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Abstract. Axonal injury and stress have long been thought to play a pathogenic role in a variety of neurodegen-
erative diseases. However, a model for studying single-cell axonal injury in mammalian cells and the processes of
repair has not been established. The purpose of this study was to examine the response of neuronal growth cones
to laser-induced axonal damage in cultures of embryonic rat hippocampal neurons and induced pluripotent stem
cell (iPSC) derived human neurons. A 532-nm pulsed Nd:YVO, picosecond laser was focused to a diffraction
limited spot at a precise location on an axon using a laser energy/power that did not rupture the cell membrane
(subaxotomy). Subsequent time series images were taken to follow axonal recovery and growth cone dynamics.
After laser subaxotomy, axons thinned at the damage site and initiated a dynamic cytoskeletal remodeling process
to restore axonal thickness. The growth cone was observed to play a role in the repair process in both hippocampal
and iPSC-derived neurons. Immunofluorescence staining confirmed structural tubulin damage and revealed initial
phases of actin-based cytoskeletal remodeling at the damage site. The results of this study indicate that there is a
repeatable and cross-species repair response of axons and growth cones after laser-induced damage. © 2015 Society
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1 Introduction

Neuronal growth cones are specialized motile structures that
react to environmental cues to guide nerve growth during vari-
ous stages of development. The repair and reassembly of the
growth cones after injury is crucial to the process of nerve regen-
eration and is an important step in driving axonal reconnection
with its target.!> Furthermore, the capacity to regenerate and
properly reestablish connections has been shown to decrease
with age.® The regeneration of a new, functional axonal growth
cone involves many intracellular processes, including proteo-
lytic events, cytoskeletal rearrangement, and regulated transport
of repair materials.* Although progress has been made in iden-
tifying causes for abnormal regeneration, additional novel ways
to study nerve repair and regeneration following injury can have
a significant impact on our understanding of the process.

The focus of this study was to examine changes in growth
cone morphology and movement in response to irradiation. Any
mention of neuron activity, unless otherwise stated, is in refer-
ence to morphological changes rather than changes in electrical
activity. To investigate the role of growth cones in nerve repair
and regeneration, a laser microscope system was developed to
locally damage axons while simultaneously observing the repair
process in real time using phase and fluorescent microscopy. By
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focusing a short-pulsed picosecond laser beam to a diffraction
limited spot, individual axons in cell cultures can be manipu-
lated without damaging adjacent cells. Previous studies have
shown this approach to be feasible using cultured goldfish reti-
nal ganglion cells.>® In these studies, goldfish nerve axons were
partially damaged using a 532-nm nanosecond laser using a
micropulse energy of 100 nJ without rupturing the cell mem-
brane. Immediately after laser irradiation, nerve axons thinned
at the lesion site and axonal repair was initiated.

Complete axotomy (as opposed to the subaxotomy described
in this paper) of neurons in vitro has been performed with vari-
ous laser systems and has been used to study the recovery of
neurons in vitro and in vivo.”® Regeneration after complete
axotomy involves a range of steps, which involve membrane
resealing, cytoskeletal remodeling, and growth cone reforma-
tion.* Repair following subaxotomy, however, likely utilizes
previous growth cone components rather than the formation
of a growth cone from new material and, thus, may be a signifi-
cantly different damage repair process.’ Since recovery from
laser subaxotomy does not involve several of the steps in the
recovery from complete transection, such as membrane reseal-
ing, this method could be a valuable tool for the study of neural
degeneration, repair, and regeneration.4 It is important, however,
to demonstrate that these or similar processes occur in mamma-
lian neurons. That is a key point of this study.
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Here, we employ laser subaxotomy in rat hippocampus and
human induced pluripotent stem cell (iPSC) derived neurons.
iPSC-derived neurons, in particular, are being used to model
various neurodegenerative diseases with the hope that they
may eventually be used in clinical management and treatment of
neurological disorders. However, in-depth characterization of
cellular function and repair processes in iPSCs and iPSC-
derived neurons has not been done. Such characterization will
help to provide a basis for the use of iPSC-derived neurons as a
model for human neural systems.

