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Abstract: Objective The production of neurotoxic -amyloid and the formation of hyperphosphorylated tau are thought
to be critical steps contributing to the neuropathological mechanisms in Alzheimer’s disease (AD). However, there re-
mains an argument as to their importance in the onset of AD. Recent studies have shown that axonopathy is considered as
an early stage of AD. However, the exact relationship between axonopathy and the origin and development of classic neu-
ropathological changes such as senile plaques (SPs) and neurofibrillary tangles (NFTs) is unclear. The present study aimed

to investigate this relationship. Methods Postmortem tracing, combined with the immunohistochemical or immunofluo-

rescence staining, was used to detect axonopathy and the formation of SPs and NFTs. Results “Axonal leakage”—a novel

type of axonopathy, was usually accompanied with the extensive swollen axons and varicosities, and was associated with
the origin and development of AP plaques and hyperphosphorylated tau in the brains of AD patients. Conclusion  Ax-

onopathy, particularly axonal leakage, might be a key event in the initiation of the neuropathological processes in AD.
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to be critical steps involved in the neuropathological
mechanisms of AD, a debate still exists over whether SPs
or NFTs play a key and causal role in the neuropathologi-

cal mechanisms of AD. Much effort has been made to
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find a direct neuropathological relationship between SPs
and NFTs or to look for additional evidence supporting an
alternative proposal that both SPs and NFTs may be the re-
sults of neuropathological changes, not the causes of AD.
However, there is currently no consensus on this issue""*.

The biological function of a neuron is highly
dependent on an intact axon through which axonal
transport and neural signals are supported'>'®. In AD,
obvious axonopathy mainly manifests as impairment
of axonal transport and swelling of the axon and
varicosity' ", Such axon defects have been shown
to precede known disease-related pathology in mouse
models of AD, and are considered as early stages of
ADM". A previous study has found that the decrease in
axonal transport in the cortical neurons in AD is related
to the degree of the classic neuropathological changes,
SPs and NFTs!""". Axonal transport impairment and
the swelling of axons and varicosities have also been
observed both in living AD patients and in animal
models”'™?",

Although these studies imply that axonopathy plays
an important and early role in the neuropathological
mechanisms of AD, it remains still unclear whether
axonopathy is an independent neuropathological change
parallel to the formation of SPs and NFTs, or whether it
plays an additional role in AD. In a preliminary study"*,
we identified a new type of axonopathy named “axonal
leakage” in AD. The present study aimed to investigate
its relationship with the origin and formation of SPs and
NFTsin AD.

2 Materials and methods

2.1 Human brain materials Human brain tissues were
obtained from the Netherlands Brain Bank (NBB). Ac-
cording to the protocol of the NBB, specific permission for
brain autopsy and use of the brain tissue and the medical
records for research purpose was given by the patients or
their partners/relatives. AD was clinically diagnosed based
on the criteria of the National Institute of Neurological

and Communication Disorders and the Stroke-Alzheimer’s

disease and Related Disorders Association”. The diagno-
sis of “probable AD” was established by excluding other
causes of dementia. Brains from AD patients and controls
were systematically neuropathologically investigated. Neu-
ropathological changes in AD were scored using the stag-

ing system of Braak"”

. The clinical diagnosis of “probable
AD” was confirmed by a Braak score of [V or more, while
non-demented aged and other subjects were at Braak stages
0-1L

A total of 39 postmortem human brains were col-
lected for the present study, 26 of which were from people
with AD. The clinical and neuropathological data of the
subjects were listed in Table 1. The average age and post-
mortem delay were 83.7 years and 4:09 (hours:minutes)
for AD, and 67.8 years and 9:03 for no-demented subjects,
respectively. Following removal of the brain, standardized
samples of gyrus from the anterior part of the medial fron-
tal cortex (FC, equivalent to Broca’s area 9), medial tem-
poral cortex (TC, equivalent to Broca’s area 21), occipital
cortex (OC, equivalent to Broca’s area 7) and hippocam-
pus were dissected. The cortex samples were trimmed into
slices (0.4-0.6 cm thick) containing the cortical layers and
1.5-2.0 cm white matter. The hippocampus was cut into
coronal slices (0.4—0.6 cm thick) containing dentate gyrus,
C1-C4 regions and part of the entorhinal cortex.
2.2 Postmortem tracing in human brain slices Post-
mortem tracing for human brain tissue has been described
in a previous study"". Briefly, the prepared brain slice was
immediately incubated in modified artificial cerebrospinal
fluid (M-ACSF) containing (in mmol/L): sucrose 252, KCI1
3, NaHCO; 26, NaH,PO, 1.4, and D-glucose 10 (pH 7.4) at
0—4 °C for 1.5-2.0 h. Then the tissue was put onto a small
plate, which was placed on a large plate with ice. The
injection areas were viewed under an operating micro-
scope. A glass micropipette (tip diameter, 40 um) with
5% biotinylated dextran amine (BDA, molecular weight
10 000; Molecular Probes, Leiden, The Netherlands) in
Tris-buffered saline (TBS, containing 0.05 mol/L Tris and
0.9% NaCl, pH 7.6) was mounted on a micromanipulator
and inserted into the slice to a depth of 2 mm (cortical layers

