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            Abstract
Focused-ion-beam scanning electron microscopy (FIB-SEM) has become an essential tool for studying neural tissue at resolutions below 10 nm Ã— 10 nm Ã— 10 nm, producing data sets optimized for automatic connectome tracing. We present a technical advance, ultrathick sectioning, which reliably subdivides embedded tissue samples into chunks (20 Î¼m thick) optimally sized and mounted for efficient, parallel FIB-SEM imaging. These chunks are imaged separately and then 'volume stitched' back together, producing a final three-dimensional data set suitable for connectome tracing.
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                    Figure 1: Overview of ultrathick sectioning.


Figure 2: Volume stitching on C-PLTâ€“prepared Drosophila brain.
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Integrated supplementary information

Supplementary Figure 1 Early thick sectioning tests showing surface damage.
(a) SEM cross section of a vibrotome cut surface showing extensive ultrastructure damage. Scale bar = 5 Î¼m. (b, c) Diamond knife boat heater clamp used for hot knife thick sectioning. (d) Schematic showing how hot knife cut sections were mounted for SEM imaging of their sectioned surfaces. (e) SEM BSE (backscatter electron) image (taken at 6kV) of a sequential pair of 20 Î¼m thick hot knife sections mounted so that their matching faces are facing up. Scale bar = 100 Î¼m. (f) BSE image zooming in on the tip region of one of the sections shown in (e). This BSE image may appear to be damage free, but when the same region is imaged using SE (secondary electron) imaging (g) considerable surface damage is evident. Scale bars = 1 Î¼m. (h,i) BSE and SE images respectively of a separate hot knife cut section. Chatter damage is visible at bottom. Surface damage is clearly seen in the SE image (i) across the entire section with the exception of a triangular region at the very center of the tissue. This same triangular region is seen to contain less stain contrast in (h) supporting the hypothesis that some surface damage was due to the overly brittle nature of this ROTO prepared tissue in those regions of the tissue where this ROTO procedure fully penetrated. (see Online Methods for more details.) Scale bars = 10 Î¼m.


Supplementary Figure 2 Improved hot knifeâ€“sectioning technique results.
(a) Heating jig designed for use with the Diatome ultrasonic diamond knife to allow ultrathick sectioning with a commercial ultramicrotome. The ultramicrotome's knife mount is used to clamp the heating jig and knife base in metal-to-metal contact. Three small insulators made from rigid circuit board material help insulate the knife and heating jig. A PID controller (Omega) reads the thermocouple to regulate temperature. (b) BSE image (taken at 6kV) of a sequential pair of 20 Î¼m thick hot knife sections mounted so that their matching faces are facing up. (c) Same sections imaged with SE. Scale bars = 100 Î¼m, (d,e) Zoomed regions of previous imaged in SE at higher magnification. Scale bars = 50 Î¼m, (f,g) Inset regions of previous imaged in SE at higher magnification. Scale bars = 10 Î¼m. Hot knife cut surfaces cut with this improved technique look exceptionally free of damage over a wide area and a wide range of imaging scales.


Supplementary Figure 3 Matching ultrastructure profiles across hot-knife cut.
(a) High magnification low voltage (1.5kV) SE image of the surface of a 20 Î¼m thick hot knife section showing small neuronal processes cut by the heated knife. (b) Mirror reversed SE image of the matching region of the sequentially cut hot knife section. (c,d) Same images colored to show matching neuronal profiles identified across the hot knife cut. Scale bar = 1 Î¼m


