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Abstract

Diffuse axonal injury (DAI) is an important consequence of traumatic brain injury (TBI). At the 

moment of trauma, axons rarely disconnect, but undergo cytoskeletal disruption and transport 

interruption leading to protein accumulation within swellings. The amyloid precursor protein 

(APP) accumulates rapidly and the standard histological evaluation of axonal pathology relies 

upon its detection. APP+ swellings first appear as varicosities along intact axons, which can 

ultimately undergo secondary disconnection to leave a terminal “axon bulb” at the disconnected, 

proximal end. However, sites of disconnection are difficult to determine with certainty using 

standard, thin tissue-sections, thus limiting the comprehensive evaluation of axon degeneration.

The tissue-clearing technology, CLARITY, permits three-dimensional visualization of axons that 

would otherwise be out of plane in standard tissue sections. Here, we examined the morphology 

and connection status of APP+ swellings using CLARITY at 6h, 24h, 1-week and 1-month 

following the controlled cortical impact (CCI) model of TBI in mice.

Remarkably, many APP+ swellings that appeared as terminal bulbs when viewed in standard 8μm-

thick regions of tissue, were instead revealed to be varicose swellings along intact axons when 

three-dimensions were fully-visible. Moreover, the percentage of these potentially-viable axon 

swellings differed with survival from injury and may represent the delayed-onset of distinct 

mechanisms of degeneration. Even at 1-month post-CCI, ~10% of apparently terminal bulbs were 

revealed as connected by CLARITY and are thus potentially salvageable. Intriguingly, the 
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diameter of swellings decreased with survival, including varicosities along intact axons, and may 

reflect reversal of, or reduced, axonal transport interruption in the chronic setting.

These data indicate that APP immunohistochemistry on standard-thickness tissue sections 

overestimates axon disconnection, particularly acutely post-injury. Evaluating cleared tissue 

demonstrates a surprisingly delayed process of axon disconnection and thus longer window of 

therapeutic opportunity than previously appreciated. Intriguingly, a subset of axon swellings may 

also be capable of recovery.

INTRODUCTION

Diffuse axonal injury (DAI) is a common and important consequence of traumatic brain 

injury (TBI) and is associated with substantial morbidity (1, 3, 4, 28, 36, 37, 74). The 

progression of axonal pathology after TBI was originally characterized following severe 

injury and was thought to persist no longer than a few months (1, 3, 4). However, evidence 

of axonal injury has now been observed across the spectrum of TBI severity, including mild 

TBI or concussion, and axon degeneration has been observed many months and even years 

after injury in both humans and experimental models (6, 14, 32, 35, 37).

While axons rarely disconnect at the instant of trauma, the axonal cytoskeleton can undergo 

immediate mechanical disruption, including primary breaking of axonal microtubules (84, 

85). In addition, TBI can induce progressive loss of ionic homeostasis in injured axons, 

including a massive influx of calcium ions that can drive calpain-mediated cytoskeletal 

degeneration and metabolic crisis (10, 13, 33, 39, 44, 45, 55, 66, 67, 71, 81, 87, 88). Adding 

further complexity, downstream events following severe TBI, including brain swelling and 

ischemic change, can be further injurious to axons (22, 23, 29, 31, 35, 64). All of these 

events can induce interruption of axonal transport leading to accumulation of transported 

cargos including the amyloid precursor protein (APP) and other proteins, which in turn 

causes swelling of the injured axons (15, 53, 80). Indeed, identification of APP 

immunoreactive (APP+) swollen axonal profiles in white matter has become the “gold 

standard” histological method to identify axonal pathology after TBI (26, 36, 69).

Initially appearing as tortuous or periodic, APP+ axonal swellings appear along axons that 

have not yet disconnected at the site of injury and are often referred to as “axonal 

varicosities”. It is thought that as some swellings increase in size and/or there is substantial 

proteolysis of the cytoskeleton, the axolemma can pinch off causing disconnection (56, 59). 

The swelling at the site of disconnection is often described as a terminal “axonal bulb” 

(previously “retraction ball”), beyond which the distal axon undergoes Wallerian 

degeneration (1, 2, 52, 54, 55, 57, 60, 61, 76, 77, 83). However, since standard paraffin 

tissue sections are typically only 6–10 microns thick, it is unclear whether purported axonal 

bulbs are truly disconnected, or if the axon continues out of plane from the relatively two-

dimensional view.

