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Abstract

Previous studies of human traumatic brain injury (TBI) have shown diffuse axo-
nal injury as varicosities or spheroids in white matter (WM) bundles when using
immunoperoxidase-ABC staining with 22C11, a mouse monoclonal antibody
against amyloid precursor protein (APP). These findings have been interpreted
as TBI-induced axonal pathology. In a mouse model of TBI however, when we
used immunofluorescent staining with 22C11, as opposed to immunoperoxidase
staining, we did not observe varicosities or spheroids. To explore this discrep-
ancy, we performed immunofluorescent staining with Y188, an APP knockout-
validated rabbit monoclonal that shows baseline immunoreactivity in neurons
and oligodendrocytes of non-injured mice, with some arranged-like varicosities.
In gray matter after injury, Y188 intensely stained axonal blebs. In WM, we
encountered large patches of heavily stained puncta, heterogeneous in size. Scat-
tered axonal blebs were also identified among these Y 188-stained puncta. To
assess the neuronal origin of Y188 staining after TBI we made use of transgenic
mice with fluorescently labeled neurons and axons. A close correlation was
observed between Y 188-stained axonal blebs and fluorescently labeled neuronal
cell bodies/axons. By contrast, no correlation was observed between
Y 188-stained puncta and fluorescent axons in WM, suggesting that these puncta
in WM did not originate from axons, and casting further doubt on the nature of
previous reports with 22C11. As such, we strongly recommend Y188 as a bio-
marker for detecting damaged neurons and axons after TBI. With Y188, stained
axonal blebs likely represent acute axonal truncations that may lead to death of
the parent neurons. Y 188-stained puncta in WM may indicate damaged oligo-
dendrocytes, whose death and clearance can result in secondary demyelination
and Wallerian degeneration of axons. We also provide evidence suggesting that
22Cl11-stained varicosities or spheroids previously reported in TBI patients
might be showing damaged oligodendrocytes, due to a cross-reaction between
the ABC kit and upregulated endogenous biotin.
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1 | INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of mor-
bidity and mortality, especially in age groups from ado-
lescence to early adulthood [1]. A major pathological
consequence of TBI is neurodegeneration in key struc-
tures including the cortex and hippocampus, manifested
as diffuse axonal injury (DAI; [2-4]), neuronal loss, and
cognitive impairment [5, 6], which may evolve into
chronic dementia as in Alzheimer’s or Parkinson’s dis-
eases (see [7] for a review). Research aimed at mitigating
this progression depends on identifying biomarkers for
neurodegeneration at the early stage of TBI when pre-
venting the transition of primary injury into more serious
secondary damage might still be possible. Immunohisto-
chemical staining with a mouse monoclonal antibody
(Clone 22C11) against the amyloid precursor protein
(APP) has been widely used to detect axonal pathology,
which includes intensely stained varicosities or spheroids
in white matter (WM) bundles, at time points as early as
3 h after TBI [7-16].

APP immunostaining has long been considered the
“Gold-standard” for detecting TBI-induced axonal injury
[7, 12], although 22C11-stained varicosities or spheroids
may not be specific to TBI since similar staining has been
reported in brain samples from patient controls [10,
14, 17]. It has also been suggested that APP-stained vari-
cosities or spheroids may represent the injury-induced
interruption of anterograde axonal transport and reflect
APP accumulation and swelling in damaged axons [7].
However, the existing evidence remains insufficient to
determine the axonal identity of these varicosities or
spheroids. In many previous studies using tissue from
TBI patients, 22C11 staining was performed using the
immunoperoxidase-ABC protocol; thereby making dou-
ble labeling with 22C11 and axonal markers impractical
and complicating efforts to verify the axonal identity of
22Cl11-stained structures [7-11, 13-17]. A recent study
did employ double immunofluorescent staining [12], but
produced contradictory findings: a portion of 22Cl11
staining demonstrated colocalization with staining for the
axonal protein SNTF (spectrin N-terminal fragment) in
tissue from patients with severe TBI, but samples from a
swine model of TBI exhibited notably little colocalization
between 22C11 and axonal SNTF staining. Taken
together, these findings raise questions regarding the cel-
lular origin of the structures stained by 22C11.

In the present study, we tested the suitability of
22C11 staining as a method to reveal neuropathology in
mice subjected to lateral fluid percussion injury (IFPI), a
well-established mouse model for TBI [5, 6, 18-20].
Immunofluorescent staining was performed in order to
enhance the contrast in brain slices and to allow for sub-
sequent double staining to assess the cellular identity of
22C11-positive structures. Unexpectedly, our immunoflu-
orescent staining failed to show the 22C11-positive vari-
cosities and/or spheroids that previous studies have

identified in TBI patients using the immunoperoxidase-
ABC technique [8, 9, 15, 16]. A review of the literature
suggested that 22C11 might not be specific to APP, since
22C11 staining has also been reported in APP gene
knockout mice [21, 22]. By contrast, the rabbit monoclo-
nal Y188 has been validated with brains from transgenic
knockout mice and therefore is APP-specific [21, 22].
Therefore, we performed immunofluorescent staining in
parallel with Y188 and 22C11 to compare APP immuno-
reactivity  between  naive and IFPI  mice.
Immunoperoxidase-ABC staining with biotinylated sec-
ondary antibodies was also performed with Y188 or
22C11, to provide a better comparison to previous stud-
ies using immunoperoxidase-ABC staining in tissue from
TBI patients [8, 9, 15, 16]. The possibility that endoge-
nous biotin might confound the detection of biotinylated
secondary antibodies was also assessed since this small
molecule has been detected in many regions of the brain
[23, 24].

2 | MATERIALS AND METHODS

2.1 | Mice

In the present study, we used four colonies of male mice
at 8 weeks old from Jackson Laboratory (Bar Harbor,
ME): C57/B6; B6.Cg-Tg (Thyl-YFP) HJrs/J (or YFP);
PV-CRE;tdTomato+/— (or PV/Tomato) and
B6.129S7-APP ™ PP/ (or APP knockout). The proce-
dures and protocols for all animal studies were approved
by Institutional Animal Care and Use Committees of
Children’s Hospital of Philadelphia and University of
Pennsylvania, in accordance with international guidelines
on the ethical use of animals [25].

To get YFP mice that express eYFP in projecting
(excitatory) neurons including cortical and hippocampal
pyramidal cells, hemizygous for Tg(Thyl-YFP)HJrs
(JAX stock 003782) were back-crossed with non-carrier
mice of C57/B6J, which is predicted to produce half of
the offspring as hemizygous (YFP carrier). Genotyping
was performed by checking a small piece of fresh tissue
out of the ear auricle from P21 to adulthood under a
fluorescent microscope [26], confirmed by our PCR geno-
typing (data not shown). The microscopic genotyping is
based on the notion that trigeminal nuclei harbor YFP-
expressing neurons in the hemizygotes [27] and these tri-
geminal neurons give rise to YFP-labeled axons to the
targets (including the ear). To produce PV/Tomato mice
that express tdTomato in parvalbumin-positive (inhibi-
tory) interneurons, PV-CRE  transgenic  mice
(129P2Pvalbtm]1(cre)Arbr/J; Jackson Laboratory, JAX
stock 008069) were crossed with tdTomato reporter mice
(129S6-Gt(ROSA)26Sormi4( CAG-tdTomato ) Hzell,
Jackson Laboratory, JAX stock 007908). These breeder
pairs would produce all offspring as PV/Tomato hetero-
zygous and thus, no genotyping was needed. APP
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knockout mice (Homozygous; [28]) and their wild-type
controls were genotyped by and directly received from
Jackson laboratory.

2.2 | PCR genotyping of YFP mice

To confirm the microscopic genotyping of YFP mice,
PCR genotyping was performed in the first breeding
pairs and some of their offspring. After genomic DNA
was extracted from the tail, PCR was set using 2 pairs of
primers (Transgene forward: ACA GAC ACA CAC
CCA GGA CA and reverse: CGG TGG TGC AGA
TGA ACT T; Internal positive control forward: CTA
GGC CAC AGA ATT GAA AGA TCT and reverse:
GTA GGT GGA AAT TCT AGC ATC ATC C), as
suggested by Jackson Labs. The PCR reaction was cata-
lyzed by Taq DNA Polymerase from Thermus aquaticus
(Catalog #: D1806; Sigma-Aldrich). After running Sea-
Kem LE agarose gel (1.5% in TAE; Lonza USA, Morris-
town, NJ), digital photos of ladder and genomic DNA
bands were acquired with Image Lab System (Bio-Rad).

2.3 | Lateral fluid percussion injury

We employed our model of 1IFPI to produce TBI in the
rodent. Lateral FPI was conducted as established in our
protocol [19, 20], but with a higher-pressure setting. In
brief, on day 1 a parietal craniectomy on the right side
was performed in mice anaesthetized with ketamine
(10 mg/100 g body weight) and xylazine (1 mg/100 g). A
Luer-loc needle hub (3 mm inner diameter) was secured
above the skull opening with cyanoacrylate adhesive and
dental acrylic. On day 2 the hub was filled with saline
and connected via high-pressure tubing to the LFPI
device (Department of Biomedical Engineering, Virginia
Commonwealth University, Richmond, VA), consisting
of a fluid-filled cylinder with a moveable piston at one
end and a Luer fitting at the other. The piston end is
adjacent to a pendulum which is raised to the height
needed to deliver the desired pressure when the pendulum
is released and strikes the piston. The Luer fitting on the
injury device is connected via tubing to the Luer hub on
the mouse. Close injury was produced by a brief pressure
pulse established when the pendulum strikes the piston,
and delivered via saline-filled tubing to the dura. A mild
IFPI mouse model has been established in our laboratory
by delivering a pressure pulse of approximately 1.8—
2.1 atm [6, 19, 20]. Since preliminary experiments showed
unstable and less pathological staining after injury by
1.8-2.1 atm, we raised the impact to 2.6-2.7 atm. We
also noticed that mice rarely survive an impact of 3.0 atm
or more. Compared to 1.5-5 min of righting time in the
IFPI 1.8 atm group [6], the IFPI 2.6-2.7 atm mice dem-
onstrated a righting time of 5-15 min. The term “IFPI”
used in the present study refers to 1FPI 2.6 atm group,

except for those cases denoted as “IFPI 1.8 atm.” Injured
mice with gross tissue damage visible to the naked eye
(such as open injury or brain herniation beyond the cra-
niectomy window) were excluded from the present study.
Sham animals received all the above procedures except
the fluid pulse. However, we would mainly use naive
mice as a more stringent negative controls for injured tis-
sue, considering that subtle damage to the cortical region
might not be completely avoided in sham animals during
craniectomy surgery (see “Results”). The mice were kept
for different periods of time before sacrifice as indicated.

