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Neuron-specific in vitro screening strategies have the potential to accelerate the evaluation of chemicals
for neurotoxicity. We examined neurite outgrowth as a measure of neuronal response with a
commercially available rat cortex progenitor cell model, where cells were exposed to a chemical during a
period of cell differentiation. In control cultures, the fraction of beta-Ill-tubulin positive neurons and
their neurite length increased significantly with time, indicating differentiation of the progenitor cells.
Expression of glial fibrillary acidic protein, an astrocyte marker, also increased significantly with time. By
seeding progenitor cells at varying densities, we demonstrated that neurite length was influenced by
cell-cell spacing. After ten days, cultures seeded at densities of 1000 cells/mm? or lower had significantly
shorter neurites than cultures seeded at densities of 1250 cells/mm? or higher. Progenitor cells were
exposed to lithium, a neuroactive chemical with diverse modes of action. Cultures exposed to 30 mmol/L
or 10 mmol/L lithium chloride (LiCl) had significantly lower metabolic activity than control cultures, as
reported by adenosine triphosphate content, and no neurons were observed after ten days of exposure.
Cultures exposed to 3 mmol/L, 1 mmol/L, or 0.3 mmol/L LiCl, which encompass lithium’s therapeutic
range, had metabolic activity similar to control cultures. These cultures exhibited concentration-
dependent decreases in neurite outgrowth after ten days of LiCl exposure. Neurite outgrowth results
were relatively robust, regardless of the evaluation methodology. This work demonstrates that
measurement of neurite outgrowth in differentiating progenitor cell cultures can be a sensitive endpoint
for neuronal response under non-cytotoxic exposure conditions.
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1. Introduction accepted by the U.S. Environmental Protection Agency or the
Organization for Economic Cooperation and Development are
expensive, time-intensive, and not suitable for screening large

numbers of chemicals (Radio and Mundy, 2008). Rapid and

Early exposure to neurotoxic compounds may lead to develop-
mental disorders and subclinical loss of function due to the

vulnerability of the developing brain (Grandjean and Landrigan,
2006). Within the cerebral cortex, specific disruptions to neuro-
genesis, migration, differentiation, dendrite formation, and synap-
togenesis lead to long-term anatomical, neurochemical, and/or
behavioral abnormalities in rodents (Berger-Sweeney and Hoh-
mann, 1997). In humans, development continues for years after
birth (Rodier, 1995), making developmental neurotoxicity an
important component of toxicity evaluations. Although it is
recognized that neurotoxins are likely to damage the developing
brain at lower doses than those which affect adults (Tilson, 2000),
most chemicals have not been evaluated for developmental
neurotoxicity (Goldman and Koduru, 2000). In vivo methods
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inexpensive in vitro experiments utilizing cell lines, primary cells,
or explants have often been designed to examine specific hypotheses
(Harry et al,, 1998). Although it appears unlikely that in vitro
methods could completely replace animal studies, validated assays
could be applied in a tiered screening strategy to identify neurotoxic
hazards (Crofton et al., 2011; Lein et al., 2007). A key requirement is
endpoints that are specific to neural cells, in addition to biochemical
endpoints common to all mammalian cells (Bal-Price et al., 2010;
Harry and Tiffany-Castiglioni, 2005).

One promising strategy for in vitro screening involves assaying
key neurodevelopmental processes such as proliferation, migra-
tion, differentiation, axonal and dendritic outgrowth, and synap-
togenesis. Despite probable diverse mechanisms, developmental
neurotoxins are expected to disrupt these vulnerable cellular
processes, which are highly conserved across species (Barone et al.,
2000; Lein et al., 2005). Neural stem or progenitor cells, which
generate the main cells of the central nervous system (neurons,
astrocytes, and oligodendrocytes) are an emerging model for
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toxicology (Breier et al., 2010), with many promising results. Rat
progenitor cells were more sensitive to methylmercury-induced
cytotoxicity than differentiated neural or glial cells (Tamm et al.,
2006). Furthermore, cells derived from multiple brain regions
responded differently to lead exposure (Huang and Schneider,
2004). Novel human cell models include immortalized progenitor
cells (Breier et al., 2008), stem cells derived from umbilical cord
blood (Buzanska et al., 2009), and commercially available neuro-
spheres (Fritsche et al., 2005; Moors et al., 2009). Cord blood is a
non-controversial source of human stem cells; this model could
potentially address the genetic diversity of individuals. Neuro-
spheres resemble the three-dimensional organization of the
developing brain, with a proliferative zone of progenitor cells
and a zone of maturing neural and glial cells. Altogether, neural
progenitor cells are promising models, however investigations to
date have focused on proliferation, migration, and differentiation
measurements.

