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Abstract

Background—Axonal injury is a key feature of several types of brain trauma and neurological
disease. However, in mice and humans, many axons are less than 500 nanometers in diameter
which is at or below the resolution of most conventional light microscopic imaging methods. In
moderate to severe forms of axon injury, damaged axons become dilated and therefore readily
detectible by light microscopy. However, in more subtle forms of injury, the damaged axons may
remain undilated and therefore difficult to detect.

New Method—Here we present a method for adapting array tomography for the identification
and quantification of injured axons. In this technique, ultrathin (~70 nm) plastic sections of tissue
are prepared, labeled with axon injury-relevant antibodies and imaged using conventional
epifluorescence.

Results—To demonstrate the use of array-tomography-based methods, we determined that mice
that received two closed-skull concussive traumatic brain injury impacts had significantly
increased numbers of non-dilated axons that were immunoreactive for non-phosphorylated
neurofilament (SMI-32;, a marker of axonal injury), compared to sham mice (1682+628 vs.
339+52 per mm?, p=0.004, one-tailed Mann-Whitney U Test). Tubulin loss was not evident
(p=0.2063, one-tailed Mann-Whitney U Test). Furthermore, mice that were subject to more severe
injury had a loss of tubulin in addition to both dilated and non-dilated SMI-32 immunoreactive
axons indicating that this technique is suitable for analysis of various injury conditions.

Comparison with Existing Method—With array tomography we could detect similar overall
numbers of axons as electron microscopy, but accurate diameter measurements were limited to
those with diameters > 200 nm. Importantly, array tomography had greater sensitivity for
detecting small non-dilated injured axons compared with conventional immunohistochemistry.
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Conclusion—Imaging of individual axons and quantification of subtle axonal injury is possible
using this array tomography method. This method may be most useful for the assessment of
concussive injuries and other pathologies in which injured axons are not typically dilated. The
ability to process moderately large volumes of tissue, label multiple proteins of interest, and
automate analysis support array tomography as a useful alternative to electron microscopy.

Keywords

Array tomography; axonal injury; traumatic brain injury; neurofilament; tubulin; electron
microscopy

1. Introduction

A barrier to analysis of axonal injury in mild traumatic brain injury (TBI) is the ability to
resolve small, injured axons by light microscopy. This is due, in large part, to the low signal
to noise of very small structures that are at or below the resolution of light microscopy. In
humans and macaques, axon diameters within the corpus callosum range between 0.08 to
>10 pm (Aboitiz et al., 1992; Lamantia and Rakic, 1990). In rodents, axonal diameter is
smaller, typically in the 0.05 to 1 um range (Kim et al., 1996; Olivares et al., 2001).
Following moderately severe traumatic brain injury, swollen axons in corpus callosum can
become very large (5 um or more), and are clearly visible with standard
immunohistochemistry using antibodies to amyloid precursor protein (APP) and
neurofilaments (Blumbergs et al., 1994; Mac Donald et al., 2007a; Mac Donald et al.,
2007b). However, several observations have led us to hypothesize that
immunohistochemistry and light microscopy may not reflect the true amount of axonal
injury present after TBI, particularly after mild concussive injuries.

Along with others, we have developed a model of concussive traumatic brain injury in
mouse that results in pronounced behavioral impairments (Creed et al., 2011; Creeley et al.,
2004; DeFord et al., 2002; Kane et al., 2012; Laurer et al., 2001; Longhi et al., 2005;
Meehan et al., 2012; Mouzon et al., 2012; Shitaka et al., 2011; Uryu et al., 2002; Zohar et
al., 2003). However, the underlying pathology is quite subtle. For example, in our repetitive
closed skull traumatic brain injury (rcTBI) model, standard immunohistochemistry
techniques including amyloid precursor protein labeling (APP) reveal only occasional
axonal varicosities that appear to be largely resolved by 7 days. However, widespread
abnormalities are apparent on silver staining and electron microscopy indicates that injured
axons are present throughout the ipsilateral corpus callosum and external capsule at 7 days
post-injury (Shitaka et al., 2011). These axons display compaction of cytoskeletal elements,
organelle accumulation, and axolemma collapse. A key observation is that few of these
injured axons appear to have diameters greater than 1 micron, and most are less than 500
nanometers—at or below the resolution of standard light microscopy techniques. Indeed
other investigators have documented cases of axonal injury without axonal swelling, and it
may be possible for axon degeneration to proceed without the classic “beads-on-a-string”
morphology (Stone et al., 2001). Additionally, in this concussive injury model, white matter
abnormalities are apparent by diffusion tensor imaging (DTI), where mean (MD) and axial
diffusivity (AD) are both significantly reduced at 7 days post-injury (Bennett et al., 2012).
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Neither MD nor AD correlate with the amount of silver staining or Iba-1 labeling for
microglia (Bennett et al., 2012). The inability to explain DTI abnormalities by standard
histological techniques further supports the idea that we are underestimating the amount of
axonal injury in rcTBI by these methods.

