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SUMMARY

Loss of synapses on spinal motor neurons is a major feature of several neurode-
generative diseases; however, analyzing these premotor synapses is challenging
because of their small size and high density. This protocol describes confocal and
Stimulated Emission Depletion (STED) imaging of murine spinal premotor synap-
ses and their segment-specific quantification by confocal microscopy. We detail
the preparation of spinal cord segments, followed by image acquisition and anal-
ysis. This protocol enables in-depth analysis of pathological changes in spinal
premotor synapses during neurodegeneration.
For complete details on the use and execution of this protocol, please refer to
Buettner et al. (2021).

BEFORE YOU BEGIN

This protocol describes the specific steps to analyze the number and density of synapses contacting

motor neuron cell bodies and dendrites. Before you can begin with the immunofluorescence stain-

ing, imaging and analysis of premotor synapses, murine spinal cords must be dissected, fixed and

subsequently cut in serial transverse sections. The protocol below describes specific steps using spi-

nal cords frommice transcardially perfused with paraformaldehyde (PFA) working at any age ranging

from neonatal to adult. However, these protocols also work for spinal cords of juvenile (<postnatal

day (P)12) mice when natively dissected with oxygenated artificial cerebrospinal fluid and PFA

‘‘immersion’’ postfixed (for details see Mentis et al., 2011; Simon et al., 2021; Simon et al., 2017;

Simon et al., 2019). While a wide-range of established antibodies as synaptic markers work reliably

with this protocol (Buettner et al., 2021), we focus here on the vesicular glutamate transporter 1

(VGluT1) positive proprioceptive synapses which are severely affected in animal models for motor

neuron diseases (Baczyk et al., 2020; Buettner et al., 2021; Fletcher et al., 2017).

Breeding and experiments were performed in the animal facilities of the Faculty of Medicine,

University of Leipzig according to European (Council Directive 86/609/EEC) and German

(Tierschutzgesetz) guidelines for the welfare of experimental animals and the regional directorate

(Landesdirektion) of Leipzig (animal protocol: T01/21). We used male and females of C57BL/6J

wild-type (JAX strain #000664) and ChAT-Cre; tdTomato (JAX strain #006410 and #007908) mice

in the age range from P10 to 110 in our experiments.

Before the experiment can begin, mice need to be bred to the desired age and solutions have to be

prepared as described below (refer to ‘‘materials and equipment’’ for detailed recipe).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Guinea-pig anti-VGluT1 (1:5000) Synaptic Systems 135 304; RRID:AB_887878

Goat anti-ChAT (1:500) Millipore AB144P; RRID:AB_2079751

Mouse anti-NeuN (1:2000) Millipore MAB377
RRID:AB_2298772

Rabbit anti-Munc 13-1 (1:500) Synaptic Systems 126 103
RRID:AB_887733

Donkey anti-goat Alexa Fluor 488 (1:1000) Jackson ImmunoResearch 705-545-147; RRID:AB_2336933

Donkey anti-mouse Alexa Fluor 488 (1:1000) Jackson ImmunoResearch 715-165-150; RRID:AB_2340813

Donkey anti-goat Cy3 (1:1000) Jackson ImmunoResearch 705-165-147; RRID:AB_2307351

Donkey anti-guinea pig Cy3 (1:1000) Jackson ImmunoResearch 706-165-148
RRID:AB_2340460

Donkey anti-guinea pig Alexa Fluor 647
(1:1000)

Jackson ImmunoResearch 706-606-148;
RRID: AB_2340477

Donkey anti-rabbit Alexa Fluor 647 (1:1000) Jackson ImmunoResearch 711-605-152
RRID: AB_2492288

Goat anti-rabbit IgG, STAR Red Abberior
(1:500)

Abberior Instruments STRED-1002-500UG
RRID:AB_2833015

Chemicals, peptides, and recombinant proteins

PBS Sigma-Aldrich Cat# P3813

Triton-X 100 Sigma-Aldrich CAS 9002-93-1

Normal Donkey Serum Jackson ImmunoResearch Cat# 071-000-121

16% Formaldehyde Solution Methanol-free Thermo Scientific Cat# 28906

Agar Sigma-Aldrich CAS 9002-18-0

Glycerol Sigma-Aldrich CAS 56-81-5

Sylgard� 184 Silicone Elastomer Dow BIESTERFELD SPEZIALCHEMIE GMBH

Sodium azide Sigma-Aldrich CAS 26628-22-8

Isoflurane Baxter HDG9623

Metamizole Sigma-Aldrich CAS 5907-38-0

Experimental models: Organisms/strains

Mouse: C57BL/6J wild-type P10, female JAX #000664

Mouse: ChAT-Cre; tdTomato, (heterozygous
for both transgenes) P14-P110, female and
male

JAX #006410 and #007908

Software and algorithms

LAS X Leica Microsystems RRID:SCR_013673;
https://www.leica-microsystems.com/de/
produkte/mikroskop-software/p/leica-las-x-ls/

