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SUMMARY

Advances in super-resolution imaging enable us to delve into its intricate struc-
tural and functional complexities with unprecedented detail. Here, we present
a pipeline to visualize and analyze the nanoscale organization of cortical layer
1 apical dendritic spines in the mouse prefrontal cortex. We describe steps for
brain slice preparation, immunostaining, stimulated emission depletion super-
resolution microscopy, and data analysis using the Imaris software package.
This protocol allows the study of physiologically relevant brain circuits implicated
in neuropsychiatric disorders.

BEFORE YOU BEGIN

While neuroscientists have taken various approaches to investigate the nanoscale protein organiza-

tion of the synapse using Stimulated Emission Depletion (STED) nanoscopy1–3 and the interactive

microscopy image analysis software Imaris (Oxford Instruments, Abingdon, United Kingdom), this

protocol uses specific fundamental principles of labeling, data collection, and analysis to charac-

terize themorphological features of brain cell types and determine the localization of proteins within

subcellular compartments or colocalization of two proteins in physiologically relevant circuits using

fixed brain slices.

We designed this protocol to investigate three primary questions.

1. What is the density and morphology of dendritic spines in apical tufts of cortical layer (L) 2/3 py-

ramidal cells in the mouse prefrontal cortex (PFC)?

2. What is the proportion of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) GluR1

subunit clusters localized to lysosome-associated membrane protein 1 (LAMP1)-positive lyso-

somes within specific dendritic compartments?

3. What is the nanoscale organization of specific synaptic and lysosomal proteins within dendritic

sub-compartments?

In pursuit of these questions, we utilize the following specific approaches.
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4. The use of fixed brain slices : Fixed brain slices maintain the natural 3D structure and architecture

of the brain, allowing researchers to study the spatial relationships between different cell types,

regions, and structures.4 This is particularly valuable for understanding connectivity and circuitry

within the brain. Fixed brain tissue mirrors in vivo conditions more accurately than dissociated

neuronal cultures. This is important for investigating processes that are influenced by the overall

environment of the brain, such as developmental changes, neurodegeneration, and immune re-

sponses. It should be noted that fixation can affect the 3D structure of cells and tissues in ways

that could alter the immunostaining results. For more information regarding potential solutions,

please see ‘ tissue fixation ’ in the limitations section.

5. The use of genetic labeling with fluorescent proteins to image neuronal morphology : We opti-

mized this protocol using in utero electroporation (IUE) for sparse genetic labeling of L2/3 pyra-

midal in the medial (m) PFC with GFP. 4 ,5 However, this protocol can be adapted to label neurons

and other brain cell types with far-red to near-infrared fluorescent proteins, such as TagRFP657,

mNeptune2, mGarnet and mGarnet2. 6 Additionally, this protocol can be adapted with the use of

bright fluorescent dyes, including Alexa Fluor 48 8, 7 Alexa Fluor 594, 8 and Oregon Green 488

dye.9 Bolus loading with Alexa Fluor 488 can label pyramidal cells and dendritic processes in

brain slices10,11 without using fluorescent proteins.

6. The use of synaptic and lysosomal markers: In this protocol, we performed immunohistochemistry

(IHC) for the lysosomal marker LAMP112,13 and the AMPA glutamate receptor subunit GluR1. 14–16

7. The use of super-resolution imaging: In this protocol, we utilized techniques that enable resolu-

tion of structures below the diffraction limit of light.17 This diffraction limit refers to the smallest

feature size that can be resolved by an optical imaging system due to restraints imposed by the

physics of light. This limit is approximately 250 nm laterally for a light microscope, with an axial

resolution limit of around approximately 450–700 nm depending on the wavelength. 18 The

typical STED experimental setup uses a confocal laser scanning microscope equipped with an

additional depletion beam with a ‘‘donut’’ shaped intensity profile ( Figure 1 A).17,19 ,20

The STED donut is aligned with the diffraction limited excitation spot, depleting or turning off the

excited fluorophores at the periphery of the excita tion spot, allowing only those fluorophores in

the hole of the STED donut to fluoresce spontaneously ( Figure 1 A).17,19 ,20 This reduces the area

of detectable fluorescence and drastically improves the lateral resolution ( Figure 1 B).17,19 ,20 The

STED resolution can be described with the following equation:

dzl
.�

2NA
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1+I=Is

p �
:

Figure 1. Experimental setup and STED microscopy basics

(A) Basic experimental setup and principles of STEDmicroscopy. Mouse brain slices are stained with STED compatible

secondaries and subjected to both excitation and depletion beams, resulting in fluorescence emission of reduced

size.

(B) Pseudo-graph for visualization of normalized intensity as a function of distance along the dotted lines across the

depletion (red) and excitation (blue) beams shown in (A)..
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where NA refers to the numerical aperture, I represents the maximum intensity of the STED beam,

and Is refers to the intensity when the depletion beam deactivates a fraction of the fluorescent mol-

ecules.21 For more details regarding these rela tionships, please see Wildanger et al.21 This protocol

is optimized for the Abberior Facility Line STED experimental setup (Abberior GmbH, Go ¨ ttingen,

Germany) but also describes a general approach to multiple STED imaging contexts. A more in-

depth discussion of STED super-resolution microscopy can be accessed elsewhere.1,6,17,19 ,22

Institutional permissions

Investigators must obtain institutional permission to perform animal studies and collect tissues un-

der an approved Institutional Animal Care and Use Committee (IACUC) or Institutional Review Board

protocol. All experimental protocols were conducted according to the National Institutes of Health

(NIH) guidelines for animal research and were approv ed by the Boston University Institutional Animal

Care and Use Committee (IACUC; protocol #2018-539).

Perfusion

Timing: �30 min for preparation and first mouse, <=20 min/additional mouse

This step describes the basic process of perfusing the mouse, fixing the brain, and preparing the tis-

sue for slicing. For a more detailed protocol, please see Wu et al. 23

8. Administer an overdose of sodium pentobarbital to the animal intraperitoneally.

9. Transcardially perfuse with phosphate buffered saline (PBS) then 4% paraformaldehyde (PFA) in

PBS.

10. Extract brain and postfix in 4% PFA for 24 h.

11. Transfer to 30% (w/v) sucrose solution and store at 4 �C for at least 24 h.

Note: We typically perfuse mice at a rate of 5 mL/min (Step 2).

Sectioning of tissue

Timing: �1 h for preparation and first mouse, <=30 min/additional mouse

This step describes the process of sectioning the tissue for STED imaging experiments. The user

should be aware that the mismatch in refractive index between the optics of the STED microscope

and the tissue leads to optical aberration, which induces distortions on the laser wavefront that can

severely degrade the quality of the STED point spread function (PSF). 1,24

CRITICAL: Thus, a key principle for the ensured success of a STED imaging experiment is

to decrease the thickness of the tissue. Our protocol restricts slice thickness to approxi-

mately 30–40 mm, allowing us to obtain 30 mm long horizontally aligned dendritic shafts,

which reduces spine density variability between dendrites.

Note: In this protocol, we are extracting and processing brain tissue to isolate the mouse

mPFC.

