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Abstract This report concerns an immunohistochemical
investigation on RNA-related proteins in the basophilic
inclusions (BIs) from patients with adult-onset atypical
motor neuron disease. Formalin-Wxed, paraYn-embedded
sections of the motor cortex and the lumbar spinal cord
were examined. The BIs appeared blue in color with H&E
and Nissl stain, and pink with methylgreen–pyronin stain.
Ribonuclease pretreatment abolished the methylgreen–
pyronin staining, suggesting that the BIs contained RNA.
Immunohistochemically, the BIs were distinctly labeled
with the antibodies against poly(A)-binding protein 1, T
cell intracellular antigen 1, and ribosomal protein S6. These
proteins are essential constituents of stress granules. In
contrast, the BIs were not immunoreactive for ribosomal
protein L28 and decapping enzyme 1, which are core com-
ponents of transport ribonucleoprotein particles and pro-
cessing bodies, respectively. Moreover, the BIs were not
immunopositive for TDP-43. Our results imply that transla-
tion attenuation could be involved in the processes of BI
formation in this disorder.
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Introduction

The classic type of sporadic amyotrophic lateral sclerosis
(ALS) usually aVects middle-aged or older people, and
shows clinical manifestations conWned to the motor neuron
system with characteristic pathological features such as
motor neuron loss and presence of Bunina bodies, hyaline
inclusions, and skein-like inclusions.

On the other hand, besides the classic ALS, the El Esco-
rial criteria proposed for the diagnosis of ALS include those
for ALS-plus syndromes, which are deWned by an associa-
tion of ALS with extrapyramidal features, dementia, ocular
movement abnormalities, or autonomic dysfunction [6].
Neuropathologically, certain characteristic inclusions such
as ubiquitin-positive intraneuronal inclusions have been
reported in occasional cases with ALS-plus syndromes in
addition to the motor neuron degeneration [29].

Another example of such inclusions is round intracyto-
plasmic basophilic inclusions (BIs), designated as type
R-III by Munoz [23], which are characterized by their
staining property of being basophilic with hematoxylin and
eosin (H&E) stain, poorly argyrophilic, reactive with Nissl
stain, and immunohistochemically negative for tau and giv-
ing weak staining, if any, for ubiquitin [9, 18, 19, 31].
These histological features clearly diVerentiate this type of
inclusion from Pick bodies and ubiquitin-positive intraneu-
ronal inclusions [29]. These distinctive BIs have been iden-
tiWed in patients with juvenile-onset motor neuron disease
[26], with adult-onset atypical motor neuron disease with
ophthalmoplegia or gaze palsy and dysuria [18, 19, 31],
with a frontal lobe syndrome [22], and with a combination
of motor and cognitive dysfunction [10, 12]. However,
these BIs have not been observed in several systematic
studies on cases of classic ALS [11, 24]. Ultrastructurally,
this type of inclusion has been reported to consist of thick
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Wlamentous structures of 12–25 nm in diameter studded
with electron-dense ribosome-like granules [10, 19, 22, 31].

The detailed constituents of the BIs and pathomecha-
nism responsible for their formation remain to be eluci-
dated. Considering their basophilic nature it is conceivable
that the BIs would contain RNA and its related proteins.
Therefore, in the present study we investigated, immuno-
histochemically, the possible presence of RNA-related pro-
teins in the BIs from two autopsied patients previously
reported as having had adult-onset motor neuron disease
with BIs (MND–BIs) [18, 19].

Materials and methods

We investigated autopsied material from two patients with
MND–BIs, three cases with classical ALS, and two cases
with frontotemporal lobar degeneration with ubiquitin-
positive, tau-negative inclusions with motor neuron disease
(FTLD-U with MND) [9] for comparison.

Both patients with MND–BIs were male, one 45 years
old (Case 1) [18] and the other 58 years old (Case 2) [19].
Case 1 manifested right upper weakness at age 37, followed
by slowly progressive generalized muscular weakness. He
died of respiratory failure 8.5 years after onset. Throughout
the clinical course, there were no signs other than upper and
lower motor neuron involvement. Case 2 presented right
foot weakness at age 53, followed by slowly progressive
generalized weakness. At age 58, downward gaze paresis
and double incontinence developed. ArtiWcial ventilation
was performed for 1 month due to respiratory failure, and
then he died of bronchopneumonia. In both cases no family
history of neurological disorders was noted. Neuropatho-
logical examinations of these cases revealed loss of upper

and lower motor neurons, and the presence of neuronal
intracytoplasmic BIs with widespread distribution through-
out the central nervous system.

ParaYn-embedded 7-�m-thick sections of formalin-
Wxed motor cortex and the lumbar spinal cord of both cases
were stained with H&E, Nissl stain, and methylgreen–pyro-
nin stain with or without bovine ribonuclease (Wako Pure
Chemical Industries, Ltd, Osaka, Japan) pretreatment for
1 h at 37°C. For immunohistochemistry, we employed pri-
mary antibodies against the representative RNA-related
proteins listed in Table 1. For all the primary antibodies,
after pretreatment with hydrating autoclaving (10 min at
121°C in 10 mM sodium citrate buVer), the sections were
incubated with a given primary antibody overnight at 4°C.
Bound primary antibodies were detected with the
appropriate Vectastain Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA), with 3,3�-diaminobenzidine tetra-
hydrochloride used as the chromogen. All sections were
counterstained with hematoxylin after immunohistochemis-
try. The tissues from three age-matched neurologically
normal subjects served as controls.

