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Mitochondria play many essential roles in the cell, including energy production,
regulation of CaZ* homeostasis, lipid biosynthesis, and production of reactive oxygen
species (ROS). These mitochondria-mediated processes take on specialized roles
in neurons, coordinating aerobic metabolism to meet the high energy demands
of these cells, modulating CaZ* signaling, providing lipids for axon growth and
regeneration, and tuning ROS production for neuronal development and function.
Mitochondrial dysfunction is therefore a central driver in neurodegenerative diseases.
Mitochondrial structure and function are inextricably linked. The morphologically
complex inner membrane with structural infolds called cristae harbors many molecular
systems that perform the signature processes of the mitochondrion. The architectural
features of the inner membrane are ultrastructural and therefore, too small to be
visualized by traditional diffraction-limited resolved microscopy. Thus, most insights
on mitochondrial ultrastructure have come from electron microscopy on fixed samples.
However, emerging technologies in super-resolution fluorescence microscopy now
provide resolution down to tens of nanometers, allowing visualization of ultrastructural
features in live cells. Super-resolution imaging therefore offers an unprecedented
ability to directly image fine details of mitochondrial structure, nanoscale protein
distributions, and cristae dynamics, providing fundamental new insights that link
mitochondria to human health and disease. This protocol presents the use of
stimulated emission depletion (STED) super-resolution microscopy to visualize the
mitochondrial ultrastructure of live human neuroblastoma cells and primary rat
neurons. This procedure is organized into five sections: (1) growth and differentiation
of the SH-SY5Y cell ling, (2) isolation, plating, and growth of primary rat hippocampal
neurons, (3) procedures for staining cells for live STED imaging, (4) procedures for

live cell STED experiments using a STED microscope for reference, and (5) guidance
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for segmentation and image processing using examples to measure and quantify

morphological features of the inner membrane.

Introduction

Mitochondria are eukaryotic organelles of endosymbiotic
origin that are responsible for regulating several key
cellular processes, including intermediary metabolism and
ATP production, ion homeostasis, lipid biosynthesis, and
programmed cell death (apoptosis). These organelles are
topologically complex, containing a double membrane system
that establishes multiple subcompartments' (Figure 1A). The
outer mitochondrial membrane (OMM) interfaces with the
cytosol and establishes direct inter-organelle contacts?-3.
The inner mitochondrial membrane (IMM) is an energy-
conserving membrane that maintains ion gradients stored
primarily as an electric membrane potential (AW,,) to drive
ATP synthesis and other energy-requiring processes4’5. The
IMM is further subdivided into the inner boundary membrane
(IBM), which is closely appressed to the OMM, and protruding
structures called cristae that are bound by the cristae
membrane (CM). This membrane delineates the innermost
matrix compartment from the intracristal space (ICS) and the

intermembrane space (IMS).

Mitochondria have a dynamic morphology based on
continuous and balanced processes of fission and fusion
that are governed by mechanoenzymes of the dynamin
superfamily6. Fusion allows for increased connectivity and
formation of reticular networks, whereas fission leads
to mitochondrial fragmentation and enables the removal
of damaged mitochondria by mitophagy7. Mitochondrial
morphology varies by tissue type8 and developmental
stage9 and is regulated to allow cells to adapt to factors

10,11

including energetic needs and stressors'2. Standard

morphometric features of mitochondria, such as the extent
of network formation (interconnected vs. fragmented),
perimeter, area, volume, length (aspect ratio), roundness,
and degree of branching, can be measured and quantified
by standard optical microscopy because the sizes of these

features are greater than the diffraction limit of light (~200

nm)13.

Cristae architecture defines the internal structure of

mitochondria (Figure 1B). The diversity of cristae
morphologies can be broadly categorized as flat (lamellar or
discoidal) or tubular-vesicular'. All cristae attach at the IBM
through tubular or slot-like structures termed cristae junctions
(CJs) that can serve to compartmentalize the IMS from the
ICS and the IBM from the CM'S. Cristae morphology is
regulated by key protein complexes of the IMM, including
(1) the mitochondrial contact site and cristae organizing
system (MICOS) that resides at CJs and stabilizes IMM-
OMM contacts'®, (2) the optic atrophy 1 (OPA1) GTPase

that regulates cristae remodeling17'18’19

, and (3) F4Fo
ATP synthase that forms stabilizing oligomeric assemblies
at cristae tips (CTs)20'21. In addition, the IMM is enriched
in nonbilayer phospholipids phosphatidylethanolamine and
cardiolipin that stabilize the highly curved IMM?22 . Cristae are
also dynamic, demonstrating morphological changes under
various conditions, such as different metabolic states?3-24,
with different respiratory substrates%, under starvation and

oxidative stress28:27 | with apoptosis28'29, and with agingso.
Recently it has been shown that cristae could undergo major

remodeling events on a timescale of seconds, underscoring
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their dynamic nature3?.