2.4 | Tissue preparation and slicing

The mice were deeply anesthetized with 0.5 mL of 5%
chloral hydrate and perfused with 15 mL of 0.1 M phos-
phate buffer (PB) followed by 50 mL of freshly made 4%
paraformaldehyde (PFA) in PB at room temperature
(RT). Brains were removed and post-fixed in the same
PFA solution for 90 min at RT. Frontal slices were cut in
PB at 50 pm of thickness with a Leica VT 1000s vibra-
tome (Leica Microsystems Inc.). To minimize the number
of animals used, six series of slices from each brain were
collected in PB for different staining with an interval of
300 um between two adjacent slices within an identical
series [29, 30].

2.5 | Fluoro-Jade C staining

To confirm brain injury in each 1FPI mouse, Fluoro-Jade
C (FJCO) staining [31] was routinely performed prior to
immuno- or silver staining. IFPI mice at time points of
1,3,and 10 h, 1,2, 5,7, and 14 d, or 1, 2, and 3 m, and
age-matched naive or sham mice were used for FJC stain-
ing. Vibratome slices were fixed again in 4% PFA at 4°C
for 24 h. They were subsequently mounted onto Superfrost
Plus glass slides in 0.1 M PBS (not in distilled water
[DW] as recommended in the original study [31] since DW
makes brain slices wrinkle). Dried on a heating plate at
55°C for 60 min, the slides were rinsed in basic alcohol
solution (1% NaOH in 80% ethanol) for 5 min, and then
2 min in 70% ethanol and DW, respectively. After treat-
ment with 0.06% potassium permanganate for 20 min and
briefly rinsed with DW, they were incubated in the dark
with 0.0004% FJC (Histo-Chem, Inc.) in 0.1% acetic acid
for 20 min. Rinsed three times in DW, the slides were
dried on the heating plate for 5 min. Finally, they were
coverslipped with DPX Mountant (Millipore-Sigma) after
clearing with xylene three times (30 s twice and 1 min).

2.6 | Immunohistochemical staining

To reveal APP immunoreactivity in the brain we per-
formed free floating immunofluorescent staining [29] in
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order to raise the contrast of the brain slices from 1, 3
and 10h, 1, 2, 5, or 7 and 14 d after 1IFPI, and age-
matched naive or sham mice. Slices were permeabilized
with 0.3% triton X-100 and nonspecific staining was
blocked with a mixture of 5% normal donkey serum and
1% bovine serum albumin (BSA). After incubation with
22C11 (1:200 in PBS; Millipore-Sigma) or Y188 (1:500;
Abcam) for 60 min at RT and overnight at 4°C, visuali-
zation was done using Alexa Fluor 594-conjugated don-
key anti-mouse IgG (red; 1:250; Jackson Immuno
Research) or Alexa Fluor 488-conjugated donkey anti-
rabbit IgG (green; 1:250; Jackson Immuno Research) for
75 min at RT, together with Hoechst (Molecular probes,
Eugene, OR) to counter-stain nuclei of all cells in the
brain slices.

For further identification of 22C11- or Y188-stained
structures, double immunofluorescent staining [29] was
performed with different combinations of primary anti-
bodies as indicated in the text. We also performed co-
staining of Y188 with a mouse monoclonal anti-Olig2
(an oligodendrocyte marker; 1:200; Santa Cruz Biotech-
nology) or rat monoclonal anti-glycophorin A-associated
protein (Ly76, Colone TER-119, a red blood cell marker;
1:500; Abcam). To confirm the astrocytic staining of
22C11, co-staining was also performed with 22C11 and a
rat monoclonal antibody against glial fibrillary acidic pro-
tein (GFAP; A generous gift from Dr. Judith B. Grinspan,
Children’s Hospital of Philadelphia). To block mouse-rat
cross-reaction [32] or the reverse (rat-mouse) cross-reaction
between the primary and second antibodies [33], a sequen-
tial protocol was followed when co-staining with both
mice (22C11) and rat (GFAP) primary antibodies [33]:
staining with the mouse primary (22C11) and visualizing
with donkey anti-mouse IgG secondary (1:250) followed
by staining with the rat primary (anti-GFAP) and visualiz-
ing with donkey anti-rat IgG secondary at a comparatively
lower concentration (1:500).

Due to TBI-induced microvessel injury ([34]) or
inflammation-induced high permeability of blood vessels,
the injured mouse brain slices might be rich in endoge-
nous mouse IgG that can be recognized by anti-mouse or
anti-rat secondaries [33]. Before performing immunos-
taining with a mouse (22C11 or Olig2) and/or rat primary
antibody (GFAP or Ly76) on brain slices from injured
mice, we treated the slices with endogenous mouse IgG
blocking reagent (M.O.M. or mouse on mouse; MKB-
2213, 1:25; Vector labs) for 1h at RT. Unbound
M.O.M. was thoroughly washed away by rinsing four
times with PBS, prior to primary antibody incubation.
The slices from immunofluorescent staining were
mounted on a pre-cleaned slide glass, cover-slipped with
aqueous mounting medium, and kept in dark. Fluores-
cent samples were observed and images were acquired
with Olympus Fluoview 1000 system (Olympus Amer-
ica). Confocal settings were optimized and kept identical
when imaging injured versus naive, or knockout versus
wild-type mouse brain slices.

To provide a better comparison to previous data from
TBI patients [7, 8, 15], we performed free floating
immunoperoxidase-ABC staining [35]. Slices were incu-
bated with 1% H,O, for 30 min at RT to block endoge-
nous peroxidase. They were then treated with 0.3% triton
X-100 and blocked with a mixture of 5% normal goat
serum and 1% BSA. After incubation with 22C11 or Y188
for 60 min at RT and overnight at 4°C, the slices were
incubated with biotinylated goat anti-mouse or goat anti-
rabbit IgG (1:200; Vector Labs) for 60 min at RT, respec-
tively. Then, they were incubated with a premixed ABC
solution that contains avidin and biotin-horseradish perox-
idase (HRP) conjugate (ABC Elite kit, 1:100; Vector Labs)
for 60 min at RT. Visualization for HRP was performed
with 3,3'-Diaminobenzidine (DAB; Millipore-Sigma) in the
presence of 0.003% H,O, for 15 min at RT. To detect
endogenous biotin, we also incubated brain slices directly
with HRP-conjugated avidin (Av-HRP; 1:100; Vector
Labs) before DAB staining, without prior incubation with
the primary and secondary antibodies, and ABC. DAB-
stained slices were mounted on Superfrost Plus glass slides
and air-dried in a fume hood for 3 d. After dehydration
with 100% ethanol (5 min, three times) and clearance with
xylene (5 min, three times), the slices were coverslipped
with Eukitt® Mounting Medium (Millipore-Sigma).

2.7 | Silver staining

To demonstrate neuropathological findings with silver
staining, one series of vibratome slices from 0.5, 1, 3, and
10h, 1,2,5,7, and 14 d, or 1, 2, and 3 m after IFPI, and
age-matched naive or sham mice were further fixed in 4%
PFA at 4°C for 7 d. The slices were then stained with Neu-
roSilver Kit (PK301; FD NeuroTechnologies Inc). This sil-
ver staining kit was designed to selectively stain degenerated
neurons and/or neuropiles [36], based on the argyrophilic
feature of these degenerated structures as demonstrated pre-
viously [37, 38]. The free-floating protocol optimized by the
manufacturer (FD NeuroBiotechnologies) was strictly fol-
lowed, with special precautions to avoid sodium and etha-
nol. NeuroSilver-stained slices were mounted on Superfrost
Plus glass slides and thoroughly air-dried in the dark. They
were then treated solely with xylene (5 min, three times)
and coverslipped with Eukitt® Mounting Medium. Both
DAB- and NeuroSilver-stained slices were observed and
imaged with Eclipse microscopy- NIS Elements (Nikon,
Irvine, CA 92618).