The advent of tissue clearing technologies including CLARITY (17) can circumvent this 

limitation by allowing three-dimensional visualization of axon trajectories across what 

would otherwise be many tissue sections in standard histological approaches. By creating a 
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hydrogel-tissue hybrid and then selectively removing lipids from tissue, CLARITY produces 

optical transparency of thick or even whole-brain samples that can be subjected to 

immunostaining (17). Here, we utilized CLARITY to permit a fully three-dimensional view 

of the progression of axonal pathology following TBI. Specifically, we examined the 

temporal changes in morphology of transport-interrupted axons following controlled cortical 

impact (CCI) in the mouse up to 1-month post injury. This model relies on dynamic 

deformation of the cortical surface where primarily compressive forces induce mechanical 

injury to axons. Notably, these forces also cause a surface contusion with associated regional 

brain swelling, ischemic injury and inflammatory processes that may further compromise 

axons and recapitulate multiple aspects of the complex pathology of severe TBI. After first 

identifying apparently terminal APP+ axonal bulbs on 8µm thick regions of tissue, the true 

morphology and connection status of swellings was then re-evaluated with all three-

dimensions fully visible through thick slices of cleared tissue. Results indicate that standard 

histological approaches overestimate the true extent of disconnected axonal bulbs relative to 

varicosities at all time points examined. Moreover, TBI induced a complex and multiphasic 

temporal course of axon swelling and disconnection post-CCI that is not only surprisingly 

protracted, but may have critical implications for the timing of potential therapeutic 

interventions and indicates that some swollen axons may be capable of recovery.

METHODS

All animal experiments were conducted in accordance with protocols approved by the 

University of Pennsylvania Institutional Animal Care and Use Committee and in accordance 

with the NIH Guide for the Care and Use of Laboratory Animals. Mice were housed in a 

temperature and humidity controlled facility with a 12-hour light / 12-hour dark cycle. 

Animal health was ensured via an established health monitoring program at the institution. 

Housed with 3–4 littermates, mice had free access to food and water throughout the duration 

of the study.

Controlled Cortical Impact (CCI) Model of TBI

Twelve week old CD1 male mice (39.46g ± 2.38g) (Charles River Laboratories, 

Wilmington, MA) were subjected to the established CCI model of TBI within a controlled 

laboratory environment as described in detail previously (79). Briefly, following induction 

using inhaled 5% isoflurane, mice were placed in a stereotaxic frame and maintenance 

anesthesia achieved using 2% isoflurane delivered via nose cone. Preemptive analgesia 

(buprenorphine: 0.1mg/kg) was administered subcutaneously. Under aseptic conditions, a 

5mm craniectomy was performed midway between lambda and bregma and immediately 

lateral to the sagittal suture on the right side. With the head securely fixed, a cortical impact 

was performed at a 45º angle directly onto the intact dura using a metal impactor with a 

beveled 3mm diameter tip. The impact was driven via the release of pressurized nitrogen to a 

depth of 1mm at a velocity of 5ms−1 (CCI device model AMS-201: AmScien Instruments, 

Richmond, VA). Following clinical assessment, the incision site was sutured followed by 

withdrawal of anesthesia and appropriate post-surgical monitoring. All injuries were 

performed between 9am-12pm. Mice were survived for 6 hours, 24 hours, 1 week and 1 

month post-CCI and compared with sham animals that underwent identical procedures 
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absent the cortical impact. Animals were assigned to groups randomly and in advance. No 

animals were excluded. Based on existing data, particularly the small variability in the 

outcomes observed among the animals, the proposed number of animals was anticipated to 

provide adequate power (90) (49). All subsequent histological experiments, analyses and 

quantification were performed blind to the injury status of the animal.

Tissue Handling Procedures

At the study endpoint, ketamine / xylazine / acepromazine (75/15/2 mg/kg, i.p.) was 

administered and following adequate anesthesia, animals were transcardially perfused with 

an initial flush of chilled 1X phosphate buffered saline (PBS) followed immediately by 

appropriate handling procedures to permit either:

1. Standard Histological Analysis using Formalin Fixed Paraffin Embedded 
(FFPE) Tissue (CCI: n=4 per survival group; Shams: n=3 with 24h survival; 
n=5 with 1 month survival). Animals were transcardially perfused with chilled 

10% neutral buffered formalin (NBF), the brains extracted and post-fixed for 24 

hours at 4ºC. Brains were subsequently blocked in the coronal plane and 

processed to paraffin using standard techniques. 8μm thick sections were 

obtained at the midpoint of the impact site using a rotary microtome.

2. CLARITY (CCI: n=4 per survival group; Shams: n=3 with 24 hours 
survival): Passive tissue clearance was performed as originally described by 

Chung et al (17). Animals underwent transcardial perfusion with 20ml of chilled 

hydrogel monomer solution (4% Acrylamide / 0.05% Bis-Acrylamide (Bio-Rad 

Laboratories, Hercules, CA) / 0.25% VA-044 Initiator (Wako Chemicals USA, 

Richmond, VA) / 4% paraformaldehyde / 1X PBS). Brains were extracted and 

post-fixed for a further 72 hours in hydrogel solution at 4ºC. The sample, 

immersed in hydrogel solution, was placed within a chamber where air was 

removed by vacuum and replaced with nitrogen as described (17). Subsequent 

incubation in a water bath was performed at 37ºC for 3 hours until the hydrogel 

monomer solution had polymerized. Brains were dissected into 2mm thick 

blocks in the coronal plane before being immersed in 50ml of clearing solution 

(4% sodium dodecyl sulphate, 200mM boric acid in deionized water, p.H 8.5) 

and incubated at 37ºC in a water bath. The solution was replaced every 3 days 

until tissue samples appeared transparent (Fig 1a,b). Samples were then rinsed in 

0.1% TritonX in 1X PBS (PBST) and subsequently stored at 4ºC in PBST with 

sodium azide.

