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Evolution of Neurofilament Subtype Accumulation in Axons Following
Diffuse Brain Injury in the Pig
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Abstract. Although accumulation of neurofilament (NF) proteins in axons has been recognized as a prominent feature of
brain trauma, the temporal course of the accumulation of specific NF subtypes has not been well established. In the present
study, 17 miniature swine were subjected to nonimpact inertial brain injury. At 3 hours (h), 6 h, 24 h, 3 days, 7 days, and
10 days post-trauma, immunochistochemical analysis was performed to determine axonal accumulation of NF-light (NF-L),
the rod and sidearm domains and sidearm phosphorylation states of NF-medium (NF-M), and heavy (NF-H). We found that
NF-L accumulation was easily identified in damaged axons by 6 h post-trauma, but NF-M and H accumulation was not
clearly visualized until 3 days following injury. In addition, the axonal accumulation of NF-M and H appeared to be primarily
comprised of the sidearm domains. While the accumulating NF was found to be predominantly dephosphorylated, we also
detected accumulation of phosphorylated NE Finally, we found that developing axonal pathology may proceed either towards
axotomy with discrete terminal bulb formation or towards the development of varicose swellings encompassing long portions
of axons. These findings suggest that there is a differential temporal course in NF subtype disassembly, dephosphorylation,
and accumulation in axons following initial brain trauma and that these processes occur in morphologically distinct phenotypes

of maturing axonal pathology.
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INTRODUCTION

Diffuse axonal injury (DAI) is commonly observed
following brain trauma and is a primary cause of death
and neurological disability (1-4). While multiple studies
have established that accumulation of the structural neu-
rofilament (NF) proteins are key features of DAI (5-10),
little is known regarding the temporal evolution of NF
subtype accumulation following brain trauma.

NF proteins are primary cytoskeleton components of
axons, neuronal soma, and dendrites and consist of 3 re-
lated polymeric proteins of 68, 150 and 200 KD, respec-
tively referred to as neurofilament light (NF-L), medium
(NF-M), and heavy (NF-H). While each subtype of NF
protein is composed of similar rod domains, the structure
of NF-M and H also include sidearm domains of differing
lengths and the extent of sidearm phosphorylation is
thought to influence the diameter of axons (11-13). It has
been proposed by Povlishock and others that trauma in-
duces compaction of NF due to proteolysis of the sidearm
domains resulting in impaired transport (axoplasmic flow)
and subsequent swelling (14, 15). Further disorganization
of the axonal cytoskeleton and organelle accumulations are
thought to lead to the disconnection of axon with the sig-
nature pathologic feature of a bulb formation at the ter-
minal end of the axon. While it is thought that all discon-
nected axons ultimately undergo Wallerian degeneration,
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alternate pathways of secondary or delayed axonal damage
following trauma have not been fully explored.

In the present study, we utilized immunohistochemical
techniques to evaluate the disposition of NF subtype pro-
teins in damaged axons following diffuse brain injury in
the pig. In addition, we evaluated the development of
different morphologies or ‘“‘phenotypes” of developing
axonal pathology following trauma. The most salient fea-
ture of this model of diffuse brain injury in the pig is the
production of widespread axonal pathology in the white
matter resulting from nonimpact rotational acceleration
of the head as previously reported (16). This head rota-
tion induces inertial loading to the pig brain that is rep-
resentative of the loading conditions that often occurs to
human brains during traumatic events such as automotive
crashes. Pigs were selected because of their relatively
large gyrencephalic brains with substantial white matter
domains and for their proven ability to develop diffuse
axonal injury similar to the human condition (16).

MATERIALS AND METHODS

In these studies, we carefully adhered to the animal
welfare guidelines set forth in the Guide for the Care and
Use of Laboratory Animals, U.S. Department of Health
and Human Services Publication, 85-23. All animal pro-
cedures were approved by the University of Pennsylvania
Institutional Animal Care and Use Committee.

