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The well-known recipe for serial reconstruction in micros-

copy consists of the following six steps: fix and embed specimen, 
cut and mount sections for microscopy, image sections, align 
images in the computer, identify and trace profiles in images, 
generate three-dimensional (3D) visualizations. The free software 
program Reconstruct [1] facilitates the final steps of this process 
for many types of microscopy, including scanning electron or ion 
beam microscopy applied to material and light microscopy applied 
to biological samples. We describe here how serial sectioning and 
transmission electron microscopy (TEM) can be combined with 
the Reconstruct software to generate large volumes of soft tissue 
ultrastructure for analysis.

With regard to fixation and embedding, we defer to a number 
of excellent sources [2, 7, 8, 10]. We emphasize, however, that 
epoxy resin-embedded biologi-
cal tissues should be made hard 
enough to minimize compres-
sion during the cutting phase 
[3]. Our method of cutting and 
mounting serial thin sections for 
TEM begins with precision trim-
ming of the block face. We use 
the Diatome diamond 45°-angled 
Cryo Trim tool for mechanized 
trimming on an ultramicrotome. 
This trim tool is ideal for carving 
a pyramidal-shaped mesa on 
a block surface, with perfectly 
parallel north and south edges 
that ensure consistent ribboning. 
The thin sections of the ribbon 
do become sequentially larger, 
unfortunately, but one can start 
with a smaller mesa to offset this 
affect.

Begin by securing an ep-
oxy resin block in the ultrami-
crotome and setting both the 
segment arc (block angle) and 
knife stage angle at 0° on the ul-
tramicrotome. Maintaining these 
angle settings throughout the 
process keeps things simple, but 
the procedure can be modified 
if tissue orientation is a critical 
factor. Cut preliminary semi-thin 
(1µm) sections from the block 
face, stain with toluidine blue 
and determine a site for serial 
sectioning. Decide on the dimen-
sions of the sections, keeping in 
mind that the wider dimension 

will be parallel to the knife edge during sectioning [3, 9].
Insert the diamond trim tool securely in the knife holder 

(clearance angle 0° to 4°). Set the cutting speed to 1mm/s and 
section thickness to 0.5µm. Rotate the block 90° clockwise and 
set the length of the cutting window. Align straight edge of the 
trim tool to block face; (a small deviation from 0° in the knife 
stage angle is acceptable). Position the left corner of trim tool 
to the proposed north edge of the mesa. Note that the 45° trim 
tool removes more tissue to the side as it cuts deeper. Trimming 
30µm deep, will remove 30μm more from the width of the top 
of the mesa, so factor this offset into the measurements for the 
position of the mesa.

Use the microtome to trim away 20-40µm, and blow away 
trimmings with can air. Move the knife stage over to the left side 
of the mesa site and position the right corner of the trim tool to 
the proposed south edge, measuring from the newly created north 
edge. Trim away 20-40µm to form the south edge of the mesa (Fig. 
1a). Rotate the block 90° counterclockwise, and align the trim tool 
edge to the face of the mesa as needed. Also adjust the length of the 
cutting window as needed. Position the left corner of the trim tool 

Figure 1. Trimming a pyramidal-shaped mesa with a diamond trim tool. a. Trimming of the south edge (S) is 
done parallel to the north edge (N) to ensure sections stick together in a ribbon. These trims are performed with the 
block rotated 90° from the position in which sectioning will be done, so that the south edge is where the sectioning 
knife first contacts the block face.  b. The east edge trim is performed after rotating the block back 90° to the original 
position. c. The west edge trim is performed at a slight angle relative to the already trimmed east edge. This angle 
gives the sections a trapezoidal shape that helps determine the serial order of sections in the TEM. d. The final 
trimmed mesa ready for sectioning.

Figure 2. Collecting ribbons of sections. a. A super fine hair tool is used to separate a segment of ribbon for 
collection. b. Segments of ribbon are collected onto slot grids coated with polyvinyl support film. In this image a 
grid is held in the 12 o’clock position relative to the slot. c. Collecting a ribbon with a slot grid held in the 3 or 4 
o’clock position.
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to the proposed east side and trim off 20-40µm (Fig. 1b). Move the 
knife stage to the left side of the mesa, and rotate the block about 
15° counterclockwise. (This will give the west side of the sections 
a slight angle to help indicate their serial order.) Align trim tool 
edge to mesa face as needed. Place the right corner of the trim tool 
at proposed west trim line, measuring from the newly created east 
edge. Trim off 20-40µm as before (Fig. 1c). Rotate the block 15° 
clockwise, back to the proper position for cutting sections from 
the tiny, pyramidal-shaped mesa (Fig. 1d).