Several features of cristae can
be quantified, including dimensions of structures within
individual cristae (e.g., CJ width, crista length, and width)
and parameters that relate individual crista to other structures
(e.g., intra-cristae spacing and cristae incident angle relative
to the OMM)32. These quantifiable cristae parameters show
a direct correlation with function. For instance, the extent
of mitochondrial ATP production is positively related to the
abundance of cristae, quantified as cristae density or cristae
number normalized to another feature (e.g., cristae per
OMM area)33’34'35. Because IMM morphology is defined by
nanoscale features, it comprises mitochondrial ultrastructure,
which requires imaging techniques that provide resolution
greater than the light diffraction limit. As described below,

such techniques include electron microscopy and super-

resolution microscopy (nanoscopy).

The neural and glial cells of the central nervous system
(CNS) are particularly reliant on mitochondrial function.
On average, the brain constitutes only 2% of the total
body weight, but utilizes 25% of the total body glucose
and accounts for 20% of body oxygen consumption,
making it vulnerable to impairments in energy metabolism3 .
Progressive neurodegenerative diseases (NDs), including
Alzheimer's disease (AD), amyotrophic lateral sclerosis
(ALS), Huntington's disease (HD), multiple sclerosis (MS),
and Parkinson's disease (PD), are some of the most
extensively studied pathologies to date, with research efforts
ranging from understanding the molecular underpinnings of
these diseases to seeking potential therapeutic prevention
and interventions. NDs are associated with increased
oxidative stress originating in part from reactive oxygen
species (ROS) generated by the mitochondrial electron
transport chain (ETC)37, as well as altered mitochondrial

calcium handling38 and mitochondrial lipid metabolism3°.

These physiological alterations are accompanied by noted
defects in mitochondrial morphology that are associated
with AD40.41,42,43,44 7| 545,46 |n47,48,49 \g50 gng
PD51:52,53  These structural and functional defects can
be coupled by complex cause-effect relationships. For
example, given that cristae morphology stabilizes OXPHOS

enzymes®*

, mitochondrial ROS are not only generated by
the ETC, but they also act to damage the infrastructure
in which the ETC resides, promoting a feed-forward
ROS cycle that enhances susceptibility to oxidative
damage. Furthermore, cristae disorganization has been
shown to trigger processes such as mitochondrial DNA
(mtDNA) release and inflammatory pathways connected
to autoimmune, metabolic, and age-related disorders®®.
Therefore, analysis of mitochondrial structure is key to a full

understanding of NDs and their molecular underpinnings.

Popular methods of viewing cristae, including transmission
electron microscopy, electron tomography and cryo-electron
tomography (cryo-ET), and X-ray tomography, in particular
cryo-soft X-ray tomography, have revealed important findings
and work with a variety of sample type356'57'58’59'60.
Despite recent advancements toward better observation
of organellar ultrastructure, these methods still come with
the caveat of requiring sample fixation and, therefore,
cannot capture real-time dynamics of cristae directly.
Super-resolution fluorescence microscopy, particularly in
the forms of structured illumination microscopy (SIM),
stochastic optical reconstruction microscopy (STORM),
photoactivated localization microscopy (PALM), expansion
microscopy (ExM), and stimulated emission depletion (STED)
microscopy, have become popular ways of viewing structures
requiring resolution below the diffraction limit that constrains
classical methods of optical microscopy. When ExM is used

in conjunction with another super-resolution technique, the
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results are impressive, but the sample must be fixed and
stained in a gel61. By comparison, SIM, PALM/STORM, and
STED have all been successfully used with live samples, and
new and promising dyes that generally stain the IMM provide
a novel and easy approach for live imaging of mitochondria
cristae dynami0362'63*64’65'66. Recent advancements in
live dyes for STED imaging have improved dye brightness
and photostability, and these dyes target the IMM at a
higher degree of specificity than their predecessors. These
developments allow the collection of long-term timelapse
and z-stack experiments with super-resolution imaging,
opening the door to better live cell analysis of mitochondrial

ultrastructure and dynamics.

Herein, protocols for live cell imaging of undifferentiated and
differentiated SH-SY5Y cells stained with the PKmito Orange
(PKMO) dye using STED®3 are provided. The SH-SY5Y
cell line is a thrice subcloned derivative from the parental
cell line, SK-N-SH, generated from a bone marrow biopsy
of metastatic neuroblastoma®”:68.69.70 This cell line is a
commonly used in vitro model in ND research, particularly
with diseases such as AD, HD, and PD, in which mitochondrial
dysfunction is heavily implicated'0-43.71.72.73 ' The ability
to differentiate SH-SY5Y cells into cells with a neuron-like
phenotype through manipulating culture media has proven
a suitable model for neuroscience research without relying

on primary neuronal cells10.74

. In this protocol, retinoic
acid (RA) was added to the cell culture medium to induce
the differentiation of SH-SY5Y cells. RA is a vitamin A
derivative and has been shown to regulate the cell cycle and
promote the expression of transcription factors that regulate
neuronal differentiation’®. A protocol for culturing and live cell

imaging of neurons isolated from the rat hippocampus is also

provided. The hippocampus has been shown to be affected by

mitochondrial degeneration and, along with the cortex, plays

an important role in aging and ND76.77.78,79,80

Protocol

1. Propagation and differentiation of SH-SY5Y
cells

1. Preparation of media for cell growth and maintenance

1. Prepare complete, high-glucose Dulbecco's
Modified Eagle's Medium (DMEM, 4.5 g/L D-
glucose, 4 mM L-glutamine, 110 mg/L sodium
pyruvate) supplemented with a final 1% (v/v)
antibiotic-antimycotic (10,000 units/mL penicillin,
10,000 pg/mL streptomycin, and 25 ug/mL
Amphotericin B), and varying amounts of fetal
bovine serum (FBS) (see Table of Materials). FBS
amounts in differentiation media vary between final