Standard Histological Examinations of FFPE Tissue

To characterize and verify reproducibility of the injury model, standard FFPE tissue was 

examined following staining with both hematoxylin and eosin (H&E) and Luxol Fast Blue / 

Cresyl Violet (LFB/CV) as described previously (35). The presence of brain atrophy over 

time was determined by measuring the area of the ipsilateral (injured) hemisphere as a 

percentage of the contralateral (uninjured) hemisphere using whole brain coronal sections at 

the epicenter of the impact site. Measurements were performed using ImageScope software 

(Leica Biosystems, Wetzlar, Germany) using whole-section, 20X high-resolution digital 
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scans acquired using the Aperio ScanScope (Leica Biosystems, Wetzlar, Germany). 

Immunohistochemical labelling of FFPE tissue was also performed to confirm the presence 

of axonal pathology using standard techniques as previously described (35, 37). Briefly, 

following deparaffinization and rehydration, endogenous peroxidase activity tissue was 

quenched using 3% aqueous hydrogen peroxide (15 minutes). Antigen retrieval was 

performed in a microwave pressure cooker with immersion in Tris EDTA buffer. Subsequent 

blocking was performed for 30 minutes in 1% normal horse serum (Vector Labs, 

Burlingame, CA, USA) in Optimax buffer (BioGenex, San Ramon, CA, USA). An 

additional blocking step was performed using M.O.M blocking reagent (Vector Labs, 

Burlingame, CA, USA) for labelling using mouse monoclonal antibodies on mouse tissue. 

Incubation with the primary antibodies was performed at 4ºC for 20 hours. Specifically, to 

identify axonal pathology, sections were labeled with an antibody reactive for the N-terminal 

amino acids 66–81 of the amyloid precursor protein (APP) (Clone 22C11(37, 75): Millipore, 

Billerica, MA) at 1:95k if visualized via 3,3’-diaminobenzidine (DAB) or 1:1K for 

immunofluorescence studies, and confirmed with goat anti-full length APP (70) at 1:1K 

(DAB). To identify normal axons, anti-neurofilament-heavy (NF-H) (Aves Lab, Tigard, OR, 

USA) was applied at 1:500 (immunofluorescence). After rinsing, sections were incubated 

with the appropriate biotinylated secondary antibody for 30 minutes followed by avidin-

biotin complex and visualization achieved using DAB (all reagents: Vector Labs, 

Burlingame, CA, USA). Alternatively, the corresponding Alexa Fluor (Invitrogen, Carlsbad, 

CA) fluorescent secondary antibody was applied at 1:500 in a 2% species-specific serum 

solution for 2 hours at room temperature. Sections were rinsed and either dehydrated / 

cleared in xylenes before coverslipping in cytoseal or alternatively coverslipped using an 

aqueous mounting medium (Dako, Carpinteria, CA). Positive control tissue for APP IHC 

included sections of contused mouse tissue with previously established axonal pathology. 

Omission of subsets of primary antibodies was performed in positive control material to 

control for non-specific binding.

Immunofluorescent Labeling of Mouse Brain Tissue following CLARITY

Following CLARITY procedures, tissue was incubated in mouse anti-APP (22C11) primary 

antibody (1:100; Millipore, Billerica, MA, USA) and chicken anti-NFH primary antibody 

(1:50; Aves Lab, Tigard, OR, USA) in PBST for 72 hours at 37°C. Samples were then rinsed 

in PBST for 3 days at room temperature on a rocker before subsequent incubation in Alexa 

Fluor 488 donkey anti-mouse secondary antibody and Alexa Fluor 568 goat anti-chicken 

secondary antibodies (1:100; Invitrogen, Carlsbad, CA), for 4 days at 37°C. Samples were 

again rinsed in PBST for 3 days as above and stored in PBST with sodium azide until 

imaging.

Confocal Imaging

CLARITY tissue was immersed in FocusClear (Cedarlane, Burlington, NC) prior to 

confocal imaging. Notably, consistent with what has been described previously, the process 

of passive clearance results in tissue expansion, specifically during lipid-removal. In 

contrast, tissue shrinkage can occur with immersion in Focus Clear. Thus, in order to permit 

appropriate comparisons between samples and groups, all tissue, including from controls, 
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was handled using standardized protocols. Critically, this included a standardized pre-

incubation in FocusClear for 1 hour immediately prior to imaging.

To minimize sample movement, tissue was positioned within a 2mm deep PDMS rectangle 

glued to a No. 1 coverslip and submerged in FocusClear (Cederlane Labs, Burlington, NC). 

Tissue was visualized using a confocal Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan). 