[II-V). Iontophoretic injection of the tracer was made with
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Table 1. Clinical and neuropathological data of AD and non-demented (NS) subjects, and the intensity of SPs and NFTs in the frontal and tem-
poral cortex, and hippocampus

NBBn Age(y) Sex Bw(g) Pmd (h:m)CSF (pH) ApoE Braak e 1C Hi DNC

SPs NFTs SPs NFTs SPs NFTs

95-015 78 F 1005 5:15 6.75 43 6 3 3 3 3 3 3 AD, Aspiration

95-023 66 F 1134 6:53 6.53 44 6 2 3 3 3 3 3 AD, Pneumonia

95-024 88 F 1144 6:55 6.55 43 6 2 1 3 3 3 3 AD, Cardiac decompensation
95-053 79 F 1201 4:10 6.13 43 6 1 1 3 3 3 3 AD, Cachexia and dehydration
95-082 94 F 1295 5:50 6.70 43 4 1 1 2 2 3 3 AD, Cachexia and dehydration
95-087 69 F 1150 4:00 7.28 33 6 3 1 3 3 3 3 AD, Pneumonia

95-103 69 M 1362 2:55 7.20 44 5 3 3 3 3 3 3 AD, Bronchopneumonia

95-114 79 F 799 4:25 6.74 44 6 3 3 3 3 3 3 AD, Cachexia and dehydration
96-006 90 F 1154 3:10 6.69 43 5 2 3 3 3 3 3 AD, Cachexia and dehydration
96-053 91 M 1158 4:15 6.75 33 4 1 1 2 2 2 3 AD, Pneumonia

96-054 87 F 1010 6:55 6.96 43 5 1 1 2 2 3 3 AD, Heart failure

96-061 84 F 1196 3:55 6.64 33 4 2 2 3 3 3 3 AD, Heart failure

96-063 82 F 1385 3:50 7.45 43 5 2 2 3 3 3 3 AD, Pulmonary embolism

96-066 91 F 949 4:35 6.55 43 6 1 3 3 3 3 3 AD, Pneumonia and cachexia
96-070 83 F 1007 4:00 6.73 43 5 1 1 2 2 3 3 AD, Dehydration

96-072 84 F 1021 3:20 6.68 33 5 1 1 2 3 3 3 AD, Cachexia and dehydration
96-110 30 F 1195 5:45 6.51 43 6 1 2 3 3 3 3 AD, Pneumonia

96-115 92 F 964 2:50 6.64 33 5 2 2 3 3 3 3 AD, Cachexia and dehydration
96-123 88 F 1004 3:20 6.52 ND 4 1 1 2 3 3 3 AD, Cachexia

96-130 87 F 955 4:00 6.91 43 4 1 1 3 3 3 3 AD, Dehydration

96-131 87 F 1368 4:05 6.71 33 3 2 0 3 1 3 3 AD, Pneumonia and cachexia
97-012 84 F 1218 3:40 6.43 33 5 2 1 3 3 3 3 AD, Urinary tract infection, marasmus
97-020 87 F 1092 2:55 6.85 43 5 2 2 3 3 3 3 AD, Dehydration

97-056 71 F 1024 3:30 7.10 43 5 3 3 3 3 3 3 AD, Dehydration

97-086 101 F 1016 4:25 6.93 33 4 1 1 1 3 3 3 AD, Cachexia and dehydration
97-091 85 F 1100 2:00 7.25 43 5 1 2 1 3 3 3 AD, Cachexia and dehydration
95-007 54 M 1335 9:10 6.89 32 0 0 0 0 0 0 0 NS, Carotid artery bleeding