10%, 5%, or 2% (v/v) FBS.
2. Cell maintenance
1. Maintain the cells in DMEM supplemented with 10%

(v/v) FBS and place them at 37 °C and 5% COo,
then seed in DMEM containing 5% (v/v) FBS for

differentiation. Frozen cell stocks were stored in FBS

with 10% (v/v) dimethyl sulfoxide (DMSO) at 1-2 x

107 cells/mL.
3. Preparation of retinoic acid (RA)

1. Dissolve 7.51 mg all-trans-RA (see Table of
Materials) in 5 mL of freshly prepared 95% ethanol
to obtain 5 mM stock solution. Verify concentration
with absorbance at 350 nm (¢ = 44,300 M! cm™),

obtained from the product information sheet from

the manufacturer's protocol81 , using a dilution of the
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6.

stock solution at 5 yM in ethanol. Store 5 mM stock

protected from light at 4 °C for up to 6 weeks.

Preparation of poly-D-lysine for coverslip coating
NOTE: The poly-D-lysine (PDL) product protocol, found

under the Documents & Downloads section of vendor

site82, provides information for coating a variety of

culture vessels.

1. This protocol includes volumes based on a 2-well

chambered vessel with an area of 4 cm? per well
with sterile #1.5 borosilicate coverglass bottoms
(see Table of Materials). Dilute the stock solution
of PDL twofold to 50 ug/mL with Dulbecco's PBS
(DPBS; no calcium, no magnesium).

NOTE: #1.5 or #1.5H coverglass are both
acceptable thicknesses, which are essential for
induce

image quality. Other thicknesses will

spherical aberration and should be avoided.

Coverslip coating with PDL
NOTE: Coverslips can be exposed to ultraviolet (UV)
light for 10-15 min in a biosafety cabinet for further

sterilization.

1. Apply 1.2 mL of 50 uyg/mL PDL solution to each
well of sterile chambered coverslips in a cell culture
cabinet and incubate at room temperature for 1 h.
Remove the PDL solution and rinse thrice with 3.6
mL distilled water. After completing the final wash,
allow the coated chamber to dry for 2 h exposed to
air before rinsing and using immediately or storing
with an air-tight container at 4 °C for up to 2 weeks.
NOTE: Rinse the coverslips thoroughly as excess

PDL can be toxic to cells.

Differentiation of SH-SY5Y cells with RA

NOTE: Do not use cells above passage 15. Cells
are passaged at 80%-90% confluency. Differentiation
procedures differ but follow similar steps. Additional
differentiation from neuroblastomas to mature neurons

is obtained with further treatment with brain-derived

neurotrophic factor (BDNF)68’83'84’85, but was not
performed in this protocol.

OPTIONAL: Establish cells for at least 24 h prior to
seeding on coverglass. To prepare cells from frozen
stocks, rapidly thaw 1 mL frozen vial of cells and add
to 9 mL prewarmed media supplemented with 10%
FBS, then spin down at 350 x g for 10 min (at room
temperature) and discard supernatant to remove DMSO.
Resuspend the cell pellet in 5 mL of prewarmed media
and seed cells in a T-25 flask. Once cells reach 80%-90%
confluency, passage cells by counting and seeding them

for differentiation when applicable.
1. Day 0: Seed cells.

1. Seed the cells onto a chambered coverglass

from frozen stocks or a working flask. Use a

seeding density of 1.5 x 10* cells/cm?.

NOTE: A single well in a standard 2-well
chambered coverglass with 4 cm? of culture

area will require 6.0 x 104 cells. Cells that will
remain undifferentiated should be seeded with
DMEM supplemented with 10% (v/v) FBS, and
cells that will be differentiated should be seeded

with DMEM supplemented with 5% (v/v) FBS.
2. Day 1: Start RA differentiation treatment.

1. Prepare DMEM supplemented with 5% (v/v)
FBS, 1% (v/v) antibiotic-antimycotic, and a
final concentration of 10 yM RA or ethanol

of the same additive volume to serve as the
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vehicle control for this differentiation procedure.

Remove the media in the chambered
coverglass used for seeding, rinse with 1x PBS,

and add the new DMEM to the wells.

Day 3: Replace media with fresh RA- or ethanol-

containing media.

1. Remove media from Day 1 and replace with
fresh media supplemented with 2% (v/v) FBS,
1% (v/v) antibiotic-antimycotic, and either 10
MM RA or 95% ethanol of the same additive
volume to serve as the vehicle control for this
differentiation procedure. Remove the media in
the chambered coverglass used for seeding,
rinse with 1x PBS, and add new media to the

wells.