Supplementary Figure 4 Ultrathick sectioning apparatus and procedure.
Current ultrathick sectioning apparatus and procedure. (a) Custom â€œUltrathick Sectioning Testbedâ€� utilizing nanometer precision linear stages (XMS50 and GTS30V, Newport) to move the tissue block in the horizontal plane across a stationary knife which is heated via the same jig as in Supplementary Figure 2a. The piezo of the ultrasonic knife is replaced with a high-load piezo (P-010.00H, Physik Instrumente) driven by a 200V amplifier (EPA-104, Piezo Systems). A laser vibrometer (CLV-2534, Polytec) is used to monitor the peak-to-peak vibrational amplitude of the knife (typically ~0.5 Î¼m). Cutting is recorded via two video microscopes providing side and top views of the knife. Four force sensors (208C01, PCB Piezotronics) in the tissue block mount measure normal and transverse cutting forces during sectioning (typically 1000mN transverse peak). Force measurements are helpful in monitoring for chatter. (b) Example tissue block containing fly brain trimmed for ultrathick sectioning. Block is trimmed to have a rectangular face approximately 1.5 mm wide and 3 mm long, providing a large enough section with ample blank regions for manipulation with vacuum tweezers and forceps. The side of the block which will be the trailing edge during hot knife sectioning is strengthened by giving it a ~45Â° slope. (c) Side view of knife cutting a 20 Î¼m thick section. (See Supplementary Video 1 for video of sectioning process.) (d) Same view but with block's profile outlined in yellow, ultrathick section outlined in blue, and knife angles shown. (e) Side view of knife showing how sections remain adhered to top surface of knife after sectioning. (Scale bar ~1 mm)


Supplementary Figure 5 Overview of volume stitching.
(a) FIB-SEM stacks were taken of corresponding regions of the cut surfaces of two sequentially-cut ultrathick sections (here two 20 Î¼m ultrathick sections of a fly larva). These separate stacks are then â€œvolume stitchedâ€� into a single volume (b). The dashed red line in (b) is the 'stitch' plane between the two algorithmically flattened FIB-SEM stacks. Purple, blue, and green bordered images show cut planes through this stitched volume which in this case was centered on a bundle of neuronal processes (see Supplementary Figures 6 and 7 for additional larva results). (c) This diagram shows the key algorithmic steps in the volume stitching procedure (see numbered text for description of each step).


Supplementary Figure 6 Algorithmic surface-flattening example (fly larva).
(a) Schematic (left) of how two sequential ultrathick sections of a Drosophila larva (wandering 3rd instar phase) were re-embedded, trimmed, and mounted for FIB-SEM imaging. Low energy BSE surface images (right) of the two ultrathick sections FIB cross sectioned at near the same tissue level. (b) Inset images zoomed in on the matched surfaces. Scale bar = 10 Î¼m. (c) One image of a FIB-SEM stack acquired at the surface of the bottom ultrathick section. Scale bar = 1 Î¼m. (d) Surface extraction algorithm applied to this image. Red curve shows boundary determined by pixel column threshold technique. This red curve overshoots the real surface in many places because re-embedding plastic has same electron signal as blank cytoplasm. Green curve is smoothed estimate of actual hot knife cut surface. (e) Same image after being algorithmically flattened by shifting each pixel column up to make estimated surface curve flat. (f) 3D rendering of whole stack after flattening. Hot knife cut surface is rendered in front outlined by dashed red lines.


Supplementary Figure 7 Volume stitching example (fly larva).
(a) Localized FIB-SEM stacks were acquired (locations outlined in blue and yellow) centered on a bundle of neuronal processes crossing the hot knife boundary between sequentially-cut sections #7 and #8 of same larva tissue shown in Supplementary Figure 6. (b) Volume stitched dataset. The dashed red line on the 3D volume shows the stitch plane between the two algorithmically flattened FIB-SEM stacks. Colored borders correspond to cut planes through this 3D stitched volume which are shown in (c). (d) Graphical depiction of the volume which has been split open along the stitch plane. All processes in the densely packed central region were traced across the gap (denoted by colored outlines).


