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Abstract

Background: Unbiased screening studies have repeatedly identified actin-related proteins as one 

of the families of proteins most influenced by neurotrauma. Nevertheless, the status quo model of 

cytoskeletal reorganization after neurotrauma excludes actin and incorporates only changes in 

microtubules and intermediate filaments. Actin is excluded in part because it is difficult to image 

with conventional techniques. However, recent innovations in fluorescent microscopy provide an 

opportunity to image the actin cytoskeleton at super-resolution resolution in living cells. This 

study applied these innovations to an in vitro model of neurotrauma.

New Method: New methods are introduced for traumatizing neurons before imaging them with 

high speed structured illumination microscopy or lattice light sheet microscopy. Also, methods for 

analyzing structured illumination microscopy images to quantify post-traumatic neurite dystrophy 

are presented.

Results: Human induced pluripotent stem cell-derived neurons exhibited actin organization 

typical of immature neurons. Neurite dystrophy increased after trauma but was not influenced by 

jasplakinolide treatment. The F-actin content of dystrophies varied greatly from one dystrophy to 

another.

Comparison with Existing Methods: In contrast to fixation dependent methods, these 

methods capture the evolution of the actin cytoskeleton over time in a living cell. In contrast to 
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prior methods based on counting dystrophies, this quantification scheme parameterizes the 

severity of a given dystrophy as it evolves from a local swelling to an almost-perfect spheroid that 

threatens to transect the neurite.

Conclusions: These methods can be used to investigate genetic factors and therapeutic 

interventions that modulate the course of neurite dystrophy after trauma.
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Structured illumination microscopy; lattice light sheet microscopy; dystrophy; traumatic brain 
injury; human induced pluripotent stem cell derived neurons

Introduction:

Every year in the United States, traumatic brain injury (TBI) leads to about 56,000 deaths, 

282,000 hospitalizations and 2.5 million emergency room visits[1]. Some consequences of 

TBI, such as skull fracture, are visible to the naked eye while others, such as contusion, 

hemorrhage and edema can be readily detected in computed tomography or magnetic 

resonance imaging. However, conventional imaging sequences cannot detect injury to 

neurites, which manifests in post-mortem histopathology as dystrophy i.e. the normally 

cylindrical neurites become misshapen, often assuming a ‘string of beads’ morphology [2]. 

Neurites can be extended up to 70% in vitro without snapping [3] and primary axotomy (i.e. 

instantaneous transection of a neurite by mechanical overload) is unlikely in closed head 

injury [4]. Nevertheless, hyperextension causes cellular dysfunction and/or death in the 

hours following injury. Swellings loaded with intracellular cargo vesicles emerge and 

intervening regions of the neurite narrow, creating the characteristic ‘string of beads’ 

morphology. In some cases, the neurite narrows down to nothing at the edge of a bead and 

pinches off, effectively transecting the neurite long after the initial mechanical insult. This 

process is known as secondary axotomy [4].

Cytoskeletal reorganization plays an important role in post-traumatic neurite dystrophy. 

After trauma, intermediate filaments compact [5] and microtubules become disrupted [6]. 

Local swellings or beads form near sites of microtubule disruption. These observations have 

motivated a model in which beads form because axonal transport fails and creates 

accumulations of intracellular cargo vesicles at sites of microtubule disruption [7]. This 

status quo model of post-traumatic neurite dystrophy does not include actin. Nevertheless, 

the actin cytoskeleton has the potential to play an important role in neurite dystrophy. Actin 

disruption generated a ‘string of beads’ morphology in non-neuronal cells with long 

processes [8]. Also, actin associated proteins have been identified in unbiased screening 

experiments as being particularly sensitive to trauma [9, 10]. Therefore, the role of the actin 

reorganization in neurite dystrophy after trauma merits investigation. There are convenient 

agents that modulate actin organization. For example, cytochalasin D and latrunculin disrupt 

actin organization while jasplakinolide, which is applied in this study, stabilizes actin 

organization. Nevertheless, investigations of actin reorganization after trauma have been 