Prism 9 GraphPad RRID:SCR_002798;
https://www.graphstats.net/prism-free-trial

Fiji-ImageJ National Institutes of Health RRID:SCR_003070;
https://imagej.net/software/fiji/

Imspector Software Abberior Instruments RRID:SCR_015249

Other

Leica TCS SP8 confocal microscope Leica Microsystems RRID:SCR_018169

Abberior Instruments STED Expert Line
Göttingen, Germany

Abberior Instruments https://abberior-instruments.com/

Netwell insert Science service https://www.scienceservices.de/
netwelltm-set-sterile.html

Rotilabo disposable weighing pans Carl Roth Cat# 1878.2

12-well plate Thermo Scientific Cat#150200
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MATERIALS AND EQUIPMENT

4% PFA fixing solution

Reagent Final concentration Amount

16% Formaldehyde 4% 10 mL

1% PBS n/a 30 mL

Total n/a 40 mL

4% PFA solution needs to be prepared freshly.

PBS with 0.02% sodium azide

Reagent Final concentration Amount

Sodium azide 0.02% 0.1 g

13 PBS n/a to 500 mL

Total n/a 500 mL

PBS with 0.02% sodium azide can be stored several months at 4�C.

PBS with 0.3% Triton X-100 (PBS-T)

Reagent Final concentration Amount

13 PBS n/a 498.5 mL

Triton X-100 0.3% 1.5 mL

Total n/a 500 mL

PBS-T can be stored several months at 4�.

Blocking buffer

Reagent Final concentration Amount

Normal donkey serum 5% 0.5 mL

PBS-T n/a 9.5 mL

Total n/a 10 mL

Blocking buffer can be stored up to 2 days at 4�C.

Agar embedding buffer for vibratome

Reagent Final concentration Amount

Agar 5% 5 g

13 PBS n/a to 100 mL

Total n/a 100 mL

Agar embedding has to be made fresh right before embedding the spinal cord into it. Requires heat and stirring to dissolve

Agar in 13 PBS (see below in ‘‘step-by-step method details – Part 2’’ and Video S2).

Mounting medium

Reagent Final concentration Amount

Glycerol 70% 7 mL

13 PBS 30% 3 mL

Total n/a 10 mL

Store at �20�C for several months.
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CRITICAL: Paraformaldehyde, sodium azide and Triton X-100 are hazardous: always wear

proper protective equipment and use only in a fume hood. Paraformaldehyde waste needs

to be collected and disposed of according to institutional regulations.

STEP-BY-STEP METHOD DETAILS

Mouse perfusion and post fixation of the spinal cord (part 1)

Timing: 2 days

This first part describes the perfusion of the mouse and the post fixation of spinal cord tissue which

can be then stored for several months.

1. Inject 200 mg/kg Metamizole (stock concentration: 100 mg/mL, dissolved in saline) intraperito-

neally 30 min prior to perfusion followed by deep isoflurane anesthesia. Toe pinch reflection is

applied to monitor the depth of anesthesia. It usually takes 5–10 min to achieve deep anes-

thesia.

a. The type of drugs/anesthesia might vary depending on the approved animal protocol.

Another frequently drug alternative prior to perfusion is Ketamine/Xylazine (Ketamine: 50–

80 mg/kg; Xylazine: 5–10 mg/kg) via intraperitoneal injection.

2. After the mouse is in deep anesthesia, lay it on its back and pin it down on its four limbs.

3. Use forceps and dissecting scissors to open the skin and expose the chest cavity.

4. Cut open the diaphragm using standard scissors and be careful to not pierce the heart.

5. Grab at the base of the sternum, cut through the ribcage and lift it to expose the heart.

6. Insert the perfusion needle in the apex of the left ventricle and cut open the right atrium with a

small cut (by use of fine scissors) to perfuse the mice with 13 PBS at room temperature (20�C–
23�C) for 5 min with a flow rate of 3 mL/min flush following with 4% PFA in PBS for 15 min at the

same flowrate.

7. Evaluate success of perfusion by checking whether liver andmuscles became pale and hardened

(if blood was not completely removed from the liver, the perfusion is considered unsuccessful).

8. After successful perfusion, remove the mouse’s head, tail, the fur of the back and the extremities

as well as internal intestinal organs to allow better liquid exposure.

9. Place the remaining body into a 50 mL Falcon tube with 4% PFA in PBS for immersion postfix-

ation overnight (12–14 h). Alternatively, to reduce chemical and storage usage, dissect out

the spinal cord immediately as described below and store it in a 10 mL Falcon tube with 4%

PFA in PBS for immersion postfixation overnight (12–14 h) at 4�C.
10. Transfer body/spinal cord into PBS with 0.02% sodium azide for storage. Spinal cord can be

stored in this way for several months, however we usually process the spinal cord the following

days.