3 | RESULTS
3.1 | Neurodegeneration revealed with FJC
staining

Prior to immunostaining and/or silver staining, we con-
firmed injury to each brain after IFPI by FJC staining [31],
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FIGURE 1

Evaluation of neuronal damage in IFPI mice by staining with Fluor-Jade C (FJC). Unlike in naive controls (A), a large number of

FJC-stained cortical neurons were seen in IFPI mice (B). At higher magnification, these positive neurons showed intense staining in cell bodies (C),
with a few proximal dendrites visible. (D) Some astrocytes (arrow) but no neurons were stained in the hippocampus from naive mice. (E) Along with
more positive astrocytes (arrow), IFPI mice showed numerous FJC-stained granule cells and a few hilar cells in the dentate gyrus of dorsal
hippocampus. (F) Positive dentate granule cells are highlighted. (G) An increased number of FJC-stained neurons could be seen in granule cell layers
(gcl) and subregion CA3c of ventral hippocampus. (H) No FJC-stained neurons could be found in area CA1 from IFPI mice. (I) A few granule cells
were stained at the vertex of the suprapyramidal (spb) and infrapyramidal blades (ipb) in dorsal hippocampus on the contralateral side, highlighted in
inset. alv, alveus; CA3c, subregion CA3c of the hippocampus (HC); CTX, cortex; DG, dentate gyrus; ec, external capsule; h, hilus; ml, molecular
layer (of DG); pcl, pyramidal cell layer (of area CA1). Scale bars: 50 pm in (A) and (B); 10 pm in (C, F, and inset); 20 pm in (D), (E), and (G)—(I).

which has been used to detect neuronal cell bodies after
TBI [39, 40]. In naive mice, we never detected positive neu-
rons in the cortex (Figure 1A) or hippocampus
(Figure 1D), although some astrocytes could be stained
(arrow). Starting at 1 h after 1FPI, large numbers of posi-
tive neuronal cell bodies would be seen in visual and audi-
tory associate cortices (Figure 1B), with some proximal
dendrites being stained (Figure 1C). A small number of
positive neurons could also be seen in somatosensory and
motor areas. In the dorsal hippocampus, FJC-stained neu-
rons were most abundant in the dentate gyrus (DG) near
the vertex where the supra- and infra-pyramidal blades
meet but could also be spotted in subregion CA3ab. More
positive neurons would be seen at the intermediate
(Figure 1E, F) to ventral hippocampus; Figure 1G),

mainly localized in granule cell layers and subregion
CA3c, with neurons in the hilus of DG. 10 h after 1FPI,
the number of FJC-stained neurons peaked. At this time
point, dotted appearance of dendritic arbors could be
clearly seen in DG and CA3c. LFPI mice demonstrated a
higher number of positive astrocytes (Figure 1E, arrow)
than naive controls (Figure 1D, arrow), in accordance with
increased gliogenesis previously demonstrated [5]. FIC-
stained neurons would dramatically decrease 2 d after
IFPI, as shown elsewhere [39, 40]. 7 d after injury, FJC-
positive neurons could only occasionally be spotted.
Instead, we encountered some axons stained with FJC.
Flurojade-C-stained neurons in area CAl (Figure 1H)
were never observed in cases with “clean” injuries (i.e., no
gross tissue damage visible to the naked eye). All FIC-
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FIGURE 2

Immuno-fluorescent staining in naive mice with the mouse monoclonal against amyloid precursor protein (APP), Clone 22C11.

(A) Confocal photomicrographs acquired from a brain slice across the cortex and hippocampus in a Z-stack of 10 pm. (B) Stained cortical pyramidal
neurons and their apical dendrites (triangles) under higher magnification. Cytosolic staining pattern is highlighted in (inset). (C) and (D) No sharp
somatic staining was observed in hippocampal pyramidal cells (pcl) and granule cells (gcl). Instead, high background staining was seen in dendritic
areas within the hippocampus (ml, so, and sr). Perivascular staining indicated with (double arrows). (E) Astrocytic-like staining in external capsule
(ec), the major white matter bundle of our focus. (F) Intensely stained ependymal cells (ep) surrounding the lateral ventricles (Iv). (G)—(I) Single
confocal image showing double staining with 22C11 (green) and a rabbit monoclonal against glial fibrillary acidic protein (GFAP; red) in ec and
hippocampus. Whereas GFAP staining could be seen all over the slice, 22C11-stained fibrous structures were predominantly found in ec. After merge,
22C11 would stain the central part of GFAP-verified astrocytes, resulting in partial colocaliztion (I, arrows). Unlike ec, very small fraction of GFAP-
stained astrocytes in the hippocampus were costained with 22C11. hf, hippocampal fissure; so, stratum oriens; sr, stratum radiatum. Scale bars: 50 pm

in (A); 10 pm in (B)—(I).

stained cortical and hippocampal neurons were located
ipsilateral to IFPI, except for a small group of granule cells
at the vertex of the suprapyramidal and infrapyramidal
blades of the granule cell layer in contralateral DG of dor-
sal hippocampus (Figure 11 and inser).

3.2 | Immunofluorescent staining with 22C11
or Y188 in naive mice

APP is expressed in normal brains [21, 22] and plays
important physiological roles [41, 42]. We tested two

different antibodies for their ability to reveal the distribu-
tion pattern of APP in naive mice, starting with 22C11, a
mouse monoclonal antibody against APP that has been
widely used in previous studies on human brains after
TBI (see “Introduction”). 22C11 showed diffuse and
blurred staining in most neurons in naive mice
(Figure 2A), except for more pronounced staining in a
subset of cortical neurons (Figure 2B) which exhibited
cytosolic staining in cell bodies (Inser). Sharper and more
intense staining could be seen in apical dendrites of pyra-
midal neurons in the cortex (Figure 2B, arrowheads) and
hippocampus than in other brain regions. Weaker
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FIGURE 3

Immunofluorescent staining in Naive mice with the rabbit monoclonal against APP, Clone Y188. (A) A stack of confocal

photomicrographs showing Y188 staining in a brain slice across the cortex and hippocampus. Both the cortical and hippocampal neurons were clearly
stained. Under higher magnification, cell membrane staining (with weak cytosolic staining) is prominent in principal neurons of hippocampal area
CALl (B) and dentate gyrus (C), exhibiting as particles around cytosol (inset). Note that inhibitory neurons were also sharply stained by Y188

(arrows). Positive staining could also be seen in ec (D), in which some puncta were in arrangement of rows (arrowheads). (E)-(G) Single confocal
image showing close correlation (triangles) between Y 188 (Green) and Olig2 staining (Red) found in corpus callosum. At higher magnification
(insets), olygodendrocytic cell bodies exhibited an obvious polarity of Y188 staining (green), encircling Olig2-positive nuclei (red). Note that the
dorsal hippocampal commissure (dhc) is devoid of both stainings (Jower inset in G). Scale bars: 50 pm in (A); 20 pm in (B)~(D); 10 pm in (E)(G);

2 pm in insets at high magnification for (E)~(G).

staining was observed in cell bodies of principal neurons
or interneurons in the hippocampus than in dendritic
layers (Figure 2C, D). Astrocyte-like staining could be
clearly seen in WM bundles, with higher density in the
external capsule (ec; Figure 2E). The strongest staining
noted was achieved in ependymal cells (Figure 2F).
Another characteristic of 22C11 was perivascular-like
staining (Figure 2C, double arrows), as reported elsewhere
[17]. Occasionally, we encountered long fibers
(Figure 2D, arrowheads) stained by 22C11.

To test if the astrocyte-like staining by 22C11 in WM
bundles (Figure 2E) was indeed derived from astrocytes,
we performed sequential staining with 22C11 followed by
a rat monoclonal antibody against GFAP, according to a
previously reported protocol [33]. Unlike 22C11 which
demonstrated fibrous astrocyte-like staining

predominantly in ec (Figure 2G), GFAP showed clear
staining in astrocytes all over the hippocampus and ec
(Figure 2H). Colocalization of 22C11 and GFAP was
largely restricted to this WM bundle (arrows), especially
in the central part of astrocytes, as can be seen under
higher magnification (Figure 2G-I). Occasionally, colo-
calization could also be found in the hippocampus, espe-
cially in stratum oriens of area CAl. Virtually all the
discrete, non-diffuse astrocyte-like staining by 22Cl11
overlapped with GFAP staining, although not all glia
had 22C11 staining, suggesting that in naive slices, 22C11
was binding to an antigen present in some astrocytes,
especially in WM.

By contrast, Y188 clearly demonstrated APP immu-
noreactivity in neurons throughout the brain including
the cortex (Figure 3A) and hippocampus (Figure 3A-C).
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FIGURE 4 Validating specificity of 22C11 and Y188 by comparing staining of APP knockout and wild-type mice. In wild-type mice (A)-(C),
Y188 (green) showed sharp staining in hippocampal (A) and cortical neurons (B), and sparse staining in corpus callosum (cc, C). On the contrast,
22C11 (red) showed faint staining in these neurons. In addition to intense staining of ependymal cells, 22C11 also stained out astrocytes in

cc. Arrowhead: perivascular staining. Double staining with both Y188 and 22C11 in the same cells and/or area is highlighted in insets. In APP null
mice (D)-(F), we could not find green staining from Y 188. However, 22C11 showed the same staining pattern as in wild-type animals (A)-(C). As a
result, double staining in APP knockouts exhibited 22C11 immunoreactivity (red) only. sl-m, stratum lacunosum-moleculare. Scale bars: 10 pm in all

panels, including insets.

Membrane staining by Y188 could be clearly confirmed
in both principal neurons (Figure 3B, C) and interneu-
rons (Figure 3B, arrows) in addition to weak cytosolic
staining, exhibiting a ring of particles encircling the neu-
ronal cell body (insef). Whereas some proximal dendrites
might be clearly stained, the axons were usually not visi-
ble after Y188 staining. Y188 immunoreactivity could
also be identified as puncta along WM bundles such as
the corpus callosum and ec (Figure 3D). The punctate
staining might be present in rows (arrowheads), in a simi-
lar fashion seen in the arrangement of oligodendrocytes.
No staining of astrocytes or microglia was ever observed
with Y188.

To check if the Y188-stained puncta in WM bundles
originated from oligodendrocytes, we costained with
Olig2 (Figure 3E-G), an oligodendrocyte transcription
factor, and a marker for the nucleus and occasionally the
cell body of oligodendrocytes. Under low magnification,
Y188 staining in the corpus callosum (Figure 3E, green)
resembled the putative neuronal varicosities labeled by

immunoperoxidase-ABC staining with 22C11 [7]. Olig2
staining (Figure 3F, red) however, was seen in a close
relationship (Figure 3G) to the rows of Y188-stained
puncta. Under higher magnification, Y188 stained the
entire cell body of an oligodendrocyte, but with obvious
polarity in the cytosol (Figure 3E inser). Olig2-stained
nuclei (Figure 3F inset) were encircled by Y188-stained
cell bodies (Figure 3G inset). We refer to the combined
neuronal and oligodendrocyte staining by Y188 in naive
controls as “basal staining,” hoping to differentiate it
from the staining pattern in injured mice.