12. Adequately crush dry ice into small pieces and apply to stage until stage is fully frozen (approx-

imately 5–10 min for freezing platform).

13. Use a small amount of OCT compound to mount the caudal part of the brain to the stage (with

cerebellum removed), with olfactory bulbs pointing upwards and the cortex facing the blade.

14. Apply crushed dry ice on and around the brain for approximately 5 min or until brain is fully

frozen.

15. Remove dry ice from the brain and section at a thickness of approximately 30–40 mm.
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16. Using a point brush to gently remove slices from the blade and add them to 24 well plate with

13 PBS.

17. Add one slice per well in succession (each well should have 1 mL of 1x PBS).

18. Once each well of the plate has three slices, use a new a new plate.

19. Store slices at 4 �C.

Note: Although cutting thinner tissue will improve the STED optics, in our context it reduces

the probability of imaging horizontally aligned dendritic shafts that are more than 30 mm,

which is critical to reduce spine density variability between dendrites.

Note: If the slices are not used within 48 h, add sodium azide (0.02%–0.1%, 1x PBS) to the PBS

solution for long-term storage (Step 8).

CRITICAL: To ensure optimal slice integrity, it is important to avoid temperature fluctua-

tions during slicing, which can be achieved by keeping a supply of quality dry ice on hand,

applying small amounts to the stage and around the brain throughout the procedure.

Antibody selection

Timing: 1–3 h, depending on antibody availability

Primary antibodies should be selected based on their published efficacy for IHC in mouse brain sli-

ces. Secondary antibody selection is most important for STED imaging: the technique’s depletion

technology acts on the secondary, so careful selection is vital for quality images. We optimized

this protocol for secondary antibodies selected according to compatibility with Abberior Facility

Line STED microscopy applications.

Note: The most important factor in successful antibody selection is to perform a literature

search to confirm published results. This is essential because unspecific or bad antibody

batches are often sold under different names and catalog numbers, giving the impression

that they are different antibodies.

CRITICAL: To perform successful STED super-resolution imaging of two or more signals

requires careful selection of fluorophores with well-separated emission spectra, ensuring

compatibility with STED conditions and photostability.25–27 Thorough validation, control

experiments, and expert knowledge of STED microscopy techniques and data analysis

contribute to achieving accurate, high-resolution imaging outcomes.

Antibody validation

Timing: 6 days

20. To determine the optimal primary antibody concentration, perform a dilution series with the

manufacturer’s recommended concentration, a more diluted option, and a more concentrated

option, holding the secondary antibody concentration constant according to themanufacturer’s

recommendation.28

a. Collect confocal images of each dilution.

b. Assess staining efficacy with FIJI/ImageJ (N IH, Bethesda, MD) or another image processing

software.

Note:We recommend optimizing initial imaging parameters using themid-range dilution. For

more details regarding imaging parameters, please see the ‘‘ optimizing confocal imaging pa-

rameters guide’’ section below.
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21. To determine the optimal secondary antibody concentration, perform another dilution series,

holding the selected primary concentration from step 1 constant, then using the manufacturer’s

recommended concentration, a more dilute option, and a more concentrated option.

a. Acquire confocal images of each dilution and assess staining efficacy with FIJI/ImageJ

(please see step 1.a, b, for our recommended approach).

i. Repeat steps 1 and 2 as needed according to each analyzed result.

22. To assess negative controls, prepare a condition with only primary antibody and no secondary

as well as a condition with only secondary and no primary, otherwise performing all other steps

of the IHC protocol as described below.

a. Compare these results with each dilution using the strategy described above.

23. Compare antibody results with published use of the antibody in rodent brain slices to ensure

antibody specificity.

Note: Antibody specificity should be confirmed in brain tissue by using KO transgenic mouse

lines and by performing staining experiments in HEK293 cells with negative and positive

controls.

Note: Keeping the effects of the depletion in mind,29 we recommend using antibody concen-

trations that result in strong signal-to-noise ratio (SNR), finding that this works best for STED

imaging.

Immunohistochemistry

Timing: 2–3 h, every other day for 6 days total

Please see Figure 2 for a schematic of the IHC steps.

24. To prepare for immunostaining, block and perm eabilize slices in a blocking buffer (10% donkey

serum + 1% Triton X-100) in a 24-well plate; 500 mL per well.

25. Incubate 180 min at room temperature on a shaker.

26. Incubate slices with primary antibody(ies) in a 24-well plate: 300 mL of 1x PBS + 0.025% Triton

X-100 with 10% donkey serum and primary antibody(ies).

27. Wrap plate with parafilm or plastic wrap to avoid evaporation.

Figure 2. Schematic of IHC steps and important details

Brain slices, explanations of solution functions and proper plate choice (24 or 6 well) at each step are represented. We

advise researchers to keep note of changes in solution volumes, shaking temperatures throughout the protocol, and

the use of a 6-well plate for steps 3 and 5 as opposed to the 24-well plate used in steps 1, 2, and 4.
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28. Incubate for 48 h in 4 �C cold room on a shaker.

29. Remove primary antibody solution.

30. Wash slices for 14 min 4 3 with 2 mL 1x PBS + 0.025% Triton X-100 in a 6-well plate.

31. Incubate with secondary antibody(ies) in a 24-well plate: 500 mL of 1x PBS and secondary anti-

body(ies).

32. Wrap plate with parafilm or plastic wrap to avoid evaporation.

33. Cover plate with an opaque material (aluminum foil or thick cardboard box) to avoid photo-

bleaching of fluorescent probes.

34. Incubate for 48 h in 4 �C cold room on a shaker.

35. Remove secondary antibody solution.

36. Wash slices for 15 min 4 3 with 2 mL 1x PBS in a 6-well plate.

Note: If the background is high when imaging, additional washes may improve the signal

(Step 13).

Mounting

Timing: �10–15 min/slide

37. Mount slices with a DAPI-less mounting media that matches the refractive index of the objective

as closely as possible, in our case Diamond Fluoromount (see key resources table).

CRITICAL: Mounting media including DAPI, or other dyes can interfere with the coordina-

tion between emission and depletion lasers (e.g., DAPI might be excited by the STED laser,

leading to increased background), so STED microscopy must be performed with a DAPI-

less mounting media.

Note: It is important to note that homogeneity of an imaging environment’s refraction index

helps ensure high penetration depth and minimizes aberrations. This can be helped by using

mounting media with a refractive index that matches the immersion medium of the objective.

38. Using a paintbrush, gently slide the brush und erneath the tissue and lift the brain slice from the

plate.

39. To mount the brain slice, press the right side of the brush to the side of a 1.5 mm coverslip and

slowly roll the brush clockwise.

CRITICAL: The next step in limiting sample-to-objective distance is to mount the brain sli-

ces onto the coverslip, not the slide, so the tissue is closer to the objective than the

mounting media. The DAPI-less mounting media is preferable to the alternative but can

still interfere with the localization of the STED donut, further necessitating the coverslip

mounting.