To test this hypothesis, we adapted array tomography for measuring axonal injury. Array
tomography was developed in the lab of Stephen Smith to quantitatively measure synapses
in the cortex (Micheva and Smith, 2007). In this method, improved spatial resolution is
achieved along the z-axis through physical sectioning on an ultramicrotome, which greatly
improves the signal to noise ratio and allows identification of individual synapses (Kay et
al., 2013; Micheva and Smith, 2007). While this technique has not been rigorously validated
by quantitative EM, the use of several antibodies to label pre- and post-synaptic densities
and the careful co-registration of fluorescent labels with scanning electron micrographs has
confirmed the spatial correlation of immunofluorescence with ultrastructural details
(Micheva and Smith, 2007). Further, the advantages of this technique over traditional
electron microscopy are the ability to assay larger volumes of tissue in a relatively high-
throughput fashion, to label multiple proteins of interest, and to perform these experiments
with a standard epifluorescent microscope.

Here, we outline a method for using array tomography to examine axon injury. We show
preliminary data using this technique to resolve injured and uninjured axons at a level of
resolution not previously possible except with electron microscopy. Altogether, this is a
promising new method for quantitative analysis of axons that could be applied to many
fields in addition to traumatic brain injury.

2. Materials and Methods

2.1 Animals

Male C57BI/6j mice were purchased from Jackson Laboratory between 6-8 weeks of age
(stock#000664). Two male APP knockout mice were obtained from Jackson Laboratory
(stock# 004133) at 2 months of age (Zheng et al., 1995). Two 12-month-old male TauP301S
mice and two 3-month-old tau knockout mice (gift from Marc Diamond) were also used for
these experiments and were bred in house (Tucker et al., 2001). All animals were housed in
accordance with the Animal Studies Committee at Washington University in Saint Louis.
Mice were provided with food and water ad libitum and were maintained under a 12-hour
light/dark cycle.

2.2 Surgical procedures

Mice were subjected to closed-skull sham injury or rcTBI injury (n=5 per group) as
previously described (Shitaka et al., 2011). Briefly, mice are anesthetized, placed in a
stereotaxic frame, and a midline incision is made. An electromagnetic impactor fitted with a
rubber tip is centered over the intact skull 1.5 mm lateral to midline and 1.8 mm posterior to
bregma. A 3.3 mm depth impact is delivered at 5 m/s with a dwell time of 100 ms. The
incision is then sutured closed and mice recover on a heating pad.
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A second group of mice underwent controlled cortical impact injuries at a depth of 1.0 mm
(n=2) or 1.5 mm (n=4), which has been described elsewhere (Brody et al., 2007). Briefly, a
5 mm craniotomy is performed over the left parietal cortex. An electromagnetic impactor
fitted with a 3 mm metal tip is positioned 1.2 mm left of midline and 1.5 mm anterior to
lambda. Impacts are delivered at 5 m/s with a dwell time or 100ms. After irrigation with
phosphate buffered saline (PBS) a plastic skull cap is glued in place, the midline incision is
sutured closed, and the mice are allowed to recover on a heat pad before being returned to
their cage. In all experiments, sham mice were subject to the same surgical procedures as
rcTBI mice, but no impact was delivered.

For conventional immunohistochemistry, additional mice underwent either sham (n=1),
rcTBI (n=2), or a 2.0 mm CCI (n=1) procedure.

2.3 Tissue embedding and sectioning for array tomography and electron microscopy

Tissue embedding and sectioning was performed as described by others with minor
modifications (Kay et al., 2013). Briefly, animals were sacrificed by deep anesthesia with
isofluorane followed by cardiac perfusion with 10 milliliters room temperature 0.3% heparin
in 0.01 M PBS. This was immediately followed by perfusion with 10 milliliters 4%
paraformaldehyde (PFA, cat# 15710 E.M.S), 0.025% sucrose in 0.01 M PBS. Brains were
removed and placed in fixative for 20-30 minutes and then were sectioned into 1 mm thick
coronal slabs using a razor blade and a brain slicing matrix. Corpus callosum and external
capsule ipsilateral to injury was then dissected into 5 x 1.5 x 1 mm blocks (Figure 1) which
were further post-fixed for 1-2 hours. Following fixation, blocks were dehydrated in an
ascending ethanol series (50%, 70%, 95%, 100%, 100%). Each dehydration step was
performed for 5 minutes with gently shaking using chilled solutions. Blocks were then
placed in one wash with equal parts 100% ethanol and LR White (cat# 14381 E.M.S)
followed by two washes in 100% LR White. Blocks were allowed to equilibrate overnight at
4°C in LR White and were then placed in gelatin capsules (cat#70100, E.M.S.) and cured
overnight in a 53°C oven. Gelatin was removed by gentle heating in a 60°C water bath.

