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Traumatic brain injury (TBI) affects millions globally, with a majority of TBI cases being classified as
mild, in which diffuse pathologies prevail. Two of the pathological hallmarks of TBI are diffuse axonal
injury (DAI) and microglial activation. While progress has been made investigating the breadth of
TBI-induced axonal injury and microglial changes in rodents, the neuroinflammatory progression
and interaction between microglia and injured axons in humans is less well understood. Our group
previously investigated microglial process convergence (MPC), in which processes of non-phagocytic
microglia directly contact injured proximal axonal swellings, in rats and micropigs acutely following
TBI. These studies demonstrated that MPC occurred on injured axons in the micropig, but not in the
rat, following diffuse TBI. While it has been shown that microglia co-exist and interact with injured
axons in humans post-TBI, the occurrence of MPC has not been quantitatively measured in the human
brain. Therefore, in the current study we sought to validate our pig findings in human postmortem
tissue. We investigated MPC onto injured axonal swellings and intact myelinated fibers in cases from
individuals with confirmed DAI and control human brain tissue using multiplex immunofluorescent
histochemistry. We found an increase in MPC onto injured axonal swellings, consistent with our
previous findings in micropigs, indicating that MPC is a clinically relevant phenomenon that warrants
further investigation.
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Traumatic brain injury (TBI) affects an estimated sixty-nine million people globally each year’. In 2022 alone,
over twenty thousand United States service members from the Army, Navy, Air Force, and Marines, suffered from
a TBI%. Approximately 80% of all TBI cases are classified as mild, in which diffuse pathologies that are difficult
to discern via molecular imaging prevail. One of the pathological hallmarks of mild TBI is diffuse axonal injury
(DAI), wherein axons are disrupted over time and progress to disconnection resulting in a proximal axonal
swelling that is still connected to the neuronal soma and a distal axonal segment that degenerates via Wallerian
degradation®. Additionally, microglia, the innate immune cell of the central nervous system, have been shown
to be activated following TBI in both humans*-® and animals'®-'* and have been linked to cognitive changes fol-
lowing TBI°. Activated microglia fall on a spectrum from pro-inflammatory to anti-inflammatory with functions
that can promote tissue neurodegeneration or neuroprotection'>2,

While previous studies have identified various pro and anti-inflammatory pathways upregulated following
TBI, non-phagocytic physical interactions between activated microglia and adjacent neurons have only recently
begun to be investigated'®?*~%°. Previous studies from our group using a micropig model of TBI found microglial
processes converging onto the injured proximal axonal segment in a phenomenon called microglial process
convergence (MPC)**°. This MPC does not appear to involve phagocytosis”’ and was not found in our rat model
of TBI*. Specifically, in pigs, the number of activated microglial processes contacting injured proximal axonal
swellings was nearly twice that observed for myelinated fibers at 6 h following a diffuse TBI generated using
the central fluid percussion injury model?’. This MPC significantly increased from 6 h to 1 day post injury®.
However, in rats, there were far fewer microglial processes contacting injured axonal swellings compared to
myelinated fibers following TBI, indicating that MPC might be a phenomenon associated with higher order
gyrencephalic brains®®. To investigate the potential that MPC onto injured axons occurs in the human brain,
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in the current study we quantitatively assessed the prevalence of MPC onto injured axonal swellings and intact
axonal segments in human postmortem brain tissue. We hypothesized that human postmortem tissue would
demonstrate significant microglial process convergence.

Results

Microglial process convergence increases following axonal injury

To investigate the potential for microglial process convergence occurring on injured axonal swellings or intact
myelinated fibers in the human brain, multiplexed immunohistochemistry against the anterogradely transported
protein, amyloid precursor protein (APP) to visualize injured axons, myelin basic protein (MBP) to visualize
intact myelinated axons, and ionized calcium-binding adaptor molecule 1 (Iba-1) to visualize microglia processes
was done on human postmortem tissue from the DoD/USU tissue repository. When all fibers that were analyzed
across all cases were collated as APP +injured axonal swelling or MBP + intact myelinated fibers, it was found
that more Iba-1 + microglial processes/um of the perimeter were in direct contact with APP + axonal swellings
compared to MBP + intact myelinated fibers (Fig. 1A; U=32,240, p =2.4 x 10~*). The paraffin sections were thin
sections, precluding the ability to perform 3D reconstructions of the axonal swellings, as we had done for our
previous studies?®. As a single 2D image of the axonal segments is likely to be missing processes that are out
of the plane of section, we also investigated the number of Iba-1+ microglial processes that were within 5um of
the axonal segments. More microglial processes were found within 5um of APP +axonal swellings compared to
MBP + intact myelinated fibers (Fig. 1B; U =34,260, p=2.99x107), indicating that more microglial processes
are close to the injured axonal swellings.

