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ABSTRACT: Neuronal cells exhibit diverse morphologies that are crucial for g 1 \
their function within the neuronal network. Long-term quantitative analysis of
both neuronal cell morphology and migration is essential in neuroscience
research but remains challenging. Sodium arsenite, a known inducer of
oxidative stress in neurons, affects both cell morphology and migration. To
rapidly assess oxidative stress in HT22 neuronal cells, we developed a method
for tracking key morphological features and migration trajectories of the
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individual cells. Three time-dependent parameters—velocity, circularity Sy //
increment, and turn angle—are identified as rapid, direct indicators of the ‘\’\’-/ \ A\
early stages of oxidative stress in neuronal cells. This method is then applied to i P ‘ ‘ Dy b
investigate the effects of arsenite exposure on neuronal cells. Our approach N ‘ , X
provides a valuable tool for the rapid, label-free, and long-term real-time In sita Imaging ' ' e

tracking of oxidative stress in neuronal cells, offering potential insights into
cellular responses under stress conditions.
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Bl INTRODUCTION

Arsenite is a well-known human-caused environmental
contaminant. Chronic arsenite exposure can cause skin
diseases, cardiovascular diseases, and malignant tumors.’
Notably, arsenite can readily cross the blood-brain barrier
and cause neurological impairment.” Its neurotoxicity mech-
anism is highly associated with the induced oxidative stress in
the nervous system, which at the molecular level includes the
formation of stress granules,” and most visually manifests
itself in corresponding changes in the morphology and

understanding of how neuron migration changes under
arsenite exposure on the single-cell level.

Cellular morphology and migration are highly related to
their biological functions in different microenvironments;"’
e.g., microglia convert into M1 or M2 types when confronted
with pathogenic microorganisms,”’ and astrocytes exhibit two
morphologically distinct phenotypes, Al and A2, under
different conditions.”"** In a typical neuron migration cycle,
several integrated steps are involved, including leading-edge
extension with distinct cellular polarization, migration of the
cell body, and the retraction of the trailing process.”” The

migration of various types of neurons.”® Cell migration is
widely recognized as a fundamental biological process that
occurs during embryonic development, playing a vital role not
only in tissue building and maintenance but also in its repair
and regeneration.””'” Specifically for individual cells, migration
is associated with dynamic changes in cell morphology, which
establish distinct biochemical front and rear regions, directing
specific locomotion."'™'* Among these motile cells, neurons
typically display diverse morphologies, and some of their
migration covers relatively long distances, with changes in
direction within brain tissue.'”'> Oxidative stress affects a
variety of migration-related pathways and induces mitochon-
drial dysfunction, resulting in the inability of neuronal cells to
maintain normal morphology and migration.'®™"® Arsenite-
induced neurodevelopmental disorders and nerve damage are
related to abnormal migration, yet there is a limited
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periodic morphological changes during migration can directly
affect the distance and direction.”* Morphological differences
between cells can distinguish the cell state changes and reflect
the microenvironment in which they are located.”> Therefore,
it is of vital significance to quantitatively analyze the neuron
morphology over time. A common method of cell morphology
analysis involves collecting a large number of images by time-
lapse live cell imaging microscopy and then acquiring cell
shape parameters such as cell area and aspect ratio.”*”>’
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Figure 1. (a) Sodium-arsenite-induced oxidative stress affects neuronal cell morphology. (b) Time-lapse images of a representative HT22 cell
during 360 min of recording in 30 min intervals. Considering the rapid morphology change at 300 min, the recording image at 310 min was
supplied. (c—f) Time-series morphological characteristics (left panels) and the histograms (right panels) of the selected cell, showing cell perimeter
(), area (d), circularity (e), and aspect ratio (f). (g) Trajectories of the representative cell over 360 min, described by cell shapes (left) and cell

centroids (right), respectively.

Although this method has advanced the study of tumor cells
and keratinocytes, it remains challenging for neuronal cells due
to their slow migration activity and complex morphological
characteristics, which require imaging and statistics of a larger
number of cells over prolonged periods. Manual analysis is
time-consuming and error-prone, especially for the long-term
tracking of large numbers of cells. A rapid analytical approach
is needed to obtain the exact morphology and relative position
of neuronal cells to monitor the effects of oxidative stress on
neuronal cell migration.