CRITICAL: Evaluate success of perfusion by checking whether liver and muscles became

pale and hard. Also check after laminectomy if the arteria spinalis anterior is without any

residue of blood. Inadequate perfusion will result in poor immunohistochemistry stainings

(see troubleshooting 1, Figure 6).

Dissection and transverse sectioning of a spinal segment (part 2)

This section explains the dissection of identified spinal segments and subsequent vibratome

sectioning.

Dissection of a spinal segment

Timing: 30 min

Here, we describe the dissection steps to isolate individual spinal segments (see also Video S1).
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11. Dispose PBS 0.02% sodium azide and wash the mouse carcass two times with PBS.

12. Pin the carcass with its paws ventral side up on a Sylgard layer of a dissecting chamber filled with

PBS and remove all organs, muscles and connective tissue using ‘‘Dumont 2SP Forceps’’ and

‘‘Spring Scissors – angled to side’’ by Fine scientific tools GmbH to clear your view on the spinal

column (Figure 1, first panel).

13. Gain access to spinal cord by a ventral rostral-to-caudal laminectomy using ‘‘Dumont #5 For-

ceps’’ and ‘‘Spring Scissors – angled to side’’ by Fine scientific tools GmbH together with a

binocular microscope with 53 magnification (Figure 1, second panel, Video S1).

14. Carefully dissect out the entire spinal cord in rostral-to-caudal direction and pin it into the Syl-

gard chamber using the ‘‘Vannas Spring Scissors - 3 mmCutting Edge’’ and the ‘‘Dumont #5 For-

ceps’’ by FST GmbH (Figure 1, third panel, Video S1).

15. Carefully free the spinal cord from the Dura mater and pull all ventral roots towards the rostral

direction to reveal their point of origin (Figure 1, fourth panel).

16. The lumbar ventral roots gradually increase by size from L1 to L5. In contrast, L6 ventral root de-

creases again in size, making L5 ventral root a reliable landmark for the identification of spinal

cord segments. Count from L5 ventral root to the desired ventral root of interest and cut out

right underneath this root and the next rostral root with a scalpel to isolate your spinal segment

of choice (Figure 1, fourth panel).

CRITICAL: Be very careful with the dissection. Ripping off a single ventral root can acciden-

tally result in false identification of the spinal segment.

Transverse sectioning of a spinal segment

Timing: 2 h

Figure 1. Dissection of identified spinal segments

Image series shows step-by-step dissection of a P14 murine spinal cord. From left to right: ventral view of the perfused mouse carcass with intact

vertebral column, after laminectomy, isolated spinal cord and zoomed-in lumbar region with identified ventral roots (dotted white lines) and spinal

segments (gray dotted lines). Note that the L6 (white arrow) ventral root is significantly smaller than the L5 (yellow arrow head), making it a reliable

landmark for identification of spinal segments. Scale bar = 5 mm.
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This step describes the transverse sectioning of a spinal segment with the vibratome prior to immu-

nohistochemistry (see also Videos S2 and S3). In our experience, vibratome sections have three ma-

jor advantages compared to cryosections: 1. no cryo-preservation is required, 2. thicker sections are

possible, which allows better visualization of entire motor neuron cell bodies and enlarged dendritic

trees, 3. better preservation of tissue and cell structure. These 75-mm-sections are suitable for

confocal and Stimulated Emission Depletion (STED) analysis.

17. Embedding of spinal cord segments into Agar buffer (Video S2).

a. Mix 5 g of Agar and with a total volume of 100 mL 13 PBS in a 250 mL beaker. Heat up the

solution in the beaker at 340�C and stirred at 400 rpm for 10 min to dissolve Agar completely

in 13 PBS.

b. Pour 8 mL hot Agar (190�C) into disposable weighing pans and wait until it stops fuming.

c. Carefully place the spinal cord segment into the warm Agar (80�C) using forceps.

d. When the Agar block is solidified, trim it (with the aid of safety blades) accordingly to the size

of the spinal segment. Tip: leave a�2–3 mm extra Agar on the bottom of the spinal segment

to glue this side to the platform of the vibratome.

e. Proceed directly to vibratome sectioning and make sure the Agar block is covered in 13 PBS

to avoid drying out the tissue (in case you cannot proceed immediately, Agar block can be

stored at least one day in 13 PBS).

18. Transverse sectioning of the spinal segment (Video S3)

a. Glue the Agar block containing the spinal segment in a rostral-vertical orientation onto the

platform of the vibratome with Super Glue and wait at least one minute.

b. Transfer the platform into the cutting chamber of the vibratome filled with 13 PBS.

c. Cut the segment into 75 mm thick slices with a speed of 7 and frequency 7 (Leica vibratome

settings). Collect each free floating spinal section directly with a brush and transfer it into 13

PBS in a modified 12-well plate filled with 5 mm Sylgard blackened with graphite powder

(one spatula of powder per 24 mL) and Netwell insert (Figure 2) to facilitate handling of

the sections during immunohistochemistry. Avoid adding more than six spinal cord sections

into one Netwell insert to ensure proper antibody penetration.

