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Short Abstract: This protocol describes how dendrites, imaged in the live brain, can be subsequently analysed in the transmission electron microscope.

Long Abstract: This protocol describes how dendrites expressing GFP, that are imaged with 2 photon microscopy in the brain of a live animal, can be subsequently prepared, and analysed with the transmission electron microscope. After imaging the dendrite of interest at low magnification with the laser scanning microscopy an overview of the surface of the brain is also recorded. The animal is then fixed, and the brain vibratome sliced, cutting in the same orientiation as the plane of imaging. Pre-embedding immunocytochemistry is then able to reveal the GFP expressing dendrites and axons. Those required for ultrastructural analysis are found using the blood vessel pattern on the surface of the brain as fudicial markers. The neurites of interest can then be serial thin sectioned and imaged in the transmission electron microscope.
METHOD

Fixation and immunocytochemistry

1. Deeply anaesthetise the mouse and once pinned to a dissection board open the chest cavity. Insert a perfusion needle into the left ventricle and cut a hole in the right atrium.

2. Start the perfusion pump, and using a flow rate of 12ml per minute perfuse animal with approximately 300 ml of 4 % paraformaldehyde and 0.2% glutaraldehyde in 0.1 M PB.

3. Leave the animal at room temperature for about 2 hours and then remove the brain from the skull. A fine gauge needle can also be used to place two holes, one rostral and one caudal, to the imaging window.

4. Store brain in PBS (0.1 M, pH 7.4) for not longer than 24 hours before continuing with the rest of the protocol.

5. Heat 5% agarose (in 0.1M PBS) and then allow to cool. Just before it solidifies, embed the brain and then place in the fridge to ensure complete hardening.

6. Vibratome section, at 60 micron thickness, the embedded brain. Make sure the brain is oriented so that the cutting plane is parallel to the focal plane in the imaged region.

7. Place the vibratome sections in a 12-well culture dish using a paintbrush making sure that each section is collected.

8. Rinse the sections (or slices) in PBS, (pH 7.4, 0.01 M) three times for 5 mins each wash, agitating gently, on the shaker table.

9. Replace the buffer with 2 % glycerol and 20 % DMSO in PBS (0.01 M, pH 7.4) and agitate gently for 10 minutes.

10.  Using a tooth pick hold each section in liquid nitrogen for 15 seconds and then defrost them in the same solution used in previous step. Repeat this once. 

11.  Rinse sections in PBS for 5 mins, and then transfer them to a solution of 0.3 % peroxide in PBS (0.01 M, 0.9 % NaCl) and place on a shaker table for 10 minutes. Ensure that the sections are immersed in the solution throughout.

12.  Rinse sections in PBS (pH 7.4, 0.01 M, with 0.05 % BSAc) 3 times for 5 mins each.

13.  Add sections to primary antibody (1:500) with PBS/BSA-c (PBS 0.01 M + 0.05 % BSAc, pH 7.4) overnight at 4° C, agitating gently throughout.

14.  Rinse the sections in PBS/BSA-c and then add the secondary antibody in PBS/BSAc for 90 mins.

15.  Rinse sections in TBS (pH 8, 0.1 M, 0.9 % NaCl) for 3 changes of 5 minutes each.

16.  Incubate sections in ABC solution (100 µl solution A + 100 µl solution B in 10 ml TBS, pH 8.0, 0.1M) for 90 mins agitating continuously.

17.  Wash sections in TBS (pH 7.6, 0.05 M, 0.9 % NaCl) and then stain in TBS (0.05M, pH 7.6, 0.9 % NaCl) with 0.04% DAB and 0.015 % H2O2 for 20 mins. Check that the sections do not become too dark in the DAB. Transfer sections to TBS (pH 7.6, 0.05M, 0.9% NaCl) to stop the reaction.

Embedding in Epoxy Resin

18. Rinse sections three times in cacodylate buffer (0.1M, pH 7.4).

19. Re-fix and stain sections with 1.0 % (w/v) osmium tetroxide in cacodylate buffer (0.1 M, pH 7.4) for 40 mins.

20. Rinse in double distilled water for 10 minutes.

21. Stain for 15 mins in 1 % (w/v) uranyl acetate in water.

22. Rinse sections for 5 minutes in double distilled water, and then dehydrate in graded alcohol series, 2 mins each change (1 x 50 %, 1 x 70 %, 1 x 90 %, 1 x 95 %, 2 x 100 %).

