
Figure 4 represents images of control, SU6656 (6.6 uM), and Bis-1 (4 uM) cells at both 
7DIV and 14DIV. Increases in overall neurite length can be observed in all cases, 
however, the control cells are a little more dense than the compound-treated cells. Also, 
synaptophysin staining can be observed in all images, appearing more in the cell body 
than neurites at 7DIV for SU6656 and Bis-1.
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Abstract
Neurological disorders such as Alzheimer’s and Parkinson’s disease affect changes in 
neurotransmitter expression as well as neuronal cell morphology. Evaluating these and 
other changes simultaneously can help understand the pathways leading to 
abnormalities and how to treat them. Neuronal cell morphology, including neurite 
outgrowth, total neurite count, cell body size, and growth cone formation, is modulated 
by a variety of conditions such as trophic factors, electrical activity, synaptogenesis, and 
functional maturation and differentiation of neurons(1-3). 

Using in vitro neuronal assays increase manipulation, scalability, and ability to 
understand morphological function at the cellular level, while decreasing overall 
experimentation time.  By using fluorescent reagents and image analysis systems with 
specific neuronal algorithms, it is possible to provide these benefits as well as the ability 
to automatically and objectively analyze the results for more robust assays.

The objective of this study was to characterize neurons by evaluating cell body and 
neurite morphological differences (through cell body shape, neurite length, neurite width, 
and branching pattern features), as well as look at neurite functional characteristics. Our 
data confirm that the use of these bioapplications with automated image analysis can 
accurately characterize neuronal cultures with respect to their morphological 
characteristics as well as neuronal function and can become a valuable way to conduct 
in-depth classification of this biology.

Introduction 
Neurotrophins act to control developmental cell death of neurons. However, neuronal 
abnormalities (neurodegeneration, neurotransmitter imbalance, etc) can be implicated in 
a variety of pathophysiological conditions such as with Alzheimer’s, Parkinson’s, and 
psychiatric disorders. These disorders affect changes in neuronal cell morphology 
and/or changes in neurotransmitter release. Some disease conditions affect outgrowth 
and elongation of neurites, branching of the neurites, changes in neuronal cell survival, 
cell body area, and expression of certain genes. 

Synapses allow neurons to communicate with each other via the release of a 
neurotransmitter that opens ion channels or activates second messenger systems. 
Overall, synapse formation is a complex process that requires appropriate projection of 
the axon to a specific target followed by the synthesis and targeting of multiple ion 
channels proteins to the synaptic site. Pre-synaptic cells will have neurotransmitters that 
accumulate in small vesicles, with post-synaptic sites exhibiting clustering of receptors 
to receive neurotransmitters released from the pre-synaptic vesicles. Understanding the 
purpose of these targets and their relationship to overall neuronal functioning that can 
help discover the meaning and possible treatment of neurological disorders.

Materials and Methods 
•Primary Rat Hippocampal Neuronal Cells were obtained from Lonza Group Ltd 
(Allendate, NJ)

•Compounds used for this experiment were:

•SU6656 - (EMD BioSciences, San Diego, CA); A potent Src family kinase inhibitor. 
Known to inhibit axon outgrowth once induced by Netrin-1(4) and GDNF(5). Highest 
dose used was 20 � M with 3-fold dilutions 

•Bis-1 (Bisindolylmaleimide-I, EMD BioSciences); Highly selective, cell-permeable, 
and reversible protein kinase C (PKC) inhibitor that acts as a competitive inhibitor 
for the ATP-binding site of PKC. Highest dose used was 12 � M with 3-fold dilutions

•Dopamine - (Sigma Aldrich, St. Louis, MO); Catecholamine neurotransmitter that 
is known to affect brain processes that control movement and emotional responses. 
Highest dose used was 1 � M with 3-fold dilutions

•L-Thyroxine - (Sigma Aldrich); Iodine-containing hormone produced from 
thyroglobulin in the thyroid follicular cells; thyroid hormones required for neonatal  
differentiation and maturation of the morphology and function of brain(6). Highest 
dose used was 30 nM with 3-fold dilutions