Supplementary Figure 8 Volume-stitching results on HPF-FS fly brain tissue.
(a) Graphical depiction (based on reference light micrographs) of two sequential 20 Î¼m ultrathick sections (#17 and #18) through the optic lobe of an adult Drosophila brain prepared via HPF-FS. (b) FIB-SEM images of the two sections showing quality of cut surfaces. These were cut in oil using the heated ultrasonic jig shown in Supplementary Fig. 2a, and prepared for FIB-SEM imaging as in Figure 1b-f. (Scale bar 10 Î¼m) (see Supplementary Video 2-3) (c) Volume stitching results of a 32x32x32 nm voxel size collapsed stack spanning the entire lobula region (outlined in red in (a)). The dashed red line on the 3D volume in (c) shows the 'stitch' plane between the two algorithmically flattened FIB-SEM stacks. Images with colored borders correspond to cut planes through this 3D stitched volume (see Supplementary Video 4-5). (d-f) Data from a smaller dataset which was volume stitched at native resolution (8x8x8 nm). (d) Graphical depiction of the stitched volume, split open along the stitch plane. (e) Graphical depiction of the stitched volume with dashed red line showing the location of the stitch plane between the two algorithmically flattened FIB-SEM stacks. (f) Images with colored borders show cut planes through correspondingly-colored planes in (e) along with zoomed insets of each (see Supplementary Video 6).


Supplementary Figure 9 Volume-stitching results on mouse cortical tissue.
(a) FIB-SEM images of two sequential 20 Î¼m ultrathick sections (#21, #22) cut from a 100 Î¼m thick vibratome slice (see Supplementary Video 7) (scale bar 10 Î¼m). Also shown are light micrographs of each corresponding sample tab. (b) An 8x8 Î¼m cropped region which has been split open along the stitch plane. Processes in the densely packed central region (total of 200) were traced across the gap (denoted by colored outlines, Supplementary Video 9). (c) Volume stitching over a 9x16 Î¼m cropped region. The dashed red line on the 3D volume shows the stitch plane. Images with colored borders correspond to cut planes through this 3D stitched volume (Supplementary Video 8) (scale bar 1 Î¼m).


Supplementary Figure 10 Staining quality of synaptic features in C-PLT fly brain tissue.
(a) FIB-SEM image of 20 Î¼m ultrathick section through the medulla region of the same C-PLT fly brain which produced sections #34 and #35 shown in Figure 2. (b) Light micrograph of this section tab. (c) High resolution FIB-SEM images of this section (acquired at 8x8x8 nm under same imaging conditions as in Figure 2, see Online Methods) showing clearly discernable synaptic features. Red arrows denote T-bars, yellow arrows denote PSDs (post synaptic densities). Note that not all features of these synapses are visible in this single image plane but instead require inspection of the full 3D FIB-SEM stack encompassing the synapse.


Supplementary Figure 11 Comparison of image 'jump' across the hot-knife cut to faux gaps of various sizes.
Red-green overlay images comparing image 'jump' across the hot knife cut to faux gaps of various sizes. (see Online Methods for details) (a) Red-green overlay images corresponding to mouse cortex volume stitch shown in Supplementary Figure 9. (b) Red-green overlay images corresponding to C-PLT fly brain volume stitch shown in Figure 2. (c) Quantification of tissue loss at hot knife cut for C-PLT fly brain volume stitch shown in Figure 2. (see Online Methods for details).


Supplementary Figure 12 Examples of neurite tracing across volume stitch in mouse brain tissue.
Insets (a-d) zoom in on selected regions of the volume stitched hot knife cut face of the mouse brain tissue shown in (e). Next to each inset is a cross sectional image centered on the same region showing the line of the volume stitch. Only three images on either side of this volume stitch line are colored. (a) Inset and cross section showing a synapse split in two by the hot knife cut plane. (b-d) Inset and cross section images showing various small neural processes crossing the stitch plane at a variety of angles. To examine these and other regions in 3D one can load Supplementary Video 9 into the Fiji software.


Supplementary Figure 13 Examples of neurite tracing across volume stitch in C-PLT fly brain.
Insets (a-d) zoom in on selected regions of the volume stitched hot knife cut face of the C-PLT fly brain shown in (e). Next to each inset is a cross sectional image centered on the same region showing the line of the volume stitch. Only three images on either side of this volume stitch line are colored. (a) Inset and cross section showing an â€œeasyâ€� tracing case where a relatively large (green) process (~200 nm) crosses perpendicular to the stitch plane. (b) Inset and cross section showing more difficult case where a small (cyan) process (~70nm) crosses almost parallel to the stitch plane. (c) Inset and cross section showing another difficult case where a group of small dendritic processes squeeze together at a synapse which happens to be very close to the stitch plane. (d) Inset and cross section showing intermediate-sized processes traveling parallel to the stitch plane. To examine these and other regions in 3D one can load Supplementary Video 11 into the Fiji software.