Preinjury Preparation

Nineteen miniature young adult swine (n = 17 injured
and n = 2 normal control), (4 months of age, Hanford
and Hormel strains), both male and female, weighing 17—
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20 kg, were used for this study. The animals were fasted
for 12 h, whereupon anesthesia was induced with an ini-
tial injection of midazolam (400-600 mg/kg). Once se-
dated, the animals received 2—4% isoflurane via snout
mask until they reached a plane of surgical anesthesia. A
venous catheter was then inserted in the ear, and the an-
imals were endotracheally intubated and maintained on
1.5-2% isoflurane. Physiologic monitoring and apparatus
included noninvasive ECG electrode leads affixed to the
chest and extremities, a pulse oximeter placed on the skin
of the tail, a rectal thermometer, and sampling tubes for
end tidal CO, measurement attached to the endotracheal
tube. Arterial blood gasses were also periodically evalu-
ated prior to injury and following injury. The pigs were
continuously monitored and all data from physiologic
monitoring were collected on a computer driven storage
system. Intracranial pressure monitoring was not per-
formed since previous studies demonstrated only small
transient changes with the injury parameters applied in
this study (16).

Brain Injury

Brain trauma was induced via head rotational accel-
eration as previously described in detail (16). Briefly, the
animals’ heads were secured to a padded snout clamp,
which in turn is mounted to the linkage assembly of a
pneumatic actuator device that converts the linear motion
to an angular (rotational) motion. For these experiments,
the linkage was adjusted to produce a pure impulsive
head rotation in the coronal plane, with the center of ro-
tation close to the brain center of mass. Isoflurane anes-
thesia was withdrawn 10 s prior to injury. Head rotational
acceleration was biphasic with a predominant decelera-
tion phase. Triggered release of pressurized nitrogen ro-
tated the linkage assembly 110° in 20 ms. Following in-
jury, the animals’ heads were released from the device.
All  animals received buprenorphine (0.1mg/
kg,i.m.,q12h,p.r.n.) for postoperative analgesia. It is im-
portant to note that previous studies with these techniques
demonstrated injured animals were awake and ambula-
tory within 8 hours (h) of injury (16).

Tissue Preparation

At selected time points following brain injury (n = 3
at3h,n=3at6h,n=2atlday, n =3 at3days, n
= 4 at 7 days, n = 2 at 10 days, n = 2 normal control)
animals were euthanized by overdose injection of pen-
tobarbital (150 mg/kg 1.V.) and transcardially perfused
with saline followed by 4% paraformaldehyde. The
brains were removed and postfixed in 4% paraformal-
dehyde and stored in phosphate buffer solution and cry-
oprotected with sucrose. Subsequently, the brains were
blocked into 0.5-cm coronal sections for gross examina-
tion and photography. A series of 40-um-frozen sections
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Fig. 1. Schematic representation of the structure of NF sub-

type proteins and the antigenic epitopes of the primary anti-
bodies employed in this study. All 3 NF proteins are made up
of a highly conserved ‘rod’ domain at the amino terminus, and
NF-M and H also have a sidearm domain at the carboxy ter-
minal ‘tail’ (T) that includes a multiphosphorylation region
(MPR). While antibody NR4 does not have a characterized
binding site on NF-L, RMO14, RMO44, RM048, and RMO194
antibodies specifically recognize epitopes on the rod domain of
NFM and NFH. Antibodies NN18, RMO281, and RMO217 are
specific for phosphorylation-dependent epitopes on the NF-M
and H sidearms. Antibodies N52 and RMO254 are specific for
nonphosphorylated NF-M and H sidearms.

were cut from the front face of each block and 10 parallel
sets saved for immunohistochemistry.

Immunohistochemistry and Analysis

Neurofilament immunohistochemistry was performed
on free flotation sections using the avidin-biotin-peroxi-
dase complex (ABC) method (Vector Labs, Ingold, CA).
Multiple primary monoclonal antibodies were used to
elucidate NF subtype accumulation following trauma,
shown in Figure 1. These antibodies included NR4 an-
tibody, targeting the 68 KD NF subunit (Sigma, 1:400),
NN18 antibody, to the phosphorylated 160 KD NF side-
arm domains (Sigma 1:40), and N52 antibody, targeting
the phosphorylation-independent 200 KD NF sidearm
domains (Sigma, 1:400). RMO254 antibody, targeting
phosphorylation-independent NF-M sidearms to C-ter-
minus (Dr. V.M-Y. Lee 1:5). RMO217 antibody, targeting
phosphorylated NF-H sidearms to C-terminus (Dr. V.M-
Y. Lee 1:5 (17). RMO281 antibody, targeting phosphor-
ylated NF-M sidearms to C-terminus (Dr. V.M-Y. Lee 1:
5) (14). RMO14, RMO44, RMO48 antibodies, specific
to recognize the rod domains of the NF-M subunit (Dr.
V.M-Y. Lee 1:500). RMO194 antibody, specific to rec-
ognize the rod domains of the NF-H subunit (Dr. V.M-Y.
Lee 1:500) (18) (Fig. 1). The sections were incubated
with primary antibody overnight at 4C° and then incu-
bated at room temperature for 1 h, each with the appro-
priate secondary antibodies and ABC solution (1:1,000).
Antibodies were diluted in 0.1 M Tris buffer with 2%
horse serum, and tissue sections were washed in this se-
rum buffer. Peroxidase activity was revealed with 0.025%
3,3'-diaminobenzidine, 300 mg Imidazole and 0.25%
H202 for 10 min. Omission of primary antibody or ap-
plication of control serum in lieu of primary antibody on
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selected sections of pig tissue provided a negative con-
trol.