After completing this initial analysis of the overall comparison between APP + swellings and MBP + myeli-
nated fibers, the cases were un-blinded. Following case unblinding, it was discovered that some APP +axonal
swellings were identified in control individuals and some MBP + myelinated fibers were analyzed from indi-
viduals that had DAI (Fig. 2). Therefore, the analyzed fibers were organized into four groups: (1) MBP + intact
myelinated fibers in control tissue, (2) MBP + intact myelinated fibers in DAI tissue, (3) APP +axonal swellings
in control tissue, and (4) APP +axonal swellings in DAI tissue. When the data was stratified by axonal injury and
DAI cases we found more microglial process convergence occurring directly onto APP +injured axonal swell-
ings, specifically within tissue with verified DAI (*(3) =15.53, p=0.001; Fig. 3A). There were also significantly
more microglia processes within 5 um of APP +injured swellings in both control and DALI tissue as compared
to MBP + fibers in control postmortem samples (x*(3) =21.97, p=6.61x 10~; Fig. 3B).
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Fig. 1. Microglial processes converged onto injured axons in human postmortem tissue. Box and whisker
plots of Iba-1+ microglial processes (A) in direct contact with or (B) within 5 pm of MBP + intact axonal fibers
(n=197) and APP +injured axonal swellings (n=278). *p <0.05.
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Fig. 2. Representative fluorescent micrographs of microglial process interactions with either intact myelinated
axonal fibers (first two columns) or injured axonal swellings (second two columns). Nuclei were labeled with
Dapi in blue (top panel). Microglia were immunolabeled with Iba-1 which is pseudo colored green in the second
panel. Intact myelinated fibers immunolabeled with MBP (first two columns of the third panel) or injured
axonal swellings immunolabeled with APP (last two columns of the third panel) were pseudo colored in red.
The last panel shows the full overlay for the multiplex immunohistochemical labeling. Scale bar is 20 um.

The morphology between MBP + intact axonal segments and APP +axonal swellings was significantly differ-
ent (x(3)=12.2, p=0.007; Fig. 4), with the APP + axonal swellings within DAI tissue having smaller perimeters
compared to the MBP +intact axonal fibers within control tissue (p=0.003; Fig. 4C). This is interesting as the
number of Iba-1+ microglial processes in contact with the axonal segments or within 5 um of the axonal seg-
ments were calculated as the number of contacts per pum of the perimeter for all axonal segments assessed. As
expected, the APP +axonal swellings in both control and DAI tissue had significantly higher circularity indices
compared to the MBP +axonal fibers in either control or TBI tissue (*(3) =332.35, p<0.001; Fig. 4D). Specifi-
cally, while the MBP + intact axonal fibers in both control and DAI cases were more linear the APP + axonal
swellings had a high degree of circularity (Fig. 4). There were no differences observed between control and DAI
cases for either MBP +intact fibers (p=0.25) or APP +injured axonal swellings (p =0.83).

To validate the by eye counts of Iba-1 microglial process puncta onto the APP +axonal swellings, the inte-
grated density/intensity of Iba-1 labeled microglial processes in the region of the APP +axonal swelling or
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Fig. 3. Microglial processes appear to converge onto injured axons in control and DAI cases. Box and whisker
plots of Iba-1 + microglial processes (A) in direct contact with or (B) within 5 pum of MBP +intact myelinated
axonal fibers in either control cases (n=161 fibers) or DAI cases (n=36 fibers) and APP +injured axonal
swellings in control cases (n =105 swellings) or DAI cases (n=173 swellings). Note that while the APP +axonal
swellings within the control cases did not have significantly higher Iba-1+ microglial processes directly touching
it (p=0.053), both control cases and DAI cases had significantly more Iba-1 +microglial processes within 5 pm
compared to the intact MBP + fiber counterparts. *p <0.05.