High resolution confocal imaging was performed immediately adjacent to the focal 

contusion in an area measuring 630μm x630μm (1024×1024 pixels) at 1μm z-step intervals 

through 100μm of the tissue. FFPE tissue was also imaged throughout the 8μm tissue depth 

using the confocal microscope as above.

Quantification of CLARITY Immunofluorescence Findings

First, we sought to determine whether disconnected or terminal axonal bulbs identified in 

standard 8μm thick tissue sections are indeed truly disconnected axon terminals when 

viewed with the addition of a third dimension in space.

To achieve this, the peri-contusional 3D CLARITY confocal images (630μm x630μm 

x100μm) at 6 hours, 24 hours, 1 week, and 1 month post-CCI (n=4 per group) were first split 

into individual z-steps of 1μm thickness using Volocity 6.3 software (PerkinElemer, 

Waltham, MA, USA). Next, sets of eight consecutive z-steps were compressed to form 8μm 

thick images (via the max projection function) to represent the thickness of tissue typically 

examined when using standard FFPE sections.

These 8μm thick regions of cleared tissue were then examined for the presence of axonal 

bulbs. Consistent with historical descriptions, axon bulbs were defined as swollen spherical 

or ovoid axonal profiles that are APP immunoreactive and appear disconnected. An axon 

was considered swollen if its maximal diameter was greater than 3μm (at least 50% greater 

than the maximal diameter of normal axons as determined by the measurement of normal 

axons identified with NF-H IHC (n=336 axons) in cleared tissue from 2 sham mice).

Note, to avoid assessing individual bulbs twice, a 14μm deep gap was omitted between each 

8μm thick image where apparently terminal bulbs were first identified. Similarly, the first 

14μm was omitted from the top and bottom of the sample to ensure complete visualization 

of all bulbs when viewed in 3D (Fig 1c). This 14μm distance was determined based on 

maximal observed bulb size across all time points. The percentage of swellings that 

appeared terminal in these 8μm thick “FFPE equivalent” images in cleared tissue were 

compared to actual APP stained 8μm thick FFPE sections to ensure they were representative 

(Fig 1d,e).

Next, all apparently disconnected axonal bulbs identified on 8μm-thick cleared tissue 

regions were subsequently re-examined in 3D, with the full thickness of tissue visualized in 

the Z-axis through a 100μm depth of the imaged 3D CLARITY samples. Bulbs re-assessed 

in 3D were then designated as either: 1) confirmed as a disconnected or terminal axonal bulb 

with one or no visible projections or 2) re-designated as a connected varicose axonal 

swelling, having two clearly visible projections along an intact portion of axon. The 
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maximal diameter of all swellings was also measured using the line measurement tool in 

Volocity software (PerkinElemer, Waltham, MA, USA).

Statistical Analyses

The area of ipsilateral cortex as a percentage of the area of contralateral cortex was 

compared between groups as a metric of brain atrophy using 2-way ANOVA with 

Bonferroni correction for multiple comparisons. In addition, both the percentage of apparent 

bulbs on 8μm analyses that were revealed to have retained connectivity on 3D analysis, thus 

representing periodic varicose swellings, and the average bulb diameter were compared 

between groups using the linear mixed-effects model. This model takes into account the fact 

that each mouse had multiple measures by including a subject-specific random effect. 

Finally, logistic regression was used to assess associations of bulb diameter with the 

presence of revealed connectivity. Odds ratio with 95% confidence interval (CI) is reported.

Image Processing for Video

All supplemental videos were generated using Nikon NIS Elements AR software, Version 

4.4 (Nikon, Tokyo, Japan). Regions of interest were selected on ND2 image files using the 

3D volumetric view function and the video generated using the NIS Movie Maker function. 

Depth encoding was achieved (Video S1) by selecting the depth encoded max intensity 

projection tool. All supplemental video files were saved as AVI image file formats (.avi) 

using MPEG compression and subsequently converted to .mov files using Free MP4 

Converter, Version 6.5.11 Aiseesoft Studio (Hong Kong). Final QuickTime files were 

generated using H.264 encoding with a resolution of 1280*720, video bitrate of 2500 kbps, 

frame rate of 30 fps, and aspect ratio of 16:9.

RESULTS

Clinical and Neuropathological Characterization of CCI in Mice

Immediately following CCI, no apnea beyond 30 seconds or clinical evidence of seizure was 

observed in any animals. All mice were ambulatory within 5–10 minutes of isoflurane 

withdrawal and resumed normal eating / drinking / grooming behaviors within 1 hour.

Standard (FFPE) histological characterization of mice (n=4 per group) revealed 

neuropathologies consistent with historical descriptions of the model. Specifically, acutely at 

6 and 24 hours following CCI, a focal hemorrhagic contusion could be observed of 

approximately 5mm in diameter on the right cortical surface. Both grossly and on H&E 

examination, contusions could be observed throughout the full cortical thickness (Fig 2b,c.). 