Arrays were produced using a histojumbo diamond knife (Diatome). To collect ribbons, the
top and bottom edges of each tissue block was painted with a thin layer of Weldwood
contact cement (DAP products) mixed with equal parts xylene. Ribbons were collected on
gelatin subbed coverslips, air-dried, and stored at room temperature prior to
immunofluorescent labeling. This procedure required 30 minutes — 1 hour per mouse.

For parallel electron microscopy studies, after perfusion, 1 mm thick coronal slabs of the
contralateral, uninjured hemisphere from sham mice were placed in 1% PFA, 1%
glutaraldehyde in 0.01 M phosphate buffer overnight. Three slabs were prepared per mouse,
beginning at the anterior-most end of the hippocampus. Sections were then incubated in 1%
osmium tetroxide, dehydrated in ethanol, and embedded in Polybed 812 (cat# 08792,
Polysciences, Inc.) as previously described (Bennett and Brody, 2014). Semithin sections
were cut with glass knives and stained with toluidine blue to identify the region of interest.
Ultrathin sections 70-90 nm were cut and stained with Reynold’s lead citrate and 4% uranyl
acetate.
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2.4 Immunofluorescence

For immunofluorescent labeling, a PAP pen was used to draw a hydrophobic barrier around
the tissue ribbon. Sections were then incubated in 50 mM glycine in Tris buffered saline
(TBS) for 5 minutes. TBS-glycine was aspirated off and a blocking solution containing
0.05% Tween, 0.1% bovine serum albumin (BSA) in TBS was applied for 20 minutes.
Following blocking, primary antibodies in blocking solution were applied and coverslips
were placed in a humidified chamber at 4°C overnight. The following day, tissue was
washed in TBS and incubated in secondary antibody in blocking solution for 1 hour at room
temperature protected from light. Tissue was then washed again in TBS and 5 ug/ml 4',6-
Diamidino-2-Phenylindole, Dihydrochloride (DAPI; cat #D1306, Invitrogen) in TBS was
applied for 5 minutes followed by a final wash in TBS. Coverslips were mounted on glass
slides in Vectashield fluorescent mounting medium (cat# H-1000, Vector Laboratories). See
Tables 1 and 2 for a complete listing of primary and secondary antibodies and dilutions that
have been tested in array tomography sections and optimized for immunofluorescent
labeling of axons. All immunofluorescence was imaged using a Zeiss Axiovert 200 laser
scanning confocal microscope with a 40 x 1.2 NA water immersion lens or a Zeiss
Axioskop 2 MOT Plus wide-field fluorescence microscope with a 63 x 1.4 NA oil
immersion lens.

2.5 Conventional immunohistochemistry

2.6 Electron

Mice were sacrificed as in 2.3, and brains were fixed in 4% PFA overnight. Following
fixation, brains were equilibrated in 30% sucrose in PBS for 24 hours. A freezing microtome
was used to cut 50 um coronal slices beginning at the anterior portion of the corpus callosum
ending at the posterior portion of the hippocampus. For amyloid-precursor protein and
SMI-32, immunohistochemistry was performed as previously described (Mac Donald, et al.
2007a; Mac Donald, et al. 2007b). In brief sections were rinsed in Tris-buffered saline
(TBS) twice, incubated in 0.03% H,0, in TBS for 10 minutes, rinsed twice in TBS, and then
blocked for 1 hour in normal goat serum in TBS containing 0.25% Triton-X (TBS- X).
Following blocking, sections went into rabbit anti-APP (1:1000, Invitrogen) or mouse anti-
SMI-32 (1:1000, Abcam), and sections were incubated overnight at 4°C with gentle shaking.
For SMI-32, after blocking, sections were incubated in 1:10 goat anti-mouse Fab 1gG
(Jackson Immunoresearch) in TBS for 30 minutes. Sections were then rinsed twice in TBS
and incubated overnight in SMI-32. After the overnight incubation, sections are rinsed with
TBS twice, incubated for 1 hour in goat anti-rabbit or antimouse 1gG. After incubation with
secondary antibodies, sections were rinsed again, then incubated in streptavidin-horseradish
peroxidase (1:400, Vector Labs) for 1 hour. Labeling was visualized with
3-3“diaminobenzidine tetrahydrochloride (DAB; Sigma Aldrich), sections were mounted on
slides, and coverslipped with Cytoseal XYL (Thermo Scientific).

microscopy in uninjured sham mice

All electron micrographs were captured using a Joel 100C electron microscope. Three grids
were prepared and analyzed per mouse, 1 grid per 1 mm coronal slab (n=5 mice). Images of
axonal cross-sections were captured at a direct magnification of 6,000 x beginning at the

base of the cingulum and continuing to the lateral edge of the tissue section. Tissue sections
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were placed on grids with 125 um holes. To reduce user bias, one field of axons was
sampled from each grid square in a systematic fashion. The axonal field closest to the grid
bar nearest to midline was chosen. Areas of sectioning artifacts, folds, and transversely or
longitudinally cut axons were avoided. In sum, this resulted in 5-8 images per section, 3
sections were imaged per mouse (3 grids), for a total of ~16 images per mouse. In total, 80
images were captured from 5 separate mice and were examined for quantitative
measurement of axonal diameters.