impossible until recently due to the absence of appropriate imaging tools.
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Prior studies of cytoskeletal changes in the neurite after trauma have relied on electron 

microscopy (EM) [11–13]. This technique excels at imaging microtubules and intermediate 

filaments but it struggles to capture images of the actin cytoskeleton because most EM 

fixation protocols disrupt actin [14]. Fortunately, super-resolution fluorescent microscopy 

tools have recently emerged that can image the actin cytoskeleton of the neurite in living 

neurons without fixation [15–17]. These tools have revealed that actin is organized in thick 

fibers running longitudinally throughout the neurite in immature neurons [18]. As neurons 

mature, a periodic membrane skeleton (PMS) replaces these fibers. The periodic membrane 

skeleton is a series of alternating, circumferential hoops of actin and spectrin supporting the 

plasma membrane [19]. It emerges first in the axons and then later in the dendrites [20]. 

Retraction of injured neurites requires disruption of the PMS [21], suggesting that the actin 

cytoskeleton can play an important role in cell morphology under stress.

A neurite transection trauma model that has previously been used to investigate the effects of 

neurotrauma on actin in the neurite was adopted for this experiment [22]. High speed 

structured illumination microscopy (SIM) was used to quantify the effect of trauma on actin 

in the neurite. A novel image analysis algorithm was used to quantify neurite dystrophy in 

these images. The trends noted in these images were further investigated by two channel 

imaging with a lattice light sheet microscope (LLSM). Experiments were conducted to test 

the hypothesis that transection would render the neurite dystrophic. Jasplakinolide was 

applied in some cases to determine if stabilizing the actin cytoskeleton would prevent 

neurites from becoming dystrophic after trauma.

Materials and Methods:

Cell Culture and Neurite Transection:

Human induced pluripotent stem cell-derived neurons (hiPSCNs) from a commercial 

supplier (Cellular Dynamics Inc., Madison, WI) were plated at 67,500 cells/cm2 in complete 

medium (iCell Neurons Maintenance Medium + iCell Neurons Medium Supplement + 

penicillin-streptomycin) on coverslips coated with 0.1 mg/mL poly-Lornithine (PLO). 50 

μg/mL of laminin was added to the cell suspension at the time of plating. Experiments were 

performed on day in vitro (DIV) 3–6. The different geometries of the two microscopes 

necessitated different approaches to in vitro neurite transection. For SIM experiments, 

neurites were transected using a method based on that presented by Gallo [22]. The SIM 

employs a conventional, inverted microscope stand. For SIM experiments, neurites were 

transected using a glass capillary mounted on a micromanipulator (Leica). Either 1 μM 

jasplakinolide or vehicle (0.1% DMSO) was spiked into the culture media 20 minutes before 

the experiment. Borosilicate glass capillaries with an outer diameter of 1 mm and an inner 

diameter of 0.58 mm (Harvard Apparatus, 30–0019) were drawn to a narrow tip using a 

micropipette puller (Sutter Model P-97). To transect a neurite, the capillary needles were 

dipped in a 2 mg/ml solution of bovine serum albumin (BSA) in phosphate buffered saline 

(PBS) and then mounted in a micromanipulator. The lid was removed from the heated stage 

insert to allow access and the tip of the capillary was brought close to the surface of the 

cover glass. A suitable neurite was identified in a bright field image and the tip of the 

capillary needle was lowered into contact with the cover glass close to, but not on, this 
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neurite. Then, the stage was translated rapidly so that the neurite moved across the tip of the 

needle and was transected (see Fig. 1). Transection was confirmed using the bright field 

image, the micromanipulator was withdrawn and the lid of the heated chamber was replaced.