Axonal and dendritic outgrowth, or neurite outgrowth, is a
defining feature of neural morphology and is critically linked to
neural connectivity (Radio and Mundy, 2008). It was recently
demonstrated that a chemical which affects neurite outgrowth
also affects network function assessed by microelectrode arrays
(Robinette et al., 2011). A variety of chemical neurotoxins as well
as chemicals regarded as safe (i.e., drugs permitted during
pregnancy) have been investigated by high-throughput neurite
outgrowth measurements. These experiments employed a variety
of cells, including the rat pheochromocytoma (PC-12) cell line
(Radio et al., 2008), primary rat cerebellar granule cells (Radio
et al., 2010), human embryonic stem-cell-derived neurons (Harrill
et al., 2010), and primary rat cortical neurons (Harrill et al., 2011).
Other recent developments include substrates for assessing
network formation by the human neuroblastoma (SH-SY5Y) cell
line (Frimatet al., 2010) and quantitation based on live cell staining
(Stiegler et al., 2011).

Neurite outgrowth can be evaluated with cell lines, however the
resulting neurites cannot be identified as axons or dendrites and
they do not form synapses. Purified cultures of primary neuronal
cells also may not adequately represent the in vivo environment. In
studies of acute cytotoxicity, neuron/astrocyte co-cultures were
more resilient than neuronal monocultures (Giordano et al., 2009;
Morken et al., 2005; Woehrling et al., 2007, 2010), though
astrocytes also metabolize chemicals to their toxic form (Ransom
et al,, 1987). Astrocytes can inhibit (McKeon et al., 1991) or
promote (Oh et al., 2009) neurite outgrowth through the secretion
of soluble factors, suggesting that their presence may impact
neurite outgrowth assays.

We hypothesize that quantifying neurite outgrowth and
differentiation in the same culture may prove valuable for
developmental neurotoxicity screening. Lithium was chosen for
initial studies. Lithium is widely utilized in the treatment of bipolar
disorder, though questions remain about its mode of action (Jope,
1999). In vitro studies with neuronal monocultures have shown
that lithium interferes with neurite initiation and with neuronal
cytoskeletal proteins in chick dorsal root ganglia (Hollander and
Bennett, 1991) and rat hippocampal neurons (Takahashi et al.,
1999), consistent with recent studies (Harrill et al., 2011).
However, studies with neural progenitor cells derived from the
rat hippocampus (Kim et al., 2004) or dentate gyrus (Boku et al.,
2011) suggest that lithium promotes neurogenesis and suppresses
astrogliogenesis. In this work, we examined neurite outgrowth
measurements with a commercial rat cortex progenitor cell model
in which cells can be exposed to lithium during a period of
differentiation. We first examined the influence of seeding density
and evaluation timepoint on the expression of neural and glial
markers as well as neurite outgrowth. We then evaluated their
response to different concentrations of lithium chloride by

quantifying adenosine triphosphate content, neurite outgrowth,
and differentiation. Our results support further development of
this cell model.

2. Methods’
2.1. Materials

Rat cortex neural stem/progenitor cells were obtained from
Stem Cell Technologies (Vancouver, BC). Cells were isolated from
Sprague-Dawley or Fischer 344 rats at E18, where EO is the day a
gestational plug forms. Single cell suspensions were derived from
both hemispheres of the cortex, while avoiding the striata and
hippocampus. Whole neurospheres were cryopreserved during
their first passage after four days of proliferation and supplied in
this form. According to the manufacturer, the fraction of cells that
differentiate into neurons is strongly influenced by how long the
cells have been propagated in neurosphere culture, with early
passages having a greater fraction of neurons than later passages.
For this reason, our experiments utilized cells passaged exactly
twice after isolation and prior to seeding.

The following culture media and growth factors were obtained
from Stem Cell Technologies: NeuroCult NS-A proliferation
medium, NeuroCult NS-A differentiation medium, recombinant
human epidermal growth factor (rhEGF), recombinant human
fibroblast growth factor (rhFGF), and heparin. Growth factors were
reconstituted according to the manufacturer’s protocol with sterile
water or phosphate-buffered saline, acetic acid, and bovine-serum
albumin. Differentiation medium contained 50 units/mL penicillin
and 50 pg/mL streptomycin (Invitrogen). Cell suspensions were
diluted 1:10 to determine cell counts by trypan blue exclusion. All
washes and chemical dilutions not otherwise specified were done
with Dulbecco’s phosphate buffered saline (DPBS).

