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ABSTRACT

Background The GGGGCC-repeat expansion in
CYorf72 is the most frequent mutation found in patients
with amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD). Most of the studies on
C90rf72 have relied on repeat-primed PCR (RP-PCR)
methods for detection of the expansions. To investigate
the inherent limitations of this technique, we compared
methods and results of 14 laboratories.

Methods The 14 laboratories genotyped DNA from 78
individuals (diagnosed with ALS or FTD) in a blinded
fashion. Eleven laboratories used a combination of
amplicon-length analysis and RP-PCR, whereas three
laboratories used RP-PCR alone; Southern blotting
techniques were used as a reference.

Results Using PCR-based techniques, 5 of the 14
laboratories got results in full accordance with the
Southern blotting results. Only 50 of the 78 DNA
samples got the same genotype result in all 14
laboratories. There was a high degree of false positive
and false negative results, and at least one sample could
not be genotyped at all in 9 of the 14 laboratories. The
mean sensitivity of a combination of amplicon-length
analysis and RP-PCR was 95.0% (73.9-100%), and the
mean specificity was 98.0% (87.5—-100%). Overall, a
sensitivity and specificity of more than 95% was
observed in only seven laboratories.

Conclusions Because of the wide range seen in
genotyping results, we recommend using a combination
of amplicon-length analysis and RP-PCR as a minimum
in a research setting. We propose that Southern blotting
techniques should be the gold standard, and be made
obligatory in a clinical diagnostic setting.

INTRODUCTION

In 2011, an expansion of a GGGGCC-repeat in the
gene ‘Chromosome 9 open  reading frame 72’
(C907f72) was identified as a cause of amyotrophic
lateral sclerosis (ALS, OMIM614260) and fronto-
temporal dementia (FTD, OMIM105550)."  The
following 3-years series of publications reported
that a large proportion of ALS (1-309%) and FTD
(6-30%) Caucasian patients carry a C9orf72 repeat
expansion,” making this mutation the most
common known genetic cause of ALS and FTID,
and one of the most frequent genetic alterations
causing neurodegenerative diseases overall. In one
of the initial reports, a combination of amplicon-
length analysis, repeat-primed PCR (RP-PCR)
assays, and Southern blot (SB) was used for detec-
tion and calculation of the repeat numbers.' SB is
regarded as the gold standard for detecting large
polynucleotide repeat expansions,® but it is rela-
tively expensive, cumbersome and time consuming,
and up to 10 pg of high-quality DNA is needed for
a single analysis. It is not surprising, therefore, that
in nearly all studies published during 2011-2013,
the much simpler, cheaper and faster-to-perform
PCR-based screening methods were used.* By using
amplification primers flanking the repeat motif, the
amplicon-length analysis allows determination of
the exact repeat numbers of alleles with up to 30
repeats, and thus, is able to exclude a pathological
repeat expansion if two different alleles in the wild-
type range are detected. In RP-PCR, at least two
primers are used: one primer that hybridises
outside the repeat motif, and one primer that binds
to the repeat motif itself. In most protocols a third
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primer is applied that hybridises to an oligonucleotide tail of ‘

the repeat motif binding primer, also leading to the term triplet-
primed PCR.” In this RP-PCR, a large GGGGCC-repeat expan-
sion typically gives rise to a ‘saw-tooth™ or ‘stutter’ pattern,
which has been taken as evidence for the presence of a
disease-associated expansion.' * Since the first reports of this
mutation, a large number of studies have reported on the epi-
demiology, clinical, psychological and imaging features, and

postmortem neuropathology of C9orf72 repeat expansion car-

riers with ALS, FTD, Alzheimer disease, Parkinson’s disease,
and other neurodegenerative diseases, as well as in healthy indi-
viduals.® In many of these studies, the C90rf72-genotype was

assessed using RP-PCR alone without a confirmatory SB ana-

lysis. Only recently, large-scale studies using SB analysis have
been published.” ' PCR-based C907f72 screening is also used
in clinical diagnostic testing of affected individuals, as well as in
predictive testing of healthy individuals at-risk of ALS and FTD.
The aim of this study is to determine the sensitivity and specifi-
city of different C901f72 genotyping methods, and to establish
recommendations for molecular testing of the GGGGCC-repeat
expansion in C90rf72. Fourteen experienced genetic laborator-
ies participated in this study, and all laboratories were requested
to perform RP-PCR with or without amplicon-length analyses
on the same 78 samples.