By 1 week to 1 month following CCI, on both gross and histological (H&E and LFB/CV) 

examination, significant and progressive cavitation of the lesion site could be observed (Fig 

2d,e,h.). Consistent with previous descriptions, measurements of brain atrophy demonstrated 

a significant and progressive loss of tissue out to 1 month post-injury (Fig 2f) (34, 40). APP 

IHC revealed extensive axonal pathology with tortuous varicose profiles and extensive 

axonal bulbs at 6 hours to 1 week post-CCI in peri-contusional cortex, underlying corpus 

callosum, hippocampus, as well as more minimally in the ipsilateral thalamus (Fig 2i). By 1 

month post injury, while comparatively minimal, APP positive axonal bulbs and varicosities 
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could still be observed in the lesion site, predominantly surrounding the cavity and 

minimally in the underlying thalamus (Fig 2j). APP immunoreactive axonal pathology was 

absent in sham animals.

3D CLARITY Reveals that Axons are More Connected Post-CCI than Previously 
Appreciated using Standard Histological Approaches

Consistent with FFPE tissue, at all time points post-injury within cleared tissue, APP 

accumulation could be observed in injured or degenerating axons. Within 8μm-thick (FFPE-

equivalent) tissue regions, APP accumulated within tortuous varicosities along axons that 

nonetheless remained intact or connected. However, much more frequently, APP 

accumulation was also observed in terminal axonal bulbs where only a single proximal 

process could be observed feeding into a disconnected, swollen axon terminus. In some 

cases, swellings appeared isolated with no clear projections (Fig 3d, Video S1–2). 

Importantly, there was no difference in the percentage of all axonal swellings that appeared 

terminal between images of standard 8μm-thick FFPE and images of 8μm-thick regions 

within CLARITY samples (n=4 per group at 24h survival p = 0.59).

However, when the same apparently-disconnected axonal bulbs observed in 8μm-thick 

regions were re-evaluated with the inclusion of the full third dimension in space (up to 

100μm deep using the entire CLARITY image stack), a more complete appreciation of both 

axonal morphology and true axonal connectivity was ascertained. Specifically, in many 

instances these apparent axonal bulbs were revealed to have two clear processes and thus 

actually represented periodic varicose swellings along the length of an intact and thus 

potentially viable axon (Fig 3b,c, Video S3).

This was notably observed at all time points post-CCI. Specifically, 18.38 ± 2.27% of 

apparently terminal axonal bulbs identified on 8μm thick regions at 6 hours post-injury were 

revealed as intact varicosities when viewed in 3D up to 100μm deep. Intriguingly, by 24 

hours post-CCI this number significantly increased, with 28.91 ± 3.25% of presumed 

disconnected bulbs revealed to be varicosities (p=0.0002) (Fig 3a).

In contrast, by 1 week only 9.36 ± 1.92% of bulbs were revealed to be varicosities, a 

significant decrease from both 6 (p=0.0007) and 24 hours (p<0.0001). Remarkably, this 

number remained stable out to 1 month post-CCI at 10.13 ± 1.07% (again significantly 

decreased from 6 hours (p=0.0015) and 24 hours (p<0.0001), but not significantly different 

from the 1 week survival time point (p>0.9999)) (Fig 3a).

Axonal Swellings Decrease in Size with Increased Survival Post-CCI

The diameter of axonal swellings was also observed to progressively decrease with survival 

post-CCI. This result was true in both swellings that were confirmed to be true axonal bulbs 

and those that were revealed to be connected, varicose swellings (Fig 4). Specifically, of the 

disconnected axonal bulbs, the mean diameter of swellings was significantly greater at 6 

hours post-CCI (7.85 ± 0.43μm) versus those at 1 week (5.73 ±0.68μm, p<0.001) and 1 

month (5.11 ± 0.52μm, p<0.001). In addition, bulbs at 24 hours post-CCI (7.01 ± 1.05μm) 

were significantly larger in diameter than those at 1 week (p=0.042) and month (p=0.001), 
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although did not differ from the 6 hour time point (p=0.13). No differences in diameter were 

observed between 1 week and 1 month (p=0.15) (Fig 4a).

Interestingly, apparent bulbs that were revealed to be varicosities in 3D (i.e. still connected 

both to both the proximal and distal axon) also underwent a progressive decrease in their 

maximal diameter over time, suggesting possible recovery. Swellings at 6 hours post-CCI 

(8.46 ± 0.42μm) were greater in diameter than those at 1 week (5.24 ± 0.52μm, p<0.001) and 

1 month (5.59 ± 1.00μm, p<0.001). In addition, swellings at 24 hours post-CCI (7.59 

± 0.86μm) were also significantly larger in diameter than those at 1 week (5.24 ± 0.52μm, 

p<0.001) and 1 month (5.59 ± 1.00μm, p=0.003), although did not differ from the 6 hour 

time point (p=0.059). No differences in mean diameter were observed between 1 week and 1 

month (p=0.64) (Fig 4b).

Decreased Maximal Diameter of Axonal Swellings is Associated with Disconnection

While bulb diameter decreased over time regardless of whether swellings were disconnected 

terminal bulbs or periodic varicose swellings, further analysis using logistic regression 

revealed that the diameter of individual axonal swellings was predictive of whether 

swellings were disconnected axonal bulbs or periodic varicose swellings along intact axons.

