
Abstract
Using an automated quantitative High Content Screening (HCS) approach, we 
were able to investigate both neurite outgrowth and complexity as well as 
synaptic function within cryopreserved rat primary cortical cultures in response 
to the chronic administration of a focused compound library.  This study aims to 
investigate the applicability of HCS techniques to the simultaneous study of 
neuronal health, neuronal morphology, and synaptic function after chronic 
administration of a compound library in vitro.  By chronically administering 
compounds to the primary cortical cultures, we were able to examine neuronal 
morphology (via � III tubulin staining), relative neuronal cell health (through 
Hoechst 33342 stained nuclei), and synapse formation (by immunofluorescent 
identification of synaptophysin-1) all within the same cultures using an 
automated, high content method.  Z’ statistics were automatically generated for 
each compound through the use of the Cellomics HCSExplorer® web-based 
system.  By multiplexing these assays and generating immediately viewable 
data, we were able to use fewer reagents, reduce costs, and get a more 
complete picture of the drugs’ effects in less time than if these studies had been 
carried out by using manual scoring methods. 

Introduction
Studying the outgrowth of neurites and the formation of synapses
are central to a variety of neuroscience research areas.  Research 
in fields such as Alzheimer’s disease, schizophrenia, Parkinson’s 
disease, bipolar disorder, depression, and epilepsy have all 
targeted therapies aimed at modulating neuronal growth and/or 
neurotransmission.  In the past, neurite numbers and lengths were 
calculated by the manual tracing of neurons in culture, and 
synaptic markers were analyzed by taking individual fluorescent 
images by hand and putting those images through an image 
analysis program one-by-one.  The process was time consuming, 
labor intensive, costly, and subject to human error.  In contrast to 
the traditional methods of neurite outgrowth and synaptogenesis 
analysis, High Content Screening (HCS) allows for the automated 
acquisition and analysis of multi-well microplates of primary 
cultures.  

In this study, HCS was used to investigate primary rat cortical 
cultures exposed to a focused library of compounds and 
investigated with Hoechst 33342 staining to visualize nuclei and
immunofluorescence to label neurons (with � III tubulin) and 
synaptophysin-I to mark synapse formation.  HCS permitted a 
concurrent assessment of neuronal health, neuronal morphology, 
and synaptogenesis through the multiplexing of fluorescent dyes 
combined with a biologically-validated algorithm.  Nearly 65,000 
individual objects were captured, processed, and reported by the
algorithm in only 70 minutes and ran without any human 
intervention. The parallel processing of the HCS platform yielded 
in-depth intensity, number, and morphology measurements on a 
per cell, per field, and per well basis as soon as the final well was 
scanned. This workflow strategy generated substantial savings in
time, money, and resources and proved to be a highly efficient 
means of conducting neurobiology research. 

Conclusions

� HCS allowed for an efficient examination of rat primary 
cortical cultures exposed to various compounds

� Over 65,000 individual objects were imaged and 
analyzed at the cell, field, and well levels in just over 1 
hour’s time

� Cell counts, neurite lengths, branching complexity, and 
synaptogenesis were investigated in the same cultures

� Dopamine enhanced dendritic outgrowth and 
complexity, while NMDA and U0126 limited outgrowth 
and synaptophysin-I labeling at the highest 
concentrations.
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FIGURE 3. Neurite Outgrowth Measurements by NPv3.5  in Response to NMDA. Algorithm 
measurements of Neurite Total Count Per Field (Ch2) at various concentrations of NMDA. Raw, 20x 
images of cultures with minimum NMDA (A) and maximum NMDA treatment (B).

Results 
� Neuronal Profiling v3.5 (NPv3.5) simultaneously imaged, analyzed, and displayed 
data from rat primary cortical cultures imaged at 20x in a 96-well format (Figure 2).

� The algorithm measured neurite outgrowth, neuronal complexity, and the synaptic 
marker synaptophysin-I with a 3-channel assay within the same cultures.

� NMDA caused a decrease in neurite count as dose increased, consistent with 
its role as a neurotoxin at higher doses (Figure 3).

� The neurotransmitter dopamine enhanced neuronal complexity as concentration 
increased (Figure 4).

� The MAPK inhibitor U0126 increased synaptophysin-I positive spots up until 
6uM, beyond which higher doses produced a decrease in spots (Figure 5).

� Z’ calculations were automatically generated and ranked by the web-based 
HCSExplorer program (Figure 6).