Supplementary Figure 14 Ultrathick sectioning for reducing large blocks of embedded tissue.
Ultrathick sectioning can in principle be used to reduce even very large blocks of embedded tissue (perhaps even an entire mouse brain) to sub-blocks optimally-sized for re-sectioning and imaging by any of today's connectomics technologies. Ultrathick sections cut along one plane through the tissue are re-embedded with blank spacers and cut in an orthogonal plane (see Figure 1i for example). Repeating this reduces the original volume to slabs filled with cubes of tissue separated from each other by blank resin. Individual cubes can be extracted for imaging in any order desired, creating a random-access â€œlibraryâ€� of tissue samples. Besides optimizing sample size and allowing parallel imaging across multiple technologies, such a library would also allow more precise targeting of imaging resources within a larger tissue volume. This would allow for follow-up studies to extend a connectome imaged and traced in one region into neighboring regions.


Supplementary Figure 15 Post-staining of ultrathick sections of mouse cortex with hot ethanolic uranyl acetate (UA).
Note that this mouse cortex tissue was not prepared for block face imaging and therefore showed insufficient contrast in the FIB-SEM (as opposed to the mouse cortex tissue shown in Fig. 1g-i and Supplementary Fig. 9 which used an en bloc staining protocol sufficient for direct FIB-SEM imaging, see Online Methods). Here we tested whether post staining the thick section could boost the FIB-SEM contrast similar to how post staining is used to boost contrast of ultrathin sections for TEM. (a) Full images of the FIB-milled surfaces of two 20 Î¼m ultrathick sections (un-stained vs. post-stained) taken under the same SEM brightness and contrast settings to allow for direct comparison of staining levels. The post-stained section was post-stained with hot ethanolic UA (2%) at 60Â°C for 2 hours. Note the increase in overall signal level and contrast relative to the unstained control section. Also note that this increase in signal and contrast appears to be uniformly present across the full depth of the 20 Î¼m thick section. (b) Histograms of pixel grayscale values of beam blanked, unstained, and post-stained high resolution images. Note that the histogram of the post-stained hot knife section shows increased signal as well as an overall contrast broadening. (c) Contrast inverted images (6nm pixel size, same contrast and brightness) centered on large synaptic contacts with clearly demarcated PSDs. (1) is from the unstained section (4) is from the post-stained section. (2,5) Same images thresholded to highlight membranes (i.e. threshold set at the grayscale value midway between the average cytoplasmic grayscale value and the average membrane grayscale value.) (3,6) Same images thresholded to highlight PSDs (i.e. threshold set at the grayscale value midway between the average membrane grayscale value and the average PSD grayscale value.) Comparing (3) vs. (6) one can see that PSDs in unstained tissue can only be distinguished by their morphological thickening whereas in the post-stained tissue they are distinguishable by their enhanced signal level as well. (d) FIB-SEM images of post-stained ultrathick section. Note how hot ethanol treatment has caused large cellular processes to bulge out from cut plane.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“15 (PDF 19264 kb)


Supplementary Software
Custom software used to â€œvolume stitchâ€� FIB-SEM stacks of sequentially-cut hot knife sections (ZIP 22364 kb)
The compressed folder contains Matlab source code for our â€œHot Knife Edge Extractor Softwareâ€� which is used to algorithmically flatten the cut surface to allow stitching to another flattened stack. Brief instructions for use and a small example dataset are also provided. The compressed folder also contains a Matlab script to assist in aligning and volume stitching flattened stacks together.