Day 6: Perform the imaging of the cells.
NOTE: Cell differentiation times vary by protocol, but

six days of exposure to RA is sufficient to induce a

neuron-like phenotype in SH-SY5Y cells®.

1. Perform live imaging, with details in Sections 3

and 4 (Figure 2).

2. Primary rat hippocampal neuron culture

Materials preparation for

rat hippocampal neuron

isolation.

Prepare fresh supplemented DMEM.

1. Filter-sterilize a mixture of DMEM (high glucose,
no sodium pyruvate) supplemented with 10%
(v/v) heat-inactivated FBS, 1% (v/v) sodium
pyruvate solution, and 1% (v/v) penicillin-
streptomycin (10,000 U/mL). Store for up to 2

weeks at 4 °C.

2.

Prepare fresh supplemented neuron growth media.

1. Filter-sterilize a mixture of neuron growth media
supplemented with 2% (v/v) B27 supplement,
0.25% (v/v) glutamine supplement, and 1%
(v/v)

penicillin-streptomycin (see Table of

Materials). Store for up to 2 weeks at 4 °C.

Prepare primary hippocampal neuron culture.

1.

3.

Prepare primary hippocampal neuron culture

following previously published work®” and from

the product protocol on the manufacturer's site

from which the dissected E18 rat hippocampus is

obtained® (see Table of Materials). This protocol
results in a mostly neuronal population with <2%
astrocytes.

NOTE: The hibernate media with which this tissue is
shipped will be used for future steps in this protocol.

Do not discard it.
Prepare materials and media for tissue dissociation.

1. Flame a Pasteur pipette to decrease the
aperture diameter and store it in foil to prevent
contamination until use. Prewarm the prepared
DMEM, 1X Hank's Buffered Salt Solution

(HBSS), and neuron growth media to 37 °C. Add

2 flakes of DNAase with sterile tweezerstoa 15

mL conical tube.
Perform tissue dissociation.

1. Remove as much of the hibernate media the
dissected E18 rat hippocampus is stored in as
possible before placing the tissue into the 15 mL
conical tube containing DNAase and incubating

briefly at 37 °C. Add 900 uL of 1X HBSS
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followed by 100 pL of 0.5% trypsin. Incubate the
tissue at 37 °C for 15 min.

NOTE: PDL coated plates can be removed from
storage and placed in an incubator until use

during this incubation time.
Perform tissue homogenization and cell counting.

1. Following incubation with trypsin, remove the
media and add 1 mL prewarmed hibernate
media-DNAase from the previous step to the
tissue and homogenize with the Pasteur pipette.
The media will look opaque and then gradually

clear as homogenization continues.

2. Add dissociated neurons to a new tube with 4

mL prewarmed DMEM and then count the cells

using a cell counter.
Perform cell plating and growth of primary cells.

1. Plate cells at a density of approximately 1.65
x 10 cells/cm? in DMEM. For a 2-well

chambered coverglass (4 cm2), seed 65,000 —
70,000 cells per well with 2 mL DMEM. Incubate
cells at 37 °C and 5% CO, for 2 h before

checking for adherence. Once cells begin to
adhere, remove 1 mL of media and replace
it with the same volume of hibernate media,
then gently agitate to mix. Once the media is
mixed, repeat this process and remove half of
the media present and replace with the same
volume of neuron growth media, then gently
mix.

NOTE: The day of plating is considered day in
vitro (DIV) 0, and cells are ready to image at DIV

7 (Figure 2).

3. Preparation of cells for live cell imaging

NOTE: Cell types and origin (i.e., cultured and primary cells)

can differ in staining requirements; see published reports for

more details

62,63

1. Preparation of PKmito Orange

NOTE: Other dyes that generally stain the IMM have

been reportede""e‘r”66 and are commercially available.

PKMO is the only one used in this protocol.

1.

Resuspend powder PKMO (see Table of Materials)

in DMSO as per the manufacturer's instructions®?.

Aspirate the media from cells and wash in
prewarmed phenol-red free media. Prepare a stock
of PKMO in prewarmed, phenol red-free DMEM
supplemented with 2% (v/v) FBS or 10% (v/v)
depending on differentiation state, HEPES to a final
concentration of 20 mM, and 1% (v/v) antibiotic-
antimycotic before staining the cells following
the manufacturer's instructions. This formulation,

without PKMO, is the live cell imaging media.

2. Cell staining with PKMO

1.

Incubate the cells with the dye at 37 °C and 5% CO,,
for 30 min. Wash cells thrice with live cell imaging

media, and for the final wash incubate for 30 min at

37 °C, 5% COs,.

Add fresh, prewarmed live cell imaging media. The
cells are now ready for imaging.
NOTE: Acute

treatments drugs and/

(e.g.,
or stressors), when used, are added before
live imaging; see the Discussion section and

Supplementary Figure 1.
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4. Imaging live cells by STED microscopy

NOTE: This protocol uses a STED system built around an
inverted microscope, with the system specified in the Table
of Materials. This system is equipped with pulsed excitation
lasers (561 nm laser with nominal power ~300 yW) and a
pulsed 775 nm STED depletion laser (nominal power 1.2
W), a continuously adjustable galvano scanner, and a 615/20
nm filter-based avalanche photodiode detector (APD). A
100x/1.40 oil immersion lens for STED is used here. Lightbox
software is used forimage acquisition. All details provided are

related directly to this software and system setup.

