industry (6). Most HTS assays screen for in vitro interactions with a single target, typically using 
a spectrophotometric or fluorescent readout (7,8). This approach has been extremely successful in identifying 
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probes and drug-like molecules with a wide range of selectivities towards intended targets. However, the rate at 
which new drugs have been reaching the clinic has decreased (9,10). One possible explanation is the difficulty of 
capturing the complexity of interactions that occur within cells or whole tissues using target-based screening. 
Although target-based HTS offers a streamlined pipeline for sifting through millions of compounds and 
conditions, the added burden of performing screens in more complex systems with expanded assay readouts 
may well be worth the effort (1). However, cell-based screening is usually agnostic to molecular mechanisms of 
action, hence subsequent determination of drug targets and lead compound optimization can be quite difficult. 
Fortunately, advancements in chemical proteomics and comprehensive activity panels are quickly improving the 
outlook for target identification.

The informational gain from investigating signaling networks using unbiased genetic screens in cellular systems, 
by way of HCS, has also been highlighted (3). Most of our knowledge of signal transduction pathways has come 
from forward genetic screens in model organisms. These methods have been extremely successful in delineating 
many of the canonical pathways and their major transducers, they do not sufficiently address the spatial and 
temporal complexities of signal transduction within cells. For example, different neuronal cell types exhibit 
significantly distinct RNA expression profiles (11) that likely underlie distinct physiologies. Cell-based genetic 
screens using various genetic perturbagens, gain- or loss-of-function analyses, will be vital for elucidating the 
intricate signaling circuitry within specific neuronal types. This may prove essential for identifying appropriate 
drug targets for the notoriously cell-specific neurological diseases.

The technology for high content analysis (HCA) is becoming more affordable and readily available to both 
industry and academia, encouraging such endeavors as HCS in primary neurons (12). Technical obstacles have, 
until recently, hindered screening with primary neuronal systems, including the difficulty of obtaining, 
culturing, and transfecting primary neurons (13,14). However, new culturing and transfection methodologies 
now offer a more practical platform for HCA, and by extension HCS, in these cells.

2. Prelminary Assay considerations
Therapeutic agent discovery in the nervous system has thus far trailed behind other areas, implying the need for 
more relevant screening models (15,16). Choosing a cell type for HCS may be the most important element of the 
experimental design, while also being the most challenging. Many of the conditions and reagents of the 
experiment are tailored to the chosen cell type, upon which large investments of time, effort, and money are 
ultimately made. Thus, a well-reasoned choice of the most relevant cellular model is critical. Additional 
consideration must be given to the usually narrow range of conditions in which the assay yields the largest 
separation between positive and negative controls. Choosing the most relevant substrate, treatment conditions, 
incubation time, and immunostaining protocols can all pose additional challenges that must be overcome before 
an HCA assay is considered to be appropriate for screening. Detailed protocols appear at the end of this chapter.

2.1. Neuronal Type
Several options are currently available for HCS, each with its own advantages and drawbacks (17). Primary cells 
are far more physiologically relevant than immortalized cell lines (18), and neurons differentiated in vivo best 
recapitulate actual neuronal subpopulations (12). Primary neurons have gene and protein expression profiles 
that better resemble those of differentiated cells in vivo, and are thus more appropriate for drug target validation 
(12). Numerous considerations factor into the choice of age and type of primary neurons to be used.

2.1.1. Embryonic versus adult neurons
Historically, primary neurons isolated from embryonic brain have been more frequently utilized than neurons 
isolated from postnatal or mature brain. This is due to the relative ease of isolating embryonic neurons, in 
addition to increased viability, improved regenerative ability, and reduced glial growth in embryonic cultures 
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compared to their adult derived counterparts (19–23). Terminally differentiated CNS neurons are post-mitotic 
in culture, although neuronal cultures may contain precursors that divide in permissive culture conditions (24). 
Reduced glial numbers in embryonic brains combined with culture conditions that retard glial growth and 
proliferation (25) allow for the preparation of relatively homogenous low density neuronal cultures, which can 
be useful in simplifying immunostaining, HCA readout, and culture consistency. However, the improved 
regenerative and survival capacity of embryonic neurons combined with the lack of additional cell types that 
would more reliably recapitulate the biological environment can, for example, lead to false hits (or false 
negatives) in a screen for neuroprotective agents relevant to the adult CNS. Thus, one should be aware of the 
balance between choosing the most relevant cellular model and maintaining assay screening suitability. It may 
prove most efficient to perform HCS with a more convenient cellular model, and to use a secondary filtering 
assay, such as a slice culture that better recapitulates the cellular and molecular environment of the CNS, to 
reduce numbers of false positives prior to animal testing (26,27).

2.1.2. Choosing the source of primary neurons
Many types of primary neurons of mouse, rat, or human origin have been successfully used in cell-based 
screening, and in particular HCS. Regardless of species, neuronal cells of the same type and anatomical origin 
tend to behave similarly in culture. Cortical neurons have been used in large scale overexpression screens for 
neurite growth promoting genes (28). Hippocampal neurons have also been used in overexpression (29) and 
chemical (26) screens for agents that promote neurite growth. Cerebellar granule neurons (CGNs) have been 
used in overexpression studies, knockdown screening with siRNA (30), and neurotoxicity testing (31). Dorsal 
root ganglion (DRG) neurons have been used in chemical screens for compounds that mitigate neuronal injury 
in hyperglycemic conditions (32) as well as knockdown studies of axonal degeneration (33). Retinal ganglion 
cells (RGCs) have been used to screen, by overexpression, developmentally regulated genes (34). Given the 
differences in gene expression profiles, as well as morphological dissimilarities among different neuronal types, 
variability in their respective responses to certain pertubagens is expected (Figure 1). This highlights the 
importance not only of choosing primary neurons over cells lines, but also specifically selecting the neuronal cell 
type that best recapitulates the target cell population.

2.2. Choosing a substrate
In most cases, it is preferable to perform HCS with purified neurons attached directly to a culture substrate 
rather than on or around non-neuronal cells. Non-neuronal cells can rapidly outgrow neuronal counterparts in 
culture, or confound phenotypic analysis due to neuronal attachment and subsequent migration of non-
neuronal cells. Additionally, studying cultures that contain mixed cell types requires the consideration of indirect 
effects mediated by non-neuronal cells, which can complicate mechanistic interpretations. Therefore, protocols 
have been developed for either purifying neuronal cells prior to culturing or optimizing conditions for neuronal 
growth at the expense of other proliferating cell types, such as glia. The elimination of a non-neuronal cell 
scaffold, however, creates the requirement for an alternative substrate to allow cell adhesion and neurite growth. 
Polylysine treated surfaces promote cell adhesion and viability of primary neurons (35). Polylysine also promotes 
reproducible neurite growth in low-density cultures. Both poly-D-lysine (PDL) and poly-L-lysine (PLL) have 
been used with success, and early studies showed that while the D isomer minimizes aggregation of neurons 
better than the L isomer, the two elicit little difference otherwise (35). More recently, polyethylenimine was 
reported to allow adhesion and growth of primary neurons while completely immobilizing the cells after 
adhesion (36). Polylysine can also constitute a basal adhesive substrate upon which proteins can be loaded. For 
example, laminin allows growth and spreading of cultured neurons (37) and promotes extension of longer 
neurites (38) than those grown on polylysine alone. This can be desirable when searching for agents that inhibit 
axon growth, as it can increase the dynamic range of the assay readout. Inversely, neurite growth inhibitory 
components, such as chondroitin sulfate proteoglycans (CSPG) and/or myelin derived proteins (39–45) can be 
applied to inhibit neurite growth and increase biological relevance of the assay when searching for agents that 
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can promote neurite growth on inhibitory substrates (Figure 2). Naturally, any modifications to the substrate will 
add complexity to the assay and data interpretation.

3. Assay Development

3.1. Cell culture media
Synthetic media require serum supplementation to maintain survival of cultured primary neurons. I n certain 
cases, supplementation with growth or trophic factors may be necessary. Low density cultures can be sustained 
directly by an astrocyte feeder layer (46), or indirectly using glial condition media (47,48). Serum supplements, 
however, introduce significant experimental variability as a result of differences in donor age, sex, nutrition, and 
physiological state (49). Similar variability can result from conditioned media. To circumvent this problem, 
defined media supplements were developed to replace serum (49–51). The widely used supplement, B27, was 
developed and optimized in conjunction with a DMEM derived formulation, Neurobasal, and the B27/
Neurobasal combination has been shown to support growth of various neuronal types (25). The B27 supplement 
was later reformulated into SN21 to further minimize lot variability and enhance the quality of cultures (52). 
Other reformulations, such as the NeuroCult™ SM1 supplement, are optimized to give reproducibly high 
numbers of functional neurons and reduced glial cell contamination.

Despite attempts to fully define the culture media, lot and vendor variability can introduce significant noise into 
the experiment. It is thus preferable to test different lots of reagents and then obtain enough of well-qualified 
reagents for an entire screening campaign. Of course it is essential that appropriate positive and negative 
controls be run to ensure reproducibility.

3.2. Cell density and plating method
Desired plating density depends on the application and readout of the assay. High density cultures are required 
for HCS protocols utilizing neural networks or cellular monolayers, and may be more amenable for screens of 
neurotoxic or neuroprotective agents (53). Low density cultures, on the other hand, are required for HCS 
protocols focused on cellular (particularly neuritic) morphology. Unfortunately, however, neurons grow 
relatively poorly at low density, and small variations in local densities can cause significant differences in neurite 
morphology (Figure 3). Thus, a sufficient number of cells must be evaluated to accommodate the large variability 

Figure 1: Neurite total length (NTL) in various neuronal cell types treated for 2DIV with protein kinase inhibitors ML-7 and IKK inh 
VII, relative to DMSO treated controls. HP: E18 hippocampal neurons, CGN: postnatal (P8) cerebral granules neurons, Cort: postnatal 
(P5) Cortical neurons, RGC: postnatal (P8) retinal ganglion neurons (unpublished data).
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and non-normal distribution of morphological properties within low density cultures. Usually, 96-well plates 
offer sufficient area for a low density culture screen with enough neurons per condition/well, although the 
duration of the experiment depends on the rate at which the neurons extend and overlap processes (overlapped 
processes render automated cell feature extraction [segmentation] difficult or impossible). For assays that allow 
or require higher cell densities, 384 well plates may be used. If cells become overlapped sooner than the effect of 
treatment can be observed, lowering the cell density may be required. This can be achieved by seeding fewer cells 
or switching to larger area wells. However, because low cell number can dramatically increase noise in the data, 
it may be more prudent to switch to a larger well size rather than decrease cell number. This is especially true for 
screens involving transfection, which is often inefficient (transfection rates of 10-50%), and also decreases 
neuronal viability.

Edge effects are widely recognized in screening departments and can lead to high well-to-well variability and 
deterioration of overall assay performance (54). Numerous factors can contribute to edge effects, including 
thermal gradients and differential evaporation rates. An easy work around is to load peripheral wells with water 
or buffer and avoid using them in the assay.

When seeding cultures of any density, it is best to keep the neurons as uniformly dispersed as possible within the 
wells. This minimizes perturbations due to variations in local conditions and maximizes the number of cells that 
can be included in the analysis. When loading cells pre-diluted in media, it helps to do so at low speed to avoid 
creating too much turbulence which can lead to patterning of cells as they sediment to the bottom. If, on the 
other hand, cells are being spread in a relatively small volume over a larger volume of media pre-equilibrated 
within the well, it helps to gently lift and release the entire volume once or twice to insure proper dispersion.

3.3. Endpoint assays and fixation
It has been suggested that the full potential of HCS will be realized with time-lapse imaging of live cells (12). 
Temporal analysis of cellular behaviors can lead to improved understanding of the phenomena underlying 
observations made in a phenotypic screen and allow for better differentiation between primary and secondary 
consequences of treatment (55). However, the magnitude and technical requirement for such an undertaking 
might be inconvenient for medium to high throughput screens, or perhaps unnecessary for endpoint assays. 

Figure 2: Postnatal (P8) CGN cells grown on (A) PDL/Laminin and (B) PDL/Laminin/CSPG. Scale bar 100 μm (unpublished data 
(29,71,74)).
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Additionally, longer-term time-lapse studies, especially those using fluorescence, can result in damage or cell 
death (though current imaging with sensitive cameras and low light levels can mitigate this problem). Live 
imaging can also limit the types of features that can be easily measured, such as phospho-epitopes on signaling 
proteins (which require antibody staining), making an endpoint assay more information-rich. This raises the 
question of when to terminate the experiment and how to fix the cultures for imaging. Ideally, incubation times 
should be calibrated to give maximum separation between positive and negative controls (see Section 3.8). This 
information is normally acquired empirically. The fixation method will depend on the subsequent steps for 
analyzing the cultures. Typically, cells are fixed in 4% paraformaldehyde in phosphate buffer. Sucrose can be 
added to the fixative to enhance preservation of membrane structure and processes during cross-linking. 
Sucrose also increases the density of the fixing solution, which causes it to drop to the bottom of the wells and 
ensure rapid fixation. In certain cases, paraformaldehyde can mask antigenic epitopes from recognition by 
specific antibodies. In those cases, other fixatives, such as cold methanol, can be used.

3.4. Washing
Post-fixation, cultures require multiple rounds of washing, to remove fixative and other reagents. It is important 
to adopt a washing procedure that is gentle enough to avoid washing away cells and preserve their delicate 
processes while also being rapid and efficient. A plate washer can be used if the proper settings can be deployed 
to avoid harsh suction or excessive flushing. It is prudent to avoid complete drying of cells during washing. If a 
plate washer is used, it is best to leave a few millimeters of wash buffer over the cells at times during the wash 
cycle. If plates are being washed manually, it is best to use a multichannel suction adapter with pins shorter than 
the full depth of the well. It helps to take out and dispense fluid gently and at low speed, preferably along the wall 
of the well rather than directly over the cells.

3.5. Permeabilization and blocking
Labeling with primary antibodies prior to permeabilization ensures that only surface proteins are identified. 
However, the fixation step itself can cause permeabilization, even if no detergent is present (56). Therefore, it is 
important to perform staining for the protein of interest along with an exclusively intracellular protein to 
identify instances of compromised plasma membrane integrity. For staining intracellular proteins, a 
permeabilization step is normally required, usually with Triton X-100 (0.2-0.3%, 5-10 mins). Milder detergents, 
such as digitonin and leucoperm, may be useful when Triton X-100 compromises antigenicity. Saponin (0.02%) 
can be used to permeabilize cell membranes while keeping intracellular organelle membranes intact. Preparation 
and storage of solutions of Digitonin and Saponin is not always straightforward so it is helpful to consult the 
literature (57). In all cases, non-specific binding sites should be blocked to decrease background staining. This 

Figure 3: A, B,& C, 9 field image montages of RGC cells grown inside wells of 96-well plates, showing differences in neurite length 
correlated with cell location and cell density (unpublished data).
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can be achieved with a 10% bovine serum albumin solution, fish gelatin, or goat serum. As an example, goat 
serum may help with background caused by nonspecific binding of secondary antibodies raised in goat. By 
adding detergent to the block, the permeabilization and blocking steps can be combined to minimize wash steps. 
In this case, a lower percentage of Triton X-100 (0.03%) can be used to slow down the permeabilization process, 
allowing sufficient time for blocking (up to one day).

3.6. Staining and visualization
Quantitative HCA measurements of neuronal morphology are commonly carried out using 
immunohistochemistry with fluorescent dyes. Hoechst and DAPI dyes are routinely used to stain DNA and 
identify nuclei. Immunostaining of cytoskeletal markers, such as tubulin, is commonly used for visualizing cell 
morphology. Tubulin βIII-specific monoclonal antibodies that preferentially label neurons can be used for 
preparations that contain a substantial number of non-neuronal cells. Tubulin antibodies will also allow for the 
detection of neurites; however, other antibodies need to be used to distinguish dendrites from axons. Antibodies 
to dendrite-selective markers, such as MAP-2, or axon-specific markers, such as Tau1, can be used for that 
purpose. For quantification of synapse formation, co-localization of presynaptic markers, such as synapsin, with 
postsynaptic puncta can be measured (58,59). It is generally convenient to also stain for tubulin because 
automated HCA software will typically require a complete cell body mask in order to correctly assign structures 
to their corresponding cell body. Co-staining of other markers can be done simultaneously, provided antibody 
compatibility is ensured. Primary antibodies for different antigens, such as MAP2 or βIII tubulin, must be raised 
in different species (for example mouse and rabbit) if they are to be used simultaneously in the assay. Secondary 
antibodies should preferably be from the same species (for example goat or donkey). It is important to pre-
absorb secondary antibodies with potentially cross-reacting primary antibodies. Thus, a goat-anti-mouse 
secondary antibody should be preabsorbed on a rabbit IgG column to eliminate cross reactivity. Pre-absorbed 
antibodies are readily available from commercial sources. It is crucial to ensure that the optical filter sets used for 
imaging have appropriate excitation/emission filters so as to capture relevant signals from a given combination 
of fluorophores, while minimizing “bleed-through” from one channel to another. An alternative method to 
secondary immunostaining is to use primary antibodies that are directly conjugated to fluorescent tags. These 
are readily available from various suppliers. Conjugation kits are also available for labeling primary antibodies 
with a variety of fluorophores, infrared dyes, and quantum dots.