MBP + myelinated fiber was assessed, in which a mask of the APP +axonal swelling or the MBP + myelinated
fiber was made and the integrated density of Iba-1 labeling within those regions was assessed. The intensity
of Iba-1 labeling was significantly higher in APP +injured axonal swellings compared to control MBP +axons
(x*(3)=56.217, p=3.78x 1074 Fig. 5). Specifically, there were no differences in the intensity of Iba-1 between
APP +injured axons (p=0.72) nor between MBP +axonal segments (p=0.99) within control tissue compared
to DALI tissue. There was significantly higher Iba-1 integrated density within APP +axonal swellings compared
to MBP + intact axonal segments regardless of DAI status of the case (MBP + intact fiber in control cases vs.
APP + swellings in control cases p <0.001; MBP +intact fiber in DAI cases vs. APP + swellings in DAI cases
p<0.001; Fig. 5). This finding supported the counts of microglial process convergence onto injured axonal swell-
ings depicted in Fig. 3, demonstrating increases in microglial process convergence onto APP +injured axonal
swellings in the human brain.

Discussion

The current study demonstrates that microglial processes converge onto injured axonal swellings in the human
brain, supporting our hypothesis. The perimeters of the axonal segments were relatively consistent across
MBP + myelinated fibers in both control and DAI tissue as well as APP + injured axonal swellings within con-
trol tissue. The APP +injured axonal swellings within TBI tissue had significantly lower perimeters than the
MBP + intact myelinated axonal segments within control tissue. The number of Iba-1+ microglial processes in
direct contact with the axonal segment, however, was significantly higher onto APP +axonal swellings compared
to MBP + axonal segments, despite the lower perimeter available for contact. There were also significantly more
microglial processes within 5 pm of the injured axons compared to the MBP + axonal segments. Our group
previously observed MPC in the micropig brain acutely following a central fluid percussion diffuse TBI?’. This
phenomenon; however, was not recapitulated following TBI in the rat**, indicating that MPC onto injured
axons might be species specific. The current findings that MPC onto injured axonal swellings occurs in human
postmortem tissue, validates our previous findings in the micro pig and indicates that MPC following TBI might
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Fig. 4. Injured axons have lower perimeters and are more circular than MBP + intact myelinated fibers. Low
magnification micrographs of MBP +intact myelinated fibers (arrow heads) within and APP +axonal swellings
(arrows) within (A) control tissue or (B) DAI tissue. Box and whisker plots of (C) the perimeter of axonal
segments and D) the circularity of axonal segments of MBP + intact axonal fibers in either control cases (n=161
fibers) or TBI cases (n=36 fibers) and APP +injured axonal swellings in control cases (n=105 swellings) or TBI
cases (n=173 swellings). Note that while there was no significant difference between APP +axonal swellings in
control tissue compared to MBP + myelinated fibers in control tissue (p =0.08), injured APP + axonal swellings
within TBI tissue had significantly lower perimeters. Scale bar is 20 pm. *p <0.05.
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Fig. 5. Injured axons have higher Iba-1+ microglia fluorescent intensity than MBP + intact myelinated

fibers. Box and whisker plots depicting the integrated density of Iba-1 + microglia within axonal segments of
MBP + intact axonal fibers in either control cases (n=161 fibers) or DAI cases (n=36 fibers) and APP +injured
axonal swellings in control cases (n=105 swellings) or DAI cases (n =173 swellings). Injured APP +axonal
swellings in either control or DAI tissue had significantly higher Iba-1+ fluorescent intensity within the
swellings compared to intact MBP + axonal fibers. *p <0.05.

primarily manifest in higher order gyrencephalic brains. These findings show that MPC is a phenomenon that
occurs in the human population, necessitating further investigation.