3.3 | Validating specificity of 22C11 and
Y188 using APP knockout mice

To determine if 22C11 or Y188 or both are specific for
APP, we performed double antibody staining with 22C11
and Y188 on slices collected at similar dorsal-ventral
coordinates from wild-type and APP knockout mice. In
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FIGURE

5 Immunofluorescent staining
10 h after IFPI with Y188 in white
matter (WM) bundles, at the level
of dorsal hippocampus. (A) Stack
of confocal photomicrographs
showing patches of intense
staining in ec and alveus (alv).
Compared to the basal pattern of
staining in area CA1 (B and
Figure 3) and dentate gyrus

(C and Figure 3), ec and alv was
rich in pathological staining
shown as intensely stained puncta
in heterogeneous size and conical
structures bearing a log tail (D,
triangles). Arrows indicate clusters
of staining surrounding a blood
vessel (asterisks). Under higher
magnification (D), these
perivascular structures were so
arranged as if they were emerging
from the vessel (Inset). alv, alveus.
Scale bars: 50 pm in (A); 20 pm in
(B)~(D); 5 pm in (inset).

wild-type mice (Figure 4A-C), subtle co-staining was
observed in hippocampal pyramidal cells (Figure 4A,
inset), and perfect co-staining could be clearly seen in
some cortical neurons (Figure 4B, inser). In WM bundles
(such as the ec shown here), Y188 and 22C11 stained dif-
ferent cell groups (Figure 4C, inset), consistent with the
single antibody staining patterns described above
(Figures 2 and 3). In knockout mice (Figure 4D-F),
Y 188 staining was completely absent. However, the stain-
ing pattern of 22C11 looked similar to that seen in
wild-type mice (Figures 4A—C and 2). This finding cor-
roborates previous reports [21, 22] suggesting that Y188
(but not 22C11) is specific to APP. Therefore, in the rest
of the experiments described here, we used Y188 to assess
APP immunoreactivity in IFPI mice.

3.4 | Immunofluorescent staining with Y188
in WM bundles after IFPI

In contrast to the immunoperoxidase-ABC staining with
22C11 performed in many previous TBI studies of WM
bundles (for review, see [7]), here we used immunofluores-
cent staining with Y188. 3 h after IFPI large numbers of
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puncta were intensely stained on the ipsilateral side. The
punctate staining reached the peak at 10 h after 1FPI
(Figure 5A). Along with basal-pattern staining in the sur-
rounding neurons (Figure 5B, C), these heavily stained
puncta were heterogeneous in size and usually formed large
patches (Figure 5SD). The patches of puncta would usually
be found in ec and alveus (Figure 5A, D), along with some
in fimbria and dorsal fornix, but not in corpus callosum
(cc; Figure 5SA). In addition to puncta, another characteris-
tic pattern of WM staining in injured animals was the spo-
radic appearance of spherical or conical structures
(referred to hereafter as spheres or cones), with or without
a long tail (Figure 5D, triangles). We also encountered
aggregates of perivascular staining (Figure 5A, arrows).
Under higher magnification, stained structures were ori-
ented as if they were emerging from the blood vessels
(Figure 5D and Inset). Different from heavily stained
puncta and sporadic long-tail structures, these perivascular
aggregates could be found as early as 1 h after IFPI, pre-
dominantly seen along ventricular bank. The corpus callo-
sum was devoid of intensely stained puncta and long-tail
structures, except that a small aggregate of perivascular
staining might be spotted on both sides at the upper-
medial corner of the third ventricular bank.
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FIGURE 6

Temporal changes in morphology of Y 188-stained axonal blebs in gray matter (cortex) after IFPI. (A) Intensely stained axonal blebs

in layers III to VI of somatosensory and primary motor cortices. (B) Round axonal blebs in cortex connecting to parent cell bodies via a weakly
stained remaining segment of the proximal axon 3 h after injury. The length of the connecting axonal segments would measure 1-5 times of the cell
bodies. Arrowheads indicate the remaining segment of the proximal axons. (C) At 10 h, some of the connecting axonal segments were swollen and
heavily stained, exhibiting as conical structures with the original axonal blebs serving as the bases. The parent cell bodies exhibited basal stain.

(D) and (E) 5 days after injury a group of pyramidal cell bodies (together with their proximal dendrites) showed heavy staining amid basal staining
for the cell bodies of the surrounding neurons. (F) In contrast, naive mice showed no obvious staining of axons. Scale bars: 50 pm in (A) and (D);

5 pm in (B)—~(C) and (E)~(F).

3.5 | Immunofluorescent staining with Y188
in gray matter areas after IFPI

In addition to intense staining in WM bundles, in the
gray matter of the cortex, we encountered numerous
intensely stained spheres measuring 3-5 pm in diameter,
much smaller than nearby cell bodies but larger than
puncta seen in WM. Beginning as early as 1 h after IFPI,
the staining density reached its peak at 3 h (Figure 6).
Stained spheres were distributed in layers III to VI, pre-
dominantly in the visual and auditory associated cortices
(Figure 6A), but also in primary sensory and motor corti-
ces, although with much lower density. These
Y 188-stained spheres are axonal blebs, that is, the distal
ends of truncated axonal segments, comparable to previ-
ous reports [43, 44]. The blebs were connected to the par-
ent cell bodies via the truncated axon segments, and were
in close proximity to the cell bodies, with the length of
the remaining axonal segments being 1-5 times the diam-
eter of the cell body (Figure 6B). Unlike the blebs, both

the cell bodies and the axonal segments kept their normal
size, and the parent cell bodies showed a basal staining
pattern at very early time points. As the time after injury
increased the truncated axonal segment became enlarged
and intensely stained, and by 10 h after IFPI formed a
large and elongated conical structure with the axonal
bleb serving as its base (Figure 6C). At this time point,
the parent cell body still had a basal pattern of staining.
At much later time points, four to 5 d after IFPI, we saw
fewer axonal blebs. Instead, some pyramidal cell bodies
together with the most proximal portion of their apical
dendrites would become densely stained (Figure 6D, E).
In comparison, control mice never demonstrated either
axonal blebs or intensely stained cell bodies (Figure 6F).
Injured mice also showed axonal blebs in the hippo-
campus. Unlike naive controls (Figure 7A), axonal blebs
could be seen in supra- and infrapyramidal blades of DG
granule cells and also at the vertex where the blades meet
(Figure 7B, arrows). In CA3, blebs were distributed pre-
dominantly in the distal portion, that is, CA3c. Under
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FIGURE 7 Pathological staining with Y188 in injured and sham mice 10 h after impact. (A) Naive mice exhibited basal staining. (B)-(F) axonal
blebs identified in ventral hippocampus and nucleus caudatus-putamen after IFPI with an impact of 2.6 atm. (B) At low magnification, axonal blebs
(arrows) aggregated in the subgranular zone of DG (C) and infrapyramidal zone of the distal pole of CA3c (D), far more heavily stained than the
basal stained neurons nearby. (C), (D) Groups of axonal blebs in cone shape at higher magnification from areas in (B) indicated with (C) and (D),
respectively. (E): Axonal blebs in nucleus caudatus-putamen, highlighted at higher magnification in (F). Axonal blebs in the cortex (G) and dentate
gyrus (H), as well as puncta in ec (H) after IFPI with 1.8 atm. (I) Axonal blebs (arrowheads) and perivascular staining (arrow) identified in the cortex
of sham mice. Scale bars: 50 pm in (A) and (B); 20 pm in (E); 5 pm in (C), (D), and (F); 10 pm in (G)—(I).

high magnification, blebs were confined to the subgranu-
lar zone of DG (Figure 7C) and infrapyramidal zone of
CA3 (Figure 7D). Axonal blebs could be also seen in
nucleus caudatus-putamen (CPu; Figure 7E, F).
Although these blebs followed the same morphological
change over time as seen in the cortex, we could not trace
the remaining axonal segments back to their parent cell
bodies for most of the dentate and striatal blebs
(Figure 7F), perhaps due to their angle of passage. When
sliced perpendicular to the pathway, a fiber bundle will
be truncated and the axons cannot be tracked back to
their cell bodies [45].

In addition to axonal blebs, punctate staining could
also be found in gray matter areas such as the cortex,
but sporadically distributed and with much lower

density than that in WM. Occasionally, we might see
weakly stained presynaptic terminals that would be
localized predominantly at center of the injury and
measured around 0.5-1 pm, much smaller than most
of stained puncta in WM bundles. We collectively
refer to these intensely stained structures in gray and
WM as “pathological staining” (after 1FPI), in com-
parison to “basal staining” demonstrated in naive con-
trols. Axonal blebs were distributed exclusively on the
side ipsilateral to 1FPI, except for a few blebs at the
vertex of granule cell layers in dorsal hippocampus on
the contralateral side where FJC-stained neurons were
found. Pathological staining would dramatically
decrease in density 7 d after IFPI and would rarely be
found at 2 weeks.
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3.6 | Pathological staining in IFPI 1.8-atm
mice and in sham-injured mice

To determine if pathological staining was also observed
after a less severe injury, we added a cohort of 1FPI
1.8 atm animals and checked for Y188 staining. After
injury, axonal blebs could be observed in the cortex
(Figure 7G), CPu, and hippocampus. We also found
intensely stained puncta, spheres, cones and perivascular
structures in WM (Figure 7H). At this lower impact
strength, Y188-stained pathologies seemed to be variable
in density case by case, compared to those seen in 1FPI
2.6-atm mice described above.

We used naive mice as controls because we never
observed pathological staining in naive controls
(as described above). In all sham mice, by contrast, axo-
nal terminals could be seen in layers I-1I of cortex at the
site  of craniectomy, together with axonal blebs
(Figure 71, arrowhead) occasionally encountered in layer
I11. In some sham cases, we also found intensely stained
aggregates of perivascular structures around blood ves-
sels (Figure 71, arrow). However, these aggregates were
distributed almost exclusively within gray matter of the
cortex, showing an obvious regional difference from the
more widespread staining found in injured mice. In
addition, a very limited number of axonal blebs might
occasionally be found in the deeper layers of sham mice.
No axonal blebs were found in the hippocampus or
nucleus caudate-putamen and no clusters of puncta in
WM in sham group. Subtle pathological, behavioral,
and neurochemical alterations from the craniectomy
alone have been previously investigated [46, 47], and are
a potential confound in any study using an open skull
injury model. Even though the staining here in sham
mice was considerably less than the staining in injured
mice, and limited to gray matter of the cortex, we none-
theless use naive mice as a more stringent non-injured,
negative control for injured tissue, and as a better corre-
late to the control tissue in human immunocytochemical
studies.