In the study reported here, both hippocampal- and iPSC-
derived neurons exhibit similar growth cone dynamics postlaser
subaxotomy when analyzed by real-time quantitative imaging.
The imaging methods, combined with immunofluorescence
analysis, indicate that, in both human and rat models, growth
cones play an active role in the repair of axonal injury and
that this repair process requires cytoskeletal changes at both
the site of injury and throughout the axon.

The results reported here, using two different mammalian neu-
ronal systems, may help shed light on the damage-repair mech-
anisms of multiple neurological diseases and disorders, such as
Alzheimer’s disease and traumatic brain and spinal cord injury.

2 Materials and Methods

2.1 Primary Nerve Cell Preparation

Imaging dishes (MatTek) of 35 mm were coated with
0.2 mg/mL Poly-L-Lysine (PLL) solution and incubated for
3 h. PLL solution was aspirated and washed three times using
culture grade water at 10-min intervals. Dishes were dried in a
sterile hood before plating cells. Primary hippocampal neurons
were dissected from embryonic 17- to 18-day rats and plated
onto coated 35-mm imaging cell culture dishes as previously
described.'° Briefly, hippocampi were dissected into Hanks bal-
anced salt solution containing 10 mM HEPES and 1% penicil-
lin/streptomycin. Following trypsin treatment and trituration,
dissociated hippocampal neurons were plated at low density
into imaging dishes with plating media (2% b27, 1% Glutamax,
5% fetal bovine serum in Neurobasal). The following day, the
plating media was replaced with maintenance media (2% b27
1% Glutamax in Neurobasal). Neurons were fed fresh mainte-
nance media every two to three days until the day of the experi-
ment. Subaxotomy experiments on hippocampal neurons were
performed three to six days postdissection.

2.2 PSC-Derived Nerve Cell Preparation

Control iPSCs and neural progenitor cells (NPCs) derived from
Craig Venter have been previously described.'' Briefly, fibro-
blast biopsies were induced to a pluripotent state using the tradi-
tional Yamanka factors and expanded as iPSCs.'? NPCs were
made following published protocols by culturing iPSCs on a
feeder layer of mouse stromal cells (PA6) for two weeks
under conditions of dual SMAD inhibition.'*!'* For neuronal
differentiation, NPCs were seeded onto 10-cm plates coated
with poly-ornithine and laminin (Sigma) and expanded as pre-
viously described in NPC media [Dulbecco's modified eagle
medium:F12 + Glutamax, and 20 ng/ml Fibroblast growth fac-
tor (FGF) (Millipore)].”’”’15 After NPCs reached confluence,
the FGF was removed from the NPC media to promote neuronal
differentiation. At three weeks, cells were dissociated using
Accutase and Accumax (Innovative Cell Technologies) and
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resuspended in NPC media supplemented with 0.5 mM dibu-
tyryl cyclic AMP (Sigma), 20 ng/ig brain-derived neurotrophic
factor, and 20 ng/sg glial cell line-derived neurotrophic factor
(Peprotech). In order to isolate true axons from the bulk culture,
differentiated NPCs were seeded at a density of 2 million onto a
microfluidic culture system coated with 100 pug/ml poly-L-orni-
thine and 5 ug/ml laminin (Sigma). Microfluidic culture sys-
tems have been shown to efficiently separate axons from
soma and dendrites.'®!” A modified previously designed micro-
fluidic system was used.'® Briefly, a central soma compartment
(3 mm X 100 ym X 39 mm) is flanked by two open axon com-
partments (3 mm X 23 mm X 10 mm). The three compartments
are connected by intermediate capillary channels (10 pgm X
3 pm X 450 um) that are thin enough to exclude soma and den-
drites. After six to eight days, differentiated NPCs extend their
axons through the capillary channels where laser subaxotomy is
performed.