40. Use the 1x PBS saturated brush to gently adjust the tissue so it is flat on the coverslip.

41. Let slices dry approximately 80%– 90% (until they appear crystalline and mostly translucent).

42. Apply approximately 100 mL of mounting media to the slide, forming a perpendicular line of me-

dia adjacent to the label and a parallel line down the slide forming a ‘‘T’’ shape.

43. Place one side of the coverslip onto the top of the T, then slowly lower the other side.

44. Cover themounted slides to avoid photobleaching and then dry overnight before they are used.

Note: To increase SNR during STED imaging, it is essential to decrease non-specific back-

ground fluorescence. Several actions that can be taken to reduce autofluorescence, namely:

performing negative staining controls (see ‘ antibody validation’ section), prioritizing fluoro-

phores that emit a wavelength farther from the emission of autofluorescent endogenous
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molecules and pigments of the tissue (such as far-red selections),30 and using background re-

ducers such as TrueBlack, Sudan black B, or Eriochrome black T.31

Note:Optical aberrations can be further reduced by combining STED with tissue-clearing ap-

proaches, typically performed when mounting the slice.24

Optimizing confocal imaging parameters guide

Timing: �10–15 min

When utilizing fluorescence microscopy techniques, achieving a good SNR while avoiding fluoro-

phore saturation is essential for obtaining high-quality images. We recommend consulting this

guide of empirical methods and tips prior to and throughout imaging experiments to ensure a

good SNR without fluorophore saturation.

45. Monitor pixel intensity.

a. Capture an image of the sample and inspect the histogram of pixel intensities in the confocal

acquisition software.

Note: A good SNR image should have a well-distributed histogram without a significant

portion of pixels reaching the maximum intensity value (i.e., saturation).

46. Optimize laser power.

a. Start with lower laser power and gradually increase it while monitoring the image quality.

b. Look for the point at which increasing laser power results in no further increase in signal in-

tensity (a plateau). This is the optimal power level to prevent saturation while maximizing

SNR.

47. Adjust pinhole size.

Note: A smaller pinhole allows the capture of light only from a very thin optical section,

reducing background noise although potentially lowering signal intensity. A larger pinhole

captures more light, increasing signal intensity with the opposite effect on background noise.

Note: We recommend experimenting with different pinhole sizes to find those that best

accommodate one’s imaging needs.

48. Adjust gain and offset adjustment.

Note: The gain amplifies the signal, while the offset sets the baseline for the image.

49. Perform an average of multiple frames during image acquisition to reduce noise while increasing

signal intensity.

Note: This may help prevent saturation due to the averaging out of noise as the signal

accumulates.

50. Choose a region of interest (ROI).

Note: Some imaging applications are best suited for focus on a specific region of interest

rather than imaging the entire field of view. R educing the imaging area can increase the

SNR for specific structures of interest.

51. Monitor signal intensity.
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Note: It is important to monitor the signal intensity over time during image acquisition. If the

intensity begins to plateau or decrease after a certain point, it may indicate fluorophore satu-

ration. Adjust settings accordingly.

52. Optimize secondary antibody concentration.

Note: Optimizing lower-concentration secondary antibody solutions can help reduce the

chances of saturation due to the dilution of flu orophores. However, this may require longer

exposure times to achieve a sufficient SNR.

53. Use appropriate controls.

Note: Always include negative controls (e.g., samples without fluorophores) and positive con-

trols (e.g., samples with known fluorophore concentrations) to validate your imaging condi-

tions and assess SNR.

54. Perform pilot experiments.

Note:Asmentioned inmultiple contexts throughout this protocol, we highly recommend con-

ducting pilot experiments with various settings and conditions to determine the most optimal

parameters for one’s imaging needs.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GluR1 (mouse) (dilution: 1:250) Novus Biologicals NBP2_22399

Anti-LAMP1 (rabbit) (dilution: 1:500) Abcam Ab24170

Anti-GFP (mouse) (dilution: 1:500) Rockland 600-301-215M

Anti-mouse Abberior STAR Orange (dilution: 1:300) Fisher Scientific NC1933863

Anti-rabbit Abberior STAR Red (dilution: 1:1000) Fisher Scientific NC1933870

Chemicals, peptides, and recombinant proteins

Phosphate-buffered saline 103 Boston BioProducts BM-220, 70011044

Paraformaldehyde (PFA) Sigma-Aldrich 158127-500 g

Sucrose Bio Basic SB0498-25

Donkey serum Sigma-Aldrich S30-100 mL

Triton X-100 Sigma-Aldrich 9036-19-5

ProLong Diamond antifade mountant Thermo Fisher Scientific P36961

Sodium pentobarbital Vortech Pharmaceuticals 07-894-1075

Scigen Tissue-Plus O.C.T. compound Fisher Healthcare 27-730-571

Sodium azide Sigma-Aldrich S2002-100 g

Critical commercial assays

ZymoPURE II Zymo Research D4208T

Experimental models: Organisms/strains

CD-1 IGS mouse (wild type, postnatal day
(P) 18–25, male and female mice)

Charles River Strain code 022

Recombinant DNA

EGFP under the CAG promoter Addgene Plasmid #11150

Software and algorithms

Imspector Abberior Instruments GmbH Imspector Image Acquisition &
Analysis Software v16.3
https://imspector.abberior-instruments.com/

ImageJ software (Fiji) Schneider et al., 2012 https://imagej.nih.gov/ij/

(Continued on next page)
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MATERIALS AND EQUIPMENT

STEP-BY-STEP METHOD DETAILS

Imaging

Timing: �30 min to 1 h/image

Our experimental design utilizes genetic labeling of L2/3 pyramidal cells with the fluorescent protein

GFP to study neuronal morphology ( Question 1). In our protocol, confocal imaging of the GFP fill is

necessary to determine the localization and nanoscale organization of various proteins in dendritic

structures.

Note: The user should know that in this case GFP’s natural fluorescence response is not condu-

cive to super-resolution imaging due to its relatively broad emission spectrum and suscepti-

bility to photobleaching.32 Once ROIs and Z stacks are selected according to the dendrite of

choice, STED parameters may be optimized for the resulting puncta clusters in each channel of

interest (in our case GluR1 and LAMP1, please see the ‘‘ optimizing confocal imaging param-

eters guide’’ section above).