Plasma membrane specific dyes can be used for delineating cell bodies and neurites. CellMask™ Deep Red has 
been used with success in a neurite growth assay, where it was applied in the fixative solution along with a 
nuclear stain, dramatically decreasing the time and reagents required for the staining process (60). However, 
while these stains do survive fixation, they do not survive permeabilization, and so their use must be reserved 
for assays where external morphology and/or extracellular staining are the only endpoints.

3.6. Data analysis
In addition to HCS parameters that can be extracted from virtually all cell types, which include cellular/nuclear/
organellar size and brightness, HCS with neurons can produce readout parameters related to neuron-specific 
morphologies, such as axon and dendrite count, branching, and length. All vendors of major HCS imaging 
systems provide image analysis software solutions for neuronal HCS (e.g., Figure 4).

Additionally, there are other commercial (61) and open source (62–64) feature extraction solutions. Given the 
sheer amount of data produced from HCS image analysis, it is helpful to develop batch processing scripts to 
facilitate data analysis and quality control.
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3.7. Assay suitability and quality control
The suitability of a screening assay is a measure of its ability to reproducibly distinguish positive from negative 
controls. Due to inter-prep variability and differences in the behaviors of dissociated primary neurons in culture, 
it is essential to run the proper controls in every screening experiment to evaluate the consistency of responses to 
treatment. Because of variability in absolute readout values, means, coefficients of variation, and signal to noise 
ratios, it is difficult to compare assay performance across multiple assay formats or even within repetitions of the 
same assay. To resolve this issue, a dimensionless statistical parameter, Z’-factor, was defined to assess the 
“screening window” of a bioassay (65). A Z’-factor value of ≥ 0.5 reflects a large separation band between the 
populations of positive and negative control readouts, and thus indicates good screening suitability (Figure 5).

The Z’-factor is, however, based on a single selected readout. HCS offers the option of collecting a large number 
of readouts per screen. Incorporating additional parameters in the definition of assay hits can distinguish 
between actives with distinct mechanisms of action. For that purpose, a multiparametric Z’-factor was proposed 
(66). This multiparametric value is calculated by scaling Z’ values from multiple readouts, and thus requires post 
hoc calculation of a weight for each considered readout. A potentially more objective metric for distinguishing 
actives in a screen is the multidimensional perturbation value (mp-value) (67). The strength of this approach lies 
in evaluating exactly how similar or dissimilar treatments are from each other or from controls, and thus no a 
priori definition of hits is required. However, this can make the definition of hits less clear-cut. In most cases, 
HCS focuses on one select parameter, and the suitability of the assay is evaluated using a one dimensional Z’-
factor.

4. Additional Considerations

4.1. Controls
Due to the complex morphology of neurons compared to most other cells types, these cells manifest a relatively 
large range of measurable phenotypes. Consequently, a number of factors can influence the phenotypes of 
cultured primary neurons, including preparation, reagents, and culture conditions. This introduces a significant 
amount of variability (noise) in the data that can mask effects from treatment. It is possible to minimize 
circumstantial variability and improve detection of treatment effects by including normalization controls within 
individual plates (29). A sufficient number of controls is important for reliable normalization (68). Negative 
controls in compound screens usually receive the equivalent amounts of solvent (e.g. DMSO)—it is important to 
determine beforehand whether the solvent at relevant concentrations has any discernible effects on the assay 

Figure 4: HCA of neurons in culture. Neurons in 96 well plates immunostained for nuclei (Hoechst – Panel A) and βIII-tubulin (cell 
bodies and neurites – Panel B). The images were automatically traced using the Neuronal Profiling BioApplication (Cellomics) to yield 
dozens of morphological measurements for each neuron in the well (Panel C). Scale bar 100 μm (unpublished data).
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readout. Choosing controls for RNA/DNA screens is less straightforward. “Control” plasmids or 
oligonucleotides may unevenly influence phenotypic parameters. It may be necessary to screen a large number 
of different constructs to determine population behavior and select controls that yield population mean values.

4.2. Cell viability assessment
Accurate quantification of cell death is a critical component of HCS with primary neurons. Cell viability is the 
most important readout in neurotoxicity screens, but is important when analyzing data for any screen. As 
mentioned previously, certain phenotypes have non-normal distribution in low-density neuronal cultures, and a 
minimum number of viable (or valid) cells is required to obtain reliable and reproducible results. Thus, it is 
important for quality control purposes that individual data points on cellular phenotypes are obtained from 
healthy neurons in suitable numbers. Therefore an assessment of cell viability is required. Several methods exist 
that assess viability by interrogating different aspects of the cell - nuclear morphology, caspase activation, 
membrane integrity, and mitochondrial function. Each of these indicators answers the question of viability in a 
different way. For example, examining caspase activation using antibodies against activated caspase 3 or 9 is a 
measure of apoptotic death. Dying cells tend to have smaller nuclei that stain more brightly with DNA stains 
(due to DNA compacting and fragmentation), hence the nuclear morphology and staining intensity can be used 
as an indicator of cells death (Figure 6 unpublished data), provided the proper controls are considered (29).

This, however, may not work equally well for all neuronal types. In the case of live cell imaging, cell viability can 
be assessed by examining membrane integrity. Membrane impermeable fluorescent dyes can be used to identify 
dead cells by positive or negative selection. For example, a DNA-binding fluorescent impermeable dye like 
SYTOX® will fluoresce inside dead or dying cells with breached cellular and nuclear membranes. Inversely, a cell 
permeable dye like Calcein AM will enter live cells where it will be cleaved into a fluorescent membrane-
impermeable derivative, thus fluorescing inside live cells. Another widely used marker for cell viability is 
mitochondrial function as indicated by the presence of a mitochondrial membrane potential, which can be 

Figure 5: Bar plot representing binned values of neurite total length (NTL) averages from wells (96-well plates) containing cultured 
hippocampal neurons treated with ML-7 (neurite growth promoter) or Torin-2 (neurite growth inhibitor). Each block shows the mean 
of the population with three standard deviations above and below. This pair of controls yields a Z’-factor >0.7, as evidenced by the 
complete separation of the two populations (unpublished data).
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examined using commercially available dyes such as MitoTracker® or Tetramethylrhodamine, Ethyl Ester, 
Perchlorate (TMRE).

Considerations for small molecule screening

4.3.1. Concentration of small molecules
Choosing a single concentration for a cell-based small-molecule screen is complicated by a multitude of factors 
including, but not limited to, differences in solubility, membrane permeability, binding affinity, selectivity, and 
toxicity. A single concentration screen accepts the caveat of exaggerated false negatives. Ideally, a concentration 
of a compound that is close to IC50 or KD of the target should be tested. However, even slight chemical 
modifications can dramatically alter the binding affinity within a group of chemically related compounds, 
making it unrealistic to find a single concentration that elicits effects in all actives. Of course, in cell-based 
screenings, most molecular targets are unknown. Therefore, it is highly desirable to obtain a dose response in 
HCS of primary neurons, typically in the low nanomolar to micromolar range.

4.3.2. Time and duration of treatment
Two important considerations for cell-based screening of small molecules include time of administration of the 
compounds and duration of incubation. Depending on the experimental model, the exact time for adding the 
compounds may be of biological relevance or purely technical relevance. Low density cultures are often allowed 
a recovery period before perturbation (typically a few hours to a day). Assays that examine effects on networks 
of neuronal processes, for example, will require the necessary time for such networks to form following plating. 
Thus, pre-treatment time should be considered in the overall time of the assay and cultures must be verified to 
remain viable and healthy over the course of the entire experiment. It is most helpful if the duration of 
incubation is calibrated to maximize the dynamic range of the readout. To achieve this, the Z’-factor can be 
calculated for control positives (promoters) and negatives (inhibitors) at multiple time points, and the window 
with the largest Z’-factor can be adopted for the screen.

4.3.3. DMSO tolerance
DMSO is by far the most commonly used solvent for small-molecule and drug-like compound libraries. DMSO 
can induce toxicity in neurons at concentrations greater than 0.5% v/v. At high enough concentrations, DMSO 
can also affect neuronal morphology and function (Figure 7). It is thus advisable to keep final DMSO 
concentrations as low as possible, preferably below 0.5% v/v. It is also useful to keep DMSO concentrations 
constant in serial dilutions of stock compounds in media, to eliminate DMSO concentration effects as a 
confounding variable.

4.4. Considerations for genetic screening

4.4.1. Overexpression vs knockdown
Overexpression screens with primary neurons have identified developmentally regulated transcription factors 
(34), kinases, and phosphatases (29) involved in axon regeneration. Knockdown screens have also been used to 
identify regeneration associated kinases (30) as well as kinases involved in neurodegeneration (53). The choice 
between overexpression and knockdown depends on the exact question that the assay is attempting to answer; 
each method brings its own advantages and drawbacks. Overexpression can produce false negatives due to issues 
arising from auto-regulation, inappropriate posttranslational modification, novel activities at high expression 
levels, and lack of activation by stoichiometrically insufficient trans-activators. Knockdown with RNAi can suffer 
from severe off-target effects (69), and may be less efficient in neurons compared to other cell types (70). 
Ultimately, a validation with one approach of hits identified using the other approach will increase the likelihood 
of biological relevance.
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4.4.2. Transfection
Transfecting primary neurons can be challenging for multiple reasons, including difficulties in obtaining 
sufficient quantities of purified neurons and problems encountered in automated liquid handling. Traditional 
lipid-based methods yield low transfection rates in neurons and induce cell death. Electroporation can yield 
more efficient transfection for HCS, and is likely preferable (29,71). RNAi is reported to be less efficient in 
neurons than in other cell types (70), and longer turnover rates of proteins can lead to false negatives. Magnetic 
transfection may enhance siRNA introduction into neurons (53). Viral transduction, which overcomes many of 
these problems, has been successfully used in HCS with primary neurons (33).

4.4.3. Identification of transfected or transduced cells
A common issue with overexpression of cDNA libraries is the lack of a tag or a co-expressed marker. Thus, for 
transfection or transduction efficiencies below 100%, a marker is required for identifying modified cells. New 
libraries are more commonly being made with tags, such as Myc or FLAG. If tagged constructs are used, a 

Figure 6: Small and bright nuclei are the result of heterochromatin condensation, while big dim nuclei correspond to cells that are 
alive. This distinction can be used to measure cell survival in nuclei-stained cultures. A Gaussian fit searches for two clusters within the 
population as live [large nucleus, low intensity] or dead [small nucleus, high intensity] (unpublished data and 29).
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follow-up validation experiment with the untagged proteins may be required to eliminate possible false positives, 
though false negatives would persist (as discussed before).

Alternatively, a coexpressed fluorescent protein can be introduced via an Internal Ribosomal Entry Site (IRES) 
(72). Another strategy is to use plasmids expressing the self-cleaving 2A peptide (73), though such plasmids may 
exhibit variability in expression of the second (reporter) gene. Finally, a co-transfection strategy can be used in 
which the gene of interest is administered at a 4-6X molar ratio relative to a reporter plasmid. This generally 
results in 80-90% of fluorescently marked cells also expressing the gene of interest (29) (Figure 8).

5. Protocols for HCS with Primary Neurons

5.1. Small molecule screening with hippocampal neurons - Overview
This bioassay utilizes primary hippocampal neurons isolated from embryonic (E18) rat brain and is optimized 
for identifying small molecules that can promote neurite growth in those neurons. The cells are cultured on a 
semi-permissive substrate, poly-D-lysine, which produces moderate neurite growth and allows for a large 
dynamic range in neurite length readout (growth promoters can reach 300-400% of control neurite growth). The 
assay typically produces a very good Z’ factor and has low false discovery rate. In its current format, it is suited 
for low throughput screening (with a practical average of 100-200 compounds per experiment), though the high 
Z’-factor makes it suitable for higher throughput screening.

5.1.1. Reagents
1. NbActiv4 Cell-culture media (BrainBits cat. no. Nb4-500)
2. NeuroCultTM SM1 Supplement (Stemcell cat. no. 05711)
3. Hibernate E (Brainbits-HE-Ca-500mL)
4. 2.5% (wt/vol) trypsin; aliquot for single use (0.5 ml) and store at –20 °C
5. DNase 30 mg/mL in ddH2O (Sigma-Aldrich cat. no. D-5025)
6. Polylysine solution, 0.5 mg mL−1 in HBSS (prepared from poly-L-lysine, molecular weight 30,000–

70,000 kDa; Sigma-Aldrich, cat. no. P2636)
7. HBSS (LifeTechnologies cat. no. 14175-103)
8. 4% PFA 4% Sucrose in PBS

Figure 7: Effect of DMSO concentration on neurite length in E18 hippocampal neurons. Each point represents an average of 6 data 
points ± SEM. These data suggest that it would be best to keep the final DMSO concentration below 1% to avoid complicating any 
analysis related to neurite length (unpublished data).
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9. PBS
10. DMSO
11. Blocking and permeabilization buffer (0.2% fish gelatin, 0.03% Triton X-100, in PBS + 0.02% azide)
12. Mouse anti-tubulin βIII antibody
13. Hoechst solution (10 mg/mL)
14. Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) (Lifetechnologies cat. no. A-11029)

5.1.2. Equipment
1. Laminar flow hood, able to accommodate a dissecting microscope
2. Tissue culture incubator at 35.5 °C with humidified 5% CO2 atmosphere
3. Water bath at 37 °C
4. Dissecting microscope
5. Dissecting tools (sterilized): fine-tipped forceps, microdissecting scissors
6. Hemacytometer or automated cell counter
7. Sterile plasticware: 5-, 10- and 25 mL serological pipettes, tissue culture dishes and bacteriological 

dishes, 15 mL and 50 mL conical centrifuge tubes
8. Sterile glass Pasteur pipettes
9. 96-well plates
10. Filter-plugged pipette tips (1200, 200, and 20 μL)

5.1.3. Pre-coating culture plates
1. On the day before the experiment, load PDL solution in 96-well plates to coat (50 μL/well)
2. Wash plates next morning with HBSS or PBS (150 µL × 4 washes) then leave in buffer until plating

Comment: For larger well size, the volume of PDL coating solution should be increased roughly proportional to 
the well area.

5.1.4. Preparing the Cells
1. Euthanize timed pregnant rat carrying E18 embryos using an IACUC approved method
2. In a laminar flow hood, remove the embryos and place in a petri dish containing Hibernate E
3. Dissect pup brains and collect hippocampi in 15 ml conical tube containing Hibernate E with SM1 (2% 

v/v)

Figure 8: Postnatal (P5) cortical neurons (1) simultaneously transfected with GFP (1) and mCherry (1). Arrows indicate a cell 
exhibiting fluorescence in both green (1) and red (1) channels, indicating double transfection. The high co-transfection rate suggests 
that a fluorescent marker can be used as a marker for transfected cells in this experiment. Scale bar 100 um (unpublished data)
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4. Prepare dissociation media by combining 4.5 ml of Hibernate E (without SM1) with 0.5 mL of Trypsin 
and 100 µL of DNAse solution

5. Carefully decant hippocampi then add dissociation solution. Incubate at 37 °C for 15-20 min, 
occasionally swirling the tube

6. Using cotton plugged Pasteur pipettes (flame polished), remove dissociation media then add 5 mL of 
Hibernate E containing SM1. Swirl the tube to thoroughly wash the tissue. Allow the tissue to settle to the 
bottom of the tube then carefully remove the rinse solution. Repeat this step 5 times to dilute out trypsin 
and DNAse and remove debris from lysed cells

7. Remove final rinse media from the tube then add 1 pipette-full of rinse media
8. Using the narrow-bore flame-polished Pasteur pipette (pre-wetted with rinse media), triturate until all 

cells are dissociated and no chunks of tissue remain. It’s best to perform less than ten triturations as it 
adversely affects cell viability

9. Bring volume up to 8-12 mL using Hibernate E containing SM1, then mix well and determine cell 
concentration

Comment: Plating cells immediately after trituration will prevent clumping and improve overall quality of the 
culture.