CRITICAL: Check intact gross morphology (without any cuts or damage) of the spinal cord

sections by eye or magnification glass of the vibratome before proceeding to the next

step.

Immunohistochemistry (part 3)

Timing: 2 days

Figure 2. Modified 12-well plate for immunohistochemistry (IHC)

Left panel: top view from a modified 12-well plate filled with graphite powder blackened Sylgard. Right panel: side

view from one well with a Netwell insert for easy transfer of the spinal cord section during IHC. Scale bar = 1 cm.

ll
OPEN ACCESS

6 STAR Protocols 3, 101236, March 18, 2022

Protocol



This part includes the staining procedure of sequential spinal cord sections. Thesemounted sections

can be subsequently scanned with confocal or super-resolution STED microscopy. Important: the

sections stay in the same Netwell insert during the entire staining protocol. Only the 12-well plates

filled with the indicated solutions will be exchanged for every step as described below. Therefore, a

minimum of twomodified 12-well plates are required for performing immunohistochemistry (one 12-

well plate with the sections in the Netwell inserts which will be transferred to second 12-well plate

containing already the next step solutions). Thereby, the spinal cord sections do not have to be

touched and remain intact (see also the end of Video S3).

19. Incubate sections in blocking buffer (5% normal donkey serum and 0.3% Triton X-100 in 13 PBS)

for 90 min at room temperature. Important: each well requires a minimum volume of 700 mL so-

lution per well for each step.

20. Prepare primary antibody combinations according to the antibody list (Table 1) with blocking

buffer.

21. Incubate spinal cord sections in primary antibodies overnight (12–14 h) on an orbital shaker at a

speed of 50 rpm at room temperature.

22. Next day, wash sections with 13 PBS for 6 3 10 min.

23. Prepare secondary antibody solutions for the corresponding primary antibodies (Table 1).

24. Incubate sections with secondary antibodies for 3 h at room temperature to visualize primary

antibodies.

CRITICAL: (Important for super-resolution STED) the required photostable secondary an-

tibodies for STED from Abberior anti-rabbit are only available made in goat (Table 1). The

ChAT antibody is also made in goat and requires a donkey anti-goat secondary antibody

labeled with Alexa Fluor 488. Therefore, the donkey anti-goat secondary antibody labeled

with Alexa Fluor 488 will label the secondary antibodies from Abberior when applied

together. For this combination, apply secondary antibodies sequentially, but not

simultaneously.

a. Apply first the donkey anti-goat Alexa-488,

b. Wash the sections 3 3 10 min with PBS

c. Apply the Abberior antibody made in goat.

Note: This will resolve the cross-binding of secondary antibodies.

25. Wash sections with PBS for 3 3 10 min.

26. Create a hydrophobic barrier on the glass slide with a PAP pen liquid blocker around the slide

perimeter.

Table 1. Antibody combinations to visualize premotor synapses

Primary antibodies Secondary antibody Purpose

ChAT (goat)
VGluT1 (guinea pig)

Donkey a-goat Cy3
Donkey a-guinea pig Cy5

Visualize all (ChAT+) motor neurons and
(VGluT1+) proprioceptive synapses (confocal
microscopy)

NeuN (mouse)
ChAT (goat)
VGluT1 (guinea pig)

Donkey a-mouse Alexa488
Donkey a-goat Cy3
Donkey a-guinea pig Alexa 647

Visualize a- (ChAT+/NeuN+) and g- (ChAT+/
NeuN-) motor neurons and (VGluT1+)
proprioceptive synapses (confocal microscopy)

ChAT (goat)
VGluT1 (guinea pig)
Munc13-1 (rabbit)

Donkey a-goat Alexa488
Donkey a-guinea pig Cy3
Goat a-rabbit STAR Red

Visualize all (ChAT+) motor neurons and
(VGluT1+) proprioceptive synapses (confocal
microscopy) and (Munc 13-1+) intrasynaptic
proteins (STED)
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Figure 3. Confocal imaging of proprioceptive synapses

(A) Confocal images of an overview scan of a P14 spinal hemicord (left panel) with a 103 objective and zoomed-in scan

of the motor neuron pool (right panel) with a 633 objective using ChAT (green) as a motor neuron marker in the ventral

horn and VGluT1 (magenta) to visualize proprioceptive synapses. Scale bar, hemicord = 200 mm, motor neuron pool =

20 mm.
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27. Mount spinal sections on glass slides with Glycerol/PBS (7:3) mounting medium using a fine

brush.

a. First, carefully take out a single section from the PBS solution within the Netwell insert by lift-

ing it up with the brush. The section will be wrapped around the brush.

b. Then put the section within the hydrophobic barrier by slowly rolling the brush against the

glass slide. The section will attach completely intact to the glass slide.

c. Use a small piece of tissue to remove remaining PBS on the glass slide to avoid sliding of the

sections.

d. Repeat this with all sections from the same well and place them next to each other. Recom-

mendation: Do not mount more than six sections per slide. Three sections in the upper row

and three sections in the lower row.

e. Put a drop of Glycerol/PBS (�60 mL) carefully in the center of the glass slide.