2.3 Tubulin Transduction and Immunofluorescence
Staining

To visualize real-time cytoskeletal repair following laser subax-
otomy, hippocampal neurons were transduced with tubulin
tagged with red fluorescent protein (RFP). Cultures approxi-
mately three- to four-days old were incubated overnight with
10 uL. of CellLight tubulin RFP (C10614, Life Technologies)
and subsequently prepared for imaging. In order to examine
tubulin and actin, some neurons were fixed with 4% paraformal-
dahyde for 1 h at room temperature immediately after subaxot-
omy. After PBS wash, fixed cells were incubated in a blocking
buffer for 30 min and incubated overnight with the primary
tubulin antibody (T9026, Sigma-Aldrich). The primary antibody
was washed with PBS three times before incubating cells in the
secondary antibody (A-11005, Life Technologies) against the
mouse tubulin for 30 min. Neurons were then incubated for
20 min in Phalloiden (A12379, Life Technologies) diluted to
40:760 uL in PBS to stain for f-actin.

2.4 Laser Optical System

The optical system used in these studies has been described pre-
viously.'”?® Briefly, an Nd:YVO, 532-nm laser (Spectra-
Physics, Vanguard) delivering 12-ps pulses at a 76-MHz repeti-
tion rate was used to create subaxotomies. The amount of laser
power and energy entering the microscope was controlled using
a polarizer mounted in a rotary mount (PRS0PP, Newport Corp.).
A mechanical shutter (Vincent Associates) with a 30 ms duty
cycle gated the laser beam resulting in a 30-ms burst of pulses
that entered the microscope and exposed the specimen at the
laser focal point. A dual-axis fast scanning mirror (FSM-200-
01, Newport Corp) was used to steer the laser beam at an
image plane conjugate to the back focal plane of the microscope
objective. At the specimen plane, the laser beam followed a linear
path defined by the user (Fig. 1).

The amount of laser power/energy needed to create subax-
otomy was determined by targeting an axon at a low laser power
and gradually increasing the power until visible thinning of the
axon was detected within a second after laser exposure. The
pulse energy threshold to damage hippocampal neuronal axons
was 0.351 nJ (peak irradiance 1.27 x 10'! W /cm?), while the
pulse energy required to damage iPSC-derived neuronal axons
was 0.268 nJ (peak irradiance of 0.97 x 10'" W/cm?). Only one
to two 30-ms bursts of laser energy were exposed to the nerve
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Fig. 1 Hippocampus axon with growth cone. An example subaxotomy experiment which shows the neu-
ron at prelaser (a) and postlaser (b). Axon thins [arrow in (b)] within 1 s after laser damage. Red line in (b)

indicates the path of the laser beam.

axon since it is only a few microns in width. The total subax-
otomy energy for one to two 30-ms bursts of laser exposure was
801 to 1602 uJ and 610 to 1220 uJ for hippocampal and iPSC-
derived neurons, respectively.

2.5 Live Cell Imaging

The optical system utilized a Zeiss Axiovert 200M microscope
with a 63X, phase NA 1.4 Plan-Apochromat oil immersion
objective. Neurons were mounted on an X-Y stepper stage (Ludl
Electronic Products). Phase and fluorescent images were acquired
with a Hamamatsu Orca_AG deep-cooled 1344 x 1024 pixel,
12-bit digital CCD camera.

To perform live imaging of neuronal cells for extended peri-
ods of time, the temperature (37°C), humidity, and CO, (5%)
concentration of the environment was controlled using a micro-
scope incubator (OkoLab, NA, Italy). Once environmental con-
ditions stabilized, neurons were placed in the microscope
incubator and allowed to acclimate for 5 min. Neurons with
established growth cones with active filopodia and lamellipodia
were followed for 5 min using phase contrast imaging to char-
acterize preirradiation morphology and behavior.

Axons were identified based on thickness, length, and mor-
phology. Ideally, axons were more than 1 mm in length with a
clear, active growth cone and no secondary extensions sprouting
from the primary process.”! If no such processes were present, the
longest process extending from the soma without branch points
was targeted for laser irradiation. Based on these criteria, axons as
opposed to dendrites, which are shorter thick processes with
multiple branch points, were selected for subaxotomy. Phase con-
trast and fluorescent time series imaging were performed immedi-
ately and up to 60 min after axonal damage. Imaging was stopped
when it was apparent that the recovery process was complete and
the cell had stabilized. Based on morphological changes of the
growth cone, the axonal damage site, and the cell body, it was
determined that the cell had either returned to its prelaser state
or it did not recover from the laser damage. Possibly due to inher-
ent cell variability (age, physiology, neuronal subtype, etc.), it
was observed that different cells required different lengths of
time to reestablish normal growth cone morphology and move-
ment. Individual cells were followed for the period of time nec-
essary to recover normal morphology, or until it was obvious that
repair/recovery was no longer proceeding.

