Short Communication

Molecular
Neuropsychiatry

Mol Neuropsychiatry 2017;3:141-150
DOI: 10.1159/000481731

Received: July 17,2017
Accepted: September 8,2017
Published online: November 17,2017

Improved Scalability of Neuron-Based
Phenotypic Screening Assays for Therapeutic
Discovery in Neuropsychiatric Disorders

Timothy P. Spicer? Christopher Hubbs® Thomas Vaissiere® Deanna Collia®
Camilo Rojas® Murat Kilinc®  Kyle Vick® 4  Franck Madoux® ¢

Pierre Baillargeon? Justin Shumate? Kirill A. Martemyanov® Damon T.Page®
Sathya Puthanveettil® Peter Hodder®¢ Ronald Davis® Courtney A. Miller®

Louis Scampavia® Gavin Rumbaugh?® P

Departments of 2Molecular Medicine and "Neuroscience, The Scripps Research Institute, Jupiter, FL,
¢Amgen, Thousand Oaks, CA, and 9 Aerie Pharmaceuticals, Durham, NC, USA

Keywords
Autism - Molecular imaging - Neuroscience -
Synaptogenesis - Therapeutic discovery

Abstract

Thereis a pressing need to improve approaches for drug dis-
covery related to neuropsychiatric disorders (NSDs). Thera-
peutic discovery in neuropsychiatric disorders would benefit
from screening assays that can measure changes in complex
phenotypes linked to disease mechanisms. However, tradi-
tional assays that track complex neuronal phenotypes, such
as neuronal connectivity, exhibit poor scalability and are not
compatible with high-throughput screening (HTS) proce-
dures. Therefore, we created a neuronal phenotypic assay
platform that focused on improving the scalability and af-
fordability of neuron-based assays capable of tracking dis-
ease-relevant phenotypes. First, using inexpensive laborato-
ry-level automation, we industrialized primary neuronal cul-
ture production, which enabled the creation of scalable
assays within functioning neural networks. We then devel-
oped a panel of phenotypic assays based on culturing of pri-

mary neurons from genetically modified mice expressing
HTS-compatible reporters that capture disease-relevant
phenotypes. We demonstrated that a library of 1,280 com-
pounds was quickly screened against both assays using only
a few litters of mice in a typical academic laboratory setting.
Finally, we implemented one assay in a fully automated
high-throughput academic screening facility, illustrating the
scalability of assays designed using this platform. These
methodological improvements simplify the creation of high-
ly scalable neuron-based phenotypic assays designed to im-

prove drug discovery in CNS disorders.  ©20175. Karger AG, Basel

Introduction
The drug discovery pipelines for brain disorders are

relatively dry compared to those for diseases linked to
other organs [1, 2]. An approach to rejuvenate these pipe-
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lines is to create high-throughput screening (HTS)-capa-
ble assays that model CNS disease-relevant phenotypes as
closely as possible [3-7]. Immortalized cell lines serve as
the standard for phenotypic screening because of their
scalability and adaptability to different types of assays.
However, many CNS disease phenotypes can only be re-
capitulated within mature neural networks and, there-
fore, cannot be modeled effectively in nonneuronal cells
or even induced pluripotent stem cell (iPSC)-derived
neurons. Indeed, while iPSCs and subsequent derivation
to neurons or organoids is a promising technology, sig-
nificant questions remain with respect to the scalability,
reliability, and reproducibility of this technology with re-
spect to CNS drug discovery.

Rodent primary neurons remain the gold standard
source material for in vitro neurobiological investiga-
tions. Primary neurons cultured from newborn animals
differentiate into mature neurons that connect to each
other and form functioning neural networks. As a result,
they are well suited for the development of assays that
seek to capture more complex phenotypes believed to
contribute to disorders of the brain. Historically, there
have been significant challenges associated with harvest-
ing and consistently growing primary neurons on a scale
compatible with HTS. Recently, screening assays have
been created that take advantage of complex phenotypes
expressed by primary neurons [8, 9]. However, these as-
says have a relatively low throughput and are not particu-
larly scalable to large screening projects that routinely use
libraries of 20,000-100,000 unique probes. Limited scal-
ability in current primary neuron-based phenotypic assay
strategies is caused by the use of low-density (96-well) as-
say plates combined with laborious procedures to label
assay endpoints. The poor scalability of neuron-based
phenotypic assays is a significant roadblock in NSD-re-
lated therapeutic discovery. Screening projects provide
initial leads for therapeutic development. Thus, increas-
ing assay scalability enables the selection of larger and
more diverse libraries for screening, which increases the
chances of success in these projects. To improve the scal-
ability of neuron-based phenotypic screening assays, we
combined genomic targeting of fluorescent assay report-
ers in rodents with implementation of low-cost automa-
tion and high-density neuronal cultures. These innova-
tions enabled the creation of multiple neuron-based phe-
notypic assays that demonstrated significantly improved
scalability over current platforms. These optimized work-
flows are expected to improve the success rate of lead
identification for therapeutic discovery related to neuro-
psychiatric disorders.
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Methods