5.1.5. Plating
1. Dilute cells in culture media to a final concentration of 10,000 cells/ml

2. Aspirate HBSS from PDL coated plates

3. Load 150 µL of cell solution in the middle 48 wells (See Figure 9)

4. Allow cells to adhere for 2 hours in tissue culture incubator prior to treatment

Comment: Use a multichannel manual pipette and load cells gently. Alternatively, use the slowest speed setting 
on an automated pipette. This helps avoid patterning in the plated cells and promote even spreading.

5.1.6. Preparing Compound Dilution Plates
1. Place culture media in a 96-well plate (new – uncoated) as shown in Figure 10 (solution A = culture 

media, solution B = culture media + 0.8% DMSO)
2. Add 1 µL of compound stock solution to each of the top wells containing 124 µL. This will produce a final 

DMSO concentration of 0.8% and final compound concentration of 80 µM (starting with a 10 mM stock 
solution in DMSO). Control wells receive 1 µL of DMSO

3. Using a multichannel manual p200 pipette, mix the solutions in the top row then move 25 µL to the below 
row. This creates a 1:5 dilution of compound while DMSO is held constant at 0.8%. Repeat serial dilutions 
until the last row. This format allows for screening 3 compounds per plate at 6 concentrations with 
duplicate wells per condition.

4. Place compound dilution plates in tissue culture incubator for 1-2 hours to equilibrate

For calculating the Z’-factor of the assay, include an additional plate (or more) with the corresponding treatment 
format as shown in the schematic in Figure 11 (C+ is a compound that produces the desired bioassay readout – 
in this case neurite growth promotion, and C– is a compound that produces the opposite effect – or neurite 
growth inhibition. Both compounds must be prepared at 4X the corresponding concentration where their 
maximal effects are observed. See Figure 11)

5.1.7. Treatment
1. Using a multichannel manual p200 pipette, aspirate 50 µl from the final dilution (row G) and slowly add 

to corresponding row of recipient cell plate (4X dilution, 50 µL of compound solution into 150 µL of cell 
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culture). Repeat going up the rows (increasing concentration). Final compound concentration in screen: 
0.0064, 0.032, 0.16, 0.8, 4, and 20 µM (in 0.2% DMSO)

2. Be sure to avoid creating too much turbulence in the wells to avoid detaching recently adhered cells.
3. Return plates to incubator and culture for 48 hours

Comment: Do this for 5 or less plates at a time to avoid leaving the cells too long out of the incubator, which 
could lead to changes in the pH of culture media and affect cell viability.

5.1.8. Fixing the cultures
1. Remove media from plates and immediately replace with 100 µl of warm (37 °C) PFA/sucrose solution. 

Gently inverting plates will remove media without damaging delicate neurites
2. Fix for 15-20 min
3. Rinse with PBS (200 µL /well × 3)

Figure 9: Plating schematic

Figure 10: Schematic of compound dilution plate

Figure 11: Schematic for additional assay plate containing corresponding treament
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Comment: Exercise sufficient care when handling PFA and perform all steps inside a fume hood with sufficient 
protection. Be sure to properly dispose of waste PFA solution

5.1.9. Staining and imaging
1. Remove PBS and add 100 µL of blocking/permeabilization buffer (PBS, 0.2% fish gelatin, 0.03% Triton 

X-100, 0.02% azide) and incubate overnight at 4 °C (can be stored over the weekend). If faster 
permeabilization and blocking are required, cells can be permeabilized in a higher Triton X-100 
concentration (0.3% in PBS) for 1 hour and then blocked for 1 hour.

2. Add 100 µL of primary antibody solution (mouse anti-Beta III tubulin in blocking buffer) and incubate 
overnight at 4 ºC.

3. Rinse wells with PBS (200 µL × 3)
4. Remove PBS and add 100 µL of secondary antibody solution (Goat anti-mouse Alexa 488, 10 µg/mL 

Hoechst, 0.2% fish gelatin, 0.02% azide, in PBS). Shake gently on a rotating shaker for 2 hours.
5. Rinse wells with PBS (200 µL × 5)
6. Image plates using a Cellomics ArrayScan VTI in 2 different channels for nuclear staining (Hoechst) and 

cell body/neurite staining (βIII-tubulin). Typically, nine fields per well are imaged with a 5X objective and 
automatically traced by the Neuronal Profiling Bioapplication. To get reliably reproducible results, at least 
200-300 cells should be measured per condition.

5.1.10. Data analysis
1. Export plate data in Excel sheet format.

2. Filter out artifacts, cells that died upon plating, debris, and so on. This can usually be achieved by 
applying filters on phenotypic parameters. A set that works well for this assay includes the following cut 
off (NeuriteTotalLength > 10 µm, NeuriteMaxLengthWithoutBranching < 500 µm, MinCellBodyArea > 
100 µm2, MaxCellBodyArea < 3000 µm2, MaxNeuriteBranching < 50). Additional parameters can be 
derived empirically and added as required. This leaves only the valid neurons in each well.

3. For each drug condition, normalize the data to the controls in the corresponding row. For example, to 
calculate the effect of Compound 1 on neurite total length (NTL) at 20 μM, use the following formula

Where B3NTL and B4NTL are the averages of neurite total length in wells B3 and B4, and B9NTL and 
B10NTL are the averages of neurite total length in wells B9 and B10.

4. Calculate the Z-score for each attribute using the following formula

Where σcontrols is the standard deviation in all DMSO wells within the plate (columns 9[B→G] and 
10[B→G])

5. Calculate the Z’-factor for the assay using the positive and negative control (CH/CL) plate(s) according to 
the following formula

Where µCH and µCL are the means for the positive and negative (neurite growth promoter and neurite growth 
inhibitor) control wells respectively, and σCH and σCL are the respective standard deviations.
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Comment: Hits can be identified as compounds that fulfill the following criteria: %NTL > 130% & NTL Z-score 
> 1.5 & % valid neurons > 60% & valid neurons Z-score > -4. Hits must be confirmed in two independent 
screens. These criteria usually yield an average false discovery rate of ~ 10%.

Comment: Considering the rather large size of datasets generated from this kind of experiment, it is advisable to 
automate the data analysis process, provided that sufficient attention is given to quality control and validation of 
all data points.

5.2. Plasmid DNA screening with cortical neurons – Overview
This bioassay uses mixed cortical cells from early postnatal rat pups, aged P1 to P7, and is optimized for delivery 
of plasmid DNA via electroporation. The use of postnatal neurons, as opposed to embryonic, is beneficial when 
screening for genes or compounds that may be relevant to age-related reductions in neurite outgrowth. Such 
cultures, however, are subject to challenges associated with isolating and maintaining postnatal neurons. As 
animals age postnatally between P1 and P7 neurons become increasingly difficult to dissociate, and the 
mechanical force needed to remove neurons from the surrounding matrix increases, which leads to increased 
mortality during cell preparation. Sequential digestion with papain followed by trypsin, continual agitation 
during enzyme treatments, and brief triturations are critical to balance the relative difficulty in dissociating cells 
with the need for large numbers of viable cells to support screening efforts. It is also important that cells be 
provided with appropriate survival factors in the growth media. This protocol utilizes a relatively complex 
growth media, which is then conditioned by exposure to glial cultures. Glial conditioning increases cell viability 
and neurite outgrowth. This procedure will yield approximately 5 million cells from three rat pups, with 
transfection efficiencies of approximately 40%.

5.2.1. Preparing 1mg/mL poly d-lysine (PDL) stock solution

Reagents:

1. PDL: Poly-D Lysine (Hydrobromide) Mol. Wt. 30,000-70,000
PDL 100 mg Powder (Sigma P7886).

2. 10X HBSS: Hank’s Balanced Salt Solution: KCl 53.7 mM, KH2PO4 4.4 mM, NaCl 1.3 M, NaHCO3 41.66 
mM, Na2HPO4 3.38 mM, Hepes 99.87 mM.

3. This recipe makes 10x, should be pH 7.2, to 1Liter

a. 4 g KCl (MW: 74.5)
0.6 g KH2PO4 (MW: 136)
76.5 g NaCl (MW: 58.4)
3.5.g NaHCO3 (MW: 84)
35.8 g Na2HPO4 (MW: 142)
23.8 g HEPES (MW: 238.3)

b. After adjusting pH, sterilize by filtration

c. Dilute to 1x with water before use

Tools:

1. Sterile hood (Bio-safety cabinet)
2. 0.22 μm Filter (Nalgene 595-4520)
3. Multichannel pipette trough
4. 96-Well Falcon Plate (Falcon 353072)
5. 15 mL Falcon tubes (Falcon 352097)
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6. 100 mL Bottle
7. 10 mL and 50 mL Pipette (Falcon 357551 and 357550)

Protocol:

1. All preparation should be done in the HOOD
2. Spray inside of the Hood with ethanol to kill Bacteria before use
3. If PDL ships as 100 mg powder, make it into a 10x solution (stock PDL) as follows.
4. Using a 50 mL pipette, transfer 100 ml 1x HBSS into the PDL container.
5. Mix with the pipette in order to dissolve powder.
6. Filter the stock PDL solution through a 0.22 µm filter into the 100 mL bottle attached to the vacuum.
7. Using a 10 mL pipette, make 10 mL aliquots of the PDL solution in 15 mL tubes.
8. Label the tubes with the date/ Name/ PDL concentration (1 mg/mL)/ Cat No. / Lot No.
9. Store @ -20°C for further use.

5.2.2. Pre-coating plates with PDL (100 μg/mL) for further laminin coating
Purpose: Coat plates with PDL to augment cell adhesion, final concentration of 100 μg/mL.

Reagents and Tools:

1. Multichannel pipette trough
2. Multichannel pipette (1200 μL)
3. 1x HBSS (Gibco 14175)
4. Box of 1200 µL Tips
5. 96-Well Falcon Plate (Falcon 353072)
6. 5 mL and 50 mL Pipette (Falcon 357543 and 357550)
7. 100 mL Bottle

Protocol:

20 x 96 Well Plates: 90 mL 1x HBSS, 10 mL PDL Stock Solution

1. Thaw one aliquot of 10 mL PDL Stock solution on the 37 ºC water bath
2. Using a 50 mL pipette, transfer 90 mL of 1x HBSS into a 100 mL Bottle
3. Add the 10 mL PDL stock solution and mix
4. Transfer the total volume to a trough
5. Using multi-channel fill 100 µl/well in the inner 48 wells of the 96-well plates
6. Store the plates inside a plastic box in the cold room over night or until use

10 x 24 Well Plates: 90 mL 1x HBSS, 10 mL PDL Stock Solution

Follow exactly the same procedure but filling 400 µL/well.

5.2.2. Coating plates with laminin (10 μg/mL) after PDL pre-coating

Reagents and Tools:

1. Falcon PDL-coated plates
2. 1x HBSS (Gibco 14175)
3. Mouse Laminin I, 1 mg/mL, 100 μL aliquot (Cultrex 3500-010-01)
4. Multichannel pipette (1200 μL)
5. Multichannel pipette trough
6. Pasteur glass pipette
7. 15 mL Falcon tubes
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Protocol:

1 x 96 well Plates: 3 mL 1x HBSS, 30 µL Laminin

1. Thaw laminin aliquot on ice
2. Using Pasteur glass pipette with vacuum remove the PDL from wells or invert the plate gently.
3. Wash 5 times with sterile distilled water. Leave the last wash while you do step 4.
4. In a 15 mL tube add 30 μL of laminin solution per 3 mL of HBSS per plate and transfer to a multichannel 

trough.
5. Remove the water from the wells and add 60 μL of laminin solution in the inner 48 wells of the 96-well 

plates.
6. Incubate plates overnight @ 37 ºC, 5%CO2 in the incubator.

1 x 24 well Plate: 7.5 mL 1x HBSS, 75 µL Laminin

Follow exactly the same procedure but adding 75 µL of laminin solution per 7.5 mL of HBSS per plate and filling 
the wells with 300 µL of Laminin solution final concentration 10 µg/mL.

5.2.3. Preparing the transfection reagants: intraneuronal buffer (INB) stock 
solutions and INB solution

Reagents:

1. Potassium Chloride, Powder (KCL) FW: 74.55 (J.T.Baker-3052-01)
2. HEPES Sodium Salt FW: 260.29 (Omnipur-5380)
3. Calcium Chloride (CaCl2) FW: 147.02 (Fisherbiotech-BP510-500)
4. Ethylene glycol-bis(2-aminoethyl-ether)-N,N,N’,N’-tetraacetic acid (EGTA) FW: 380.35 (sigma-

E4378-25g)
5. Magnesium chloride hexahydrate (MgCl2) FW: 203.31 (sigma-M2670-500g)

Protocol:

1. Prepare the following solutions:
1. 1 M KCL
2. 1 M HEPES
3. 0.5 M EGTA (Needs to be dissolved @ pH8 with 10 M NaOH Solution)
4. M CaCl2
5. M MgCl2

2. Check the pH for the solutions

INB Preparation

1. Add in a 50 ml Falcon tube:
H2O: 42 mL
1 M KCL: 6.75 mL
1 M HEPES: 0.5 mL
0.5 M EGTA: 0.5 mL
M CaCl2: 0.1 mL
M MgCl2:0.1 mL

2. Check the pH of the INB; it should be about 7-8.
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3. In the white hood, filter the INB through a 0.22 µm filter and leave 10 mL (labeled as filtered INB) in a 
Falcon tube for the transfection itself and pour the rest in a multichannel through to wash the 
transfection plate (BTX plate).

5.2.4. Preparing culture media: enhanced neuronal buffer (END) supplement 
recipe

1. 50 ml 100x Sato Stock:
⚬ Add the following to 50ml Neurobasal medium:
⚬ 0.5 g transferrin [Sigma #T1147]
⚬ 0.5 g BSA [Sigma #A4161]
⚬ 12.5 μL progesterone [Sigma #P8783] (from stock: 2.5 mg/100 μL EtOH)
⚬ 80 mg putrescine [Sigma #P7505]
⚬ 500 μL sodium selenite [Sigma #S5261] (from stock: 4 mg/100 μL 0.1N NaOH + 10 mL NB)

2. 50 mL 100X T3 [Sigma #T6397-100 mg]:
⚬ Dissolve 3.2 mg triido-thyronine [Sigma #T6397] in 400 μL 0.1 N NaOH
⚬ Add 30 μL to 60 mL DPBS [Invitrogen #14287072]
⚬ Filter 0.22 μm filter, DISCARDING the first 8 mL
⚬ Aliquot and store at -20 °C

3. 10 ml 1000X NAC [Sigma #A8199-10G]:
⚬ Dissolve 50 mg N-acetyl cysteine in 10 mL NB (will be yellowish in color)
⚬ Make aliquots and store at -20 °C

To prepare an aliquot to add to 100 mL Neurobasal (calcium free) [Invitrogen 12348017] add:

• 1 mL 100X Pen/Strep [Invitrogen #15140122]
• 1 mL Sato stock
• 1 mL 100X T3
• 1 mL 100X L-glutamine [Invitrogen #25030149]
• 100 μL 1000X NAC
• 2 mL 50X B27 [Invitrogen #17504044] (This was replaced by Neurocult supplement SM1 from Stemcell 

Technologies, item #:05711)

Mix:

• 50 mL of Pen/Strep
• 50 mL of Sato (1)
• 50 mL of T3 (2)
• 50 mL of L-Glutamine
• 5 mL of NAC (3)
• 100 mL of SM1 supplement

Make aliquots of 6.1 mL and freeze at -20 °C.