2.7 Quantitative measurement of axonal diameters

Image J (NIH) was used for all image analysis. In each electron micrograph, a5 x 5 um area
was selected in the center of the image for measuring axon diameters. A scaled line was
drawn across the narrowest portion of the axon, excluding the myelin sheath, and this
measurement was recorded. This narrowest portion of each axon was chosen as to account
for the random orientation of each axonal segment. All cross-sectional axons with distinct
borders were measured from each image, excluding those touching the edge of the image. In
total, this analysis included an area of 400 um? out of an estimated total area of 500,000 pum?
(derived from area measurement of white matter in toluidine blue stained semithin sections)
per mouse. This region includes ipsilateral corpus callosum and external capsule
immediately below the injury site +1.5 mm anterior-posterior.

For comparison with array tomography, approximately the same volume of tissue was
analyzed by capturing 4 fluorescence images from a single 70-90 nm section per animal
(n=5 uninjured sham mice) corresponding to the area of corpus callosum beneath the
cingulum and extending to the lateral edge of the external capsule. Within each image, four
5 x 5 um areas of cross-sectional axons were randomly selected. This resulted in a total of
16 fields from each mouse (80 total for analysis from all 5 mice). Rabbit anti-tubulin
immunofluorescence was performed using a goat anti-rabbit Alexa 488 secondary antibody.
In Image J, a line was drawn across the middle of the narrowest portion of each fluorescent
point and the full width at half max (FWHM) was determined from the intensity profile.
These measures were rapidly collected from several axons per field using a publically
available Image J macro (courtesy John Lim, v.3 available at http://imagej.
1557.x6.nabble.com/FWHM-on-line-selection-td5004777.html).

2.8 Creating projection images of axons

Images of immunofluorescent arrays containing ~30 sections each were captured and
processed in Image J as previously described for synapses in Kay et al. 2013. The macros
that have been developed for simplifying this process can be found in the supplementary
information of their publication. In short, images of serial sections are first compiled in a
stack (see Macro 1, supplemental material Kay et al. 2013) and then the multistackreg Image
J plugin is used to align each section (courtesy Brad Busse, available at http://bradbusse.net/
downloads.html). For axons, tubulin-labeled images were used for all alignments and the
transformation file was applied to all subsequent channels. Following alignment, max z-
projection images were created from each stack, channels were merged and converted to
color, and the resulting image was cropped to the area of interest.
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2.9 Quantitative measurement of injured axons

3. Results

To avoid sampling bias, three short 3-5 section ribbons were taken from blocks
systematically at 200 um intervals. As two blocks, each 1 mm thick, were taken from each
mouse, this resulted in six ribbons for analysis from each animal that spanned a minimum of
1.4 mm anterior to posterior. Ribbons were labeled for tubulin and SMI-32 and a single
section from each ribbon was imaged using a Zeiss Axioskop 2 MOT Plus wide-field
fluorescence microscope with a 63x 1.4 NA oil immersion lens. Fields centered over the
corpus callosum were imaged in each section (Figure 8 A) beginning at the medial edge of
the cingulum and continuing laterally until 5 images were captured (dorsal to the lateral
ventricle). This resulted in a total of 30 images per mouse.

Each image was opened in image J and thresholds were applied for each channel (tubulin =
Moments, smi-32 = MaxEntropy, Figure 8 B). Analyze particles was used to count the
number of axons labeled for either tubulin or SMI-32.

3.1 Adapting array tomography for the detection of injured axons

Overall the workflow (Figure 1) is similar to that reported for analysis of synapses though
there are additional considerations to take into account for the preparation of arrays for
analysis of axons. Most importantly, orienting tissue blocks in the gelatin capsules or molds
for embedding in resin was performed with care so that the maximum amount of white
matter could be sectioned later. Second, because axons have clear orientations, it was
important to consider this in downstream analysis. For example, axons cut crosswise will
appear punctate while axons cut longitudinally or obliquely will appear as short segments
that have different X-Y locations in each section. We reasoned that assaying axons so that
isotropic volumes are measured in each array or sampling from a sufficient number of
randomly selected areas throughout the tissue may be the best approaches to avoiding
orientation-dependent sampling bias.

Several antibodies were tested and their sensitivity to the detection of axonal proteins and
axonal injury was determined (Tables 1 and 2). We found that the antibody to tubulin
appears to robustly detect axons in the mouse corpus callosum and external capsule. Using
this antibody we were able to resolve individual axons by array tomography (Figure 2 A-L
and 3 B). By comparison, we were not able to resolve single axons by conventional laser
scanning confocal microscopy of tubulin immunofluorescence in thick sections (Figure 3
A).