Mouse Lines

For most experiments, primary neurons were derived from
offspring resulting in a cross between male homozygous AI34D
(JAX#012570) and female WT C57/BL6j mice. In one study, male
homozygous SOM-ires-Cre mice (JAX#013044) were crossed
with homozygous female AI34D mice to induce Synaptophysin-
tdTomato in a subset of GABAergic neurons. The Syngapl re-
porter line (Rum3) was generated by the insertion of the IRES-
tdTomato construct into the exon 21 of Syngapl. This insertion
resulted in the expression of Syngap and tdTomato from a bicis-
tronic mRNA. The investigation of the temporal expression of
Syngap and tdTomato was done using a pan SynGAP and a tdTo-
mato antibody.

Cell Culture Protocol for Screening Assays (96- and 384-Well

Plates)

Forebrain dissection of PO mouse pups to isolate primary corti-
cal neurons (1 pup per culture plate) was performed, followed by
dissociation with 20 active units/mL papain in 1 mL/brain of dis-
section media for 20 min. Cells were diluted in plating media (Neu-
robasal medium supplemented with 5% FBS), then robotically dis-
pensed into 384-well (12,000 cells in 80 pL/well) plates using an
epMotion 5075 liquid handling robot. After 4 h, 80% of the plating
media was replaced with feeding media (Neurobasal-A medium
supplemented with 2% B-27). At 4 days in vitro (DIV4), 50% of the
conditioned media was replaced with fresh feeding media contain-
ing 10 pM 5-fluoro-2'-deoxyuridine (FUDR) to suppress the pro-
liferation of glia. For some studies, there was a final feeding at
DIV7/8. Cultures were transduced with 3 x 108 AAV-Cre parti-
cles/mL at DIVO in the screening studies shown in Figure 1 and
1 x 108 AAV-Cre particles/mL in the screening studies shown in
Figure 2.

Cell Culture Protocol for 1,536-Well Plates

As 1,536-well plates are not compatible with the epMotion
5075 liquid handling robot and aspiration steps are challenging, we
developed an ultra-simplified procedure for culturing primary
neurons in this format. The dissection and dissociation protocol
was the same as that for 384-well plates. However, instead of using
plating media, cells were diluted in feeding media containing
10 uM FUDR and then dispensed into 1,536-well (3,000 cells in
15 pL per well) plates using a Mantis liquid dispensing robot (For-
mulatrix Inc., Bedford, MA, USA). AAV-Cre was mixed with the
cell suspension immediately before the cell dispense step. No oth-
er culturing steps were necessary up to DIV12.

NucBlue Live Cell Staining

NucBlue Live Ready Probes Reagent (ThermoFisher Scientific,
Waltham, MA, USA) is a room temperature-stable live cell stain
that contains Hoechst 33342, a cell-permeant nuclear counterstain
that emits blue fluorescence when bound to DNA. In order to min-
imize cell toxicity, the 1X protocol (2 drops/mL) was diluted to
0.1X (2 drops/10 mL). At DIV7, the cells were fed with 50% feeding
media + 0.1X NucBlue prior to imaging.