5.2.5. Glial cell culture

Culture Media

1. 430 mL MEM with Earle’s Salts (Gibco 11095-080)
2. 15 mL Glucose 20% in 1X PBS
3. Dissolve and filter through a 0.22 µm filter to sterilize
4. 5 mL Anti-Anti (Antibiotic/Antimycotic) (Gibco 15240)
5. 50 mL Horse Serum (Gibco 26050-070)
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Dissociation Media

1. 18 mL HibernateE (-CaCl) (Brainbits-HE-Ca-500 mL)

2. 2 mL Trypsin (2.5%, Gibco 15090)

Prepare for Culture

1. Prepare 500 mL Culture Media (see above)
2. Prepare 20 mL Dissociation Media
3. Thaw two 50 μL aliquots of DNAse (30 mg/mL, Sigma-D5025) on ice
4. Prepare Culture Dishes

a. Place 4 mL Culture Media in Falcon 3002 dishes
b. Place 25 mL Culture Media in T75 Flask (Thermoscientific-156499)

5. Thaw at least 6 mL of horse serum
6. Set up in hood

a. 2 forceps
b. 1 spatula (to transfer slices)
c. 1 scalpel
d. 1 razor blade
e. 1 Petri Dish
f. 20 mL Hibernate E on ice
g. Pasteur pipette with bulb

Protocol

1. Remove at least 4 P1 or P2 rat brains and place in ice-cold Hibernate E (-CaCl)
2. Under dissecting scope, remove meninges and make 2 transverse slices of brain using scalpel.
3. Using forceps as tiny clippers, remove cortex from brain slices.
4. Once all the cortex pieces are collected, transfer to lid of Petri dish. Mince with razor blade.
5. Using Pasteur pipette, transfer minced cortex to dissociation media (get rid of bubbles).
6. Add 1 aliquot of DNAse to trypsin solution
7. Incubate in trypsin for 15 minutes with constant shaking.
8. Prepare a 50 mL tube with 3 mL of Horse serum in the bottom.
9. Place tube containing cortical cells and trypsin solution in hood and let the pieces settle to the bottom 

(takes a few minutes).
10. Remove supernatant and place in tube with horse serum (to stop trypsin reaction)
11. Add another 10 mL of dissociation media to the tube with the cortex pieces. Add 1 aliquot of DNAse.
12. Incubate another 15 minutes, 37 °C, with constant shaking.
13. Add 3 ml of horse serum to second dissociation. Triturate 10 times with 10 mL pipette attached to 

electric pipette aid.
14. Filter the original supernatant and the new triturated cells supernatant through a 70 μm filter, and into a 

fresh 50 mL tube.
15. Pellet cells at 180G for five minutes.
16. Remove supernatant and resuspend in 10 mL of culture media.
17. Plate 1 mL of resuspended cells per T75 flask or more if desired.

Comments:

1. Cell viability will be quite low the next day and large amounts of cellular debris will be visible. This is not 
a cause for concern. After consistent media changes over the next few weeks, the surviving cells will 
proliferate and make a nice monolayer in about 2-3 weeks.
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2. To help prevent the overgrowth of microglial cells, when changing the media, strike the flask sharply to 
dislodge microglia, which tend to be loosely adherent, prior to replacing the media.

5.2.6. Passage of glial cultures
Comment: 1 confluent Glial flask can be split into 5 new flasks.

Culture Media

1. 430 mL MEM with Earle’s Salts (Gibco 11095-080)
2. 15 mL Glucose 20% in 1X PBS pH-7.4 (Gibco-70011)
3. Dissolve and filter to sterilize
4. 5 mL Anti-Anti (Antibiotic/Antimycotic) (Gibco 15240)
5. 50 mL Horse Serum (Gibco 26050-070)

Protocol

1. Prepare Glial media and add 25 mL per flask (Thwermoscientific-256499).
2. Incubate at 37 °C until plate the cells.
3. Take the Glial flask to split and remove the media.
4. Add 10 mL of 1X HBSS (Gibco-14175) to wash the Glial culture. Move gently to the sides.
5. Remove the HBSS and add 5 mL of trypsin 0.05%(Invitrogen-25300062-500 mL).
6. Gently move the flask to spread the trypsin.
7. Incubate for 5 min, 37 °C.
8. Add 5 mL of Glial media to stop the trypsin (volume of trypsin=volume of media).Move the flask to 

spread the media evenly.
9. Transfer the suspended Glial culture to a 50 mL tube.
10. Centrifuge at 1000rcf for 5 min. Remove supernatant.
11. Resuspend using 1 ml of Glial media first and then add more media (1 mL of media per each new flask).
12. Put 1 mL of cells into each pre-warmed T75 flask. Gently move flask to spread cells evenly.

5.2.7. 24-well transfection of cortical neurons

Reagents

1. Hibernate E (Brainbits-HE-Ca-500 mL)
2. 24-well Falcon plates coated with PDL + laminin
3. Papain (Worthington, #3126)
4. ENB Media 50% Glia Conditioned
5. Intraneuronal Buffer solution(INB)
6. 50X SM1 Neuronal Supplement (Stemcell-05711)
7. DNAse solution (Sigma-D-5025)
8. Trypsin 2.5% (Gibco-15090)

Tools

• Sharp forceps
• Spatula (for transferring brain slices)
• Razor blade
• Scalpel
• BTX Transfection plate (BTX-45-0450)

836 Assay Guidance Manual



Protocol

• The day before the experiment: Prepare ENB media (see protocol)
• On the day of the experiment prepare INB transfection buffer (see protocol)

Fill culture plates with media

1. Filter the ENB Media.

2. Optional: add forskolin to the ENB Media (1 μl of 5 mM stock per ml). Mix thoroughly.
Note: forskolin can be used to increase transcription from CMV promoters and in this way enhance 
expression from plasmids. Researchers should weigh this technical advantage against the potentially 
confounding effects of elevated cAMP signaling.

3. Add 400 μL per well of the media to the 24-well plate. Be sure to avoid air bubbles at the bottom of the 
wells. I f you get air bubbles, tap the plate to make the bubbles go up.

4. Put the plate on the incubator until use.

Prepare Hibernate E solutions

1. In a 50 mL Falcon tube place 20 mL of room temperature Hibernate E (for rinsing papain)
2. In another 50 mL Falcon Tube place 50 mL of Hibernate E + SM1 (add 1 mL 50X SM1)

Prepare 15 mL tube for Papain incubation

1. Put 10 mL of hibernate E in tube, put at room temp.

2. Add enough Papain to have 20 U/mL. usually 160-210 μL.
200U/(U/mg x mg/mL)= mL-→ x10-3 = µL Papain

3. Place tube in water bath.

4. Transfer brain to a Petri dish containing ice-cold hibernate E (-CaCl)

Prepare Transfection plate

1. Before using the INB buffer (Intraneuronal Buffer), filter it using a 10 mL syringe and 0.22 μm filter.
2. Rinse BTX plate with 150 μL/well of INB, 5 times.
3. Leave in the hood to dry. Put under the UV light for 15 min if you are reusing the transfection plate.

Set up Hood for Dissection

1. Tools (forceps, scalpel, razor blade, transfer spatula)
2. Pipette with bulb
3. Ethanol
4. 60 mm Petri dish
5. Start thawing DNAse and Trypsin aliquots on ice.

Harvest Brains and dissecting cortex out

1. Let the pups sleep on ice for 10 min
2. Cut head off P1 rat with large scissors
3. Using small scissors make incision along midline of scalp. Clear the skin away.
4. Make cuts through skull, starting at the base of the skull and working around the later edges. This creates 

a large flap that can be peeled off.
5. Scoop whole brain into a 10 cm dish containing 10-12 mL ice-cold Hibernate E.
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6. Remove meninges from brain (Back to Front)
7. Use scalpel to prepare a thick transverse section of middle 2/3 or brain.
8. Remove cortex from section (see Figure 12)
9. Repeat process for another brain, placing pieces of cortex from both brains together.
10. Get the dissociation media ready
11. Remove Papain solution from water bath and place in hood with cap open.
12. Add 50 μL of DNAse solution to papain.
13. Place a suction bulb on a glass pipette.
14. Using a flat spatula, transfer pieces of cortex to the lid of a Petri dish.
15. Using razor blade, mince the pieces of cortex.
16. Use pipette to transfer pieces of cortex into papain. This will take several repetitions. Be careful to avoid 

bubbles. Use the pipette to remove any bubbles.
17. Place conical tube with Papain + DNAse solution and cortex in 37° C incubator on a shaker. Incubate for 

30 minutes.

During incubation, prepare the following:

1. Clean up hood and organize pipettes and tip boxes
2. Be sure that Trituration Media (Hibernate E + SM1) is waiting at room temperature.
3. Lightly fires polish a glass pipette and attach it to suction bulb.
4. Attach a glass pipette to the vacuum.
5. Label 3 15 mL conical tubes as follows:
6. “Cell collection”
7. “Cell count”
8. “Transfection”
9. Set out 5 mL of buffer INB at room temperature.

Rinse Papain, triturate, add Trypsin

1. Spin cortex at 10G for 1 minute.

2. Remove supernatant; replace with 5 mL Hibernate E + SM1.

3. Spin cortex at 10G for 1 minute.

4. Remove supernatant, replace with 1.5 mL Hibernate E + SM1

5. Add 5 µL DNAse.

6. Triturate 3 times.

7. Spin cortex at 10G for 1 minute.

8. Remove supernatant; replace with 10 mL Hibernate E (NO SM1).

9. Spin cortex at 10G for 1 minute.

10. Remove supernatant; replace with 9 mL Hibernate E (NO SM1).

11. Add 1 mL trypsin + 50 µL DNAse.

12. Incubate 30 minutes, 37 °C, shaking.

13. During incubation start loading the plasmids in the transfection plate. First, the INB, then each plasmid. 
When each column is loaded, cover it with tape to avoid confusion and evaporation.
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Rinse, Triturate

The purpose of this trituration paradigm is to minimize the number of times a dissociated cell passes through 
the pipet tip. Tissue aggregates are triturated briefly, resulting in dissociation of cells from their surface. These 
cells are then removed to a separate container before further trituration of the aggregates. This approach is 
critical to maintain viability.

1. Spin cortex at 10G for 1 minute.
2. Remove supernatant; replace with 5 mL Hibernate E + B27.
3. Spin cortex at 10G for 1 minute.
4. Remove supernatant, replace with 1.5 mL Hibernate E + B27
5. Add 5 μL DNAse.
6. Triturate 3 times.
7. Let cortex settle for 2 minutes (set timer).
8. Remove the supernatant and place in “collection tube”.
9. Repeat steps 4-8 about five or six times, until about 10-12 mL of cell suspension is collected.

Determine Cell Concentration

1. Gently invert “Cell Collection” tube until the cells are evenly distributed (some probably settled to a pellet 
on the bottom during triturations).

2. Transfer 1ml of media to “Cell Count” tube.
3. Spin “Cell Count” tube at 80G, 3 minutes, room temperature.
4. Remove supernatant, and re-suspend pellet in 1 mL of Hibernate E + SM1.
5. Combine 90 μL of cells with 10 μL of trypan blue. Use hemacytometer to count number of HEALTHY 

cells.

Transfection and plating of cells

1. Calculate the volume needed for 1 million cells (We use 500,000 cells per column)
2. Vol. needed= amount of cell we want/ Cell count
3. Transfer that volume from “Cell Collection” tube to “Transfection” tube.
4. Spin down cells, 80G, 5 minutes, room temperature.
5. Resuspend cells in 500 μL INB (250 µL per column of BTX plate). INB IS TOXIC TO CELLS. FROM 

THIS POINT ON, WORK AS FAST AS YOU CAN WITHOUT MAKING MISTAKES.
6. Place 25 μl of INB + cells in each well for transfection. Mix just one time, gently.
7. Cover transfection plate with tape. Use razor blade to make sure tape is not blocking the contact points.
8. Transfect cells with electroporator (350V, 300us, 1x)

Figure 12: Diagram of rat cortex (outlined in red) in rat brain section.
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9. Remove tape from transfection plate.
10. Add 100 ml of Hibernate E + SM1 to each well. Gently mix 2x.
11. Using multichannel pipette, transfer 25 μl to wells in culture plate.
12. Let grow for two days, 37ºC, and proceed with the Inmunohistochemistry.

5.2.8. Fixative: paraformaldehyde 4%, sucrose 4%
Comment: Paraformaldehyde (PFA) fixative is very dangerous and much care should be taken while following 
this procedure! PFA in powered form is very dangerous. Wear a mask and measure in a chemical fume hood! Do 
not allow yourself or anyone in the lab to be exposed to the powder or fumes coming from the hot water.

Materials

Set everything in the fume hood before starting:

1. Scale, spatula and weight plate.
2. PFA (Sigma P6148-500g)
3. Sucrose (FLUKA Biochemika_84097-1kg)
4. PBS 10x
5. 1 N NaOH
6. Glacial Acetic Acid
7. Distilled H2O

For 250 mL:

• 10 g PFA
• 10 g Sucrose
• 200 mL H2O
• 25 mL 10X PBS

Procedure:

For a 250 mL solution: 10 g of PFA and 10 g of Sucrose

1. Heat water (200 mL) to 60°C (don’t allow it to go above 65 °C) and stir continuously
2. Weigh the PFA. Clean the scale of any remaining PFA.
3. Add the PFA and the sucrose to the water. Let stir for a few minutes.
4. Add 1 pellet of NaOH (or a few hundred µL of NaOH 1N). Add only one at a time and wait a few minutes 

to see if more is necessary (until the solution turns clear).
5. Add 25 mL of 10X PBS.
6. Adjust pH near to 7.4 with pH strips using Glacial Acetic Acid.
7. Take to final volume with distilled water.
8. Filter and aliquot (12 mL/tube).

Note that the immunohistochemistry protocol calls for two distinct solutions: a BLOCKING BUFFER, which is 
used in the initial blocking step, and then an ANTIBODY BUFFER in which antibodies are applied.

Antibody Buffer

1. 200 mL ddH20

2. 1.75g NaCl (Sigma-Aldrich-S9625- 10 kg)

3. 1.2g Trizma Base (Sigma-T1503- 1 kg)

4. 2g BSA (Sigma-A9418- 100g )
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5. 3.5g lysine (Sigma L2513- 25 g)

6. 0.02% Na Azide (2 mL of stock solution, which is 2 g in 100 mL H20)

Adjust to pH 7.4 and filter sterilize

Blocking Buffer:

To Antibody Buffer Add

1. 20% Normal Goat Serum (Gibco-16210): 2 mL/10 mL Antibody solution
2. 0.2% TritonX: 200 µL from 10% Triton solution (prepared from 1 mL Triton X-100 (Omnipure-9410) in 9 

mL 1XPBS).

Blocking is done for 30 minutes @ room Temperature

Antibody incubations are done in Antibody Buffer only (no serum or triton)

5.2.9. Immunohistochemistry for cortical neurons on 24-well falcon plates

Reagents & Instruments

1. Multichannel pipette P 1200.
2. Triton X 10% (1 mL Triton X-100 (Omnipure-9410) in 9 mL 1XPBS)
3. Goat Serum (Gibco-16210)
4. Blocking Buffer
5. 4% PFA/4% Sucrose solution
6. Hoechst (Sigma-2495-100 mg)

Procedure

1. In the fume hood: Remove the media from the plates (use a tray for easy handling).
2. Add 400 μL per well of PFA4%/Sucrose4% and incubate for 30 min.
3. Discard the PFA and wash with 400 µL/well of PBS 1X at least 5 times. Wait a few seconds between 

washes.
4. Prepare the blocking solution: 10 mL of Blocking Buffer (enough for 1 plate) 20% of Goat Serum: 2 mL/ 

2% of Triton X: 200 μL Triton 10%.
5. Remove the last wash and add 400 µL/well of the Blocking Buffer.
6. Incubate for 30 min.
7. Prepare the Primary antibody in Antibody Buffer (for example Rb anti-β-tubulin III, 1:500) (Sigma-

T2200-200 μL)
8. Discard the Blocking Buffer and add 400 μL/well of the primary antibody in Antibody Buffer. Incubate 

overnight at 4 ºC.
9. Wash at least 5 times with PBS 1X, 400ul/well.
10. Prepare the Secondary Antibody in Antibody Buffer. Ex: Alexa Fluor GαRb 647 1:500 (invitrogen-

A21244) and Hoechst 1:1000.
11. Add 400 µL/well of the secondary antibodies and incubate for 1-2 hr in the dark.
12. Rinse the plate with PBS 1X at least 5 times.
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Abstract
Extracellular signal-related kinase (ERK1/2 or p42/44) is a kinase in the mitogen-activated protein kinase 
(MAPK) family and phosphorylation of ERK (p-ERK) can be used as a common end point measurement for the 
activation of many classes of G protein coupled receptors (GPCR). This chapter addresses the use of 
PerkinElmer’s AlphaScreen® SureFireTMassay to measure ERK phosphorylation. This chapter is intended to 
assist in the development and optimization of p-ERK assays by providing sample protocols, factors to consider 
during assay optimization and data analysis details for the agonist and antagonist modes.