3.7 | Y188 versus 22C11 in detecting
neuropathology after 1IFP1

To better compare Y188 and 22C11 labeling we per-
formed double immunofluorescent staining in slices pre-
pared from both naive and injured mice. In slices from
naive animals, the only obvious co-staining we observed
was on the cell bodies of a group of cortical pyramidal
neurons as shown in (Figure 4B). Considering that TBI
might produce dramatic changes in antibody staining, we
then performed the same double staining on slices from
injured mice (Figure 8A-F). Y188-positive axonal blebs
(Figure 8A) among cortical neurons were negative with
22CI11 (Figure 8B), although the parent cell bodies were
costained (Figure 8C). Similarly, Y188-stained puncta

and spheres or cones in WM bundles such as ec
(Figure 8D) were also negative with 22C11 (Figure 8E),
demonstrating no co-staining between Y188 and 22Cl11
in WM (Figure 8F). To explore the possibility that the
sensitivity and specificity of Y188 were due to it being a
C-terminal antibody as compared to the N-terminal anti-
body 22Cl11, we tested another C-terminal antibody, CT-
20, for its ability to detect pathology after 1FPI
(Figure 8G-I). Similar to Y188, CT-20 was proved spe-
cific to APP after double staining with 22C11 in APP
knockout mice. CT-20-stained puncta and spherical or
conical structures in WM (Figure 8G) could not be
co-stained by 22Cl11 (Figure 8H, I). As expected,
CT-20-stained axonal blebs in the gray matter were also
negative to 22C11 (Figure 81, inser).

3.8 | Immunoperoxidase-ABC staining with
22C11 or Y188 after IFPI

Since immunofluorescent staining with 22C11 did not
label pathological structures after 1FPI, and to better
mimic previous studies on human TBI (see “Introduc-
tion”), we then performed immunoperoxidase-ABC stain-
ing with this antibody in tissue from naive and injured
mice. In naive controls (Figure 9A-C), cell bodies and
apical dendrites of cortical neurons were stained
(Figure 9B, inset). A small number of astrocytes would
also be stained in WM bundles (Figure 9C, inset, double
arrow), together with weak staining of oligodendrocytes
occasionally (Figure 9C, triangles). In 1FPI mice
(Figure 9D-F), no obvious change in the staining of neu-
rons was seen in gray matter areas (Figure 9D, E, inser),
compared to naive controls. In WM, however, a large
increase was found in the number of stained astrocytes of
fibrous appearance (Figure 9F, inset, double arrows) and
oligodendrocytes arranged in rows (Figure 9F, triangles).
Whereas 22C11 showed blurred staining of neuronal
somata, Y188 sharply labeled cortical neurons in naive
mice (Figure 9G, H, inser), with some oligodendrocytes
in WM (Figure 91, inset, triangles) giving the appearance
of varicosities as shown previously [7]. In IFPI mice
stained with Y188 (Figure 9J-L), intensely labeled axonal
blebs were seen in the cortex (Figure 9J, K, inset, arrows),
CPu, and hippocampus. 1FPI also resulted in heteroge-
neous puncta in WM bundles (Figure 9J, L, inset), with a
dramatic increase in density and intensity (Figure 9L,
inset) compared to naive controls. Another obvious
change was the appearance of heavily stained spheres
and cones with or without a long tail among those puncta
in WM (Figure 9L, inset, arrows). Unlike the immunoflu-
orescent protocol, immunoperoxidase-ABC staining for
22C11 showed oligodendrocytes in naive and injured
mice, suggesting that the latter protocol itself introduced
a new staining pattern. By contrast, the Y188
immunoperoxidase-ABC protocol demonstrated a simi-
lar staining pattern as the immunofluorescent protocol,
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FIGURE 8 YI188-positive neuropathology could not be costained with 22C11. (A): Conical structures intensely stained by Y188 (green) 10 h
after IFPL, still connecting to their basally stained parent cell bodies of cortical pyramidal neurons. (B): Most cell bodies could be stained with 22C11
(red), but not the axonal blebs, leaving cell bodies as orange to yellow and axonal blebs as pure green (C). (D)—(F): Discrete staining by Y188 of
puncta and conical structures in ec from 22C11 staining in ependymal cells and astrocytes (arrows), without obvious co-staining could be confirmed
(F). (G)-(1): Positive staining of puncta and cones by CT-20 (green), without co-staining by 22C11 (red). Similarly, 22C11 (red) could not costain CT-
20-stained axonal blebs (green) in the cortex (inset). Scale bars: 10 pm in all panels.

likely due to the specific staining of this antibody domi-
nating in both protocols.

3.9 | Staining for endogenous biotin with
avidin-HRP after IFPI

The ABC kit is designed to visualize biotin conjugated
to a secondary antibody, where the secondary in turn
has recognized the primary antibody, such as 22C11 or
Y188, during immunoperoxidase staining (see “Mate-
rials and Methods”). The ABC kit can also react to
endogenous biotin in the samples (if any), which may
result in a false positive interpretation of the staining
pattern [48]. To check for this possibility, we stained for
endogenous biotin in brain slices from naive and 1FPI

mice by incubating brain slices with avidin-HRP when
no primary or secondary antibodies were present. In
naive controls (Figure 10A-C), positive staining could
be clearly seen in some WM bundles including the cor-
pus callosum (Figure 10A), fornix, fimbria, and alveus
(Figure 10B). Weak staining could be seen in other WM
bundles such as EC (Figure 10B). Sporadic staining
might be found in the cortex (Figure 10B). The most
obvious staining in naive tissue was usually seen in the
hippocampus (Figure 10C) and cerebellum. Staining
dramatically increased after IFPI (Figure 10D-I). Oligo-
dendrocytes were intensely stained with a characteristic
appearance like varicosities (arrowheads) in WM bun-
dles such as corpus callosum (Figure 10D, G) and ec
(Figure 10E, H). Among rows of oligodendrocytes,
stained single astrocytes with larger cell bodies could
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FIGURE 9

Immunoperoxidase (ABC) staining with 22C11 or Y188 10 hr after IFPI. (A)—(C) In naive controls, 22C11 showed positive staining

in the cortex and ec. (B) At higher magnification, some of cortical pyramidal neuron staining could be traced to the apical dendrites (inset, arrow).
Some astrocytes also got stained (C, insef), with a few punctate staining arranged in rows (triangles). (D)—~(F) 10 h after IFPI, 22C11 showed a similar
staining pattern in the cortex (E, inset, arrow) and a largely increased number of astrocytes (double arrows) in ec (F, inset). Meanwhile, some
varicosity-like rows got clearly stained in ec (F, inset, triangles). Note that ependymal cells (ep) were intensely stained in both naive (A) and (C) and
injured mice (D) and (F). (G)—(I) In Naive mice, Y188 clearly showed sharp staining of cortical neurons (H, inset) and rows of oligodendrocytes in ec
(L, inset, triangles). (J)-(L) IFPI resulted in a high density of intensely stained puncta in ec and axonal blebs in cortex (arrows). At higher
magnification, these conical axonal blebs possessed a swollen base (K, arrows), with the apex pointing to basally stained cell bodies of cortical
pyramidal neurons (arrows, inset). (L) In ec, a couple of conical structures equipped with a long tail (arrows) were evident among a large number of
heavily stained puncta (inset, arrow). Likely due to the extremely high density in ec, it became difficult to differentiate rows of varicosity-like staining
after IFPI. Scale bars: 50 pm in (A), (D), (G), and (J); 20 pm in other panels; 10 pm in insets.

also be spotted. In the hippocampus (Figure 10F, I), the
strongest staining was found in the subgranular zone of
DG. At higher magnification, intense staining was seen
from astrocytes and possibly interneurons (Figure 101,
double arrows). 1IFPI also increased punctate staining in
the cortex (Figure 10E) and stratum lacunosum molecu-
lare (sl-m) of area CA1 (Figure 10F), along with strong
background staining, suggesting an upregulation of bio-
tin production and/or biotinylation after injury. Perivas-
cular staining could be seen in both naive and 1IFPI mice
(Figure 10C, F, arrows). In summary, many of the fea-
tures reported for 22C11 immunoperoxidase-ABC stain-
ing are present when staining with avidin-HRP alone,
suggesting that interference from endogenous biotin

cannot be excluded in previous TBI studies using human
samples.

3.10 | Pathologies in transgenic mice
after IFPI

To determine whether the Y188-stained axonal blebs in
the gray matter originated from excitatory or inhibitory
neurons, we performed immunofluorescent staining with
Y188 in two colonies of transgenic mice: YFP mice in
which the excitatory neuron membrane protein Thyl is
YFP-tagged, and PV-Tomato mice in which parvalbumin
inhibitory neurons express the fluorophore tdTomato in
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FIGURE 10 Staining with avidin-HRP 10 h after IFPI. Compared to weak staining in naive mice (A)—(C), IFPI induced tremendously increased
staining in the corpus callosum and dorsal fornix (D), external capsule, alveus, cortex (E), and dentate gyrus and stratum lacunosum-moleculare (F).
Varicosity-like staining patterns (arrowheads) could be confirmed in WM bundles at higher magnification (G) and (H). In dentate gyrus (lower row),
positive staining was predominantly confined to subgranular zone and hilus (I). Perivascular staining (arrows) could be seen in both naive (C) and
IFPI (H) mice, especially along hippocampal fissures. cc, corpus callosum; df, dorsal fornix; dhc, dorsal hippocampal commissure. Scale bars: 50 pm

in (A)-(F); 10 pm in (G)-(1).

the cytosol. In the cortex of YFP mice 10 h after IFPI
(Figure 11A, C), a few YFP-labeled axonal blebs could
be seen connecting to their parent cell bodies of YFP-
expressing pyramidal neurons (Figures 11A, C, green). In
the same slices, Y188 staining revealed axonal blebs
(red), similar to injured wild-type mice. With scanning
confocal microscopy, we demonstrated that all YFP-
labeled axonal blebs were Y188-positive (arrows), but
most of the Y188-stained axonal blebs were devoid of
this excitatory neuron fluorescent tag (double arrows). In
other words, excitatory YFP-labeled axons were only a
small subset of all APP-positive axons, which may be due
to incomplete expression of the randomly inserted Thy-1
YFP transgene [27, 28].

