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Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in the
United States (Coronado et al., 2011). Pathology and functional deficits resulting from TBI
vary with the mechanical insults, but a common characteristic in the experimental as well
as clinical realm is diffuse axonal injury (DAI). DAL is typically inferred from hemorrhages
and axonal damage in white matter tracts detected with hematoxylin and eosin (H&E)
staining and Palmgren silver impregnation (Adams et al., 1982, 1989). Furthermore, DAI
can be confirmed with electron microscopy (Mierzwa et al., 2015; Ziogas and Koliatsos,
2018), tractography (Hayes et al., 2016; Nolan et al., 2021), NeuroSilver staining (Koliatsos
et al, 2011; Xiong et al., 2023, 2024) and transgenic labeling (Hanell et al., 2015; Xiong
et al., 2023).

It is hypothesized that disrupted transport in injured axons results in an accumulation
of amyloid precursor protein (APP) at the sites of rupture. Using immunoperoxidase
staining with a mouse monoclonal antibody (Clone 22C11) against the N-Terminus of
APP, Gentleman et al. (1993, 1995) first demonstrated varicosities in white matter from
TBI patients and interpreted them as axonal swellings. These 22C11-positive varicosities
can be detected as early as 3h after TBI (Gentleman et al., 1993, 1995; Sherriff et al.,
1994a,b; Graham et al., 2004; Reichard et al., 2005; Hortobdgyi et al., 2007; Johnson et al.,
2013, 2016; Koch et al., 2020) and remain identifiable for months or even years after
the initial insult (Chen et al., 2009; Johnson et al., 2013). Based on its wide application
for more than three decades, immunoperoxidase staining with 22C11 is regarded as the
“Gold Standard” for detecting axonal pathology after TBI (Johnson et al., 2013, 2016).
However, the accumulation of APP in axons has never been unequivocally confirmed.
Here, we summarize existing evidence that questions the specificity of 22C11 for APP and
the validity of immunoperoxidase staining to reveal axonal pathology after TBI. We then
provide an alternate interpretation of the observed varicosities and recommend a strategy
for the accurate determination of TBI-induced neuropathology.
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Discussion

APP is a protein that is widely expressed in the brain
(Del Turco et al, 2016; Xiong et al, 2023) and plays an
important role in a variety of physiological functions (Hick
et al., 2015; Miller et al., 2017). Antibodies specific to APP
should therefore produce immunohistochemical staining patterns
consistent with the expression of the protein in healthy i.e., non-
injured brains. However, previous studies demonstrated negative
staining with 22C11 in brains from control patients (See Johnson
et al,, 2013 for a review). Moreover, 22C11-stained varicosities
were typically identified with an immunoperoxidase protocol,
which makes it impossible to determine if these varicosities co-
localize with any specific axonal marker (Gentleman et al., 1993,
1995; Sherriff et al., 1994a,b; Graham et al., 2004; Reichard
et al., 2005; Hortobagyi et al., 2007; Johnson et al., 2013; Koch
et al., 2020). A single group (Johnson et al., 2016) did attempt
double immunofluorescent staining using 22C11 and the axonal
marker spectrin N-terminal fragment (SNTF). However, using a
porcine model of mild TBI as well as tissue from severe brain
injured humans resulted in inconsistent results; thereby, failing
to provide conclusive evidence for the claimed axonal identity
of 22Cl11-positive varicosities. In addition, while varicosities
are reliably reproduced in immunoperoxidase staining, they are
not visible after immunofluorescent staining with 22C11 (Xiong
et al., 2023). Lastly and most importantly, 22C11 produces a
similar staining pattern in wild-type and APP knockout mice
(Guo et al.,, 2012; Del Turco et al.,, 2016; Xiong et al., 2023),
and stains out astrocytes (Chauvet et al, 1997; Young et al,
1999; Yasuoka et al., 2004; Xiong et al, 2023). Together, these
observations indicate that 1) 22C11 does not specifically recognize
APP, 2) an unknown protein this antibody actually binds is
present on astrocytes but not necessarily in axons and 3) the
varicosities observed with immunoperoxidase method after TBI
are a product of the interaction of the reagents with the altered
or newly expressed chemical components after TBI. Therefore,
22C11 is not the best or ideal marker for axonal damage
after TBIL.

What then are the varicosities reliably observed with
Careful

immunofluorescent

immunoperoxidase  staining? comparison  of

immunoperoxidase to staining suggests
that avidin binding to endogenous biotin may be the source of
the varicose signals. As illustrated in Figure 1, immunofluorescent
staining (Figure 1A) of the primary antibody (22C11 or
Y188, a validated specific antibody against the C-Terminus
of APP) is accomplished with a fluorophore (FP)-conjugated
secondary antibody (2°) that is species-specific for the primary
antibody. Conversely, immunoperoxidase staining (Figure 1B)
is performed using a biotinylated (or biotin-conjugated; B)
secondary antibody that is also species-specific for the primary
antibody, resulting in specific staining. Unlike FP-conjugated
secondary antibodies that are readily visible under a light
microscope, biotinylated secondaries can only be visualized
after avidin binding via ABC incubation and an enzymatic
reaction for horseradish peroxide (HRP) that is contained in the
ABC staining kit. Avidin (A) in the ABC kit can also bind to

endogenous biotin (Vitamin B7, a coenzyme for 5 carboxylases;
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Zempleni et al., 2009) in the tissue and generates a spurious (or
non-specific) signal.

