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Abstract
Traumatic axonal injury (TAI) is a consistent component of traumatic brain injury (TBI), and is
associated with much of its morbidity. Increasingly it has also been recognized as a major
pathology of mild TBI (mTBI). In terms of its pathogenesis, numerous studies have investigated
the susceptibility of the nodes of Ranvier, the paranode and internodal regions to TAI. The nodes
of Ranvier, with their unique composition and concentration of ion channels, have been suggested
as the primary site of injury, initiating a cascade of abnormalities in the related paranodal and
internodal domains that lead to local axonal swellings and detachment. No investigation, however,
has determined the effect of TAI upon the axon initial segment (AIS), a segment critical to
regulating polarity and excitability. The current study sought to identify the susceptibility of these
different axon domains to TAI within the neocortex, where each axonal domain could be
simultaneously assessed. Utilizing a mouse model of mTBI, a temporal and spatial heterogeneity
of axonal injury was found within the neocortical gray matter. Although axonal swellings were
found in all domains along myelinated neocortical axons, the majority of TAI occurred within the
AIS, which progressed without overt structural disruption of the AIS itself. The finding of primary
AIS involvement has important implications regarding neuronal polarity and the fate of
axotomized processes, while also raising therapeutic implications, as the mechanisms underlying
such axonal injury in the AIS may be distinct from those described for nodal/paranodal injury.
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Introduction
It is well recognized that traumatic axonal injury (TAI), commonly termed diffuse axonal
injury (DAI) in humans, is a consistent feature of a traumatic brain injury (TBI) and is
believed to be a major contributor to its subsequent morbidity [26, 38, 39, 54, 70]. This fact
has been affirmed in multiple studies performed in experimental models of injury as well as
human post mortem examinations, in which the occurrence of axonal injury has been
identified across the spectrum of human TBI ranging from mild through severe [26, 52, 38,
39, 54]. Further, through the use of modern imaging, the importance of DAI has also been
confirmed in humans wherein diffusion tensor imaging has consistently identified white
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matter tracts exhibiting reduced fractional anisotropy, the hallmark of DAI, in individuals
who have sustained traumatic injuries [4, 6, 26, 39, 59, 67]. More recently, the use of
susceptibility-weighted imaging has also confirmed the occurrence of TAI even following
mild injury [78]. While the importance of TAI /DAI cannot be disputed, limitations exist in
our understanding of its precise initiating pathogenesis in the traumatically perturbed brain
parenchyma.

Although multiple in vivo and in vitro studies have shown that traumatic initiation of focal
alterations in axolemmal permeability and/or local channelopathy result in the dysregulation
of intra-axonal calcium, mitochondrial damage, and the activation of damaging cysteine
protease cascades that disrupt axonal transport and cause local axonal swelling and
detachment [70], no consensus exists as to the precise point along the axon’s length that this
damaging cascade is initiated. In the myelinated axonal population, various lines of evidence
suggest the involvement of nodal [18, 44, 42, 45] as well as paranodal and internodal sites
[16, 49, 56]. However, no information exists on the potential involvement of the axon initial
segment (AIS) or its predilection for initiating reactive axonal change. This issue is of more
than academic interest in that involvement of the initial axonal segment versus nodal and
paranodal segments could pose different mechanistic issues relevant to the subsequent
pathogenesis of the induced axonal change, its functional correlates, and its potential
therapeutic modification. The failure of the research community to make progress in this key
area has not resulted from a lack of effort. Rather, it stems from the lack of investigative
tools required to identify with a high degree of fidelity, the precise site of axonal injury
within minutes of the traumatic event. Specifically, most studies conducted to date have
relied on immunohistochemical approaches to identify impaired axonal transport or
cytoskeletal disruption and/or the activation of cysteine protease cascades, all of which
reflect the early sequelae of axonal injury, while not necessarily delineating their anatomical
site of origin.

Recently, we characterized a model of mTBI using transgenic mice expressing yellow
fluorescent protein within scattered neurons of Lamina V of the neocortex. Using this
transgenic mouse line, we followed with fidelity, the chronic progression of traumatically-
induced axonal injury and its consequences for the sustaining cell bodies of origin together
with the subsequent reorganization of the retained axonal segment [20]. Appreciating the
uniqueness of this model system for following the chronic sequelae of DAI, we also
recognized that these same YFP-expressing neurons could provide a platform on which to
identify, with precision, the site of initial axonal injury based upon subtle alterations in the
intra-axonal YFP pooling and swelling. To improve the fidelity of site recognition, we also
appreciated that the use of contemporary markers of paranodal alignment, targeting
contactin-associated protein (Caspr) expression, offered additional benefit in determining if
these initiating axonal changes localized to either the nodal, internodal or the initial segment
domains.