Introduction
Extracellular signal-related kinase (ERK1/2 or p42/44) is a serine/threonine kinase that acts as an essential 
component of the Mitogen-Activated Protein Kinase (MAPK) signal transduction pathway. There are two 
MAPKs which play an important role in the MAPK/ERK cascade, MAPK1/ERK2 and MAPK3/ERK1. Many 
biological functions are mediated by this pathway through the regulation of transcription, translation, and 
cytoskeletal rearrangements, including cell growth, adhesion, survival and differentiation. The MAPK/ERK 
cascade also plays a role in the initiation and regulation of meiosis, mitosis, and postmitotic functions in 
differentiated cells by phosphorylating a number of transcription factors. About 160 substrates have been 
identified for ERKs and many of these substrates are localized in the nucleus to participate in the regulation of 
transcription. However, there are other substrates located in the cytosol or in other cellular organelles that are 
responsible for processes. The MAPK/ERK cascade is also involved in the regulation of lysosome processing and 
endosome cycling through the perinuclear recycling compartment (PNRC); as well as in the fragmentation of 
the Golgi apparatus during mitosis.

Activation of ERK1/2 is commonly used to measure the functional outcomes for G protein coupled receptors 
(GPCRs). The α-subunit of G proteins can be categorized into different subclasses, Gαi/o, Gαq, and Gαs, that 
trigger different signaling cascades. For GPCR targets, one utility of measuring p-ERK is its relevance across 
multiple receptor classes (Gαq, Gαi/o, and some Gαs). Gαs-coupled receptors increase cAMP and Gαi receptors 
decrease cAMP levels through the stimulation or inhibition of the adenylate cyclase pathway. Gαq-coupled 
receptors are known to work through the activation of the Phospholipase-C (PLC) pathway, causing increases in 
intracellular calcium. The advantage of measuring phosphorylated ERK (p-ERK) is that it is a common 
endpoint, despite initialization from different α-subunits and therefore different cascades. Now due to newer 
technology, there are options for developing cell-based screening assays with high throughput capability (Figure 
1).

Measuring p-ERK can provide an alternative read-out for receptors. Detection of p-ERK can also potentially 
provide some advantages that supplement calcium and cAMP assay results when assessing GPCR drug 
candidates.

Author Affiliation: 1 Eli Lilly & Company, Indianapolis, IN.
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Note: The content of the Assay Guidance Manual will be updated quarterly with contributions and new 
chapters to ensure the manual stays relevant to the current technologies and best practices used in the rapidly 
changing field of drug discovery and development. The chapter is currently in the process of being updated to 
reflect the current state of the field with respect to p-ERK assays and technologies. Therefore, it is possible that 
the most up-to-date information may not yet be included, but will be added in forthcoming chapter updates. 

Overview of Technology
There are multiple methods currently used to measure p-ERK:

• AlphaScreen® SureFire™ ERK Assay – High throughput capability using bead proximity-based 
AlphaScreen technology.

• ELISA - Enzyme linked immunosorbent assays require wash steps and long incubations (often overnight). 
However, measurement with an Acumen reader can provide images of cells if this is desirable.

• Meso-Scale Discovery Assays – Electrochemiluminesence-based method providing medium to high 
throughput screening.

• LICOR - Infrared fluorescence-based method providing medium to high throughput screening.
• Western Blot Analysis – This method can be labor intensive and offers limited throughput.

AlphaScreen SureFire ERK Assay

General Background
Detection of activated ERK is enabled by immuno-sandwich capture of endogenous phosphorylated ERK in cell 
lysates. Antibody-coated AlphaScreen beads generate a highly amplified signal when in close proximity, due to 
binding of p-ERK (Figure 2; http://www.PerkinElmer.com, http://www.TGR-Biosciences.com).

Characteristics of the AlphaScreen SureFire ERK Assay
Measurement of p-ERK can be done in many ways, but the kit combining PerkinElmer’s AlphaScreen 
technology and TGR BioSciences’ SureFire cellular ERK assay is a popular method of measurement. Published 
work indicates that ERK1/2 activation is pharmacologically similar to previously established responses in other 
assay formats (1). Here are some characteristics of this assay format:

• Can be used with primary or cultured cells (adherent or non-adherent)
• Cloned or endogenous receptors (transient or stable transfection)
• Non-radioactive
• Detects agonists, antagonists, or orphans
• Homogeneous assay
• No wash steps
• One day assay
• Automatable for high throughput (384- or 1536-wells)
• Highly sensitive and low background
• Can detect broad affinities
• Specialized reader is required

Sample Protocol
See the PerkinElmer protocol for AlphaScreen SureFire p-ERK assay kits or the TGR Biosciences SureFire 
Cellular ERK assay protocol for more detailed information. Additional information is also available for one 
versus two plate protocols and non-adherent cells.
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Suggested Assay plate: PerkinElmer, Proxiplate-384 well plate (half volume), #6006280

Schematic Outline of the SureFire Cellular ERK Assay
1. Plate cells into 96- or 384-well proxiplate for 24 hours at 37°C
2. Starve cells with low serum or serum-free medium. This optional step helps to keep the basal 

phosphorylation levels low (times vary based on the cell type).
3. Add inhibitors (time may vary)
4. Add agonist for 5 to 15 minutes
5. Lyse cells for 10 minutes at room temperature
6. Transfer 6 µl lysate to assay plate
7. Add 10 µl reaction mix containing beads for 2 hours at room temperature
8. Read plate

Assay Formats

Agonist Mode:
a. Cells are stimulated with agonist and optimal time and temperature for stimulation are determined.

Figure 1: ERK1/2 can be activated by GPCRs which couple to different G protein subclasses and transduce the signal by different 
pathways. Functional separation of these signals is achieved by spatially distinct pools of ERK1/2 within the cell (1).

Figure 2: AlphaScreen SureFire ERK Assay Principle.
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b. Max response is maximum p-ERK produced by full agonist stimulation (Figure 3).
c. Min response is p-ERK produced in the presence of stimulation buffer without agonist.
d. Relative EC50 is obtained from the concentration response curve.
e. Detection of GPCR-induced ERK1/2 activation in transfected cell lines (Figure 4).

Antagonist Mode:
a. Cells are pretreated with diluted test antagonist at 37°C for 1-2 hours.
b. Agonist is added at the EC80 concentration and incubated at room temperature for 15 minutes.
c. Inhibition of the agonist response is quantified.
d. Max response is maximum p-ERK produced by full agonist stimulation.
e. Min response is p-ERK produced in the presence of stimulation buffer without agonist.
f. Relative IC50 is determined from the concentration response curve (Figure 5).

Assay Optimization
The following conditions should be optimized for the best assay performance:

a. Cell titration to minimize the baseline ERK1/2 phosphorylation level and to maximize the signal window.
b. Serum starvation parameters (if required). This may be necessary to reduce background.
c. DMSO tolerance study.
d. Time course for compound incubation.
e. Time course for agonist stimulation.
f. Optimization of instrument set-up.

Helpful Hints for Performing SureFire AlphaScreen ERK Assays
a. Cells are grown to confluence in microplate wells prior to assaying for ERK1/2. This is important because 

contact inhibition significantly lowers the level of background ERK1/2 phosphorylation, synchronizes the 
responsiveness of the cells, and maximizes the signal window.

b. Cells should be harvested from flasks for seeding into microplates at approximately 70-90% confluence. 
Cells should be detached from the flasks using conditions as mild as possible and allowed to adhere to 
plates for at least 24 hours prior to the assay.

c. Monitor the cell passage number; determine empirically whether the cells will lose responsiveness at 
passages beyond a maximum limit.

d. Assay incubation temperature should be at least 22°C.
e. To eliminate “edge effects”, increase the reaction volumes from 11 µl (4 µl cell lysate and 7 µl reaction mix) 

to 16 µl (6 µl cell lysate and 10 µl reaction mix).
f. Avoid bubbles in the assay wells.
g. Because AlphaScreen beads are light sensitive, add beads and incubate assay plates in low light 

conditions.
h. Read the plates using the Envision Alpha Turbo module to avoid an “edge effect” in data consistency.

Websites
www.TGR-Biosciences.com

www.PerkinElmer.com
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Figure 3: Agonist concentration response curves. ERK1/2 activation with cells expressing endogenous GPCRs.

Figure 4: Detection of GPCR-induced ERK1/2 activation in transfected cell lines. A) Effect of dopamine on hD3-C1 cell ERK 
phosphorylation. B) Effect of U69593 on CHO-Kappa9 cell p-ERK1/2.

Figure 5: Antagonist concentration response curve.
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IP-3/IP-1 Assays
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Abstract
Activation of G-protein coupled receptors (GPCR) that couple to Gαθ and Gβγ and subsequent activation of 
phospholipase C –β (PLC-β) can be detected through the measurement of D-myo-inositol 1,4,5-triphosphate 
(IP3) in cells. This chapter describes technologies that can be used to develop robust assays for screening 
compounds, more specifically the use of Homogeneous Time-Resolved Fluorescence Assay (HTRF) for IP3 
measurement. A sample preparation protocol, parameters for assay optimization and examples of data analysis 
are provided.

Introduction
Note: The content of the Assay Guidance Manual will be updated quarterly with contributions and new 
chapters to ensure the manual stays relevant to the current technologies and best practices used in the rapidly 
changing field of drug discovery and development. The chapter is currently in the process of being updated to 
reflect the current state of the field. Therefore, it is possible that the most up-to-date information may not yet be 
included, but will be added in forthcoming chapter updates. 

Agonist stimulation of G protein coupled receptors that are coupled to Gαq (or to Gβγ subunits) leads to 
activation of phospholipase C β (PLC-β) followed by production of D-myo-inositol 1,4,5-triphosphate (IP3). IP3 
initiates the release of Ca2+ from intracellular stores before it is rapidly degraded to IP2 then IP1 (Figure 1). 
Activation of this pathway is usually measured by detection of intracellular calcium using fluorescent calcium 
indicator dyes and fluorescence plate readers (FLIPR). Although calcium assays are robust and easily amenable 
to HTS, there are some important limitations: calcium flux is very rapid and transient, and does not allow 
detection of constitutive activity (or inverse agonism); interference by fluorescent and nuisance compounds is a 
problem; and sensitivity is often insufficient to allow the use of primary cells. Alternatively, it is possible to 
measure IP3 production directly or indirectly as a read-out of PLC-β activation.

Overview of Technology
Traditional assays for total inositol phosphate accumulation used radioactivity and were complicated and not 
amenable to HTS. In addition, IP3 production is very rapid and transient before it is metabolized to IP2 and IP1. 
There are a few alternative technologies available for measurement of IP-3 including AlphaScreen (Perkin Elmer) 
and HitHunter™ Fluorescence Polarization (DiscoveRx). Recently a homogeneous time resolved fluorescence 
assay for IP1 (IP-One HTRF®), has been developed by Cisbio (see below). This assay format takes advantage of 
the fact that lithium chloride (LiCl) inhibits the degradation of IP1, the final step in the inositol phosphate 
cascade, allowing it to accumulate in the cell, where it can be measured as a substitute for IP3. Data from Cisbio 
show that the assay can be used with endogenously or heterologously expressed receptors in either adherent or 
suspension cells, to quantitate the activity of agonists, antagonists, and inverse agonists. Agonist EC50’s and 
antagonist IC50’s using the IP-One HTRF® assay correlate very well with those from calcium assays and 
traditional IP3 detection assays.

Author Affiliation: 1 Eli Lilly & Company, Indianapolis, IN.
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IP-One HTRF® Technology (Cisbio)

General Background
The IP-One HTRF® assay kit allows direct quantification of myo-Inositol 1 phosphate (IP1) in cultured cells. The 
assay is a competitive immunoassay. IP1 produced by cells (in the presence of LiCl) after receptor activation 
competes with an IP1 analog coupled to a d2 fluorophore (acceptor) for binding to an anti-IP1 monoclonal 
antibody labeled with Eu Cryptate (donor). The resulting signal is inversely proportional to the concentration of 
IP1 in the sample. A standard curve is constructed to convert raw data to IP1 concentration (Figure 2).

See the following link for more information: http://www.htrf.com/products/gpcr/ipone /

Sample Preparation Protocol
Assay may be conducted in 96-well, 384-well or 1536-well formats. Only white plates should be used for IP-One 
HTRF. Suggested plate types:

• 96 half-well plate Costar cat # 3688 (white, opaque flat bottom, TC-treated). Total working volume = 100 
µl.

• 96-well Costar cat # 3917 (white, opaque flat bottom, TC-treated). Total working volume = 200 μl.
• See the following link for additional plate recommendations: http://www.htrf.com/technology/assaytips/

microplate/

1. Adherent cells may be seeded into tissue culture treated, white microplates 24 hours before assay. Just 
before the assay, media is removed from adherent cells and replaced with Stimulation Buffer (included in 
the kit). Note: buffers containing phosphate can not be used.

2. Alternatively, cells may be prepared in suspension using the Stimulation Buffer provided in the kit, and 
plated immediately before the assay.

3. Serial dilutions of the IP1standard included in the kit are made using Stimulation Buffer, and pipetted 
into the assay plate for the standard curve.

4. Cells are pre-treated with antagonist compounds prepared in Stimulation Buffer for 15-30 minutes at 
37oC, 5% CO2.

Figure 1: Activation of Gαq Pathway ( Reprinted from Cisbio with permission).
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5. Agonist prepared in Stimulation Buffer is added and plates are incubated at 37oC, 5% CO2 for required 
stimulation time (to be optimized).

6. Diluted IP1 d2 conjugate is added to wells.
7. Diluted anti-IP1 Eu Cryptate is added to wells.
8. Plates are incubated for 1 hour at room temperature.
9. Plates are read on an HTRF® compatible reader (eg: Envision, Tecan GENios, BMG Rubystar). See the 

following link for other readers: http://www.htrf.com/technology/htrfmeasurement/compatible_readers/
10. Excitation is at 320 nm. CisBio recommends using a ratiometric measurement for HTRF® emissions at 

both 620 nm and 665 nM. Emissions at 620 nm are used as an internal reference and emissions at 665 
nM reflect the biological response. The ratio of 665/620 allows normalization for well-to- well variability 
and interference due to assay components.

Signal Stability: plates may be read repeatedly for determination of kinetics, and signal is stable for at least 24 
hours at RT.

Results and Data Analysis
The ratio of absorbance 665/ absorbance 620 nm emissions is calculated. A standard curve is plotted of Ratio 
665/620 vs IP-1 concentration using non-linear least squares fit (sigmoidal dose response variable slope, 4PL). 
Unknowns are read from the standard curve as nM concentration of IP1. Ratio 665/620 of unknowns should fall 
on the linear portion of the standard curve. Increased accumulation of IP-1 will result in a decrease in signal 
(Figure 3).

Assay Formats

Agonist Mode:
Cells are stimulated with agonist for optimum time and increase in IP1 produced by receptor activation is 
quantified. Max response is maximum IP1 produced by full agonist stimulation. Min response is IP1 produced 
in the presence of stimulation buffer and the absence of agonist. Relative EC50 and Relative Efficacy (% 
maximum activity of a test compound relative to the reference agonist) may be obtained from concentration 
response curve (Figure 4).

Antagonist Mode:
Cells are treated with test antagonist compound for approximately 15 minutes. Agonist is then added at 
approximately EC80 concentration and incubated for optimum time. Inhibition of the agonist response is 
quantified. Max response is IP1 produced by EC80 concentration of agonist in the absence of compound. Min 
response is IP1 produced in the presence of stimulation buffer and the absence of agonist or test compound. 

Figure 2: IP1 HTRF Assay Protocol (Reprinted from Cisbio with permission).
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Relative IC50 may be obtained from concentration response curve and used to calculate antagonist Kb (Figure 
5).