28. Put cover glass on the slides, push off bubbles and remove extra mounting medium.

29. Seal the cover glass and slide with nail polish and store them at 4�C. Sections can be stored for

several months. Do not start imaging before nail polish is completely hardened (>1 h).

CRITICAL: Use highly photostable secondary antibodies for detailed scanning of small

structures with STED microscopy. Secondary antibodies labeled with a fluorochrome

(Alexa Fluor and Cy series) usually used for immunohistochemistry and confocal imaging

will bleach fast (troubleshooting 2, Figure 7) and cannot be used for STED analysis.

Confocal and STED imaging of premotor synapses (part 4a)

This section describes in detail imaging acquisition of premotor synapses by confocal microscopy

and distribution of presynaptic proteins by STED microscopy.

Confocal imaging acquisition

Timing: �1 h per section, total of 3 h per animal

Confocal scanning is applied to count premotor synapses. The goal is to scan at least five complete

motor neuron cell bodies and ten motor neuron dendrites up to a distance of 100 mm from the soma

per section. Three sections per spinal segment are scanned to get a total of at least 15 motor neu-

rons and 30 dendrites per animal. We used here a SP8 Leica confocal microscope.

30. First scan the spinal cord section with a 103 objective to double check the gross morphology

and get a sense of the relative position within the spinal cord. An intact transverse spinal cord

section (no holes or damage) and a crisp choline acetyltransferase (ChAT) and vesicular gluta-

mate transporter 1 (VGluT1) staining are desirable for optimal results (Figure 3A, left panel).

31. For imaging premotor synapses, magnify on the ventral ChAT+ motor neuron pool with a 633

glycerol objective with a zoom factor of 1 (Figure 3A, right panel). Alternatively, a 403 objective

with a zoom factor of 1.5 can be used.

32. Use an image stack to�50 mmof the 75 mm thick transverse spinal section avoiding the edges of

the section (top and bottom), which usually contain higher background due to unspecific bind-

ing of secondary antibodies on the section’s surface.

33. Adjust laser intensity appropriately to improve signal-to-noise ratio for each channel.

Figure 3. Continued

(B) Six example confocal planes of the same ChAT+ motor neuron (note that there will be more single optical planes)

in a z-stack to quantify every VGluT1+ proprioceptive synapse on the motor neuron cell body. Scale bar = 20 mm.

(C) Left panel: confocal image of a ChAT+ motor neuron with its innervating VGluT1+ proprioceptive synapses.

Dotted white line marks the motor neuron outline. Right panel: same scan as left, but without the ChAT signal for

better overview. White arrow marks proprioceptive synapses innervating the motor neuron. Yellow arrowheads mark

VGluT1+ synapses that are not in contact with the motor neuron and therefore cannot be included in the analysis.

Scale bar = 10 mm.
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34. To include every (VGluT1+) synapse as well as the entire cell bodies of motor neurons, sequen-

tially scan the 50 mm stack at 0.4 mm z-steps with a resolution of 10243 1024 pixels, frequency of

100 Hz, and line average of 4. Tip: Use bidirectional scan for faster imaging acquisition, on the

assumption that bidirectional scanning does not result in ‘‘doubling’’ of structures, indicative of

improper laser alignment.

35. Once the scan is finished, go through the stack to ensure proper intensity of the signal

throughout the stack and overall image quality (Figure 3B). In certain cases, laser strength

compensation can be used (available through a software module).

36. Repeat procedure for two more sections from the same segment for a total of three sections per

animal.

37. Save data file and proceed to image analysis.

STED imaging acquisition

Timing: 10 min per synapse, total of 6 h per animal

STED imaging is applied to visualize the distribution of presynaptic proteins. As a proof-of-principle,

we scanned the VGluT1 and ChAT channel in confocal mode and used the improved resolution of

STED microscopy to distinguish individual spots of the presynaptic protein Munc13-1, which is

currently discussed as a possible candidate for vesicular release sites (Böhme et al., 2016; Karlocai

et al., 2021; Sakamoto et al., 2018). We used here an Expert Line Abberior microscope.

38. To visualize the distribution of presynaptic proteins, scan the vibratome sections with STED mi-

croscopy stained with appropriate photostable secondary antibodies suitable for STED (see Ta-

ble 1, troubleshooting 2, Figure 7).

39. First locate ChAT+ motor neurons in the ventral horn with a 603 oil objective using the confocal

mode.