In the current study, we utilized the above-described transgenic YFP expressing mice
together with Caspr immunoreactivity to define within the neocortex those sites most
commonly linked to the initiation of axonal injury. Using confocal analyses interfaced with
both a qualitative and quantitative evaluation, we demonstrate that the initiation of axon
swelling occurs not only at the nodal and paranodal domains, but also at the AIS which
showed a predilection for traumatically induced axonal damage within the neocortex.
Moreover, within the AIS, the reactive axonal change was highly focal, with only subtle
alteration of the remaining segment.
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Material and Methods
The Thy1-YFP-H line [B6Cg-TgN(Thy1-YFP-H)2Jrs, stock number 003782] was obtained
from the Jackson Laboratories (Bar Harbor, ME) and maintained as heterozygotes upon a
C57BL/6J background. Inheritance of the fluorescent transgene was determined from an ear
punch taken at weaning (approximately 21d). The tissue from the ear punch was mounted on
a glass slide and examined using a FITC filter on an Olympus DP71 digital camera
(Olympus, Center Valley, PA) where YFP+ axons could easily be identified in animals
carrying the YFP transgene. YFP expression in these mice is under the control of the
neuronal specific Thy1 promoter, resulting in YFP expression within the neocortex that is
primarily restricted to Layer V pyramidal neurons [17].

Mild central fluid percussion injury (cFPI) was induced as described previously utilizing
YFP-H mice [20, 21]. Briefly, 35 YFP-H male mice, 8–10 weeks old, weighing 20–26
grams were surgically prepared for the induction of cFPI. Each animal was anesthetized in
an anesthesia chamber with 4% isoflurane in 100% O2. After induction, animals were
placed in a stereotactic frame (Stoelting, Wood Dale, IL) fitted with a nose cone to maintain
anesthesia with 1–2% isoflurane in 100% O2. A thermostatically controlled heating pad
(Harvard Apparatus, Holliston, MA) was then placed under the animal and set to monitor
the rectal temperature and, via feedback control, maintain the body temperature at 37°C
during the surgery. A midline sagittal incision was made to expose the skull from bregma to
lambda. The skull was cleaned and dried and a 3.0 mm circular craniotomy was then made
along the sagittal suture midway between bregma and lambda, leaving the underlying dura
intact. A sterile Leur-Loc syringe hub was then cut away from a 20-gauge needle, and
affixed to the craniotomy site using cyanoacrylate. Upon confirming the integrity of the seal
between the hub and the skull, dental acrylic was then applied around the hub to provide
stability during the induction of injury. After the dental acrylic hardened, the scalp was
sutured around the hub, topical bacitracin and lidocaine ointment were applied to the
incision site, and the animal was removed from anesthesia and monitored in a warmed cage
until fully ambulatory (approximately 60–90 minutes). For the induction of injury, each
animal was re-anesthetized with 4% isoflurane in 100% O2, and the male end of a spacing
tube was inserted into the hub. The female end of the hub- spacer assembly, filled with 0.9%
saline, was attached on to the male end of the fluid percussion apparatus (Custom Design &
Fabrication; Virginia Commonwealth University; Richmond, VA). An injury of mild
severity (1.7±0.04 atmospheres) was administered by releasing a pendulum onto a fluid-
filled piston to induce a brief fluid pressure pulse upon the intact dura. The pressure pulse
measured by the transducer was displayed on a storage oscilloscope (Tektronix 5111,
Beaverton, OR), and the peak pressure was recorded. After injury, the animals were visually
monitored for recovery of spontaneous respiration. The hub and dental acrylic were removed
en bloc, and the incision was rapidly sutured before recovery from anesthesia/
unconsciousness. Topical bacitracin and lidocaine were then applied to the closed scalp
incision. The duration of transient unconsciousness was determined by measuring the time it
took each animal to recover the following reflexes: toe pinch, tail pinch, corneal blink,
pinnal, and righting. After recovery of the righting reflex, animals were placed in a warmed
holding cage to ensure the maintenance of normothermia and monitored during recovery
before being returned to the vivarium. For animals receiving a sham injury, all of the above
steps were followed with the exception of the release of the pendulum to induce the injury.
The Virginia Commonwealth University School of Medicine Institutional Animal Care and
Use Committee approved all animal procedures.

Following injury, animals were allowed to recover for times ranging from 3–4 min to 12
hours post injury (sham, n=12; 3–4m, n=2; 15m, n=4; 1h, n=5; 3h, n=3; 6h, n=6; 12h, n=3)
at which time they were intraperitoneally injected with an overdose of sodium pentobarbital
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and then transcardially perfused with heparinized normal saline followed by 4%
paraformaldehyde in Millonig’s buffer. After perfusion, the occipital and parietal bones
were removed and the brain and remaining skull were immersed in the perfusion fixative for
24h at 4°C. Each brain was then removed from the skull and blocked coronally at the optic
chiasm and the midbrain to include the parietal and temporal cortices, hippocampus, and
thalamus. Blocked brains were flat mounted with cyanoacrylate, embedded in agar and
40µm free-floating coronal serial tissue sections were cut using a vibratome (Leica
VT1000S; Leica Microsystems, Bannockburn, IL). Sections were collected from −0.58mm
to −2.5mm posterior to bregma, for a total of 48 sections. The tissue was stored in
Millonig’s buffer in 24-well culture plates until further use (Falcon, Newark, DE).