MATERIALS AND METHODS

Study design .
At the initiative of the ALS' research laboratory at Umed
University, Sweden, 20 laboratories with extensive experience in
performing DNA analysis for neurodegenerative diseases,
including ALS and FTD, were invited to- participate in this
study. Eleven research laboratories and two diagnostic laborator-
ies agreed to. participate; and including Umed University a total
of 14 laboratories participated. Ume4 University sent 400 ng
DNA from 78 familial ALS or FTD cases to 13 laboratories:
eight in Europe, four in North America, and one in Asia. All
participating research laboratories had already established- the
methodologies for identifying the GGGGCC-repeat expansion
in CY90rf72 and published at least one manuscript regarding
C9o0rf72. Each laboratory was asked to analyse the 78 DNA
samples according to their own procedures and classify the
results. Umed University collected all results independently and
analysed them in a blinded fashion.” Eleven laboratories used
RP-PCR and amplicon-length analysis, and three laboratories
used RP-PCR alone. Independently to RP-PCR and amplicon-
length analysis, SB was performed in three laboratories.

Patients and DNA extraction

Blood samples of 78 familial ALS or FTD patients from 32 fam-
ilies living in the Nordic countries, Switzerland and Portugal
were collected. The sex ratio was 1.75 males per female. The
ALS patients were dlagnosed according to the EFNS consensus
diagnostic criteria,’* and the FTD patients according to the
Neary criteria.'* Autopsies were performed in 13 patients con-

firming the diagnosis of ALS or FTD' neuropathologically.

Whole venous blood was drawn into EDTA-containing vacuum
tubes and following centrifugation, the buffy coat was isolated.
The samples were collected during the time period 1993-2012
and stored as buffy coat in ~80°C freezers until DNA extrac-
tion. The DNA was extracted according to the manufacturer’s
protocol with the DNA extraction kit NUCLEON BACC2 (GE
Healthcare, Piscataway, New Jersey, USA) and DNA from the
same extraction batch was sent to all laboratories. Ethical review

boards in Sweden (The Regional Medical Review Board for

Northern Sweden), Switzerland (Ethikkomission des Kantons St
Gallen), and Portugal (Hospital de Santa Maria Ethics
Committee;. Lisbon). approved this study, and all pamapants
gave informed written consent.

RP-PCR, amplicon-length analyses, and SB

The RP-PCR and amplicon-length analyses were done according
to each laboratory’s own method, and these are listed in online
supplementary table $3. The SB protocols are 11sted in online
supplementary table $5.

RESULTS

Genotyping results: comparison of the results in 14
laboratories V

The overall results of 14 laboratories (laboratory A-N) are pre-
sented in table 1..'When combining amplicon-length analysis
and RP-PCR, sensitivity and. specificity above 95% were found
in seven laboratories (A-E, G and L; 50%). The mean sensitivity
of the combined results was 95.0% (73.9-100%), and the mean
specificity was 98.0% (87.5-100%). Using RP-PCR analysis

“alone, a sensitivity and specificity of more than 95% were found

in six laboratories (A-D, G and L; 42.9%). The mean sensitivity
of RP-PCR alone was 94.3% (71.7-1009) and the mean specifi-

ity was 97.3% (87.5-100%). The classification determined by

RP-PCR alone, therefore, changed eight genotype calls in four
laboratories (E, F, J and K). Or put differently, 6 of 14 labora-
tories (42.8%) failed to correctly classify some samples when
they performed RP-PCR analysis only. By combining RP-PCR
with fragment-length analysis, four laboratories still reported
false negative or false positive samples. A significant number of
samples (1-10) were unclassifiable/difficult to classify in eight of
the laboratories even when RP-PCR and fragment- length ana-
Iysm were combined.

