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Quantitative analysis of large axonal fibres in the CST

To evaluate the degeneration of axonal fibres in
the CST, we calculated the density of axonal fibres in the
lateral column of the spinal cord. Specimens corre-
sponding to the C5-6 levels were prepared for all of the
patients and 13 controls. For this assay, the
paraffin-embedded spinal cords were immunostained
using the anti-pNF antibody and diaminobenzidine as
chromogen without additional nuclear staining to visual-
ise only axons as brown particles. The microscopic views
were binarised and automatically recognised using
Luzex AP software (Nireco, Tokyo, Japan) that was
coupled to the microscope via a CCD video camera.
This software automatically measured the particle counts
and diameters on the binarised pictures.’”” Axonal
counts were evaluated on five areas of 10000 um?
(x40 objective) randomly chosen from the CST of the
spinal lateral column in each patient and averaged. To
validate duplicability between tests, we constructed two
axon size histograms from 13 ipsilateral control samples
(see online supplementary file). Briefly, the variability
between the test and retest was sufficiently small to
count the axons for each axon size. We constructed a
histogram of axonal sizes in the CST (figure 2A), and
the density of the large axons (axonal fibres/10 000
me) was calculated (figure 2B,C) for patients with PMA
and ALS and control samples.
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Statistical analysis

The demographic features of patients with PMA and
ALS were compared using the Mann-Whitney U test for
continuous variables or the Pearson’s x2 test or Fisher’s
exact test to assess bivariate correlations. The
Kruskal-Wallis test was used for analyses between three
groups, and the t test was used for analyses between two
groups. The significance level was set at a p value of 0.05
for comparisons between two groups and 0.016 for com-
parisons between three groups. All of the statistical tests
performed were two-sided and were conducted using
the software program PASW V.18.0 (IBM SPSS).

RESULTS

Demographic features of the registered patients

The included patients consisted of 67 men and 40
women. The mean age at disease onset was 62.7
+12.4 years, and the median duration from disease onset
to death was 27months (range 2-348 months).
Seventeen patients were treated with tracheostomy
positive-pressure ventilation (TPPV). Initial symptoms
included upper limb weakness in 40.2%, lower limb
weakness in 32.7%, bulbar symptoms in 24.3% and
respiratory symptoms in 2.8% of the included patients.
Fourteen (13.1%) patients were categorised into the
clinical PMA group, and 93 (86.9%) patents were

Cc *ok
<~ 140] I |
B o)
o

o 120 g °
(=]
S
2 1001 8
P o g
[ =4
[*] 80‘ 8
< ° o
g o0 :
B 3
& 40 o
o] 8
-g 20 o

1 o
g
<

0.

Control  PMA ALS

Clinical Groups

Figure 2 Quantitative analysis of the axonal fibres in the corticospinal tract. (A) Phosphorylated neurofilament (pNF)-positive
fibres were automatically binarised using Luzex AP software. The density of pNF-positive axons (particles/10 000 pm?2) was
automatically calculated using averaged data from five fields (x400). The histogram of axonal sizes revealed that the percentages
of axons that were more than 1 um in diameter were smaller in ALS and PMA than in controls. (B) The large axonal fibres more
than 1 um in diameter were automatically recognised, binarised and counted using the software to successfully evaluate the
axonal density. (C) There were significant differences in the densities of axons that were more than 1 um in diameter between all
pairs of clinical groups: p=0.001 (*) between the clinical amyotrophic lateral sclerosis (ALS) and clinical progressive muscular
atrophy (PMA) groups, p=0.001 (*) between the clinical PMA and control groups and p<0.001 (**) between the clinical ALS and
control groups. All patients diagnosed with clinical ALS exhibited lower values than the controls. In contrast, the results of the
clinical PMA group were widely diverse, ranging from low values to values within the normal range.
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classified into the clinical ALS group. With regard to
clinical diagnosis, 10 (71.4%) of 14 patients with clinical
PMA and 88 (94.6%) of 93 patients with clinical ALS
were correctly diagnosed as PMA or ALS by the first
referred physicians. However, one patient with clinical
PMA and four patients with clinical ALS were initially
diagnosed as having cervical or lumbar canal stenosis
based on focal weakness restricted to one upper or
lower limb and canal stenosis on MRIL. One of the
patients with clinical PMA was initially diagnosed as
having carpal tunnel syndrome based on weakness
restricted to the distal area of the median nerve in the
right hand. One of the patients with clinical PMA was
diagnosed as having polyradiculopathy because the
cauda  equina  was  slightly  enhanced  on
gadolinium-enhanced MRIL One of the patients with
clinical PMA was initially diagnosed as having myositis
based on myalgia and slight lymphatic infiltration on a
muscle biopsy. One of the patients with clinical ALS was
initially diagnosed as having parkinsonian syndrome
because the patient showed bradykinesia due to marked
rigospasticity in the limbs. The demographic features of
patients with clinical PMA and ALS are presented in
table 1. In summary, no significant differences in the
age at onset, male-to-female ratio, clinical duration
(whether including or excluding the TPPV treatment
period) or initial symptoms were detected between the
clinical PMA and ALS groups.