The
immunoperoxidase staining has been demonstrated for more
than two decades (Bhattacharjee et al., 1997; McKay et al., 2004).
However, it has been overlooked in the practice of ABC-mediated

interference  from  endogenous  biotin  to

immunoperoxidase staining with 22C11 (Gentleman et al., 1993,
1995; Sherriff et al., 1994a,b; Graham et al., 2004; Reichard et al.,
2005; Hortobdgyi et al., 2007; Johnson et al., 2013, 2016; Koch
et al, 2020). Unlike avidin that is not present in mammals,
biotin can be up taken from foods and is widely distributed in
the brain (Wood and Warnke, 1981; Wang and Pevsner, 1999;
McKay et al., 2008). Biotin is enriched in oligodendrocytes, the
predominant cells in white matter tracts (LeVine and Macklin,
1988; McKay et al., 2004) and is also present in astrocytes (Xiong
et al.,, 2023, 2024). To determine whether endogenous biotin in
these glial cells is the underlying source of the observed varicosities,
we directly stained healthy brains with HRP-conjugated avidin
(HRP-Avidin) and demonstrated fibrous astrocytes and varicosity-
like oligodendrocytes in white matter tracts (Xiong et al., 2023,
2024). Significantly, we found dramatically increased HRP-Avidin
staining in injured mice, suggesting an upregulation in endogenous
biotin after TBI (Xiong et al., 2023). Given that injury results
in astrogliosis (Smith et al, 2015; Shahim et al, 2017) and
oligodendrogliosis (Flygt et al., 2016), the varicosities observed
with immunoperoxidase staining are therefore most likely due to
avidin binding to endogenous biotin in activated glial cells.

Additional support for avidin binding to endogenous biotin
as the source of the varicosities comes from the extraordinarily
high dilution of the primary antibody 22C11 in immuonperoxidase
staining in tissue from TBI patients. While some researchers diluted
22C11 at 1:100-200 (Ryu et al., 2014; Xiong et al., 2023, 2024)
as recommended by the manufacturer (Millipore-Sigma), others
used this primary antibody at a concentration as high as 1:80,000
or even 1:130,000 (Johnson et al., 2016; Koch et al., 2020). Highly
diluted primary antibodies produce very weak signals that are easily
masked and overshadowed by spurious staining. Therefore, it is
highly likely that the varicosities in white matter tracts observed
after TBI and widely considered to be a symbol of DAI, actually
originated from reactive astrocytes and oligodendrocytes.

Then, what is the most accurate method to determine axonal
damage after TBI? Using C-Terminal antibodies specific for APP
(including Y188), it has been demonstrated that axonal damage
does indeed result in the accumulation of APP. However, the
axonal staining is not in the form of varicosities but in blebs i.e.,
the proximal ends of the truncated axons adjacent to the parent
neuronal cell bodies within or near gray matter (Stone et al,
20005 Singleton et al., 2002; Wang et al., 2011; Xiong et al., 2023,
2024). Using transgenic mice, we have verified co-localization of
these Y188-positive blebs with fluorescent tags (Xiong et al., 2023).
We also observed varicosity-like punctate staining in white matter
tracts with Y188 (Xiong et al., 2023). However, these Y188-stained
puncta do not co-localize with damaged axons in transgenic mice
after TBI, suggesting that they are not derived from axons, but
likely to be originated from oligodendrocytes that express APP
(Palacios et al., 1992; Skaper et al., 2009; Xiong et al., 2023).
Therefore, C-Terminal antibodies are still useful biomarkers for
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FIGURE 1

Summary diagram illustrating targets in white matter tracts revealed by immunofluorescent vs. immunohistochemical staining with the N-Terminal
antibody (22C11) and C-Terminal antibody (Y188) for amyloid precursor protein (APP). (A) Immunofluorescent staining is performed using
fluorophore (FP)-conjugated secondary antibodies (2°) that is visible under a microscope. An unknow antigen (Ag) in astrocytes can be specifically
recognized by 22C11, and APP in oligodendrocytes by Y188. (B) Immunoperoxidase staining is performed using biotinylated secondary antibodies
that needs further incubation with the ABC kit before an enzymatic reaction for the horseradish peroxidase (HRP) contained in the staining kit. Avidin
(A) in the kit will bind to biotin (B) that is conjugated to the secondary antibodies, resulting in specific immunostaining. Avidin can also bind to
endogenous biotin (B) that is present in astrocytes and oligodendrocytes. Therefore, both glial groups can be coincidently stained by the ABC kit.

Astro, astrocyte; Olig, oligodendrocyte.
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axonal blebs (or truncation) after TBI, with the caveat that white
matter oligodendrocytes are stained in a varicosity-like pattern.
It needs to be stated that these C-Terminal antibodies have been
tested only in rodents for detecting axonal blebs in gray matter and
puncta in white matter after TBI. They should also be applicable for
TBI patient samples, as the amino acid sequence of APP is identical
between rodents and humans.

While DAT in white matter tracts is prominent after TBI, TBI-
induced pathology should not be confined to DAL Neuronal cell
body damage, dendritic deformation and Wallerian degeneration
(of axons) have all been demonstrated by staining with Fluoro-Jade
dyes (Yang et al., 2015, 2020; Xiong et al., 2023, 2024) and/or the
NeuroSilver kit (Koliatsos et al., 2011; Xiong et al., 2023, 2024).
These two major makers, together with C-Terminal antibodies for
APP (such as Y188) can detect different pathological structures
that emerge at different time windows after TBI. We therefore
recommend that a combination of different biomarkers should
be adopted and different time points need to be checked when
assessing neuropathology after TBI (Xiong et al., 2024).

In conclusion, 22C11 is not specific for APP and the varicosities
in white matter tracts observed after immunoperoxidase staining
may not represent axonal damages, but reactive glial cells. A
combination of biomarkers revealing different stages of the injury
will provide the most accurate and comprehensive pathology
after TBL
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