Note: Excitation power should be initially set so that averaging of the signal results in

adequate visualization of dendritic spines for accurate morphological reconstructions. This

will result in an image most suitable for Imaris digital reconstruction. Excitation and STED po-

wer should be set so that averaging of the signal results in bright low background images

without danger of bleaching. Before beginning an experiment, the user should determine

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MATLAB MathWorks RRID: SCR_001622

Imaris 9.7 or higher Oxford Instruments RRID: SCR_007370

Spots close to filament border Imaris XTension Imaris Open https://imaris.oxinst.com/open/

Colocalize spots Imaris XTension Imaris Open https://imaris.oxinst.com/open/

GitHub README file GitHub https://github.com/CruzMartinLab/
IMARIS_compiler

Other

Sliding microtome Leica SM2000

Peristaltic pump Masterflex C/L dual-channel tubing pump Cole Parmer

Inverted laser scanning confocal microscope
(Nikon Ti2 with perfect focus, P736 Piezo
Z-stage with an Abberior Facility Line STED
system controlled with the Abberior
Imspector software platform)

Nikon Instruments, Abberior GmbH,
and Physik Instrumente

N/A

Plan apochromat 60 3 1.4 NA oil
immersion objective

Nikon Instruments N/A

1 mm coverslips Corning 2975-225

Materials and equipment Source Identifier

Sliding microtome Leica SM2000

Peristaltic pump Masterflex C/L Dual-Channel Tubing Pump Cole Parmer

Inverted laser scanning confocal microscope (Nikon Ti2 with perfect
focus, P736 Piezo Z-stage with an Abberior Facility Line STED system
controlled with the Abberior Imspector software platform

Nikon Instruments, Abberior GmbH,
and Physik Instrumente

N/A

Plan apochromat 60 3 1.4 NA oil immersion objective Nikon Instruments N/A
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empirically optimized imaging parameters of each dye or fluorescent protein. Please see

‘‘ optimizing confocal imaging parameters guide’’ for more information.

CRITICAL: To reduce optical aberrations, the user should image superficial dendrites,

preferably within the first 10–15 mm of the tissue. Additionally, the user should image hor-

izontally aligned dendrites, where most of the dendritic shaft is contained within a few op-

tical sections.

Note: Imaging the morphology of dendritic structures with nanoresolution can be accom-

plished by using secondary antibodies that are conjugated with STED compatible fluoro-

phores (described later). However, in our protocol, because of the limited availability of chan-

nels, this is not compatible with protein cluster colocalization experiments.

Note: For imaging, we use an inverted laser scanning confocal microscope with 60 3 1.4 NA

oil immersion objective (Nikon, Tokyo) outfitted with an Abberior Facility Line STED system

controlled with the Abberior Imspector software platform.

1. To begin imaging, select 485 nm (for GFP IUE cell fill), 561 nm (Abberior STAR Orange for GluR1),

and 640 nm (Abberior STAR Red for LAMP1) pulsed excitation lasers lines.

2. Select 775 nm STED depletion laser (Abberior STAR Orange, Abberior STAR Red) line.

3. Select ROIs localized to L1 apical dendritic tufts from L2/3 pyramidal cells in themPFC. To find the

best ROI:

Note: Maintain a strict selection criterion when imaging the morphology and density of den-

dritic spines in the cerebral cortex. In our experience, we have observed significant variability

in spine density between apical and basal dendrites and dendritic spine segments of different

dendritic branch orders4 ,10,33 and in how genetic manipulations affect specific dendritic

types.4 It should be noted that L1 apical tufts are mostly within the first 50 mm below the pia.34

a. Select a region that is away from the dendritic tuft end or the branching region.

Note: This step will reduce spine density variability within individual dendritic shaft segments.

b. Use the cell fill channel in the eye-port of the microscope to find a dendritic shaft segment that

measures at least 30 mm, parallel to the horizontal plane, as much as possible, so that much of

the segments is located within a few Z-steps.

Note: This will reduce the spine density variability within dendritic shaft segments, decrease

imaging time and homogenize artifacts from optical aberrations within the ROI.

c. Choose dendritic segments that are isolated from other cells.

Note: ‘‘Busy’’ images with several dendrites around and across the dendrite of interest will

make reconstruction much more difficult. The use r can increase the sparseness of transfected

cells in L2/3 by optimizing IUE plasmid concentration or the parameters of the voltage pulses

applied during the IUE.5

Note: If the user is experimenting with Cre-dependent constructs to obtain sparse expression,

they can optimize the ratio of the plasmids containing Cre recombinase and the Cre-depen-

dent construct.35

4. Once a dendrite is chosen, set the Z stack according to the cell fill channel, adding a few sections

of space above and below the dendrite to image its entirety without question.
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Note: In our protocol, this is accomplished by acquiring images from dendritic shafts and syn-

aptic markers localized to apical dendritic tufts in L1 as stacks of approximately 20–60 optical

sections (Z-step = 0.2 mm) with an X/Y resolution of 40 px/ mm.

Note:When imaging both the dendrite and puncta, excitation and STED laser power for each

channel should be set to levels in which the readout of the signal intensity after a single scan is

bright but does not result in photobleaching.

CRITICAL: If the system utilizes a photon-counting detector mode, the excitation and

STED laser power should be set so that it does not result in a nonlinear relationship be-

tween photon counts and excitation. In the case of the Abberior Imspector software,

the excitation should be brought up so that the ‘‘counts’’ readout is not much more

than 100 for a single scan (see Note below). We recommend determining which confocal

excitation power setting for a channel result in approximately 100 or so counts (a confocal

test).

CRITICAL: If one is using a system with a different readout of signal intensity, we recom-

mend determining a confocal excitation power setting that results in a signal that is

midway between too dim to see and oversaturated after a signal scan, so that signal aver-

aging or set scan accumulationsmay be set without photobleaching the sample (please see

‘‘optimizing confocal imaging parameters guide’’ section for detailed instructions and im-

aging tips).

When using the Abberior STED Facility line system, the period during which photons are counted in

response to each excitation pulse is approximately 27 ns. Avalanche photodiodes can only detect a

single photon during that period as they need to be electronically reset to detect a second one. This

necessitates measures to ensure that the probability of missing photons is very low. Therefore, we

suggest that about half of the intervals are blank. Considering these 27 ns periods are repeated

for 5 ms, we recommend keeping the photon counts to approximately 100 for the 5 ms period as a

rule of thumb. Higher counts will not affect the location of the labeled proteins but will affect the rela-

tive brightness. Therefore, a linear range of counts should be implemented if quantification of fluo-

rescence is desired. To do this

5. Double the above confocal excitation power value for the STED excitation.

6. Set the STED depletion laser power setting at a level that does not detract from the counts given

by the confocal test, i.e., addition of the STED depletion laser should not result in lower signal

intensity than the confocal test and does not degrade the image (based on the confocal test).

Note: We recommend determining the STED depletion laser power via trial and error with

practice areas that won’t be used for analysis.

Note: Accumulations/averaging of the signal should be set to provide the brightest image

without bleaching the fluorophores. To do this, the user should test excitation/averaging com-

binations on practice areas that will not be used for analysis.

STED dendrite imaging

Timing: �1 h/image

This step describes the strategy for super-resolution STED imaging and analysis of the dendrite for

the determination of neuronal morphology (Figure 3 ) (Question 1).

7. To select and image a dendritic ROI, follow the steps in the previous ‘‘ imaging’’ section.
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Note: Using the IHC protocol described above, we stain transfected GFP-positive cells and

processes with an anti-GFP primary (1:500 ) and corresponding Abberior STAR Orange or

STAR Red secondary (1:300 STAR Orange, 1:1000 STAR Red). This approach allows the cell

fill signal to be compatible with STED imaging.