VGehotyping results: comparison of genotyped samples

The genotyping. results of all 78 samiples are summarised in
online supplementary tables $1 and S2 available online. For 50
samples, the results among all laboratories were consistent. In
the RP-PCR-only analysis, there were three individuals (6.5,
26.3 and 32.3) who were either misclassified or failed to classify
in RP-PCR; these three samples had between 23 and 32 repeats
on the wild-type allele, in addition to a large expansion on the
other allele. In the amplicon-length analysis, two samples
(samples 8.1 and 8.2) from the same family (number 8) were
hard to classify: six laboratories identified two amplicons, four
laboratories identified one amplicon, and one laboratory classi-
fied the samples as ‘undecided’. We sequenced these samples
and revealed that ofie allele was a wild-type allele with two
repeats, and the other allele had six repeats with a complex of
15 bp deletion/17 bp insertion mutation just after the repeat
motif (online supplementary figure S1A,B). We found one more
sample (sample 32.1) that carried the same nucleotide variant
on one allele, and this sample also carried a large repeat expan-
sion on the other allele (online supplementary figure S1C,D).
This mutation is located in the low-complexity sequence region
of C90rf72,"* and consequently, may interfere with the
PCR-based genotyping method. ,

As a reference, SB was performed on all samples in a blinded

- fashion by three laboratories. There was complete concordance

among the three laboratories: 46 samples carried a repeat
expansion” and 32 samples - lacked the expans10n (online
supplementary ﬁgure S2).

2
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DISCUSSION ;

Our blinded multicenter study demonstrates limitations of
PCR-based  techniques used to  assess  C9orf72
GGGGCC-repeats, emphasising the need of detailed technical
consensus guidelines for diagnostic and research settings.

Comparison of the methods of RP-PCR and amplicon-length
analysis

Based on RP-PCR results alone, 50 samples (64.1%) showed
congruent results among the participating laboratories. There
are many variable RP-PCR protocols (see online supplementary
table S3) and a comprehensive comparison is difficult. In
summary, the RP-PCR protocols of the four laboratories (A-D)
with 100% sensitivity and specificity, we found that laboratories
A and C used almost identical methods. Laboratory B used
primers that were a modification of the ones previously pub-
lished,! and they deleted the unspecific linker region between
the fluorescence tag and C9orf72-specific sequence. In labora-
tory D, the RP-PCR was performed with only two primers. The
primers sets P1, 2, 3 and P4, §, 6 were the most commonly
used with five laboratories using each set, and two of the labora-
tories that obtained 100% sensitivity and specificity used
primers set P1, 2, 3. Among the laboratories that failed to clas-
sify samples in concordance with the SB results (having false
positive and/or false negative), we found that one used a very
short PCR elongation time, the PCR products were diluted
extensively before capillary electrophoresis, and the

concentration of deaza-dGTP was very low, or deaza-dGTP was
not used at all.

In the amplicon-length analysis alone, 72 samples (92.3%)
had concordant results, highlighting the reliability of this tech-
nique, regardless of the differences in PCR reactions and PCR
protocols. The set of primers were the same in all laboratories
except one, but the PCR reactions and PCR protocols were all
different between the laboratories (sece online supplementary
table §3). Thus, it is not possible to identify specific parameters
that could explain the incorrect results for the six samples that
were not concordant between the laboratories.

Analyses of the results
All five laboratories that obtained full concordance of the
PCR-based and SB results used RP-PCR in combination with
amplicon-length analysis. None of the laboratories that per-
formed RP-PCR alone reported the correct genotype in all
samples. The sensitivity and specificity increased, and the per-
centage of unclassified samples decreased in three laboratories
(E, F and K) when they performed RP-PCR and amplicon-length
analysis. Accordingly, a combination of amplicon-length analysis
and ' RP-PCR methodology is recommended to obtain the
highest level of sensitivity and specificity, but it should be
emphasised that a high risk of misclassification as either false
positive or false negative (6 samples in four laboratories) still
exists.

The RP-PCR results alone seemed difficult to interpret. if one
allele with a relatively large number (20-32) of

Akimoto C, et al. J Med Genet 2014;0:1-6. doi:10.1136/jmedgenet-2014-102360
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GGGGCC-repeats was present in combination with a large
repeat expansion on the other allele. This was demonstrated by
three individuals: who could not be genotyped using RP-PCR
alone in five laboratories, possibly because the saw-tooth pattern
curve of the large expanded alleles were hidden behind the
peaks of the allele with 20-32 repeats (figure 1). Similarly, this
intermediate - 20-32 ‘repeat allele could easily mimic an
expanded allele and become a cause of false positive results.
Based on our data, there is no common definition of what a
‘GGGGCC-repeat expansion’ in C9orf72 is, and laboratories

classify it in different ways. For example, some laboratories used
clear cut-offs, for example, of more than 24 or 30 repeats,
while other laboratories used the definition that a saw-tooth
pattern in RP-PCR corresponds to a GGGGCC-repeat expan-
sion (see online supplementary table $4). In this study, there was
no false positive result based on different classifications of what
is an ‘expansion’. This study was designed to compare the geno-
typing results of C90rf72 among laboratories using the same
DNA. An identical amount of DNA was send to all laboratories,
but the concentration and quality of DNA may have changed