In PV-Tomato mice (Figure 11D-F), we rarely found
Tomato-labeled axonal blebs among PV interneurons
(red). Again, Y188 staining showed a group of axonal
blebs connecting to their parent cell bodies (green). Single

confocal images showed that virtually all of the Tomato
positive cell bodies were also Y 188-positive, and a small
portion of the Y188-positive (and axonal bleb-carrying)
parent cell bodies were also tdTomato positive (arrows),
but most of the parent cell bodies carrying Y 188-stained
axonal blebs were devoid of this red fluorescent tag (dou-
ble arrows). In other words, PV inhibitory neurons consti-
tuted only a small subset of the APP-positive cells, the
remainder of which may have been excitatory neurons or
non-PV inhibitory neurons. In the DG where only a few
PV-Tomato interneurons could be found, we did not ver-
ify the axonal identity of Y188-stained blebs since gran-
ule cells, the origin of most parent cell bodies do not
express YFP (Thy-1). As a result, we could not conclu-
sively establish whether there was any co-localization
between Y188 and either PV-Tomato or YFP. In nucleus
caudatus-putamen, we encountered some Y 188-stained
axonal blebs co-labeled with tdTomato.
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FIGURE 11

Y 188-stained axonal blebs were derived from excitatory or inhibitory cortical neurons. Confirmation in transgenic mice 10 hr after

IFPI. (A)—(C): An axonal bleb connecting its parent cell body of a YFP-labeled pyramidal neuron (green). The axonal bleb was intensively stained
with Y188 (red), showing a perfect colocalization (arrows) of both fluorophores (orange to yellow; arrows). (D)—(F) A tdTomato-labeled PV
interneuron (red) was shown to be the parent cell body of a Y188-stained axonal bleb (green). Although tdTomato could not perfectly label the
axonal bleb, colocalization was confirmed in the parent cell body (arrows). Note the running direction of this inhibitory axon towards the pial surface
of the brain, opposite to that from pyramidal neurons. Y 188-stained axonal blebs negative to the transgenic fluorescent proteins were also prominent

(double arrows). Scale bars: 20 pm in (A)—(F).

We also checked the identity of Y188-stained puncta
and spherical or conical structures in WM bundles using
YFP and PV-Tomato mice. In naive YFP mice, YFP-
labeled axons were smooth in appearance. They were
seen entering cc, ec, and internal capsule (ic) from the
cortex to form homogeneous fiber bundles, running par-
allel to the long axis of these WM bundles at rostral
(Figure 12A, B) and caudal levels of the hippocampus
(Figure 12C, D). Among these bright YFP-labeled corti-
cal axons (green), basal staining of oligodendrocytes and
occasionally neuronal cell bodies could be identified with
Y188 staining (red). 10 h after IFPI (Figure 12E-H),
some YFP-labeled excitatory axons became enormously
enlarged among normal-sized fluorescent axons or even
became beaded to form varicosities (arrows) running
along the WM bundle axis, as shown elsewhere [49]. In
addition, numerous Y 188-stained puncta and a few cones
could be found in ec, mingling with deformed YFP
axons. YFP axons were further enlarged 7 d after 1FPI
(Figure 12I-L), together with Wallerian degeneration vis-
ible as bright homogenously beaded lines (Figure 12J, L,

arrowheads). Y 188-stained puncta and spherical or coni-
cal structures were dramatically decreased in density at
this later time point. Since normal and deformed YFP
axons were negative to Y188, we could not find any over-
lap between the Y188 staining and YFP in WM, suggest-
ing that Y188-stained puncta and spherical or conical
structures might not originate from excitatory axons.

In naive PV-Tomato mice, red fluorescent fibers were
seen running into WM bundles including the cc, ec, and
ic (Figure 13A-D), although these red inhibitory PV-
Tomato axons were lower in density than the excitatory
YFP axons described above. Enlargement of PV-Tomato
axons was pronounced at 10h after IFPI
(Figure 13E-H). Unlike deformed YFP axons that obvi-
ously formed varicosities, most of deformed Tomato
axons were in the shape of spheres or cones bearing a
long tail and running along the WM bundle axis
(Figure 13F, H). Although patches of intensely stained
Y188 puncta and conical structures could be easily identi-
fied in ec, the majority of them did not overlap with
deformed tdTomato inhibitory axons (red) (Figure 13E,
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FIGURE 12 Y188 staining in WM bundles was not directly related to deformed excitatory axons in YFP mice after IFPI. Each panel represents
a stack of confocal photomicrographs in a range of 10-12 pm thickness. (A)—-(D) In naive mice, homogeneous YFP-labeled axons (green) exhibited
negative staining with Y188 (red). (E)-(H) Deformed YFP axons shown as beaded swellings (or varicosities, arrows), mingled with Y 188-stained
puncta and conical structures (red) 10 h after IFPI. The staining of deformed YFP axons (green) and Y188 stained puncta and conical structures (red)
was mutually exclusivse. (I)-(L) YFP-labeled swelling (green) became more larger and was seen alongside Wallerian degeneration of YFP axons
(arrowheads) at 7 d after IFPI, at which time Y 188 staining decreased dramatically. Each row consists of two pairs of images (low power and higher
magnification) at rostral (columns 1 and 2) and caudal levels (columns 3 and 4) across the hippocampus. Scale bars: 20 pm in columns 1 and 3; 5 pm

in columns 2 and 4.

G), similar to the results above for excitatory neurons.
That having been said, there was nonetheless a small
number of Tomato-labeled axonal deformation costained
by Y188 in the transition border between the cortex and
ec (Figure 13G, asterisk, inset). It is likely that these
Y188 and tdTomato double-labeled spheres and cones
are axonal blebs originating from parvalbumin interneu-
rons in nearby layer V of the cortex as identified previ-
ously [50] since TBI-induced axonal blebs are present in
close proximity to the parent cell bodies ([51]; present
study). Wallerian degeneration occurred in tdTomato
axons 7 d after 1IFPI (Figure 131-L), showing a beaded
appearance with wider space between the beads than
Wallerian-degenerated YFP axons. At this time point,
co-staining by Y188 and tdTomato could not be found
(Figure 13J, L). In addition, no perivascular staining

exhibited either tdTomato or YFP fluorescence. Taken
together, the majority of the Y188 staining in WM did
not originate from neurons, except for a few spheres or
cones adjacent to deep layers of the cortex, which may
have been derived from inhibitory axons.

3.11 | Neuropathologies detected with
NeuroSilver staining kit

To further explore supporting evidence for the neuro-
pathological staining revealed by Y188, we performed
parallel staining on adjacent brain slices with a Neuro-
Silver kit, which has been widely used to detect neurode-
generation after TBI [36]. We focused on the cortex, ec,
and hippocampus, where Y188-labeled pathologies were
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FIGURE 13 Direct relation was found between deformed inhibitory axons and Y 188-stained conical structures in WM bundles, but not puncta
in PV-tomato mice after IFPI. Each panel represents a stack of confocal photomicrographs in a range of 10-12-pm thickness. (A)—(D) In naive mice,
homogeneous tdTomato-labeled axons (red) were interspersed among basal staining for Y188 (green). (E)-(H) Deformed tdTomato axons (red)
shown as varicosities (arrows) or cones with a long tail in ec, largely separated from patches of Y 188-stained puncta and conical structures (green)

10 h after IFPI. Nevertheless, colocalization could be found between a small number of deformed tdTomato axons and Y 188-stained conical
structures in the transition border between the cortex and ec (G, asterisk, inset). (I)-(L) Dotted appearance of Wallerian degeneration from tdTomato
axons (arrowheads) was prominent 7 d after IFPI when pathological Y188 staining decreased dramatically. Each row consists of two pairs of images
(low power and higher magnification) at rostral (columns 1 and 2) to caudal levels (columns 3 and 4) level across the hippocampus. Scale bars: 20 pm

in columns 1 and 3; 5 pm in columns 2 and 4 and inset.