95-020 51 F 1348 4:20 6.94 ND 0 0 0 0 0 0 0 MD, Euthanasia

95-084 72 M 1370 7:20 6.61 33 0 2 0 0 0 0 0 NS, Lung emphysema, bronchochitis
95-093 78 M 1440 7:00 6.96 33 1 1 0 2 2 0 1 NS, Decompensation cordis

95-102 53 M 1383 10:00 7.21 43 0 0 0 0 0 0 0 NS, Dissection of the ascending aorta
96-014 54 F 1257 8:00 6.45 33 0 0 0 0 0 0 0 NS, Acute renal failure

96-051 71 F 1256 4:50 6.65 43 2 3 0 3 2 3 3 NS, Cardiac arrest during operation
96-067 70 F 1157 10:30 ND 33 1 0 0 0 0 1 0 NS, Metastasized mamma carcinoma
96-078 87 F 1315 8:00 6.91 33 2 1 0 1 0 1 1 NS, Heart failure

96-081 61 F 1311 5:15 ND 32 0 0 0 0 0 0 0 NS, Glioblastoma multiform, coma
96-084 78 F 1330 7:30 6.60 43 2 0 0 0 1 0 1 NS, Pulmonary emphysema

96-085 84 M 1367 9:00 6.20 33 1 0 1 0 0 0 3 NS, Heart failure, uraemia

97-005 69 F 1276 7:10 6.80 43 2 3 0 3 1 3 1 NS, Chronic myeloid leukaemia

The average age and postmortem delay were 83.7 years and 4:09 (hours:minutes) for AD, and 67.8 years and 9:03 for no-demented subjects, respectively. SPs:
senile plaques; NFTs: neurofibrillary tangles; NBBn: Netherlands Brain Bank number; M: male; F: female; Bw: brain weight; Pmd: postmortem delay; h:m: hours:
minutes; ApoE: apolipoprotein gene type; Braak: Braak stage; FC: prefrontal cortex; TC: temporal cortex; Hi: hippocampus; AD: Alzheimer's disease; MD: motor

neuron disease; NS: non-demented subjects; DNC: diagnosis, neuropathology and cause of death; ND: not detected.
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a constant current voltage device using a 7 pA positive cur-
rent at 50 mV with 7 s on/7 s off duty cycles over 1.5 min.
M-ACSF was used in the small plate during tracer injec-
tion to keep the tissue moist. After injection, the tissue was
put back in M-ACSF and maintained for about 20 min.
After that, the tissue was incubated in a beaker containing
300 mL ACSF (in mmol/L: NaCl 120, KCI 3, CaCl, 1.0,
MgSO, 1.0, NaHCO, 26, NaH,PO, 1.4, D-glucose 10, pH
7.3) at room temperature (22 °C) for 12 h, with a constant
supply of 95% O, + 5% CO, by a membrane oxygenator
placed in the ACSF. After incubation, the tissue was fixed
in 4% paraformaldehyde in 0.1 mol/L phosphate buffer (pH
7.4) for 3 d. After fixation, the tissue was placed in 20%
sucrose in the same buffer for 1 d for cryoprotection, fol-
lowed by being sectioned, frozen and serially cut on a cry-
ostat (35 pm in thickness). Sections were collected in 0.05
mol/L TBS in sequential order in 2 vials for each brain
slice. Sections were treated with 100% methanol followed
by 3% H,0,, each for 10 min, to reduce endogenous perox-
idase activity. For long-term preservation, sections can be
stored at 0—4 °C in 50% glycerol diluted with 0.05 mol/L
TBS. For tracer detection, the sections were incubated
with the avidin-biotin complex (1:800; Vector Laborato-
ries, Inc.; Burlingame, CA, USA) in a mixture of 0.05 mol/L
Tris, 0.9% NaCl, 0.25% gelatin, and 0.5% Triton-X 100
(pH 7.4) for 2 h at room temperature. After several rinses
with TBS, the sections were incubated with 0.05% 3,3°-
diaminobenzidine tetrahydrochloride (DAB), 0.2% nickel-
ammonium sulphate, and 0.003% H,O, in 0.05 mol/L TBS
(pH 7.4), mounted on gelatin-coated slides, and then dehy-
drated, cleared, and coverslipped.