The LLSM does not have a conventional microscope stand or stage. The sample is 

surrounded by an inverted lens and a pair of upright objectives and is enclosed on all sides 

by a heated chamber during imaging. For LLSM experiments, the cover glass mounts on the 

end of a cantilever that sits on a positioning stage mounted outside the heated chamber (see 

Fig. 2). The cantilever passes through a small opening in the side of the heated chamber to 

position the coverslip appropriately with respect to the lenses. The cantilever engages with a 

pair of dowel pins on the stage that determine its position. A special tool was designed and 

fabricated to transect neurites in this setting. A structure was 3D printed with slots to engage 

the dowel pins on the stage and an arm that reached along the path of the cantilever. A hole 

was drilled in the end of this arm and a 0.9 mm diameter blunt ended needle was inserted in 

the hole and secured with two-part epoxy. The resulting tool is henceforth referred to as the 

LLSM transection tool. To transect neurites, the heated chamber surrounding the coverslip 

was opened and the LLSM transection tool was placed on top of the sample holder on the 

dowel pins. The needle in the LLSM transection tool was long enough to rest lightly on the 

cover glass when the tool was positioned in this manner. Sliding the tool along the slots 

engaging the dowel pins then transected neurites along a predictable, repeatable path on the 

coverslip. An .stl file of the tool geometry is provide in supplementary materials (see 

llsm_tool.stl).

Structured Illumination Microscopy (SIM):

The structured illumination microscope used in these experiments is housed in the Advanced 

Imaging Center (AIC) at the Howard Hughes Medical Institute’s Janelia Research Campus 

and is optimized for speed [23]. 3D-SIM imaging was performed as previously described 

[24]. Briefly, excitation patterns were produced using a phase-only spatial light modulator 

(Bolder Vision Optik, BVO AHWP3). A mask system was used to select specifically the 0 

and ±1 diffraction orders, which were then focused onto the back focal plane of a Zeiss 

Plan-Apochromat 100× 1.46NA objective. For optimal interference contrast in the sample, 

the polarity of the light was rotated to match the angle of the pattern using a liquid crystal 

variable retarder (LC, Meadowlark, SWIFT) and wave plates. Emissions were collected 

using interference filters and imaged onto a pair of sCMOS cameras (Hamamatsu, Orca 

Flash 4.0 v2 sCMOS). Samples were maintained at 37 °C and 5% CO2 using a stage-top 

incubator (H301, Okolabs, Naples, Italy). Raw image sets were reconstructed as described 

previously [25]. Cultures were stained overnight with 100 nM SiR-Actin in complete 

medium. One hour before the transection experiment, the cultures were moved into 

neurobasal medium containing 50 nM Sir-Actin, 15 mM HEPES and 2 μM verapamil and 

maintained in this medium throughout imaging. 1 μM jasplakinolide (or 0.1% DMSO 

vehicle) was spiked into the culture medium 20 minutes before the transection experiment. 

Images were acquired proximal to the site of transection. In this study, a complete 3D SIM 

image stack was acquired in 7.6–7.7 seconds, depending on how the top and bottom levels of 

the stack were set. Acquisition time reflects the time required to collect multiple images per 

plane at different phase angles and repeat this process for every plane in the stack. 
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Therefore, it depends on the exposure time for each image, which was 20 ms for this study. 

Acquisition time could in theory be shortened by reducing the exposure time but this would 

also reduce the intensity of the image. Therefore, the minimum practical exposure time 

varies between studies based on the intensity of the fluorescent signal. A time series of 5 

SIM images at 10 minute intervals was acquired from each cell. The spatial resolution of 3D 

SIM is 130 nm in the lateral direction and 400 nm in the axial direction for red light [23].

Lattice Light Sheet Microscopy (LLSM):

The lattice light sheet microscope (LLSM) used in these experiments is housed in the 

Advanced Imaging Center (AIC) at the Howard Hughes Medical Institute’s Janelia Research 

Campus. The system is configured and operated as previously described [26]. Briefly, cells 

were grown on 5 mm round glass coverslips (Warner Instruments, Catalog # CS-5R). 

Samples were illuminated by lattice light-sheet using 560 nm or 642 nm diode lasers (MPB 

Communications) at 30 % acousto-optic tunable filter (AOTF) transmittance and 50 mW 

initial box power through an excitation objective (Special Optics, 0.65 NA, 3.74-mm WD). 