Phase Contrast Cell Count Imaging
For DIV12-DIV14 experiments, we switched to phase contrast
cell count imaging at DIV7 in order to preserve cell viability over
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Fig. 1. Primary neuron cultures grown for screening purposes are
scalable and reliable. a Primary mouse neurons cultured in a 96-
well assay plate transfected with a cDNA for tdTomato and imaged
at DIV12. b Synaptophysin-TdTomato expression from AI34D
mice 7-9 days after plating. AAV-Cre was added at various titers
at plating to induce reporter expression. ¢ Primary neuron culture
and expression of reporter (as in b) is scalable across three formats:
96-, 384-, and 1,536-well plates. d Homogeneity of cell number
(phase contrast) and synapse density (Synaptophysin-TdTomato
expression, as in ¢) across plate formats and within plates after me-

the experimental duration. We used the IN Cell 6000’s built-in
IATIA system to generate synthetic phase contrast images which
were then analyzed using a custom Macro in Image].

Plate Imaging

For most studies, plates were imaged with the IN Cell 6000 con-
focal plate reader (GE Healthcare Biosciences, Pittsburgh, PA,
USA). Synaptophysin-tdTomato and NucBlue were imaged using
the Cy3 and DAPI channel, respectively. For the replication com-
pound library screen, a Celllnsight™ High Content Screening

Improved Scalability of Neuron-Based
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dian polish procedure to estimate row and column effects at DIV7.
Medians are presented within boxes for the 75th and 25th quan-
tiles for which +1.5 times the interquartile values are displayed as
vertical bars; dots represent outliers. e Relationship between syn-
apse (Synaptophysin-TdTomato expression as in ¢) and cell num-
ber (NucBlue staining) for 23,040 data points at DIV7 across 60
plates (384-well format) from 6 different batches. f Unsupervised
clustering analysis for 384 cell density measures across 60 plates
(asin e). v.p., viral particles.

Platform (ThermoFisher Scientific) was used to read Synaptophy-
sin-tdTomato signals. For all studies that used the IN Cell 6000
reader, 1-4 fields of view were acquired with a 10x or 20x primary
magnification. Studies that used the CellInsight reader were always
carried out using 20x magnification and 4 fields of view.

Data Analysis for Nonscreening Data

Column and row effects were evaluated in 96-, 384-, and 1,536-
well plates in which measure of synapse and cell number were ac-
quired at DIV7. The Tukey two-way median polish procedure was
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Fig. 2. Low- and high-throughput screen-
ing against a live primary neuron-based
synaptogenesis assay. a Each well of a sin-
gle 384-well plate was imaged for Syn-TD
puncta density at three distinct time points,
which yielded two developmental epochs.
Lines connect each well over time. b Syn-
TD ratio from DIV7 to DIV9 (n = 23,040,
60 plates with 384 wells, median = 2.5) or
DIV12toDIV14 (n=2,048,64 DMSO con-
trols from 32 plates, median = 1.5). ¢ Com-
parison of coefficient of variation in syn-
apse reporter density at single time points
and the ratio of detected synapses from two
epochs in culture development in a 384-
well plate (DIV7-DIVY9, estimation of vari-
ance across 384 wells per plate for 60 plates
[n =60],and DIV12-DIV 14, estimation of
variance across 64 wells per plate for 32
plates [n = 32], epochs were sampled). Me-
dians are presented within boxes for the
75th and 25th quantiles for which +1.5
times the interquartile values are displayed
as vertical bars; dots represents outliers.
d Ratio obtained for hit identification af-
ter plate-by-plate normalization to DMSO
controlinascreen (s1) performed ina stan-
dard laboratory environment. Error bars
represent SEM and mean of 4 replicates
(n = 256, DMSO control and 1,280 com-
pounds, individual DMSO replicate are
represented in red). e Replicate screen (s2)
performed in a uHTS environment. Com-
pounds above 3 standard deviation of the
mean of DMSO control are outlined (blue)
as well as replicated hit (red) for d and e.
f Comparison of synapse ratio in the
screens s1 and s2 for three distinct AMPA
receptor antagonists present in the library
(n = 4 per compound). The gray line indi-
cates the hit threshold. g tdTomato counter
screen data (n = 64, 0.125% DMSO; n = 16
per compound). DIV, days in vitro nor-
malized to DMSO mean. Groups had equal
variance (Levene’s test homogeneity of
variance: F[3,108] = 0.296, p = 0.826) and
were not normally distributed (Shapiro-
Wilk test p < 0.01), thus statistical analysis
was performed by independent two-group
Mann-Whitney U test with continuity cor-
rection: DMSO versus GYKI (U =411, p =
0.227); DMSO versus CNQX (U =511, p =
0.977); DMSO versus NBQX (U =334, p =
0.03). d-g Mean and SEM are presented.
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done on the three formats to estimates those position effects. The
variance of the rows and the column effects were divided by the
variance of all the residuals per well obtained in R using the med-
polish function of the graphics package. For example, in 96-well
plates the variance of 12 columns and 8 rows effects were divided
by the variance of the 96 residuals. To understand how plates were
similar after a stress test of plating six batches of ten 384-well plates
per batch, an unsupervised clustering analysis was performed
looking at cell densities. The similarity among the 60 plates was
displayed on a heatmap and dendrogram.