Diffuse axonal injury (DAI) or traumatic axonal injury (TAI) is one of the hallmark pathologies of mild
TBI*'-%. It was originally thought that DATI occurs following TBI due to the mechanical shearing of the axons.
However, this is only true for a subset of axons that are observed to be injured within minutes of TBI, which is
referred to as primary axotomy. Rather, secondary axotomy/axonal injury, which occurs sub-acutely after injury
in rodent models of TBI is the phenomenon that is typically investigated. Secondary axonal injury involves
cytoskeletal dysregulation and accumulation of organelles and proteins, such as APP within the injured axonal
swelling®*. Specifically, the tensile forces of TBI cause axonal alterations that allow an influx of calcium into
the axon. This calcium influx leads to activation of cysteine protease pathways, which leads to degradation of
neurofilaments. Microtubules are also impacted by calcium influx following TBI and ultimately lead to a reactive
axonal swelling as anterogradely transported proteins and organelles pool at the end of the proximal axon®*-.
In the early 1990s immunohistochemistry against the anterogradely transported protein, APP, was found to
efficiently label the proximal injured axonal segment where it pooled*"*2. Immunohistochemical labeling of
APP has since become the gold standard for identifying DAI pathologically. Axonal injury is typically studied
in rodents 6-24 h following TBI, when it is most prevalent*»**. Within higher order animals DAI appears to be
prevalent starting hours following injury and peaking at 1w post-TBI'?, however DAI has been shown to last up
to 6 months in a pig model of TBI** and has been observed in human postmortem tissue from people several
years following a TBI***’. While DAI is a hallmark of diffuse TBI-induced pathologies, DAI can also be present
following hypoxia and in cases of substance use-related deaths, making the assessment of MPC on injured axonal
swellings impactful beyond the TBI field.

Many recent studies have demonstrated the impact of inflammatory cascades in regulating behavioral mor-
bidities, general pathology, and neuronal function in both the normal brain and in various disease states, includ-
ing TBI?"*8%° Neuroinflammation has been demonstrated in various brain regions in the human population
chronically following TBI>****°. Microglia, the innate immune cells of the brain, are critical mediators of these
TBI-induced neuroinflammatory processes'®*!~*”. Microglia have been shown to contact specific areas of the axon
in the mouse brain during homeostasis including, the nodes of Ranvier*®, the axon initial segment'?, synapses®,
and neuronal soma®. Many studies using rodents have indicated that reduction or elimination of activated
microglia and/or targeting various neuroinflammatory signaling pathways ameliorates downstream pathology
and behavioral morbidity?*%!-%4. Conversely, other studies have also found that anti-inflammatory microglial
activation is necessary and potentially advantageous'”>*%~7°, These studies demonstrated activated microglia
can secrete neurotrophic factors!>”!~7?, which would suggest a potential ameliorative effect of microglia follow-
ing injury in some cases. Additionally, recent studies have shown that microglia physical contacts play a role in
regulating neuronal activity, either increasing activity following anesthesia’”> or decreasing activity following
epileptiform activity®®’.

A study by Schirmer et al. investigating human post-mortem tissue found a significant positive correlation
between the density of microglia and axonal outgrowth as well as the duration of patient survival following
TBI, however, they did not quantitatively investigate the physical interactions between microglia and injured
axons’®. Another study done in vitro and in rats following a spinal cord injury found that exosomes from anti-
inflammatory microglia increased neurite outgrowth in vitro and increased GAP43 expression in vivo, indicating
that microglia could play a role in axonal outgrowth!”.
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Microglia have been observed within physical proximity to injured axonal swellings in human postmortem
tissue’®7%. Oehmichen et al. observed an increase in CD-68 + microglial cells areas of axonal injury in the white
matter at least five days post-TBI in human postmortem tissue, however, they only observed limited physical
interactions between the CD68 + cells and the APP +axonal segments””. Ryu et al. qualitatively identified areas
in which Iba-1+ microglia were in proximity to APP +injured axons in postmortem tissue from individuals
following both motor vehicle accident and blast induced TBI”®. Although, these previous studies indicated that
there could be direct physical interactions between microglia and injured axonal segments, our current study is
the first to quantitatively show that MPC occurs onto injured proximal axonal segments in human brain tissue
following TBI.