Light microscopy was performed using a Nikon Mi-
crophot SA with UFX-DX camera system (Optical Ap-
paratus, Ardmore, PA). Coronal sections representing the
rostral-caudal extent of each brain were examined, and a
semiquantitative analysis was performed to determine the
number of axonal pathology profiles elucidated by each
stain, as previously described (16). For overall axonal
pathology, we used a sector scoring method to map out
the approximate amount and distribution of axonal pa-
thology. Regional axonal injury severity was determined
according to the scheme: 1+ = 1-5 profiles/1.2 mm?, 2+
= 6-15 profiles/1.2 mm? 3+ = >15 profiles/1.2 mm?.
To evaluate neurofilament subtype accumulation in ax-
ons, we selected sections from the cerebral peduncle and
from white matter of frontal lobe (regions with a high
density of axonal bulbs and axonal swelling). Four con-
secutive fields were counted for each staining.

RESULTS

Temporal Course of NF Subtype Accumulation in
Damaged Axons after Brain Injury

In control animals, no axonal damage was found with
any of the NF immunostains. In brain injured animals,
no NF accumulation in damaged axons was detected by
any of the NF antibodies at 3 h postinjury, but by 6 h
postinjury, NF-L immunoreactivity revealed axonal
swellings in the subcortical white matter of frontal and
parietal lobes as well as brain stem (Fig. 2). These swell-
ings appeared tortuous with multiple varicosities, but no
axotomy was observed. By 24 h postinjury, NF-L im-
munostaining revealed a much greater number of axonal
swellings; many of which had large diameters of greater
than 10 pm. In addition, at 24 h postinjury, NF-L im-
munostaining revealed frank disconnection at the distal
portion of some axons with the classic bulb or terminal
club formation due to terminal swelling. In contrast, none
of the immunostains for NF-M or H revealed axonal pa-
thology at 3 h or 6 h post-trauma and by 24 h only faint
axonal staining suggestive of swellings could be dis-
cerned with these stains. However, by 3 days postinjury,
axonal pathology was clearly and consistently elucidated
with NF-M and H immunostains (Fig. 2). A high density
of axonal swellings and bulbs were found in the deep
white matter at the root of the gyri and at the junction of
white and gray matter in the frontal, parietal, temporal,
and occipital lobes. In addition, axonal injury was also
observed at the margin of lateral ventricles external cap-
sule, thalamus, cerebellum, and brainstem. This pattern
was also found with NF-L immunostaining at 3 days fol-
lowing injury and remained consistent for NF-L, M and
H subtypes at both 7 and 10 days post-trauma. Although
there were modest differences in the apparent severity
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and distribution of axonal pathology between animals in
each group, the temporal differences found in NF subtype
staining were completely consistent in all animals from
each group. The severity and distribution of axonal pa-
thology at 3 to 10 days post-trauma is consistent with
that previously found at 7 days postinjury (16).

Axonal Accumulation of NF-M and H Rod and Sidearm
Domains and Phosphorylation States

Antibodies to the NF rod domains (RMO14, RMO44,
RMO48, and RMO194) showed no evidence of axonal
immunoreactivity at any timepoint postinjury (Fig. 3).
However, these antibodies stained neuronal soma consis-
tent with previous reports (14, 18). This immunoreactiv-
ity in neuronal soma is used as a positive internal control
to demonstrate the sensitivity of the antibodies. It has
been suggested that since NF-M and H in the somata lack
the highly phosphorylated sidearms, antibodies targeting
the “core” rod domains have greater access to immu-
noreactive binding sites (18).