Counter Screen Assay

Both the synaptogenesis assay and the Syngapl expression as-
say rely on changes to the tdTomato signal. False positives may
arise from the nonspecific effect of library compounds on the
tdTomato signal; they may also have inherent fluorescence in the
orange-red band used for signal detection in the primary assays.
To detect these types of false positives, we developed an assay that
quantifies nonspecific signals in the tdTomato emission spectrum.
WT mouse primary neurons were cultured in 384-well assay plates
using our standard HTS protocol and infected with an AAV vector
(Penn vector #AV-PV3365; 1 x 10'! particles per plate) at DIVO
that drives tdTomato expression from the CAG promoter. Neu-
rons were first imaged in the tdTomato channel at DIV12 followed
by pinning of appropriate compounds or vehicle. All wells were
imaged again at DIV14. At each time point, tdTomato-positive
soma were segmented from acquired images and the average fluo-
rescence intensity for all segmented soma in each well was calcu-
lated to derive a measure of tdTomato signal intensity. The assay
endpoint was calculated by determining the ratio of DIV14/DIV12
tdTomato signal intensity for each well.

Screening Details

Library Details and Dosing Information. Pilot screens were car-
ried out using the LOPAC1280 chemical library (Sigma, St. Louis,
MO, USA) which is in DMSO. The LOPAC library was converted
from a 96-well to a 384-well format, resulting in four plates with
320 compounds. We used the Biomek NXP pin tool with a 384-well
head to add library compounds immediately after imaging at
DIV12. One hundred nanoliters of the 10-mM library compounds
were pinned in each well. The final concentration of the com-
pounds was 12.5 uM in 80 pL culture medium.

Plate Layout, Controls, and Biological Replicates. To aid in our
understanding of reliability of the assay, the LOPAC library was
screened in quadruplicate. The use of quadruplicate is both man-
ageable and reduces potential errors. In addition, the minimal ver-
sion of the assay discussed in the text also contributes to the reduc-
tion in variation by minimizing sample handling. Thus, this strat-
egy required sixteen 384-well plates to screen the LOPAC library.
For convenience, we split the screen into two batches (one litter =
one batch) of 8 plates, and the batches were separated by 1 week.
The plate layout was standard. Negative controls (0.125% DMSO)
were placed in columns 1, 2, 23, and 24 in every screening plate in
both screens, resulting in 64 negative control wells per plate and a
total of 1,024 control wells per screen. We imaged Syn-TD punc-
tate structures at DIV12 and DIV14. Compounds were added im-
mediately after the DIV12 read. The critical assay endpoint was the
change in the number of detected synapses (i.e., the number of
Syn-TD structures) per well between DIV12 and DIV14 (DIV14/
DIV12 on a per-well basis).

Improved Scalability of Neuron-Based
Phenotypic Screening Assays

Image Analysis. For both screens, the dsRed/Cy3 channel im-
ages (Synaptophysin-tdTomato signals) were analyzed using the
IN Cell 6000 software (GE Healthcare Life Sciences, Pittsburgh,
PA, USA) using a custom puncta detection algorithm (available as
an upload). The algorithm used “Object Segmentation” along with
various classifiers (i.e., sensitivity, size/length, form factor, and
threshold levels) to identify clearly isolated presynaptic structures.