3.2 Comparison of tubulin-labeled ultrathin sections with electron microscopy

To determine how tubulin labeling in ultrathin sections reflects axonal ultrastructure, corpus
callosum and external capsule in one hemisphere from uninjured sham mice (n=5) was
prepared for array tomography and the opposite hemisphere was prepared for electron
microscopy (Figure 4 A-F). Axon diameters were measured in both electron micrographs
and fluorescent images. A total area of 0.002 mm? was analyzed in each case. By electron
microscopy, we were able to measure the diameters of 2612 axons. With ultrathin sections
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stained with an antibody to tubulin we measured the diameters of 1178 axons. A frequency
distribution of measures from electron micrographs shows that the 25 % percentile for axon
diameters was 0.14 pm, the median was 0.23 pm, and the 75% percentile was 0.39 (Figure 4
G). In tubulin-Alexa 488-labeled ultrathin sections, the 25% percentile was 0.26 um, the
median was 0.30 um, the 75% percentile was 0.36 um. Precision estimates of FWHM values
indicate that this method of measuring axon diameters resulted in an average of ~6% error.
By comparison, the uncertainty of measurement from electron micrographs is expected to be
roughly the width of one pixel (3 nm), which is on average ~1% of the diameter of each
axon. In all, this indicates that array tomography-based tubulin labeling does not identify all
axons and, in particular, very small diameter fibers are not imaged. Furthermore, axons
appear blurred due to spatial low-pass filtering which may lead to overestimated axon
diameters. For example, an axon with a diameter of 100 nm imaged using a technique with
maximum spatial resolution of 250 nm may appear to be 250 nm in diameter.

3.3 Axonal Injury Markers in Ultrathin Sections

Axonal injury markers were tested in ultrathin sections containing corpus callosum and
external capsule from mice subject to a moderate controlled cortical impact (CCI) traumatic
brain injury and sacrificed at 24 hours (n=2). Markers to phosphorylated or non-
phosphorylated heavy chain neurofilaments and amyloid precursor protein (APP) resolved
structures resembling classic axonal varicosities (Figure 5 C—H). However, labeling in APP
knockout mice subject to controlled cortical impact (n=2) indicates that the antibody used
recognizes additional non-APP epitopes or requires additional blocking considerations in
this preparation (Figure 5 C inset).

Further, when tested in an uninjured sham mouse, SMI-31 appeared to label uninjured
axonal segments (Figure 5 A). This injury nonspecific labeling was also seen using other
neurofilament antibodies such as NF200 and SMI-34 (data not shown). SMI-32
immunolabeling, however, was not detected in uninjured sham mice (Figure 5 B). Thus,
SMI- 32 was used in subsequent studies as an axon injury specific marker. Other
investigators have reported similar results using SMI-32 (Budde et al., 2008). By
comparison, conventional immunohistochemistry for APP (Figure 6 A-D) and SMI-32
(Figure 6 E-H) revealed classic axonal swellings in CCI injured mice 1 day post-injury
(Figure 6 A, E), but only sparsely labeled axons at 2 or 7 days following repetitive
concussive injuries (Figure 6 C-D, G—H) similar to previous observations in these injury
models (Mac Donald et al., 2007b; Shitaka et al., 2011). The appearance of SMI-32 non-
specific background labeling seen in tissue from sham mice using conventional
immunohistochemistry but not in arrays is most likely due to the embedding in plastic resin,
which limits the availability of epitopes for antibody binding. These differences between
preparations, including the inefficient immunolabeling in LR White resin, have been noted
elsewhere (Kay et al., 2013).

3.4 Using SMI-32/Tubulin to assess axonal injury after TBI

To qualitatively assess axonal injury in TBI, tissue blocks containing corpus callosum and
external capsule from uninjured sham (n=5), repetitive concussive TBI (n=5), and 1.5 mm
CCI (n=4) mice were prepared 7 days post-injury. Sections from each were stained for anti-
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SMI-32 to label areas of injury and anti-tubulin to label all axons (Figure 7 A-F). In sham
mice, little to no SMI-32 was detected and tubulin-labeled axons did not appear to be
swollen or distorted (Figure 7 A, B). Mice subjected to rcTBI had areas of small punctate
SMI-32 labeling as well as regions of SMI-32/tubulin co-localization (Figure 7 C, D). In
moderate TBI, clear disruption of axons was evident with large SMI-32 swellings appearing
with or without tubulin co-localization. Further, the overall amount of tubulin appeared to be
greatly reduced (Figure 7 E,F).

To quantitatively determine the number of injured axons in rcTBI mice versus shams, single
sections containing corpus callosum and external capsule were systematically sampled from
each animal (n=5 per group, see Methods 2.9 for details, Figure 8 A,B). As expected there
was a significant difference in the number of SMI-32 puncta seen in sections from injured
mice versus sham mice 7 days post-injury (One-tailed Mann-Whitney U test, p=0.004,
Figure 8 C). The total number of tubulin labeled axons was not different, however (One-
tailed Mann- Whitney U test, p=0.206, Figure 8 C).