most prominent (as described above). Naive control
mice showed only background staining (Figure 14A, C,
insets). Injured mice, by contrast, showed silver-stained
axonal blebs in the cortex and hippocampus as early as
30 min after IFPI. At 3 h after injury, axonal blebs in
the cortex had the appearance of isolated, compact dark
bodies (Figure 14B, E, inset), unlike the Y188-stained
axonal blebs noted above which had a proximal segment
of axon connecting the bleb to the parent cell body
(Figure 6B, C). 10 h after 1FPI, the silver-stained corti-
cal blebs became elongated and irregular, and the stain-
ing expanded to include a long tail as a dotted line
(arrows) connecting the bleb to the parent cell bodies
(Figure 14F). 7 d after IFPI (Figure 14G), numerous
silver-stained fine axons were observed as dotted lines of
uniform diameter, with a few axonal bulbs (not axonal

blebs; double arrows). In WM (Figure 14H-J), NeuroSil-
ver kit did not show obvious staining of pathological
structures at 3 h after IFPI (Figure 14H), the time point
when APP-staining was prominent. 10 h after 1FPI
(Figure 14I), some intact axons were weakly stained
(arrows). At 7d after 1IFPI (Figure 14J), NeuroSilver
staining showed dense Wallerian degeneration as dotted
lines of uniform thickness arranged in parallel (inset),
which could not be shown by Y188. Silver-stained Wal-
lerian degeneration and axonal bulbs remained detect-
able up to several weeks, unlike Y188 staining which
rarely showed pathologies (puncta and spheroids)
2 weeks after IFPI. In the hippocampus from injured
mice (Figure 14D, K, M, inser), NeuroSilver staining
was also characteristic of injured tissue. From 1 h after
IFPI, a larger number of isolated axonal blebs were
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FIGURE 14 Neuropathology detected with NeuroSilver staining after IFPI. Unlike naive controls (A), IFPI mice (B) showed axonal blebs as
black dense cores (inset) in the gray matter of the cortex 3 h after injury. Background staining of neuronal cell bodies was brown in both naive and
injured mice (A and B, insets), with or without isolated small black particles enveloped by the cell bodies (arrowheads). Axonal blebs were much
smaller than surrounding cell bodies at higher magnification (B, inset). Note that white matter bundles (external capsule and alveus here, marked as
ec/alv) might be stained dark in either naive (A) or injured mice (B). (C) and (D) Axonal blebs were also seen in the dentate gyrus and area CA3 of
the hippocampus from IFPI mice (D, insef) but not naive controls (C, insef). (E) Magnification from (B): numerous isolated axonal blebs among
yellowish-brown cell bodies in the cortex, 3 h after IFPI. (F) Some blebs were elongated and became irregular at 10 h after IFPI, connecting to parent
cell bodies via the remaining axonal segments which had a dotted appearance at the proximal end (arrows). (G) 7 d later, numerous fine cortical axons
were stained as beaded lines, with a few axonal bulbs (nof blebs) intensely stained (double arrowhead). (H) No axons were stained in ec/alv 3 h after
IFPI, although some oligodendrocytes were arranged in rows within these dark regions. (I) At 10 h after IFPI, some intact axons (arrows) could be
weakly stained. (J) Large number of axons were intensely stained 7 d after IFPI, exhibiting characteristic Wallerian degeneration as homogeneous
beads along the long axis of the axon bundles (inset, arrowheads). (K) Spheroidal axonal blebs were predominantly seen in the subgranular zone 3 h
after IFPIL, highlighted in inset. (L) Axonal blebs became less regular and the contour of some blebs lost sharpness at 10 h after IFPI, compared to 3 h
(K). Debris was also visible around these irregular blebs (inset in L). (M) 7 d after IFPI, densely stained axons formed homogeneous beaded lines
(arrowheads) along the inner portion of molecular layer or running into the hilus, which might represent Wallerian degeneration of axons from the
entorhinal cortex, or hilar mossy cells, respectively. Scale bars: 50 pm in (A), (B), (K), and (L); 200 pm in (C) and (D); 10 pm in (E)—(J) and (M); 5 pm

in (insets in A-D, K, and L), 2 pm in (inset in M).

stained as spheres in DG (Figure 14D, K, insets) and
area CA3. At 10 h after IFPI (Figure 14L, inset), silver-
stained hippocampal blebs remained isolated and were
irregular in shape, with some debris identifiable around
them. 7 days after 1FPI (Figure 14M), densely stained
axons formed dotted lines of uniform thickness running
along the inner portion of molecular layer or descending
into the hilus, which might represent Wallerian

degeneration of axons from mossy cells or granule cells,
respectively. Wallerian degenerated axons was also seen
in area CA3, with fewer in area CA1l. In summary, Neu-
roSilver staining can be used to confirm axonal blebs in
gray matter that are positive to Y188. However, the
Y 188-stained puncta in WM cannot be verified as axo-
nal, based on the discrete pattern and time window of
NeuroSilver staining.
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4 | DISCUSSION

For nearly 30 years the APP antibody 22C11 has been
routinely used as a biomarker to detect axonal pathology
in WM of human brains after TBI. Here we re-evaluated
this antibody in our mouse model of TBI and found that
22C11 was not specific for APP, which greatly confounds
its usefulness to assess neurodegeneration. We then tested
another APP antibody, Y188, and verified that this anti-
body was indeed APP-specific and revealed different
forms of pathologies caused by TBI: axonal blebs in gray
matter, and puncta and perivascular structures in
WM. Y188-detected axonal blebs were verified in trans-
genic mice expressing fluorescent tags, or with a Neuro-
Silver kit. NeuroSilver staining. In WM, however, the
Y188-positive puncta were not neuronal in origin but
arose instead from oligodendrocytes (see also below).
Our results do not refute the presence of damaged axons
in WM, a finding which has been confirmed with a vari-
ety of methods including electron microscopy [52,53],
tractography [54,55], silver staining ([36]; present study)
and transgenic labeling ([49]; present study). Our results
do, nonetheless, highlight the occurrence of a parallel
pathology in WM-—damage to oligodendrocytes. Fur-
thermore, we demonstrated basal staining with Y188 in
naive controls that represent true APP immunoreactivity.
In contrast, the baseline immunoreactivity of APP has
never been revealed by 22C11 staining previously (see
“Introduction”).

4.1 |
is not

Y188 is specific for APP but 22C11

Clone 22C11 (MAB 348, Millipore-Sigma) is a mouse
monoclonal antibody that was produced by immunizing
mice with amino acids 66-81 of human APP at the N-
terminus (homologous with mouse N-terminal peptide).
This antibody can recognize all three isoforms of APP
(APPgos, APP;5;, and APP;;) including the secreted
forms (APPsa and/or APPsp), as well as the homologous
APP-like protein APLP2 [56], a modulator of glucose
and insulin homeostasis [57]. In the present study, we
showed various staining patterns with 22C11, implying a
diversity of its targets. On the other hand, clone Y188
(ab32136, Abcam) is a rabbit monoclonal produced by
immunization with a synthetic peptide equivalent to the
amino acid sequence 750-770 of human APP at its C-ter-
minus. Here, we demonstrated clear membrane staining
in both excitatory and inhibitory neurons in all areas of
the brain, corroborating previous reports that Y188 is
specific for APP, while 22C11 [21, 22], as well as seven
other nominal APP antibodies, are not specific for APP
[22]. We also validated the specificity of Y188 using APP
knockout mice, confirming the results shown in a previ-
ous study [22], and adding evidence to demonstrate that
Y188 is an excellent antibody for APP [21]. As we

showed here, 22C11 staining was similar in wild-type and
APP gene knockout mice (also see [22]), further suggest-
ing that 22C11 is not a good marker for APP. CT-20,
another C-terminal antibody also showed membrane
staining of principal cells and interneurons. Most impor-
tantly, we successfully identified axonal blebs in GM and
puncta in WM after IFPI with both Y188 and CT-20, but
never with 22C11. Consistent with previous studies [51,
58, 59], we strongly believe that C-terminal antibodies
(Y188, CT-20 and CT 695), but not the N-terminal anti-
body (22C11), are specific for detecting TBI-induced
pathologies. Therefore, it may be necessary to revisit pre-
vious APP staining data in TBI patients using 22C11 (see
“Introduction”). Since the Y188 immunogen (near the C-
terminal of APP) is homologous between the mouse and
human, we expect that Y188 can also be used to detect
neuropathology in TBI patients.

4.2 | YI188-detected puncta in WM—non-
axonal in origin, perhaps from oligodendrocytes

Y188 intensely stained numerous puncta in WM bundles,
sporadically distributed or in large patches. Some of them
were arrayed in rows, resembling the morphology of vari-
cosities seen with 22C11 staining (ABC technique) in pre-
vious studies on TBI patient samples [7, 12]. Since the
term “varicosities” is typically used to refer to beaded
axons [60], we have avoided using this terminology here
unless verification had been conducted using axonal
markers. Initially, we hypothesized that these
Y188-stained puncta were damaged axons due to the
interruption of anterograde axonal transport of APP, as
previously suggested [7]. However, in transgenic mice
expressing YFP in excitatory neurons and tdTomato in
PV-inhibitory neurons, these patches of Y188 stained
puncta were discrete from the groups of transgenic
fluorescence-labeled axons, suggesting that the puncta
are unlikely to be axonal in origin. Considering that
Y188 stained oligodendrocytes in naive mice, these glial
cells would seem like prime candidates for the origin of
Y 188-stained puncta in WM after IFPI. It has been dem-
onstrated that APP expression can be upregulated after
TBI (see [61] for a review), and at early time points in
particular, an upregulation of APP in oligodendrocytes,
rather than neurons, may explain our results. The pattern
of our WM staining also indicates oligodendrocytes. We
knew that Y188 did not stain the whole cell body of an
oligodendrocyte evenly. Instead, we demonstrated here
an obvious polarity in its cytosolic staining, which were
in the form of particles (or puncta, as we have referred to
them) much smaller in diameter than the 6-8 pm size of
an oligodendrocyte cell body [62]. This could also explain
why the size of Y 188-stained axonal blebs or perivascular
structures would surpass that of most nearby puncta.
Under low magnification, these non-bleb puncta would
show a varicosity-like (or beaded) appearance in WM,
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like most oligodendrocytes that are arrayed in parallel
rows in WM.

In the present study, we demonstrated Y188 immuno-
reactivity in oligodendrocytes, contrary to previous data
suggesting that Y188 is highly neuron-specific [22]. We
note that Guo et al. [22] used a rat monoclonal antibody
against myelin basic protein (MBP) to verify oligoden-
drocytes. However, while MBP is a good marker for
myelin, it is insufficient to stain the nucleus or cell body
of an oligodendrocyte. By co-staining with Y188 and
antibodies against the oligodendrocyte transcription fac-
tor Olig2, we demonstrated Y188-stained cell bodies
encircling Olig2-stained nuclei of oligodendrocytes. In
addition, we found no staining for either Y188 or Olig2
in the fiber bundle of the dorsal hippocampal commis-
sure, providing indirect support for our immunostaining
of APP and oligodendrocytes, since intra- and inter-
hippocampal projection fibers are usually unmyelinated
[43] and therefore the dorsal hippocampal commissure
should be void of oligodendrocytes. Of note here, in situ,
hybridization with different RNA probes and immunocy-
tochemistry with several antisera have shown APP
expression in cultured oligodendrocytes [63]. Using C-
terminal antibodies CT-20 or CT695 (but not 22C11),
APP immunoreactivity has been clearly demonstrated in
neurons and oligodendrocytes from normal or axoto-
mized mice [64], or cultured cortical oligodendrocytes
dissociated from rat pups [65]. There is also strong reason
to believe that biotin would be up-regulated after injury,
as we discuss below. All these observations are consistent
with the presence of APP in oligodendrocytes, such as we
demonstrated here. Since Olig2 is a marker for several
oligodendrocyte lineage cells, including early oligoden-
drocyte progenitors [66], the involvement of oligogenesis
after TBI [67] should also be taken into account.