Replace the trim tool with a diamond ultra knife and adjust 
the knife clearance angle accordingly. Reset the length of the 
cutting window, set the microtome to cut 40-50nm sections, and 
maintain the same cutting speed. Fill the diamond knife boat 
with clean, filtered water to the appropriate level. Align the knife 
edge to south edge of mesa, adjusting block rotation as needed. 
Align the knife edge to mesa face and adjust the knife stage angle 
as needed. Have ready 6 to 10 pairs of clean fine forceps, a super 
fine eyelash hair (Ted Pella, Inc), support-film coated Synaptek 
slot grids, grid box, notebook, and draft shield.

Position the knife edge close to the mesa face, put the draft 
shield in place, and turn on the microtome to begin thin sectioning. 
Once full-faced sections appear, turn on the counter to count sec-
tions. When a sufficient length of ribbon is obtained, turn off the 
microtome, and separate the ribbon into shorter segments (about 
1.75 mm or less) for collection onto grids. To do this, wet the tip of 
eyelash hair in the boat water to prevent sticking to sections, then 
lightly tap near the interface of two sections to break the ribbon 
(Fig. 2a). Once a segment has broken off, waft the water with the 
hair to draw the segment to an isolated area in the boat. 

Pick up a coated slot grid by either positioning the forceps 
tips at the top (12 o’clock, Fig. 2b) or on the side (4 o’clock, Fig. 2c). 
Use the edge of the grid to gently waft water to draw the ribbon 
segment closer. Then partially submerse the grid, film side toward 
ribbon, at a slight angle Once a ribbon appears to contact the sup-
port film, lift the grid (and hopefully the ribbon) out of the water 
and set the forceps aside to let the grid air dry for several minutes 

before storing it in the grid box. Continue to separate and collect 
ribbon segments, keeping track of the the order of the sections 
and making notes on the number of sections in each segment and 
their orientation on the grid. We recommend mounting the rib-
bons in a consistent orientation to make serial microscopy easier. 
One can stain the grids containing the ribbons if more contrast 
is required [see e.g. 11].

When photographing the series of thin sections in the TEM, 
we recommend using a rotating specimen holder that allows the 
grid to be rotated while in the microscope. This type of holder al-
lows the exact photo field to be maintained across all the sections 
(and grids), with perfect orientation of each section. A rotational 
holder was used, for example, in a study of axons in cerebral cor-
tex in which a large area was investigated by photographing three 
overlapping fields at 1000× on each of 100 sections (Fig. 3). To 
maintain such photographic fields during photography, detailed 
drawings and descriptions are invaluable. 

The Reconstruct software provides a user-friendly, Windows-
based editor for reconstructing serial sections [4]. The software 
creates a series of blank sheets (called sections) on which images 
are positioned. Each section can hold any number of images taken 
at different magnifications, and these images (called domains) 
can be arranged to make a mosaic or montage. Sections can be 
aligned to each other to reconstruct the structure of tissue as it 
was before sectioning. The user can then draw and position any 
number of outlines (called traces) on top of the images for the 
purpose of labeling, counting, measuring, or visualizing the three-
dimensional structure.

Reconstruct facilitates section-to-section alignment of images 
by displaying adjacent sections in rapid alteration (flickering) or 
by showing one section overlaid on the other (blending). The user 
can then adjust the alignment of sections using mouse or keyboard 
movements. More automatic methods, such as alignment through 
image correlation or by correspondence points, are also provided. 
When correspondence points are used, points are added to each 
section in alteration to indicate which parts of the sections should 

Figure 3. The main window of the Reconstruct software showing a section composed of a montage of three images. Each image is one photographic field of 
cortical brain tissue, imaged at 1000X onto 3.25x4inch film at the TEM and then digitized at 1200dpi on an Epson flatbed scanner with transparency adaptor. 
The final section of aligned images contains about 53 megapixels of data covering an area of 253x60 microns. This data can be zoomed to a magnification 
of about 25,000X on a typical computer monitor, and quickly examined through serial sections by moving the mouse wheel.
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be aligned. The software then computes a transformation for one 
section that puts it into alignment with the adjacent section. This 
process can be applied to sections consisting of single images or 
to sections containing montages of images.