3.5 Other markers for array tomography

In addition to assaying classic markers of axonal injury in white matter, we also tested
antibodies to myelin basic protein (MBP) and to the microtubule associated protein tau,
which is enriched in axons. Anti-MBP prominently labeled myelinated axons in white
matter tracts in a distribution that was complementary to that of tubulin, as expected (Figure
9 A-C). The tau antibodies PHF1, AT8, and CP13 were all tested in tissue from aged mice
carrying a familial frontotemporal dementia mutation (TauP301S). These phospho-tau
antibodies all detected punctate aggregates in entorhinal cortex (PHF1 shown, Figure 9 D—
F). No tau labeling was seen in the cortex of tau knockout mice (PHF1 shown, Figure 9 D
inset).

Discussion

Here we have applied the powerful technique of array tomography to the detection of
injured axons. This promising method appears to distinguish injury in non-dilated axons
with diameters greater than ~200 nm following repetitive concussive TBI models compared
to uninjured shams. Conventional light microscopic techniques are insufficient for this
purpose, and prior to this report, electron microscopy was required to assess injured non-
dilated axons. Further, a range of antibodies were assessed that can be used in several
downstream applications in addition to the field of traumatic brain injury.

Previously, array tomography has been used to quantify synaptic density near amyloid
plaques in mice, to quantify synapses in human AD patients with or without the APOE4
allele, to investigate mitochondria distribution in the soma and neurites of mutant tau mice,
to reconstruct tau-containing axons and synapses in a reversible tauopathy model, and to
examine morphological changes in mouse blood vessels and aortic aneurysms (Koffie et al.,
2012; Koffie et al., 2009; Kopeikina et al., 2011; Kopeikina et al., 2013; Polydoro et al.,
2013; Pooler et al., 2013; Saatchi et al., 2012). To date, this is the only investigation of
which we are aware using this technique to study axonal injury specifically. The ability to
qualitatively and quantitatively examine axonal pathology is broadly relevant to several
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injury and neurodegenerative disease studies which currently rely on traditional histological
measures and in vivo MRI techniques to investigate axonal injury. However, use of standard
light microscopic techniques only reflects axonal injury if it results in large scale changes.
Here, we confirmed by electron microscopy that most mouse axons in corpus callosum and
external capsule are smaller than 500 nanometers, which is well below the typical resolution
of these techniques. Using array tomography we were able to resolve individual axons with
diameters near 200 nm or greater.

Further, in these small axons we were able to detect axonal injury in mice that were
subjected to repetitive concussive TBI and were sacrificed at 7 days. These results are in
accordance with silver staining abnormalities and electron microscopy data in this injury
model which indicates widespread axonal damage in spite of the lack of traditional
immunohistochemistry findings (Shitaka et al., 2011). Thus, it would appear that array
tomography may be useful for future studies investigating axonal injury in this model. This
technique has the advantage of being more quantitative than silver staining, which is
measured semi-quantitatively by optical density. Also, array tomography is less costly than
electron microscopy or super-resolution light microscopy as it can be performed with a
standard epifluorescence microscope. Further, compared to electron microscopy or super-
resolution light microscopy, this technique has higher throughput and allows for a greater
volume of tissue to be processed at a time. It also has the advantage that many antibodies are
available which aid in the study of specific proteins in axonal injury. While immunoEM is
also possible, it is challenging, time consuming, and rarely allows visualization of more than
1-2 markers in a semi-quantitative fashion. Arrays have the advantage of allowing
visualization of multiple proteins of interest at once using different fluorophore-tagged
secondary antibodies.

However, there are several limitations that should be addressed. First, while arrays can
provide high spatial resolution data that conventional histology cannot, electron microscopy
remains the gold standard. In these studies, we were not able to resolve small axons <200
nm in diameter and based on data from parallel electron microscopy studies, this appears to
be nearly half of the total population of axons in the corpus callosum and external capsule as
determined in this study. Further, considering that we were also not able to resolve all large
diameter axons, it may be that the rabbit polyclonal anti-tubulin antibody chosen for these
studies does not label all axonal populations. Testing additional tubulin antibodies may shed
light on this issue. On the other hand, the size differences observed could have been in part
due to differential preparation and handling of tissue for EM versus AT. We were not able to
determine the extent to which preparative difference may have contributed to this size
discrepancy. Thus direct quantitative comparison between EM and AT may not be entirely
appropriate. Ideally, such a study would be performed in the same tissue sections—prior to
embedding in LR White, tissue could be incubated in osmium tetroxide. After
immunofluorescence, lead citrate and uranyl acetate could be applied to the tissue sections
and scanning electron miscroscopy could be performed. This correlative electron
microscopy approach has been reported by Micheva and colleagues and may be a future
direction for validation of axonal injury measures in array tomography (2007).
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Additional studies to be performed include further validating this method by extending
quantitative studies to additional injury timepoints, severities, and injury markers.
Intriguingly, here we show injury induces SMI-32 neurofilament immunoreactivity with and
without tubulin colocalization, demonstrating the ability to spatially localize these small
structures. It would be of interest to better characterize the spatial relationships of classic
injury markers using arrays, as conventional histology may overestimate the amount of co-
localization.