23. Embed in increasing concentrations of Durcupan resin mixed with ethanol, 30 minutes each change.

24. Replace with fresh Durcupan and agitate slowly for 1 hour.

25. Place sections, using wooden cocktail sticks, on glass microscopes slides coated with mould separating agent, and place in 65° C oven for 24 hours.
Locating imaged dendrites

18. Photograph each resin embedded section at low magnification.

19. Align each digital image on top of each other starting with the first section that was cut from the brain. This is easily done by using the pattern of blood vessels that are perpendicular to the brain surface as holes that can be seen in each section.

20. Align the low magnification image the brain surface taken whilst the mouse was fixed in the 2 photon microscope.

21. Find the same blood vessels in both the live image and the image of the sections.

22. Find the labeled cell (dendrites and axons), that was imaged in vivo, in the resin embedded section.

Serial sectioning and imaging in the electron microscope
23. Cut out a square of resin (2 x 2 mm) containing the labelled dendrites using a razor blade. Make sure that this is then turned over before sticking to a blank block so that the dendrite is cut from the same direction as it was imaged.

24. Glue the square to a blank resin block with acrylic cement and leave to dry.

25. Trim this block carefully into a trapezoid block face containing the dendrites. This trimming is done with an ultramicrotome and glass knives. The block face should be 400 microns wide and 50-100 microns high with the dendrites on interest centred. This part can take many hours as the block often has to be removed from the holder, after some trimming, to be checked in the light microscope that the dendrite is always in the right place.

26. Photograph the finished block to show where the dendrite is located in the block face. This image will help to find the dendrite in the thin sections in the electron microscope.

27. Serially thin section the block in the ultramicrotome. Cut the sections at 60 microns thickness into ribbons. This is achieved easily if the static is controlled using an antistatic device, with the probe pointed towards the surface of the water.

28. Collect ribbons of sections onto single slot grids containing a support film of formvar. Grids are held with reverse action forceps and as soon as they are collected from the water they are placed onto a 60°C hot plate to dry them.

29. Stain the grids by loading them vertically into a clear plastic staining plate (supplied by EMS, catalogue no. 71560-10). Stain for 10 minutes with 1% uranly acetate and lead citrate for 10 minutes. It is important during this staining process that the level of the solutions never drop below the level of the grids so that the sections are exposed to air. This causes particles on the meniscus to attach to the sections. Only let the level drop once the staining solutions have be replaced with water and they are ready to be dried.

Imaging the dendrites in the electron microscope

38. Place the first grid into the electron microscope (operating at 80 keV), and scan the sections until a labelled dendrite is found. It is a good idea to scan the sections at a low magnification (around x 3000) so that large regions of the section are heated with the beam causing them to bake and harden. If a high magnification is used the heating will cause more localised distortions that will make final image alignments difficult.

39. Photograph the labelled structures on each of the serial sections until the region of interest has been found.

40. Align the serial images. This is most easily done using the FIJI software and a tutorial for doing this is provided with this link (http://pacific.mpi-cbg.de/wiki/index.php/TrakEM2_align_sections_tutorial).

41. Draw the labelled structure to show it in 3D. This can also be done in the TrakEM2 program on FIJI (see above).

Secrets to success.
Step 2) When perfusing the animal make sure that the perfusion pump is able to deliver a suitable flow of fixative when it is switched on so that the blood is removed rapidly. A flow rate of 10 ml per minute for a 30 gram adult mouse is ideal. Make sure that at least 250 ml is perfused for each animal.

Step 6) Vibratome section the brain so that the first section removed is from exactly the middle of region imaged in the two photon microscope.

Step 19) Add the osmium tetroxide to the sections at the same time as swirling them around so that they constantly moving as the solution is added. This ensures that the sections are not folded or bent when exposed to the osmium as this step makes them hard and they cannot be flattened afterwards.

Step 35) Static is the main reason that sections do not stick together in a ribbon or collapse into one another during the cutting process. Controlling static can be done by increasing the humidity in the room, or simply directing an antistatic probe towards the surface of  the water. 

Step 37) Stain the sections by first flooding the holding plate with double distilled water. Then introduce the staining solutions to the plate by removing most, but not all, of the water taking care that none of the sections are exposed to air. This should be done in a Petri dish with the a small amount of sodium hydroxide pellets at the edge to ensure that no carbon dioxide is around to react with the lead citrate.