Allocated sections were then processed with antibodies targeting β-APP (1:500), an
established marker of axonal damage [65, 66, 19, 8, 74, 9, 34–36, 47, 48, 40, 37, 29] that
permitted comparison of these immunoreactive profiles to those identified through the
endogenous YFP expression. Additionally, antibodies targeting the cytoskeletal proteins,
contactin-associated protein (Caspr) (1:200) and ankyrin-G (1:200), were employed utilizing
immunohistochemical techniques described previously [20]. As noted previously, anti-Caspr
antibodies were utilized to identify paranodal, nodal and axon initial segment domains along
a single axon’s length. Caspr, a member of the neurexin protein family, along with other cell
adhesion molecules is responsible for the development and maintenance of the paranodal
junctions, and the association between the terminal loops of the myelin with the paranode of
the axon [55]. Caspr immunoreactivity, which is distributed along the myelinated axon’s
length, forms immunoreactive bands flanking the nodes of Ranvier with a single Caspr+

band, delineating the para-AIS, where the myelin sheath first establishes axonal contact.
Thus, in addition to marking paranodal/nodal regions it also serves as a marker delineating
the para-AIS, the more proximal AIS domain and the more distal juxtapara-AIS [15].
Furthermore, antibodies to ankyrin G were used to assess AIS cytoskeletal integrity to
determine if DAI initiated only focal change versus a more expansive disruption of the AIS.

Routine fluorescent image acquisition and quantitative analyses
For quantitative analysis a random well was selected (1–24) and 2 coronal tissue sections
from each case, 240 µm apart, were selected for immunolabeling for Caspr (6–8 coronal
sections were utilized for the 3m post-injury time point due to a paucity of swellings at this
time point). Within each section all YFP+ neurons within Layer V with associated axonal
swellings were identified throughout the entire neocortex, bilaterally. A total of 274 axonal
swellings were analyzed at the following post-injury time points: 3m (n=1), 15m (n=49), 1h
(n=65), 3h (n=57), 6h (n=63) and 12h (n=39). A blinded investigator performed all
quantitative analyses. The remaining tissue sections were processed for qualitative
immunofluorescent analysis. Quantitative fluorescent microscopic analyses and image
acquisition were performed using a Nikon Eclipse 800 microscope (Tokyo, Japan) fitted
with an Olympus DP71 digital camera (Olympus, Center Valley, PA) with the appropriate
excitation/emission filters.

Quantification of swelling size
Utilizing routine fluorescent microscopy and a l00× objective lens, axonal swellings were
identified along the length of YFP+ axons within Layer V throughout the neocortex
bilaterally. For each swelling the length and diameter were measured utilizing a micrometer
fitted within the microscope eyepiece. Swelling length was determined by measuring from
the region of disconnection to the portion of non-dilated axon proximal to the swelling of
interest. For swellings along continuous axons, length was measured between the two
regions of non-dilated axon related to the focal swelling. For each injured axon, additional
information was collected. The number of axons with multiple swellings and the number of
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axons demonstrating a focal swelling yet retaining continuity with the distal axonal segment
at each given time point were quantified.

Quantification of swelling location relative to axon domains
To determine the location of YFP+ swellings relative to specific initial, nodal, paranodal and
internodal axon domains, swelling location relative to Caspr immunoreactivity was
determined. Briefly, utilizing routine fluorescent microscopy and a 40× and 100× objective
lens, swellings were identified along the length of YFP+ axons within Layer V throughout
the neocortex bilaterally. Caspr+ immunolabeling of YFP+ axon in sham, uninjured animals
consisted of pairs of Caspr+ paranodes distributed on the YFP+ axon, allowing for
identification of the paranodal and nodal regions. At the distal end of the initial segment,
however, Caspr immunoreactivity was limited to a single band, reflecting the presence of
what has been termed the para-AIS [15]. This Caspr+ para-AIS domain was subsequently
utilized to identify traumatically induced swellings within the proximally oriented AIS as
well as swellings within the para-AIS/juxtapara-AIS domains.

Briefly, YFP+ axonal swellings, in which continuity could be established with the cell body
of origin, were identified throughout Layer V within the neocortex, bilaterally. Once
identified, they were classified based upon their location relative to Caspr+ immunoreactive
domains, as: 1. nodal swellings, those swellings located between two Caspr paranodes; 2.
paranodal/juxtaparanodal swellings, located either within or adjacent to Caspr paranodes; 3.
internodal swellings, located along the axon between two Caspr+ paranodal/nodal regions, 4.
swellings within the AIS and last 5. swellings within the para-AIS and/or juxtapara-AIS
regions.

Confocal Microscopy
Images of axotomized YFP+ neurons colabeled with antibodies targeting APP, Caspr and
ankyrin-G were acquired with both a Leica TCS-SP2 AOBS and a Zeiss LSM 700 confocal
microscope. Images presented are z-axis projections compiled utilizing ImageJ (NIH). A
sequential scan was utilized to eliminate the potential for crosstalk between the YFP
fluorophore and Alexa dyes utilized for immunolabeling.

Data Analysis
Quantitative data concerning swelling length, diameter, axon continuity and swelling
location was tested for significance using an one way analysis of variance followed by a
LSD posthoc analysis with p<0.05 considered statistically significant. No significant
changes in the location of axonal swellings were noted between different time points post-
injury and values presented are averages from all the different time points. All results are
presented as the mean ± standard error.