2.2. Cell culture

Cryopreserved cells were rapidly thawed at 37 °C, then neuro-
spheres were resuspended in proliferation medium containing
20 ng/mL rhEGF, 10 ng/mL rhFGF, and 2 pg/mL heparin and
cultured overnight. After 24 h, the neurospheres were pelleted
at 150 x g, triturated into a single cell suspension, and cultured in
proliferation medium with added growth factors. After 48 h, a
partial medium change was performed. After an additional 48 h,
the neurospheres were pelleted at 150 x g, resuspended in
differentiation medium, triturated into a single cell suspension,
counted, and seeded onto 8-well chamber slides (0.8 cm?, Lab-Tek)
or opaque white 96-well assay plates (0.32 cm?, Corning). Cultures
surfaces had been previously treated by adding 300 L (chamber
slide) or 100 L (assay plate) of 15 wg/mL poly-L-ornithine
(Sigma-Aldrich) to each chamber and incubating overnight
(18 h minimum) to promote cell attachment and differentiation.
Wells were triple washed prior to seeding. Cells were initially
seeded at 1500 cellsy/mm?, 1250 cells/mm?, 1000 cells/mm?,
750 cells/mm?, 500 cells/mm?, and 125 cells/mm? to optimize
seeding density for neurite outgrowth evaluation. If the culture
period extended to ten days, the medium was partially changed at
seven days.

2.3. Chemical exposure

Cells were seeded onto poly-L-ornithine coated surfaces at
1250 cellsy/mm? (1 x 10° cells/well for chamber slides and

1 Certain commercial equipment, instruments, or materials are identified in this
document. Such identification does not imply recommendation or endorsement by
the National Institute of Standards and Technology, nor does it imply that the
products identified are necessarily the best available for the purpose.
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4 x 10* cells/well for assay plates) and allowed to attach for 4 h
prior to chemical exposure. Lithium chloride (Sigma-Aldrich) was
diluted in differentiation medium and sterile filtered (0.22 pm
polyethersulfone membrane, Corning). A 300 mmol/L stock solu-
tion was used to prepare additional stock solutions (100 mmol/L,
30 mmol/L, 10 mmol/L, and 3 mmol/L) by serial dilution. For cells
cultured in chamber slides, 50 L of each stock solution was added
to wells containing 450 L of differentiation medium to give final
exposure concentrations of 30 mmol/L, 10 mmol/L, 3 mmol/L,
1 mmol/L, and 0.3 mmol/L. For cells cultured in assay plates,
10 L of each stock solution was added to wells containing 90 L
of differentiation medium to give the same final exposure
concentrations.

2.4. Adenosine triphosphate (ATP) evaluation

ATP levels were evaluated with the CellTiter-Glo Luminescent
Cell Viability Assay (Promega). ATP produced by metabolically
active cells is detected via conversion of luciferin to oxyluciferin in
the presence of luciferase enzyme. Individual assay plates were
equilibrated at room temperature for 30 min prior to adding the
reagent (100 pL/well), which was reconstituted according to the
manufacturer’s protocol. Plates were mixed at 100 rpm for 2 min
on an orbital shaker and then incubated, protected from light, for
10 min at room temperature prior to the reading. Luminescence
intensity was measured with a Synergy HT Multimode Plate
Reader (Biotek) and corrected for background due to media. We
verified that the background-corrected luminescence intensity is
linearly proportional (R? = 0.997) to the number of living cells by
measuring wells containing 1 x 10> cells/well, 5 x 10> cells/well,
1 x 10% cells/well, 2 x 10% cells/well, 4 x 10* cells/jwell, and
6 x 10* cells/well.

2.5. Immunocytochemistry and image acquisition

Cells in chamber slides were fixed by incubation with 4%
paraformaldehyde for 30 min at room temperature. Cells were
triple-washed, incubated with 0.3% Triton-X 100 for 30 min at
room temperature to permeabilize the membrane, then triple-
washed again. Fixed cells were incubated with primary antibodies
for B-IlI-tubulin (1:1000) and GFAP (1:500) or nestin (2 wg/mL) for
2h (37°C) and with secondary antibodies (1:100-1:150) for
30 min (37 °C), protected from light, with triple-washes after each
incubation stage. Cells were then incubated for ~90 s with Hoechst
33342 (5 pg/mL) to stain nuclei. Mouse monoclonal antibody for
B-IlI-tubulin (Clone TuJ-1, FitzGerald), rabbit monoclonal antibody
for GFAP (Clone EP672Y, Abcam), or mouse monoclonal antibody
for nestin (Rat-401 developed by S. Hockfield, Developmental
Studies Hybridoma Bank at the University of lowa) were diluted in
DPBS containing 10% normal goat serum. Goat-anti-mouse Alexa
Fluor 488 IgG (Invitrogen) and goat-anti-rabbit Alexa Fluor 594 IgG
(Invitrogen) were diluted in DPBS containing 2% normal goat
serum.