Fluorescent emission was collected by detection objective (Nikon, CFI Apo LWD 25XW, 

1.1 NA), and detected by a sCMOS camera (Hamamatsu Orca Flash 4.0 v2). Acquired data 

were deskewed as previously described [26] and deconvolved using an iterative Richardson-

Lucy algorithm. Point-spread functions for deconvolution were experimentally measured 

using 200nm tetraspeck beads adhered to 5 mm glass coverslips (Invitrogen, Catalog # 

T7280) for each excitation wavelength. The night before the experiment, cultures were 

stained with 5 μM DiI in complete media for 20 min, then washed 3 times with complete 

media. 25 nM SiR-Actin in complete media was applied to the cells overnight. This staining 

solution was replaced with an identical, freshly prepared solution on the morning of the 

experiment. Cultures were imaged in 15 mM HEPES, 25 nM SiR-Actin, and 2μM Verapamil 

in neurobasal medium with 1× B27 supplement and 1× penicillin-streptomycin. The 

manufacturers of SiR-Actin recommend supplementing the media with verapamil to prevent 

the cells from pumping out the stain, thereby diminishing the fluorescent signal. Images 

were acquired proximal to the site of transection. A 30 ms exposure time was used so that it 

took 62.9 ms to acquire a two channel image at each plane of the stack (this value exceeds 

60 ms because a small amount of time is required to read data from the camera). The total 

acquisition time for a 3D image stack depended on the size of the stack. 134 planes leading 

to an 8.4 second image stack acquisition time was a typical value. Acquisition intervals 

varied and are presented in the captions for the Movies 1, 3 and 4. In LLSM, spatial 

resolution in the imaging plane is determined by the standard Abbe formula familiar from 

conventional microscopy (Resolution = Wavelength / (2 × Numerical Aperture)). In plane 

resolution is 230 nm for light emitted by green fluorescent protein [26]. This value increases 

by 12% and 32% for DiI and SiR-Actin respectively because they emit at longer 

wavelengths. The resolution normal to the imaging plane can be as low as 370 nm [26] 

although this is a function of how the illumination light sheet is configured. In this study, the 

light sheet was configured to provide resolution of 500 nm normal to the imaging plane. Z 

step sizes during data collection were chosen to satisfy the Nyquist criterion; in most 

experiments Z stepping was oversampled to maximize the axial resolution.
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Feature Quantification:

The degree of dystrophy in a neurite was quantified using SIM images. The 3D-SIM image 

stack was first converted into a maximum intensity projection along the z axis using the 

open source image processing software, Fiji. Then, a semi-automated process was used to 

segment a region of interest in MATLAB (MathWorks) (see Fig. 3). An operator blinded to 

experimental group defined the upper and lower limit of the region of interest (ROI) and 

then manually selected the corners of a polygon approximating the edge of the neurite 

between these limits. This polygonal shape was evolved using active contours toward the 

true segmentation of the neurite. Once the ROI was segmented, the neutral axis of the 

segmented area was obtained using a distance transform. Normals from the neutral axis were 

projected from every point along its length. The mean normal distance between the neutral 

axis and the edge of the segmentation was defined as the local caliber at every pixel on the 

neutral axis. The standard deviation of the local caliber along the neutral axis was used as a 

measure of dystrophy in a given image (see Fig. 3).

Results:

3D-SIM of SiR-Actin stained cultures revealed bundles of F-actin filaments in vehicle 

treated cells. These bundles were generally oriented more longitudinally than transversely 

with respect to the axis of the neurite. The neurite cortex stained brightly in some places but 

bundles were also observed in the interior of the neurite. Where cortical staining occurred, it 

was not periodic (see Fig. 4 and 5). There were fewer obvious actin filaments in 

jasplakinolide-treated neurites. However, the intensity of the SiR-Actin signal was also 

reduced in jasplakinolide-treated neurites, possibly because the SiR-Actin molecule is a 

derivative of jasplakinolide [16] and may compete with it for binding sites.