1. General guidelines and steps for imaging

1. Use a stage-top incubator or environmental
chamber to maintain cell viability, but short-term
room-temperature experiments are also acceptable.
These steps are specific to the STED setup

described above.
2. Select the laser and filter sets for imaging.

1. Use parameters for an orange dye by selecting
the dye(s) used in the staining from the Dye
List, or the one with spectral properties closest
to the dye(s) used. Make these active by
double-clicking or dragging them to the sample

list, where it says “Drag dye(s) here.”
3. Select a region to image.

1. Inan overview, create a region of interest (ROI)
around a mitochondrion of interest by selecting
the rectangular ROl button and clicking and
dragging to shape the region. The ROI can be
resized and rotated using the ROI corners or
curved edges that appear while hovering the

mouse over a corner.

NOTE: A summary of the suggested imaging
parameters can be found in Table 1. These
parameters were empirically adjusted using

those previously reported for this STED setup

and dye combination®3.
Set up gating.

1.  Next to the General menu, select the Gating
menu or click and hold to add the menu to the
view. It is recommended that STED detector
gating be adjusted to 1-1.05 to 7.8-7.85 ns, as
presented here. Gating times can vary and be

as short as 1-1.05 to 7-7.05 ns.

Adjust the intensity appropriately according to the
sample.

NOTE: Generally, the excitation power used for
STED is 2-3 times the power used for confocal, so
a sample requiring 5% excitation laser power for
confocal can use 10%-15% excitation laser power

during STED acquisition.

1. Set the excitation laser for STED to 15%-20%
and the STED depletion laser to 20%-25% with
10 line accumulations. Use a pixel dwell time of
4 ys with a pixel size of 20-25 nm. The pinhole
was kept at 1.0 AU for cultured cells and 0.7
AU for primary rat hippocampal cells in order to
improve optical sectioning in the more densely
packed mitochondria.

NOTE: Confocal and STED images can both be
acquired for side-by-side comparison (Figure
3A, B, Figure 4A) or only STED can be

acquired.

2. Additional information for time series/z-series

Select the time series.
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1. Select the Time drop-down menu. Define the
number of iterations (5 used here) and time
interval (25 or 30 s used here) desired for a
timelapse (Figure 3C, D, Figure 4B).

NOTE: If the interval is shorter than the
acquisition time, the iterations will continue
without any delay. When performing a
timelapse, engaging a perfect focus unit or
similar focus tracking is highly recommended to

avoid potential drift.
2. Set the volume range.

1. Set the z-volume range as desired by enabling
the Volume option and adjusting the two ends
of the range. Step sizes used in this protocol for
2D imaging were 150-200 nm. Recommended
step size with respect to Nyquist sampling

required for deconvolution of raw STED can be

calculated with online tools®0.

NOTE: The STED depletion laser power and
the number of planes imaged can increase dye
photobleaching and light exposure to the cell to
harmful levels. Check for signs of phototoxicity

and photodamage after acquisition.

5. Processing and analytical tools for
mitochondrial ultrastructure

NOTE: Image processing (i.e., deconvolution) is optional but
typically used when making and analyzing STED images for
publication. Deconvolution to improve contrast and reduce
noise is highly suggested for optimal segmentation of

individual cristae, as described below (Figure 2).

1.  STED image deconvolution

NOTE: The software used for deconvolution in this

protocol is provided in the Table of Materials.

1.

Set the microscopic parameters of the image.

NOTE: Ensure that microscope metadata is entered
correctly in the image Microscopic Parameters.
This includes mounting medium refractive index;
immersion medium; pixel size; excitation, emission,
and depletion wavelengths; and any other relevant
information. Templates with these parameters can

be saved for reuse.

Deconvolute raw STED images with the software

algorithm.

1. Access to automated deconvolution algorithms
in deconvolution software allows hands-off
deconvolution image processing. Select the
Express button and set the deconvolution type
to Fast, Standard, Aggressive, or Conservative
for varying degrees of deconvolution
power. Representative images using Express
Deconvolution with Aggressive settings are

shown (Figure 3, Figure 4, and Figure 5).

2. Save the images from the deconvolution

software in ICS2 format.

For manual deconvolution, perform the following

steps.

1. Briefly, when performing manual deconvolution,
save the deconvolution wizard templates
for consistency and have the option to
load a template upon starting the wizard.
Use measured point spread function (PSF)
information if generated with acquisition setup

and parameters.
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Crop raw STED image, if needed, before

having the deconvolution software auto-
stabilize the image. Add-ons to deconvolution
software packages allow specific compensation
of possible imaging artifacts such as thermal

drift and chromatic aberrations.

Next, generate a logarithmic histogram to
manually or automatically perform background
the classic maximum

subtraction. Select

likelihood estimation (CMLE) deconvolution
algorithm.