Using the antibodies specific for phosphorylation-in-
dependent NF-M and H sidearm domains (N52,
RMO254), axonal pathology was readily identified in the
deep white matter, gray matter, and brainstem. Antibodies
specific for phosphorylated NF-M and H sidearm do-
mains (NN18, RM0O217, and RMO281) also revealed ax-
onal pathology in a similar distribution. However, axonal
pathology appeared to be much less dense and the stain-
ing was substantially weaker with phosphorylation-de-
pendent antibodies targeting the NF-H and M sidearm
domain compared with the phosphorylation-independent
antibodies (Fig. 4).

Phenotypic Progression of Traumatic Axonal Pathology

The evolution to 2 distinct forms of traumatic axonal
pathology was elucidated with NF immunostaining in
this study. We found only swelling of axons, with no
evidence of axotomy before 6 h post-trauma. Thus, no
evidence of primary axotomy (acute disconnection) was
observed in this model. Consistent with the well-de-
scribed progression of post-traumatic axonal pathology,
we found discrete bulb formation and disconnection by
24 h postinjury. The typical morphology of these bulbs
was 1 roundly swollen region at the terminal ends of
disconnected axons. The axonal diameter preceding the
bulbs was almost normal demonstrating the discrete na-
ture of this distinct pathology. The diameter of the axon
bulbs did not appear to influence disconnection. Large
diameter axonal bulbs (up to 50 pm) and small diameter
bulbs (less than 5 pm) were found to be disconnected.
Up to 10 days postinjury, we also observed nondiscon-
nected axonal swellings with large and multiple vari-
cosities along lengths that encompassed several hundred
microns of the axon. This morphology appeared very
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Fig. 2. Representative photomicrographs of NF-L and NF-H immunoreactivity in damaged axons in the subcortical white
matter and basal ganglia. Panels to the left demonstrate immunoreactivity of NF-L in swollen axons as early as 6 h postinjury
(top), the elucidation of a large swollen bulb formations with axotomy at 24 h postinjury (middle), and a high density of axonal
pathology injury detected by the antibody to NF-L at 3 days (d) postinjury (bottom). Panels on the right demonstrate virtually
no NF-H immunoreactivity in regions of axonal injury until 3 days postinjury. Bar: 6 h = 180 pm, 24 h = 20 um, 3 d = 40

pm,

distinct from the individual bulbs affecting only 1 local
area of the axon. Therefore, we observed at least 2 phe-
notypes of matured traumatic axonal pathology, includ-
ing 1) varicose swellings spread along great lengths of
axons, and 2) discrete axonal bulbs found only at the
terminal end of disconnected axons.

We also found a regional predilection for specific ax-
onal pathology phenotypes. Regions in which axonal

swellings comprised the only axonal pathology pheno-
type included long-tract systems of subcortical and deep
white matter, while axonal bulbs were more commonly
found at anatomic boundaries such as the gray-white mat-
ter interface and along margins of ventricles in addition
to the basal ganglia and brainstem. However, many white
matter regions demonstrated a mixture of varicose swell-
ings and bulbs (Fig. 5).
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Fig. 3. Representative photomicrographs of NF-M rod and
sidearm accumulation in damaged axons. Antibody to NF-M
sidearm domain strongly stains damaged axons (A). Antibody to
NF-M rod domain does not elucidate axonal injury (B), but does
stain neuronal somata as a positive control (C). Bar = 40 pm.

DISCUSSION

In this study we found several unique features in the
development of axonal pathology following diffuse brain
injury in the pig: 1) accumulation of NF-L in damaged
axons appears much earlier than NF-M and H; 2) accu-
mulation of the sidearm domain, but not the core region
of NF-M and H could be identified in damaged axons;
3) both dephosphorylated and phosphorylated NF side-
arms were found in damaged axons; and 4) axonal bulbs

J Neuropathol Exp Neurol, Vol 58, June, 1999

CHEN ET AL

P :"'J} ﬂl '_".I:.rl" :". '
.
Fig. 4. Representative photomicrographs of axonal pathol-
ogy in the basal ganglia. Axon damage is darkly stained with
antibodies against phosphorylation-independent NF-M and H
sidearm domains (A and B) and more lightly, but distinctly,

stained with antibodies specific for phosphorylated NF-M and
H sidearm domains (C and D). Bar = 40 pm.

and varicose swellings may represent 2 distinct pheno-
types of axonal pathology.