Transection caused a rapid change in the morphology of the neurite. The shapes of 

transected neurites evolved continuously over time, in contrast to the shapes of sham injured 

neurites, which remained constant (see Fig. 5). The standard deviation of the neurite caliber 

(the quantity used to measure neurite dystrophy) was higher in transected neurites than in 

naïve neurites at the first time point (ANOVA, p < 0.05), which was acquired an average of 

2.5 minutes (S.D. 1.5 minutes) after transection (see Fig. 6A). There was no statistically 

significant effect of jasplakinolide treatment on neurite dystrophy at the first time point and 

no significant interaction between the effects of jasplakinolide and transection. 

Jasplakinolide treated neurites bleached more rapidly over time than their vehicle treated 

counterparts. Therefore, dystrophy was not quantified in jasplakinolide treated cultures after 

the first time point. In vehicle treated neurites, there was no statistically significant effect of 

time on neurite dystrophy and no interaction between the effect of time and the effect of 

transection (ANOVA, see Fig. 6B). Therefore, while the shapes of transected neurites 

changed over time, they did not on average become significantly more or less dystrophic.

While F-actin positive dystrophic structures were observed in 3D-SIM images of transected 

neurites, these single channel images could not readily determine if F-actin negative 

dystrophic structures were also present. Three-dimensional, time series LLSM imaging of 

cultures stained with DiI and SiR-Actin revealed that neurite dystrophies can in fact be 

associated with either local loss or local accumulation of F-actin. DiI is a relatively 
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phototoxic stain (this characteristic prohibited its use in 3D-SIM experiments). Nevertheless, 

cultures stained with both DiI and SiR-Actin tolerated time series LLSM imaging well due 

to the low phototoxic burden imposed by this instrument. In control experiments on sham 

injured cells, more than one hundred and fifty 2-channel, 3D images were acquired before 

phototoxicity-related changes in morphology were observed (see Movie 1). Fig. 7 shows an 

injured neurite at the first time point acquired after transection (approximately 5 minutes 

post transection). Neurite dystrophies are visible as bright ellipsoidal structures in the DiI 

channel (see Fig. 7 and Movie 2). In some of these structures, SiR-Actin signal is depressed 

relative to the rest of the neurite, implying local loss of F-actin. However, in another 

instance, SiR-Actin signal is elevated relative to the rest of the neurite and the neurite 

appears thicker in both the horizontal and vertical planes in the SiR-Actin channel, implying 

that the F-actin cortex is intact and bulges outwards along with the plasma membrane at this 

point.

As in 3D-SIM experiments, post-transection dystrophies formed quickly in LLSM 

experiments and were frequently already visible in the first image of the time series, 

acquired 3–5 minutes after transection. Some later dystrophy formation events were 

captured however. An example is shown in Movie 3 in which a dystrophy emerges over the 

course of approximately 100 seconds. Post-transection dystrophies were typically persistent 

in these experiments but fusion of two adjacent dystrophies into a single large dystrophy was 

also observed. These fusion events occurred rapidly (in 13 – 27 seconds) and unpredictably 

after varying periods of relative geometric stability post-transection (see Movie 4). Post-

transection dystrophies ‘flickered’ (i.e. fluctuated under the action of thermal forces) both 

before and after fusion, implying that they have relatively low bending stiffness [27].

Discussion:

This study demonstrated the capacity of high speed SIM to quantify rapid change in neurite 

morphology. It also demonstrated that two channel LLSM with SiR-Actin and DiI staining 

can visualize changes in the actin cytoskeleton and compare them to changes in the overall 

shape of the neurite with high spatiotemporal resolution. Prior neuropathological studies of 

neurite dystrophy after trauma have noted the variety of shapes among dystrophic structures. 

In some cases, mild local swellings occur while in others, a true string-of-beads morphology 

emerges consisting of almost perfectly round spheres connected by narrow necks. Ovoid and 

even bilobulated structures have also been reported [4]. Over time, these swellings may 

resolve or evolve towards secondary axotomy. Therefore, a dynamic imaging tool that can 

meaningfully quantify the evolution of neurite dystrophy is urgently needed. Prior studies 

have counted dystrophies in fixed cultures [28, 29]. Counting captures the number of 

dystrophies but not their evolving severity. The current method exploits the high spatial 

resolution of SIM to measure the variation of neurite caliber along the neurite. This 

approach parameterizes the severity of each dystrophy in a living cell. In this study, 

dystrophy increased within 2.5 minutes of trauma but did not continue to increase over the 

following 47.5 minutes relative to shams (see Fig. 6). The effect of trauma at the 2.5 minute 

time point was not modulated by treatment with jasplakinolide, an agent that stabilizes actin. 