Pathological evaluations

Degeneration in the UMN system

Loss of Betz cells in the primary motor cortex

Ten (76.9%) of the 13 patients with clinical PMA exhib-
ited a loss of Betz cells, which was severe in 3 (23.1%) of
these patients (figure 3). However, in 2 (15.4%) of the
13 patients with clinical PMA, no loss of Betz cells or
gliosis in the primary motor cortex was detectable. In
contrast, all of the patients diagnosed with clinical ALS
exhibited a loss of Betz cells, which was severe in 10
(34.5%) of the 29 patients with clinical ALS. There was

Open Access

no significant difference in the severity of this patho-
logical change between the clinical groups.

Aggregation of macrophages in the primary motor cortex

The aggregation of CD68 macrophages in the primary
motor cortex was detected in 10 (76.9%) of the 13
patients with clinical PMA. In contrast, all of the patients
diagnosed with clinical ALS exhibited the aggregation of
macrophages in the primary motor cortex. When com-
paring the clinical groups, this pathological change was
significantly more severe in clinical ALS than clinical
PMA (p=0.048).

CST degeneration

Myelin pallor was present in 8 (61.5%) of the 13 patients
with clinical PMA. The aggregation of macrophages
within the CST was detected in 11 (84.6%) of the 13
patients with clinical PMA. In the clinical ALS group, all
patients exhibited myelin pallor and macrophage aggre-
gation in the CST. When comparing the clinical groups,
this pathological change was significantly more severe in
clinical ALS than clinical PMA (p=0.004).

Degeneration in the LMN system

All of the patients diagnosed with either clinical PMA or
ALS exhibited neuronal loss in the spinal anterior horns
(figure 3). This neuronal loss was severe in 11 (84.6%)
of the 1% patients with clinical PMA and 20 (69%) of
the 29 patients with clinical ALS. All of the patients diag-
nosed with clinical PMA and 27 (93.1%) of the 29
patients with clinical ALS exhibited neuronal loss in the
cranial nerve nuclei. This neuronal loss was severe in 6
(46.2%) of the 13 patents with clinical PMA and 11
(87.9%) of the 29 patients with clinical ALS. When com-
paring the clinical groups, there was no significant dif-
ference in the severity of LMN loss. Eight (61.5%) of
the 13 patients with clinical PMA and 24 (82.8%) of the
29 patients with clinical ALS displayed Bunina bodies in
the LMN system.
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Figure 3 Summary of the neuropathological findings in the included patients. The stages of the pathological changes
correspond to those in figure 1. Pathological changes between the clinical groups were compared using Pearson’s x2 test. ALS,
amyotrophic lateral sclerosis; FUS, antifused-in-sarcoma; GCI, glial cytoplasmic inclusions; KB, Kliiver-Barrera staining; NCI,
neuronal cytoplasmic inclusion; PMA, progressive muscular atrophy; TDP-43, 43 kDa TAR DNA-binding protein; TPPV,

tracheostomy positive-pressure ventilation.