The process of aligning a montage of images begins by choos-
ing a starting section for which the images are free of distortion 
and the montage is easy to piece together. Import the images for 
this section one at a time, and use the Domain Selection Tool to 
select the image from the section and drag it into position. Final 
adjustments are made by moving the image with keyboard com-
mands in blend mode so that both the domain image and the rest 
of the images in the montage can be seen. Move each image into the 
correct position to form the montage of the first section. All other 
sets of section images will be aligned to this initial montage.

After the first section is correctly montaged (Fig. 3), create 
a new section in Reconstruct to hold the images of the adjacent 
section. Import one image into this new section, select it, move it 
into the approximate correct position, and then merge it back into 
the section. The exact alignment will be determined by making 
point correspondences between sections. Using an appropriate 
drawing tool and trace name, create numbered traces on the new 
image and the adjacent section to indicate points where the images 
should match up. Select the Align section command to align the 
new image to the first section. When the alignment is satisfactory, 
delete the correspondence points from both sections and lock 
them to prevent further movement of the whole sections. Import 
the next image in the montage and move it into position. Create 
new correspondence traces for alignment, but instead of aligning 
the entire section just align the new image. This is done by first 
selecting the Align traces command (which only aligns the traces), 
then selecting the domain image and repeating the movement on 
the image. This technique allows each image in the new section 
to be aligned to the first section’s montage. The process continues 
on adjacent sections until the entire series is aligned.

Once a series is aligned, the process of drawing traces to 
identify profiles of objects and generate a 3D visualization is rela-
tively simple. The software is capable of automatically surfacing 
the traces to create a 3D model that is displayed on the computer 
screen. This object can be rotated and zoomed, and additional 

objects can be easily added to the scene, to observe the full 3D 
structure. The final scene can be exported from the software 
for more detailed rendering using production quality rendering 
packages such as 3D Studio MAX. Figure 4 shows several 3D 
renderings of brain structure obtained by exporting scenes from 
Reconstruct in this way.

The recipe for 3D reconstruction from electron microscopy, 
while once popular, seemed to have fallen out of favor with many 
laboratories due to the perceived difficulty and time-consuming 
nature of the process in comparison with computer-scanning 
light microscopic imaging. We feel that the basic techniques for 
serial section electron microscopy are relatively easy to learn and 
apply, and these time-tested protocols have been indispensable in 
understanding the structure, plasticity and pathology of the brain 
[e.g. 5,6,11]. Technical advances will no doubt continue to improve 
methods of 3D reconstruction and allow even larger data sets to 
be more easily generated and analyzed.   n
References
1 Download sites: http://synapses.bu.edu/ or http://tech.groups.yahoo.com/

group/reconstruct_users/
2 Bozzola JJ, Russell LD (1998) Electron Microscopy. Principles and Techniques 

for Biologists, Second Edition. Jones and Bartlett Publishers: Boston.
3 Elliott D (2007) Serial sectioning via microtomy (or, how to get over 100 

consecutive sections on one TEM grid). Microscopy Today 15(1):30-33.
4 Fiala JC (2005) Reconstruct: A free editor for serial section microscopy. J 

Microscopy 218:52-61.
5 Fiala JC, Feinberg M, Peters A, Barbas H (2007) Mitochondrial degeneration 

in dystrophic neurites of senile plaques may lead to extracellular deposition 
of fine filaments. Brain Struct Funct (in press).

6 Fiala JC, Feinberg M, Popov V, Harris KM (1998) Synaptogenesis via den-
dritic filopodia in developing hippocampal area CA1. J Neurosci 18:8900-
8911. 

7 Giberson RT, Demaree RS Jr. (2001) Microwave Techniques and Protocols. 
Humana Press, Totowa, NJ.

8 Glauert AM, Lewis PR (1998) Biological Specimen Preparation for Trans-
mission Electron Microscopy,  Princeton University Press, Princeton, New 
Jersey.

9 Harris KM, Perry E, Bourne J, Feinberg M, Ostroff L, Hurlburt J (2006) 
Uniform serial sectioning for transmission electron microscopy. J Neurosci 
26:12101-12103.

10 Hayat MA (2000) Principles and Techniques of Electron Microscopy. Bio-
logical Applications, 4th edition, Cambridge University Press.

11 Hoffpauir BK, Pope BA, Spirou GA (2007) Serial sectioning and electron 
microscopy of large tissue volumes for 3D analysis and reconstruction: a 
case study of the calyx of Held. Nature Protocols 2(1):9-22.  