Inverse Agonist Mode:
Cells expressing a constitutively active receptor are treated with test compound for optimum time (in the 
absence of agonist). Inhibition of the basal response (IP1 produced in the presence of stimulation buffer alone) 
by test compound is quantified. Max response is basal level of IP1 produced in cells expressing the constitutively 
active receptor during the incubation time. Min response is basal level of IP1 produced in cells without the 

Figure 3: 1 Standard Curve.

Figure 4: Agonist concentration response curve
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receptor. Relative EC50 Inverse and Relative Efficacy Inverse (% maximum response of reference inverse agonist) 
may be obtained from concentration response curve (Figure 6).

Assay Optimization
The following parameters should be optimized to ensure that the level of IP-1 produced in the wells falls within 
the linear range of the standard curve, signal window is maximized and variability is acceptable:

• cell number
• preincubation of cells with stimulation buffer
• agonist stimulation time
• incubation time after addition of conjugates

See the following link for Cisbio recommendations for assay optimization: http://www.htrf.com/files/
resources/ip-one%20nature.pdf

Web Sites
http://www.htrf.com/resources/

Figure 5: Antagonist concentration response curve
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Figure 6: Inverse agonist concentration-response curve
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Cardiomyocyte Impedance Assays
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Abstract
Cellular impedance assays have been broadly utilized as a label-free approach for toxicity and drug discovery 
screening. The xCELLigence RTCA Cardio instrument sets itself apart from other impedance technologies by its 
rapid data acquisition rate (12.9 msec). This speed is fast enough to detect the contractile activity of beating 
cardiomyocytes, offering a relatively high throughput and robust strategy to noninvasively monitor the effects of 
test compounds on cardiomyocyte function. This chapter introduces the fundamentals and applications of 
cardiomyocyte impedance assays. A protocol detailing cardiomyocyte culture, data acquisition, and data analysis 
using the xCELLigence RTCA Cardio system is provided and considerations for assay design and data 
interpretation are discussed.
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Flowchart

Introduction
Cellular impedance assays have proved to be a robust and versatile label-free approach to study whole cellular 
behavior. The technology utilizes electrodes that are incorporated into the bottom of each well of tissue culture 
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plates. Weak alternating current (AC) is applied between the electrodes with tissue culture medium as the 
electrolyte. Impedance is calculated using the AC version of Ohm’s law where impedance (Z) is the ratio of 
voltage (v) / current (I). Cells are seeded into the wells and attach to the bottom of the well. The cell layer covers 
the electrodes, thus impeding current flow between the electrodes to varying degrees, depending on cell number, 
morphology, adhesion, and cell–cell contacts. Cell morphology and adhesion changes are therefore quantified 
without exogenous detection labels or dyes, allowing noninvasive, continuous, and label-free monitoring of 
cellular events.

After cells adhere to the bottom of an impedance plate, current flows between the electrodes through a 
combination of extracellular and transcellular paths. The frequency of the electrical current influences the 
preferred path; lower frequency currents tend to take extracellular (paracellular) paths while higher frequency 
currents have a propensity to pass capacitively through cell membranes (transcellular) (1, 2). Because these paths 
are preferentially sensitive to different cellular functions and/or events, controlling current frequencies has 
allowed researchers to tailor cellular impedance platforms to suit diverse screening applications. Different 
instruments have been used to quantitatively measure a wide variety of cellular events, including cell viability 
and growth, migration, cell-cell and cell-matrix contact, and GPCR and kinase signaling (reviewed in 3).

Application of impedance to cardiomyocytes has recently been introduced by the xCELLigence RTCA Cardio 
instrument (ACEA Biosciences, San Diego, CA) that produces a single frequency (104 Hz) to enable accelerated 
data acquisition (12.9 msec) (4, 5). The number of data points collected per second (~78) easily allows for 
quantitative monitoring of impedance changes associated with the physical movement of spontaneous, 
synchronously beating cardiomyocytes. This relatively high throughput, label-free approach to detect 
cardiomyocyte beating has several advantages: 1) it allows for continuous, real-time monitoring without the 
need of exogenous detection reagents, 2) it produces robust, quantitative data, and 3) it offers versatile data 
analysis.

Concept and Overview of xCELLigence RTCA Cardio System
The xCELLigence Real-Time Cell Analysis (RTCA) Cardio instrument exploits impedance changes across the 
cardiac monolayer to evaluate both cardiomyocyte health status and contraction-induced morphology changes. 
Cardiomyocytes are cultured on 96-well Cardio E-Plates, which contain interdigitated gold microelectrodes 
incorporated into the bottom of each well. Spontaneously beating cardiomyocytes from several sources, 
including freshly isolated rat neonatal cardiomyocytes as well as human stem cell-derived cardiomyocytes have 
been used successfully with the RTCA Cardio system.

The system is composed of the RTCA Cardio Station, the RTCA Control Unit, and the RTCA Analyzer (Figure 
1). To monitor impedance, the Cardio E-plate is placed in the RTCA Cardio Station, which is housed within a 
standard tissue culture incubator. The analyzer connects to the station through a ribbon cable that passes 
through the sealed door of the incubator. The control unit operates the software and acquires and displays the 
data in real time, while the analyzer sends and receives the electronic signals between the control unit and the 
station. Impedance is measured and Cell Index (CI) is calculated by subtracting base line impedance from 
impedance at any given time and dividing by a constant value (6). Because cell index is a relative measure of 
impedance, it is exquisitely sensitive to changes in cell number, attachment, and morphology. Change in any of 
these factors produces a measureable change in CI values and thus allows for determination of cell status over 
assay time (Figure 2).

The contractile activity of beating cardiomyocytes results in small transient changes in impedance that are a 
fraction (generally 0.1%) of the overall impedance (Figure 3). The hallmark feature of the xCELLigence RTCA 
Cardio System is the fast data acquisition rate (12.9 msec), allowing the detection of minute morphological 
changes of a spontaneously beating cardiomyocyte monolayer, thereby enabling a readout that is downstream of 
both mechanical and electrical elements of contraction. A demonstration that impedance measures the physical 
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movement of contraction rather than the electrophysiological properties of cardiomyocyte beating can be seen 
with blebbistatin, a small molecule myosin II inhibitor, which causes a reduced impedance beating pattern in the 
absence of altering the action potential as detected by multi-electrode array (MEA) (Figure 4). The current 
version of the analysis package of the RTCA Cardio Instrument Software is capable of quantifying several beat 
parameters including beat rate (BR), beat amplitude (amp), beat duration (IBD50, IBD90), rising time (Tr), 
falling time (Tf), beating pattern similarity (BS), and beating rhythm irregularity (BRI) (Table 1 and Figure 5). 
Therefore, in addition to monitoring changes in overall cellular status (morphology/attachment/viability), 
changes in beating characteristics can also be assessed.

A few publications have cross-validated the Cardio System with other detection methods using positive control 
compounds with well-established molecular mechanisms of action. For example, Guo et al (7) tested 28 
compounds covering different known cardioactive mechanisms (inhibitors of various cardiac ion channels, 
GPCR agonists, etc) and showed comparable detection with both impedance and electrical field potential using 
microelectrode arrays (MEA). In a follow-up study, this group demonstrated concordance between impedance 
and patch clamp electrophysiological data using compounds with established clinical arrhythmic liability (8). 
Scott et al (9) demonstrated similar assay performance metrics between the impedance assay and a field 
stimulation IonOptix (optical-based) measure of cardiomyocyte contractility, using 30 inotropes and 19 non-
inotropes. These compounds were recently tested for effects on Ca2+ transients using the FLIPR Tetra 
instrument, and gave results comparable to that seen with IonOptix and impedance (10). Thus, impedance data 
overlaps favorably with that derived from other detection methods, and in some cases can detect compounds 
that are not detected in methods that quantify “upstream” endpoints such as the action potential and calcium 
flux (e.g. blebbistatin, Figure 4). Finally, high-content imaging has been used to detect structural cardiotoxicants 
(i.e. causing morphological damage and toxicity as opposed to affecting the mechanical properties of the 
cardiomyocyte) (11). Such compounds have not yet been systematically tested in the Cardio System. It will be 
interesting to determine the overlap between these two methods for detecting structural cardiotoxicity.
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Figure 1: xCELLigence RTCA Cardio instrument (ACEA Biosciences). The RTCA Analyzer and Control Unit (left) connect to the 
RTCA Cardio Station (right), which is housed within a standard tissue culture incubator.

Figure 2: Changes in cell index over the course of cardiomyocyte culture. iPSC (30,000 plateable iCell® cardiomyocytes per well) were 
seeded on an E-plate 96 and overall impedance, displayed as cell index, was monitored for 16 days (mean ± SD of 3 wells). Medium 
changes indicated by black arrows.
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Figure 3: Change in cell index of beating cardiomyocytes. Note the relatively small fluctuation in cell index (8.6-8.7) compared to the 
overall cell index of ~8.6, equaling an ~0.09% change in impedance.

Figure 4: Effect of blebbistatin, a myosin II inhibitor, on mouse embryonic stem cell-derived cardiomyocyte impedance and MEA 
profiles (Adapted from 5). Blebbistatin treatment (10 µM) results in inhibition of impedance signals but does not have an effect on field 
potential recordings measured by MEA.
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Table 1: Definition of beat parameters. RTCA Cardio Software identifies and quantifies several beat parameters.

Parameter Abbreviation Definition

Beat rate BR Number of beats per minute

Beat amplitude amp Cell Index difference between one negative peak to the following positive peak

Beat duration IBD50, IBD90
Duration between two adjacent points sitting at 50% or 90%, respectively, of maximal 
amplitude

Rising time Tr Time the signal rises from 20% peak height to 80% peak height

Falling time Tf Time the signal falls from 80% peak height to 20% peak height

Beating period Time between each positive or negative peak

Beating rhythm 
irregularity BRI The CV (SD/avg) of all of the beating periods in one sweep

Beating pattern similarity BS A comparison of the beating compared to a selected base time (score1 for exactly the 
same -1 to exactly opposite)

Sample Protocol
This protocol provides basic instructions for cardiomyocyte culture, compound treatments, data acquisition, and 
analysis using the RTCA Cardio system. As an example, a description of how to culture commercially available 
induced pluripotent stem cell-derived cardiomyocytes (iPSC-CM) from CDI International (Madison, WI) for 
use with the RTCA Cardio system is offered. These cells can be maintained for extended durations (≥ 3 weeks), 
thereby enabling measurement of acute and sub-acute drug-induced effects.

Figure 5: Definition of beat parameters. RTCA Cardio Software identifies and quantifies several beat parameters including amplitude, 
beating period, Tf, Tr, IBD50, and IBD90.
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Cell Plating and Culture
1. Dilute fibronectin (Sigma cat# F1141) to 10 µg/mL with sterile DPBS.
2. Coat wells of E-plate Cardio 96 (ACEA cat# 06417051001) with 50 µL of 10 µg/mL fibronectin. Incubate 

plates at 37°C for 3 hr. Alternatively plates can be incubated at 4°C overnight.
3. Aspirate fibronectin solution and rinse wells once with 200 µL DBPS.
4. Add 50 µL of iCell® plating medium (CDI cat# CMM-100-110) to each well.
5. Record pre-plating background impedance measurement for each plate.
6. Thaw iCell® cardiomyocytes (CDI International) for 4 min in a 37°C water bath. Transfer cells to a 50 mL 

conical tube and slowly add room-temperature plating medium drop-wise to a final volume of 5 mL 
plating medium/vial of cells. (Note: iCell® cardiomyocyte viability is highly dependent on the thawing 
process. Be sure to follow instructions provided by the manufacturer.)

7. Count cells and, taking into account the plating efficiency for the specific lot number of cells, dilute the 
cell suspension in plating medium to a final concentration of 6×105 plateable cells/mL.

8. Seed 30,000 plateable cells per well by pipeting 50 µL of the cell suspension/well. (Note: Significant edge 
effects can occur with the beating pattern. Therefore it is suggested that the outer wells are filled with 
buffer and not used for experimentation. This results in 60 wells of each plate being used per 
experiment.)

9. Allow cells to settle undisturbed for 30 min at room temperature to ensure even distribution of 
cardiomyocytes.

10. Culture cells undisturbed for 2 days at 37°C / 7% CO2.
11. Aspirate medium and add 100 µL maintenance medium (CDI cat# CMM-100-120) per well. (Note: Take 

caution when replacing the maintenance medium. When aspirating spent medium, do not touch the 
bottom of the well as this might result in the removal of cells and cause an altered beating rhythm. 
Gently and slowly add fresh maintenance medium to the side of each well to reduce disturbance to the 
monolayer.)

12. Culture cells for an additional 10-12 days, carefully replacing maintenance medium every other day.

Compound Addition and Data Acquisition
1. Cells will have a consistent, stable, and synchronous beating pattern after approximately 10-14 days in 

culture; this window is the optimum time for compound addition and data acquisition.
2. On the day of compound addition, replace maintenance medium with 90 µL fresh medium ~4 hr before 

taking time zero reading and return cells to incubator.
a Temperature decreases reduce myocyte beating, and therefore several steps should be taken to 

reduce the time that cell cultures are out of the incubator (< 2 min). Maintenance medium should 
always be warmed to 37°C, for both cell culture and for preparing 10x stocks of test compounds. If 
possible, liquid handling steps should be automated.

3. Prepare 1000x stocks of test compounds in appropriate vehicle. Dilute stocks and vehicle controls 1:100 in 
maintenance medium for a 10x working stock in a 96-well cell culture plate. (Note: Vehicle should not 
exceed 0.1% final concentration and vehicle controls should always be included in the assay.)

4. Take time zero reading for each plate immediately before compound addition.
5. Add 10 µL of working stock to appropriate wells.
6. Collect data at desired time points (3 sweeps at 30-60 sec per time sweep). iCell® cardiomyocytes have a 

relatively long-term stable beating pattern and therefore cardiomyocyte beating function can be 
monitored for ≥ 72 hr.

7. If desired, an additional end-point assay can be performed AFTER the last reading is taken (e.g., cell 
viability can be assessed using commercial kits such as CellTiter-Glo® Luminescent Cell Viability Assay, 
Promega cat# G7570).
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Data Analysis and Results
1. The total impedance and each of the beating parameters are recorded for every sweep performed by the 

RTCA software.
2. Under the “plot” tab, the beating pattern can be visualized by selecting the desired wells (right side of 

screen) and time (under “axis scale”). The RTCA software will identify the negative and positive peaks for 
each of the beats. The peaks can be visualized by checking the box next to “peaks” under “axis scale”. A 
“+” indicates a positive peak and a “-“ indicates a negative peak identified by the software. In most cases, 
the default settings correctly identify the positive and negative peaks. However, in some cases, the settings 
may need to be adjusted by tuning the waveform peak shape, threshold, and noise filter in order to 
correctly identify the peaks of the beating pattern.

a. After verifying correct peak identification, export the desired beat parameters into excel for data 
manipulation (Figure 6).

i. Select the desired beat parameters (left hand box).
ii. Select the desired time points (upper right hand box).
iii. Export parameters into excel in list and/or plate format (lower right box).

b. Export CI values into excel and calculate changes over the treatment period (Figure 7). CI changes 
provide valuable information on cell health, attachment, and morphology status.

i. Select the desired wells (upper right of screen).
ii. Select the desired time points (under “axis scale”).
iii. Right click on the cell index graph (upper left of screen).
iv. Click on “copy data in list format” or “copy data in matrix format”.

3. Total impedance and beating characteristics will vary slightly between wells, and therefore treating each 
well as an independent unit will improve the data precision. To compare the effect of tested compounds, 
data should be transformed first to percent of time zero reading for each well and subsequently to percent 
of time-matched vehicle control. Concentration-response curves can then be generated and EC50 / IC50 
values can be calculated (Figure 8).

4. An emphasis on caution interpreting overall CI changes: several factors contribute to the impedance 
readout and a decrease in cell index is not always indicative of cell death. As an example, treatment of 
cardiomyocytes with blebbistatin causes a decrease in CI after a 20 hr exposure period. However, an end-
point assay performed using CellTiter-Glo® Luminescent Cell viability Assay shows that cellular ATP 
levels remain comparable to that of control (Figure 9), indicating that while cells have detached from the 
surface of the well, they are still viable. This example illustrates the importance of a secondary assay to 
measure viability in conjunction with cell index information to judge cytotoxic effects.