Images from pre- and postlaser exposure were compiled and
analyzed using ImagelJ. In order to quantitatively score growth
cone recovery, a LabView program was written to analyze the
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magnitude of the movement within and around the growth cone
before and during the recovery process. The algorithm utilizes a
wavelet transform to analyze the changes in an image series over
time. Iterative application of temporal high- and low-pass filters
allows for separation of the areas of the growth cone and axon,
which are moving with high and low frequencies, and determine
a concrete measurement of the magnitude of the oscillations at
these frequencies.?>?* These magnitudes can then be plotted ver-
sus time as a relative measurement of growth cone activity
before and after laser exposure. The measurements can also
be used to characterize different classes of responses.

3 Results
3.1 Hippocampal Response

Phase contrast images of hippocampal neurons after laser sub-
axotomy showed a visible thinning of the axon followed by a
repair process involving the growth cone and localized cytoske-
letal remodeling (Figs. 2 and 3). Axons were scored qualita-
tively based on visible changes in morphology following
laser exposure. A “++” response, which showed the highest
level of recovery, was characterized by the return of the axon
to its original thickness, with a recovery process involving either
turning or retraction of the growth cone. A “+” response was a
return to initial axon thickness without dynamic involvement of
the growth cone. A “—” response was the degeneration of the
axon and growth cone after laser damage. Completely transected
neurons (axotomy) were noted and excluded from analysis. In
10 out of 23 axons imaged (Table 1, ++ response 47.82%), the
growth cone retracted in the retrograde direction, extending filo-
podia toward the damage site (Figs. 2 and 3). The ++ response
generally began 5 to 10 min after laser damage and had a dura-
tion of 17 +5 min.

In hippocampal neurons, 47.82% of the cells exhibited a ++
response, 43.48% a + response, and 8.7% of the neurons did not
recover from the laser damage (Table 1). Of 23 damaged hippo-
campal neurons, 91.3% exhibited some level of repair and recov-
ery, which involved growth cone and/or axonal remodeling.

Wavelet analysis of the growth cones using the LabView
algorithm was used to identify and quantify the qualitative
cell scoring of ++, +, and —. The activity trace for — cells,
for example, shows a distinct drop-off as the growth cone activ-
ity decreases. Other responses, such as those seen in + or ++
cells, may decrease due to damage, but eventually return to
near precut levels, or they may not show significant decreases
at all (Fig. 4).
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Fig. 2 Axonal growth cone dynamics of a representative rat-derived hippocampal neuron following sub-
axotomy. Still frame images from a representative imaging session show several stages of injury, repair,
and recovery. (a) Growth cone before laser subaxotomy. (b) The axon is damaged as indicated by the
white arrow causing a thinning of the axon. (c) and (d) Axon is slightly thinner at ablation site and lamel-
lipodia-like structures appear to form at the base of the cell body (arrow). (e) Growth cone retracts and
lamellipodia-like components appear to be moving toward the damage site. (f) The growth cone is
reduced in size. (g) and (h) Neuron axon thickens and returns to prelaser morphology.
(i) Lamellipodia progress forward and combine with the growth cone. See (Video 1 MOV, 6.46 MB)
[URL: http://dx.doi.org/10.1117/1.NPh.2.1.015006.1], time series of laser induced damaged and recov-
ery of hippocampus neuron.

00:05:21

00:09:22

Fig. 3 Hippocampus growth cone turning in response to axonal damage. (a) Hippocampus nerve cell
before laser ablation. (b) Nerve cell thinned at ablation site (arrow). (c) and (d) Filopodial-like structure
forming at damage site. (f) to (h) Growth cone turning and extending filopodia toward the damage site.
(i) Repaired axon. See (Video 2 MOV, 3.78 MB) [URL: http://dx.doi.org/10.1117/1.NPh.2.1.015006.2,
time series of laser induced damaged and recovery of hippocampus neuron.
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Table 1 Hippocampal neuron recovery. A “++” was assigned to neu-
rons that displayed extensive axonal cytoskeletal remodeling as well
as active involvement of the growth cone, “+” was assigned when
repair occurred, without involvement of the growth cone, and “-”
was assigned to neurons that did not recover from laser damage.