40. Zoom into a selected proprioceptive synapse of interest with the 603 oil objective and visualize

it in confocal mode (Figure 4, first and second panel)

41. Set a z-Stack for the synapse of interest with the confocal laser.

42. Adjust laser intensity appropriately to improve signal-to-noise ratio for each channel.

43. Sequentially scan the synapse in confocal mode for the ChAT+ motor neuron and VGluT1+ pro-

prioceptive synapse, but scan the intrasynaptic protein Munc13-1 in STEDmode. For STED, use

a pixel size of 20 nm, a dwell time of 6 ms, and a line accumulation of 3 (Figure 4).

Figure 4. STED imaging of presynaptic protein Munc13-1

First panel: confocal single plane image of a VGluT1+ proprioceptive synapse (magenta) onto ChAT+ motor neuron (green) of a P14 WT animal. Dotted

white line marks the proprioceptive synapses. Second panel: confocal single plane image of Munc13-1 distribution (cyan) within a proprioceptive

synapse. Third panel: STED image of the presynaptic Munc-13 distribution (cyan). Fourth panel: merge of confocal single pane images of ChAT, VGluT1

and STED image of Munc13-1. Scale bar = 1 mm.
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44. Repeat for ten synapses per animals.

Analysis of premotor synapses (part 4b)

Quantification of synaptic number

Timing: 1 day

This part of the analysis describes the quantification of confocal images of premotor synapses onto

motor neurons. We usually conduct our analysis with LAS X free software from Leica, but any other

software (e.g., Fiji-ImageJ, Zeiss ZEN) is suitable (see also Video S4). The image analysis of STED im-

ages critically depends on the scientific question (for recent examples of analysis of STED images of

Munc13, see e.g., Böhme et al., 2016; Fukaya et al., 2021; Holderith et al., 2020; Karlocai et al., 2021;

Liu et al., 2018).

CRITICAL: Count all proprioceptive synapses on the cell body of the motor neuron to

avoid biased analysis with appropriate software (see point 46, Video S4). To do so, include

only motor neurons of which the entire cell body has been scannedwith the z-stack. Impor-

tantly, only �5% of the proprioceptive synapse are located on the cell body and the ma-

jority (95%) are on motor neuron proximal dendrites (Mentis et al., 2006; Rotterman et al.,

2014). Therefore, the analysis of synaptic density on proximal dendrites is critical to make

a statement of the quantity of premotor synapses on motor neurons.

45. Go through the z-stack and mark motor neurons of which their entire cell body has been

included in this scan.

46. Digitally zoom onto one motor neuron cell body and slowly go through the z-stack marking

every single VGluT1+ proprioceptive synapse over the entire surface of the motor neuron

soma by applying manually a multiple point counter tool such as LAS X or Fiji-ImageJ. Go

back and forward through the z-stack of the entire cell body to ensure no omission or double

counting of synapses (see Video S4).

47. Repeat this procedure for at least 5 motor neurons of one z-Stack and a total of 15 motor neu-

rons per animal.

48. Proceed with the quantification of the synaptic density of the dendrites. Count the number of

VGluT1+ synapses over the entire surface of the primary dendrite up to a distance of 100 mm

from the soma as previously established (Mentis et al., 2011).

49. To do so, follow the ChAT+ dendrites originating from themotor neuron soma throughout the z-

Stack and divide the length of the dendrite into 50 mm long areas. The first dendritic bin was from

0-50 mm (bin 0–50 mm), the second one from 50-100 mm (bin 50–100 mm) measured from the mo-

tor neuron cell body (Figure 5).

50. Count every VGluT1+ proprioceptive synapse in the restricted bin area by going through the z-

stack and calculate the density in the selected bin as number of synapses/dendritic length (i.e.,

50 mm)).

51. Repeat this for at least ten dendrites per z-Stack and a total of a minimum of 30 dendrites per

animal, for at least three animals per genotype.

CRITICAL: Count only synapses which are in direct contact with a ChAT signal. Exclude

synapses which are close to motor neurons, but are not in apposition with dendrites

(Figure 3C). ChAT antibodies label a- and g-motor neurons. Importantly, g-motor neu-

rons receive less than one proprioceptive synapse on average compared to �30 propri-

oceptive synapses innervating a-motor neurons (Friese et al., 2009). To avoid contami-

nation of g-motor neurons apply NeuN as an additional marker, see troubleshooting

3, Figure 8).
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EXPECTED OUTCOMES

The outcome of the protocol should be a consistent quantification of premotor synapses onto motor

neuron cell bodies and proximal dendrites in control animals compared to mouse mutants with neu-

rodegeneration. Wild-type mice older than two weeks have approximately 30 proprioceptive synap-

ses per motor neuron soma and a synaptic density on proximal dendrites of �0.3 synapses/mm for

the bin of 0–50 mm and�0.2 synapses/mm for the bin 50–100 mm (Buettner et al., 2021; Mentis et al.,

2011). New born mice have significant lower numbers of proprioceptive synapses (Buettner et al.,

2021; Mentis et al., 2011), since proprioceptive synapses increase the coverage of motor neurons

until the 2nd-3rd postnatal week (Mentis et al., 2006). Mouse models with motor neuron diseases

exhibit a strong reduction of proprioceptive synapses (Buettner et al., 2021; Mentis et al., 2011).