A S T
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Figure 1

Results from RP-PCR and amplicon-length analysis of sample 6.5. (A )‘A‘1 is the full shape of RP-PCR and A-2 is a 16-times scale -up

(Y-axis) shape of A-1. It is possible to see the clear saw-tooth pattern after scale-up. A-3 is the result of amplicon-length analysis and there is a
number of small peaks before the highest last peak. It may be hard to identify the amplicon numbers because of these small peaks. (B) The RP-PCR
figures and classifications of the same sample in different laboratqnes The scale of the Y-axis is the same as in A-2. ;
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Figure 2  Flow chart for C90rf72

. E3
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A: Saw-tooth sloping pattern
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B: Normal pattern

1b. Amplicon-length analysis®
0: No amplicon
1: One amplicon

2: Two amplicons

*the results from the RP-PCR and amplicon-length analysis are evaluated separately.

Classification
Sample with large GGGGCC-repeat expansion
Sample without large GGGGCC-repeat expansion

during shipping and handling. Another possible limitation of
the present study is that most reactions were only performed
once in each laboratory, and the accuracy may be improved if
reactions were repeated in case of doubt, for example, with
more DNA (however, only two laboratories requested more
DNA). ‘

Additionally, all laboratories that participated in this study
used their own protocols, and hence, this study was not
designed to thoroughly assess every single step in the protocol
under similar circumstances within laboratories.

Proposed methods for GGGGCC-repeat expansion

genotyping in C9orf72

There is an urgent need for broad consensus on analysing
GGGGCC-repeat expansions in Corf72, which is particularly
important in a clinical setting (for diagnosing ALS or FID, or
when performing predictive testing of at-risk individuals), but
also for research purposes. A possible algorithm for C9orf72
genotyping is presented in figure 2. In conclusion, we recom-
mend, that as an absolute minimum, a combination of amplicon-
length analysis and RP-PCR should be performed. We recom-
mend using good quality and quantity of DNA and primers, an
appropriate concentration of deaza-dGTE and a minimum elong-
ation time of 3 min. When results are questionable, we suggest
(1) expand the analysed scale in the analysis software, (2) use a
higher concentration of PCR products in the capillary electro-
phoresis and (3) repeat RP-PCR with a higher amount of DNA.
Though five of the 14 laboratories got full concordance with SB
using PCR-based techniques only, the high risk for misgenotyp-
ing using only PCR-based techniques as performed here in nine
laboratories, and the devastating consequences misgenotyping
may have in clinical practise, make us conclude that SB should
always be employed. in a diagnostic setting, and should be the
preferred method in a research setting of smaller number of
samples (eg, analysis of the expansion in autopsy tissue speci-
mens). RP-PCR plus amplicon-length analysis should be used in a
research setting and when many samples are to be analysed, for
example, in an epidemiological study. Optimally, also is such
studies should samples with a saw-tooth pattern be confirmed to
have an expansion by SB (figure 2.

|

!

A:0,and A:1.
B:0, B:1, B:2, and A:2.

!

2. Southern blot on A:0 and A:1 samples
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Bunina bodies in motor and non-motor neurons
revisited: A pathological study of an ALS patient
after long-term survival on a respirator
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Bunina bodies (BBs) are small eosinophilic neuronal cyto-
plasmic inclusions (NCIs) found in the remaining lower
motor neurons (LMNs) of patients with sporadic amyo-
trophic lateral sclerosis (SALS), being a specific feature of
the cellular pathology. We examined a case of SALS,
unassociated with TDP-43 or C9ORF72 mutation, of 12
years duration in a 75-year-old man, who had received
artificial respiratory support for 9 years, and showed wide-
spread multisystem degeneration with TDP-43 pathology.
Interestingly, in this patient, many NCIs reminiscent of
BBs were observed in the oculomotor nucleus, medullary
reticular formation and cerebellar dentate nucleus. As
BBs in the cerebellar dentate nucleus have not been pre-
viously described, we performed ultrastructural and immu-
nohistochemical studies of these NCIs to gain further
insight into the nature of BBs. In each region, the
ultrastructural features of these NCIs were shown to be
identical to those of BBs previously described in LMNs.
These three regions and the relatively well preserved
sacral anterior horns (S1 and S2) and facial motor nucleus
were immunostained with antibodies against cystatin C
(CC) and TDP-43. Importantly, it was revealed that BBs
exhibiting immunoreactivity for CC were a feature of
LMNs, but not of non-motor neurons, and that in the cer-
ebellar dentate nucleus, the ratio of neurons with BBs and
TDP-43 inclusions/neurons with BBs was significantly
lower than in other regions. These findings suggest that the
occurrence of BBs with CC immunoreactivity is intrinsi-
cally associated with the particular cellular properties of
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LMNs, and that the mechanism responsible for the forma-
tion of BBs is distinet from that for TDP-43 inclusions.