NOTE: For deconvolution, the key values to
adjust are the signal-to-noise ratio threshold,
the number of iterations, and the quality
threshold. These values can be adjusted,

and the deconvolution can be previewed to

determine optimal settings.

Segmentation and particle analysis

NOTE: This protocol uses FIJI (Is Just Imaged), an

open-source software (see Table of Materials), for

segmentation and analysis. Other comparable software,

including CellProfiler, lIcy,

llastik, and QuPath, is

available for these purposes.

1. Prepare images for segmentation.

1.

Open the .obf raw STED images or .ics2 files
from the deconvolution software by going to
File — Open or clicking and dragging the files to
the ImagedJ toolbar. From here, any processing
that makes images easier to segment can be

performed before segmentation.

To keep changes consistent, record functions
using Plugins — Macros — Record and copy

and paste key commands into a new macro,

from Plugins — New — Macro. Ensure to
select the image to process before running the
macro.

NOTE: Commonly acceptable alterations for
quantitation of size and shape include
cropping, projecting a z-stack, and background
subtraction with smoothing disabled. Alterations
should be performed consistently among

images within a data set and reported.

Adjust Trainable Weka Segmentation Settings

NOTE: Additional details with step-by-step

instructions for using the semi-automated
segmentation tool and downstream analyses for

mitochondria have been published91.

1. Open the deconvolved STED images in the

Trainable Weka Segmentation (TWS)?2 plugin,
located under Plugins — Segmentation —
Trainable Weka Segmentation. In the
segmentation Settings, select the Gaussian
blur, membrane projections, and Sobel filter
features. The membrane thickness default is 1,

and the membrane patch size default is 19.

2. Label either class 1 or 2 as the "Cristae" and the
other as the "Background" (Figure 2). Models
can also be saved with the Save classifier
button. Select the Load classifier to reuse

these settings for other images.
Perform TWS class traces.

1. Use the line tool or other shapes to highlight
some of the cristae or background. At least
some background selections should include
spaces between the cristae. Draw a line over

the structure to assign to either class, then
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select the Add to button on the right-hand side
for either cristae or background. Double-click on

a trace to remove the structure from that label.
4. Perform TWS classification training.

1. Select the Train classifier button on the left-
hand side to generate a map based on the
information provided to the plugin. The overlay
of segmented classes can be toggled on and
off with the Toggle Overlay button, and the
opacity of the overlay can be adjusted in
Settings. The classifier can be retrained with
additional labels. Once satisfied, select the Get

Probability button.
5. Measure the particles.

1. Using the cristae probability map, threshold the
image to generate a mask and then go to
Analyze — Analyze Particles. Generally, the
default threshold type can be used and the
range adjusted to ensure the entire cristae are
accounted for. The measurements provided by
analyzing particles can be adjusted by Analyze
— Set Measurements.

NOTE: Examples of size and shape parameters
such as area, perimeter, circularity and aspect
ratio of the cristae are measured and displayed
based on the selected measurements (Figure

2, Figure 5A, Supplementary Table 1).

2. OPTIONAL: Select the raw STED image with
the same dimensions as the deconvolved image
and apply the ROIs from the manager, then
select Measure in the ROl manager to obtain

intensity values.

6. Obtain line plots.

1. Line plots were generated from the deconvolved
STED images. Draw a multi-point line, adjust
the line thickness to several pixels wide to
average out noise, and spline the line to fit
the mitochondria (Figure 2, Figure 5B). The
resulting line plot generated is used to measure
peak-to-peak distances to report the periodicity
and distribution of cristae over a certain range.
NOTE: Relatedly, cristae density can be

reported as the count of independent cristae

within a given area as determined by measuring
the outer part of the mitochondria. The
mitochondrial area can be determined by
applying a filter to the deconvolved or raw

STED image to generate a mask. Ensure that

the mask accurately fits the outline of the

mitochondria before measuring the area.

Representative Results

This protocol describes cell growth conditions for cultured
and primary cells with a focus on live cell STED imaging and
subsequent analyses of mitochondrial cristae. Projections
made with ImagedJ of mitochondria from undifferentiated SH-
SY5Y (Figure 3A) and RA-differentiated SH-SY5Y (Figure
3B) cells can be collected as z-stacks with traditional
confocal and STED, and the raw STED images can then
be deconvolved. Timelapse imaging can also be performed
and subsequently deconvolved (Figure 3C,D). Using slightly
different imaging parameters for primary rat hippocampal
neurons (Table 1), confocal and raw STED images can be
acquired as z-stacks, and the raw STED images can be
deconvolved (Figure 4A). Timelapse imaging of mitochondria

from primary neurons is also possible (Figure 4B). In general,
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the time-lapse images should be able to show mitochondrial

dynamic events.

When raw STED and deconvolved STED z-stack projections
from the samples used for segmentation appear consistent,
quantitative measurements are performed. The TWS plugin
uses the deconvolved STED image to segment to make

a probability mask, which is then used to create a binary

mask of the cristae to obtain size and shape parameters
(Figure 5A). The regions from this mask are saved in the ROI
manager and can be applied to the raw STED image if desired
to measure differences in relative intensity. The deconvolved
STED projections can also be used to determine the cristae

periodicity and density in a given area (Figure 5B).