Video of ultrathick sectioning
The video shows side and top video microscope views of the operation of the Ultrathick Sectioning Testbed (Supplementary Figure 4a) cutting a series of 20 Î¼m ultrathick sections off a block of mouse cortex tissue. This video is speedup relative to actual sectioning (actual sectioning speed is 0.1mm/s). (AVI 36205 kb)


Unregistered FIB-SEM stack covering full area of ultrathick section #17 (HPF-FS fly brain)
The video shows unregistered FIB-SEM overview images covering a 123 Ã— 32 Ã— 82 Î¼m volume. See Supplementary Figure 8a-c for volume stitching results for this tissue section. (AVI 41471 kb)


Unregistered FIB-SEM stack covering full area of ultrathick section #18 (HPF-FS fly brain)
The video shows unregistered FIB-SEM overview images covering a 115 Ã— 32 Ã— 86 Î¼m volume. See Supplementary Figure 8a-c for volume stitching results for this tissue section. (AVI 41836 kb)


Low resolution volume stitch of sections #17 and #18 (HPF-FS fly brain)
The video shows a low resolution (64 Ã— 64 Ã— 128 nm voxel size) volume stitch of two 20 Î¼m ultrathick sections (#17 and #18) of HPF-FS fly brain covering the full area of the optic lobula region. See Supplementary Figure 8a-c. (AVI 111451 kb)


Low resolution volume stitch of sections #17 and #18 re-sliced parallel to hot knife cut (HPF-FS fly brain)
The video shows a low resolution (64 Ã— 64 Ã— 64 nm voxel size) volume stitch of two 20 Î¼m ultrathick sections (#17 and #18, same as in Supplementary Video #4) of HPF-FS fly brain covering the full area of the optic lobula region. Volume has been digitally re-sliced to be parallel to the hot knife cut plane. See Supplementary Figure 8a-c. (AVI 35984 kb)


Volume stitch of sections #17 and #18 (HPF-FS fly brain)
The video shows a full resolution (8 Ã— 8 Ã— 8 nm voxel size) volume stitch across the hot knife cut between sections #17 and #18 in the optical medulla region. See Supplementary Figure 8d-f. (AVI 90369 kb)


FIB-SEM stack of hot knife cut mouse cortex tissue zoomed on cut edge
The video shows a (10 Ã— 10 Ã— 10 nm voxel size) FIB-SEM stack zoomed in on the hot knife cut edge of a 20 Î¼m ultrathick section of mouse cortex tissue. (AVI 83741 kb)


Volume stitch of sections #21 and #22 (mouse cortex tissue)
The video shows a full resolution (10 Ã— 10 Ã— 10 nm voxel size) volume stitch across the hot knife cut between ultrathick sections #21 and #22. See Supplementary Figure 9. (AVI 99373 kb)


Colored tracings across volume stitch of sections #21 and #22 (mouse cortex tissue)
The video shows the same FIB-SEM volume stitch as in Supplementary Video #8 (10 Ã— 10 Ã— 10 nm voxel size) but includes colored overlays denoting the neural processes traced across the hot knife cut boundary. These are the same colored tracings as are shown in Supplementary Figure 9b. (AVI 42592 kb)


Volume stitch of sections #34 and #35 (C-PLT fly brain)
The video shows a full resolution (8 Ã— 8 Ã— 8 nm voxel size) volume stitch across the hot knife cut between ultrathick sections #34 and #35. See Figure 2. (AVI 94286 kb)


Colored tracings across volume stitch of sections #34 and #35 (C-PLT fly brain)
The video shows same FIB-SEM volume stitch as in Supplementary Video #10 (8 Ã— 8 Ã— 8 nm voxel size) but includes colored overlays denoting the neural processes traced across the hot knife cut boundary. These are the same colored tracings as are shown in Figure 2g. (AVI 106966 kb)


Side-by-side movies before and after stitching (C-PLT fly brain)
The video shows side-by-side movies of all slices of a 4x4x4 Î¼m volume (8 Ã— 8 Ã— 8 nm voxel size) of the C-PLT volume stitch (ultrathick sections #34 and #35) both before and after algorithmic flattening and stitching as well as after volume tracing. This is provided to allow direct comparison of the hot knife edge quality (before flattening and stitching) to the stitch quality (after flattening and stitching). (See Figure 2c-f) (AVI 81195 kb)
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