•Primary antibodies used for this experiment were:
•Beta-III tubulin (Covance Inc, Emeryville CA) – neuronal marker used to identify 
cell body and neurites

•Synaptophysin-1 (Santa Cruz,  Santa Cruz, CA) – glycoprotein, pre-synaptic 
marker to identify normal neuroendocrine cells and neuroendocrine neoplasms

•DyLight secondary antibodies (549 for Beta-tubulin and 488 for Synaptophysin) were 
used according to supplier’s suggestions (Thermo Fisher Scientific, Rockford, IL)

Conclusions
• Both outgrowth inhibitors SU6656 and Bis-1 had significant effects at the 

highest concentration tested but did not have a true dose-dependent effect. 
This could be due to cells cultured for 4 days before treatment. It appears as if 
the inhibitors also caused an increase in the amount of spots found in the cell 
body at 7DIV as well as a decrease in the number of spots found in the neurites 
at 14DIV.

• Dopamine and Thyroxine are important in overall neuronal function. Therefore, 
it was expected for overall neurite spot count to be at or above control values. 
As concentrations decreased so did the number of neurite spots. Percent overa
control for neurite spot characteristics were greater at 7DIV vs. 14DIV.

• The Neuronal Profiling v3.5 BioApplication is a functional tool to identify 
neuronal cells, trace neurites of various lengths, and multiplex both neuronal 
and functional characteristics in primary neuronal cultures.

• Additional experiments in other primary neurons (cortical and hippocampal) as 
well as other time points (21DIV) to evaluate post-synaptic markers are in 
progress.
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Methods
Cell Culture. Rat brain hippocampal cells were cultured according to the supplier’s 
instructions and plated at approximately 9000 cells/well in poly-D-lysine/Laminin 96-well 
plates (BD Biosciences, Franklin Lakes, NJ).  Cells were incubated at 37°C, 5 % CO2. 
After 4 days in vitro (DIV) various serially diluted compounds or recombinant proteins 
were added to culture media. For 14DIV, compound and/or media replacement occurred 
every 3-4 days.  

Immunocytochemistry. After appropriate culture time, cells were then fixed with a pre-
warmed paraformaldehyde solution (3% final concentration) for 20 minutes.  Plates were 
washed twice with and then incubated in Neurite Outgrowth (NOG) Buffer (Thermo 
Fisher Scientific, Rockford IL) for 30 minutes.  Antibodies to � 3 Tubulin and 
Synaptophysin diluted in NOG buffer were incubated for 90 minutes.  Plates were then 
washed twice with NOG buffer and the appropriate secondary antibodies were incubated 
for 60 minutes.  After the final incubation, plates were washed twice with NOG buffer and 
twice with PBS.  Plates were then acquired with the ArrayScan® VTI HCS Reader and 
analyzed with the Neuronal Profiling v3.5 BioApplication.

Cellomics® Neuronal Profi ling v3.5 BioApplication
The Neuronal Profiling v3.5 BioApplication quantifies morphological changes in neurons. 
It allows the user control over selecting neurites based on differences in morphology and 
intensity, as well as selecting neurons based on parameters in the nuclear and neuronal 
channels. Additionally, the user can identify spots found within/along the neurites or cell 
bodies and can be used to identify spot overlap between two channels.

All nuclei (neuronal and non-neuronal) are identified in the first fluorescent image 
(Channel 1) where nuclear features (size, shape, intensity, etc.) are measured. Neurons 
and neuronal-like cells are identified in Channel 2 with a primary antibody against a 
protein specific to neurons present in both neuronal cell bodies and neurites. Cell body 
(size, shape, and intensity) and neurite features (count, size, intensity, branch and cross 
point counts, etc.) are measured in Channel 2. Spots within/along cell bodies and 
neurites are idetnfied in  Channel 3 (and Channel 4) with a primary antibody against a 
protein specific to synaptic vessicles. Spot count, area, and intensity found within the 
appropriate regions are calculated. Figure 1 is an example of the biology with their 
respective overlays found in Channels 1-3.