Mitochondrion

Figure 1: Mitochondrial morphology. Mitochondria have a two-membrane system that defines different subcompartments

(A). Cristae are infolds of the inner membrane with defined features (B). Abbreviations: OMM, outer mitochondrial

membrane; ICS, intracristal space; IMS, intermembrane space; CM, cristae membrane; IBM, inner boundary membrane;

IMM, inner mitochondrial membrane; CT, cristae tip; CJ, cristae junction. Please click here to view a larger version of this

figure.
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Figure 2: Schematic of workflow. SH-SY5Y cells or primary rat hippocampal neurons are grown on a PDL-coated
coverglass. SH-SY5Y cells are grown in parallel to remain undifferentiated or subjected to RA differentiation over the course
of six days. Primary rat hippocampal neurons were grown on a PDL-coated coverglass after being isolated from hippocampal
sections for seven days. Once ready to be imaged, cells were stained with PKMO and imaged with STED. Raw STED
images are then deconvolved, and the deconvolved images are processed in FlJI to obtain size and shape measurements,

such as cristae density, area, perimeter, circularity, and aspect ratio. Please click here to view a larger version of this figure.
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Figure 3: Imaging of mitochondria in SH-SY5Y cells. Representative confocal (left), raw STED (center), and Huygens
deconvolved STED image z-stack projections (right) of mitochondria from non-differentiated (A) and RA-differentiated (B)
SH-SY5Y cells with PKMO staining are shown. A timelapse with 30 s intervals and 5 iterations of RA-differentiated SH-SY5Y
cells is shown (C) with selected regions (white boxes) expanded upon (D) using scaled images of those regions without

interpolation. Scale bars: A,B, 250 nm; C,D, 1 um. Please click here to view a larger version of this figure.
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Figure 4: Imaging of mitochondria in primary rat hippocampal neurons. Representative confocal (left), raw STED
(center), and Huygens deconvolved STED (right) image z-stack projections of mitochondria from primary rat hippocampal
neurons are shown (A). A timelapse with 25 s intervals and 5 iterations of mitochondria in these neurons is shown (B). Scale

bars: A, 250 nm; B, 1 ym. Please click here to view a larger version of this figure.
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Figure 5: Processing of deconvolved STED images in ImageJ. Representative use of the Trainable Weka Segmentation
plugin to measure cristae size and shape is shown (A). From left to right, the following images are shown: the deconvolved
STED image, the probability map based on segmentation from the TWS plugin, the mask from thresholding in FIJI using

the probability map as input, the mask with the ROls outlined, and the ROIs overlayed onto the original deconvolved STED
image. The resulting area, perimeter, circularity and aspect ratio measurements corresponding to these objects can be found
in Supplementary Table 1. A line plot using the deconvolved STED image to measure peak-to-peak distances as a readout

for cristae density is shown (B). Scale bars: 0.5 ym. Please click here to view a larger version of this figure.
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Pixel Dwell Line acc. | 561 nm 775 nm | Step size | Pinhole |Timelapse|Timelapse
size (nm) | time (ps) excitation STED (nm) (AU) interval | iterations
during | depletion (s)
STED power (%)
acquisition
(%)
Undiffer- 20 4 10 15 20 200 1.0 30 5
entiated
SH-SY5Y
RA- 20-25 4 10-12 15 20-22 150-200 1.0 30 5
Differe-
ntiated
SH-SY5Y
Primary 20-25 4 10 10 25 200 0.7 30 5
Neurons
NOTE: Pixel size can vary based on imaging requirements and intent to deconvolve images. Proper sampling
is required for deconvolution. Pixel sizes for raw STED images without deconvolution can go up to 30 nm.

Table 1: Summary of STED acquisition parameters. The settings used for 2D STED imaging for each cell type,

undifferentiated SH-SY5Y, RA-differentiated SH-SY5Y, and primary rat hippocampal neurons, are displayed. For all time-

lapses, 5 iterations were taken with varying intervals based on ROI size.

Supplementary Figure 1: Imaging of SH-SY5Y cells with Supplementary Table 1: Size and shape measurements

amyloid-B (AB) addition. Representative confocal (left), = of segmented cristae. The size and shape measurements

raw STED (center), and deconvolved STED (right) images  of area (pmz), perimeter (um), circularity, and aspect ratio,
of RA-differentiated SH-SY5Y cells with PKMO stain (top)  corresponding to the objects outlined in Figure 5A from
and AB-HiLyte647 (bottom) are shown (A). Merged z-stack  segmented mitochondria, are shown. Please click here to
projections of raw PKMO STED (green) with raw AR STED download this File.
(magenta) (B) or deconvolved PKMO STED (green) with
deconvolved AB STED (magenta) (C) are shown. Scale bars:

0.5 uym. Please click here to download this File.
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Supplementary Table 2: Summary of acquisition
parameters with amyloid-B samples. The settings used
for 2D STED imaging of PKMO and AB-HiLyte647 in
undifferentiated and RA-differentiated SH-SY5Y cells are
displayed. Confocal of AB-HiLyte647 may be used alone as
there is no specific structure to resolve; STED images of AB-
HiLyte647 are shown here for smaller particle sizes. Please

click here to download this File.