Tables and Figures:    TBA

Discussion: This protocol has been used in a number of studies to analyse the connectivity and ultrastructure of dendrites that were imaged in vivo 1-4. The nature of the technique allows all the membranes and large macromolecular complexes to be stained with the heavy osmium, uranyl acetate, and lead citrate ensuring that the connectivity between the different axons and dendrites can be seen. However, these studies have used, in large part, the mice that express the GFP under the Thy1 promoter  5 and these show a very high concentrations of the proteins in the intracellular space. This allows the GFP to be stained with immunocytochemistry throughout the thickness of the sections, without using detergents to improve the penetration. This means that the ultrastruture can be maintained. If lower levels of GFP are present then the staining can only be improved with detergents and this will compromise the quality of the tissue.


Although the technique has also been used to analyse axons6, this is more difficult as their complex trajectories through the neuropil, and thin bore, means that labelling is often difficult to see, making them hard to follow in serial sections.


As the GFP is located within the dendrites in this correlative light and EM approach the final reaction will result in the DAB filling the structures that need to be analysed. In some instances this could obscure some features making analysis difficult. An alternative approach has recently been devised with the co-expression of horseradish peroxidase with GFP 7. No immunocytochemistry is required as the peroxidase is already present located in the membranes. This ensures that structures like axonal boutons can be labelled and vesicles and endoplasmic reticulum free from the DAB precipitate.
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Table of specific reagents and equipment:

	Name of Reagent
	Company
	Catalogue number

	24 well culture dishes
	Nunc, Denmark
	142475

	Agarose
	Chemie Brunschwig, Switzerland
	CEPAGA07-64

	AntiGFP antibody
	Chemicon, USA
	AB3080

	Avidin biotin complex
	 Vectastain, Vectorlabs, USA
	PK-6100

	Biotin-SP-AffiniPure Goat Anti-Rabbit IgG, F(ab')2
	Jackson Immuno Research Laboratories
	111-065-047

	BSA-c
	Aurion, The Netherlands
	900.022

	Cyanoacrylate glue
	
	

	Dissecting microscope: Leica MZ8
	Leica Microsystems, Germany
	

	DMSO
	Sigma-Aldrich Chemie GmbH, Switzerland
	41641

	Durcupan resin
	Sigma-Aldrich Chemie GmbH, Switzerland
	

	Gelatin
	Sigma-Aldrich Chemie GmbH, Switzerland
	G2500-100G

	Glass histology slides
	Menzel-Gläser, Germany
	AA00008032E 

	Glass knife maker: Leica EM KMR2
	Leica Microsystems, Germany
	

	Glass scintillation vials (20ml)
	EMS, USA
	72634

	Glass scintillation vials 20ml
	EMS, USA
	72634

	Glutaraldehyde
	EMS, USA
	16222

	Glycerin:  Cat. No
	Sigma-Aldrich Chemie GmbH, Switzerland
	49780

	Hydrogen peroxide
	Merck, Switzerland
	107209

	Lead nitrate
	Sigma-Aldrich Chemie GmbH, Switzerland
	15334

	Mould separating agent
	Glorex, Switzerland
	62407445

	Osmium tetroxide
	EMS, USA
	19110

	Paraformaldehyde
	EMS, USA
	RT 19208

	Perfusion pump
	Witec AG, Switzerland
	PK100

	Phosphate salts for phosphate buffer
	Sigma-Aldrich Chemie GmbH, Switzerland
	71642 and 71496

	Propylene oxide
	Sigma-Aldrich Chemie GmbH, Switzerland
	82320

	Rodent heart clamp
	Marcel Blanc et Cie, Switzerland
	BH020R

	Sodium cacodylate
	Sigma-Aldrich Chemie GmbH, Switzerland
	20840

	Sodium citrate: dihydrate
	Calbiochem, Switzerland
	567446

	Sodium hydroxide
	Sigma-Aldrich Chemie GmbH, Switzerland
	 S8045

	Sodium pentobarbitone
	Sigma-Aldrich Chemie GmbH, Switzerland
	P3761

	Surgical scissors
	Aichele Medico AG, Switzerland
	14110-15, 14088-10

	Syringe with 23 gauge needle
	
	

	Tri pour beaker, 100ml
	EMS, USA
	60970

	Tris base (TBS)
	Sigma-Aldrich Chemie GmbH, Switzerland
	 T1378

	Ultramicrotome: Leica UCT
	Leica Microsystems, Germany
	

	Uranyl acetate
	EMS, USA
	RT 22451

	Vibratome: Leica VT100s
	Leica Microsystems, Germany
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