Results
Neuronal Morphological Characteristics
Comparisons were made in rat primary hippocampal neurons with 4 different compounds 
dosed in duplicate and grown for a total of 7 or 14 days in vitro (DIV). Morphological features 
such as neuronal area, neurite count and length, and number of branch points are shown. All 
data was compared as a percent of averaged control wells (untreated cells).

At 7DIV (Figure 2) – decreases below control were noticed for cell body area at the two 
highest concentrations of all compounds. SU6656 and Bis-1 at the highest concentrations 
were very toxic and had little/no neuronal cells. Therefore, overall neurite total count, neurite 
total length, and branch point total count at the highest doses were well below control 
values.  Both dopamine and thyroxine values for these were similar to control values, with 
dopamine values being slightly below control.

FIGURE 1.  Images captured with the Neuronal Profiling v3.5 BioApplicat ion. 
Shown are nuclei that were stained with Hoechst (left), and indirect 
immunofluorescence against neuronal cells (middle) and pre-synaptic spots 
(right).

Neuronal Functional Characteristics 
Pre-synaptic functionality in both Cell Body and Neurites were observed and compared 
between 7 and 14DIV.

At 7DIV (Figure 5) – Cell body spots for all compounds at the highest dose remained 
at or above control levels for Bis-1, dopamine, and thyroxine (SU6656 had very little 
neurons present). For SU6656 and Bis-1, it appears as if decreasing doses also 
caused decreases in the overall amount of spots found in the cell body. Concentration-
related decreases in neurite spots were found with thyroxine and dopamine.

At 14DIV (Figure 3): cell body area measurements were a little more varied. Again, 
SU6656 and Bis-1 had decreased neurite count, neurite length and branch point count 
below control values (2.2 - 20 � M SU6656 and 1.3 – 12 � M Bis-1). Thyroxine was similar 
to control values and Dopamine was slightly above control values (~120%) at 333 nM. 

FIGURE 4. Composite images (20x) of untreated (left), SU6656 (middle), and 
Bis-1 (right) for 7DIV (top) and 14DIV (bottom). Note the increase in neurites 
between 7 and 14 DIV as well  as the overall d ifferences in synaptophysin
location between control and treated wells.  

FIGURE 5. Synaptophysin differences in cell body and neurites when comparing 
compounds after 7DIV as (top left) cel l body spot total count per neuron, (top 
right) cellbody spot total area per field, (bottom left) neurite spot total count per 
neurite, and (bottom right) neurite spot total area per neuron. X-Axis represents 
dilutions (1 = highest dose) and Y-axis represents % of averaged control.
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At 14DIV (Figure 6): Spots found in the cellbody were below control values for Bis-1 until 
1.3 uM. However, overall cell body area was greatly above control for Bis-1 and SU6656 
at higher doses. Higher values of thyroxine caused decreased cell body spot area but 
increased neurite spot count and area.

FIGURE 2. Effects of various compounds after 7DIV on (top left) average cell 
body area, (top right) neurite total count per neuron, (bottom left) neurite total 
length per field, and (bottom right) branch point total count per field.   X-Axis 
represents dilutions (1 = highest dose) and Y-axis represents % of averaged 
control. 
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FIGURE 3. Effects of various compounds after 14DIV on (top left) average cell 
body area, (top right) neurite total count per neuron, (bottom left) neurite total 
length per field, and (bottom right) branch point total count per field. X-Axis 
represents dilutions (1 = highest dose) and Y-axis represents % of averaged 
control. 

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7

SU6656

Bis-1

Dopamine

Thyroxine

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7

SU6656

Bis-1

Dopamine

Thyroxine
0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7

SU6656

Bis-1

Dopamine

Thyroxine

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7

SU6656

Bis-1

Dopamine

Thyroxine

Average Cell Body Area Neurite Total Count Per Neuron

Neurite Total Length Per Field Branch Point Total Count Per Field

FIGURE 6. Synaptophysin differences in cell body and neurites when 
comparing compounds after 14DIV as (top left) cell body spot total count per 
neuron, (top right) cellbody spot total area per field, (bottom left) neurite spot 
total count per neurite, and (bottom right) neurite spot total area per neuron. X-
Axis represents dilutions (1 = highest dose) and Y-axis represents % of 
averaged control.
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