Immunochistochemical profiles

In 11 (84.6%) of the patients with clinical PMA, we
detected ubiquitin and TDP-43-positive neuronal cyto-
plasmic inclusions (NCIs) in the LMN system (figure 3).
In eight of these patients, TDP-43-positive NCIs were
also detected in the primary motor cortex. All of the
patients with clinical ALS displayed ubiquitin and
TDP-43-positive NCIs in the LMN system. Moreover,
TDP-43-positive glial cytoplasmic inclusions were
observed in the spinal anterior horn and primary motor
cortex in all of the TDP-43-positive patients of the clin-
ical ALS and PMA groups. In contrast, two of the
patients with clinical PMA (15.4%) exhibited basophilic
inclusion bodies in the neuronal cytoplasm, which were
broadly extended throughout the central nervous
system. These inclusions were positive for FUS but nega-
tive for TDP-43, a-internexin and peripherin.

Quantitative analysis of large axonal fibres in the CST

The histogram of axonal sizes revealed that the percent-
age of axons that were greater than 1um in diameter
was smaller in ALS (18.5%) and PMA (23.9%) than in
controls (32.3%), resulting in a relative increase in the
percentage of smaller axons (figure 2). Then, we mea-
sured the densities of large axons that were greater than

1 pm in diameter. The average densities were as follows:
clinical ALS, 68.3+20.9 fibres/10 000 pmgg clinical PMA,
97.2+31.5 fibres/10 000 um2 and controls, 129.116.1
fibres/10 000 me (p=0.001 between the clinical ALS
and PMA groups; p=0.001 between the clinical PMA and
control groups; p<0.001 between the clinical ALS and
control groups). All patients diagnosed with clinical ALS
exhibited lower values than the range of normal values
that was obtained from the controls. In contrast, the
results from the clinical PMA group were widely diverse.
The results from 5 (38.5%) of the 13 patients with clin-
ical PMA were within the normal range, but 8 (61.5%)
of these patients exhibited lower values than the normal
range. One patient with PMA who had been treated with
TPPV exhibited an exceptionally low value.

Pathological overview of the patients diagnosed with clinical
PMA or clinical ALS

Clinical PMA: 11 (84.6%) of the 13 patients with clinical
PMA displayed UMN degeneration (either the loss of
Betz cells, myelin pallor or the aggregation of macro-
phages in the primary cortex or CST) and LMN degen-
eration. Nine of these patients exhibited TDP-43-positive
inclusions and the remaining 2 patients displayed
FUS-positive basophilic inclusion bodies. Their large
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CST axon densities were diverse, ranging from low
values to values within the normal range that were
obtained from the control participants. In 2 (15.4%) of
the 13 patients with clinical PMA, neuropathological
parameters that we defined as UMN system degener-
ation were all negative. Their large CST axon density was
within the normal range. These two patients exhibited
abundant TDP-43-positive neuronal and glial inclusions
in the LMN and, occasionally, in layers II-III of the
primary motor cortex and the hippocampus. The

pathological findings from the representative patients
are shown in figure 4,

Clinical ALS: All 29 patients displayed a combination
of UMN and LMN system degeneration and exhibited
TDP-43-positive inclusions.

Additionally, of the respirator-managed patients, three
patients (patient 13 of clinical PMA and patients 27 and
28 of clinical ALS) showed diffusely extended neuronal
loss, gliosis and TDP-43 pathology beyond the motor
neuron systems, which involved all layers of the cerebral

Figure 4 Neuropathological profiles of the patients in the clinical progressive muscular atrophy group. (A—J) correspond to
patient 2. The corticospinal tracts (CST) did not display myelin pallor (A), loss of large axonal fibres (B), or aggregation of
macrophages (C). Additionally, in the primary motor cortex, neither the loss of Betz cells (D) nor aggregation of macrophages (E)
was detected. The upper layers of the primary motor cortex rarely contained phosphorylated 43 kDa TAR DNA-binding protein
(pTDP-43)-positive neuronal (F) and glial (G) inclusions. The spinal anterior horn displayed severe neuronal loss (H),
pTDP-43-positive skein-like inclusions (I) and Bunina bodies (J). (K—M) correspond to patient 12. The CST displayed myelin
pallor (K) and the depletion of large axonal fibres (L). Neuronophagia was often found in the primary motor cortex (M, arrows).
(N and O) correspond to patient 6. The spinal motor neurons contained basophilic inclusion bodies (N) that were positive for
antifused-in-sarcoma (FUS) based on immunohistochemistry (O). (A and K) Kliver-Barrera staining, (B) antiphosphorylated
neurofilament immunohistochemistry, (C and E) anti-CD68 immunochistochemistry, (D, H, J and M) H&E staining, (F, G and 1)
anti-pTDP-43 immunohistochemistry and (O) anti-FUS immunohistochemistry. Scale bars: (A and K) 3 mm, (D and E) 100 um,

(C, H and M) 50 ym, (B) 20 um and (F, G, I, J, N and O) 10 um.
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neocortices, the striatum, thalamus, cerebellar dentate
nucleus and non-motor nuclei in the brainstem, includ-
ing the substantia nigra, red nucleus, periaqueductal
grey matter, inferior olivary nucleus and reticular
formation.