Immunostained cells were imaged with a 20x objective on a
Nikon TE-2000S inverted microscope equipped with an EXFO X-
cite 120 metal-halide arc lamp for epifluorescence illumination.
Excitation and emission filters (Omega Optical) were 360/40 nm
excitation and 460/50 nm emission for Hoechst 33342, 480/
30 nm excitation and 535/40 emission for AlexaFluor 488, and
560/55 nm excitation and 645/75 nm emission for AlexaFluor
594. All images were captured by a 12-bit monochrome camera
(Photometrics ES2) with Metamorph Software (Molecular
Devices). Integration periods were fixed for each series of wells
and were determined by sampling control wells from multiple
slides. Images shown in figures have consistent acquisition
conditions and intensity scales.

2.6. Neurite outgrowth evaluation

Neurons were identified by [B-IlI-tubulin positive neurites
extending from a cell body (Hoechst 33342 positive) that was
bounded by [-IlI-tubulin. Neurites were traced on a cell-by-cell
basis with the Neuron] plugin for Image] (Meijering et al., 2004) or
on an image-average basis with Neurolucida (MBF Biosciences).
Example traces illustrate the main differences between these two
tracing methods (Fig. 1). When traced on a cell-by-cell basis,
neurites were traced from each cell body. Neurons with off-image
neurites were excluded, as were neurites whose cell body could
not be identified. Ambiguities due to crossing neurites were
resolved by the observer, when judged possible, otherwise the
entire cluster of neurons was excluded. When traced on an image-
average basis, neurites were traced through the cell body because
automatic detection of cell bodies was inconsistent, depending on

Fig. 1. B-lll-tubulin image scaled for contrast (a) with semi-automated neurite
tracing on a cell-by-cell basis (b) or fully automated neurite tracing on an image-
average basis (c). Scale bars are 50 wm. Arrows indicate neurites or neurons which
were excluded in (b) because their cell body or neurites were off image.
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the extent of staining. All neurites were traced and there was no
need to resolve ambiguities.

In Neuron], each series of 12-bit -IlI-tubulin images was scaled
to increase contrast, then converted to 8-bit images, which is the
required format. Multiple images were examined to choose an
intensity scale that was applied to all images. Only processes
greater than 10 wm in length were identified as neurites and
included in neurite counts or length measurements. Three
measurements were made: neurites per cell, longest neurite per
cell, which does not include secondary or tertiary branches, and
neurite outgrowth per cell, which includes all branches. These cell-
level measurements were averaged to determine the value for each
well.

In Neurolucida, each series of 12-bit B-IlI-tubulin images was
again consistently scaled. When images were scaled to provide
better contrast with no loss of information, the traced lengths were
greater than for unscaled images. This is because, for our
acquisition conditions, even the brightest neurons only required
about half the intensity range. Fully automated tracing employed
consistent settings for seed placement and gap tolerance. For each
image traced, neurons were identified by observation as previously
described. Neurite outgrowth was summed for all images and
divided by the total number of identified neurons to determine the
value for each well.

2.7. Statistical analysis

All statistical analysis was performed with InStat (GraphPad
Software). Each well was considered an individual sample and
mean values are reported plus or minus standard error of the
mean. To determine the fractions of immunopositive progenitors,
neurons, or astrocytes, at least 500 cells were scored per well.
When individual neurites were traced (Neuron J), 4-10 images
were analyzed per well. Typically 25-35 neurons were evaluated,
however, at the low densities (125-500 cells/mm?) studied in
Fig. 3, two wells per timepoint had fewer than 25 neurons after all
images were analyzed. When neurites were traced on an average
basis (Neurolucida), 9 or 10 images were analyzed per well, with an
average of 80 neurons (minimum of 50 neurons) identified per
well. Results from individual cultures were normalized by controls
from that culture and then combined with normalized values from
other cultures. Student’s t-test was employed for comparisons
between two groups. For three or more groups, means were
compared by one-way analysis of variance (ANOVA) with p < 0.05
considered significant. Each pair of means was then evaluated by
the Student-Newman-Keuls post-test to determine if cultures
were significantly different from controls or from each other.

3. Results and discussion
3.1. Neuronal differentiation and outgrowth

Immediately after seeding the cells appeared spherical, but they
rapidly attached to poly-L-ornithine coated surfaces. Four hours
after seeding, short extensions were visible in some cells. After
three days in culture, thin processes extended from a large fraction
of cells. There were also clusters of apparently dead cells. From this
point, the cultures did not change dramatically in appearance.
However, they did become challenging to examine with phase
contrast optics, because processes extending from the cells began
to overlap with those from other cells. After ten days in culture,
there appeared to be a larger fraction of dead cells, though we did
not quantify this with viability assays.