Results
General Pathophysiologic Findings

Mild cFPI in mice induced a transient suppression of the righting reflex in all injured
animals of 8.8±0.5 min that was significantly longer than that of 1.9±0.2 min resulting from
sham injury (p<0.05). The 2 min righting reflex for sham animals is consistent with recovery
from the surgical plane of anesthesia induced by 4 min of 4% isoflurane and does not reflect
recovery from sham-injury. Further, no significant difference in righting reflex suppression
was noted between injury groups (p> 0.05), indicating that all groups received injuries of
comparable severity. No hind limb seizures were noted in any animals, though transient
apnea was observed in several animals following injury. This apneic episode was of short
duration (<1 min) and resolved spontaneously without intervention.
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Early Axonal Injury in YFP-H Mice
Consistent with previous studies utilizing the YFP-H transgenic strain of mice [13, 75],
YFP+ neurons in the neocortex of injured and sham-injured control animals were observed
primarily within Layer V, though isolated, scattered YFP+ neurons could also be observed
within more superficial neocortical layers. Following sham-injury no YFP+ axonal swellings
or irregularities, indicative of axonal damage, were observed in the neocortex or the
underlying subcortical white matter (SCWM). Axons arising from YFP+ pyramidal neurons
in sham-injured animals were continuous and could be routinely followed from their
neuronal cell body of origin in Layer V into the underlying SCWM. Following injury, all
tissue sections processed for YFP visualization, as well as parallel immunohistochemical
analyses, revealed a pattern of macroscopic and microscopic change consistent with that
routinely described in rat and mouse cFPI models of mild to moderate severity [14, 20, 69].
The dorsal neocortex showed no evidence of contusion or cavitation. The brain parenchyma
itself was devoid of overt hemorrhage, with only isolated petechial hemorrhages observed in
the corpus callosum. Limited subarachnoid bleeding was found over the dorsal convexity
incident to the site of injury, however beyond this focus of subarachnoid hemorrhage there
was no involvement of the subarachnoid compartment. At all survival times, the ventricular
system maintained a normal appearance with no obvious trauma-induced ventricular
enlargement.

Despite this preservation of brain parenchymal integrity typical of a mild diffuse TBI, the
forces of injury consistently evoked YFP+ axonal swellings consistent with TAI.
Comparable to previous reports [20] small axonal swellings could be observed within Layer
V of the neocortex, often in continuity with their cell bodies of origin. As early as 15m post-
injury small swellings, ~l–2µm in diameter, (Figure 1a–c) could be identified scattered
throughout the neocortex, predominantly within Layers V and VI, with the sustaining cell
bodies located within Layer V. Often multiple YFP+ axonal swellings could be observed
along continuous YFP+ axons (Figure 1c), presumably demonstrating a progressive stage
prior to eventual axon disconnection. Though most swollen axons, whether containing one
or several swellings, at this early time point maintained continuity with their distal axonal
segments, some axons with swellings demonstrated a lack of continuity with the distal
axonal segment (Figure 1b) suggesting rapid disconnection. Importantly, quantitative
analysis of sections from animals sacrificed 3–4 min post-injury revealed only an isolated
axonal swelling, in which no evidence for axonal disconnection was identified (Figure 1d),
suggesting that the finding of early axonal swellings and their subsequent disconnection
within the first 15m following injury was not a direct consequence of the primary insult, but
rather, occurred progressively over a relatively rapid time course.

At the later time points of 3h, 6h and 12h post-injury, (Figure 2) the majority of axonal
swellings had expanded in size (Figure 2a, b) and, in large part, had progressed to
disconnection. Underscoring the heterogeneous temporal progression to disconnection, a
limited number of injured axons demonstrated continuity at 3h (Figure 2c), 6h (Figure 2d)
and 12h (Figure 2e), illustrating that progression from initial injury to eventual axon
disconnection is variable.

Though some temporal heterogeneity existed, quantitative assessment of the integrity of
swollen axons revealed a significant decrease in the percentage of swollen YFP+ fibers
maintaining axonal continuity as early as 1h post-injury (Figure 3a). At this time point, the
percentage of injured axons demonstrating axonal continuity was significantly reduced to
31.1±0.1% in comparison to the 57.8±0.1% observed in continuity at 15m post-injury
(p=0.033). The percentage of injured, yet intact axons was similarly decreased at subsequent
time points (Figure 3a).
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In addition to continuity, a quantitative assessment of the temporal changes in axonal
swelling size demonstrated a significant and progressive increase in the length and width of
YFP+ swellings (Figure 3b, c). Average swelling length (Figure 3b) at 15m and 1h was
found to be 2.74±0.45µm and 4.56±0.34µm, respectively. At 3h post-injury swelling length
had significantly increased to 6.59±0.41µm (p<0.01 compared to 15m post-injury). Axon
swelling length continued to increase significantly with respect to time with swelling length
at 6h and 12h reached 10.12±0.47µm and 10.92±1.45µm (p=0.028 and p<0.01, respectively,
as compared to 3h post-injury). No significant increase in swelling length was noted
between 6h and 12h post-injury.

Following a similar progression, and reflecting enlargement of axonal swellings over time,
swelling width increased significantly (Figure 3c) as early as 1h post-injury (2.62±0.18µm)
when compared to swelling width observed at 15m post-injury (1.85±0.16µm) (p<0.001).
Continued expansion was reflected in a significantly increased swelling diameter at 3h post-
injury to 4.01±0.31 urn (p=0.019), with further significant increases at 6h post-injury
(4.98±0.04µm) (p=0.018), beyond which time, no further radial enlargement was observed.