In this study, we introduced a multiparametric cell
morphology analysis strategy to assess oxidative stress in
neurons (Figure la). By comparing the effects of oxidative
stress at both the bulk and single-cell levels, we observed that
arsenite-induced oxidative stress had a limited impact on static
neuronal shape parameters such as cell area and circularity.
However, time-dependent parameters—specifically, velocity,
circularity increment, and turn angle—revealed a significant
reduction in the frequency of neuronal morphology changes
and changes in cellular motility patterns, ultimately leading to
impaired migration. A self-developed multitarget tracking
algorithm was employed for the morphology and migration
analyses, which is capable of accurately identifying cells with
complex morphology and tracking them over long periods of

. 0
t1me.3

Our findings emphasize the importance of time-
dependent parameters in capturing dynamic morphological
changes that occur in conjunction with cellular rotation and
migration behaviors. Therefore, this approach is suitable for
studying slowly migrating neuronal cells and facilitates the

identification of oxidative stress in the cells.
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B RESULTS AND DISCUSSION

Long-Term Real-Time Tracking of Cell Morphology and
Migration

In situ imaging of neuronal cells was performed via a live-cell
dynamic imaging system, which enabled a long-term collection
of time-lapse images within the incubator. Active migration as
well as periodic morphological changes were observed in the
cultured HT22 cells. Figure 1b shows the representative time-
series morphologies in a typical HT22 cell over 360 min (the
raw images are shown in Figure S1). It suggested that the cell
underwent highly polarized morphologies and kept moving by
extending a protrusion that migrated in a particular direction.
Comparing the images recorded at 0 and 120 min, the
extended protrusion prompted the cell to rapidly migrate
toward the upper left of the field of view. The cell area shrunk
to a circular shape after completing a period of migration, as
shown in the recording time of 270 and 300 min. To quantify
cell morphological change during migration, the algorithm
mentioned above was used to identify and track the migrating
cells (see Figure S2 for the original cellular identification). The
morphology of neuronal cells was quantitively characterized
using standard parameters including perimeter, area, circular-
ity, and aspect ratio. Among these, perimeter and area
represent, respectively, the contour and the surface enclosed
by the cell membrane. Circularity and aspect ratio describe the
roundness and polarity of a cell, with circular cells possessing a
value of 1.0 for both parameters. Figure 1c—f describe detailed
time-series morphological changes in the representative cell,
with corresponding histograms shown on the right panels.
Figure 1g illustrates cell migrations over the recording time,
which contains time-series cell profiles identified from the
time-lapse images. Furthermore, we employed cell centroids to
simplify and pinpoint cell positions, facilitating the mapping of
the cell migration trajectory with detailed distances and
directions. Thus, long-term real-time tracking and quantitative
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Figure 2. (a) Schematic illustration of oxidative stress in neuronal cells with SA treatment. (b) Cell viability of HT22 cells in response to increasing
SA concentrations. CLSM images (c) and flow cytometry analysis (d) of the ROS in HT22 cells. (e) Quantitative analysis of ROS production by
flow cytometry. (f) CLSM images of JC-1 fluorescence in HT22 cells. (g) Statistical fluorescence intensity of JC-1 green/red. (h) ATP levels in

control and oxidatively stressed HT22 cells.

characterization of neuronal cell morphology and migration
could be achieved using this method.

Throughout the 360 min recording, the perimeter and area
remained relatively stable, while experiencing a sudden
fluctuation between 240 and 330 min (Figure 1c,d). This
fluctuation occurred exactly as the cell switched its migration
direction by adjusting its shape. Comparatively, the character-
istics of circularity and aspect ratio showed close relationships
with active cell migration. As shown in Figure le,f, the periodic
increase and decrease in the circularity and aspect ratio
correlated well with the step motion of the cell. Typically, cell
migration involves the extension or retraction of protrusions,
which directly results in an obvious change in cell polarity. The
cell exhibited a pair of protrusions to migrate in a specific
direction, extending a third one to change its direction. During
this period, a temporary contracted morphology was observed
at 300 min, with the first two protrusions retracted and the
third one not yet extended. At this point, the cell perimeter and
area reached a minimum, with the circularity and aspect ratio
approaching 1.0. These results suggested that cell perimeter
and area, as the main intrinsic characteristics of cells, could be
used as indicative of directional changes during cell migration.
While circularity and aspect ratio are more suitable for
reflecting the dynamic migration of cells. Overall, this method
provides a fundamental correlation between cell morphology
and migration, playing an important role in understanding the
dynamic behavior of single cells during long-term recordings