2.3 Double immunohistochemical and immunofluo-
rescence staining The double staining combining tracer
detection with immunocytochemistry was performed ac-
cording to the procedures described previously™'. After
visualization of the tracer with DAB + nickel-ammonium
sulphate, some cortical sections were processed for im-
munocytochemical detection of AB42 or tau with the ABC
Elite detection method (Vector; Burlingame, CA, USA).
The primary antibodies used included rabbit polyclonal
antibody against AB42 (1:500; Bioss; Beijing, China), the

specificity and sensitivity of which to identify AB depos-
its and plaques were tested in the brain sections from AD
brains and an APP/PS1 transgenic mouse model, rabbit
polyclonal phosphospecific antibody (P-tau) recognizing
tau when Ser199 and Ser202 are phosphorylated (1:
5 000; Biosource; Carlsbad, CA, USA), tau-5 monoclo-
nal antibody reacting with nonphosphorylated tau and the
phosphorylated form of tau (1:5 000; Biosource), and anti-
human PHF-tau monoclonal antibody (ATS) reacting with
an epitope including phosphorylated Ser202 and Thr205
residues (1:10 000; Pierce; Appleton, WI, USA).

The double immunocytochemical staining for Ap42
and tau in human brain sections was performed in a similar
fashion to that described above. After finishing the immu-
nocytochemical staining for P-tau, tau-5 or AT8 with DAB
+ nickel-ammonium sulphate, immunocytochemical stain-
ing for AB42 was conducted and the end products were
visualized with DAB.

Sections were processed for double immunofluo-
rescence staining of tracer and AB42 or tau. Briefly, the
sections were first incubated with antibodies anti-AfB42,
P-tau, tau5 or AT8 (dilutions as above) overnight at 4 °C.
Sections were rinsed in PBS for 30 min and incubated in
a mixture of FITC-conjugated avidin (1:800; Pierce) and
rodamine-conjugated goat anti-rabbit IgG (1:200) (for P-
tau and AB42) or goat anti-mouse IgG (1:200; Pierce) (for
tau-5 and AT8). The sections were washed and mounted on
slides with immunofluorescence mounting medium. The
staining was examined on a laser scanning confocal micro-
scope (Nikon, Japan) or a fluorescence microscope (Nikon,
901, Japan). Cross-reactivity was tested by omitting the
secondary antibodies for immunostaining, and no staining
was detected.

2.4 Electron microscopy A pre-embedding tracer detec-
tion technique was used to demonstrate the subcellular
distribution of tracer as described before”. After tracer
staining was finished, the sections displaying satisfactory
staining were post-fixed in 1.5% osmium tetroxide/1%
ferricyanide in 0.1 mol/L sodium cacodylate buffer for 30
min, dehydrated in a series of graded ethanols, and flat-

embedded in epoxy resin. Ultrathin sections (90-160 nm)
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were cut and photographed using a Philips 201 electron mi-
croscope (Philips Industries, Eindhoven, The Netherlands)
at 60 kV. Counterstaining was omitted in order to visualize
deposited DAB granules (a dot-like configuration).

2.5 Semi-quantitative analysis of neuropathological
changes in AD brains and controls A semi-quantitative
score of the numbers of SPs and NFTs was performed in
FC and TC with Bodian staining in 6-um paraffin sections
according to the standard protocol of the NBB. Changes
were scored separately in each brain area in the following
way: 0: absent; 1: sparse/slight but less than moderate; 2:
moderate, 2-3 NFTs or SPs per 0.4 mm’; 3: frequent/se-
vere, more than moderate’ ",

2.6 Quantitative analysis of axonal leakage in frontal
and temporal cortex in AD brains and controls All sec-
tions from a single human brain slice in each case were
collected in sequential order in 2 vials and one vial was
used to perform tracer staining. Therefore, all sections
containing a tracer-labeled injection spot (about 30 sec-
tions in each slice) were processed to measure the number
of instances of axonal leakage in the tracer-labeled fibers
projecting to white matter using a motorized microscope
(ECLIPSE 90i, Nikon, Japan) equipped with a Nikon
cooled color CCD camera (DS-5MC-U2) and controlled
by Nikon image analysis software (NIS-Elements BR 3.1).
The number of instances of axonal leakage was counted
in a 200x microscopic visual field in each section. Diffuse
tracer staining around axons or varicosities was considered
typical of axonal leakage, and each instance was scored.
This method of measuring axonal leakage is based on the
principles of stereology. The investigator was blind to case
type during the quantitative analysis.