Screening Data Normalization and Hit Threshold. Prior to data
normalization, outliers in the DMSO control population that had
a synaptic DIV14/DIV12 ratio <1 and fell outside of three stand
deviations of the DMSO control mean were removed. Through
extensive analysis, a ratio <1 indicated an issue with data collection
(e.g., out-of-focus image), and these wells were therefore excluded.
These corresponded to 14 (1.4%) and 75 (7.3%) out 1,024 DMSO
control wells for screens s1 and s2, respectively. Despite the lack of
evidence of plate variability in the assay (Fig. 1d), correction for
plate-to-plate variability was done by normalizing the synaptic ra-
tio DIV14/DIV12 of individual compounds to the mean of the
synaptic ratio of DMSO controls within each plate. After data nor-
malization, the mean of each four-replicate plate location was de-
rived, and a hit threshold for compound above three standard de-
viations was applied. To further test for the possibility that edge
effects impacted our primary hit identification, a z-score normal-
ization was performed. The within-plate mean of synaptic ratio
DIV14/DIV12 for all wells was subtracted from the individual
compound ratio and divided by the standard deviation of all the
wells within the plate. This resulted in similar preliminary hits
within each screen when compared to DMSO control normaliza-
tion.

Results

Neuron-based phenotypic assays are most often car-
ried out in 96-well formats [8, 9]. This low-density format
severely limits assay scalability. Thus, it was unclear
whether primary neuronal cultures were compatible with
high-density assay plates used for large-scale screening
projects. Therefore, we created a simplified culturing pro-
tocol which omitted all unnecessary steps, paired it with
automated plating and maintenance workflows, and then
measured both culture reliability and scalability. Cultures
plated for HTS assays were viable and healthy, containing
neurons with branched dendrites and numerous spines
(Fig. 1a). We then cultured primary neurons from AI34D
mice [10], which conditionally express the fusion protein
Synaptophysin-tdTomato, a reliable marker of presynap-
tic terminals [11]. The Cre dependence of the reporter
promotes assay flexibility by enabling the labeling of syn-
apse subtypes (online suppl. Fig. 1a; for all online suppl.
material, see www.karger.com/doi/10.1159/000481731)
or by titrating the number of neurons that express the re-
porter (Fig. 1b). The latter, when combined with the ap-
propriate viral titer of AAV-Cre at plating, greatly im-
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proves assay sensitivity by optimizing the density, and
therefore detection, of isolated synaptic structures. As an
objective measure of neuronal health and survival, we
sampled both synapse and cellular density for every well
by imaging Synaptophysin-tdTomato and NucBlue sig-
nals, respectively (online suppl. Fig. 1b). Cultured neu-
rons performed equally well across different density assay
plates (Fig. 1c; online suppl. Fig. 1c, d) and were scalable
to high-density formats, including 1,536-well HTS-com-
patible plates, with little evidence of row or column effects
in AI34D-based cultures (Fig. 1d). These data demon-
strate that automated culturing of primary neurons is
compatible with HTS-scale assay formats.

In general, HTS predominantly relies on the successful
supply of mass quantities of robust, reproducible, and ef-
ficacious reagents and cell lines [12]. A potential limita-
tion for the use of primary neurons for HTS-compatible
assays is that the availability of biological material is lim-
ited by the frequency of litters. Even in best-case scenar-
ios, primary neuron-based screening projects would re-
quire data collection across multiple culture “batches.”
Thus, a requirement for a primary neuron-based screen-
ing platform is that automated culturing procedures pro-
duce minimal batch-to-batch variance, with each batch
providing a sufficient supply of primary neurons. To ob-
jectively measure batch variance, a “stress test” was car-
ried out where we prepared AI34D primary neurons in
sixty 384-well plates cultured as six distinct batches (1 lit-
ter = 1 batch) prepared over the course of 3 weeks (online
suppl. Fig. 2a). Synapse and cell density were sampled in
every well. The completed experiment yielded >23,000
multiplexed data points, with the relationship between
synapse density and cell density plotted for all wells
(Fig. le). The relationship between the multiplexed mea-
sures was similar across the plates (Fig. 1e; online suppl.