Materials and Methods
Cell Culture
Cryopreserved primary rat cortical cultures (Lonza Walkersville, 
Walkersville, MD) were stored in liquid nitrogen until experimentation, when 
they were thawed for 2 minutes in a 37
C water bath with gentle agitation.  
Media for the cultures was mixed immediately prior to every addition, and 
the media used was the PNGM BulletKit® (Lonza Walkersville) with 2mM L-
Glutamine, 100U/mL penicillin, 100µg/mL streptomycin, and 2% NSF-1.  
Cells were plated on two poly-D-lysine and laminin coated 96-well plates 
(BD Biosciences), 60 wells per plate in a volume of 150µL media per well.  
Cells were incubated at 37
C, 5% CO2 for four hours to attach.  After 
incubation, 130µL media was removed from each well, and 180µL of fresh 
media was gently added to all wells.  Five days post-plating, the media was 
exchanged once more.

Treatments and Immunocytochemistry
Seven days post-plating, the plates were prepared for treatment.  A 
focused library of compounds was used for investigation of neurite 
outgrowth and synaptogenesis in the rat primary cultures. Every compound 
was serially diluted, each time by a factor of 3.  A control column contained 
media alone, and another column contained 400� g/mL 2.5S-NGF in every 
well.  Next, 150� L media from each well was removed, and 180� L of media 
plus compound, media alone, or media + NGF was added.  The plates 
were returned to the 37
C, 5% CO2 incubator for treatment.  The plates 
remained in the incubator for 3 days.  

On day 10 post-plating, the experiment was terminated by the removal of 
180� L of media and the addition of 180� L warmed 3% paraformaldehyde.  
The plates were incubated for 30 minutes at room temperature, the fixative 
was aspirated off, and then the plates were manually washed twice with 
100� L of 1X Neurite Outgrowth Buffer (component of Cellomics® Neurite 
Outgrowth HCS Reagent Kit). Immunocytochemistry was performed to 
probe neurons for � III tubulin and synaptophysin-I.  The primary polyclonal 
antibody for � III tubulin (Covance) was used at a 1:1,000 dilution, and the 
primary monoclonal anti-synaptophysin-1 antibody at 1:400 dilution (Santa 
Cruz) were applied for 90 minutes at room temperature in 1X Neurite 
Outgrowth Buffer.  This was aspirated, and all wells were rinsed twice with 
Neurite Outgrowth Buffer.  

FIGURE 5. Synaptic Marker Syn-1 Counts by NPv3.5 in Response to U0126. Algorithm 
measures synaptic markers by Syn-1 Spot Count Per Well (Ch3) at various concentrations of 
U0126. Overlays are drawn by algorithm. Representative images, 20x, are of minimum U0126 
treatment (A) and maximum U0126 treatment (B).

FIGURE 4. Neurite Complexity Measurements by NPv3.5 in Response to Dopamine.  Algorithm 
measures complexity by Branch Point Total Count Per Well (Ch2) at various concentrations of 
dopamine. Overlays are drawn by algorithm. Representative images, 20x, are of minimum dopamine 
treatment (A) and maximum dopamine treatment (B).

FIGURE 6. HCSExplorer® Z’ Calculator with Ranking Feature for Dopamine Treatments. 
HCSExplorer is a web-based program that provides image browsing, annotation, and reporting 
capabilities.
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Figure 1. HCS Workflow, Sequential versus Parallel Processing. 
Secondary antibodies included goat � -rabbit Alexa Fluor 488 and goat 
� -mouse Alexa Fluor 555 both at 1:200 dilutions (Invitrogen) in 1X 
Neurite Outgrowth Buffer, again for 90 minutes room temperature. All 
wells were washed twice in Neurite Outgrowth Buffer and filled with 1X 
PBS for imaging.

High Content Screening
Both plates were imaged at 20x on a Cellomics ArrayScan® VTI HCS 
reader using the Cellomics Neuronal Profiling.v3.5 BioApplication image 
analysis algorithm (all from Thermo Fisher Scientific).  A 3-channel 
protocol was created to simultaneously investigate neuronal 
morphology and synaptogenesis.  Nuclei were in the first channel
(Hoechst), the neuron-specific marker � III tubulin was in the second 
channel (FITC), and synaptophysin-1 was in the third channel (TRITC).  
Cell, field, and well level details were measured for all images.  The 
Hoechst channel was used to count total number of cells, to help
provide a final percentage of neurons within each well, and the nuclear 
stain provided a general indicator of cell health.  The FITC channel was 
used to investigate neurite outgrowth measurements such as lengths, 
widths, cell body shape, cell body area, branching, and cross points.  
The TRITC channel was used to investigate synaptophysin-1 positive 
spots along the neurites.
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FIGURE 2. Composite (3 channel) 20x Image of  Rat Primary Cortical Cultures. Untreated  
cultures of rat primary cortical cultures (A), galantamine HBr treated (B), Bisindolylmaleimide-1 
treated (C), and NGF treated (D).  
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