2.7 Statistical analysis The measured values from 8 sec-
tions containing the largest number of instances of axonal
leakage among all measured sections in each human brain
slice were used for statistical analysis. Statistical analysis
of significant differences in the mean values between FC
and TC in AD or non-demented aged group was conducted
by the paired #-test (two-tailed). P < 0.05 was considered

statistically significant.

3 Results

3.1 Typical morphological characteristics of axonal
leakage at light and electron microscopic levels in the
brains of AD patients Using a postmortem tracing tech-
nique with BDA as the tracer, the axonal changes in the
frontal and the temporal cortices were examined in 39
postmortem human brains, 26 of which were clinically
diagnosed as probable AD and confirmed by neuropatho-
logical exams (Table 1). As shown in Fig. 1A—C, swollen
axons and varicosities were observed in brain areas af-

[19]

fected by AD as reported earlier' . Unexpectedly, in AD
brains, tracer staining was observed around certain areas of
swollen axons, or around the edges of swollen varicosities
(Fig. 1A—C), while the morphology of the labeled fibers
was almost normal in young control brains (Fig. 1D) and

B This axonal change was named

in postmortem rat brains
“axonal leakage”, a new type of axonopathy™. Fig. 2A
and Fig. 2B present the typical instances of swollen axons
and varicosities, and axonal leakage at the light microscopic
level, respectively. The theoretical explanation of axonal
leakage identification using this tracing technique and the
use of this terminology is provided in Fig. 3.

Sections displaying axonal leakage were selected
by light microscopy and were further examined under
the electron microscope. In leaking axons, the staining
for tracer (a dot-like configuration) was observed in the
intra-axonal and extra-axonal spaces and even in the my-
elin sheath (Fig. 4A), while in intact axons, the staining
was only restricted to the intra-axonal space (Fig. 4B).

3.2 Degrees of axonal leakage in frontal and temporal
cortex in AD and control brains Different brain areas in
AD and in non-demented aged subjects were examined to
determine whether there was any difference in the amount
of axonal leakage. The number of instances of axonal leak-
age (the number of sites with diffuse tracer staining) was
quantitatively analyzed by comparing FC with TC in 8 AD
(average age, 86.9 years) and 4 non-demented subjects
(NS; average age, 79.6 years). This analysis excluded the

effects of several factors related to the use of materials
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Fig. 1 Postmortem tracing showed swollen axons and varicosities as well as axonal leakage in Alzheimer’s disease (AD) brains. A: Labeled fibers in the tempo-
ral cortex (TC) of an AD brain showed instances of axonal leakage (diffuse staining, arrows) from slightly swollen fibers. B: A typical example of axonal
leakage in TC (arrow). C: Many swollen fibers and different sizes of leaking varicosities in TC of an AD brain. The arrows indicate 3 typical instances
of axonal leakage, showing a dark center with a diffuse halo. D: Intact labeled cortical fibers and a few slightly swollen axons (arrowhead) in a non-
demented case (61 years old, Netherlands Brain Bank number 96-081). The arrow indicates the normal axon of a labeled neuron. Scale bars: 50 pm.

Fig. 2 Profiles of swollen axons and varicosities, and axonal leakage. A: Different examples of profiles of swollen axons and varicosities on swollen axons
without obvious axonal leakage (arrows) in the cortex of Alzheimer’s disease (AD) brains. B: Different examples of typical instances of axonal
leakage (arrowheads) in the cortex of AD brains. Scale bar: 25 pm.
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Axonal transport

Tracer remains in axon

Tracer leaks out of axon

Axonal leakage site

Fig. 3 A diagram explaining the identification of axonal leakage using the
tracing technique. The tracer is taken up by a neuron, transported
along its axon and eventually reaches the terminals. In a normal
neuron, the tracer remains in the axon, and the staining pattern re-
sembles A. If the axon is damaged, the tracer leaks from the axon,

and the staining pattern resembles B.