Neural differentiation and outgrowth were examined five days
(d5), seven days (d7), and ten days (d10) after seeding by
immunocytochemical staining for [-IlI-tubulin, a microtubule

protein that is present in axons, dendrites, and in the cell body
(Fig. 2). Based on the original seeding densities, the average
number of cells in a single (20x) image is 200 cells/image
(1250 cells/mm?), 100 cells/image (750 cells/mm?), or 20 cells/
image (125 cells/mm?). Only a portion of each image is shown in
Fig. 2, but the increase in cell-cell spacing from 1250 cells/mm? to
125 cells/mm? is clear in the nuclear images.

B-II-tubulin positive cells were observed on d5 for all seeding
densities. Neurites appeared to increase in length and branching
from d5 to d7 and from d7 to d10. Cells cultured for fourteen days
or longer had long, branching neurites that could not be analyzed
on a cell-by-cell basis due to numerous ambiguities as neurites
cross. Higher seeding densities appeared to promote greater
outgrowth, which was quantified by two parameters: number of
neurites per cell and longest neurite per cell (Fig. 3). The majority of
cells in these cultures were not neurons. Cell bodies that were
faintly outlined with 3-III-tubulin, but did not possess a process
longer than 10 wm in length, were not identified as neurons.
Therefore all neurons had at least one neurite. Seeding density did
not impact the number of neurites per cell at any timepoint
(Fig. 3a). Two to four neurites were typically identified per neuron
and though this measure does increase significantly with time, the
increase is only by one-third.

Longest neurite per cell was influenced by seeding density and
timepoint (Fig. 3b). For cells seeded at high densities (1250-
1500 cells/mm?), neurite length increased significantly from d5 to
d7 and from d7 to d10, approximately doubling overall. Cells
seeded at intermediate (750-1000 cells/mm?) or low densities
(125-500 cells/ymm?) also had significant increases in neurite
length with time, however neurites were significantly shorter on
d10 compared to high density cultures. Altogether, our results
indicate that longest neurite per cell is more sensitive to culture
parameters than neurites per cell. We chose 1250 cells/mm? as the
seeding density for all further studies to ensure consistent neurite
outgrowth with time, maximize neurite length, and minimize the
possibility that local variation in cell-cell spacing could cause
changes in neurite outgrowth.

3.2. Development of the progenitor cell culture

We examined the expression of glial fibrillary acidic protein, an
intermediate filament protein that indicates astrocytes, but is also
expressed by other cells of the central nervous system. In
preliminary studies, we observed very few astrocytes in cultures
seeded at low densities, even on d10, whereas cultures seeded at
high densities had abundant expression (data not shown). For
cultures seeded at 1250 cells/mm?, the seeding density employed
for all further studies described here, immunocytochemical
staining suggests that expression of this protein increases
dramatically between d7 and d10 (Fig. 4). Examining the d10
image also shows that cells in this culture either express a neuronal
or an astrocytic phenotype, as opposed to an intermediate
phenotype.

In rat cortex tissue, the ratio of astrocytes to neurons is 1-3
(Nedergaard et al., 2003). Unlike studies in which purified
populations of neurons and astrocytes are combined to yield
neural/glial cultures with defined cellular ratios (Woehrling et al.,
2010), the cellular ratios in this study were dictated solely by
differentiation of the progenitor cell culture. Cultures evaluated at
multiple timepoints show that both the fraction of neurons and the
fraction of astrocytes increased significantly from d3 to di10
(Fig. 5a). While the fraction of neurons doubled, the fraction of
astrocytes increased by a factor of more than twenty, with about
75% of the increase occurring between d7 and d10. As a result, the
ratio of astrocytes to neurons also increased significantly with time
(Table 1). Other researchers have demonstrated that seeding
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Fig. 2. Images of neurons (B-III-tubulin, white) as a function of seeding density and evaluation timepoint. Hoechst-stained nuclei are blue and scale bars are 50 pm. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of the article.)

neural stem or progenitor cells onto stiff substrates promotes
astrocyte differentiation over neural differentiation (Lampe et al.,
2010; Saha et al., 2008), so the high ratio of astrocytes to neurons
may be a consequence of the polystyrene culture surface.

Nestin is an intermediate filament protein expressed during the
early stages of development and is a marker of progenitor cells.
Cultures evaluated at multiple timepoints show that the fraction of
progenitor cells decreased significantly from d3 to d10 (Fig. 5b).
The cell fractions in Fig. 5a and b, sum to within 8% of 100% on d3,
d5, and d7. On d10, the sum is 110%, so it is likely that many cells
scored as astrocytes still expressed nestin. Altogether, these results
indicate that the cultures are developing from a predominantly
progenitor cell population on d3, to a population with a significant
fraction of neurons and astrocytes on d10.