Specifically, axonal varicosities that initially appeared as terminal axonal bulbs on 8μm-thick 

regions, were more likely to be of increased diameter versus those swellings that were 

confirmed as disconnected axonal bulbs at 6 hours (p=0.018; OR 1.12; 95% CI 1.02–1.23), 

24 hours (p=0.011; OR 1.09; 95% CI 1.02–1.16) and 1 month (p=0.018; OR 1.12; 95% CI 

1.02–1.23) post-injury. However, there was no significant difference at the 1 week time point 

(p=0.24; OR 0.93; 95% CI 0.83–1.05).

While disconnection was associated with decreased overall diameter as described, individual 

data per mouse indicates that swellings with the smallest diameters occur less frequently in 

varicosities along intact axons at all time-points. In contrast, while swellings that were 

terminal had a wider range of sizes, this included many of the smallest swellings that may 

represent the small bead-like fragmentation that occurs in Wallerian degeneration.

Interestingly, by 1 week and 1 month, the extent of large swellings appears to be decreased 

in connected axons relative to those that are disconnected, with swellings having a narrower 

range of diameters, clustered in the lower range (Fig 5a–d). While this may reflect a less 

severely injured population of axons, it may also reflect recovery of transport.

DISCUSSION

Using the novel tissue clearing technology, CLARITY, the nature of axonal pathology after 

TBI in mice was found to be morphologically diverse and followed a surprisingly protracted 

time course. This complex array of swollen axonal phenotypes and their differential 

evolution post-TBI suggests multiple distinct mechanisms of degeneration, and intriguingly, 

possible reduced axonal transport interruption or recovery over time in some injured axons. 

Importantly, axonal swellings were observed along potentially salvageable, intact axons even 

at 1 month post-TBI, indicating a surprisingly long window of therapeutic opportunity.
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By visualizing axonal pathology across three dimensions in space, we demonstrate that the 

extent of axonal disconnection is greatly overestimated when examined using conventional 

histological approaches on thin tissue sections. Specifically, 3D analyses utilizing thick 

blocks of cleared tissue, reveal that up to ~30% of axonal swellings appear to maintain 

connectivity post-CCI that were previously undetected with standard methods. While APP 

has emerged as a sensitive and early marker of axonal pathology (25, 37, 69), it is unknown 

whether all APP positive axonal swellings ultimately progress toward terminal 

disconnection, or whether a subset of these swellings are capable of undergoing repair with 

restoration of normal transport and function. Thus, an accurate appreciation of axon 

disconnection is critical when assessing both the degree of injury, as well as quantifying and 

interpreting histopathological outcome from experimental intervention.

Interestingly, the misidentification of varicose swellings as terminally disconnected axonal 

bulbs was not static over time, but rather had a variable temporal evolution out to 1 month 

post-injury. Specifically, at 6 hours post-CCI, ~20% of the swollen axons that appeared as 

terminal bulbs on thin sections were instead revealed to be varicosities along intact axons 

when viewed in full 3D. Curiously, this number increased significantly to ~30% at 24 hours, 

before declining to ~10% at 1 week and 1 month following injury. These data suggest that 

CCI causes an early (within 6h) and severe form of axonal degeneration with rapid transport 

interruption and disconnection, possibly due to direct mechanical perturbation of axonal 

cytoskeletal structure. This rapid disconnection appears to be followed shortly thereafter by 

a more protracted onset of axonal swellings, which may represent an emerging population of 

less-damaged axons undergoing a slower rate of APP accumulation and disconnection. In 

contrast, the delayed appearance of these swellings may also occur due to the multiple 

downstream pathophysiological processes including intra-axonal ionic imbalance, 

progressive cytoskeletal degradation, metabolic failure, oxidative stress and lipid 

peroxidation as described extensively following both in vivo and in vitro models of TBI (11, 

12, 18–20, 33, 36, 37, 43, 47, 48, 50, 55, 66, 67, 74, 80, 81, 84, 85, 87, 88).

Understanding the temporal course of axonal disconnection in relation to specific 

mechanisms of degeneration will be critical for the optimization of timed therapeutic 

intervention. Remarkably, these data indicate that even 1 month following injury, a 

proportion of axonal swellings were not terminally disconnected and thus potentially 

recoverable. Previous studies have shown that tissue loss resulting from experimental 

contusions produced by focal impact models in rodents, including the CCI model, gradually 

increases over time, resulting in a dramatic and progressive atrophy persistent for up to one 

year after TBI (7, 8, 40, 72). This may be of particular clinical importance given that 

ongoing progressive brain atrophy has also been observed radiologically following brain 

injury in humans (5, 21, 86). Moreover, APP immunoreactive axonal pathology was recently 

demonstrated in association with marked atrophy in the corpus callosum, even many years 

after severe TBI in humans (35).