(~24 h).
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Establishing a Neuronal Cell Model of Oxidative Stress

Sodium arsenite (SA) is well-known to induce oxidative stress
in living cells and was used here to develop a neuronal cell
model of oxidative stress (Figure 2a). Cytotoxicity on HT22
cells was first evaluated by exposing the cells to various
concentrations of SA. As shown in Figure 2b, cell viability
exhibited only a slight decrease at SA concentrations below 10
uM, whereas much reduction was observed at concentrations
higher than 50 yM. It demonstrated that the survival rate
dropped with elevated SA concentration from 97% at 0.5 uM
to 21% at S00 uM. A median inhibition concentration (ICs)
of 14.62 uM was determined by using the DoseResp function
fitting. Subsequently, SA concentrations of 5 M and 10 uM
with >50% viability were used to induce oxidative stress, while
50 M was used as a control for apoptosis. The production of
intracellular ROS was directly determined with the DCFH-DA
probe, which could be oxidized into green fluorescent DCF in
the presence of ROS. Cellular localization was performed by
nuclear costaining using Hoechst 33342 (blue). The confocal
laser scanning microscopy (CLSM) images in Figure 2c show
that SA treatment resulted in a clear increase in the green
fluorescence signal in HT22 cells. Further quantitative analysis
with flow cytometry showed that intracellular ROS levels were
produced in a SA concentration-dependent manner (Figure
2d,e). It is generally accepted that ROS production in
oxidatively stressed cells leads to mitochondrial dysfunction,
which includes both the depolarization of mitochondrial
membrane potential (MMP) and impairment of mitochondrial
activity. The cationic JC-1 dye was first utilized for specific
mitochondrial labeling of neuronal cells, with a higher ratio of
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Figure 3. Cell circularity and aspect ratio were plotted over time-lapse acquisition duration, showing the normal neuronal cells (a,b) and oxidatively
stressed cells (c,d) over 24 h. The number of cells in each figure is shown in Table S1. The red lines represent the mean value of circularity (c) and

aspect ratio (d) when the cells were normal (0 h).
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Figure 4. Cell morphology features of circularity (a) and aspect ratio (b) of the normal HT22 cells and circularity (c) and aspect ratio (d) of the
oxidatively stressed HT22 cells. Left panels show the total collected features of the cells over 24 h (N = 7529 for a and b, N = 11 332 for ¢ and d)
and right panels show the corresponding time series features for five individual cells. The results from normal and oxidatively stressed cells are

represented in green and blue, respectively.

green/red fluorescence (monomers/aggregates) revealing
reduced MMP. As shown in the CLSM images in Figure 2f,
distinct green-colored cells were observed in the SA-treated
cells, whereas red-colored cells with JC-1 aggregates were
observed in the control group. This clear depolarization of
mitochondria revealed mitochondria dysfunction in the SA-
treated HT22 cells. Statistical analysis in Figure 2g showed that
the average green/red fluorescence ratio in the oxidatively
stressed cells (treated with 10 M SA) increased nearly 2-fold
compared with the control, suggesting an MMP drop by
almost two-thirds. Furthermore, the mitochondria activity of
neuronal cells was evaluated by measuring the intracellular
ATP level, which is also known to be commonly related to cell
morphology and migratory events. Figure 2h shows that the
ATP level in the oxidatively stressed cells reduced to one-third
compared to the control, which corresponded well to the
MMP drop. It was thus known that the oxidatively stressed
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neuronal cells, although the viability remained, exhibited
obvious mitochondrial dysfunction, indicating that the SA
treatment of HT22 cells could be used as a neuronal cell model
of oxidative stress. Further cell morphology and migration
tracking were subsequently performed to assess the effects of
oxidative stress.