DISCUSSION

Our study demonstrated the clinicopathological profiles
of patients with clinical PMA and ALS in a consecutive
autopsy series. The clinical evaluations in this study
revealed rapid disease progression and short survival
duration in patients with clinical PMA, which are analo-
gous courses to those that are characteristic of clinical
ALS. Contrary to our results, it has been described that
PMA exhibits slower progression and longer survival dur-
ation compared with ALS.? However, recent studies
revealed that PMA follows a relentlessly progressive
course and that the survival duration is not much longer
than that of ALS.* * ¥ ' ' The relatively small number
of patients in our study may have contributed to the
absence of significant differences in the survival dura-
tions between the clinical PMA and ALS groups.

Our pathological results indicate that, of the patients
with clinical PMA, 85% exhibited degeneration in the
UMN and LMN systems, which corresponds with ALS.
However, the remaining 15% of patients with clinical
PMA lacked any apparent degeneration in the UMN
system. A previous study reported that approximately
50% of all patients with PMA exhibit macrophages in
the CST® Another report demonstrated the degener-
ation of the pyramidal tract and loss of Betz cells in 65%
and 60%, respectively, of the patients diagnosed with the
PMA phenotype.® Our results revealed that patients with
PMA more frequently had degeneration in the UMN
system than those reported in previous studies; however,
in a few patients with PMA, UMN degeneration
remained undetectable at death. Our pathological
results revealed differential UMN involvement between
patients with PMA and indicated that PMA and ALS are
continuous pathological entities. Regarding immunohis-
tochemical aspects, several studies have revealed that
TDP-43 pathology is commonly observed in the cerebral
cortices or the subcortical grey matter of patients with
PMA.” ® In our results, TDP-43-positive neuronal or glial
inclusions in the motor cortices or hippocampus were
common in the clinical ALS and PMA groups and were
found even in patients apparently lacking UMN degen-
erative changes. A recent report described the propaga-
tion of TDP-43 pathology in ALS, which starts from the
UMN and LMN systems and spreads to the anteromedial
temporal lobes through the motor neuron system.'”’
Based on this theory of TDP-43 propagation, TDP-43
pathology beyond the LMN system in patients with PMA
may support the pathological continuity between these
two clinical phenotypes.

The standard diagnostic criteria for ALS are the
revised El Escorial criteria, which require a combination

of UMN and LMN symptoms/signs for the diagnosis of
ALS.'? However, it is often difficult to clinically deter-
mine whether the UMN is involved,'® which sometimes
results in diagnostic difficulty. In our patient series, only
71.4% of the patients with clinical PMA were correctly
diagnosed by the first referred physicians, although
94.6% of the patients with clinical ALS were diagnosed
correctly. Recently, several studies have demonstrated the
utility of radiological procedures, including transcranial
magnetic stimulation, 'H MR spectroscopy and diffusion
tensor imaging in the detection of UMN system deterior-
ation in a subset of patients with PMA.'* 7" Based on
our results, a large subset of patients with PMA may have
some degree of UMN degeneration. In such patients,
these radiological or electrophysiological procedures
would be expected to increase the sensitivity of detec-
tion of UMN degeneration. However, our results also
indicate that some of the patients with PMA exhibit
sparse morphological changes in the UMN system, even
at death. It may be difficult to detect UMN degeneration
using these procedures in such patients. To diagnose
clinical patients with PMA displaying sparse UMN
degeneration as ALS in the early phase of the disease
course may be a future subject of focus.