3.3. ATP content of cultures exposed to LiCl

Adenosine triphosphate (ATP) content in neural progenitor cell
cultures had a concentration-dependent response to LiCl exposure
(Fig. 6). 30 mmol/L LiCl reduced ATP content by more than 90% on
d3 and d5 whereas 10 mmol/L LiCl reduced ATP content by 35% on
d3 and 70% on d5. Additional timepoints on d7 and d10 were
similar to d5 (averages from six wells, data not shown).
Specifically, cultures exposed to 10 mmol/L LiCl still had non-zero
ATP content. Cultures with lower LiCl exposures (3-0.3 mmol/L)

were not significantly different from control cultures at any
timepoint, including d7 and d10. Our results for 30 mmol/L and
10 mmol/L LiCl exposures are consistent with Harrill et al. (2010)
who also reported decreases in ATP content at these concentra-
tions with human embryonic stem-cell-derived neurons. However,
we observed greater differences from control at either concentra-
tion, likely reflecting the longer exposure period (3-10 days vs.
24 h) or greater sensitivity of the progenitor cell population.
Mature neural/glial cultures exposed for three days had a half-
maximal inhibitory concentration greater than 32 mmol/L LiCl
(Woehrling et al., 2010), so again the rat cortex progenitor cell
population appears quite sensitive.

Normal functioning of the central nervous system requires
significant energy resources and neurotoxins often impact
mitochondrial function (Massicotte et al., 2005). The dramatic
decreases in ATP content observed on d3, d5, d7, and d10 suggest
that cultures exposed to 30 mmol/L or 10 mmol/L LiCl may contain
few viable cells on d10. To examine this, we employed Live/Dead
staining with calcein acetoxymethyl ester (indicates intact cells
with esterase activity) and ethidium homodimer-1 (indicates dead
cells with compromised membranes). Cultures exposed to
30 mmol/L LiCl were sparsely populated, apparently most cells
detached from the surface. Of the remaining cells, some live cells
were observed, but they were rounded. Cultures exposed to
10 mmol/L LiCl had clusters of live cells interspersed with dead
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Fig. 3. Neurites per cell (a) and longest neurite per cell (b) as a function of seeding
density and evaluation timepoint. To normalize longest neurite per cell, d10
measurements at high densities (1250-1500 cells/mm?) were treated as controls.
Reported values are based on 8 wells from two independent cultures and error bars
indicate standard error of the mean. ANOVA indicates that both measurements
increase significantly with time for all seeding densities (p < 0.005). In (a), the
number of neurites per cell is not significantly affected by seeding density. In (b),
the longest neurite per cell is significantly affected by seeding density on d7
(p <0.002) and d10 (p < 0.0001). Stars indicate significant differences from high
densities (1250-1500 cellsymm?) in post-test comparisons (**p <0.01 and
***p <0.001).

cells and large regions containing primarily dead cells. Cultures
with lower LiCl exposures (3-0.3 mmol/L) contained dense
populations of live cells interspersed with dead cells. These
cultures could not be distinguished from control cultures by
observation.

Culture-level measurements such as ATP content are dominat-
ed by progenitor cells throughout this study, since our cultures still
consist primarily of progenitor cells on d10 (Fig. 5b). As such, it
cannot be determined whether LiCl exposure preferentially kills
neurons or astrocytes through ATP content measurements. In
order to more effectively track the viability of these minority cell
types, cultures exposed to 3 mmol/L LiCl were scored for neuronal
and astrocytic differentiation on d10 and compared to control
cultures (Table 2). Based on the observed cell fractions, we
conclude that 3 mmol/L LiCl exposure does not specifically reduce
neuron or astrocyte viability.

3.4. Neurite outgrowth in cultures exposed to LiCl

Following immunocytochemical staining on d10, cultures
exposed to 30 mmol/L or 10 mmol/L LiCl had very few nuclei of
normal size and distribution. Instead, clusters of small bright
nuclei, corresponding to dead cells, were observed. No B-III-
tubulin positive neurons were observed under either exposure

Fig. 4. Images of neurons (3-Ill-tubulin, green) and astrocytes (glial fibrillary acidic
protein, red) as a function of evaluation timepoint. Hoechst-stained nuclei are white
and scale bars are 50 pm. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of the article.)
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function of evaluation timepoint. Reported values are based on 10 wells from two
independent cultures, with the exception of neuron and astrocyte fractions on d10,
which are based on 26 wells from five independent cultures. Error bars indicate
standard error of the mean. Separate wells were utilized for quantifying progenitor
cells vs. neurons and astrocytes. ANOVA indicates that the fractions of neurons and
astrocytes increase with time (p <0.0001 for both) whereas the fraction of
progenitor cells decreases with time (p < 0.0001).

condition and these cultures could not be evaluated further. In
contrast, cultures exposed to 3 mmol/L, 1 mmol/L, and 0.3 mmol/L
LiCl appeared similar to control cultures, with comparable
numbers of B-IlI-tubulin positive neurons observed in each image.
Neurite outgrowth for these LiCl concentrations was first evaluated
on a cell-by-cell basis (Neuron], Fig. 7a and b) and then on an
image-average basis (Neurolucida, Fig. 7c).