QUANTIFICATION AND STATISTICAL ANALYSIS

The analysis should be performed in a blinded manner to avoid any biases from the investigator. For

each mouse spinal cord sample, six serial sections should be stained for each experiment, and at

least three spinal cord sections should be scanned as a confocal z-stack for synaptic quantification.

For each mouse, 15 motor neuron cell bodies and 30 proximal dendrites with bins of 0–50 mm and

50–100 mm length should be quantified. Themean of synaptic numbers onto themotor neuron soma

and the dendritic density should be formed for each mouse. At least three different mice have to be

Figure 5. Analysis of dendritic synaptic density

Upper panel: example of a single confocal plane of a ChAT+ motor neuron (green) and VGluT1+ (magenta)

proprioceptive synapse from a z-stack of a P14 WT mouse. White dotted lines mark motor neuron soma and two

primary dendrites. Middle panel: same image as above but ChAT channel has been deactivated for better overview.

The length of the proximal primary dendrites is divided into 0–50 mm (green line) and 50–100 mm (gray line) bins away

from the soma. Scale bar = 25 mm Bottom panel: magnified image of a proximal dendrite (ChAT+, green, dotted white

line) with innervating proprioceptive synapses (VGluT1, magenta). Scale bar = 10 mm. Note: dendrites cannot always

be followed up to 100 mm length in a single confocal plane. To follow the dendrite in detail, go through the z-stack and

quantify the synapses in every panel.
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analyzed. For intrasynaptic proportion within the synapses, at least 30 synapses per mouse should

be analyzed. Comparison between two groups should be analyzed by unpaired two-tailed Student’s

t-test if data is normally distributed and comparison among three groups should be analyzed by

one-ANOVA test or a Kruskal–Wallis test.

LIMITATIONS

The protocol reliably reveals the number of premotor synapses. However, confocal microscopy

cannot always resolve whether a VGluT1 positive putative synapse contains a single large synapse

or two small synapses in very close proximity which would require STED imaging or electron micro-

scopy resolution. These synapses in very close proximity represent only a small amount of all propri-

oceptive synapses and therefore are of minor concern for the quantification, especially when control

and mutant mice are quantified blinded in the same way.

TROUBLESHOOTING

Problem 1

Insufficient perfusion during step 7 leads to degenerating cells and denatured epitopes. This will

result in compromised staining and analysis (Figure 6).

Potential solution

First signs of a proper insertion of the perfusion needle is the whitening and stiffness of the intestinal

organs. While performing the dissection of the spinal cord, check if blood vessels are still visible. A

good perfused mouse should show no signs of blood vessels within the rib cage or the arteria spi-

nalis anterior on the ventral side of the spinal cord (Figure 6A). If blood is still visible in this structure,

do not proceed further to part 2. Even a short postfixation after a poor perfusion is not sufficient to

obtain reliable results. Interestingly, the motor neurons are most vulnerable due to poor perfusion

within the spinal cord. Insufficient perfusion results in almost complete lack motor neurons detected

by anti-ChAT antibody, while cholinergic synapses (e.g., C-boutons) and cholinergic interneurons

near the central canal can still be identified (Figure 6B, upper row). An endogenously expressed fluo-

rescence marker (floxed tdTomato) within the motor neuron pool (ChAT-Cre) shows that motor neu-

rons are not lost due to poor perfusion, but the epitopes within the motor neurons for recognizing

antibodies (e.g., ChAT, NeuN and others) are lost and therefore cannot be visualized by IHC

anymore (Figure 6B, lower row).

Problem 2

Secondary antibodies bleaches during first scan of STED imaging (step 24).

Potential solution

Use photostable secondary antibodies designed for STED microscopy (e.g., Abberior Star Red/Or-

ange) in contrast to commonly used secondary antibodies for confocal microscopy (e.g., Alexa se-

ries) (Figure 7).

Problem 3

Contamination of your premotor synaptic quantification due to inclusion of g-motor neurons in the

analysis. ChAT antibodies label a- and g-motor neurons. Usually, g-motor neurons in adult mice are

significantly smaller than a-motor neurons and contain almost no proprioceptive synaptic inputs

(less than one proprioceptive synapse; (Friese et al., 2009). However, some analysis might contain

developing motor neuron pools in which the size is not a reliable determinator of a- and g-motor

neurons (i.e., during the first postnatal week; (Shneider et al., 2009). Furthermore, neurodegenera-

tion can result in shrunk a-motor neurons and strong reduction of proprioceptive synapses which

allow contamination of g-motor neurons in the analysis (step 49).
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Figure 6. Examples and cellular consequences of insufficient perfusion

(A) Images of a P110 mouse rib cage, after laminectomy (overview and magnification) following a good (upper panel)

and poor or inadequate (lower panel) perfusion. Note: blood vessels are still clearly visible following a poor perfusion.