A limitation of our study was the inability to evaluate
the entire motor cortex and CST, and it is controversial
whether patients with apparently intact UMN systems
actually lack or have extremely mild UMN involvement.
Another methodological limitation is that we evaluated
axonal sizes and densities using neutral formalin-fixed,
paraffin-embedded specimens. The tissues may be some-
what distorted when compared with conventional nerve
fixation using glutaraldehyde followed by Epon embed-
ding. Our methods were considered to be appropriate
to assess the proportional changes in the sizes of pyram-
idal axons, but the absolute values of axonal diameters
can vary from those that have been obtained using other
histological techniques.'®

In summary, 84.6% of patients with clinical PMA dis-
played UMN and LMN degeneration, which is consistent
with the pathological profiles of ALS. In 15.4% of the
patients with clinical PMA, degeneration in the UMN
system was undetectable. The large axon density in the
CST varied from low values to a normal range. In con-
trast, all of the clinical patients with ALS displayed a
combination of UMN and LMN system degeneration
and significantly reduced large axon density in the CST.
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Symposium: Definition and Differentials — How to
Distinguish Disease-Specific Changes on Microscopy

Astrocytic inclusions in progressive supranuclear
palsy and corticobasal degeneration

Mari Yoshida

Institute for Medical Science of Aging, Aichi Medical University, Aichi, Japan

Tufted astrocytes (TAs) in progressive supranuclear palsy
(PSP) and astrocytic plaques (APs) in corticobasal degen-
eration (CBD) have been regarded as the pathological
hallmarks of major sporadic 4-repeat tauopathies. To
better define the astrocytic inclusions in PSP and CBD and
to outline the pathological features of each disease, we
reviewed 95 PSP cases and 30 CBD cases that were con-
firmed at autopsy. TAs exhibit a radial arrangement of thin,
long, branching accumulated tau protein from the cyto-
plasm to the proximal processes of astrocytes. APs show a
corona-like arrangement of tau aggregates in the distal
portions of astrocytic processes and are composed of fuzzy,
short processes. Inmunoelectron microscopic examination
using quantum dot nanocrystals revealed filamentous tau
accumulation of APs located in the immediate vicinity of
the synaptic structures, which suggested synaptic dysfunc-
tion by APs. The pathological subtypes of PSP and CBD
have been proposed to ensure that the clinical phenotypes
are in accordance with the pathological distribution and
degenerative changes. The pathological features of PSP
are divided into 3 representative subtypes: typical PSP
type, pallido-nigro-luysian type (PNL type), and CBD-like
type. CBD is divided into three pathological subtypes:
typical CBD type, basal ganglia- predominant type, and
PSP-like type. TAs are found exclusively in PSP, while
APs are exclusive to CBD, regardless of the pathological
subtypes, although some morphological variations exist,
especially with regard to TAs. The overlap of the patho-
logical distribution of PSP and CBD makes their clinical
diagnosis complicated, although the presence of TAs and
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APs differentiate these two diseases. The characteristics of
tau accumulation in both neurons and glia suggest a differ-
ent underlying mechanism with regard to the sites of tau
aggregation and fibril formation between PSP and CBD:
proximal-dominant aggregation of TAs and formation of
filamentous NFTs in PSP in contrast to the distal-
dominant aggregation of APs and formation of less fila-
mentous pretangles in CBD.

Key words: astrocytic plaque, corticobasal degeneration,
fibril formation, progressive supranuclear palsy, tufted
astrocyte.

INTRODUCTION

Progressive supranuclear palsy (PSP)' and corticobasal
degeneration (CBD)? have been regarded as distinct
clinicopathological entities with hyperphosphorylated four
repeat (4R) tau aggregation in neurons and glia, although
the recent recognitions of many clinical similarities have
increasingly raised more difficulties in the clinical diagnosis
of these two disorders. However, microscopic cellular tau
pathology has been used to distinguish PSP from CBD.**
PSP is defined primarily by tau-positive neurofibrillary
tangles (NFTs), coiled bodies, threads, and tufted
astrocytes, in contrast to the ballooned neurons, pretangles,
threads, and astrocytic plaques that are characteristic of
CBD (Table 1). Because PSP and CBD frequently present
similar pathological distributions (Table 1, Fig. 1), a patho-
logical diagnosis may be difficult without the discrimina-
tion of abnormal tau inclusions and particularly of the most
characteristic and obvious tau morphology, that of
astrocytic inclusions.® Therefore, it is important to reevalu-
ate and differentiate between tufted astrocytes (TAs) and
astrocytic plaques (APs) and to discuss the pathogenesis of
these types of inclusions. To address these issues, we
reviewed the morphology and differential distribution of
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Table 1 Diagnostic pathological findings in progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD)