from human postmortem brain, such as postmortem delay,
age, sex, and agonal state (e.g. cause of death). In addition,
based on the previous finding that variations in the size
of tracer injection influence the pattern and the number of

labeled fibers''” thus affecting the number of instances of

axonal leakage, here cases with similar tracer injection size
and labeling pattern were selected (Fig. 5B). The mean
injection sizes were (0.943 + 0.068) mm (mean + SD, n
=4) in FC and (0.955 + 0.054) mm (n = 4) in TC from
non-demented subjects, and no significant difference was
found (P = 0.889). The mean injection sizes were (0.981 +
0.080) mm (n = 8) in FC and (0.976 £+ 0.059) mm (n = 8)
in TC from AD subjects, also with no significant difference
(P = 0.785). However, the number of instances of axonal
leakage in TC was significantly larger than that in FC in
AD subjects (P = 0.008) (Fig. 5A, Table 2). This might be
related to the neuropathological changes such as SPs and
NTFs, as SPs and NFTs were denser in TC than in FC (Ta-
ble 2). In contrast, the mean number of instances of axonal
leakage was not significantly different between FC and TC
in non-demented control subjects (P = 0.094) (Fig. 5A).

3.3 The relationship between axonal leakage and
classical neuropathological changes The relationship
between axonal leakage and the classic neuropathologi-
cal changes, SPs and NFTs, was investigated. To address
whether axonal leakage is an early event in the origin and
development of SPs and NFTs, or an independent neuro-

pathological change, here double immunohistochemical

Fig. 4 Ultrastructural profile of axonal leakage and intact axon. A: Ultrastructural profile of axonal leakage, showing labeled tracer in the intra-axonal

space (asterisk) and extra-axonal space. The top arrow indicates the presence of tracer in the extra-axonal space, and the other arrows indicate the

presence of the tracer within the myelin sheath. The 2 arrowheads indicate the myelin sheaths of labeled (upper) and non-labeled (lower) axons,

respectively. B: Ultrastructural profile of an intact axon, showing labeled tracer in the intra-axonal space (arrow). The arrowhead indicates the

myelin sheath. Scale bars: 0.2 pm.
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Fig. 5 Degrees of axonal leakage in the frontal cortex (FC) and temporal cortex (TC) in Alzheimer’s disease (AD) and control brains. A: Mean numbers
of instances of axonal leakage in FC and TC from 8 AD and 4 non-demented subjects (NS). The mean number of instances of axonal leakage in TC
was significantly larger than that in FC in AD subjects (P = 0.008), while there was no difference in the NS group (P = 0.094). “P < 0.01. B: A tracer
(biotinylated dextran amine) injection spot in a TC slice from an AD patient (Netherlands Brain Bank number 96-131). The labeled fibers run into
the white matter (arrow). The asterisk indicates the injection center. Scale bar: 200 pm.

Table 2. Numbers of instances of axonal leakage in FC and TC of AD and non-demented subjects (NS) after one-site tracer injection, and inten-
sity of SPs and NFTs in the same brain regions

NBBn Dia Age(y) Sex Bw(g) Pmd(h:m) CSF(pH) ApoE Braak FC TC
AL SPs  NFTs AL SPs NFTs

96-054 AD 87 F 1010 6:55 6.96 43 5 35.6£9.9 1 1 86.8+6.5 2 2
96-066 AD 91 F 949 4:35 6.55 43 6 122.9£10.0 1 3 171.5+16.3 3 3
96-070 AD 83 F 1007 4:00 6.73 43 5 77.9£2.9 1 1 82.4+7.8 2 2
96-110 AD 80 F 1195 5:45 6.51 43 6 7.9£1.7 1 2 29.442.7 3 3
96-115 AD 92 F 964 2:50 6.64 33 5 119.3+8.7 2 2 136.6+11.2 3 3
96-123 AD 88 F 1004 3:20 6.52 ND 4 24.9+1.9 1 1 29.5+9.7 2 3
96-130 AD 87 F 955 4:00 6.91 43 4 153.9+14.8 1 1 166.6+18.7 3 3
96-131 AD 87 F 1368 4:05 6.71 33 3 59.847.1 2 0 102.5+8.4 3 1
96-067 NS 70 F 1157 10:30 ND 33 1 6.9+0.9 0 0 17.4+1.4 0 0
96-078 NS 87 F 1315 8:00 6.91 33 2 16.8+3.4 1 0 41.3+1.6 1 1
96-084 NS 78 F 1330 7:30 6.60 43 2 45.4+1.7 0 0 44.6+6.4 0 1
96-085 NS 84 M 1367 9:00 6.20 33 1 10.5+1.7 0 1 31.845.8 0 0