Key words: amyotrophic lateral sclerosis, Bunina body,
cystatin C, non-motor neuron, TDP-43.

INTRODUCTION

Bunina bodies (BBs), which are small eosinophilic
neuronal cytoplasmic inclusions (NClIs), are considered to
be a specific feature of the cellular pathology in sporadic
amyotrophic lateral sclerosis (SALS). BBs are found in
lower motor neurons (LMNs) in the spinal cord and
brainstem;' Piao et al. reported that they were observed.in
88 (86.3%) of 102 cases of SALS.> However, BBs are very
rare in the brainstem and in sacral LMNs innervating the
striated muscles of the eye and the rectum and urethral
sphincter.'** Electron microscopy and immunohistochemi-
cal studies are important for identifying BBs in patients
with SALS: they consist of electron-dense amorphous
material often with inner clear areas containing cell orga-
nelles, such as filaments (neurofilaments) and vesicles,”
and are immunoreactive for cystatin C (CC), a protein
inhibitor of lysosomal cysteine proteases.”

In SALS, NCIs indistinguishable from BBs may also
occur in non-motor neurons,’ including those in the med-
ullary reticular formation.® The ultrastructural features
of such NCIs in non-motor neurons have been shown
to be identical to those of BBs seen in LMNs.!
However, no reported studies have yet investigated the
immunoreactivity of BBs for CC or their relationship
to trans-activation response DNA protein 43 (TDP-43)
inclusions.

Recently, we encountered a patient with SALS who had
survived for a long period on respirator support. In this
patient, many small eosinophilic NCIs reminiscent of BBs,
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which were confirmed in the affected LMNs (described
below), were observed in the oculomotor nucleus, medul-
lary reticular formation and cerebellar dentate nucleus.
Therefore we performed ultrastructural and immuno-
histochemical studies of these NCIs to gain further
insight into the nature of BBs. Here we describe the
clinicopathological features of this patient with new obser-
vations on Bunina bodies. -

CASE REPORT

The present study was conducted with approval from the
Institutional Review Board of the University of Niigata.
Written informed consent was obtained from the patient’s
family prior to these genetic studies of the TDP-43 and
C9ORF72 genes.

Clinical summary and pathological findings

A 63-year-old man became aware of muscle weakness in
the right hand, and over' the next 2 years, the muscle
weakness extended to all of his extremities. On examina-
tion, fasciculation was evident in the tongue and deep
tendon reflexes were increased; on this basis he ‘WasV diag-

nosed as having ALS. About 3 years after onset, at the

age of 66 years, he became bedridden with dysphagia
and dyspnea, necessitating tube feeding and artificial
respiratory support. Thereafter, ocular movement became
limited in all directions, making communication impos-
sible. The patient died of bronchopneumonia at the age of
75 years, about 12 years after disease onset. A general

T Kimura et al.

autopsy was performed 3 h after death, at which time
the brain weighed 830 g, showing marked frontotemporal
atrophy (frontal > temporal) (Fig. 1A).

The brain and spinal cord were fixed in 20% buffered
formalin and multiple tissue blocks were embedded in par-
affin. ‘Histological examination was performed on 4-um-
thick sections using several stains, including HE, KB and
Holzer. Selected sections were also immunostained with
antibodies against phosphorylated TDP-43 (pTDP-43)
(monoclonal, clone $409/410; Cosmo Bio, Tokyo, Japan;
1:3000, heat/autoclaving) and cystatin C (polyclonal, Dako,
Glostrup, Denmark; 1:3000).