We do appreciate that there are limitations to the current study, mainly, that all cases were from male doners.
There is evidence that males and females respond to TBI differently”. A recent study also found that the burden of
axonal injury following a diffuse TBI in a pig model was significantly higher in females compared to age matched
males®. Further, microglia have been shown to be different in males and females®!-%>. Therefore, investigations
into MPC in both the male and female population should be done to fully appreciate the prevalence of MPC
onto injury axons in the human brain. We further acknowledge that MBP + intact axonal segments might not be
un-injured, rather could be pathological in a way in which there is no APP +axonal swelling present. Addition-
ally, these sections were only 15 pm thick, precluding a 3D investigation of MPC, as was done in our previous
micro pig studies®®?’. It is likely that the numbers of microglial processes we found converging onto the axonal
segments in the current study were artificially lower than they might actually be due to the section thickness.
Therefore, investigations using thicker tissue in which 3D reconstructions could be done, would be warranted
to glean a better appreciation of the degree of MPC onto injured axonal swellings in human postmortem tissue
of both males and females. Despite these limitations, the current study is the first to quantitatively demonstrate
MPC onto injured axons in the human brain. These findings indicate that MPC is a component of human DAI
and that further studies exploring the phenotypes and overall roles of the microglia involved in MPC following
DAI should be investigated.

Methods

Samples

Human brain samples were acquired from the Department of Defense (DoD)/Uniform Services University
(USU) Tissue Repository. All cases were from males between 26 and 69 years old (median age of 36 years) with
a maximum postmortem interval of 1 day (median of 19 h from death to fixation). A total of 11 human brain
samples were used. All identifiers were removed from the samples. Tissue was paraffin embedded and sectioned
at 15um. Slides containing areas demonstrating DAI were used for this study. Of these samples, 6 were cases
with demonstrated areas of DAI and 5 were controls. Confirmation of DAI was defined as focal positive labeling
of myelinated axons by APP. The etiology of DAI was varied with the cause of death for 3 cases being TBI, the
cause of death for 2 cases being drug/alcohol abuse-related, and the cause of death for one case being glioblas-
toma. The cause of death for control cases was cardiac arrest for 3 cases, kidney failure for one case, and liver
failure for one case. All but one case were taken from regions within the cingulate cortex with corpus callosum
(one DAI case was harvested from an unclear brain region). All imaging was done in regions in which the axon
fibers were running in parallel to the tissue section. All study staff were blinded to case group throughout the
labeling, imaging, and analysis.

Immunohistochemistry

To visualize the interactions between microglia and injured or intact axonal segments in the human brain
multiplexed fluorescent immunohistochemistry was performed. To identify injured axons, an antibody against
amyloid precursor protein (APP) was used, which indicates axonal transport issues indicative of axonal injury
131438 To visualize microglia, an antibody against ionized calcium-binding adaptor molecule 1 (Iba-1) was used.
Intact axonal fibers were visualized using an antibody against myelin basic protein (MBP).

In this procedure, sections were deparaffinized by incubating slides in progressively more concentrated alco-
hols. Antigen retrieval was done by steaming the tissue in pH 6.0 citric acid buffer for 30 min. Tissue was then
blocked and permeabilized at room temperature in 5% normal goat serum (NGS), 2% bovine serum albumin
(BSA) and 1.5% triton in phosphate buffered saline for 2 h followed by overnight incubation with a rabbit
antibody against microglial Iba-1 (1:200; Cat.#019-19741 Wako; Richmond, VA, USA) at 4C° in 5% NGS/2%
BSA/0.5% triton. Tissue was washed with 1%NGS/1%BSA in PBS at least six times prior to secondary anti-
body incubation with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:700; Cat.# A-11008, Life Technolo-
gies, Carlsbad, CA, USA) in 1%NGS/1%BSA/PBS at room temperature for 2 h. Tissue was washed in PBS at
least four times prior to overnight incubation with a mouse antibody against the 22C11 clone of APP (1:200;
Cat.#14-9749-82, ThermoFisher Scientific, Waltham, MA, USA) in 5% NGS/2% BSA/0.5% triton at 4C°. Tis-
sue was washed with 1%NGS/1%BSA in PBS at least six times prior to the next secondary antibody incubation
with Alexa Fluor 647-conjugated goat anti-mouse IgG (1:700; Cat.# A-21237, Life Technologies, Carlsbad, CA,
USA) in 1%NGS/1%BSA/PBS at room temperature for 2 h. Iba-1 and APP labeled tissue was washed in PBS
at least four times prior to overnight incubation with a rat antibody against MBP (1:200; Novus) at 4C° in 5%
NGS/2% BSA/0.5% triton. Tissue was washed with 1%NGS/1%BSA in PBS at least six times prior to the third
secondary antibody incubation with Alexa Fluor 568-conjugated goat anti-rat IgG (1:700; Cat.# A-11077, Life
Technologies, Carlsbad, CA, USA) in 1%NGS/1%BSA/PBS at room temperature for 2 h. Tissue was washed in
PBS at least four times. Multiplex labeled tissue was coversliped with Vectashield hard-set mounting medium
with Dapi (Cat.#H-1500; Vector Laboratories, Burlingame, CA, USA).
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Microglial process convergence analysis