APP Immunohistochemistry
Consistent with previous reports following cFPI in rats [29, 30, 69] and in mice [20], focal
YFP+ axonal swellings were APP immunoreactive throughout the time course assessed
(Figure 4). APP immunoreactivity was present even in the smallest swellings detected at
15m post-injury (Figure 4a, b) with continued APP accumulation as YFP+ swellings
enlarged over time (Figure 4c, d). Consistent with previous reports, sham-injured animals
demonstrated no visible labeling of APP+ axonal swellings at any post-injury time point
evaluated (data not shown).

As noted previously, as early as 15m following injury (Figure 1c) and continuing throughout
the time course assessed, some axonal swellings occurred at multiple sites along the same
YFP+ fiber (Figure 4e–h). The number of fibers with multiple swellings did not change
significantly with respect to time post-injury, constituting approximately 1/3 of the injured
fibers throughout the 12h time course. Within these continuous YFP+ fibers demonstrating
multifocal swellings at early time points post-injury, APP+ immunoreactivity was typically
confined to only the most proximal swelling (Figure 4e, f). As noted, progression to
disconnection was consistently observed at later time points post injury, and consistent with
previous reports [20, 76], following disconnection APP immunoreactivity was typically
found only within the proximal swellings (Figure 4g, h). Among this population of YFP+

axons demonstrating multifocal axonal swellings, the majority demonstrated APP
accumulation in one swelling, typically the swelling proximal to the site of axonal
disconnection (Figure 4i, j), suggesting APP accumulation marks the eventual site of
disconnection when multiple swellings are present.

Localization of TAI-induced axonal swellings
To localize the above-described axonal swellings with respect to specific axon domains, an
anti-Caspr labeling strategy was employed. In the sham-injured animals, multiple Caspr+

axoglial interactions were observed (Figure 5b, c) located along the length of single YFP+

axons (Figure 5a). The presence of paired Caspr+ immunoreactive bands flanked the nodes
of Ranvier while a single Caspr+ para-AIS region was localized more proximally,
demarcating the end of the AIS, proximally (Figure 5).

With brain injury, traumatically induced YFP+ axonal swellings were localized by the
parallel use of Caspr+ immunostaining to the nodes of Ranvier (Figure 6a–h; white
arrowheads), paranodal regions (Figure 6h–m; white arrows), internodal axon segments
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(Figure 6e–g; yellow arrowheads), the para-AIS and the AIS (Figure 7) at all time points
following injury. Within many YFP+ axons, multiple swellings were observed (Figure 6a–
h), as noted previously. When multifocal swellings were found they often localized to both
the nodal and paranodal regions (Figure 6a–d), consistent with nodal axonal damage and the
subsequent accumulation of axoplasm within the paranode. Less frequently, internodal
swellings accompanied by nodal swellings were also observed (Figure 6g–i). Paranodal
swellings in the absence of nodal swellings were also observed along some intact axons
(Figure 6k–m). Disconnected axons often demonstrated a single locus of Caspr+

immunoreactivity that surrounded the distal tip of the swelling (Figure 6h–j), indicating
axon disconnection in the nodal region. In addition to these swellings localized at the nodes
of Ranvier, as well as the paranodal and the internodal segments, a large number of axonal
swellings also localized to the AIS and the adjacent para/juxtapara-AIS domains (Figure 7).
As early as 15m post-injury, small (2–5µm) swellings were observed both within the AIS
some distance proximal to the Caspr+ para-AIS (Figure 7a–c) and at the termination of the
AIS, directly adjacent to the para-AIS (Figure 7d–f). Clear evidence of the evolution of early
swellings which occurred within the AIS could be seen at 12h post-injury, with no evidence
for Caspr+ immunoreactivity within the proximal axonal segment following disconnection,
though the Caspr+ para-AIS was retained within the distal, disconnected axonal segment
(Figure 7g–i; arrows). In addition to focal swellings and/or disconnection within the AIS,
multiple axons demonstrated swellings within the para-AIS and juxtapara-AIS domains
(Figure 7j–o). These swellings were found to involve both the para-AIS (Figure j–I) and the
juxtapara-AIS (Figure 7m–o).

Following this qualitative evaluation, the distribution of swellings within each respective
axon domain was quantified. Although this analysis revealed no change in swelling location
with respect to time, the majority of YFP+ swellings occurred within the AIS (Figure 7p),
indicating that this axon domain is particularly vulnerable to the biomechanics of diffuse
brain injury. Specifically, a total of 59.9% of YFP+ swellings were located close to the cell
body either within AIS (50.4%) or the para-AIS/juxtapara-AIS (9.5%) regions, while the
remaining YFP+ swellings associated with the nodes of Ranvier (18.0%), the paranodal/
juxtaparanodal regions (14.4%) or the internode (7.6%). Additionally, at 15m post-injury,
within the axonal population demonstrating swellings associated with the AIS or para-AIS,
two-thirds of the YFP+ axonal swellings within the AIS were located adjacent to the Caspr+,
para-AIS (Figure 7d–f). The remaining one-third of AIS swellings occurred within the AIS
(Figure 7a–c). These results demonstrate a particular susceptibility of the AIS and para-AIS
to diffuse traumatic axonal injury.