Future studies may also use this method to study other aspects of axonal injury in both
traumatic brain injury and other conditions. Labeling myelin basic protein, for example
could be used not only to determine if myelinated axons are preferentially injured in rcTBI,
but could also be used to investigate demyelinating disorders such as multiple sclerosis.
Given the ability to discriminate individual axons in large areas of tissue, it may be possible
to detect early signs of demyelination, and discern the effects of therapeutic or genetic
manipulations on disease progression. Also, given our ability to detect abnormally
phosphorylated tau species using multiple antibodies, a clear future direction is to apply this
method to the detection of tau alterations after traumatic brain injury. Previously, our lab has
observed abnormal accumulations of phosphorylated intra-axonal tau following moderate-
severe injury (Tran et al., 2011a; Tran et al., 2011b). Considering the sensitivity of this
technique, it will be interesting to use arrays to measure intra-axonal tau in less severe injury
models such as rcTBI. Last, an exciting direction is to use this method to detect axon
degeneration in tissue from human patients where it may be possible to answer key
questions about Chronic Traumatic Encephalopathy and Alzheimer’s disease through
quantitation of axon injury or loss and correlative analysis with clinical measures.

To summarize, we have adapted array tomography to qualitatively and quantitatively assess
injured axons in tissue from two different experimental TBI mouse models. Several
immunofluorescent markers are available for examining different aspects of axonal integrity
including tubulin, neurofilaments, APP, myelin basic protein, and phospho-tau species.
Future directions will be aimed at extending these studies to examining additional brain
injury and neurodegenerative disease models and for adapting these methods for use in
human tissue.
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DTI diffusion tensor imaging

MD mean diffusivity

AD axial diffusivity

NF neurofilament

MBP myelin basic protein

PBS phosphate buffered saline

TBS tris buffered saline

PFA paraformaldehyde
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1) Embed tissue & section 2) Perform immunofluorescence

.........

Figure 1. Array tomography workflow
(1) Tissue is cut into 5 x 1.5 x 1 mm blocks containing corpus callosum and external capsule

(Franklin and Paxinos, 2004) which are embedded in LR white media in gelatin capsules
(inset, top). An ultramicrotome is used to produce 70-90 nm section ribbons using a
histojumbo diamond knife. (2) Standard immunofluorescent techniques are used to label
each ribbon and images from sections are captured using a 63x lens on an epifluorescent
microscope. (3) Each image can then be further subdivided into smaller regions for analysis,
excluding cell bodies and tissue processing artifacts.
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Figure 2. Example of a short array containing uninjured mouse external capsule labeled with
anti-tubulin and Alexa 488

(A-K) Images of eleven 70 nm thick ultrathin sections labeled with anti-tubulin and Alexa

488. Images have been co-registered so that each represents the same 19.5 x 19.5 um area.

(L) A projection of the 11 image stack shows a reconstruction of individual, longitudinally/
transversely cut axons within this stack.
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90 nm ultramicrotome

Figure 3. Side by side comparison of tubulin labeling in thick sections and ultrathin sections
(A) A confocal X-Y projection image of a section of uninjured mouse corpus callosum

mouse cut at a 50 um thickness on a freezing microtome and labeled with anti-tubulin and
Alexa 488. (B) A confocal X-Y projection image of an ultrathin section from a similar
region of corpus callosum cut at 90 nm on ultramicrotome and labeled with anti-tubulin and
Alexa 488. (C and D) are X-Z images showing the improved spatial resolution along the Z
axis.
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Figure 4. Electron microscopy versus tubulin-labeled ultrathin sections in uninjured wild-type
mouse corpus callosum and external capsule

(A-C) Electron micrographs or (DF) tubulin-Alexa 488 fluorescence images were obtained
of axonal cross-sections and were used for axon diameter measurements. (G) Frequency
distribution of axon diameter measurements from electron micrographs (EM) and ultrathin
sections used in array tomography (AT). An equal tissue area was examined by each
technique. A total of 5 uninjured mice were included in this analysis, with the right
hemisphere being prepared for EM and the left for AT.
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Figure 5. Axonal injury markers SMI-31, SMI-32 and APP 24 hours in uninjured sham or 1.0
mm CCI in the ipsilateral external capsule
(A) SMI-31-Alexa 488 labels axons in an uninjured mouse while (B) SMI-32-Alexa 488