The entire spinal cord was markedly atrophic (Fig. 1B)
and there was severe wasting in the anterior nerve roots.
Histopathological examination revealed that except for the
absence of Lewy body-like hyaline inclusions, the entire
pathological picture was very similar to that shown in a
case of SALS in a 71-year-old woman after long-term sur-
vival on a respirator, which we had previously reported.’
With regard to the motor neuron system, almost complete
loss of LMNs was observed in the spinal anterior horns at
the levels of the cervical, thoracic and lumbar segments.
The sacral anterior horns (S1 and $2), including Onuf’s
nucleus, contained a number of LMNs (Fig. 1C). In the
brainstem, almost complete loss of LMNs was evident in
the hypoglossal nucleus. The facial motor nucleus and ocu-
lomotor nucleus were relatively well preserved. BBs were
found in the remaining LMNs in the sacral anterior horns,
including Onuf’s nucleus and the facial motor nucleus
(Fig. 1D); immunostaining revealed that these BBs were

Flg 1 Neuropathological findings in the brain and splnal cord. Sections stained by the KB method (B) HE (C,D,F) and meunostamed

with antibodies against cystatin C (CC) (E) and phosphorylated trans-activation response DNA protein 43 (pTDP43) (G). (A) Marked
atrophy is evident in the frontal lobe, including the precentral gyrus. (B) The thoracic segment (12), showing myelin pallor in the white

matter except for the posterior columns. (C) Loss of lower motor neurons (LMNs) with gliosis is evident in the sacral (S1) anterior horn.
_ Note that Onuf’s nucleus contains a number of LMNs (lower). (D,E) Sequential staining of the same section, showing two facial motor
neurons with Bunina bodies (BBs) (D) positive for CC (E). (F) Severe neuronal loss with gliosis is evident in the motor cortex. (G) Here,
pTDP-43-positive neuronal cytoplasmic inclusions (NCIs) in layers II-IIT are shown. Scale bars = 1 mm for (B), 100 um for (C,G), 20 pm

for (D,E) and 200 um for (F)

© 2014 Japanese Society of Neuropathology
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positive for CC (Fig. 1E). In the motor cortex, severe
neuronal loss was also evident and no Betz cells
were found (Fig. 1F); immunostaining revealed pTDP-43-
positive NCIs mainly in layers II-IIT and V-VI (Fig. 1G).
The histological findings are summarized in Table 1.
Diffuse loss of cerebellar Purkinje cells appeared to be
attributable to brain ischemia (Table 1).

Table 1 Pathological findings in the present case

Regions Loss of pTDP-43-
neuron positive NCls
Cerebral cortex
Frontal +++ +++
Motor +++ +++
Parietal ot bt
Cingulate ot 4+
Insular +++ R
Entorhinal ++ o+
Hippocampus (DG/Sub) +HA++ +HH++
Subcortical area
Amygdala ++ T+
Basal nucleus of Mynert + +
Caudate nuclei +HH -+ A+
Globus pallidus + F++
Thalamus (medial/lateral) 4+ -+
Subthalamic nucleus nd nd
Midbrain
Midbrain tectum +++ ot
Reticular formation +++ +++
Oculomotor nucleus + +
Red nucleus + +
Substance nigra L+ +
Pons
Locus celreus ++ +
Reticular formation ++ o+
Facial nucleus (motor) + ++
Vestibular nucleus + +
Pontine nucleus + ++
Superior olivary nucleus - -
Medulla oblongata
Hypoglossal nucleus +++ -
Dorsal vagal nucleus + ++
Reticular formation ++ +++
Nucleus ambiguus nd nd
Inferior olivary nucleus + +
Cerebellum
Purkinje cell +++ -
Granule cell - -
Dentate nucleus + ++
Spinal cord
Anterior horn +++ +
Intermediate lateral nucleus ++ ++
Clarke’s nucleus +++ -
Posterior horn ++ ++
Anterior olfactory nucleus ++ ++
Dorsal root ganglia + +

Loss of neurons: +, mild; ++, moderate; +++, severe. The numbers
of pTDP-43-positive neuronal cytoplasmic inclusions (NCIs) were
assessed using a semi-quantitative rating scale: —, absent or nearly
absent; +, sparse; ++, moderate; +++, numerous. Hippocampus: DG,
dentate gyrus (granule cells); Sub, subiculum. nd, not determined.