Response Number Percent
+ 11 47.82
++ 10 43.48
- 2 8.70
Total 23 100

Wavelet analysis was used to analyze the dynamics of the 23
hippocampal growth cones in this study. The low-frequency
magnitude of the growth cone movement before subaxotomy
was averaged, as was the magnitude for the last 100 s of the
time series. The normalized recovery was calculated as follows:

Average motion after cut — Average motion before cut
Average motion before cut '

Normalized recovery was plotted for each neuron (Fig. 5).
Although the distribution for recovery is wide, the lowest

two points on the plot represent the two—scored cells. Based
on these values, it is possible to estimate a threshold in move-
ment, which separates—scored growth cones from + and ++
growth cones. This threshold can be approximated between
—0.6 and —0.8, and is shown as —0.75 in Fig. 5.

Our live-imaging indicated large-scale changes in filopodia
and lamellipodia dynamics along the axon, suggesting that
cytoskeletal remodeling may be involved in repair after injury.
Therefore, to examine the role of the cytoskeleton in the dam-
age-repair process, two types of cytoskeletal elements, microtu-
bules and actin, were examined. Microtubules are crucial for the
axonal transportation system of a highly polarized neuron.
Furthermore, actin is known to be a critical component of
growth cone motility and dynamics, and is also essential in
the formation of filopodia and lamellipodia.>* Conventional
immunofluorescence was used to determine if these two cytos-
keletal components play a role in the changes observed during
axonal repair. Hippocampus neurons were transiently trans-
duced with RFP-tubulin. Fluorescently labeled RFP-tubulin was
monitored before and after laser subaxotomy. Immediately after
laser damage, the RFP-tubulin signal decreased in intensity at
the damage site corresponding with the thinning observed in the
phase contrast images. However, the RFP fluorescence recov-
ered in intensity as axonal repair proceeded (Fig. 6). In addition,
a visible retraction and accumulation of tubulin was observed at
the damage site, consistent with the response seen in the phase
contrast images. The results confirm that laser subaxotomy

Normalized activity traces for ++, +, and — responses
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Fig. 4 High frequency (6 Hz) activity traces for different growth cones. “++” and “+” responses generally
did not show a significant lasting change in activity and were similar. “—” responses were both charac-
terized by a decrease in activity. An additional delayed response was observed in one case: activity
decreased but did recover. Changes in growth cone morphology in the “~” time series indicated that
no further increase in activity occurred after 800 s. In the above graph, laser subaxotomy occurred
at 300 s. Values were normalized by division by the largest value in the time series.

Normalized change in growth cone activity following subaxotomy

0.5

Normalized change in movement
o
n

Fig. 5 The normalized change in movement for all growth cones, based on values before subaxotomy

and values from the last 100 s of imaging. The two

cells fall below all other cells and appear to indicate

a threshold for positive versus negative recovery, approximated by the line at —0.75. “++” cells are indi-
cated as blue squares, “+” cells are indicated as green circles, and “~” cells are indicated as red

diamonds.
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structurally damages microtubules, and that microtubule func-
tion and/or polymerization may be an important step in the axo-
nal repair process in the system studied here.

Cytoskeletal remodeling was also observed by fixing hippo-
campal neurons at different time points of recovery and staining
for tubulin and actin. Thirteen cells were successfully damaged
and stained. Immunofluorescent staining, while lacking the flex-
ibility of transduction with fluorescent tagged actin and tubulin,
provides stronger fluorescent signals and eliminates concerns of
photobleaching and autofluorescence. The fixed immuno-
fluorescent stains show a clear loss of tubulin at the laser abla-
tion site, confirming the structural cytoskeletal damage caused
by subaxotomy during live imaging analysis (Fig. 7, red channel).