PSP

CBD

Lesion
Neuronal loss & gliosis

Ballooned or achromatic neurons
Gallyas/4R-tau positive lesions
Neuronal inclusions

Threads and coiled bodies

Distribution

Affected cortices (variable)

Globus pallidus
Subthalamic nucleus
Substantia nigra

Brainstem tegmentum
Dentate nucleus
Pons and medulla (variable)

NFTs = Pretangles

Substantia nigra, oculomotor complex, locus
ceruleus, pons, brainstem nuclei, dentate
nucleus, globus pallidus, subthalamic
nucleus

Striatum, thalamus, basal nucleus of Meynert

Affected Cortices (variable)

Spinal cord

Threads and coiled bodies

Brainstem, cerebellar white matter, globus
pallidus, subthalamic nucleus, striatum,
thalamus, gray matter and white matter,

Affected cortices/subcortical white matter
(gliosis)

Globus pallidus (variable)

Subthalamic nucleus (variable)

Substantia nigra

Striatum (caudate and putamen) (gliosis)

Brainstem tegmentum (variable)

Dentate nucleus (variable)

Pons and medulla (variable)

Affected cortices

Pretangles >> NFTs
Affected cortices, substantia nigra, globus
pallidus, subthalamic nucleus

Striatum, thalamus, basal nucleus of Meynert

Brainstem nuclei and dentate nucleus

Spinal cord

Threads >> coiled bodies

Subcortical white matter and gray matter,
globus pallidus, subthalamic nucleus,
striatum, thalamus, brainstem, spinal cord

spinal cord

Astrocytic inclusions Tufted astrocytes

Affected cortices, striatum, brainstem

Astrocytic plaques
Affected cortices, striatum

4R-tau, 4 repeat tau; NFTs, neurofibrillary tangles.

pathologic lesions of 95 neuropathologically confirmed
PSP cases and 30 CBD cases that were registered at the
Institute for Medical Science of Aging, Aichi Medical Uni-
versity. Our focus was on the pathogenesis of astrocytic
inclusions, their disease specificity, and their morphological
variations.

PROGRESSIVE SUPRANUCLEAR
PALSY (PSP)

PSPis aprogressive neurodegenerative disorders, described
by Steele, Richardson and Olszewski in 1964.! It is the
second most common form of parkinsonism after Parkin-
son’s disease. Clinical features include abnormal gait, and
postural instability, and recurrent falls, supranuclear
ophthalmoparesis, cognitive and behavioral changes,
pseudobulbar features and dystonia.

Clinical aspects

As noted previously, pathologically confirmed cases of PSP
have exhibited some variation of the clinical and pathologi-
cal features. Therefore, clinical subtypes were proposed to
classify PSP: PSP-Richardson, PSP-parkinsonism (PSP-
P)* PSP-pure akinesia with gait freezing (PSP-PAGF),’
PSP-primary progressive aphasia,'! and PSP-predominant
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cerebellar involvement (PSP-C).”*!* The PSP-Richardson
type is the prototypical form of PSP that is defined by early
falls, early cognitive dysfunction, abnormalities of gaze and
postural instabilities. PSP-P represents asymmetric onset,
tremor, early bradykinesia, non-axial dystonia and a
response to levodopa. Individuals with PSP-PAGF present
with the gradual onset of freezing of gait or speech, absent
limb rigidity and tremor, a lack of sustained response to
levodopa, and no dementia or ophthalmoplegia in the first 5
years of disease. PSP-primary progressive aphasiais defined
by the presence of primary progressive aphasia, or progres-
sive nonfluent aphasia. Individuals with PSP-C develop
cerebellar-predominant ataxia as the initial and principal
symptom.