The Preservation of AIS Cytoskeletal Integrity following TAI
Because of the predilection for axonal damage within AIS, we capitalized on this
localization, together with information existing on the genesis of TAI in terms of
cytoskeletal disruption to determine what relation if any these AIS alterations have to one of
its major cytoskeletal constituent, ankyrin G. Given the vast literature demonstrating
cytoskeletal degradation [3, 63, 64, 12, 11, 25, 10, 46, 60] and rapid retrograde axonal
degeneration [76] following injury, the integrity of cytoskeleton of the AIS was evaluated
utilizing antibodies targeting ankyrin-G (ankG), a cytoskeletal protein whose axonal
distribution is restricted to the AIS and the nodes of Ranvier. Consistent with previous
reports [62], ankG antibodies consistently labeled the AIS throughout the neocortex (Figure
8a–c). Importantly the AIS of YFP+ neurons within sham-injured animals were clearly
delineated by ankG expression (Figure 8d–e). At early time points post-injury, the AIS
cytoskeleton within the majority of injured axons remained intact (Figure 8f, g). Within
injured axons, the ankG cytoskeleton appeared intact in proximal regions of the AIS, only
demonstrating focal loss of expression in relation to the site of axonal swelling. (Figure 8j,
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k). Within isolated AIS segments some evidence of subtle cytoskeletal disruption, reflected
in diminished ankG immunoreactivity, was sometimes observed (Figure 8h, i). At later time
points post-injury, cytoskeletal ankG immunoreactivity was retained within the AIS
proximal to the axonal swelling and this was a common finding in the many YFP+ neurons
demonstrating AIS swellings (Figures 8j–k). Importantly, even within several dilated initial
segments seen at 12h post-injury, ankG immunoreactivity persisted within the axonal
cylinder (Figure 8l, m), consistent with its continued integrity.

Discussion
The results of the current communication provide a detailed description of the
spatiotemporal changes associated with TAI within the neocortex following diffuse TBI.
Utilizing a YFP-expressing transgenic mouse model of TBI, the current manuscript provides
unique insight into the axonal sites associated with the initiation of TAI. The current study’s
demonstration of YFP+ swellings adjacent to intact, unaltered axons is consistent with the
scattered/DAI described previously in both animals and humans [1, 51, 71]. Additionally,
our quantitative evidence for the continuous enlargement of axonal swelling is also
consistent with previous reports on the morphological progression of axon swelling
following TAI, a finding consistent with the fact that TAI involves progressive change. In
the current study, progressive linear and radial expansion of the swelling occurred between
15m and 3–6h post-injury, after which swelling size was stable. This likely reflects either an
interruption of further anterograde axonal transport or a conversion of anterograde to
retrograde axonal transport from the swelling [41, 61, 72, 73, 7], consistent with early
reorganization and recovery of the proximal axonal segment previously reported [20].

Importantly, in contrast to previous reports, the observed temporal progression from initial,
primary injury to eventual axon disconnection varied markedly. The initiation of axonal
swellings at 15 min following injury is consistent with previous descriptions of swelling
formation in the brainstem [43, 45, 50, 53]. However, importantly, in the current study over
40% of injured axons at 15 min demonstrated disconnection in contrast to previously
published studies reporting disconnection occurring over a period of several hours post-
injury [43, 45, 50, 53]. In the current study, confirmation that such rapid axon disconnection
was secondary and progressive came from our failure to detect any overt axonal
disconnection immediately, 3–4 min following injury. Such rapid axon disconnection is
consistent with the qualitative observations of Kelley and colleagues, following TAI in the
thalamus, where the majority of APP+, swollen axons demonstrated evidence for
disconnection by 30m following injury [29]. This rapid, yet progressive disconnection in a
large percentage of TAI fibers has critical implications when considering therapeutic
strategies targeting the multiple pathological processes attributed to secondary axonal injury,
as many axons may progress to disconnection rapidly thereby limiting any potential
neuroprotective strategies without the use of additional approaches aimed at extending the
therapeutic window. This important observation, however, does require validation in higher
order animals where the progression to disconnection may be slower [70].

In addition to the observed rapid axonal disconnection, a parallel contribution of the current
study, was the finding that this axonal injury occurred within multiple domains along YFP+

axonal fibers, including the node of Ranvier, the paranode/juxtaparanode region, the
internode and, importantly, the AIS. To our knowledge, the current manuscript represents
the first description of TBI-induced axonal swellings in the AIS. TAI-linked nodal injury
with the formation of nodal “blebbing” has been described in various experimental models
of TAI [18, 44, 42]. In vitro studies utilizing axonal stretch injury have demonstrated injury-
induced alterations to voltage-gated sodium (VGSCs), which are known to be enriched
within nodes of Ranvier [27, 58, 77]. This led to the suggestion that the node of Ranvier

Greer et al. Page 9

Acta Neuropathol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exclusively represents the initial site of pathology and subsequent axon failure [42]. The
results of the current communication suggest axonal injury can occur along the length of an
individual myelinated axon. Specifically, YFP+ swellings could be observed as early as 15m
post-injury and extending throughout the time course of study within nodal, paranodal and
internodal domains, consistent with previous reports of TAI in the brainstem of cats
subjected to diffuse brain injury, wherein axonal injury was found to occur within all three
domains [16, 49]. Additionally, these findings are also consistent with both paranodal and
nodal damage described following cFPI in the rat [56]. Collectively, these findings, along
with those of the current manuscript, suggest that TAI affects multiple domains within
myelinated fibers in a heterogeneous fashion.