Note: Considering the size and shape of dendritic structures to be imaged with STED, one

must be cognizant of the power to counts ratio for resolving small structures such as necks

without bleaching the sample. The user should remember that the spine necks will be dimmer

relative to spine heads (Figures 3 A and 3B).4 ,10,36

Note: Optical aberrations can be further reduced by combining STED with hollow Bessel

beams, or adaptive optics described elsewhere.37–39

EXPECTED OUTCOMES

Here, we provide a pipeline to perform morphological super-resolution imaging and Imaris

analysis of dendritic spines and protein clusters in L1 apical tufts of L2/3 pyramidal cells. Once the

user completes the pipeline, it will have access to several parameters that can be used to determine

spine density and morphology, identify protein clusters and determine their size, determine the

localization of the protein clusters in the dendrite, and the colocalization of two protein clus-

ters3,10,33,40–42 (Figure 4 ).

Using this approach, we determined that the spine density of a representative L1 apical dendrite in

the mPFC is 2.18 spines/ mm (Question 1 and Figures 4 A–4D). Additionally, our data shows that 31%

of dendritic GluR1 was colocalized with LAMP1, and 23% of dendritic LAMP1 was colocalized with

GluR1 ( Figures 4 A–4D), suggesting that a subpopulation of AMPA GluR1 subunits is being

degraded in the lysosome of L1 spine apical tufts (Question 2). Our analysis pipeline also provides

a distribution of protein cluster sizes for GluR1 and LAMP1 ( Figures 4 E and 4F, Volume: GluR1:

0.0148 G 0.0070 mm3; LAMP1 0.0059 G 0.0060 mm3, n = puncta).

We used other parameters to measure the colocalization of two protein clusters (Question 2),

including the average minimum distance between dendritic GluR1 and LAMP1 clusters and the

average overlap volume between dendritic GluR1 and LAMP1 surfaces ( Figures 4 D, 4G, and

4H). For two protein clusters, decreased minimum distance and increased overlap volume suggest

increased colocalization, which in our case, can be used to make conclusions about the degrada-

tion of synaptic proteins. For one representative dendrite, we found that the average minimum

distance between GluR1 and LAMP1 was 0.5510 G 0.0491 mm, and the average overlap volume

Figure 3. Dendrite imaged with STED then reconstructed in Imaris (Question 1)

(A) GFP-positive dendrite from a transfected L2/3 neuron in the mPFC stained with anti-GFP primary and Abberior

STAR Orange secondary, then imaged with STED.

(B) Reconstructed dendritic spines in Imaris with semi-automatic filament reconstruction (described in the protocol).

For both images, scale bar = 0.7 mm.
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between dendritic GluR1 and LAMP1 surfaces was 0.2560 G 0.0609 mm (Figures 4 D, 4 G, and 4H ,

n = puncta).

For a representative dendrite, we also show the distribution of minimum distance and overlap

volume (Figures 4 G and 4H), which supports the conclusion that the lysosome is degrading a

subpopulation of AMPA GluR1 subunits in L1 apic al tufts (Question 2). Lastly, we determined

the nanoscale organization of specific synaptic and endo-lysosomal proteins within dendritic sub-

compartments (Question 3). Our data shows th at 40% of the dendritic GluR1 was in the spine

head versus the neck, and 41% of the dendritic LAMP1 was in the spine head versus the neck

(Figures 4 A–4D).

We present a comprehensive pipeline for the imaging and analysis of brain slices, utilizing the

powerful combination of super-resolution STED microscopy and Imaris software. Brain slices pro-

vide a superior experimental model for unraveling the complexities of neurological diseases. By em-

ploying STED microscopy in conjunction with Imaris, we demonstrate a highly accessible approach

to cracking the nanoscale organization of synaptic proteins.

QUANTIFICATION AND STATISTICAL ANALYSIS

ImageJ file conversion

Timing: 5 min/image

The Abberior Imspector software saves images as .obf files, while the Leica SP8 STED software saves

images as .lif files. Depending on the system use d, images may need to be converted to .tif to be

used in Imaris. In our case, we utilize the following approach to converting .obf files to .tif format.

1. Open FIJI/ImageJ and import the 3-channel image acquired from the STED microscope.

2. Use the color tool to merge the three channels, in our case: STAR Orange (GluR1), (Pseudo

Colored green), Alexa 488 (GFP IUE cell fill), (Pseudo Colored white), and STAR Red (LAMP1)

(Pseudo Colored Magenta).

3. Once channels are merged, convert the image to 32-bit format.

Note: While Imaris can utilize images of other bit depths, we recommend converting the im-

ages to 32-bit as they are of floating-point format, meaning information stored in this way may

avoid rounding errors associated with, for example, a 16-bit fixed-point format.

4. Save file as .tif to convert the file to the .tif format.

Imaris image processing and deconvolution

Timing: �15 min/image

Figure 4. Colocalization of GluR1 and lysosomal clusters in L1 apical tufts

(A) Representative 603 STED image of an Apical Tuft stained with GFP (white, non-STED channel), GluR1 (green), LAMP1 (magenta) (Scale bar = 1.5 mm).

(B and C) Yellow and cyan squares show examples of dendritic spines with GluR1 and LAMP1 clusters that colocalize (Left, example 1, yellow asterisk)

and that do not (Right, example 2, cyan asterisk). (B) Scale bar = 250 nm. (C) Scale bar = 100 nm.

(D) Selected parameters extracted from the analysis pipeline.

(E and F) Frequency distribution of GluR1 and LAMP1 puncta volumes.

(G) Frequency distribution and scatter plot of minimum distances between colocalized puncta. Schematic showing minimum distance (d) between two

puncta.

(H) Frequency distribution and scatter plot of overlap volumes between colocalized puncta. Schematic showing overlap volume between two puncta

(Questions 2 and 3). L. layer; Decon, deconvolution; Recon, reconstruction.
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Imaris is an interactive microscopy image analysis software boasting several packages for various

biological investigations from cancer research to cellular biology. Imaris for Neuroscientists is a

package that enables 3D reconstruction of cells and cellular structures and analysis of various fea-

tures, such as dendritic spine morphology and arborization complexity. In addition to includedmod-

ules, this protocol requires free downloadable Imaris XTensions such as Colocalize Spots and Spots

close to Filaments (Full list of necessary Imaris XTensions in key resources table).

Note: Convolution within the context of microscopy is a mathematical operation combining a

PSF with the real object of in terest and system noise.43 Deconvolution, on the other hand, at-

tempts to use algorithms to reverse this process by separating the PSF and the actual object

from the convolved image, effectively reducing the influence of system noise. By undoing the

blurring effects and isolating the desired signal, deconvolution helps improve the image’s

clarity and fidelity. Deconvolution is most often achieved by considering the factors that

caused the convolution (pinhole size, objective magnification, immersion media, etc.) and us-

ing algorithms to ‘‘work backward’’, providing a reliable estimate of the image sharpness. 43

While numerous deconvolution software and algorithms are available, this protocol was optimized

for using Imaris iterative deconvolution algorithm. In principle, iterative algorithms estimate the

original image, blur it using the system’s PSF and compare the blurred estimate to the original im-

age. With each iteration of this process, the estimated image is updated.

5. In the Observe Folder view, select the folder containing the .tif file of interest.

6. Double click the file to convert it to .ims (Imaris’ native format).

Optional: The 3 channels can be pseudo-colored for ease of analysis. As an example, for

Questions 2 and 3, we set the dendritic shaft as white, the synaptic marker as green, and

the lysosomal marker as magenta.