The fact that actin stabilization did not influence acute post-traumatic dystrophy suggests the 

observed increase in dystrophy arose from a loss of mechanical tension in the proximal 
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portion of the neurite when it was transected rather than an active actin remodeling process. 

Jasplakinolide may be more influential at later times. However, this possibility could not be 

addressed with the current data set because the SiR-Actin signal declined in jasplakinolide 

treated samples after the first image to the point where it was considered inadequate for 

accurate segmentation of the neurite. This decline is presumed to be caused by competition 

between binding of jasplakinolide and SiR-Actin, which have similar chemical structures. 

Nevertheless, these results confirm that changes in neurite dystrophy can be detected and 

quantified in living neurites by applying the presented image analysis technique to SIM 

images of SiR-Actin stained neurites. While active actin remodeling did not determine the 

overall degree of dystrophy after trauma, there was clearly active, local remodeling of actin 

in traumatized neurites (see Fig. 5). By contrast, the actin cytoskeleton was stable in sham 

injured neurites and was not perturbed by repeated imaging (see Fig. 5). These data 

demonstrate the capacity of high speed SIM to capture post-traumatic remodeling of the 

actin cytoskeleton in living neurites.

These are, to our knowledge, the first published images of the neuritic actin cytoskeleton in 

hiPSCNs. They revealed that F-actin was organized into thick, longitudinal fibers distributed 

throughout the neurite similar to previously reported actin trails [18]. This fibrous 

architecture is typical of immature neurons [14, 20]. There is no evidence of a PMS, even 

though the PMS has previously been imaged with SIM [30]. This actin architecture is 

consistent with other immature phenotypes in this cell type at this time point. They are 

unpolarized [31] and express a neonatal transcriptomic profile [32]. Little retraction was 

observed after transection. This response differs from that of mature chick axons, which 

retracted substantially when transected [22]. This difference could be a consequence of the 

relatively high laminin concentration used to coat coverslips in this study. Prior work with 

this cell type by our group has shown that they can retract their neurites [33] after trauma 

and that high laminin concentrations inhibit retraction [34].

The immaturity of hiPSCNs limits the range of questions that can be addressed with this 

model. However, it is worth noting that TBI is common in children aged 0–4 years [35]. The 

infant brain contains migrating, immature neurons until 18 months of age and these cells 

play an important role in development [36]. Also, techniques exist for accelerating 

maturation of hiPSCNs including modifying telomerases [37]. Rodent neurons mature 

rapidly in culture without such interventions, but hiPSCNs address important questions that 

cannot be addressed with rodent neurons. hiPSCNs retain the genetic identity of the donor 

patient from which they were generated. In addition, the genome can be edited to alter 

functionally significant genetic variants one by one [38]. Experiments with these cell 

populations isolate genetic factors influencing pathology from all the other factors that affect 

outcomes in the clinic. These methods have already been used to elucidate patient-specific 

mechanisms in amyotrophic lateral sclerosis[39], Alzheimer’s disease [40] and Parkinson’s 

disease [41]. There is an urgent need for similar experiments in neurotrauma. More than 30 

major phase III clinical trials of TBI therapies have been conducted and all have failed [42], 

in part because genetic variation among patients obscures treatment effects. In vitro 
neurotrauma models employing hiPSCNs have the potential to identify genetic modulators 

of outcome, which would support clinical trial stratification and personalization of therapy.
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An insult modeling neurotrauma is easier to achieve with high speed SIM than with the 

LLSM. High speed SIM employs a conventional microscope stand so the transection method 

developed by Gallo was applied without modification [22]. In the LLSM, the coverslip is 

less accessible because the microscope hardware occupies space both above it and below it. 