Analysis of Cell Morphology in Oxidatively Stressed Cells

To evaluate the influence of oxidative stress on neuron
morphologies, HT22 cells with and without SA treatment were
monitored and imaged using the proposed long-term tracking
method. A large number of cells within the field of view were
first identified using self-developed software. Bulk analysis and
evaluation of the cellular morphology were implemented by
including statistical morphological features over the recording
time. There was little difference in either cell perimeter or area
between the oxidatively stressed cells and the control (Figure
$3), indicating that these two features were more likely to be
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Figure S. (a) Cell starting point normalized trajectories for neuronal cells in normal (left, N = 271) and oxidative stress (right, N = 207). (b)
Schematic illustrations of the observed migration behaviors. (c) Time series of circularity, circularity increment, velocity, and turn angle in the

control group (left) and oxidative stress (right panel).

intrinsic features of living cells. As mentioned before, cell
viability remained in the oxidatively stressed cell but showed a
high decrease in the mitochondrial activity and ATP level. To
further evaluate whether this metabolic difference affects other
morphological features, the population-averaged circularity and
aspect ratio were plotted over time at 1-h intervals. As shown
in Figure 3, the circularity of normal neuronal cells remained
consistently around 0.6 during the 24-h recording (Figure 3a),
and the aspect ratio was near 2 (Figure 3b). For the oxidatively
stressed neuronal cells, there was a slight increase in the
circularity observed after 12 h of recording (Figure 3c),
correspondingly a slight decrease in the aspect ratio after 12 h
(Figure 3d). Overall, the bulk analysis showed that oxidative
stress in neuronal cells contributed minimally to the cell
morphology, particularly during the early stages of stress (first
12 h). The apoptosis control of HT22 cells treated with S0 uM
SA showed a clear decrease in cell perimeter, area, and aspect
ratio as well as an increase in circularity, indicating that the cell
morphology shrunk into a spherical shape from various
polarized shapes (Figure S4).

Additionally, a single-cell analysis was performed by
continuously tracking individual neuronal cells over time.
Time-series analysis of single-cell circularity and aspect ratio
exhibited a considerable difference between normal cells
(Figure 4ab) and oxidatively stressed cells (Figure 4c,d),
although distributed similarly in statistical analysis of cell
populations (shown in the left panel). Specifically, both the
circularity and aspect ratio of normal cells showed large
changes during the 24 h recording period, fluctuating rapidly
and repeatedly in the ranges of 0.2—1.0 and 1—4, respectively.
In contrast, oxidative stress in neuronal cells resulted in slower,
smaller fluctuations in the ranges of these two features. Both
circularity and aspect ratio showed obvious rapid changes
during the first 6 h recording and then gradually became
steady. Such time-series single-cell morphological character-
istics could hardly be revealed by population distribution and
can be uncovered through the time-series recording of
individual cells. Consequently, the oxidative stress appeared
to have a limited impact on cell morphology in statistical
analysis; however, it reduced morphological changes at the
single-cell level during long-term recording. This led us to
focus on real-time tracking at the single-cell level by integrating
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individual cell morphological changes with migratory move-
ments, which in turn will provide fundamental insights into the
underlying mechanisms of oxidative stress in neuronal cells. To
better reveal cell morphological features, we explored pairwise
correlations among cell perimeter, area, circularity, and aspect
ratio within a large population of neuronal cells. The
correlation plot presented in Figure S5 indicated that
circularity showed a stronger association with other morpho-
logical factors and thus was subsequently used for morpho-
logical characterization of migration in single-cell time-series
analysis.

In-Depth Understanding of Single-Cell Morphology and
Migration under Oxidative Stress

To describe the motility of individual cells during long-term
monitoring, cell trajectories for both control and oxidative
stress groups were plotted by using the center of mass for cell
position. Figure Sa demonstrated a noticeable decrease in
migration distance over 24 h, covering ~200 ym in the control
group and ~100 um in the oxidatively stressed cells.
Additionally, there was a reduction in turning motility in the
oxidatively stressed cells. Throughout the long-term recording,
various migration behaviors were observed in these stochastic
cell trajectories, with at least several general behaviors
identified in Figure Sb, including fast directional migration
with persistent polarization of the cell morphology (type I),
fast angular variation with cellular polarization change (type
II), low directional migration (type III), and persistent turning
within a confined area (type IV).