Imaris dendritic shaft and spine reconstruction

Timing: �1 h/image

This step describes the digital reconstruction of the dendrite fluorescence data in Imaris ( Figure 5 ,

Methods video S1) (Question 1). This allows the calculation of dendrite morphology parameters

for analysis (described below).

7. Open the slice view of Imaris, then use the line tool tomeasure several wide parts of the neuronal

dendrite, then the narrowest parts. Make note of these values for step 4.

8. Create a new filament object.

9. Select the source channel used to image the neuron, in our case channel 2.

10. Input largest diameter and thinnest diameter values from step 1.

11. Drag dendrite starting points threshold to the right until all are gone, then ‘‘shift + right click’’ to

add a starting point on the preferred starting point for reconstruction.

12. Drag dendrite seed points threshold until seed points adequately populate the dendrite shaft,

using ‘‘shift + left click’’ to remove unwanted points from other parts of the image ( Figure 5 B).

13. Adjust diameter threshold until visualization adequately coats the dendrite (Figure 5 C).

14. Complete dendrite shaft reconstruction without seeding spines.

15. Select the Draw tab of the filament channel used for the dendrite reconstruction.

16. Select AutoPath for Method.

17. Select Spine for Type.

18. Select cell fill channel (or channel 2 in our case) for the source channel.

19. Under Correction, select Automa tic Center and Automatic Diameter.

20. ‘‘Shift + right click’’ to add the base of the spine ( Figure 6 A).
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21. ‘‘Shift + left click’’ to add the end of the spine ( Figures 6 A and 6B; The yellow line represents the

automatic recognition of the spine fluorescence data).

a. Once all the spines are manually inserted in this way, recalculate spine diameters in a similar

manner as the dendrite diameter calculation shown in Figures 6 C and 6D by clicking Spine

Diameters under the Create tab.

Note: Through trial and error, we have found that manually inserting the spines rather than

seeding them results in more accurate reconstructions for our data. However, either method

may be used per the best judgment of the investigators.

Imaris puncta reconstruction

Timing: �30 min/image

In our protocol, imaged puncta represent protein clusters. Their reconstruction in 3D space using

Imaris allows us to obtain information regarding their sizes and location within dendritic spines

(e.g., spine head versus neck). Puncta can be reconstructed using two methods in Imaris: spots

(for the proper determination of puncta position) and surfaces (for the proper determination of

puncta morphology). To ensure the most trustworthy analysis of surface and spot reconstructions,

puncta are reconstructed as surfaces and spots, the spots are filtered according to the surfaces

and the surfaces are then filtered according to the resulting spots ( Figure 7 , Methods video S1).

22. Create a new surface object.

23. Select source channel of interest (in our case Channel 1).

24. Under the thresholding tool, select Background Subtraction (Local Contrast), with 0.1880 mm as

the Diameter of largest Sphere which fits into the Object.

Figure 5. Dendrite shaft reconstruction (Question 1)

(A) Representative GFP-positive dendritic segment.

(B) Fluorescent signal for dendrite segment (intensity lowered for visualization purposes) and seed points for dendritic

shaft (green spots).

(C) Visualization of dendritic shaft threshold adjusted according to fluorescence signal.

(D) Resulting dendritic shaft reconstruction. For all images, scale bar = 0.5 mm.

ll
OPEN ACCESS

16 STAR Protocols 4, 102707, December 15, 2023

Protocol



25. Set threshold so that threshold visualization adequately coats the fluorescence data.

26. Set lower voxel limit to 60.

Note: The value of 0.1880 mm for the Diameter of largest Sphere which fits in the Object

(Imaris’ default measure of size for surface reconstructions) and 60 for the lower voxel limit

suits most surface puncta reconstructions for our purposes but may be adjusted for other

applications.

27. Delete classification filter.

28. Create a new spots object.

29. Use default creation parameters.

30. Under Algorithm Settings, make sure Classify Spots and Object-Object Statistics are selected.

31. Select source channel of interest (in our case Channel 1).

32. Open slice view of Imaris, then use the line tool to measure several puncta at multiple planes.

Note down the average XY diameter of puncta.

33. Under Spot Detection, enter the value from Step 11 in the box for Estimated XY Diameter, in our

case 0.11 mm (the estimated diameter of GluR1 puncta, obtained from our cluster size distribu-

tion analysis).

34. Set threshold so that spots adequately po pulate the punctate fl uorescence signal.

CRITICAL: The threshold settings in steps 4 and 13 (steps above) can be determined in a

variety of ways. We chose these values with a size distribution analysis of each puncta type

by setting visual thresholds for 5 example images. We then fitted a Gaussian curve to the

Figure 6. Dendritic spine reconstruction (Question 1)

(A) Spine start point (blue ball) for a dendritic segment.

(B) Spine reconstruction after ‘‘shift + right click’’ for manual insertion from A.

(C) Reconstruction of two dendritic spines before diameter recalculation.

(D) Reconstructions from panel C after diameter recalculation. For all images, scale bar = 0.5 mm.
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obtained distribution to calculate the mean puncta sizes. This threshold can also be deter-

mined according to a visual assessment of the fluorescence data. We recommend investi-

gators use trial and error withmultiple methods to determine which suits their applications

best.

35. Delete classification filter.

36. In the newly created spots object, add a filter.

37. For Filter Type, select ‘‘Shortest Distance to Surfaces Surfaces = Surfaces 1’’.

38. Turn off the lower threshold limit, then adjust t he upper limit so that only those spots inside sur-

faces are selected.

39. Click Duplicate Selection to new Spots.

40. Delete old spots object and rena me this new duplicated spots object.

41. In the surface object, add a filter. For the Filter Type, select ‘‘Shortest Distance to Spots = Spots

1’’.

42. Turn off the lower threshold limit, then adjust the upper limit so that only those surfaces encap-

sulating the thresholded spots are selected.

43. Click Duplicate Selection to new Surfaces.

44. Delete old surfaces object and rename this new duplicated surfaces object.

Imaris dendritic puncta filtering and colocalization

Timing: �30 min/image

The following steps are required to continue the processing of puncta as spots. The user will need

the find Spots Near to Filament Border and Colocalize Spots Imaris XTensions, available on the

Imaris open website. This step filters spots and surfaces to only analyze the puncta that are associ-

ated with the dendrite (Figure 8 , Methods video S1). This step allows for the determination of puncta

localization within the dendritic spines and shaft in later steps (Questions 2 and 3).

Figure 7. Surface and spot reconstruction (Questions 2 and 3)

(A) GluR1 signal alone (green).

(B) Filtered surface reconstruction of GluR1 signal.

(C) Filtered spot reconstruction of GluR1 signal (red) merged with GluR1 signal (green).

(D) Surface and spot reconstructions merged with GluR1 signal. For all images, scale bar = 0.3 mm.
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45. In the newly created spots object, go to XTensions and select Find Spots Near to Filament

Border XTension.