In addition to exploring the temporal course of axonal swelling and disconnection, 

examinations of cleared tissue revealed that the size of swellings also decreased with 

survival, regardless of whether swellings were terminally disconnected or remained attached 

to the distal axon. This may simply reflect an overall reduction in axonal transport in 
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severely damaged tissue, where multiple points of interruption limit the volume of APP 

available to feed into downstream swellings. More comprehensive sampling or whole-brain 

analysis of tracts will be important to further explore the relationship between serial 

swellings. While it is also possible that downstream Wallerian degeneration can induce 

smaller swellings along the fragmenting distal axon, recent examination of Thy1-YFP-H 

mice subjected to an impact model of TBI describes an absence of APP accumulation in 

distal axonal swellings otherwise identified by yellow fluorescent protein (30).

It is particularly noteworthy that swellings along intact axons, even at 1 week and 1 month 

post-injury, are smaller than those observed acutely. Indeed, swellings along intact axons 

were notably clustered in the smaller size-range when compared to disconnected bulbs, 

which typically encompassed a wider range of diameters. While this observation may 

indicate a population of less severely transport-interrupted axons with reduced 

disconnection, it also supports the intriguing possibility that some swellings decrease in size 

over time via recovery mechanisms that reinstate transport. While recovery of individual 

axonal swellings has yet to be directly observed post-TBI, temporal examinations of an 

impact model of TBI in rats suggest both physiological and morphological recovery is 

possible, with variable recovery reported between myelinated and unmyelinated axonal 

subpopulations (62, 63).

Observations in this study regarding the trajectory of axonal swelling and disconnection are 

dependent on the pathological events specific to the CCI injury model. Given both the 

biomechanical and neuropathological features of CCI, findings can most reasonably be 

extrapolated to the axonal pathology observed in contused human brain tissue. Specifically, 

CCI relies upon controlled contact loading to the dural surface to cause dynamic 

deformation of brain tissue over the course of ~10–30 milliseconds to induce the primary 

pathology of focal hemorrhagic cortical contusion (34, 79). Consistent with multiple 

previous reports (34, 41), extensive peri-contusional APP+ axonal pathology was observed 

immediately below the impact site, as well as more minimal axon damage in the underlying 

hippocampus and thalamus. Much of the early axonal pathology likely occurs due to the 

primary compressive forces caused by impact and associated downstream cascades. 

Specifically, tissue within the peri-contusional region also displays neuronal death, regional 

brain swelling and edema, ischemic change, blood brain barrier disruption, as well as diverse 

glial and inflammatory responses (34, 40, 79) that together comprise a complex pathological 

milieu that may be further detrimental to axons. Indeed, it has long been described that APP

+ axonal pathology can occur independently as a result of prolonged ischemia or secondary 

to the vascular complications of raised intracranial pressure (22, 23, 29, 31, 35, 64). As such, 

vascular compromise within the contused and peri-contusional tissue may contribute 

independently to acute axon degeneration following CCI.

An important source of axonal pathology in human TBI is that caused by rotational forces 

due to rapid acceleration / deceleration of the head at the moment of injury (24, 36, 37, 46, 

65, 73, 78). Due to its large mass, the human brain is inherently vulnerable to this type of 

injury that contributes significantly to acute clinical outcome (24). However, acceleration / 

deceleration forces are absent during the fixed-head CCI model, and the degree of scaling 

required to generate clinically-relevant rotational forces in the smaller and lissencephalic 
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mouse brain are not feasible (34). Seminal studies have identified that forces from rotational 

accelerations are critical for the direct mechanical perturbation of axons to cause diffuse 

traumatic axonal injury (24, 37, 38, 46, 73). While not possible to examine using rodent 

cortical impact models as described here, determining how clinically-relevant rotational 

forces influence the trajectory of axon disconnection will be important to explore using 

appropriate models with a larger brain mass (37).

Furthermore, recent examination of both animal models and post-mortem human tissue 

demonstrates that APP does not label all swollen axons. Historically, multiple proteins have 

been identified accumulating in axonal swellings including various neurofilament subtypes 

(9–11, 13, 16, 27, 51, 58, 66, 82, 89), an N-terminal fragment of the alpha-spectrin protein 

(SNTF) (13, 37, 45, 66, 67, 87) and ubiquitin (68). However, APP was selected as a robust 

and early marker for diagnostic purposes and remains the “gold-standard” approach (25, 36, 

69). Both specific neurofilament subtypes and SNTF have been shown to label distinct 

populations of APP-negative axonal swellings (37, 42, 82). Similarly, YFP+ axons in 

transgenic mice also displayed swellings that were APP-negative (30, 90). Thus, while APP 

labelling has been shown to identify the greatest number of swellings relative to other 

markers (37), it nonetheless fails to detect the entire population of injured axons within the 

models and time points examined thus far. Further elucidating whether these APP-negative 

axonal swellings have a different time course of degeneration and disconnection may permit 

a more comprehensive and informed approach to the neuropathological assessment of 

axonal pathology.