Consistent with previous studies on brain trauma in hu-
mans and large animals (5, 9, 20), immunoreactivity of
NF-L in axonal swelling was observed in the present study
as early as 6 h postinjury. It has been previously suggested
that NF-L is more easily identified due to more sensitive
immunostaining, or that it more selectively accumulates
compared with NF-M and H following trauma (20, 21).
However, we found excellent staining identifying NF-M
and H accumulation in damaged pig axons by 3 days pos-
tinjury, but only modest staining for these particular NFs
was observed at 24 h postinjury, and no staining at 6 h
postinjury. These data demonstrate there is substantial ac-
cumulation of all NF subtypes in damaged axons, but that
accumulation of NF-M and H is delayed compared with
NF-L. This may suggest possible temporal sequence of
cytoskeletal disruption following axonal injury. Immedi-
ately following trauma, core NF-68 protein may be a pri-
mary target for detachment from the neurofilamentous cy-
toskeleton. Alternatively, as previously suggested, trauma
may accelerate normally occurring NF-L disassembly and
migration from a stable neurofilament pool to soluble pool
within the axoplasm (20, 22, 23). A curious consideration
of selective NF-L disassembly following trauma is that
NF-L is a primary constituent of the core of the neurofil-
ament structure, suggesting that it is a more remote target
for degradation than NF-M and H, which are found in the
exterior circumference of neurofilaments.
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Fig. 5. Representative photomicrographs of NF immunostained sections demonstrating phenotypes of axonal injury at 7 days
post-trauma. A high density of isolated axonal bulbs in subcortical white matter demonstrating only 1 localized region of damage
in each affected axon (A), a predominance of varicose swellings encompassing long portions of damaged axons in the basal
ganglia (B), and a mixture of axonal bulbs and varicose swellings in the white matter at the root of a parietal lobe gyrus (C and

D). Bar: 80 pm for A, 40 pm for B, C and D.

While the slow axonal transport protein, NF-L, accu-
mulates in damaged axons relatively early following trau-
ma, it is preceded by proteins conveyed via fast axonal
transport. Most notably, the fast axonal transport protein,
B-amyloid precursor protein (3-APP), has been found ac-
cumulating in damaged regions of axons as early as 30
min following brain trauma (24-26). Accordingly, im-
munostaining for B-APP is now routinely used to eluci-
date axonal injury at acute postinjury timepoints (26-28).
However, B-APP staining only discerns morphologic
changes in the axon, while staining for subtypes of NF
proteins may reveal specific changes in the axonal cyto-
skeleton, as suggested by the results in the present study.

In the present study, only antibodies specific for the
sidearm domains of NF-M and H stained regions of ax-
onal swellings and bulbs. Antibodies specific to the NF
rod domains failed to elucidate axonal pathology at any
timepoint, but did demonstrate normal staining of neu-
ronal perikarya as previously characterized (18, 29). Pov-
lishock and colleagues previously used the same set of
rod and sidearm-specific antibodies in another animal
model of brain trauma and found evidence that the NF
sidearms are cleaved post-trauma, leaving the rod do-
mains exposed, yet apparently still intact as part of the

axon cytoskeleton (14). Using the same set of antibodies
for Western blot analysis, Hall and colleagues demon-
strated cleavage of NF sidearms following axonal tran-
section in the lamprey (18). Accordingly, inertial brain
injury in the pig may also induce cleavage of the NF
sidearms that accumulate in regions of impaired transport
in a delayed fashion compared with accumulation of NF-
L. In addition, our results suggest that NF-M and H rod
domains may not be primary targets for disassembly fol-
lowing trauma.

The proposed mechanisms underlying NF sidearm
changes in axonal injury have focused on elevated intra-
axonal levels of calcium, activation of wm calpain, sub-
sequent proteolysis of the NF sidearm (15, 30), and a
change in the NF phosphorylation state postinjury (31—
35). There is also some evidence that NF dephosphory-
lation leads rapidly to proteolysis of the sidearms (14, 15,
18, 36). NF-M and H in the stationary axonal cytoskel-
eton are highly phosphorylated in the multi-phosphory-
lated region of the sidearm domain (31, 37, 38). In contrast,
transported forms of NF are mainly nonphosphorylated
(39-41) and it has been suggested that accumulating NF
in damaged axons is nonphosphorylated (31, 32, 40). In
the present study, we found a high density of bulbs and
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Fig. 6. Schematic illustration demonstrating 3 proposed sequelae of traumatic axonal damage. Localized axonal damage due
to nonuniform strain results in catastrophic failure of a discrete region of the cytoskeleton with subsequent bulb formation,
disconnection, and degeneration (A). Uniform strain along the axon results in distributed cytoskeletal damage with the develop-
ment of multiple regions of varicose swellings, and ultimately, degeneration (B). Strain to the axons result in cytoskeletal damage

and swelling that are reversed by repair mechanisms (C).