46. Input threshold distance of interest.

47. Delete spots object farther than the threshold cutoff.

48. Rename spots object closer than the threshold cutoff as Dendritic Spots.

49. Turn on Dendritic spots and turn off all other spots objects.

50. Make the surfaces object of interest translucent and the Dendritic Spots a contrasting color.

51. With the Edit tab selected, ‘‘control + click’’ t he surfaces encapsulating the Dendritic Spots.

52. Once all the relevant surfaces are selected, click duplicate.

53. Rename the duplicated channels as Dendritic Surfaces.

54. Click on one of the spots objects of interest.

55. Go to XTensions and select the Colocalize Spots XTension.

56. ‘‘Shift + left click’’ the two spots objects (selecting them both at once) of which to determine co-

localization.

57. Enter the distance threshold.

CRITICAL: The threshold distance settings in steps 2 and 13 are unique to the structures of

interest. We determined these values using the size distribution analysis described in the

previous section. These thresholds can also be determined according to measuring of the

puncta in the slice view. We recommend investigators use trial and error with multiple

methods to determine which suits their applications best.

Imaris puncta surface cutting

Timing: �30 min/image, depending on puncta density

When puncta are reconstructed as surfaces in Imaris, they are sometimes inaccurately represented

as multiple puncta in one surface. This can be remedied by using the surface cutting tool (Figure 9 ).

Figure 8. Dendritic spot and surface filtering (Questions 2 and 3)

(A) Dendrite reconstruction (blue/gray) with filtered GluR1 spots reconstruction (red).

(B) Results of Spots Close to Filament Border XTension: farther than threshold (blue) and closer than threshold (red).

(C) Spots closer than the ‘‘dendritic’’ threshold isolated. D) Dendritic spots with dendritic surfaces. Scale bar = 1 mm.
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We recommend performing this step after surfaces are filtered to limit cutting to only those surfaces

that will be analyzed/exported (Questions 2 and 3).

58. Select the surface object containing the puncta of interest.

59. Select the ‘‘edit’’ tab.

60. The cutting tool is always a vertical line, so the puncta must be oriented so that the correct cut is

positioned vertically.

61. ‘‘Shift + left click’’ to set the line to be cut.

62. In the ‘‘edit’’ tab space, select ‘‘cut’’.

Imaris data exporting

Timing: �30 min to 3 h/image, depending on puncta density

This step allows for the analysis of fluorescence data for the analysis of dendrite morphology and the

determination of puncta localization within the dendrite (spine head, spine neck, dendritic shaft).

This also allows for the determination and manipulation of numerous data parameters including

but not limited to puncta surface area, volume, overlap with neighboring puncta, etc. (Questions

2 and 3).

CRITICAL: To ensure proper compatibility with the custom MATLAB code (described

below), files must be organized in the following manner per analyzed dendrite (Figure 10).

63. First make a folder for the staining condition (e.g., ‘‘ GluR1 + LAMP1’’).

64. Next make a folder for the experimental condition, in our case titled ‘‘All Imaris Statistics’’.

65. Within this folder, there must be a folder for each dendrite.

66. Within this folder, there must be four folders for each major data export.

a. Filament (for dendrite and spine morphology data)

b. Puncta stain 1 (in our case, GluR1)(for localization data, to be explained below)

c. Puncta stain 2 (e.g., LAMP1)(for localization data, to be explained below)

Figure 9. Puncta surface cutting (LAMP1, magenta) (Questions 2 and 3)

White arrow points to blue line indicating site of cut. Yellow, selected puncta. Scale bar = 0.2 mm.
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d. Dendritic, within this folder there must be two sub folders:

i. Puncta stain 1 (for all dendritic surfaces of puncta 1)

ii. Puncta stain 2 (for all surfaces of puncta 2)

67. In Imaris, click on the filament object.

68. Click on the Statistics tab.

a. Make sure Overall is highlighted.

69. Click Export All Statistics to File.

70. Use the name of the image for the exported file and save in the Filament folder described above.

71. Click on a spine of interest.

72. Click on the Statistics tab.

73. Click Selection.

a. Make sure Specific Values is selected.

74. Select Spine Length.

75. Note down the last 5 digits of the spine ID number.

76. Click the surface of interest associated with the spine.

77. Click the Statistics tab.

a. Make sure Overall is selected.

78. Click Export All Statistics to File.

79. Make sure the file name is formatted in the following way depending on if the puncta are in the

head or neck of the spine:

a. ‘‘last5digitsofID_head/neck’’ (e.g., 00051_head)

Note: We found the naming scheme described in Step 17 useful for our purposes as it

allowed us to keep track of both the spine ID and location in the spine at the same time,

but one could also develop their own naming scheme with information for other methods

of organization.

80. Save the file in the folder corresponding to the puncta type as described above.

81. Do this for all puncta associated with spines. If there are multiple puncta in the head or neck, use

‘‘control + click’’ to select all the head or nec k puncta and save them using the spine ID method

described in step 17.

82. Repeat steps 9-19 for the next puncta type.

83. Click on the ‘‘Total Dendritic’’ surface object of interest.

84. Click the Statistics tab.

a. Make sure Overall is selected.

Figure 10. Schematic of file path organization for Imaris data exporting (Questions 1–3)

This organization scheme must be followed to ensure compatibility with the custom MATLAB code.
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85. Click Export All Statistics to File.

86. Use the name of the image for the exported file and save in the Puncta folder within the dendritic

folder described above.

87. Repeat steps 21-24 for all punctum types.

MATLAB analysis of Imaris exported data

Timing: �15 min/image

To maximize the information obtained from data exported using Imaris, we wrote a customMATLAB

script along with supporting functions (see key resources table). The script can be run on any version

of MATLAB after the supporting functions are added to path. The script is run as follows.

88. In MATLAB, run the first section of the script using the ‘‘Run Section’’ button or by pressing

‘‘Control + Enter.’’

89. Select the folder with the correct staining condition (e.g., folder titled GluR1 + LAMP1) in the

folder box that pops-up.

Note: Line number 20 of the code (explained further in the GitHub README file, https://

github.com/CruzMartinLab/IMARIS_compiler ) will decide which condition in the staining

folder will be excluded from analysis.

90. After the first section completes running, run the second section. This section will result in

several files in the workspace, of which the following are the required output:

a. Average_parameters:

Note: Provides information about dendrite length, spine density, spine length, spine volume,

average minimum distance between the two stained puncta, average overlap volume be-

tween the puncta, average colocalized volume ratio for colocalized puncta.

b. All_synaptic_parameters:

Note: Provides information about the number of synaptic puncta occurring in the spine head

or neck for each dendrite, their average volumes, and their average areas.

Note: In our case GluR1 is referred to as synaptic. In general, in the folder naming scheme, the

first stain named is termed synaptic.

c. All_compartment_parameters:

Note: Provides information about the number of synaptic puncta occurring in the spine head

or neck for each dendrite, their average volumes, and their average areas.

Note: In our case LAMP1 is referred to as compartment. In general, in the folder naming

scheme, the second stain named is termed compartment.

d. Spine_classification_synaptic:

Note:Classifies spines based on number of compartment termed puncta (as described above)

in each spine.