Here, we have demonstrated that 3D temporal examinations of post-traumatic axonal 

swelling and disconnection reveals novel insights into the timing and morphologies of axon 

degeneration beyond what can be observed with traditional histological approaches. Indeed, 

this approach provides unique opportunities for the further exploration of specific 

mechanisms and whole-brain effects of axonal injury. Understanding the temporal 

progression of axonal swelling may inform not only the optimal timing of early 

interventions, but suggests that future therapies may have utility beyond the acute-phase of 

injury.
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Figure 1. Evaluation of Axonal Pathology using the CLARITY Technique
Representative example of 2mm-thick block of uninjured mouse brain sectioned in the 

coronal plane (a) before and (b) after tissue clearing. (c) Diagram demonstrating the 

approach to analysis of cleared tissue. Specifically, 8μm regions of tissue were flattened 

(maximum-projection function) to simulate traditional formalin-fixed paraffin-embedded 

(FFPE) tissue sections. Bulbs identified within these regions were re-evaluated with the full 

3D of tissue up to 100μm to determine their true morphology and connectivity status. 14μm 

gaps were included to avoid measurement of the same bulbs twice (based on maximal bulb 

size). (d) Representative example of standard 8μm-thick FFPE mouse tissue section 

immunofluorescently labelled with APP. Axonal swellings can be observed in the peri-

contusional region at 24 hours following CCI. Note, while the vast majority of APP 

swellings appear as disconnected, terminal axonal bulbs (arrow), occasional varicosities can 

be observed with two clear projections from a single swelling along an intact axon 
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(arrowhead). (e) APP immunoreactive axonal pathology observed peri-contusionally at 24 

hours post-CCI on 8μm-thick maximum projection images using cleared tissue appears 

indistinguishable from standard FFPE immunofluorescent sections in (d). Scale bars: (a,b) 
2mm, (d,e) 50μm.
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Figure 2. Progressive Atrophy and Associated Axonal Pathology Post-CCI in Standard FFPE 
Tissue
(a) H&E staining on sham animals reveals an absence of any focal pathology and a 

morphologically normal cortical surface. (b-e) H&E staining performed (b) 6 hours, (c) 24 

hours, (d) 1 week and (e) 1 month after CCI injury reveals acute cortical contusion and 

intraparenchymal hemorrhage at the site of impact as well as progressive atrophy of the 

ipsilateral hemisphere. (f) Tissue atrophy quantified by measuring the area of the injured 

ipsilateral hemisphere as a percentage of the contralateral hemisphere. All individual data 

are presented in addition to the mean percentage area ± SD. In the sham group, gray data 

points indicate mice sacrificed 24 hours after sham injury and black data points indicate 

mice sacrificed 1 month following sham injury, indicating an absence of change caused by 

craniectomy. (g–h) Luxol fast blue staining indicates loss of white matter and major cortical 

tissue loss at (h) 1 month following injury compared to (g) sham. (i–j) Swollen axonal 

profiles and varicosities immunroeactive for APP at (i) 24 hours and (j) 1 month post-CCI. 

Scale bars: (a–e, g–h) 400μm, (i–j) 25μm. *p<0.05, ***p<0.0001
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Figure 3. CLARITY Reveals Less Axonal Disconnection than Previously Thought Following CCI
(a) Graph showing the percentage of APP+ swellings that appeared terminally disconnected 

when viewed in standard 8μm-thick regions of tissue that were revealed to be connected 

varicose axonal swellings when all three-dimensions were fully visible using CLARITY 

(**p ≤ 0.01, ***p≤ 0.001). (b) Representative example of an APP+ apparent terminal axonal 

bulb (arrow) observed on an 8μm-thick region of cleared tissue (maximum projection) at 24 

hours post-CCI. (c) The same region of tissue as (b) re-evaluated with all three-dimensions 

now visible reveals that the apparent bulb is in fact a swelling that has two clear projections 

and thus represents a varicose swelling along an intact region of axon (arrowhead). (Alpha-
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blended image) (d) Depth encoded three-dimensional region of extensive APP+ axonal 

pathology in the peri-contusional region 24 hours post-CCI. Extensive and large axonal 

swellings can be observed with complex morphologies comprising both disconnected axonal 

bulbs and varicosities along the intact length of axons. Scale bars: (b, c) 10μm, (d) 50μm.
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Figure 4. The Size of Axonal Swellings Decreases with Increased Survival Post-CCI
The average maximal diameter of axonal swellings of both (a) terminally disconnected bulbs 

and (b) axonal varicosities along intact axons decreases over time following CCI. (*p ≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001). (c–f) Representative examples of the relative 

size of axonal swellings in the peri-contusional region in cleared tissue at (c) 6 hours, (d) 24 

hours, (e) 1 week, and (f) 1 month post-CCI. Scale bars: (c–f) 20μm.
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Figure 5. The Size of Axonal Swellings Changes Versus Connection Status with Survival.
The maximal diameter for all individual disconnected, terminal axonal bulbs and connected 

axonal varicosities shown for each mouse at (a) 6 hours, (b) 24 hours, (c) 1 week, and (d) 1 

month post-CCI.
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