In hippocampal neurons fixed 6 min after laser subaxotomy,
fluorescent images showed morphological changes in the neu-
ron’s growth cone (Fig. 7, green channel). In addition, they
showed visible accumulation of actin at the damage site consis-
tent with the formation of lamellipodial-type structures during a
++ repair process. This suggests that formation of lamellipodia,
and more specifically, changes in actin accumulation at the dam-
age sites, may be an initial and important step in the axonal
repair process.

One reported example of damage following subdendrotomy
was an observed localized swelling at the damage site followed
by either recovery or further degeneration. Although our experi-
ments were on axons, rather than dendrites, parallels may exist

Fig. 6 Hippocampal neuron transduced with red fluorescent protein tubulin before and after laser radi-
ation: (a) before laser radiation and (b) neuron immediately after laser radiation. Location of subaxotomy
is indicated by the arrow. (c) and (d) Loss of tubulin near damage site. (e) and (f) Retraction of tubulin
toward the damage site. (g), (h), and (i) Tubulin retraction continues and fluorescence at the damage site

recovers.
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f
(f)
>

Fig. 7 Actin (green) and tubulin (red) staining of hippocampal neurons. (a) Phase contrast image of neu-
ron prior to laser ablation. Location of cut indicated by the arrow. (b) Neuron fixed 5 min after cut. The
arrow indicates the laser damage. (c) Zoomed image at the damage site. (d) Phase contrast image of
neuron prior to laser ablation. Location of laser cut indicated by the arrow. (e) Neuron fixed 6 min after cut.
The arrow indicates the laser damage. (f) Zoomed image at the damage site. See (Video 3 MOV,
1.98 MB) [URL: http://dx.doi.org/10.1117/1.NPh.2.1.015006.3], time series of laser induced damaged

and recovery of iPSC-derived neuron.
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Fig. 8 Induced pluripotent stem cell (iPSC) derived neurons cultured in microfluidic compartmentalized
chambers. Axonal marker SMI31 labels axonal compartment, while the somatodendritic marker Map2
labels only the cell body compartment. The nuclear marker DAPI clearly indicates which microfluidic well

contains the cell body.

between the two.2! A proposed explanation for the swelling is
that a change in membrane permeability following irradiation
occurred, thus resulting in a change in osmotic equilibrium.”
Although irradiation likely changes plasma membrane proper-
ties in a number of ways, another explanation, based on the
observed cytoskeletal dynamics, could be the occurrence of
actin and/or tubulin accumulation as part of the remodeling
process. The causes of axonal or dendritic swelling following
irradiation may not be entirely attributed to either changes in
osmotic balance or accumulation of cytoskeletal components.

3.2 Human iPSC-Derived Neuronal Response

iPSC-derived human neurons were studied in order to determine
whether they exhibit axonal repair properties similar to the rat
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hippocampus cells and the previous work on goldfish retinal
ganglion neurons. iPSC-derived neurons were grown in com-
partmentalized chambers in which the axon could be separated
from the cell body. As Fig. 8 shows, dendritic MAP2 staining
remains in the cell body compartment, and axonal SM131
(phosphorylated neurofilament H) staining carries into the axo-
nal compartment. Using this compartmentalized system, axons
were easily identifiable from the rest of the cell. After laser sub-
axotomy a visible thinning was observed in the axon, similar to
that observed in the rat hippocampal cells. The growth cones
often retracted and appeared to shuttle membranous material
in a retrograde direction toward the damage site, ultimately
resulting in the formation of a varicosity at the site of laser dam-
age (Fig. 9). Following this behavior, the iPSC-derived neurons
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Fig. 9 iPSC-derived neuron repair and regeneration. (a) Neuron prior to laser ablation. (b) Arrow indi-
cates site of laser damage. (b) and (c) Thinning at the damage. (d) to (f) Growth cone retracts toward
damage site (arrows). (g) Axon shows no visible thinning (arrow). (h) and (i) Growth cone is re-estab-
lished. See (Video 3 MOV, 1.98 MB) [URL: http://dx.doi.org/10.1117/1.NPH.2.1.015006.3], time series of
laser induced damaged and recovery of iPSC-derived neuron.

reformed a growth cone with lamellipodial and filopodial exten-
sions. The entire process of growth cone retraction, repair, and
return to normal morphology took 40 £ 5 min. This process
was two to three times as long as the repair process in rat
brain hippocampus cells.