To quantify the migration pattern of individual cells, as well
as morphological behaviors during this period, three essential
independent model parameters were utilized: circularity
increment, velocity, and turn angle. These parameters were
obtained from successive time-lapse images focusing on each
cell. Among these, the circularity increment described the
morphological changes of migrating cells, while velocity and
turn angle indicated their migration patterns. Time-series
representative migrating behaviors in 360 min were shown in
Figure Sc for normal cells (left panel) and oxidatively stressed
cells (right panel). As shown in the graphs, the representative
cell in the control group exhibited two obvious circularity
change behaviors at the time points ~150 and 280 min, with
two peak values of circularity and circularity increment. The
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former indicated a higher velocity and lower turn angle than
the latter, corresponding to fast directional migration (type I)
and fast angular variation (type II), respectively. Meanwhile,
the cells in oxidative stress experienced relatively stable
migrating behaviors with an overall velocity under 2 ym/
min. The turn angle underwent rapid fluctuation during the
recording, indicating that the cell migrated within a confined
area, with the cell centroid moving randomly and leading to
constant changes in the turn angle (type IV). Several proposed
cell migration models have explained the migration of
fibroblast cells or keratocytes, which hi§hli§hted the relation-
ship between cell migration and actin.”**" Similarly, in this
study, our results showed a transition from types I and II to
types III and IV after oxidative stress. This observation
suggests that long-term oxidative stress changes cell migration
and reduces single-cell motility. The oxidative stress on the
cells was also supported by the results from the MMP and
intracellular ATP level (Figure 2). The effects of oxidative
stress on actin and microfilament networks might be related to
this transition.””** The control group for cell apoptosis could
be clearly revealed based on morphological features, with a
rapid decrease in cell perimeter, area, and aspect ratio, as well
as an increase in circularity. The overstressed cells shrank into
a spherical shape and showed little migration (Figure S6).
The marked differences allow using their statistical results to
create 3D scatter plots with 95% confidence of ellipsoids. Each
dot depicts a single cell, and its corresponding parameters are
acquired through a 2 h averaged value. Figure 6a shows that
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Figure 6. 3D scatter plot presenting the neuronal cells in the control
group (a) and oxidative stress (b) with the axis of cellular velocity,
turn angle, and circularity increment. Each dot represents a single cell.
N = 113 for the normal cells; N = 149 for the oxidatively stressed
cells.

the majority of the control neuronal cells were distributed in a
more dispersed manner than the oxidatively stressed cell
populations, yielding a centered velocity of 0.50 ym/min, a
turn angle of 66°, and a circularity increment of 0.08. In
contrast, the oxidatively stressed cell population in Figure 6b
demonstrated a narrow distribution with a centered velocity of
0.23 pm/min, a centered turn angle of 88° and a centered
circularity increment of 0.04. Thus, our results showed that cell
migration, together with the dynamic morphological variation,
may be better for characterizing the early state of oxidative
stress in neuronal cells. These morphological and migratory
features of single cells could thus be utilized for the
classification of cell populations and hold further potential
for pathological applications. In addition, this method
framework could also be applied to other cells including
microglia and astrocytes, which have morphology changes
under oxidative stress.”"*

196

B CONCLUSIONS

In summary, the long-term morphology and migration of
neuronal cells were characterized in detail in real time. In
contrast to the detection of ROS by fluorescent probes, this
method requires no labeling and could trace the effect of
oxidative stress on the cells. It suggested that oxidative stress
contributed less to cellular morphology based on statistical
analysis, preserving various cellular morphologies at specific
time points while reducing morphological changes in time-
series single-cell analysis. This resulted in an obvious decrease
in cell migration during long-term tracking. Specifically,
multiple characteristic migration models were identified and
described to illustrate the effect of oxidative stress on neuronal
cells. It is known that cell migration is the result of the
combined action of multiple proteins and molecules within the
cell. Future advancements in molecular biology techniques
offer the potential for an in-depth investigation in this field to
explore the correlation between migration-related proteins and
stress granules. Additionally, further identification of leader
cells within a population would elucidate the cellular
heterogeneity through biological relevance. In short, much
could be expected through this proposed method for the long-
term tracking of neuronal cells at both bulk and single-cell
levels and the rapid detection of cells under oxidative stress.
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