Therefore, a simple, novel tool was created to apply a repeatable transection insult in this 

setting (see Fig. 2). This tool can be fabricated quickly using 3D printing with a single, 

subsequent drilling step. It could be applied outside neurotrauma for conventional wound 

healing scratch assays on the LLSM. The high speed SIM is in theory compatible with large, 

stage mounted devices that simulate trauma by compressing [43] or shearing [44] hydrogels 

containing neural cells. However, these loading modes would be difficult to recreate on the 

LLSM. As imaging modalities, LLSM and high speed SIM had different strengths that 

complemented each other. Together, they offerreda more complete understanding of post-

traumatic actin remodeling in the neurite than either could offer alone. The primary 

advantage of SIM relative to LLSM is its spatial resolution, which exceeds the diffraction 

limit. This spatial resolution allowed variations of actin organization within a neurite just a 

few microns wide to be observed (see Figs. 4 and 5). The primary advantage of LLSM 

relative to SIM is its low phototoxicity. This characteristic allowed two channel imaging 

with DiI alongside SiR-Actin so changes in actin organization could be compared to changes 

in the overall shape of the neurite. It also allowed more than a hundred 3D images to be 

acquired in a single time series (see Movie 1) so that rapid events occurring at unpredictable 

times could be captured (see Movies 3 and 4).

LLSM imaging placed the response of the actin cytoskeleton in the context of the overall 

shape change of the neurite. The low phototoxic load applied by the LLSM allowed times 

series 2 channel imaging to observe changes in the actin cytoskeleton and the overall neurite 

shape simultaneously (see Fig. 7 and Movie 2). Some post-traumatic swellings on neurites 

were SiR-Actin positive, consistent with a model in which tense F-actin fibers draw the 

neurite into a round shape. On the other hand, some post-traumatic swellings on neurites 

were SiR-actin negative, consistent with a model in which the actin cortex loses rigidity due 

to disassembly of actin fibers (see Fig. 7). This model of bead formation has previously been 

advanced for SVT2 cells [8]. It is worth noting that spheroidal shapes have a lower surface-

to-volume ratio than cylinders so any process that tends to minimize the surface-to-volume 

ratio of the neurite forms spheroidal neurite dystrophies. Such dystrophies can be coherently 

explained by loss of cortical bending stiffness[8], increase in cortical tension[45], osmotic 

swelling [46] or transport failure[7]. Therefore, neurite dystrophy does not independently 

prove the existence of any one of these pathologies. The LLSM resolves the shapes of 

dystrophies sufficiently well to visualize fluctuations in the dystrophy surface over time (see 

Movies 3 and 4). These motions most likely arise from bending of the surface due to 

Brownian forces in the environment, a phenomenon known as ‘flickering’[27, 47]. LLSM 

time series also captured fusion events between neighboring dystrophies. These events 

occurred rapidly at unpredictable post-transection timepoints (see Movie 4). The capacity of 

the LLSM to image at high frequency for long periods is particularly useful in this context as 

it allows these unpredictable, rapid events to be captured.
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Conclusions:

Reorganization of actin in the neurite after trauma is less well understood than 

reorganization of microtubules or intermediate filaments because actin is more difficult to 

image with EM. Recently developed imaging modalities were applied in this study to 

develop methods of observing reorganization of the actin cytoskeleton in living, traumatized 

neurons at high spatiotemporal resolution. Neurite dystrophy increased after trauma but was 

not influenced by jasplakinolide, an actin-stabilizing agent. This result suggests that in this 

case, dystrophy arose from loss of mechanical tension in the neurite rather than active 

reorganization of the actin cytoskeleton. These are the first super-resolution images in the 

literature of the actin cytoskeleton in the neurites of hiPSCNs. Actin was organized in a 

manner typical of immature neurons, consistent with other immature phenotypes reported 

for this cell type. High speed SIM provided sufficient spatial resolution to allow 

quantification of the variation of the axon caliber. This variation served as a measure of the 

degree of neurite dystrophy. LLSM provided long duration, high frequency, 3D images of 

traumatized neurons with spatial resolution approaching the diffraction limit. These images 

allow observation of unpredictable, rapid events after trauma and allow the remodeling of 

the actin cytoskeleton to be compared to overall shape change in the neurite.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• A novel means of transecting neurites mounted on a lattice light sheet 

microscope is presented.