The fluorescently immunolabeled slides were imaged on the Keyence BZ-X800 microscope (Keyence Corporation
of America, Itasca, IL, USA) at 40X magnification. One section was analyzed for each case by an investigator
blinded to group. A navigation super-image was generated using the far-red channel in which the APP +injured
axonal swellings could be visualized. APP +axonal swellings were differentiated from APP within the neu-
ronal soma by the intensity of the axonal swelling, which were more intense than somatic APP labeling, by the
absence of DAPI within APP +axonal swellings, and by the difference in size between the axonal swelling and
neuronal soma. Images containing at least 1 APP +injured axonal swellings were captured or no APP + swellings
but clean MBP labeling were captured. Fewer MBP only images were captured, as there were several analyz-
able MBP +intact myelinated fibers in each captured image, whereas there were few analyzable APP + axonal
swellings in each captured image. At least 25 images were taken for most cases, however, only 13 images were
captured for 1 case as no APP + swellings were identified. Across all samples a total of 161 MBP +intact axonal
segments from controls, 36 MBP + intact axonal segments from injured samples, 105 injured axonal swellings
from controls, and 173 injured axonal swellings from injured samples were analyzed for the current study. Fiji
Image J software (National Institute of Health, Bethesda, MD, USA) was used to evaluate the 2D images. Image
scales were set to 5.3 pixels/um.

To assess the interaction between microglia and injured axonal swellings, the APP + axonal swelling was traced
using the freehand tool and measured for perimeter, area, shape descriptors (aspect ratio, circularity, round, solid-
ity), integrated density, and mean grey value. The number of microglial processes and puncta that were directly
touching the APP + axonal swelling was counted by hand. A microglial puncta was counted if the Iba-1 stain
was bright and consisted of a cluster of at least 4 pixels. Then, the region encircling the APP +axonal swelling
was enlarged by 5 um and the microglial processes and puncta within the enlarged region was counted by hand.

In order to visualize the interaction between microglia and intact axonal segments, a random number genera-
tor was used to generate x,y coordinates to choose a MBP +axonal segment on the image. The axonal segment
was traced with the freehand tool and measured for perimeter, area, shape descriptors (aspect ratio, circularity,
roundness, and solidity), integrated density, and mean grey value. The number of microglial processes and puncta
that were directly touching the MBP + intact axonal segment was counted by eye. Then, the region encircling the
axonal segment was enlarged by 5um and the number of microglial processes and puncta within the enlarged
region were counted by eye.

Statistical analysis

The statistics were run using IBM SPSS software (IBM Corp., Armonk, NY). A Shapiro-Wilk test was conducted
to test for normality of the data. As the data was not normally distributed, a Mann-Whitney U test was used to
test differences between all APP +injured axonal swellings and all MBP + intact axonal segments. A Kruskal-Wal-
lis test was run to assess differences across multiple groups. A Bonferroni post hoc was used to correct for mul-
tiple pairwise comparisons. Statistical significance was set to a p value of <0.05. Data is presented as means and
standard error of the mean. All raw data is included in Supplemental table 1.

Data availability

All data generated or analyzed during this study are included in this published article and its supplementary
information files. Following publication these data will also be available on the Open Science Framework along
with the analysis protocol.
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