However, despite the above discussed nodal and paranodal changes described in primarily in
the brainstem, it remains to be determined if parallel initial segment involvement is also
found within these brainstem sites. Further it remains to be determined if AIS involvement
constitutes a feature of subcortical and/or thalamic projection neurons. Importantly, although
present in all domains, YFP+ swellings found in the current study were unevenly distributed,
with the majority found to occur within the AIS or para-AIS, with 60% of all YFP+

swellings occurring therein, suggesting a predilection for injury within these specialized
axonal domains. Multiple lines of evidence suggest that several of the mechanisms long
associated with TAI in white matter tracts, such as axolemmal mechanoporation and sodium
channel dysfunction, appear to have a limited role in TAI within the AIS raising new
questions regarding its pathogenesis. Injury within the perisomatic domain of rats, now
recognized to represent injury within the AIS, has not been linked to mechanoporation as
evidenced by the lack small molecular weight tracer uptake [68, 29, 33]. Further, while
sodium channel dysfunction, specifically cleavage of its α-subunit has been demonstrated
following in vitro axonal stretch [27, 58, 57], both nodes of Ranvier and the distal AIS
contain Navl.6 voltage-gated sodium channels, suggesting an equivalent susceptibility to
VGSC proteolysis and subsequent axonal injury that was not observed in the current study.

In support of a diminished role for mechanoporation or channelopathy and subsequent Ca2+

dysregulation, is the relative stability of the AIS cytoskeleton observed in the current
communication. Unlike previous reports demonstrating calcium and calpain-dependent
complete dissolution of the ankyrin-G cytoskeleton within 3h of an ischemic insult [62],
calcium-mediated calpain activation appears to play a limited role in axonal injury within
the AIS, as previous studies demonstrated calpain-mediated αII-spectrin proteolysis
(CMSP) within the neocortex to be primarily restricted to the gray-white matter interface at
3h and 6h post-injury [46]. These swellings are remote from the AIS of Layer V and are
consistent with the nodal and paranodal swellings described in the current manuscript,
further supporting the hypothesis that injury mechanisms may differ depending upon axon
domain. More importantly, the current studies demonstrate little interruption of the ankG
cytoskeleton acutely within the AIS, with its preservation out to 12h post-injury. Though
qualitative in nature, these findings are consistent with previous quantitative evidence
demonstrating the absence of a significant increase in ankG breakdown in the neocortex
following cFPI in the rat [56] suggesting limited interruption of the AIS cytoskeleton
following diffuse axonal. The retention of the cytoskeletal composition of the AIS has
important implications for cell fate, as the loss ankG has been linked to a loss of neuronal
polarity [23]. This retention of polarity is consistent with the regenerative response observed
weeks to months following injury in this same model of mild TBI, whereby axon sprouting
was observed to occur from the proximal axonal segment [20], a process requiring its
continued molecular identification as the primary neurite/axon. Importantly, the retention of
the AIS and neuronal polarity is also consistent with our recent electrophysiological studies
performed using the same injury paradigm. The AIS and the channel and cytoskeleton
components contained therein, are known to play an important role in regulation of intrinsic
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neuronal excitability [5, 22, 28, 31]. We have recently demonstrated that following TAI, the
F–I slope and the rheobase, two measures of intrinsic excitability, are initially depressed yet
recover some normal properties by 2d post-injury [21]. Notably, others have demonstrated
that pathological alterations in AIS morphology have in fact been found to result in changes
in neuronal excitability [32]. Importantly the subtle injury-induced alterations in the AIS
noted in the current manuscript are consistent with the plastic responses of the AIS, such as
decreased length, which has been observed following ischemic [24] or blast [2] insults, and
suggests the possibility of a temporary but incomplete disruption the AIS cytoskeleton
following diffuse brain injury and a delayed restoration of neuronal excitability. These
studies demonstrated a decrease in the length of the ankG cytoskeleton within the AIS
following CNS injury. Although our current observations demonstrate the integrity of the
AIS cytoskeleton within the first 12h quantitative analyses are needed to establish whether
similar or perhaps more subtler effects upon AIS length are occurring following mild TBI.