Neuropathology

Neuropathological diagnostic criteria

The pathological criteria for the diagnosis of PSP are well
established and include specific neuronal loss with gliosis
and neurofibrillary tangles (NFTs) in the subcortical
and brainstem nuclei and in the cerebellar dentate nucleus
with the pathological accumulation of abnormally
phosphorylated microtubule-associated protein tau into
filamentous deposits." The NINDS diagnostic criteria for
PSP and related disorders are pertinent for typical PSP,
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A

Pathological subtypes of PSP

Typical PSP type Pallido-nigro-
luysian

type

CBD-like type

SCD-like

Cerebral cortices (frontal lobe ~
precentral gyrus/superior
temporal gyrus)

Laterality - -
Pallidum & subthalamic nucleus

Substantia nigra ' l
severe
Brainstem tegmentum !

Dentate nucleus

Pontine nucleus .
mild

B

. Basal ganglia
Pathological subtypes of CBD Typical CBD type predominant  PSP-like type
type
Posterior
. frontoparietal,

Cerebral cortices perisylvian areas
dominant

Laterality

Pallidum & subthalamic nucleus
Substanita nigra

Brainstem tegmentum

Dentate nucleus

Pontine nucleus

Fig. 1 The group of pathological subtypes in PSP (A) and CBD (B). (A) The pathological subtypes in PSP is generally divided into three
representative types: typical PSP type, pallido-nigro-luysian type (PNL type), and CBD-like type, according to the distribution of the
lesions and the severity. The spinocerebellar degeneration (SCD)-like type is associated with severe degeneration of the dentate nucleus,
superior cerebellar peduncles, cerebellar cortex, white matter and pontine tegmentum and base, which are frequently associated with
frontal involvement. The PNL type shows relatively restricted changes in pallido-nigro-luysian lesions. The CBD-like type is accompanied
by more severe, asymmetrical cortical changes and a variable degeneration of the basal ganglia, brainstem and cerebellar dentate nucleus.
(B) The pathological subtypes of CBD is generally divided into three representative types: typical CBD type, basal ganglia-predominant
type, and PSP-like type, according to the distribution of the lesions and the severity. The typical CBD type shows dominant cortical
involvement with laterality in the posterior frontoparietal or perisylvian areas. Some cases exhibit anterior frontal-dominant cortical
degeneration, such as frontotemporal lobar degeneration. The basal ganglia-predominant type reveals severe involvement of the pallidum
and subthalamic nucleus, with relatively mild cortical degeneration without distinct laterality. The PSP-like type shows severe degeneration
of the brainstem and dentate nucleus similar to that seen in PSP, in addition to the variable cortical involvement.

which conforms to the original description, and atypical
PSP, which consists of histologic variants where the severity
or distribution of abnormalities, or both, deviate from the
typical pattern; these criteria are also relevant for combined
PSP, in which typical PSP is accompanied by concomitant
infarcts in the brainstem, basal ganglia, or both.*'> Micro-
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scopic findings include a high density of NFT's and neuropil
threads in at least three of the following areas: the pallidum,
subthalamic nucleus, substantia nigra, or pons. In addition, a
low to high density of NFTs or neuropil threads is found in
at least three of the following areas: the striatum, oculomo-
tor complex, medulla, or dentate nucleus. A clinical history
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that is compatible with PSP is also required for diagnosis
according to this set of criteria. These criteria have come to
define the typical clinicopathological PSP cases. However,
based on these criteria, it was recommended that atypical
PSP should be excluded as a PSP subtype because further
neuropathological studies of this entity were needed.

Neuropathological reevaluation of PSP cases

Among 95 pathologically confirmed PSP cases, 25 cases
were associated with other significant diseases. Two of
these cases were associated with Alzheimer’s disease, 12
with Parkinson’s disease or dementia with Lewy bodies
(DLB), 1 with multiple system atrophy. 1 with SCA6 and
DLB, 1 with amyotrophic lateral sclerosis, 1 with traumatic
brain injury, 4 with cerebrovascular disease, [ with gliob-
lastoma, and 2 cases were without detailed information.
With the exception of these 25 cases, 70 cases were
analyzed and had the following characteristics: a mean age
at onset of 67 years (range 39-92 years), a mean disease
duration of 8 years (range 1-28 years), and a mean age at
death of 75 years (range 49~106 years). PSP is a sporadic
disease, although approximately 7% of affected individuals
have a family history of neurological disorders, including
parkinsonism or dementia.