SPs and NFTs were scored as none (0), sparse/slight (1), moderate (2) or frequent/severe (3). AL: axonal leakage (mean = SE); SPs: senile plaques; NFTs: neurofi-
brillary tangles; FC: frontal cortex; TC: temporal cortex; AD: Alzheimer’s disease; NS: non-demented subjects; NBBn: Netherlands Brain Bank number; M: male; F:
female; Dia: clinical diagnosis; Bw: brain weight; Pmd: postmortem delay; h:m: hours:minutes; CSF: cerebral spinal fluid; ApoE: apolipoprotein gene type; Braak:

Braak stage; ND: not detected.

and immunofluorescence staining for tracer and AP (AB42),  AP42 and hyperphosphorylated tau staining were located

P-tau, tau-5 or AT8 were performed. As shown in Fig. 6,  within and/or close to the swollen axons, varicosities or
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Merge

P-tau

Fig. 6 Morphological relationship between axonal leakage and SPs or NFTs in the prefrontal and the temporal cortices in AD brains. A: Swollen fibers
with tracer labeling (dark blue) and diffuse Ap42 staining (brown, arrow). B: Two fibers labeled with tracer (dark blue, arrows) and fiber branch-
es labeled with AB42 staining (brown, arrowheads). C: A swollen fiber labeled with tracer (dark blue, arrow) presented P-tau staining on one side
(brown, arrowhead). D-F: Double immunofluorescence staining presented AB42 (red) in a swollen fiber labeled with tracer (BDA, green). G-1:
Part of a swollen fiber labeled with tracer (green, arrow) presenting P-tau staining (red, arrow). J: Double immunofluorescence staining presented
tracer-labeled slightly swollen (arrowhead, green) and normal fibers (arrow, green) associated with AB42-positive plaques (red). K, L: The rela-
tionship between tracer-labeled fibers (dark blue) and Ap42-positive plaques (brown). Normal fibers (arrowhead in H) passed through a plaque
(arrow in K). L is the magnification of an area in K. Scale bars: 100 pm for K; 25 pm for A and J; and 10 pm for B-I and L. BDA: biotinylated

dextran amine.

axonal terminals associated with axonal leakage. Besides,  and development of classic AP plaques were often associ-
a segment of axon exhibiting hyperphosphorylated tau  ated with axonal changes. Even very small plaques con-
staining merged with a tracer-labeled “normal fiber” (Fig.  tained extensive large swollen axons and varicosities with
6C, G-I). In addition, double immunohistochemical and  tau staining (Fig. 7). Interestingly, normal fibers or termi-
immunofluorescence staining against A and hyperphos-  nals labeled by tracer were detectable in the plaques in the
phorylated tau (P-tau and AT8) showed that the formation  brains of AD patients (Fig. 6J-L).
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Fig. 7 Axonal changes related to the formation and development of senile plaques (SPs) and neurofibrillary tangles (NFTs) in Alzheimer’s disease (AD)

brains. A: P-tau immunostaining presented “plaque-like” patterns in the temporal cortex of an AD brain. B: A few swollen axons and varicosities

(arrow in B) were present in a very small “plaque-like” P-tau staining area (arrow in A) at high magnification. C: A medium-sized “plaque-like”

P-tau staining area (arrowhead in A) contained more swollen axons and varicosities at high magnification (arrowheads). D: Double staining for

AP42 (brown) and AT8 (dark blue) showed the plaques of different sizes. E: A few large swollen axons (arrow) occured in a very small plaque (Ap42

staining, arrow in D) at high magnification. F: Many swollen axons and varicosities (arrowheads) at a larger plaque (arrowhead in D) at high mag-
nification. Scale bars: 200 pm for A; 100 pm for D; 20 pm for C and F; 10 pm for B and E.