In summary, the current communication reports the unique susceptibility of the AIS of
neocortical neurons to injury during diffuse TBI. Additionally, we report the rapid
disconnection of a significant percentage of injured axons, and demonstrate the localization
of APP+ swelling to the site of eventual axon disconnection. Notably the majority of
swellings occurred within the AIS, yet, these occurred without significant disruption of the
underlying cytoskeleton, consistent with the maintenance of neuronal polarity and
restoration of neuronal excitability. Though the mechanisms responsible for both the
initiation of axonal injury and the secondary cascade within the AIS are unknown, the
unique structure of the AIS, both in ion channel and ECM composition, suggests the
potential for pathological alterations that are unique to this domain. These issues warrant
further investigation and may become the focus of future therapeutic manipulations targeting
prevention of secondary injury and/or any subsequent neuroplastic response.
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Fig 1. Diffuse brain injury induces rapid secondary axotomy within Layer V pyramidal neurons
Following cFPI, the YFP+ axonal swellings (arrowheads) were evident as early as 15m post
injury (a–c). Several injured YFP+ fibers at this time point following injury showed clear
evidence for disconnection (b), though many demonstrated retained axonal continuity (a, c).
Additionally, YFP+ swellings could be found at various sites along the YFP+ axon, both
distal (a, b) and proximal (c) relative to the cell body of origin. Note the presence of multiple
swellings along the length of some injured YFP+ fibers at this early time point (C, arrow/
arrowheads). Importantly, axonal disconnection (b) at 15m following injury was the result of
secondary and progressive axonal change, as limited axonal alterations were observed at 3–
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4m following injury, and the only YFP+ swelling noted remained in continuity with the
distal axonal segment (d). Scale: 10 µm
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Fig 2. YFP+ axonal swellings progressively enlarge and disconnect over time post-injury
Consistent with progressive axonal change, YFP+ swellings continue to enlarge over the
next 12h post-injury (a–c). Though the majority of swellings progress to disconnection over
this 12h time span, occasional swellings still maintaining axonal continuity could be found
at later time points following injury (d–g), underscoring a temporally heterogeneous
evolution of YFP+ swellings over time. Scale: 10 µm
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Fig 3. Quantitative assessment of the temporal alteration in YFP+ swelling characteristics
revealed rapid axonal disconnection following TAI
When quantified, a large number of injured axons demonstrated axonal disconnection at
15m post-injury (a). Reflecting progressive disconnection, the number of YFP+ axons
demonstrating axonal continuity decreased significantly at 1h, 3h and 6h when compared to
15m post-injury, with most fibers demonstrating disconnection by 6h post-injury (a).
Quantitative analysis of YFP+ swellings revealed significant increases in YFP+ swelling
length (b) and diameter (c), reflecting progressive swelling enlargement over time.
Importantly, (* p < 0.05, compared to 15m; + p < 0.05, compared to 1h; ± p < 0.05,
compared to 3h)
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Fig 4. β-Amyloid precursor protein accumulation marks the site of eventual axon disconnection
At 15m following injury APP+/YFP+ swellings could be identified within the neocortex (a,
b, e, f). Within axons maintaining continuity, APP was consistently observed to be present
in the more proximal swellings (e, f arrowheads) and typically excluded from more distal
swellings (e, f arrows). Additional APP accumulation occurred within the larger YFP+

swellings at later time points (c, d). Importantly, as axons disconnected at later time points
(f, g) APP localization remained consistent with that observed at 15m. Note the
disconnected YFP+ axon, demonstrating APP immunoreactivity within the proximal YFP+

swelling (f, g arrowhead) with a lack of similar immunoreactivity within distal swellings (f,
g arrows). Importantly, at later time points (i–j) were multiple swellings were found within
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disconnected axons, APP immunoreactivity was restricted to the swelling adjacent to the site
of disconnection, suggesting that the extent of APP accumulation along the length of an
injured YFP+ axon demarcates the region that will be retained following eventual
disconnection. Scale: 10 µm
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Fig 5. Caspr immunoreactivity demarcates multiple axon domains
Caspr immunoreactive bands located along YFP+ axons mark sites of axoglial interaction.
Note the consistent pattern of immunoreactivity, with a proximal single band of Caspr
immunoreactivity localized to the para-AIS and the beginning of myelination, delineating
the more proximal AIS. More distal Caspr immunoreactivity appears with Caspr bands
occurring in pairs, marking two adjacent paranodes, flanking the node of Ranvier. Scale: 10
µm

Greer et al. Page 22

Acta Neuropathol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 6. TAI occurs in all axon domains following cFPI
Utilizing Caspr immunoreactivity, YFP+ swellings following injury were often localized to
paranodal and nodal regions (a–d, h–j). Less frequently, swellings were observed within the
intermodal region between two Caspr+ nodal regions (e–g). At later time points, YFP+

swellings, lacking continuity, were often observed to have maintained a Caspr+ region
within the distal region of the YFP+ swelling (h–j), presumably indicating disconnection
within the distal nodal region and retention of one Caspr+ hemi node within the distal YFP+

swelling. Additionally, paranodal YFP+ swellings were also observed to occur without
apparent morphological alteration of the adjacent nodal or internodal regions (k–m). Scale:
10 µm
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Fig 7. Axonal injury following cFPI preferentially occurs in the axon initial segment
Following quantitative analysis, the majority of YFP+ axonal swellings were found to occur
within the AIS (p). At 15m YFP+ swellings were predominantly localized at the end of the
AIS, proximal to the para-AIS (d–f), though several swellings were found to occur within
the AIS (a–c). At later time points and following disconnection, swellings were observed
within the AIS (white arrowheads, j–1), injured YFP+ axons were often found to have
retained Caspr immunoreactivity within the distal region of the swelling (j–o) or this Caspr+

axoglial interaction was clearly visible within the distal, disconnected YFP axonal segment
(G–I). Scale: 10 µm
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Fig 8. The AIS cytoskeletal integrity is conserved following traumatic axonal injury within the
AIS
AnkG labeled the axon initial segments throughout the neocortex in sham-injured animals
(a–c). Within intact axons of sham-injured and injured animals demonstrating no focal
swellings, AnkG immunolabeling revealed a discrete and compact AIS associated with each
YFP+ neuron (d, e). Within most YFP+ axons demonstrating swellings within the AIS, the
AnkG cytoskeleton was conserved and consistent with the pattern observed within sham
animals with loss of AnkG expression restricted to the region of axonal swelling (1h f, G; 3h
j, k). Occasional axotomized neurons demonstrated attenuation of the AnkG expression
within the AIS (h, i) and within YFP+ axons demonstrating expansion of the swelling to
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include the entire AIS ankG expression is still present directly underneath the plasmolemma
(l, m). Scale: 10 µm
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