• A novel means of quantifying neurite dystrophy in a structured illumination 

microscopy image is presented.

• The neurites of hiPSCNs have an immature actin cytoskeletal organization 

consisting of longitudinal filaments distributed throughout the neurite without 

periodic circumferential hoops in the neurite cortex.

• Transection rapidly perturbs neurite shape but does not affect actin 

architecture.

• 2 channel, 3D lattice light sheet microscopy can detect brief, unpredictable 

events long after trauma and place change in the actin cortex in the context of 

overall change in neurite shape.
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Figure 1: 
Schematic of transection apparatus for SIM experiments.
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Figure 2: 
Transection apparatus for LLSM experiments. (A) Exploded view of the transection tool 

sitting on the cantilever which in turn sits on the stage. (B) Actual configuration of the 

transection tool, cantilever and stage for transection. (C) The transection tool in use. In this 

image, the lid of the heated chamber has been lifted to allow access to the sample. Note that 

the space around the sample is too small to accommodate a glass pipette mounted on a 

micromanipulator, even when the lid is open. The transection tool slides along the slots in 

the back end so that the needle protruding from the front end scratches the glass coverslip in 

the sample holder at a predictable location. Then, the transection tool is removed and the 

heated chamber is closed without moving the sample to begin imaging.
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Figure 3: 
Process for quantifying dystrophy. (A) The 3D-SIM image is converted into a maximum 

intensity projection. (B) A region of interest and an approximation of the segmentation are 

defined manually on the projected image. (C) Active contours are used to evolve the 

approximate segmentation towards the true segmentation. (D) The neutral axis is defined 

using distance transforms. The distance between the neutral axis and the edge along a line 

perpendicular to the neutral axis is determined and defined as the local caliber. (E) The 

standard deviation of the local caliber along the neutral axis is calculated to quantify the 

degree of dystrophy in the region of interest.
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Figure 4: 
Neurites contain longitudinal bundles of F-actin that are diminished by jasplakinolide 

treatment but not by transection. (A-D) Maximum intensity projections of 3D-SIM images 

of neurites at the first time point (mean 2.5 min post transection, SD 1.5 min) stained with 

SiR-Actin, with and without transection and/or jasplakinolide treatment (scale bars: Left = 

10 μm, Right = 3 μm). Note that the dynamic range of the image was optimized 

independently for each neurite.
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Figure 5: 
Time series of maximum intensity projections of 3D-SIM images of evolving dystrophic 

structures. (Left) Untransected neurite, no dystrophy forms. (Right) Region of transected 

neurite. The shape evolves continuously throughout the 50 minute time series due to the 

emergence of an F-actin positive dystrophic structure (arrow) (scale bars = 3 μm). Different 

dynamic ranges were used for the sham and transected time series but the dynamic ranges 

are consistent within each time series.
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Figure 6: 
Transection rapidly increased neurite dystrophy. (A) At the first time point (mean 2.5 min 

post transection, SD 1.5 min), transection increased the standard deviation of caliber in 3D-

SIM images (ANOVA, p < 0.05, n = 5–6). There was no significant effect of jasplakinolide 

treatment and no interaction between the effects of transection and jasplakinolide treatment. 

(B) In vehicle-treated cultures, transection increased the standard deviation of caliber across 

the time series but there was no statistically significant effect of time and no interaction 

between the effects of transection and time (ANOVA, p < 0.05, error bars = 1 standard error, 

n=5–6).
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Figure 7: 
LLSM image of transected neurite. The black and white arrowheads point to dystrophies 

with low SiR-Actin signal relative to the rest of the neurite. The white arrowhead points to a 

dystrophy with high SiR-Actin signal relative to the rest of the neurite. The black line in the 

bottom left panel indicates the vertical plane of the cross-sectional images in the right 

column (scale bars = 5 μm).
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