4 Discussion

The in vitro postmortem tracing technique has been
used to study hypothalamic neural circuits (neural con-
nections) and axonal transport in human brains''” ">\, In
the present study, the use of this technique in human brain
materials was extended to analyze changes in axon mor-
phology, which are related to the neuropathological mech-
anisms underlying AD. With proper in vitro treatment,
human brain cells, even those with a postmortem delay
of up to 10 h, can survive to an extent that they still have

B and present

the potential of recovering axonal transport
axon morphology similar to that observed by in vivo trac-
ing techniques. In addition, the tissue fixation used in the
present study did not result in obvious changes in axon
morphology. Therefore, the observed axonal changes were
not an artifact due to the relatively long incubation time (up
to 68 h) or tissue fixation used during in vitro postmortem
tracing. It should be emphasized that the cause of death,
mostly pneumonia, cachexia and dehydration in AD, may

not be the main cause of axonal leakage, since axon mor-

phology is quite normal in some brain areas such as visual
cortex in most AD cases, although evident axonal changes,
including axonal leakage, occur in TC and FC.

In the present study, we investigated axonal leakage
in the brains of AD patients, and analyzed its relationship
with the classic neuropathologcal changes, SPs and NFTs.
Stokin et al. have revealed that axonal swellings are pre-
cursors in AD, and that they precede amyloid deposits and
other disease-related neuropathies"”’. Our findings are con-
sistent with that report. Together with previous findings,
our data suggest that axonal leakage may be an important
initial neuropathological change leading to the origin and
development of the classic neuropathies, SPs and NFTs,
as well as cognitive defects in AD. Although the detailed
mechanism of how axonal leakage results in the formation
and development of SPs and NFTs needs to be investigat-
ed, the possible explanations are as follows.

Direct leakage of intra-axonal components, including
structural and functional proteins, to extra-axonal space
may be partly involved in the formation of plaques. For
example, the leakage of overproduced intra-axonal Af or
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extra-axonal proteolysis of the leaked amyloid precursor
protein may result in A plaques”, which may explain the
AP plaques observed in brain areas with unimpaired neu-

> Axonal leakage may be present at axon

ral functions'
terminals of affected neurons located far from their termi-
nation areas, however, these areas may still exhibit unim-
paired function if their neurons are not affected despite the
presence of plaques. For example, if affected entorhinal
cortex neurons undergo axonal leakage in their projection
areas in the TC and FC, plaques may form in the projection
areas. Such an explanation is supported by our finding that
intact neural fibers were present in or around the plaques
(Fig. 6J-L). We also observed degenerating neuronal fibers
around the plaques, which is similar to the previous find-
ings (Fig. 6K, L). This is probably because these fibers
arise from affected neurons, although we cannot exclude
the possibility that this may be due to the neurotoxic ef-
fects of AB!“***. In another study, Meyer-Luehmann et
al. demonstrated in a mouse model of AD that plaques
can grow overnight, with mature plaques originating from
smaller amyloid deposits (microplaques) associated with
alterations in neighboring neurites””. The origin of the mi-
croplaques is unclear, but our recent findings suggest that
they might be related to axonal leakage.

Axonal leakage may result in an abnormal change in
intra-axonal Ca’" concentration due to uncontrolled direct
diffusion from extra-axonal to intra-axonal space. This
may induce tau hyperphosphorylation through activation
of a Ca”’-dependent enzyme, a key step in the formation
of NFTs"*7. This explanation is supported by our finding
that hyperphosphorylated tau staining occured in certain
segments of a relatively normal axon. In this situation, ax-
onal leakage may be at an early and reversible stage. This
also suggests that NFTs originate earlier than SPs"™""***",

Our findings also provide a better understanding of
the relationship between the AD-related risk factors and
the neuropathies of this disease. Axonal leakage is likely
due to alterations in the axonal membrane and myelin
sheath. Therefore, we propose that AD-like neuropatho-
logical changes and cognitive deficits might be expected

if any of the risk factors such as mitochondrial dysfunc-

tion, abnormal metabolism and oxidative stress affects
the membrane stability and consequently induces severe

1840411 ° Although the cellular and molecular

axonal leakage!
mechanisms underlying the origin and development of
axonal leakage are not yet understood, disruption in the
function of oligodendrocytes (including their precursor
cells) as well as their integration with neurons and astro-
cytes may play an important role'*”. Therefore, reducing
axonal leakage by stabilizing, strengthening and enriching
the neuronal membrane and myelin sheath may provide a
new strategy for prevention of AD, as well as a potential

therapy for this disease.
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