Supplementary File 1: Amyloid-f treatment protocol.

Please click here to download this File.

Discussion

This protocol presents the use of human neuroblastoma cell
line SH-SY5Y and primary rat hippocampal neurons with the
novel IMM-targeting PKMO dye for live cell STED imaging.
Due to the novelty of PKMO, there is currently little published
using this dye for live STED imaging. Using these cell types
for STED imaging poses challenges, specifically because
neuronal cells have narrower mitochondria. One limitation of
this protocol is the PKMO dye used, as it can be toxic to cells.
Different cells and cell lines respond differently to the dye,
thus, adjustments to dye concentration and incubation time to
optimize results for strong signal without harming cells may be
required. A suggested solution is to lower the concentration
and increase the staining time®3; however, this may result in

poorer staining without increasing cell viability.

Similarly to PKMO, the commercial dye Live Orange mito
(Table of Materials) also exhibits some cell toxicity. This
dye was used for a variety of cultured cells but was
unable to exhibit comparable staining in RA-differentiated SH-
SY5Y cells successfully with the same parameters as their
undifferentiated counterparts (our unpublished observations).

However, amenable staining protocols may be optimized

for this probe and chosen cell types. With this dye,
detector gating times of 1-1.05 to 7-7.05 ns were used,
with all other parameters in Table 1 remaining the same.
Generally, staining cells with 200-250 nM Live Orange mito
for 45 min yielded comparable results as the PKMO results
shown. Higher concentration staining for less time or lower
concentration staining for the same amount of time or slightly
longer can vyield different results and may be favorable to

other cell types or growth conditions.

Imaging primary rat hippocampal neurons differs from
immortalized cells due to the nature of the axon and dendrite
projections as well as mitochondrial distribution at the time
of imaging. One difficulty in this part of the protocol is that
seeding density determines whether the primary cultures will
be able to adhere and grow healthily, and at higher densities,
the projections tend to overgrow by DIV 10. Therefore, the
mitochondria imaged from these primary neurons will likely
come from the cell body and not the projections; however,
successful growth from a lower starting cell density yields
better imaging results at later growth times. The key is to
ensure low background and out-of-focus light to have the
best contrast for STED. To address concerns regarding
cell population, culturing primary hippocampal cells in B27-
supplemented neuron growth media prevents the growth
of glial cells, and the source reports that <56% of cells
are astrocytes and the absence of NbActivl supplement
in the growth media reduces the number of astrocytes in
cultures to <2%8’. For both cultured SH-SY5Y cells and
primary rat hippocampal neurons, the PDL coating used for
growth contributes to background haze in images. Sufficient
signal-to-noise is accomplished with the settings reported in
(Table 1) and deconvolution removes most of the background

observed.
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In addition to the imaging covered here, it is also possible to
add treatments or stress to cells before or during imaging.
For example, adding fert-butyl hydrogen peroxide (tBHP)
induces oxidative stress, and it is possible to monitor changes
in mitochondria over time after addition. The addition of
amyloid-B (AB) with a fluorescent tag allows monitoring of
the distribution of this peptide in relation to mitochondria as
well as the mitochondrial structure over time. Mitochondrial
health has been heavily implicated in AD and is widely
supported to play a role in AB toxicity"'3’71 72, Notably, the
differentiation status of SH-SYS5Y cells affects AR protein
precursor (ABPP) localization®?, and experiments using

ABPP should be carefully constructed.

As an example of how this protocol can be adapted, it is
shown that the fluorescent variant AB(1-42)-HiLyte 647 can
be added to PKMO-stained cells 15 min before imaging
(Supplementary Figure 1). The imaging parameters are
similar (Supplementary Table 2), with the main difference
being that a smaller pinhole is needed when imaging narrower
mitochondria. Imaging AB-HiLyte647 with STED requires less
overall excitation (6%-8%) and STED depletion (10%-12%)
laser power and fewer accumulations (six). Detector gating is
also extended from 0.1 to 10 ns. Although STED resolution
of AB is not necessary, the overall signal-to-noise ratio and
AB particle size of raw STED were better than those of the
confocal images, and subsequent deconvolution can also
be performed. Collecting STED images and deconvolving
raw STED z-stack projections of AR appears particularly
useful when merging with raw STED or deconvolved STED
images of the PKMO stain (Supplementary Figure 1B,C).
Both channels were collected in a single frame step.
Measurements of time-dependent localization, similar to

those listed in Figure 2 and shown in Figure 5, where

applicable, and cristae architecture differences can be

obtained following stress treatment or other additions.

Other possible methods for dual-labeling in live cell STED
of mitochondria not reported here but have been reported
by others include the use of SNAP-tagged proteins%, Halo-
tagged proteins, and the use of other cell-permeable dyes
with generic targets, such as mtDNAS3, Notably, the labeling
strategy of SNAP and Halo tagging influences the resulting
fluorescence signal intensity and longevity when imaging®.
Additionally, while this protocol presents several examples
of analyses that can be applied to segmented mitochondria,
there are many other analyses that software packages can

perform on these images.
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