iPSC-derived neurons were also scored using a similar rank-
ing system used previously for the rat hippocampal neurons. A
++ score was assigned to neurons that exhibited both axonal
repair and growth cone reformation, + was assigned to neurons
that exhibited axonal repair with partial or no reformation of
growth cone, and — was assigned to neurons that did not recover
from laser damage (Table 2). iPSC-derived neurons had a ++

Table 2 Induced pluripotent stem cell derived neuron recovery. A “+
+” score was assigned to neurons that exhibited both axonal repair
and growth cone reformation, “+” was assigned to neurons that exhib-
ited axonal repair with partial or no reformation of growth cone, and “~”
was assigned to neurons that did not recover from laser damage.

response of 18.5%, a + response of 25.9%, and a — response
of 55.6%. Thus, of 27 damaged iPSC-derived neurons, 44.4%
exhibited some level of repair and recovery to predamage mor-
phology, about half of the rate recorded for rat-derived hippo-
campal neurons.

4 Discussion

The primary goal of this study was to determine if mammalian
repair mechanisms following laser subaxotomy were similar to
those observed in previously studied goldfish retina ganglion
cells. Our results indicate that growth cone dynamics, and spe-
cifically cytoskeletal components, play significant roles in axo-
nal recovery after laser subaxotomy in both hippocampal and
iPSC-derived neurons. Of note, this is the first study demonstrat-
ing axonal injury recovery in an in vitro human, microfluidic
compartment system, and paves the way for similar studies in
iPSC-derived neurons modeling neurological diseases like
Alzheimer’s disease, Rhett syndrome, Parkinson’s, etc. An addi-
tional novel feature of this study was the use of a wavelet trans-
form algorithm to quantify the dynamic changes in growth cone

Response Number Percent remodeling in response to axonal damage. This quantification

+ 7 25.00 allows for a more in-depth analysis of the repair process. The
quantification data presented here indicate that application of

++ 6 21.40 signal processing techniques produces repeatable measurements
with direct bearing on ongoing physiological events. Further-

- 15 53.60 more, these measurements are fundamentally different from

Total o8 100 measurements based onz%rzgwth cone area or number of filopodia
as described by others.”
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The most striking difference between the iPSC and the rat
hippocampus neurons was in regeneration rates. iPSC-derived
neurons exhibited a — response 53.6% of time, whereas hippo-
campal neurons had — response of 8.7%, indicating that
rat-derived hippocampal neurons were more likely to exhibit
overt repair. The lower recovery rate of the iPSC-derived neu-
rons could be due to a number of factors, including age of the
culture. While growth cone dynamics in rat-derived neurons
could easily be studied in the first week after dissection, the dif-
ferentiation and plating process for human iPSCs is about four
weeks (three weeks for differentiation followed by dissociation
and replating in microfluidic devices). It has been shown that
growth cones are more active and motile during early stages
of development,*’ therefore, the observed differences between
the two cell systems may be due to developmental stage.

It is also possible that the distance of the damage site from
the cell body plays a role in recovery. Subaxotomy was gener-
ally performed ~10 um distal to the growth cone. Damage fur-
ther from the cell body may require longer time frames for
movement of the necessary intracellular components via active
transport or diffusion. The iPSC-derived neurons, having been
cultured in microfluidic devices for long periods of time, gen-
erally had longer axons than the hippocampus neurons. Further-
more, human iPSC-derived neurons are not fully characterized
and variations in neuronal subtype could be driving phenotype
differences, though efforts to generate a more directed differen-
tiation protocol are underway. The ability of iPSC-derived neu-
rons to mimic normal neurons is an important prerequisite for
their use as a model of degenerative disease and traumatic brain
injury. Therefore, in the context of our study, it is relevant that
human iPSC-derived neurons do exhibit mechanisms of axonal
repair following laser subaxotomy.