Gray dotted line marks arteria spinalis anterior. Scale bar = 5 mm.

(B) Upper panel: Confocal images of a poorly perfused P35 mouse spinal hemicord with ChAT+ (green) interneurons

(white dotted square) and motor neurons (MN, white dotted circle). Genetically expressed Tdtomato (magenta) in

ChAT+ neurons in a ChAT-cre; tdTomato mouse. Scale bar = 100 mm. Lower panel: Magnified motor neuron pool of

this hemicord. Scale bar = 20 mm. Note: Although motor neurons are still present in a poorly perfused mouse

(Tdtomato signal), ChAT antibodies do not label them adequately, while ChAT+ interneurons are still labeled.
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Potential solution

It has been shown that NeuN antibodies marks a-, but not g-motor neurons (Shneider et al., 2009).

NeuN and ChAT costaining distinguish reliably between a- (ChAT+, NeuN+) and g-motor neurons

(ChAT+, NeuN-) (Figure 8).

Problem 4

Synapses are counted for analysis which are in close proximity to themotor neurons, but not in appo-

sition to the motor neuron membrane (step 49).

Figure 7. Photostable Abberior secondary antibodies are necessary for STED imaging

(A) Confocal images of proprioceptive synapses (magenta) and Munc13-1 (cyan) of a P14 WT mouse visualized either

with secondary antibodies from Alexa (left panel) or Abberior (right panel). Scale bar = 2 mm. Confocal images of

Munc13-1 before (middle panel) and after (lower panel) five STED scans.

(B) Quantification of normalized photon counts acquired during five confocal scans with interleaved STED scans. n = 3

synapses per group, error bars represent mean with SD. p < 0.01 for each time point with multiple unpaired t-test.
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Potential solution

Zoom into the motor neuron soma or dendrite and ensure that VGluT1+ synapses are in direct con-

tact with the ChAT signal. If a gap can be detected between the ChAT and VGlutT1 signal, exclude

this synapse from analysis (Figure 3C).

Problem 5

Synaptic numbers vary due to false identification of the spinal segment. Synaptic inputs in wild-type

mice and especially during neurodegeneration vary greatly between spinal segments (Buettner

et al., 2021; Mentis et al., 2011). A mouse model for motor neuron disease exhibit for example a

strong loss of proprioceptive synapses in an upper lumbar segment, but little vulnerability in lower

lumbar segments (step 16).

Potential solution

Always compare premotor synaptic inputs of the same spinal segment across different genotypes.

Use the described L5/L6 landmark for correct identification of the spinal segment (Figure 1).

Problem 6

ChAT staining does not sufficiently label dendrites for synaptic density analysis. On rare occasion,

ChAT staining is weak or gives a strong background making dendritic analysis difficult (step 7).

Potential solution

A weak ChAT staining is very likely due to insufficient perfusion and weak penetration of the anti-

body. Normally, the ChAT antibody staining labels the motor neuron soma and proximal dendrites

up to 100 mm very reliably, as seen in a ChAT counterstaining with a mouse genetically expressing

the Cre-dependent fluorochrome tdTomato in motor neurons under a ChAT-Cre promoter (Fig-

ure 9). Also, avoid using the primary ChAT antibody several times in different experiments. Depend-

ing on the quality (type, lot) of the antibody, a higher concentration might resolve the issue with visu-

alizing longer proximal dendrites.

Problem 7

Most types of premotor synapses onto motor neurons are not too dense (e.g., C-boutons, VGluT1)

and can be easily identified as individual proprioceptive synapses. However, some types of synapses

(e.g., VGAT) are very dense and total synaptic numbers cannot be quantified (step 49).

Potential solution

When the synaptic density is so high on soma or dendrites that individual synapses cannot be distin-

guish, even in a single optical plane, the synaptic density per perimeter needs to be quantified

Figure 8. Proprioceptive inputs synapse onto a- but not g-motor neurons

Confocal image of an a-motor neuron (left, CHAT+ (green), NeuN+ (blue)) and g-motor neuron (right, CHAT+, NeuN-)

of a P110 mouse. Proprioceptive synapses (VGluT1+, magenta) innervate only the a-motor neuron which is larger.

Scale bar = 15 mm.
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instead of total synaptic numbers. VGAT synapses were quantified as synapses per perimeter of the

motor neuron soma. Three different optical planes should be scanned of each motor neuron to

ensure consistency. Then quantify the number of VGAT+ synapses onto ChAT+ motor neurons

and the perimeter of the soma on each plane, for example, by Leica LAS X software. Division of syn-

aptic number by the perimeter gives the synaptic density of each panel. Average the synaptic den-

sity of all three panels for each individual motor neuron, see also (Buettner et al., 2021).
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