4.3 | Up-regulated endogenous biotin
confounds immunoperoxidase-ABC staining

Previous clinical studies performed immunoperoxidase-
ABC staining with 22C11 and revealed intensely stained
varicosities or spheroids in WM pathways from paraftin-
embedded patient brains after TBI, with no baseline
staining in healthy controls [7]. Using the ABC tech-
nique, we here showed varicosity-like staining of 22C11
in naive mice and found a dramatic increase in 22Cl11
staining after IFPI. At the same time, we also found a
clear increase in endogenous biotin after injury. For bet-
ter contrast in the samples, and as an additional check on
the 22C11 immunoperoxidase-ABC staining, we per-
formed immunofluorescent staining with 22C11, using
fluorescent dye-conjugated secondary antibodies to visu-
alize this primary antibody (22C11). Surprisingly, we did
not detect any varicosities or spheroids with the fluores-
cent protocol. The discrepancy between our immunofluo-
rescent findings on mouse brains and previous studies on
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patient samples may be due to the nature of the respec-
tive techniques. Previous studies used 22C11 immunoper-
oxidase (ABC) staining, leaving open the possibility that
changes in staining observed with the ABC protocol may
be due to endogenous biotin (if any in the samples). The
possibility of interference by endogenous biotin has been
an overlooked pitfall in the practice of this technique,
even though it was first demonstrated more than two
decades ago [48, 68].

There are many reasons to suspect that biotin might
be upregulated after TBI. Biotin is a B vitamin, an essen-
tial nutrient, and present in all cells, although found at
highest concentrations in lipogenic and metabolically
active tissue such as liver, kidney, and brain [24, 69]. Of
particular relevance to the present and previous studies,
major WM pathways are both packed with oligodendro-
cytes and rich in endogenous biotin [23, 70]. This small
molecule is a cofactor for 5 carboxylases [71, 72], four of
which are essential for the metabolism of alternative
(non-glucose) energy sources, and one of which (acetyl-
CoA carboxylase) is a key regulatory enzyme in the syn-
thesis of lipids and myelin. Regarding the latter, myelin
synthesis increases sharply after injury [52] and it seems
likely that the amount of biotinylated acetyl-CoA car-
boxylase in oligodendrocytes would also increase after
injury. An upregulation of biotin-dependent alternative
energy pathways would also be expected after TBI. Meta-
bolic perturbations are one of the most consistent find-
ings following TBI [73], including a decrease in the
metabolism of glucose, and an increase in the metabolism
of non-glucose energy sources such as amino acids,
ketone bodies, and fatty acids.

Biotin is ubiquitous but normally present at low
levels, and the low baseline levels of biotin may have
been missed in earlier studies, even as higher post-injury
levels of biotin were reported. Detection of endogenous
biotin by the ABC technique can be affected by several
factors. Over fixation and the paraffin embedding process
might decrease sensitivity in visualizing endogenous bio-
tin by the ABC method [23]. This may be a particular
problem in clinical studies for which postmortem fixation
times of up to 3 weeks are not uncommon [8-11, 14-16].
Dehydration with ethanol and wax-melting temperature
would also diminish biotin in the tissue [23]. Another fac-
tor affecting detection of endogenous biotin may be post-
mortem time (PMT, the duration from patient death to
sample fixation) since complicated biological and/or mor-
phological alterations might occur during PMT [74, 75].
Keeping an identical PMT among human cases is
impractical. In some cases, the whole process might just
take a few hours. In other cases, however, it might be
extended to days [67, 76-78]. During the first hours after
death, the gross morphological integrity of neurons and
glial cells might not be significantly altered. At this same
time, however, dramatic changes can occur at the neuro-
histochemical level for a wide variety of neuronal and
glial markers [74, 75], and potentially change
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FIGURE 15

Summary diagram comparing two hypotheses on TBI consequences, suggested in different studies. (Left panel) By interpreting

22C11-stained varicosities and spheroids persistent in WM as APP-positive axonal swelling, previous studies on patient TBI have hypothesized that
TBI-induced disruption of axonal transport results in APP accumulation in axons, leading to axonal swelling (or damage) and neural dysfunction.
(Right panel) Our data suggest an alternative hypothesis. Based on the observation of axonal blebs in gray matter and clusters of puncta in WM
immediately after TBI, and condensed neuronal cell bodies and Wallerian degeneration at later stages, the present study suggests that TBI-induced
axonal truncation may initiate neuronal loss, and oligodendrocyte damage can cause demyelination and Wallerian degeneration of axons. Therefore,
post-TBI neural dysfunction may be a combined consequence of traumatic axonal truncation and oligodendrocyte damage. Stained pathologies in
parentheses are interpreted as damaged structures in each hypothesis. Time window of observation, and staining method(s) for each pathology are

also listed.

immunohistochemical staining results. All these factors
might contribute to the uneven staining among human
cases: low levels of endogenous biotin in healthy brain
tissue might become undetectable due to such signal-
dampening effects, while higher levels might remain
detectable in patients suffering TBI or other neuropatho-
logical diseases. In these patients, elevated endogenous
biotin after TBI might be anticipated, given the results of
the present study. Considering all of the factors which
can affect the detection of endogenous biotin, a careful
reappraisal of the existing TBI and neurodegeneration lit-
erature may be necessary, in order to correctly interpret
previous reports relying on immunoperoxidase-ABC
staining.

4.4 | A new hypothesis for post-injury
neurodegeneration

Using immunoperoxidase-ABC staining with 22C11 pre-
vious researchers showed varicosities and spheroids in
WM bundles in patient brains after TBI (reviewed in [7]).
Although these WM structures had not been conclusively
identified as axonal by using axon-specific markers, they
were interpreted as axonal swellings due to the disruption

of axonal transport in injured axons, resulting in APP
accumulation in axon segments. Such speculation is not
unreasonable, as axonal swelling can indeed indicate
DAI, which eventually leads to neural dysfunction
(Figure 15, left panel). In the present study, however,
while we occasionally found varicosity-like deformation
of fluorescent axons in transgenic mice after 1FPI
(Figures 12, 13), these deformed axons were never posi-
tive to Y188. We did, however, demonstrate varicosity-
like WM structures that were positive for Y188 and the
oligodendrocyte marker Olig2. We also found axonal
truncation in gray and WM, and oligodendrocyte dam-
age in WM using immunofluorescent staining with Y188,
but never with 22C11 immunofluorescent staining. As an
alternative to the traditional hypothesis that axon dam-
age leads to axonal transport disruption, swelling, and
then secondary disconnection and Wallerian degenera-
tion, we propose that there may be two avenues to neu-
ron death and loss: (1) traumatic axonal truncation
leading to neuron death and loss, and (2) oligodendrocyte
damage followed by demyelination and/or Wallerian
degeneration in WM bundles. To track the timeline from
oligodendrocyte damage to axonal injury in WM bun-
dles, transgenic mice expressing eGFP in oligodendro-
cytes [79, 80] may be helpful. Neuron loss and axon
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damage-induced denervation would result in neural dys-
function (Figure 15, right panel), as shown in electro-
physiological recordings from the cortex and
hippocampus [5, 6]. Induced death of the parent neurons
by axonal truncation remains speculative as it has not
been confirmed with cell death markers [51], possibly due
to the delay between the emergence of axonal blebs and
the condensation of parent cell bodies as shown in our
staining with Y188 (Figure 6D, E). In vivo, two-photon
microscopy would be an ideal tool for tracking an injured
YFP neuron from the appearance of a labeled axonal
bleb immediately after IFPI, to the disappearance of the
parent cell body about 1 week later.

Although proof for the axonal transport disruption
hypothesis (Figure 15, left panel) is missing key support-
ing evidence that these structures described are actually
axons, the varicosities and/or spheroids stained in WM
by 22C11 immunoperoxidase-ABC protocol might none-
theless partially overlap with the Y188-stained patholo-
gies we demonstrated here (Figure 15, right panel). It is
not clear what 22C11 actually does bind, but our results
indicate that it is neither APP nor any antigen present in
excitatory axons or PV inhibitory axons. As such,
22C11-stained varicosities and/or spheroids seem espe-
cially unlikely to represent injured and swollen axons
filled with APP that was specifically recognized by the
primary antibody 22Cl11, as claimed previously (See
“Introduction”). Instead, the structures stained when
22C11 was visualized with the ABC protocol are likely to
be damaged oligodendrocytes with an upregulated level
of endogenous biotin that was coincidently stained by the
ABC protocol. As to the axon-like or fiber-like appear-
ance among 22C]11-stained varicosities in WM bundles
from patient brains, branches of astrocytes should have
been excluded, since these fibrous glial cells can also be
stained by 22C11 ([81-83]; present study).

5 | CONCLUSION

Interpreting prior reports of 22C11 plus ABC protocol
staining as indicating APP in neurons likely obscures the
injury mechanism following TBI. Our findings presented
here are more than just a cautionary tale for investigators
using antibody 22C11 to target APP, or using an ABC
kit to visualize secondary antibodies after injury. Our
results point toward a novel and unexpected explanation
for the axonal pathology consistently observed after TBI
and suggest a promising new direction for the develop-
ment of effective TBI treatments.
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