Assay Optimization
• Cell number per well
• Time of cardiomyocyte culture prior to drug addition
• Time points for impedance measurements to encompass acute versus subacute effects
• Number of sweeps and sweep time for robust data
• Tolerability of cardiomyocytes to appropriate compound vehicles
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Figure 6: Screen shot of beat parameter export setup page. Beat parameters can be selected (left hand box) for the desired time points 
(upper right hand box). Parameters can be exported into excel in list and/or plate format (lower right box).
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Figure 7: Screen shot of cell index export page. Cell index can be exported (left hand graph) for the desired time points (selected under 
“axis scale”). Parameters can be exported into excel in list and/or plate format.

Cardiomyocyte Impedance Assays 869



Figure 8: Examples of compound-induced changes in CM impedance profiles. Effects of a hERG-Ikr blocker (E4031, 20 min), sodium 
channel blocker (lidocaine, 2 hr), and L-type calcium channel blockers (nifedipine and verapamil, both 20 min). Shown as (A) raw 
traces and (B) concentration response curves (mean ± SD) for beat rate, beat amplitude, and BRI (E4031 only). Concentration-
response curves were derived for each parameter by first calculating percent of time zero for each well and then percent of time-
matched vehicle control.
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Abstract
The direct measurement of drug-protein interactions in living cells is a major challenge in drug discovery 
research. Using the cellular thermal shift assay or CETSA such measurements can be achieved, in principle, in 
any cell samples and in microtiter-plate format. This chapter starts with an overview of CETSA and then 
continues to provide thorough guidance in the development, optimization and application of a microplate-based 
protocol using AlphaScreen® as the detection format. Significant parts of the experimental descriptions are 
applicable also to other detection modalities. Each step in the assay development and validation process is 
exemplified by real case data from the development and validation of a fully screen-compatible live-cell assay for 
thymidylate synthase (TS; encoded by TYMS). When possible, the descriptions are kept general such that it 
allows for translation to other target proteins and efforts are made to point out crucial steps and considerations 
in the experimental design. At the end of the chapter there is a section devoted to insights from our screen 
adaptation experiences, troubleshooting and a discussion on tentative applications of microplate-based CETSA.
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Flow Chart

Introduction
Confirmation of direct binding to the intended target proteins in living systems, i.e. target engagement, is critical 
in the pharmacological validation of new chemical probes and drug candidates (1,2). Several exciting 
methodologies to achieve this are currently emerging, many of which are based on measurements of proximal 
biomarkers or the use of labelled molecules (tracers) or proteins to follow the binding process in microplate 
format (3–5). Here, we focus on the complementary use of thermal shift assays in live cells. These assays rely 
solely on ligand-induced thermodynamic stabilization of proteins, thus eliminating the requirements for tracer 
generation and protein engineering. As such this methodology provides a particularly attractive alternative for 
screening in primary cells, tissues, animal models and patient-derived material (6–8). Together with other 
developments, this technology opens up the possibility to track drug target engagement throughout the 
discovery process, in principle from primary screening to the treated patient. This information will help to 
ensure resources are invested on the best candidate compounds in target-based drug discovery programs.

874 Assay Guidance Manual



CETSA Background
As with traditional melting temperature (Tm) shift assays (9–14), CETSA relies on protein stabilization as a 
result of ligand binding. Simply explained, when unbound proteins are exposed to a heat gradient, they begin to 
unfold or “melt” at a certain temperature. The mid-point of these transitions, i.e. where the concentrations of 
native and denatured proteins are the same, is generally referred to as the apparent melting temperature. Ligand-
bound proteins, however, are stabilized by their interacting partner and will therefore melt at a higher 
temperature when exposed to the same heat gradient, resulting in a so called Tm shift. This term is however 
reserved for equilibrium processes, whereas CETSA is based on quantification of remaining levels of stabilized 
protein following irreversible aggregation of thermally unfolded proteins (see Figure 1 for a schematic outline). 
Thus to reflect the non-equilibrium nature of these experiments, the ligand-induced stabilization is more 
appropriately referred to as thermal aggregation temperature (Tagg) shifts.

In practice a typical CETSA experiment involves the following steps:

1. Drug treatment of the cellular system of choice (lysate, whole cells or tissue samples).
2. Transient heating of the cells to thermally denature and precipitate proteins that are not stabilized by 

ligand.
3. Controlled cooling and lysis of the cells.
4. Removal of precipitated proteins (if necessary).
5. Detection of remaining soluble protein in the supernatant/soluble fraction.

Based on the nature of the studied target protein and the cellular system chosen, experimental aspects of these 
steps will vary. Examples of possible variations include the choice of protein source (cell lysate, intact cells, 
biopsies or tissue homogenates), the length and means of sample treatment with ligand before heating, the 
heating time and temperature range applied and the procedure used for cell lysis (if applicable). The need for 
sample workup, such as the separation of the remaining stabilized protein from the denatured and precipitated 
material, as well as the ways to do so, is directly linked to the choice of detection method. This, in turn, depends 
on the demands for sample throughput, as well as prior knowledge and instrumentation available in the 
laboratory.

Experimental Formats
In general CETSA experiments assess drug target engagement in two different modes. The first setup serves the 
purpose of comparing the apparent Tagg curves for a target protein in the presence and absence of ligand when 
subjected to a temperature gradient. The aim is to assess the potential ligand-induced thermal stabilization 
(Figure 2a). The second alternative is to generate a so called isothermal dose-response fingerprint 
(ITDRFCETSA). Here, the stabilization of the protein is studied as a function of increasing ligand concentration 
while applying a heat challenge at a single temperature (Figure 2b). It is common practice to first establish the 
Tagg curve for the unliganded protein, such that the isothermal challenge can be applied at a suitable 
temperature around or above the Tagg. Both formats allow for the ranking of compound affinities to a single 
protein target, but for structure activity relationship (SAR) studies ITDRFCETSA experiments are often more 
suitable.

Assay Design
Before performing a CETSA experiment on a new target protein, some important considerations and choices 
must first be made to ensure that the ligand treatment and transient heating steps reflect the biology of interest 
in the best possible way. Naturally this means selecting an appropriate cellular model system in which the target 
protein is expressed, but considerations should also be made with regards to culture conditions and cellular 
status if these factors are suspected or known to affect the protein levels, regulation or ability to bind ligands. In 
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addition, depending on affinity reagent availability, throughput demands and equipment in the lab, a suitable 
detection technology that is amenable to microplate-based measurements must be decided upon. A general 
overview to these considerations is summarized in Figure 3 and the following sections intend to discuss the 
various aspects of assay design in more detail.

Model Systems
The CETSA method has been validated for a range of different cellular model systems of various complexity and 
relevance to clinical situations (6,15). An important prerequisite of the CETSA experiments is that they are 
performed under conditions where protein unfolding results in irreversible precipitation, such that ligand-
induced stabilization can be assessed through remaining levels of soluble protein. Hence experiments can be 
performed in cell lysates if the endogenous protein is difficult to express and purify in a relevant form for more 
traditional target-based screening or if it is desirable to avoid the barriers of serum binding and cell permeability 

Figure 1: Illustration of the general assay procedure. The cells are incubated with compounds or controls followed by a transient 
heating step, cell lysis, an optional step in which the irreversible aggregates are separated from the soluble proteins and finally detection 
illustrated by the graph showing remaining levels of soluble target protein.

Figure 2: Anticipated results from CETSA experiments performed in two different ways. a) Example Tagg curve for a target protein 
in the presence (red squares) and absence (grey circles) of ligand when subjected to a heat gradient. b) Example ITDRFCETSA curves 
for three compounds with different apparent potencies.
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associated with live cell assays. These aspects can, on the other hand, be addressed by the use of relevant cellular 
model systems as exemplified by drug efficacy, drug transport, drug activation, off-target effects and drug 
resistance studies in the original CETSA publication, which also included an example of monitoring drug 
distribution in animals (6).

It is likely that the level of complexity of the model system will increase with the maturity of a drug discovery 
program and potentially start with cell lysates or cells that overexpress a tagged protein to facilitate detection. 
This will likely be more prevalent for novel target proteins as these generally come with a less mature repertoire 
of affinity reagents to support detection of endogenous protein levels. As the project matures and enters late 
preclinical and clinical phases there will be a need to confirm response in primary cells, which is feasible if there 
are affinity tools available for achieving the protein quantification. Recent developments in the mass 
spectrometry (MS) field (16) may also come to support such efforts in case suitable affinity reagents are missing.

Detection Formats
As already mentioned, the basis of CETSA is that the vast majority of proteins denature and precipitate at 
elevated temperatures, whereas ligand-bound proteins are stabilized and thus remain folded in solution. In the 
original publication the stabilized protein in the soluble fraction of the samples was detected using western 
blotting (WB) (6). WB-based detection has since been adopted in the majority of reported applications of 

Figure 3: Illustration of general considerations and technical notes related to assay design. Figure created using Gliffy software.
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CETSA in the literature (15), with the aim to study the effect of only one or a few compounds on individual 
target proteins. In general, WB-based CETSA experiments are relatively simple to establish because they only 
require one affinity reagent, namely a specific antibody directed towards the protein target of interest, and utilize 
equipment already available in most biochemistry labs. A detailed protocol for this procedure was recently 
published (7).

Many CETSA applications will, however, require a more systematic, parallel processing of samples. This 
includes, for example, hit qualification activities where thousands of hits from high-throughput screening 
campaigns are ranked based on their concentration-dependent responses in downstream follow-up assays. In 
such cases it is necessary to move CETSA to a microplate-based (or equivalent) format so that all addition and 
treatment steps can be performed using automated liquid handling and the transient heating and cooling can be 
achieved using plate-compatible equipment. Naturally such microplate formatting of the assay involves 
miniaturization and a minimization of the number of assay steps to improve on assay throughput. This 
reduction of steps also serves to diminish well-to-well variability and consequently improve on assay quality.

Detection of the amount of remaining soluble protein can be achieved using a broad range of available protein 
quantification assays. These include, but are not limited to enzyme-linked immunosorbent assay (ELISA) and 
variations thereof, proximity ligation assays and dot blots. Although these methods are compatible with a 
microtiter-plate format, the throughput is limited due to the requirement of wash steps and/or separation steps 
before detection. An optimal detection method should instead be homogenous and allow for the quantification 
of remaining soluble protein against a background of the same protein in denatured and aggregated forms, such 
that the separation step can be eliminated. The detection must also be achieved against a cell lysate background 
to avoid the sample workup and wash steps. Well-proven homogeneous detection methods in which antibodies 
or other affinity reagents recognize the folded protein structure in a cell lysate are, for example, AlphaScreen® 
(Amplified Luminescent Proximity Homogeneous Assay Screen) or time-resolved fluorescence resonance energy 
transfer (TR-FRET)-based assays. Applications are also emerging where the detection is greatly facilitated by 
using engineered proteins in which a signaling entity is incorporated (e.g. the Society for Laboratory Automation 
and Screening (SLAS) 5th Annual International Conference & Exhibition) (17,18).

Although not generally applicable to high-throughput microplate formats, even though this may be changing 
(16), it is worthwhile noting that detection can also be achieved using MS. This was recently adopted in an 
extension of the CETSA methodology in a technique referred to as thermal proteome profiling (TPP) or 
thermal-stability profiling, which allows for the simultaneous measurement of the entire melting proteome (19–
21). Consequently this method allows for studies of the apparent selectivity of individual compounds or for 
unbiased target identification activities for compounds with unknown mechanisms of action in cell lysates and 
live cells. However, great care must be taken to ensure that these studies are undertaken with an understanding 
of the thermodynamic prerequisites for the magnitude of thermal shifts as these vary broadly among proteins 
and ligands (22). As a consequence, Tagg shift signatures must be considered highly apparent unless they are 
extended to include multiple ligand concentrations and temperatures such that the difference in shift sizes for 
different binding events can be accounted for (23).

Assay Development
The following section provides a detailed description of the various assay development and optimization steps to 
establish a homogeneous CETSA assay in live cells. Each step is illustrated by experimental data for human 
thymidylate synthase (TS) and specific consideration is given to point out potential challenges in the assay 
development and to provide guidelines for resolving such complications. A major aim in establishing this assay 
was to enable the detection of endogenous protein levels, with the intent to demonstrate potential utility for 
primary cells, thus requiring the use of a homogeneous immunoassay for detection. Although the following 
descriptions and illustrations will largely reflect this choice of assay readout, attempts will be made to separate 
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specific issues from more general considerations that are also applicable to other readouts. In the case of tagged 
proteins with a signaling entity, the reader is directed to the Assay Validation section.

Antibody Screening
AlphaScreen® is a proximity assay based on two bead types referred to as donor and acceptor beads, both of 
which possess a relatively large surface area for conjugation of biomolecules (24). Excitation of the donor beads 
results in the generation and release of singlet oxygen, which travels in solution and results in excitation and 
light emission from the acceptor beads when they are close in space, e.g. only when a complex is formed that 
involves both bead types. The system allows for the formation of complexes consisting of these beads 
functionalized with affinity reagents that recognize the target molecule of interest. An advantage of the 
AlphaScreen® technology, compared to e.g. TR-FRET assays, is the significantly longer distance tolerated for the 
proximity signal (24). This supports the use of multicomponent complexes in which the target-directed affinity 
reagents are recognized by capture antibodies or other affinity reagents on generic conjugated beads (25), 
prompting us to adopt this detection modality in the screening for suitable antigen-directed antibodies (7,8).

A starting point and prerequisite for the development of any homogenous, antibody-based assay is to identify a 
suitable antibody pair with sufficient affinity and selectivity for the target protein. Each pair consists of two 
antibodies that simultaneously recognize the native soluble target protein in a complex background of denatured 
and aggregated proteins. If the antibodies also recognize the denatured and aggregated protein it will be 
necessary to separate soluble from denatured protein prior to detection, e.g. by centrifugation or filtration. 
Depending on the number and quality of antibodies available, the strategies for selection of a good pair will vary. 
If there are numerous available antibodies it is recommended to test as many combinations as possible. A general 
guideline is to acquire and test antibodies that are validated to recognize the target protein in a fully folded form 
i.e. antibodies validated for ELISA, immunoprecipitation (IP) or immunohistochemistry (IHC). It is also good to 
include antibodies raised against different epitopes of the target protein (C-terminal, N-terminal and internal 
regions).

It should be pointed out that a key limiting factor in the selection of antibodies is the possible appearance of 
ligand-induced suppression of antibody recognition and thereby quenching of the anticipated signal (7,8). This 
is likely due to a conformational change of the target protein upon ligand binding. Failure to carefully validate 
the affinity reagent pair comes with an obvious risk for false negatives or unnecessarily large reagent investments 
if this is discovered late in the process. Known binders, ideally from a broad range of different structural classes, 
are therefore included in the very first experiments and throughout assay validation.

Herein the establishment of a microplate-based CETSA will be exemplified based on donor and acceptor beads 
functionalized with capturing antibodies directed towards mouse-derived and rabbit-derived IgG respectively 
(Figure 4a). Once a suitable antibody pair has been identified it is an option to conjugate the antibodies directly 
to the AlphaScreen® beads. This serves to improve the assay signal, as it shortens the distance between the beads, 
but most importantly it removes the need to carefully titrate multiple assay components. Alternatively the user 
has the option to move to alternative screening compatible assay formats such as TR-FRET assays. If the project 
aim does not require the use of primary non-engineered cells, assay development can be further simplified by 
the use of proteins with different reporter functionalities (Figure 4b).

Experimental Setup:
In this experiment all combinations of the selected antibodies are tested at a single concentration. The initial 
antibody screen is preferably done using recombinant protein; however, it can also be performed in a cell lysate if 
follow-up experiments ensure that the correct protein is selected for. A good starting point is to use antibody 
and protein concentrations at or slightly below the binding capacity of the AlphaScreen® beads. It is also 
worthwhile mentioning that screening scenarios in which the protein exists in multiple forms with regards to 
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post-translational modifications may exist. If so this fact must be carefully considered in the antibody selection 
process. As a rule of thumb it is useful to always compare the observed data with those obtained using WB-
based detection (or possibly mass spectrometry) as the size resolution helps to identify the presence of multiple 
forms.

As already mentioned, ligand binding can result in suppression of the anticipated signal; thus it is strongly 
recommended to include known binders in the very first experiments (if available), preferably from different 
structural classes (7,8). These controls are then included throughout the assay development and validation 
process to ensure that the selected antibody combinations produce a robust signal to background without any 
impact of the compound on the protein quantification.