Fig. 7a and b allows us to compare measurements of longest
neurite per cell with neurite outgrowth per cell. We found that
normalized values were not significantly different from each other
for any LiCl exposure. However, tracing neurites on a cell-by-cell
basis requires fairly isolated cells and is only possible in this
culture because the fraction of neurons is low. Because some

Table 1

Astrocyte to neuron ratio at multiple timepoints. Reported values (and standard
error of the mean) are based on 10 wells from two independent cultures for d3, d5,
and d7 and 26 wells from five independent cultures for d10.

Timepoint Astrocyte:neuron
d3 0.8+0.1
ds 1.5+02
d7 33+0.7
d10 7.5+0.6
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Fig. 6. Adenosine triphosphate content of cultures exposed to LiCl until evaluation
on d3 or d5. Reported values are based on 12 wells from two independent cultures
and error bars indicate standard error of the mean. Stars indicate significant
differences from controls in post-test comparisons (***p < 0.001).

ambiguities were resolved by observation and cell clusters were
excluded from analysis, it also has the potential to be biased. By
contrast, fully automated tracing on an image-average basis
includes all neurites in an image and is rapid, allowing more wells
to be evaluated. Prior to evaluating the effects of LiCl exposure, we
verified that neurite outgrowth per cell, determined on an image-
average basis, increased from d5 to d7 and d7 to d10 by evaluating
the images used to generate Fig. 5a (data not shown). These results
matched the results already described in Fig. 3b and provide
confidence in this methodology. Similar to the preliminary
measurements in Fig. 7a and b, measurements of neurite
outgrowth per cell in Fig. 7c indicate a concentration-dependent
decrease in neurite outgrowth in response to LiCl exposure, with
sensitivity to 0.3 mmol/L LiCl. Interestingly, this is lower than the
approximate therapeutic concentration (1 mmol/L Li*) (Jope,
1999).

Neurons in rat cortex progenitor cell cultures appear sensitive
to lower LiCl concentrations than other cultures which have been
studied. Harrill et al. observed decreases in neurite outgrowth in
human embryonic stem-cell-derived neurons and primary rat
cortical neurons at 10 mmol/L. These studies are comparable
because the same parameter, neurite outgrowth per cell, was
evaluated. However, the exposure period studied here was much
longer, resulting in about 300 wm of outgrowth per neuron in d10
control cultures. Other studies with various approaches to neurite
outgrowth evaluation (e.g., neurite bed density, axon length)
reported inhibition at concentrations as low as 2 mmol/L.

Table 2

Neuron and astrocyte fractions on d10 as a function of LiCl exposure. Reported
values (and standard error of the mean) are based on 26 wells from five
independent cultures.

Differentiation LiCl (mmol/L) Cell fraction (%) Student’s t-test

Neurons 0 53+0.2

3 6.3+0.3 p<0.02
Astrocytes 0 36.4+14

3 31.3+1.1 p<0.01
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Fig. 7. Longest neurite per cell (a), neurite outgrowth per cell determined on a cell-by-cell basis (b), and neurite outgrowth per cell determined on an image-average basis (c)
in cultures exposed to LiCl until evaluation on d10. Reported values are based on 4 wells from one culture in (a) and (b) and 16 wells from three additional, independent
cultures in (c). Error bars indicate standard error of the mean and stars indicate significant differences from controls in post-test comparisons (**p < 0.01 and ***p < 0.001).

Interestingly, Harrill et al. reported that for human embryonic
stem-cell-derived neurons, there were no LiCl concentrations that
decreased neurite outgrowth without simultaneous indications of
cytotoxicity (Harrill et al., 2010). For primary rat cortical neurons,
10 mmol/L LiCl decreased neurite outgrowth without cytotoxicity
(Harrill et al., 2011). Our results are consistent with this finding.