Fig. 3. Development and validation of an HTS-compatible Syn-
gapl expression assay. a Schematic representation of the reporter
insertion within the mouse Syngapl locus and expected biology
targeted by library molecules to change tdTomato/SynGAP ex-
pression levels. b Immunoblots of cortex homogenates from het-
erozygous Rum3 mice sacrificed at PND1 or PND21. tdTomato
and SynGAP expression was normalized to a protein loading con-
trol to yield an RLU. The SynGAP groups had equal variance (Le-
vene’s test homogeneity of variance: F[1,6] = 0.0487, p=0.832) and
were normally distributed (Shapiro-Wilk test P1 W = 0.869, p =
0.296, and P21 W = 0.831, p = 0.170); statistical analysis was done
by unpaired two-sample ¢ test (two-tailed). P1 (n = 4) versus P21
(n=4) t(6) = -29.614, p < 0.001. The tdTomato groups had equal
variance equal (Levene’s test homogeneity of variance: F[1,6] =
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Fig. 2b), with a clear correlation between synapse and cel-
lular densities. A cluster analysis of all sixty plates re-
vealed eight major nodes, rather than the expected six if
batches clustered among themselves, with most nodes
containing plates derived from different batches (Fig. 1f).
The median and distribution of the synapse/neuron ratio
was similar among all plates (online suppl. Fig. 2¢). Fur-
thermore, the variance within each batch, as well as the
variance among all batches, was <20% (online suppl.
Fig. 1d). Based on these data and former HTS experience
[13], we concluded that automated procedures for pro-
ducing primary neurons for screening purposes result in
highly reproducible weekly culture conditions.

We next sought to create a disease-relevant phenotyp-
ic assay that highlights the strengths of a neuron-based
screening platform. Loss of functional synapses is a hall-
mark of most brain disorders, such as neurodegeneration
disorders and stroke [14], and contributes to impaired
brain function during normal aging [15]. Chemical en-
hancement of neuronal communication by “boosting”
functional synaptic connectivity is, therefore, a promis-
ing therapeutic strategy to generally improve brain func-
tion [16, 17]. However, synapses are highly complex and
unique to neurons. Thus, it is logical that the most effec-
tive screening assay would capture a disease-linked end-
point obtained from synaptically connected neurons. We
sought to develop a phenotypic assay designed to broadly
report an increase in synaptic connectivity in live prima-
ry neurons. Because of the ability to image synaptic struc-
tures in live primary neurons, our strategy was to perform
an abbreviated kinetic assay where the total number of
synaptic puncta were imaged in each well at multiple time
points (Fig. 2a). This assay strategy had two significant
advantages. First, by normalizing the second read to the
first (i.e., DIV14/DIV12 ratio), the resulting ratio report-

1.0325, p = 0.3488) and were normally distributed (Shapiro-Wilk
test P1 W =0.934, p = 0.619, and P21 W = 0.986, p = 0.935); statis-
tical analysis was done by unpaired two-sample ¢ test (two-tailed)
P1 (n = 4) versus P21 (n = 4) t(6) = -7.78, p < 0.001. ¢ Neurons
from PNDO WT or heterozygous Rum3 mice were cultured and
imaged at DIV3. A simple intensity threshold was applied to il-
lustrate the high contrast of signal from Rum-positive neurons.
ii, integrated intensity of thresholded signal. d Plate-level metrics
(soma intensity = black; coefficient of variation of soma inten-
sity = red) from negative control wells across the pilot screen. e Hit
plots for individual negative control (left) or compound (right)
well locations in the pilot screen; n = 4 wells per data point. Black
dots reflect the mean of the four replicates (red dots).

(For figure see next page.)
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ed the rate of synaptogenesis during the assay period
(Fig. 2b), a critical phenotype directly connected to neural
circuit assembly. Second, the ratio was much less variable
than puncta density (Fig. 2c), which is the assay endpoint
typically used in synaptogenesis assays. Based on this
finding, we designed a screening assay that utilized this
abbreviated kinetic endpoint to discover compounds that
enhance synaptogenesis rates in primary neurons (online
suppl. Fig. 3a). We screened a library of 1,280 known
pharmacologically active compounds (in quadruplicate)
in a standard neurobiology laboratory environment, a
strategy that required only two litters of AI34D mice.
Analysis of DMSO controls (i.e., basal signal) indicated
that the assay endpoint exhibited low variance within in-
dividual plates and repeatability among all sixteen plates
used in the screen (online suppl. Fig. 3b, c). To identify
preliminary hits, we performed two types of compound
normalization methods, comparison of compound well
measurements to 3 standard deviations of DMSO con-
trols only [18], and z-score normalization to all wells in
the plate on a plate-by-plate basis. These analyses yielded
9 and 10 candidates, respectively (online suppl. Table 1).
The two lists were largely overlapping, which likely re-
flects the similarity of key assay parameters when apply-
ing each of these analyses.