Figure 4: Illustration of two AlphaScreen® setups for detection of endogenous and tagged proteins, respectively. Both setups are 
based on the formation of a multicomponent complex consisting of the donor and acceptor beads functionalized with different affinity 
reagents that recognize the target protein of interest. a) Setup for detection of endogenous protein, in this case exemplified by TS, 
consisting of donor and acceptor beads functionalized with capturing antibodies (anti-mouse IgG and anti-rabbit IgG) recognizing 
anti-target antibodies (from mouse and rabbit) raised against different epitopes of the target protein. b) Example of a tentative setup for 
the detection of tagged proteins with dual epitopes, allowing the use of generic beads conjugated with antibodies towards these 
epitopes. Other options include for example GFP, luciferase and beta-galactosidase tagged proteins to circumvent the need for an 
immunoassay.
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It is important to also include a negative control lacking the target protein. If recombinant protein is not 
available, the negative control can consist of a lysate that has been heated well above the aggregating temperature 
of the target protein. Although this procedure also removes a significant portion of other proteins it can serve as 
a first estimate of the background signal. As described below, we also recommend that seeding experiments are 
used to validate the specificity of the signal, i.e. addition of recombinant protein to a non-modified cell lysate to 
see that the signal scales linearly with added protein concentration.

Assay Protocol:
All additions are made directly to an AlphaScreen® compatible detection plate.

a. Add recombinant protein (or cell lysate) and preincubate with known binders or only buffer (or heated 
lysate) at room temperature. Depending on the sensitivity of the target protein it may be necessary to add 
specific supplements to the buffers such as protease or phosphatase inhibitors to avoid degradation or 
alterations of post-translational modifications.

b. Prepare solutions of all different antibody combinations and add to the samples and incubate for a 
minimum of 30 minutes at room temperature.

c. Add acceptor and donor beads, seal the plate, centrifuge briefly and incubate for 2 hours or overnight at 
room temperature under subdued light before reading the plate in an AlphaScreen® compatible plate 
reader.

The results of such an example antibody selection screen based on four mouse-derived and three rabbit-derived 
antibodies are shown below in Figure 5. Note that depending on the affinity reagents and bead types it can be 
possible to add a mixture of these reagents at the same time. In some cases better results are achieved when the 
acceptor and donor beads are added separately with an incubation time in between the additions (see generic 
AlphaScreen® guidelines if necessary).

Kinetics of the Antibody Recognition:
A factor that may be significantly altered when moving from an assay system using recombinant protein to a 
more complex system, such as a cell lysate, is the time required to establish equilibrium for all interactions 
involved in the detection system. The kinetics of antibody recognition of the target protein in a cell lysate may be 
impacted if the antibodies also bind to other proteins. A relatively fast establishment of the equilibrium and a 
signal that remains stable over time is desirable as this provides maximal flexibility in the assay procedure and 
allows accommodation of both smaller and larger screen batches. The experiment is also essential to establish 
that the target protein is stable and that the aggregates formed during the heat challenge do not resolubilize in 
the buffers and conditions applied for detection.

Experimental Setup:
This experiment serves to investigate the kinetics of antibody recognition by comparing the influence of different 
incubation times (for example 2h, 6h and overnight). Included in the incubations is the pair of antibodies and 
AlphaScreen® beads together with a cell lysate containing the target protein at endogenous levels. Because it is 
not recommended to read an AlphaScreen® sample multiple times (due to light induced signal deterioration) it is 
necessary to prepare one set of samples for each incubation time and antibody pair. A negative control 
consisting of a heated lysate to represent the background signal is also included for all conditions.

Assay Protocol:
All additions are made directly to an AlphaScreen® compatible detection plate.

a. Add lysate samples.
b. Add solutions of the selected antibody combinations.
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c. Add acceptor and donor beads, seal the plate, centrifuge briefly and incubate for 2 hours, 6 hours or 
overnight at room temperature under subdued light before reading the plate in an AlphaScreen® 
compatible plate reader.

The results of such an example examination of antibody recognition kinetics are shown for four different 
antibody pairs recognizing human TS in Figure 6.

Titration of Assay Reagents
Given the nature of many immunoassays, i.e. the use of a multi-component complex involving several saturable 
components (binding capacity of antibodies and beads) to generate the assay signal, it is essential to carefully 
titrate both antibody and target protein concentrations. Titrations could also involve the AlphaScreen® beads, 
but in general we have stayed with the recommended concentrations. The aim of the experiment is to ensure that 
the assay is applied below the hook point and that an increase in target protein scales linearly with the assay 
signal (26). Titrations are still necessary, but much simplified, in assays using fewer components such as TR-
FRET with the labels placed directly on the antibodies or the use of tagged proteins carrying a signaling entity.

Figure 5: Illustration of the results from a screen of antibody pairs for recognition of recombinant TS. All combinations of four mouse-
derived (M1-M4) and three rabbit-derived antibodies (R1-R3) were evaluated. Colors denote buffer only (teal), the presence of 2 nM of 
TS (magenta) or the addition of two known binders: 100 µM deoxyuridine monophosphate (dUMP) (dark blue) and 100 µM dUMP 
and 10 µM raltitrexed (lavender) to the 2 nM TS condition. Known inhibitors were included to investigate the risk of compound 
induced loss of target recognition. In this case, four antibody pairs (M3/R2, M3/R3, M4/R2 and M4/R3) were selected for further 
testing. Data are provided as the average and range from experiments done in duplicate at one independent test occasion. Adopted 
with permission from Macmillan Publishers Ltd: Nat. Commun. 7 (2016), copyright (2016) http://www.nature.com/ncomms/
2016/160324/ncomms11040/abs/ncomms11040.html

882 Assay Guidance Manual

https://email.ki.se/owa/redir.aspx?SURL=6R9H8hGlxcyA3ZKz3co6WKLpIzj5wAsGd38IvDflWKom9fPe84nTCGgAdAB0AHAAOgAvAC8AdwB3AHcALgBuAGEAdAB1AHIAZQAuAGMAbwBtAC8AbgBjAG8AbQBtAHMALwAyADAAMQA2AC8AMQA2ADAAMwAyADQALwBuAGMAbwBtAG0AcwAxADEAMAA0ADAALwBhAGIAcwAvAG4AYwBvAG0AbQBzADEAMQAwADQAMAAuAGgAdABtAGwA&URL=http%3a%2f%2fwww.nature.com%2fncomms%2f2016%2f160324%2fncomms11040%2fabs%2fncomms11040.html
https://email.ki.se/owa/redir.aspx?SURL=6R9H8hGlxcyA3ZKz3co6WKLpIzj5wAsGd38IvDflWKom9fPe84nTCGgAdAB0AHAAOgAvAC8AdwB3AHcALgBuAGEAdAB1AHIAZQAuAGMAbwBtAC8AbgBjAG8AbQBtAHMALwAyADAAMQA2AC8AMQA2ADAAMwAyADQALwBuAGMAbwBtAG0AcwAxADEAMAA0ADAALwBhAGIAcwAvAG4AYwBvAG0AbQBzADEAMQAwADQAMAAuAGgAdABtAGwA&URL=http%3a%2f%2fwww.nature.com%2fncomms%2f2016%2f160324%2fncomms11040%2fabs%2fncomms11040.html


Experimental Setup:
This experiment serves to perform a crosswise titration of both target-directed antibodies using cell lysate from 
unheated cells. The purpose is to identify the optimal concentration of each antibody and the experiment should 
include an appropriate control, such as lysates from cells heated sufficiently above the protein Tagg. Once 
optimal conditions have been established, a titration of the target protein must be performed by making a serial 
dilution of the lysate using the optimized antibody concentrations for detection. Depending on the outcome of 
these two experiments it may be necessary to make another iteration of the antibody titration, e.g. if the result 
from the lysate titration indicates that the first experiment was performed at target protein concentration at or 
above the hook point. Another option is to do a cross-titration of both antibodies against several dilutions of the 
lysate in order to accomplish both titrations at once.

Assay Protocol for the Initial Antibody Titration:
All additions are made directly to an AlphaScreen® compatible detection plate.

a. Add the lysate samples.
b. Prepare a crosswise titration of the two antibodies and add these to the lysate samples.

Figure 6: Illustration of the kinetics of antibody recognition of TS in K562 cell lysates. The signal to background of the different 
antibody pairs is given as a function of time after addition of antibodies and beads: 2h (teal), 6h (magenta) and 18h (dark blue). The 
combination of M3 and R2 was selected for further assay development based on a relatively fast and stable signal development and a 
high signal to background. Data are provided as the average and standard error of mean (SEM) from experiments done in triplicate at 
one test occasion. Adopted with permission from Macmillan Publishers Ltd: Nat. Commun. 7 (2016), copyright (2016) http://
www.nature.com/ncomms/2016/160324/ncomms11040/abs/ncomms11040.html
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c. Add acceptor and donor beads, seal the plate, centrifuge briefly and incubate for 2 hours or overnight at 
room temperature (depending on outcome of the above described experiments) under subdued light 
before reading the plate in an AlphaScreen® compatible plate reader.

The result of such a crosswise titration is shown in Figure 7 for the selected antibody pair recognizing human TS.

Assay Protocol for the Target Protein/Cell Number Titration:
All additions are made directly to an AlphaScreen® compatible detection plate.

a. Prepare a dilution series of the cell lysate and transfer samples into the detection plate.
b. Add antibodies at optimized concentrations to the lysate samples.
c. Add acceptor and donor beads, seal the plate, centrifuge briefly and incubate for 2 hours or overnight at 

room temperature under subdued light before reading the plate in an AlphaScreen® compatible plate 
reader.

Example of the result of such a cell lysate titration is shown in Figure 8 for human TS.

Addressing the Specificity of the Antibodies
Even if the selected antibodies may show excellent specificity one by one in a WB-based detection setup, it is 
necessary that this holds true also in a dual recognition homogenous assay format.

Experimental Setup for Examining Antibody Specificity:
Such validation can be achieved by seeding a dilution series of recombinant protein in a cell lysate from both 
unheated and heated cells, as well as in cell medium. It is advised to use a fairly low lysate concentration for this 
experiment in order to ensure that the experiment is performed below the hook point of the detection system. A 
proportional increase in signal suggests that the signal is specific for the target protein and that recognition can 
be achieved in the context of a diluted cell lysate. Additional experiments that can be performed include 
competition experiments with antigen peptides for each of the antibodies and these can be performed at higher 
cell lysate concentration to further demonstrate sufficient selectivity.

Assay Protocol for Examining Antibody Specificity:
All additions are made directly to an AlphaScreen® compatible detection plate.

a. Add lysate and medium samples.
b. Prepare and add a dilution series of recombinant protein (including the appropriate post-translational 

modifications if this is the purpose of the assay).
c. Add antibodies at optimized concentrations to the samples.
d. Add acceptor and donor beads, seal the plate, centrifuge briefly and incubate for 2 hours or overnight at 

room temperature under subdued light before reading the plate in an AlphaScreen® compatible plate 
reader.

Results from an example of a seeding experiment based on recombinant human TS are illustrated in Figure 9.

Assay Validation
The following sections intend to give an overview of suggested procedures for the validation and optimization of 
a microplate-based CETSA assay. The different steps are illustrated by experimental data from the development 
of a live cell assay for TS including the final screening protocol. As for earlier sections the aim is to highlight 
generic considerations that are applicable also to other readouts.
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Variation of the Preincubation Time Probes Cellular Uptake and 
Metabolism
One factor that may influence the apparent stabilization of the target protein in a live cell-based system is the 
length of the preincubation time with compound. When working with live cells it is important to allow enough 
time for the compounds to cross the cellular membrane and where it applies allow for the subsequent 
intracellular metabolic activation of the compounds. In general 30-60 minutes is enough, but in the cases where 
metabolic activation is required prior to target engagement, longer preincubation times may be necessary (8). 
One should be aware that longer preincubation times may alter protein levels and post-translational 
modifications, thus impacting measured protein levels for reasons other than ligand-induced target protein 
stabilization.

Experimental Setup Preincubation Time with Compounds:
The appropriate choice of preincubation time varies with target protein and perhaps more importantly the 
nature of the ligands. In cases where there is reason to believe that cellular uptake is slow or that intracellular 
activation is required prior to target protein binding it is useful to conduct preliminary experiments in which the 
preincubation time is varied. This can be done by applying the same ligand concentration series to multiple 
plates, on which preincubation times prior to the transient heating step are varied.

Assay Protocol Preincubation Time with Compounds:

Compound treatment is performed in a PCR plate for variable times at 37°C. Detection is done in an 
AlphaScreen® compatible detection plate.

Figure 11: Results of ITDRFCETSA experiments in K562 cells with known and a novel TS ligands. ITDRFCETSA data illustrating 
the apparent stabilization of TS after 2 hour preincubation with floxuridine (blue upwards triangle), 5-fluorouridine (FUR) (teal 
downwards triangle), and 5-FU (lavender square) and for the novel TS ligand CBK115334 (magenta circle). Data are provided as the 
average and SEM from one independent experiment done in quadruplicate. Adopted with permission from Macmillan Publishers Ltd: 
Nat. Commun. 7 (2016), copyright (2016) http://www.nature.com/ncomms/2016/160324/ncomms11040/abs/ncomms11040.html
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a. Serially dilute compounds and transfer the dilution series to multiple PCR plates.
b. Add cells to the plate and preincubate at 37°C for several different time periods, e.g. for 30 min, 1h, and 

several hours.
c. Subject the PCR plates to a transient heat challenge in a PCR machine. Include a controlled cooling step 

to room temperature.
d. Add lysis buffer to the PCR plates and mix thoroughly to ensure complete lysis of the cells.
e. Transfer aliquots of the samples to the detection plate and add antibodies.
f. Add acceptor and donor beads, seal the plates, centrifuge briefly and incubate for 2 hours or overnight at 

room temperature under subdued light before reading the plate in an AlphaScreen® compatible plate 
reader.

Data from this type of experiment is illustrated in Figure 12 for TS. As the known drugs targeting TS require 
intracellular enzymatic activation it serves as a clear example of the importance of the preincubation time. In 
most cases such a dramatic change in apparent potency over time will not occur, but it illustrates the potential to 
use this technology for measuring kinetics of ligand uptake and metabolism.

Variations to the Transient Heating Step
As already mentioned, CETSA technology is based on measurements of remaining levels of soluble protein 
following a transient heat challenge, which serves to thermally denature and irreversibly precipitate proteins that 
are not stabilized by ligand. The majority of studies reported in the literature have adopted the procedure 
described in the original study (15), which involved a three minute transient heating step with the temperature 
range adjusted to fit the thermal stability of the protein of interest. Importantly, it has been shown that transient 
heating up to 60-65°C for this time period does not have an acute impact on cell membrane integrity (6,7). It is, 
however, important to emphasize that the non-equilibrium nature of this procedure results in apparent measures 
of target protein stability and that both Tagg and ITDRFCETSA values are expected to change with both the 
temperature and the duration of the heat challenge (7,23). Consequently users must be aware that the choice of 
temperature and duration of the heat challenge can also affect the relative ranking of compounds and that this 
will be especially pronounced when studying ligands with long off-rates or ligands from different structural 
classes where the binding thermodynamics can vary greatly.

The careful generation of CETSA data in which the transient heating step is varied in a systematic way for 
several model systems will allow a better understanding of what models to apply for more quantitative 
interpretations. From the extensive literature on equilibrium systems, it is known that temperatures well above 
the Tagg of the unliganded protein and excessive heating times should be avoided as they drive the continuous 
unfolding and aggregation process (14). However, the possibility to use temperatures around or even below the 
apparent Tagg will be strongly dependent on the assay statistics obtained as the signal to background of the assay 
is dependent on the unfolding of a sufficiently large portion of the protein. There is an option to reproduce what 
is done in isothermal denaturation assays, i.e. to apply a temperature challenge well below the Tagg for prolonged 
periods of time, but this comes with an increased risk of heat stress responses, at least in live cells. Practically, 
however, a further reduction of assay volumes to facilitate rapid and homogeneous sample heating, as well as 
alternative means to achieve this more efficiently are potential future developments of the technology.

Screening Protocol for a 384-well based CETSA Assay
For screening purposes, the same conditions as in the ITDRFCETSA experiments are applied, although in most 
cases only one compound concentration will be tested. An example of a screening protocol applied in the case 
for human TS is outlined below, while a schematic illustration of the assay procedure is available in Figure 13.
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