© 2014 Japanese Society of Neuropathology

TDP-43 mutation and C9ORF?72 repeat
expansion analyses

Genomic DNA was prepared from a frozen sample of
cerebral cortex from the patient, and then examinations for
TDP-43 mutation and C9ORF72 repeat expansion were
carried out as previously described;*® however, neither of
these features was found to be present.

Bunina bodies in motor and non-motor neurons

In addition, the occurrence of many eosinophilic NCIs
indistinguishable from BBs in the oculomotor nucleus,
medullary reticular formation and cerebellar dentate
nucleus was a feature of the present patient. Some repre-
sentative inclusions in the oculomotor nucleus and
medullary reticular formation were recycled for electron
microscopy, and small tissue blocks from the formalin-fixed
cerebellar dentate nucleus were also processed for ordi-
nary electron microscopy. All of the studied NClIs, 2-3 in
each region (Fig. 2A-C), were identified as BBs from their
characteristic ultrastructural features (Fig. 2D-F). In the
medullary reticular formation, the BB-containing neurons
were distributed more widely than previously recorded.®
We then investigated the presence or absence of CC
immunoreactivity in the BBs, as well as the correlation
between the occurrence of BBs and that of pTDP-43-
positive inclusions. Four-micrometer-thick paraffin sections
that contained the bilateral oculomotor nuclei and
medullary reticular formation, and unilateral cerebellar
dentate nucleus were prepared, and then stained with
HE, observed and photographed (Fig. 3A~C,G-I). They
were then destained in absolute ethanol and finally
immunostained for CC (Fig. 3D-F) or pTDP-43 (Fig. 3J-
L). For comparison, the bilateral sacral anterior horns (S1
and S2) and facial motor nuclei were also similarly exam-
ined. The degrees of cytoplasmic staining intensity for CC
were generally decreased in the LMNs containing BBs
(Fig. 1E,3D-F). pTDP-43-positive NCIs appeared as fine
to coarse granular (Fig. 3J), linear wisp-like, large irregular
(Fig. 3K) or small round-to-oval inclusions (Fig. 3L);
the small round-to-oval inclusions were often observed in
neurons in the cerebellar dentate nucleus (Fig. 3L). In each
region, the ratio of neurons containing CC-positive BBs to
the total cell count of neurons containing BBs was calcu-
lated in one section. Similarly, the ratio of neurons contain-
ing both BBs and pTDP-43-positive inclusions to the total
cell count of neurons containing BBs was calculated in one
section. The results obtained are shown in Table 2.

DISCUSSION

Based on the distribution and severity of neuron loss and
TDP-43 inclusions, the present case was considered to be
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an additional example of SALS whose course had been
extended by artificial respiratory support, showing wide-
spread multisystem degeneration with TDP-43 pathology
(Table 1) (Nishihira et al., Type 2;° frontotemporal lobar
degeneration — TDP pathology, Type B'!). We reviewed

seven cases in which artificial respiratory support had been

used (disease duration, >10 years; Type 1 =5, Type 2 = 2")

T Kimura et al.

Fig. 2 Ultrastructural profiles of Bunina
bodies (BBs) in neurons from the oculomo-
tor nucleus (A), medullary reticular forma-
tion (B) and cerebellar dentate nucleus (C).
Two paraffin sections stained with HE (A,B)
and one Epon section stained with toluidine
blue (C). Electron microscopy shows that all
the BBs (A-C; arrowheads) have essentially
the same ultrastructural profiles, appearing
as electron-dense amorphous material with
inner clear areas, in which filamentous struc-
tures are evident (D-F). In a Bunina body
shown in (C), some of the filamentous struc-
tures-can be identified as neurofilaments, or
short fragments of the rough endoplasmic
reticulum (F). Scale bars =20 um for A-C
and 1 pm for D-F.