We were interested in determining the reproducibility
of preliminary hits identified in the assay. A nearly identi-
cal version of the synapse assay was implemented in a
HHTS environment that utilizes industrial-scale robotics
and an automated pipeline for data analysis and report-
ing. The only practical modification in the replicate screen
was the change in environment (e.g., in the screening lab-
oratory clean room), the type of robotic microscope (see
Methods), and that the assay was fully automated (e.g.,
hands-free). The plate-level metrics of controls were sim-
ilar to those in the initial laboratory-level screen (online
suppl. Fig. 3d). Preliminary hits (Fig. 2e) were again iden-
tified using DMSO or whole-plate normalizations, with
both methods yielding a largely overlapping list of candi-
dates (online suppl. Table 2). We then compared prelim-
inary hits from both screens. GYKI52466 was the only
compound shared in each preliminary hit list from both
screens and did not appear to cause cellular toxicity (on-
line suppl. Fig. 3e). Interestingly, there were two other
AMPAR antagonists present in the library, though these
compounds failed to induce a change in the assay end-
point in both screening runs (Fig. 2f). We confirmed that
GYKI had minimal activity in a counter screen that quan-
tifies nonspecific changes in somatic tdTomato signal in-
tensity (Fig. 2g). The identification of GYKI52466 in the
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replicate screen demonstrates that primary neuron-based
assays can be implemented in an academic pHTS envi-
ronment, a capability that has enabled an ongoing, large-
scale screen for compounds that modify synaptic connec-
tivity.

To demonstrate the flexibility of this platform, we de-
signed another disease-relevant and HTS-scalable assay
that would benefit from the use of primary neurons.
Pathogenic Syngap1 variants cause a genetically defined
form of intellectual disability [19] with epilepsy [20],
termed MRD5, that accounts for up to 0.5-1% of severe
childhood brain disorders [21, 22]. This disorder is
caused by de novo SYNGAPI mutations that induce ge-
netic haploinsufficiency [23, 24]. Probes that increase
Syngapl expression in neurons would target the root
cause of MRD5. However, Syngapl expression is heavily
enriched in the brain and the protein is developmentally
regulated [25], suggesting that there are neuron-specific
regulatory mechanisms that control SynGAP expression.
Thus, an assay for Syngap1l expression built from prima-
ry neurons would be expected to yield the most promis-
ing lead compounds. To create a Syngapl expression as-
say, we engineered a mouse line that drives expression of
tdTomato under the control of the endogenous Syngap1
gene (Fig. 3a), a design that is expected to report the lev-
el of actively translated Syngapl mRNA. Mice that ex-
pressed the targeted insertion bred normally and we ob-
tained viable heterozygous and homozygous offspring.
Several lines of evidence indicated that tdTomato expres-
sion in neurons from this mouse line can report endog-
enous SynGAP levels. First, tdTomato fluorescence was
observed in vivo, and the signal was proportional to the
genotype (online suppl. Fig. 4a), demonstrating that the
reporter itself expresses a dose-dependent linearity. Sec-
ond, increased tdTomato expression during develop-
ment paralleled that of endogenous SynGAP (Fig. 3b),
and fluorescence within the dentate gyrus granule lay-
er reflected the developmental age of neurons (online
suppl. Fig. 4b). Third, primary neurons cultured from
these mice expressed tdTomato with high contrast as ear-
ly as postnatal day 3 (PND3) (Fig. 3c), and the criti-
cal assay endpoint (i.e., average fluorescent intensity of
thresholded cell bodies; online suppl. Fig. 4c) was stable
for the duration of the culture. Together, these data indi-
cate that tracking of tdTomato signal dynamics in pri-
mary neurons from this reporter mouse would be an ef-
fective assay for identifying compounds that upregulate
Syngapl expression.