In a separate experiment, we examined neurite outgrowth per
cell as a function of timepoint and chemical exposure (Fig. 8),
choosing 3 mmol/L LiCl exposure, which had the greatest effect on
neurite outgrowth, without affecting overall viability. Interesting-
ly, cultures evaluated after five days of exposure to 3 mmol/L LiCl
had the same neurite outgrowth as control cultures. Furthermore,
cultures exposed to 3 mmol/L LiCl showed an increase in neurite
outgrowth from d5 to d10, as did control cultures. However, the
magnitude of the increase was quite different. Control cultures
more than doubled their neurite outgrowth from d5 to d10,
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Fig. 8. Neurite outgrowth per cell determined on an image-average basis in cultures
exposed to LiCl until evaluation on d5 or d10. Reported values (normalized to
control cultures on d10) are based on 10 wells from two independent cultures and
error bars indicate standard error of the mean. Student’s t-test indicates that
3 mmol/L LiCl does not significantly impact neurite outgrowth on d5, but
differences are significant on d10 (p values reported in figure).

whereas cultures exposed to 3 mmol/L LiCl increased their neurite
outgrowth by about one-third. As a result, cultures evaluated after
ten days of exposure to 3 mmol/L LiCl had significantly less neurite
outgrowth than control cultures.

Studies with neural progenitor cells derived from the rat
hippocampus (Kim et al, 2004) found that LiCl promotes
neurogenesis and reduces astrogliogenesis, whereas progenitors
derived from the rat dentate gyrus required retinoic acid and LiCl
to achieve the same effect (Boku et al., 2011). This literature
suggests the possibility that the effects of LiCl exposure reported
here derive from an increase in the number of immature neurons
rather than inhibition of neurite outgrowth. We examined this
possibility by quantifying the fraction of differentiated neurons
and astrocytes in cultures exposed to 3 mmol/L LiCl (Table 2). Our
data provides evidence for neurogenesis (20% increase) and
suppression of astrogliogenesis (13% decrease). However, results
for individual cultures were variable. Individual cultures exhibited
non-significant increases in neuron fractions (coefficient of
variance of 7.3% between biological replicates). Two cultures
exhibited significant decreases in astrocyte fractions, the other
three cultures did not (coefficient of variance of 16.4% between
biological replicates). In contrast, decreases in neurite outgrowth
(from Figs. 7 and 8) were consistent and statistically significant for
each individual culture. For developmental neurotoxicity screen-
ing, alterations in either differentiation or neurite outgrowth could
prioritize a chemical for additional studies. Our results suggest that
measurement of neurite outgrowth is more robust.

3.5. Culture to culture variability

A significant concern for toxicity screening is the potential for
culture-to-culture variability. While the focus of this work was to
investigate neurite outgrowth and differentiation with a commer-
cially available rat cortex progenitor cell model, our results provide
preliminary evidence that this cell model behaves in a reproducible
manner. Nine independent cultures were used in these studies.
Since any individual culture provides a limited quantity of cells,
every endpoint could not be evaluated at each timepoint. Longest
neurite per cell was measured in Figs. 3b and 7a, and raw values for
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the d10 control cultures (113 +£9 wm per cell and 115 + 8 wm per
cell, respectively) were quite similar. Despite the different tracing
methodologies employed, raw values of neurite outgrowth per cell for
the control cultures in Figs. 7b, ¢ and 8 were also quite similar
(291 & 25 pm per cell, 308 &+ 15 pm per cell, and 296 + 15 wm per
cell, respectively). Exposure to 3 mmol/L LiCl, in particular, led to very
consistent decreases in neurite outgrowth per cell in six independent
cultures, with a coefficient of variance of 6.1% between biological
replicates. Altogether, these studies indicate that rat cortex progeni-
tor cells are a promising candidate for future studies aimed at
developing reproducible models for developmental neurotoxicity
screening.

4. Conclusions

Rat cortex neural progenitor cells differentiated into a
population of about 5% neuronal and 36% astroglial cells after
ten days in culture. Culture-level measurements of adenosine
triphosphate content indicated that exposure to 10 mmol/L or
30 mmol/L lithium chloride was cytotoxic, whereas lower con-
centrations were not cytotoxic. Since culture-level measurements
were dominated by progenitor cells at all timepoints, this result
was supported by quantifying neuronal and astroglial populations.
Cultures exposed to 0.3-3 mmol/L lithium chloride exhibited
concentration-dependent decreases in neurite outgrowth by
multiple tracing methodologies. Decreases in neurite outgrowth
were observed after ten days of exposure, whereas five days of
exposure were insufficient to produce an effect. This work
demonstrates that neurite outgrowth in differentiating progenitor
cell cultures can be a sensitive endpoint at non-cytotoxic
exposures. Rat cortex progenitor cells are a promising model for
future studies of the connection between differentiation and
neurite outgrowth endpoints, axonal vs. dendritic outgrowth, and
reproducibility for developmental neurotoxicity screening.
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