axonal swellings in damaged axons labeled by antibodies
specific for phosphorylation-independent NF-M and H
sidearm domains and dephosphorylated NF-H sidearm
domains at 3 to 10 days post-trauma. To a much lesser
extent, we also found phosphorylated NF-M and H side-
arm domains in reactive axonal changes, identified with
specific antibodies. These findings suggest that while the
accumulating NF is predominantly dephosphorylated,
some of the sidearms in axonal pathology remain phos-
phorylated. While these findings may be novel, we can-
not presently ascertain whether the phosphorylated side-
arms found in axonal pathology are part of an intact
cytoskeleton, or if they represent proteolyzed debris that
remains phosphorylated.

In this study, we found only axonal swellings at 6 h
post-trauma, but by 24 h post-trauma we observed large
axonal bulbs. This suggests that there is little to no pri-
mary axotomy in this model of diffuse brain injury in
the pig, and that the temporal progression to axonal dis-
connection in pigs is similar to humans, as previously
suggested (5, 20). This observation may appear to sup-
port the widely accepted premise that axonal pathology
proceeds in a stepwise fashion from cytoskeletal disrup-
tion to a swelling that progresses into terminal bulb for-
mation following axotomy (19, 42). However, we have
previously suggested that there may be more than 1 path-
way in the development of post-traumatic axonal pathol-
ogy. While it seems clear that some axonal swellings de-
velop into axonal bulbs, certain types of axonal swellings
may represent a distinct phenotype of matured axonal
pathology. At all timepoints, from 24 h up to 10 days
postinjury, both axonal bulbs and swellings could be
identified. However, major distinctions in the morphology
and distribution between axonal swellings and bulbs were
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noted. Axonal swellings were often elongated with a tor-
tuous orientation in combination with multiple varicosi-
ties in segments ranging from 70-300 pm in length. In
contrast, axonal bulbs were typically found to display
only 1 discrete round distention at the terminal stump,
preceded by a remarkably normal axon diameter. Regions
in which axonal swellings comprised the only axonal pa-
thology phenotype included long-tract systems of sub-
cortical and deep white matter. In comparison, axonal
bulbs were more commonly found at anatomic bound-
aries such as the gray-white matter interface and along
margins of ventricles in addition to the basal ganglia and
brainstem. We propose that varying loading conditions
during injury assumed by axons traversing different
planes might affect the subsequent pathologic phenotype.
With a uniform strain such as tensile elongation distrib-
uted along the axon, great lengths may be damaged lead-
ing to elongated swellings and disorientation. On the oth-
er hand, nonuniform strain, which may occur at anatomic
boundaries, may affect 1 discrete region of the axon. This
discrete damage may then lead to localized catastrophic
failure of the cytoskeleton with resultant disconnection
and bulb formation without remarkable damage in more
proximal regions.

Based on our results, disconnection of axons appears
more related to the mechanical loading conditions at the
time of injury (e.g. tensile vs shear strain) rather than the
extent of swelling. For example, disconnection was not a
typical feature of axonal swellings even though some
reached diameters of greater than 40 pm. Alternatively,
disconnection was commonly observed in association
with axonal bulbs of only a few um in diameter. There-
fore, we may have to revise current hypotheses of the
temporal course of axon degeneration. While Wallerian
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degeneration of axonal bulbs is well established, the fate
of axonal swellings remains unclear. It is possible that
many swollen axons may actually undergo repair, as
schematically illustrated in Figure 6. As has previously
been reported, axons injured close to their cell of origin
and proximal to their collaterals are most likely to un-
dergo degenerative changes, whereas axons injured far
from their cell of origin and distal to their collateral
branches may survive (43, 44). Accordingly, axonal
swellings found in long tracts may be less likely to de-
generate than axonal bulbs located at anatomic bound-
aries

Taken together, these findings suggest that there is a
specific temporal course in NF disassembly, dephosphor-
ylation, and accumulation in axons following brain trau-
ma. The character and rate of these changes appears to
be dependent on the NF subtype. Furthermore, the evo-
lution of these changes may occur in isolated regions of
axons or be distributed along great lengths of axons pos-
sibly reflecting local mechanical loading conditions at the
time of injury.
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