Fig.3 Immunohistochemical profiles of
Bunina bodies (BBs) in neurons from the
oculomotor nucleus (A,G), medullary reticu-
lar formation (B,H) and cerebellar dentate
nucleus (CJI). Sequential staining of the
same sections with HE (A-C) and anti-
cystatin C (CC) antibody (D-F), as well as
with HE (G-I) and anti-phosphorylated
trans-activation response DNA protein
43 (pTDP43) antibody (J-L). (A-F) BBs
(arrowheads) seen in one lower motor
neuron (A) and two non-motor neurons
(B,C) are positive (D) and negative (E,F) for
CC, respectively. (G-L) In all of the neurons,
coexistence of BBs (arrowheads) and pTDP-
43-positive neuronal cytoplasmic inclusions
(NCIs) is evident; BBs themselves are nega-
tive for pTDP-43 (G,J; H,K; LL). Arrow indi-
cates cytoplasm of a glial cell positive for
pTDP-43 (J). Scale bar = 20 um for (A-L).

and found no NClIs indistinguishable from BBs in the ocu-
lomotor nucleus, medullary reticular formation or cerebel-

“lar dentate nucleus. In the case (disease duration = 8%

years) reported by Nishihira et al.,” only one BB, which was
confirmed by electron microscopy of recycled material,
was found in the medullary reticular formation (data not
shown). Therefore, the present case, which lacked TDP-43

© 2014 Japanese Society of Neuropathology
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Table 2 Summary of pathological findings for Bunina bodies
(BBs)

Region Ratio Ratio
(cystatin C) (pTDP-43)
Sacral anterior horn 0.88 (7/8) 1.00 (5/5)
Facial motor nucleus 1.00 (8/8) 0.90 (9/10)
Oculomotor nucleus 1.00 (10/10) 1.00 (13/13)
Medullary reticular formation  0.17 (2%/12)"  0.77 (10/13)
Cerebellar dentate nucleus 0.00 (0/36)* 0.33 (12/ 136)™

Ratio (cystatin C): neurons with cystatin C-positive BBs/neurons
with BBs; Ratio (pTDP-43): neurons with BBs and pTDP-43-
positive inclusions/neurons with BBs. *Regarded as weakly positive.
1P <0.01 versus. sacral anterior horn, facial motor nucleus or oculo-
motor nucleus. 1P <0.05 versus sacral anterior horn, and P<0.01
versus facial motor nucleus, versus oculomotor nucleus or versus
medullary reticular formation. Statistical analyses were performed by
Ryan’s multiple comparison tests using R software (http://www.r-
project.org/).

or C9OLF72 mutation, appeared to be very unusual in
- terms of the occurrence of BBs even among cases of SALS
whose course had been extended by artificial respiratory
support.

At present, TDP-43 is widely recognized to be the
pathological protein in SALS."*? BBs have been reported
to be negative for TDP-43,"> which was also confirmed in
the present study using a monoclonal antibody against
pTDP-43. However, the presence of both BBs and TDP-
43-positive NCIs has also been shown to be a characteristic
feature of ALS with TDP-43 mutations,*? emphasizing
anew the significance of BBs as a specific feature of the
cellular pathology of ALS.

Importantly, the present case is the first reported
example in which the presence of BBs exhibiting
immunoreactivity for CC was a feature of LMNs, but not of
non-motor neurons (Table 2). At the ultrastructural level,
it is noteworthy that in LMNS, the electron-dense material
considered to represent BBs themselves is negative for
CC;>B it has been reported that CC immunoreactivity is
markedly decreased in the spinal LMNs in SALS, and that
the formation of TDP-43 inclusions, but not BBs, may be
linked to the CC content of these LMNs.”” Based on the
present findings, we consider that the occurrence of BBs
showing CC immunoreactivity is a phenomenon confined
almost exclusively to LMNs, and that this must be associ-
ated with the particular cellular properties that character-
ize the LMNs themselves.

The present case is also the first reported to have dem-
onstrated BBs in neurons in the cerebellar dentate nucleus.
It has been reported that there is a significant positive
correlation between the occurrence of BBs and that of
TDP-43 inclusions in spinal and brainstem LMNs."** This
also appears to be the case in the medullary reticular for-
mation (Table 2). However, the ratio (pTDP-43) was sig-
nificantly lower in the cerebellar dentate nucleus than in

© 2014 Japanese Society of Neuropathology

other regions (Table 2), indicating that the mechanism
responsible for the formation of BBs is distinct from that
for TDP-43 inclusions.

Finally, even though the present study involved only
a single case and revealed negativity for BBs, as in
other similar cases of SALS mentioned above, the results
obtained are of considerable interest. In conclusion, the
nature and origin of BBs still remain uncertain. When con-
sidering why LMNs are generally most vulnerable in ALS,
further studies on the formation of BBs in association with
the cellular molecular properties of LMNs are needed to
elucidate the pathomechanism underlying the disease.
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