Figure 4. Some examples of reconstructed dendrites from primate prefrontal cortex. a. A branched segment of a spiny dendrite is visualized with semi-
transparency to show the tubules of spine endoplasmic recticulum (pink). This reconstruction demonstrates that more than 80% of dendritic spines in cerebral 
cortex contain extensions of the smooth endoplasmic reticulum. b. A spiny dendrite segment visualized with semi-transparency has excitatory synapses denoted 
by red spheres and inhibitory synapses denoted by blue spheres. In the characteristic pattern typical of pyramidal neurons, excitatory synapses contact the 
heads of spines, but inhibitory synapses reside on the shaft of the dendrite. c. A long segment of dendrite from an inhibitory interneuron reconstructed from 
a series of over 300 sections. This dendrite has no spines, and is densely covered with excitatory synapses (blue).
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towards morphological and topographical features - such as edges, grain 
boundaries, etc. could occur.  Such segregation is ‘real’ and is revealed by 
BSE. The ‘edge effects’ observed in SE imaging are purely a consequence of 
sample topography on the physics of the imaging method. As has already 
been mentioned, preparing a truly flat sample is difficult. In this case, 
SE imaging can reveal differences in sample height but BSE imaging will 
tend to indicate compositional variations. You should also keep in mind 
channeling effects, arising from sample crystallography, which give rise 
to contrast variations unrelated to composition or topography. And while 
these are generally ‘bulk’, that is the whole grain has a contrast determined 
by orientation and crystallography, it is possible for crystal orientation to 
be distorted at grain boundaries, leading to contrast changes which could 
be interpreted as elemental segregation. To separate such effect, you need 
BSE images plus EDS mapping. Larry Stoter <larry@cymru.freewire.
co.uk> 15 Sep 2006 
SEM – Backscattered electron images

I am trying to understand what is happening with a set of BSE images. 
Your comments will be welcome! Below are links to two images. The first 
(1.5 Mb) shows two BSE images of a nickel based super alloy (Ni-Cr-Fe-Ti). 
Both were acquired using a 4-diode detector, 5 kV. beam, and as close to 
zero degrees tilt as I could set the stage. The top of the first image is in the 
“as polished” condition, the lower portion of the image is after a very light 
electro-etch. Notice the difference in channeling contrast. Z-contrast seems 
largely unaffected (e.g. Ti and Cr carbide inclusions). Perhaps the difference is 
from my inability to set exactly the same tilt, but they should be within a few 
degrees (or better) of the same value. Why the dramatic reversal of contrast 
for some grains? The second image is simply a 60 degree tilt SE image of the 
same general area to show relief of the carbides due to both polishing and the 
etch. Not much.  http://www.bwxt.com/operations/images/sem/126867_859.
jpg and http://www.bwxt.com/operations/images/sem/126866.jpg. Woody 

White <nwwhite@bwxt.com> 19 Sep 2006
What a great puzzler. Have you tried tilting on purpose? Perhaps going 

through a tilt series would be informative. One degree increments or even 
half a degree could show significant changes in grey level of some grains. 
John Chandler <jpchandl@mines.edu> 18 Sep 2006 

It looks as if the crystallographic contrast would dominate on chemical 
contrast. As John proposed, try with tilting. Channeling is very sensitive to 
small angle tilting, half a degree to a few degrees. If the contrast changes with 
so small angles, it’s channeling; then try with higher energy. And another 
question: I’ve never worked with a 4 sector BSE detector, but people from 
FEI talked me from artifacts arising on these. Can you work in two sector 
mode, combining the four sectors in two pairs? Try with different pairs. 
Maybe it helps to understand what happens. J. Faerber <jacques.faerber@
ipcms.u-strasbg.fr> 19 Sep 2006

Can you repeat these 2 images? If so, I’d suggest duplicating this, while 
being particularly careful of the conditions. That is, I have seen a BSED 
flip its BEI contrast for different beam currents. Which is still a question in 
my mind why it happened, but it did happen with a Cameca multichannel 
(5-pair) BSED, and I watched the BEI response flip in going from 15 to 
~20 nA. I thought at the time it must have been a fluke with the BEI video 
amplifier. On another note, can you play with the effect of tilt by rotating 
the stage? Michael Shaffer <michael@shaffer.net> 19 Sep 2006

I would suspect that the reason for the difference has more to do with 
the removal of the thin, amorphous layer left on the as-polished sample, 
but I must admit that the contrast reversal is dramatic. BSE can be very 
strange that way and I never get the same image contrast twice on the same 
sample. Try tilting slightly and watch it change, particularly when you are 
viewing channeling contrast on a homogenous, single-phase sample. Mary 
Mager <mager@interchange.ubc.ca> 19 Sep 2006
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