To test the performance of the SynGAP expression as-
say, we again screened the library of 1,280 known phar-

Spicer et al.



macologically active compounds against the selected end-
point (i.e., average fluorescence intensity of tdTomato-
positive soma; online suppl. Fig. 4c) using a design
nearly identical to that of the synaptogenesis assay. The
only notable exception was that the assay was carried out
at DIV9 using a single read on a robotic confocal micro-
scope. The average endpoint signal and the signal coeffi-
cient of variation for negative controls was consistent
across plates used in the pilot screen (Fig. 3d), indicating
that the assay endpoint exhibits low intrinsic noise. Con-
sistent with this observation, we observed zero false posi-
tives in the negative control group (Fig. 3e). In contrast,
we observed many preliminary hits from well locations
representing library compounds (Fig. 3e; online suppl.
Table 3). Given that we observed low intrinsic assay noise
(<10% coefficient of variation of controls) and several li-
brary compounds induced a robust change in tdTomato
signal, the SynGAP expression assay appears to have a
large dynamic range. Furthermore, since the assay fea-
tures a simple, low-noise readout (i.e., tdTomato fluores-
cence in live neurons), we anticipate that it will scale well
within a pHTS environment.

Discussion

The ability to successfully implement multiple prima-
ry neuron-based assays in both low- and high-through-
put screening environments is evidence of this platform’s
flexibility and scalability. Perhaps most importantly, we
found that assays created using this platform are econom-
ical. Our studies demonstrate that there is enough mate-
rial in a single litter of mice to screen 1,000 or more com-
pounds. Thus, once an assay is validated, it is possible to
screen thousands of compounds in primary neurons as a
stand-alone project in a laboratory environment. Indeed,
the essential elements of our screening runs were carried
out on equipment that already exists in many academic
laboratories or imaging cores. As a result, both assay de-
velopment and screening steps can be carried out by in-
dividual investigators in their own laboratory, while the
most promising assays can be implemented in a true HTS
environment for much larger-scale screens. A significant
advantage of this assay platform, which is based on knock-
in mice, is that in vivo biological validation of preliminary
hits can be carried out in the same animals that supply
material for in vitro assays. Taken together, the combined
features of this platform improve the accessibility of drug
discovery within the neuroscience community, which
could stimulate drug discovery in CNS disorders. Future

Improved Scalability of Neuron-Based
Phenotypic Screening Assays

improvements in this platform will include the incorpo-
ration of iPSC-derived human neurons, which will com-
plement assays performed in nonhuman primary cells,
with respect to secondary assays used to biologically vali-
date lead compounds.

For successful long-term screening projects that uti-
lize primary cells in an automated environment, it is es-
sential to obtain simple Go/NoGo measures in order to
maintain quality during the entire project period. Unlike
established cell lines, primary cells obtained for screen-
ing purposes are derived from animal models. Thus, a
protracted screening project will utilize cells derived
from different animals over time, which could influence
the biology of the cells, potentially degrading assay per-
formance. In one such case, we recently performed a 36-
week automated synaptogenesis screen that assayed
~80,000 neuronal culture wells. To maintain assay per-
formance across the entire project, we implemented
strict quality control metrics that served as a Go/NoGo
criterion for each weekly batch of primary neurons. Dur-
ing assay validation steps, we identified several simple
plate-level measures that predicted performance of the
desired assay endpoint. In the synaptogenesis assay, we
found that the average number of detected synapses per
well, and the variance of synapses across all wells of a
plate at DIV8, correlated well with the overall synapto-
genesis rate and synaptogenesis variance of the same
plate from DIV12-DIV14 (our desired endpoint). Ana-
lyzing dozens of batches allowed us to determine a range
of acceptable values at DIV8, which then served as Go/
NoGeo criteria for collecting screening data with any par-
ticular batch. To implement this strategy into the ongo-
ing screening project, we created one additional plate per
batch that served as a “sentinel,” which was rapidly im-
aged on a laboratory-level instrument at DIV8 in order
to obtain the Go/NoGo metric. This strategy was possible
because our analysis during assay validation demonstrat-
ed that plates within batches performed similarly (online
suppl. Fig. 2). If the sentinel passed this test, the batch was
delivered to the screening facility. An added benefit of
this laboratory-based sentinel strategy was that it acceler-
ated robotic implementation. The sentinel plate was al-
ways saved until the batch run was finished. If substan-
dard data were obtained in the automated facility, the
sentinel plate was checked for data integrity in the labo-
ratory, which helped identify the cause of substandard
data collection. This quality control protocol helped
identify a step in the automated procedure that increased
the risk for culture contamination in addition to assuring
weekly assay performance.
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