Note: histo_len**: There are 14 of these in total. They provide information on individual spine

parameters for every dendrite for all metrics mentioned above in Average_parameters.
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CRITICAL: To run the code for a different condition or for a different stain, rerun the first

section with required changes as suggested in the GitHub README file, https://github.

com/CruzMartinLab/IMARIS_compiler.

LIMITATIONS

Cellular dynamics

One limitation of our methodology is that fixing th e tissue does not allow us to capture the activity-

dependent dynamics of spines and protein clusters and GluR1 recycling in the postsynaptic

compartments.1,44

Tissue fixation

Formaldehyde brain fixation can alter the 3D structur e of cells and tissues and affect the availability

of antigens for immunostaining and antibody penetration.45–4 8 Although the effects of PFA on the

brain’s structure are often overlooked, the experimenter must consider these aspects when

designing IHC experiments. Fortunately, a few stu dies have made breakthroughs, allowing users

to overcome often-encountered obstacles. For example, Lai et al. 49 have developed a scalable

method to stabilize antibodies (SPEARs) against thermal and chemical denaturation, allowing

them to withstand prolonged exposure to high temperatures and harsh denaturants. This advance-

ment enables dynamic modulation of antibody properties, facilitating faster deep tissue immuno-

labeling and broader compatibility with various tissue processing methods.49

Additionally, glyoxal fixation greatly enhanced antibody penetration and immunoreactivity

compared to the gold-standard formaldehyde fixative, particularly enabling the detection of buried

molecules in brain tissue.50 An additional advantage of glyoxal is that it acts faster than formalde-

hyde, cross-linked proteins more effectively, and improves the preservation of cellular

morphology.45

Antibody selection

Considering the previously mentioned stringent tissue preparation guidelines for proper STED mi-

croscopy (tissue thickness, coverslip mounting, etc.), antibody selection for STED must be more

particular than that for traditional IHC experiments. For example, STED optics is optimal in thin-

sliced tissue, so primary antibodies should be selected and tested with proper penetration and

SNR kept in mind. As mentioned previously, secondary antibodies should be selected based on their

compatibility with STED depletion technology, which could limit possible antibody combinations for

certain experiments. It should bementioned that flu orophore choice for structures of interest should

also be kept in mind due to differences in strength between the red and far red lasers that may exist

within a particular STED set up, such as the relatively weaker far red laser (in our case, acting on the

Abberior STAR Orange) of our Abberior Facility line system necessitating higher power and signal

accumulation settings for that channel as compared to the red laser (in our case, acting on the Ab-

berior STAR Red). Antibody testing and optimization should be performed thoroughly prior to the

acquisition and analysis of experimental data.

STED imaging

One of the most salient limitations is that of STED channel availability. The Abberior Facility line sys-

tem that we used can only maintain two STED channels at a time due to only two available STED la-

sers. GFP has been difficult to use as a STED fluorophore (but see Rankin et al. 32). Although we do

not use GFP to perform super-resolution imaging of dendritic spines, we use this fluorophore to

determine the location of protein clusters in the dendrite. STED imaging tends to dim small-volume

structures such as spine necks. To improve spine neck signal, we suggest optimizing antibody stain-

ing parameters and improving SNR (see ‘‘ optimizing confocal imaging parameters guide’’ and ‘‘ im-

aging and STED dendrite imaging’’ section).
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Imaris analysis

Limitations regarding Imaris are those of accessibility to the software and proper computer pro-

cessing power. Imaris is expensive, and while it is most certainly a good investment for labs and

departments alike, we recognize that labs may not have the funds either individually or in a

community to access the software. Furthermore, users might not have access to high perfor-

mance computer processing power, which can have a significant impact of analysis time. If a

lab has access to Imaris, we strongly recommend utilizing a computer with specifications match-

ing or exceeding those recommended by Oxford Instruments for ease of analysis and reduced

errors.

There are several alternatives to Imaris for the morphological analysis of cellular data, especially if

budget constraints are a concern. Here are a few options: Fiji/ImageJ, CellProfiler ( www.

cellprofiler.org ), KNIME ( https://www.knime.com/community/image-processing), Microscopy, Im-

age Browser (MIB, http://mib.helsinki.fi ), and Python (https://www.pythonforbiologists.org),

including scikit-image, OpenCV, and Cellpose.

TROUBLESHOOTING

Problem 1

Optical aberrations in STED images such as changes in spatial resolution and signal intensity (relevant to

‘‘ optimizing confocal imaging parameters guide’’ and ‘‘ imaging and STED dendrite imaging’’ section).

Potential solution(s)

Attempts to correct optical aberrations can be further achieved by combining STED with tissue-

clearing approaches, hollow Bessel beams, or adaptive optics.24 ,37–39 It is also important that the

user images the most superficial horizontally aligned dendrites in the tissue.

Problem 2

Endogenous autofluorescent signals and non-specific autofluorescence (relevant to ‘‘ optimizing

confocal imaging parameters guide’’, ‘‘ perfusion’’ section, and ‘‘ imaging and STED dendrite imag-

ing: section).

Potential solution(s)

Blood remnants in fixed brain tissue result in increased autofluorescent signals and reduced SNR.

Therefore, it is crucial to remove blood from the fixed brain tissue properly. The user should

ensure that the needles used to pump saline and PFA solution are not clogged and adequately

positioned in the heart. Additionally, it is crucial to find an optimal perfusion rate that is not

too weak or strong, paying attention to organ and tissue appearance and texture as the perfusion

progresses.

To increase SNR during STED imaging, it is essential to decrease non-specific background fluores-

cence. Several actions that can be taken to reduce autofluorescence, namely: performing negative

staining controls (see ‘‘ antibody validation’’ section), prioritizing fluorophores that emit at wave-

lengths farther from the emission of autofluorescent endogenous molecules and pigments of the tis-

sue (such as far-red selections),30 and using background reducers such as TrueBlack, Sudan black B,

or Eriochrome black T.31

Problem 3

The brain slices appear frayed with damage around the edges (sectioning of tissue – step 4).

Potential solution(s)

This is likely due to premature thawing of the brain during slicing. Make sure to keep the stage cold

by continually adding ice to the stage and around the brain during slicing.
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Problem 4

When constructing and filtering objects in Imaris, the object of interest is not listed as an option for

filtering ( Imaris puncta reconstruction).

Potential solution(s)

This is likely because filaments, surfaces, and spots were reconstructed and filtered out of order from

what is listed in this protocol. Imaris is only able to filter a certain number of objects at a time, so it is

essential that the filaments, surfaces, and spots are reconstructed and filtered in the order presented

to ensure the proper objects are displayed when necessary.

Problem 5

MATLAB is reporting errors related to inabilities to find necessary files or file locations ( MATLAB

analysis of Imaris exported data – steps 1-3).

Potential solution(s)

While this could be due to several reasons, errors of these kind are most probably due to deviation

from the critical file organization scheme described in the Imaris data exporting section and Figure 9 .

It should also be noted that naming strategies across all file handling steps must be kept consistent

to avoid errors.
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