In addition to affecting the regenerative potential of the cell,
the location of the cut along the axon could affect the electrical
activity of the neuron.”® The axon initial segment has a high
density of sodium channels and, likely, plays a role in action
potential formation.® As a result of laser subaxotomy, it is pos-
sible that the axon initial segment was damaged, resulting in
more severe or otherwise different damage, compared to damage
made at the end of the axon nearer the growth cone. Although
changes in growth cone movement and morphology were the
main focus of this study, normal electrical function will be
an important parameter in order to establish functional neuron
recovery. Future studies employing membrane potential sensi-
tive dyes will be undertaken in an effort to determine if there
is a positional relationship of the damage site with electrical
activity.?’

The mechanisms of axonal damage by pulsed picosecond
laser beams are not entirely understood, as they likely occur
in the nonlinear optical regime. The relevant mechanisms
may involve multiphoton generation of reactive oxygen and
other free radicals, fragmentation of biomolecules by high elec-
tric fields, or photoablation similar to that observed in corneal
sculpting procedures.’® Laser irradiation may also generate a
microplasma due to high photon density, but such events are
unlikely since previous studies using similar irradiances did
not rupture the axonal membrane, as would be expected with
the generation of a plasma and the associated shock wave.>!
Additionally, localized heating may play a role in the damage.
However, since the laser exposure time is fast compared to the
thermal rate of heat diffusion in water, it is unlikely that signifi-
cant heat is generated outside the laser focal point. In previous
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transmission electron microscope studies of the damaged site,
no evidence of heating or plasma membrane damage was
detected.’

The axonal thinning observed in hippocampus and iPSC-
derived neurons with the 532-nm picosecond green laser
beam was similar to the damage observed using a 532-nm nano-
second laser on goldfish retina neurons. Electron micrographs of
the goldfish retina cells damaged with 532-ns laser showed that
the damage did not rupture the cell membrane.’ In those studies,
it appeared that the thinning was a result of loss of cytoskeletal
structure in the axon even though there was evidence of some
microtubules in the thinned area. The immunofluorescent stud-
ies described here support previous observations regarding the
presence of tubulin at the damage site and extend these obser-
vations to include actin as a major component in the damage
response. Further studies will determine the degree of tubulin
and actin involvement in the neuronal repair process. Given
the multitude of disorders and diseases exhibiting axonal dys-
function, it is important to determine the role of the cytoskeletal
elements in the remodeling and repair of the damaged axon. In
this paper, we demonstrate that laser subaxotomy provides a
unique spatial and temporal modality for the production of axo-
nal damage, which subsequently triggers a repair process in
mammalian cells, including iPSC-derived neurons. In addition,
we have combined immunofluorescent, genetic transduction,
and quantitative methods to examine the damage-repair process
in both iPSC-derived human neurons and rat hippocampus
neurons.

5 Conclusion

This study revealed the dynamic axonal repair responses that are
activated after laser-induced subaxotomy in mammalian cells,
specifically rat hippocampal and human iPSC-derived neurons.
This study also confirmed that actin and tubulin are involved in
the damage response and recovery in neurons. Neural regener-
ation is a complex, multistep process. By eliminating several of
the steps seen in recovery from complete axotomy, such as
membrane resealing or formation of a new growth cone,
laser subaxotomy is a more simplified model of neuronal repair
following damage.* Previous in vivo studies’™ present compel-
ling methods for the study of neural regeneration, but, due to
the inherent complexity of in vivo systems, may not clearly dis-
tinguish the roles of individual pathways. The use of subaxot-
omy focuses on several key elements of neuronal response to
damage.

The repair responses in the mammalian systems studied here
were similar to those seen in previous studies on goldfish gan-
glion cells and suggest that the axon repair mechanisms are con-
served over a range of species and distinct neuronal subtypes.
Additional studies are needed to elucidate the biochemical path-
ways involved in growth cone sensing of damage and cytoske-
letal remodeling, and to determine if the pathways are
evolutionarily conserved. Experiments using fluorescent dyes
or forster resonance energy transfer-based biosensors will be
useful in the elucidation of the intracellular signaling pathways
involved in sensing and repair of axonal damage.*? In addition,
several inhibitors, such as cytochalasin D,** Nocodazole,** and
ROCK,* will be used in future studies involving cytoskeletal
remodeling following laser subaxotomy. In conclusion, laser
subaxotomy at the single-cell level can contribute to an under-
standing of the repair mechanism necessary to restore damaged
neuronal circuits at the tissue and organ levels.
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