Macroscopic and microscopic findings

The macroscopic examination of the brain in typical PSP
reveals mild frontal atrophy including precentral gyrus,
particularly in the convexity (Fig. 2A). The brainstem and
cerebellum are mildly atrophic. The globus pallidus and
subthalamic nucleus usually show a brownish atrophy. The
third ventricle may be enlarged. The tegmentum of the
midbrain and pons also shows atrophy. The substantia
nigra shows discolored, while the locus ceruleus is often
relatively preserved. The cerebellar dentate nucleus, and
the superior cerebellar peduncle are atrophic.

The microscopic findings indicate neuronal loss and
gliosis with NFTs, which appear globose in appearance, in
the basal ganglia, thalamus, brainstem, and cerebellum
(Table 1, Fig.3). The thalamus has mild to moderate
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neuronal loss and gliosis, while the putamen and the
caudate show mild gliosis. The most affected nuclei are the
globus pallidus, subthalamic nucleus and substantia nigra.
The affected regions of the brainstem are as follows: mid-
brain tegmentum including the superior colliculus,
periaqueductal gray matter, oculomotor nuclei, locus
ceruleus, pontine tegmentum, pontine nuclei, medullary
tegmentum and the inferior olivary nucleus. The dentate
nucleus usually exhibits grumose degeneration. The
superior cerebellar peduncles are atrophie, and the cer-
ebellar cortex may show mild loss of Purkinje cells with
mild atrophy of the white matter, The medullary tegmen-
tum may be atrophic with myelin pallor. The cerebral cor-
tices show mild gliosis especially in the premotor and
precentral gyrus in the convexity. The spinal cord, espe-
cially the cervical segment, is usually involved, particularly
in the medial division of the anterior horn and intermedi-
ate gray matter.""” Transverse sections of the spinal cord
often show myelin pallor in the anterolateral funiculus in
the cervical and thoracic segments. Immunohistochemistry
for phosphorylated tau or modified Gallyas silver staining
reveals NFTs, pretangles in neurons, tufted astrocytes,
coiled bodies in oligodendrocytes, and threads (Table 1,
Fig. 3).

Tufted astrocytes

TAs are defined as radial arrangements of thin and long
branching fibers without collaterals that course continu-
ously through the cytoplasm to the distal processes of
astrocytes (Fig. 3d~j,m,n).*"" “Tufts of abnormal fiber,” as
described in PSP by Hauw et al.," is the root of the nomen-
clature for “tufted astrocytes,” although their cellular char-
acterization was not mentioned in their study. Tufted
astrocytes were described by Hauw et al.” as star-like tufts
of fibers devoid of degenerative features and without
amyloid cores that are clearly distinguishable with Bodian
stain as well as with tau immunocytochemistry. The
astrocytic nature of the cells that contain the tufted-type
inclusions was confirmed by the double-labeling of sections
with antibodies to GFAP, CD44 and abnormal tau®®
Cytoplasmic staining is usually not conspicuous within TAs

—»

Fig. 2 Macroscopic findings of typical PSP type (A), pallido-nigro-luysian (PNL)- type (B) and CBD-like type (C).

(A) Macroscopic findings in coronal sections of typical PSP show mild frontal atrophy in the convexity (a), atrophy of the pallidum and
subthalamic nucleus (a, arrow), atrophy of the brainstem tegmentum (b), loss of pigment in the substantia nigra (b, arrow) with
preservation of pigment in the locus ceruleus, and atrophy of the cerebellar dentate nucleus (c). Bar =2 cm.

(B) Macroscopic findings in PNL-type PSP reveal severe atrophy of the pallidum and the subthalamic nucleus (a) and depigmentation of
the substantia nigra (b), with relative preservation of the brainstem tegmentum (b) and cerebellar dentate nucleus (c). The PNL-type
sometimes shows atypical TAs, which demonstrates proximal dominant tau accumulations (d, e). d, Gallyas silver stain; e, AT8
immunohistochemistry; a, b, ¢, bar = 2 cm; e, bar = 10 um.

(C) Macroscopic findings in CBD-like type PSP indicate left side-predominant degeneration of the cerebral cortices and the basal ganglia
(a-d) with relatively mild atrophy of the brainstem (e). Microscopically typical TAs are observed in the basal ganglia and cerebral cortices
(f, ). a, ¢, Kliiver-Barrera stain; b, d, Holzer stain; f, Gallyas silver stain; g, AT8 immunohistochemistry; bar = 10 um.
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