does not. Both images are co-labeled for tubulin- Alexa 594 to visualize axons and DAPI to
indicate cell nuclei. After injury, (C) APP Cy3 labeled axons (inset is from CCI injured APP
knockout mouse indicating non-specific binding). (D) SMI- 31 and (E) composite image of
DAPI, SMI-31, and APP. (F) APP Cy3 labeled axons. (G) SMI-32 Alexa 488 labeled axons.
(H) Composite image of DAPI, SMI-32, and APP. All images are from wild-type mice
except panel C inset.
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Figure 6. Conventional immunohistochemistry for APP and SMI-32 in external capsule
Representative images of axonal injury from 1 day CCI (A, E), 7 day sham (B, F), 2 day

rcTBI (C, G) or 7 day rcTBI (D, H) in wild-type mice. Sections were labeled for amyloid
precursor protein (A, B, C, D) or with antibodies to SMI-32 (E, F, G, H). Images in CClI
mice were captured from pericontusional corpus callosum. All other images were taken from
external capsule directly underlying the site of impact (or sham injury) near the lateral
ventricle, which was the only region where axonal varicosities were observed using these
markers.
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Figure 7. Projection images of arrays (~20 sections each) from external capsule labeled with the
axonal injury marker SMI-32-Alexa 594 and tubulin-Alexa 488

(A, B) Axons from uninjured wild-type mice displayed little SMI-32 labeling. (C,D) Mice
subjected to repetitive concussive traumatic brain injury had punctate areas of SMI-32
labeling and occasional colocalization of SMI-32 and tubulin in swollen axons at 7 days.
(E,F) Larger axonal varicosities >3 um in diameter were apparent in a model of 1.5 mm CCI
moderate traumatic brain injury at 7 days. Tubulin loss was also evident. Panels in each row
represent images of arrays from two separate mice.
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Figure 8. Quantification of injured axons following repetitive concussive traumatic brain injury
(A) Example of a tubulin labeled section and the scheme for imaging corpus callosum and

external capsule beginning at the medial edge of the cingulum and continuing laterally until
5 images are captured. (B) Example of a field included in the analysis for tubulin-Alexa 488
(top) and SMI-32-Alexa 594 (bottom) shown pre- and post-thresholding (“Moments”
threshold selected for tubulin and “MaxEntropy” threshold selected for SMI-32 in Image J).
(C) Quantification of SMI-32 puncta and tubulin labeled axons per mm? in sham and rcTBI
mice 7 days post injury (Error bars represent standard error of the mean, **p<0.01).
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Figure 9. Additional axonal markers for use with array tomography
(A—C) Myelin basic protein and tubulin labeling in the external capsule of an uninjured

wild-type mouse. (A) Tubulin- Alexa 594 labeled axons. (B) Myelin basic protein (MBP)-
Alexa 488 labeled axons. (C) Composite image of DAPI, myelin basic protein, and tubulin.
Inset shows an enlarged view of the box in (C), where individual myelinated axonal cross-
sections are clearly visible. (D-F) PHF-1 tau and tubulin labeling in the entorhinal cortex of
a 12-month-old Tau P301S mouse. (D) PHF1-Cy3 labeled punctae. Inset shows the absence
of PHF1 labeling in cortex from a tau knockout mouse. (E) Tubulin Alexa 488 labeled
neuropil. (F) Composite image of DAPI, tubulin, and PHF1.

J Neurosci Methods. Author manuscript; available in PMC 2016 April 30.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Bennett and Brody

Table 1

Primary antibodies tested for imaging axonal components by array tomography

Antibody Description Company Cat. No. Dilution
SMI-31 Mouse anti-neurofilament H phosphorylated Calbiochem NE1022 1:100
SMI-32 Mouse anti-neurofilament H non-phosphorylated ~ Calbiochem NE1023 1:100
SMI-34 Mouse anti-neurofilament 200 kDa + 160 kDa Abcam ah24571 1:200
MBP Rat monoclonal to myelin basic protein Abcam ab7349 1:100
APP Rabbit polyclonal anti-p-APP Invitrogen 51-2700 1:50
Tubulin Rabbit polyclonal to a-tubulin Abcam ab18251 1:200
NF200 Rabbit polyclonal anti-200 kDa neurofilament Sigma-Aldrich n4142 1:200
AT8 Mouse monoclonal phospho-tau (pS202) Pierce MN-1020 1:50
CP13 Mouse monoclonal phospho-tau (pS202) Courtesy P.Davies 1:50
PHF1 Mouse monoclonal to paired helical filaments Courtesy P.Davies 1:50
STMNB3, SCLIP  Mouse monoclonal to stathmin 3 Calbiochem ah76678 1:50
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Table 2
Secondary antibodies used for array tomography.
Antibody Company Cat. No. Dilution
Donkey anti-rabbit Alexa 488  Invitrogen A21206 1:200
Goat anti-rat Alexa 488 Invitrogen A11006 1:200
Goat anti-mouse Alexa 488 Jackson Immunoresearch ~ 115-546-146  1:200
Goat anti-mouse Alexa 594 Invitrogen A11032 1:200
Donkey anti-rabbit Cy3 Jackson Immunoresearch ~ 711-165-152  1:200
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