The classical ALS cases (63-year-old male and 78- and
81-year-old females) were characterized histologically by
loss of the spinal anterior horn cells and the appearance of
Bunina bodies, round hyaline inclusions, and skein-like
inclusions in the cytoplasm of the remaining ones. In the
FTLD-U with MND patients (62-year-old male and 63-
year-old female) the presence of intracytoplasmic inclu-
sions in the granular cells of the hippocampal dentate gyrus
was a feature additional to those features of classical ALS.
For investigation of these inclusions immunohistochemi-
cally, formalin-Wxed paraYn-embedded sections of the
lumbar spinal cords from the ALS cases and those of the
hippocampus from the FTLD-U with MND cases were Wrst

Table 1 Immunohistochemistry, primary antibodies in current study

PABP1 poly(A)-binding protein 1, Dcp1 decapping enzyme 1, rpS6 ribosomal protein S6, rpL28 ribosomal protein L28; TIA-1 T cell intracellular
antigen 1, TDP-43 TAR-DNA binding protein 43, g goat, r rabbit, m mouse, pc polyclonal, mc monoclonal, SC Santa Cruz Biotechnology, Inc.
Santa Cruz, CA, USA, CS Cell Signaling Technology, Inc. Danvers, MA, USA, PT ProteinTec Group, Inc. Chicago, IL, USA; Ab, Abcom Inc.
Cambridge, MA, USA

Antigen Primary antibody Epitope Host Dilution Source

PABP1 sc-18611 N-terminus g (pc) 1:200 SC

sc-28836 Amino acids 1–300 r (pc) 1:200 SC

Dcp1 sc-15558 N-terminus g (pc) 1:200 SC

rpS6 5G10 C-terminus r (pc) 1:200 CS

rpL28 sc-14151 C-terminus g (pc) 1:200 SC

TIA-1 sc-48371 Amino acids 21–140 m (mc) 1:100 SC

sc-1751 C-terminus g (pc) 1:100 SC

sc-28237 Amino acids 21–140 r (pc) 1:100 SC

TDP-43 10782-2-AP N-terminus r (pc) 1:500 PT

Alpha-internexin ab22039 C-terminus m (mc) 1:200 Ab
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stained with H&E, photographed, decolorized with 70%
ethanol, and then immunostained with the same antibodies
used in the present study.

The staining speciWcity was assessed by replacing the
primary antibodies with the appropriate amount of phos-
phate-buVered saline solution containing 3% bovine serum
albumin or by pre-incubating the primary antibodies with
an excess of their respective peptide immunogen. No reac-
tion–product deposits were seen in the sections thus treated.

Results

In both cases of MND–BIs, histological examinations dem-
onstrated BIs in the cytoplasm of neurons in the motor
cortex and lumbar anterior horn. There were no essential
diVerences between these BIs in these two locations in
terms of morphology and histochemical staining properties.

The BIs appeared blue in color with H&E (Fig. 1a) and
with Nissl stain. We occasionally encountered some BIs
with small vacuoles within their structure. When methyl-
green–pyronin staining was done, the BIs had a pink color
(Fig. 1b). Pretreatment of the sections with ribonuclease
abolished the staining of these BIs (Fig. 1c), suggesting that
the BIs contained RNA.

Poly(A)-binding protein 1 (PABP1) immunohistochem-
istry of sections of the cerebral cortex and spinal cord of the
control subjects showed the neuronal cytoplasm being more
intensely labeled than the nucleus (Fig. 2a). In both MND–
BIs cases, virtually all the BIs observed in the cerebral
cortex and the spinal cords were obviously labeled by the
anti-PABP1 antibody (Fig. 2b–d). The BIs showed a homo-
geneous staining pattern at their entire structure or some-
what stronger staining at their periphery. The vacuoles
observed in some BIs were devoid of PABP1-immunola-
beling. On the other hand, in the cytoplasm of the neurons
containing BIs, the PABP1 immunoreactivity appeared to
be reduced (Fig. 2b–d).

In the sections from control cases incubated with the
anti-ribosomal protein S6 (rpS6; Fig. 2e) or anti-ribosomal
protein L28 (rpL28; Fig. 2g) antibody, the immunoreaction

product deposits were recognizable as clusters of very Wne
granules in the cytoplasm, but were not observed within the
nucleus, of the neocortical and spinal anterior horn neurons.
In both MND–BIs cases, the BIs were labeled by the anti-
rpS6 antibody (Fig. 2f) similarly as with the anti-PABP1
antibody; and the rpS6-immunoreactivity in the BIs
appeared to have a homogeneous distribution pattern
throughout their entire structure or was somewhat less
intense at the center. On the other hand, the staining inten-
sity with the anti-rpS6 antibody in the cytoplasm of the
neurons containing BIs appeared to be decreased. In con-
trast, the anti-rpL28 antibody did not bind to the BIs at all
(Fig. 2h).

The immunoreactivity for decapping enzyme 1 (Dcp1)
was diVusely recognizable in the cytoplasm, but not in the
nucleus, of the neurons examined in the control subjects
(Fig. 2i). The BIs were not distinctly labeled by this anti-
Dcp1 antibody (Fig. 2j).

The antibody against TDP-43, another member of RNA-
binding protein family [4, 7, 8, 27], did not react with the
BIs of our cases (Fig. 2k), being consistent with Wndings
presented recently [9].

The three distinct anti-T cell intracellular antigen-1
(TIA-1) antibodies employed in the present study gave sim-
ilar staining results for both the control subjects and the
MND–BI cases. The TIA-1 immunoreactivities were iden-
tiWed principally within the nucleus of the cortical and spi-
nal neurons from the normal individuals (Fig. 2l). In the
MND–BI patients, virtually all the BIs were deWnitely
labeled throughout their entire structure by all three anti-
TIA-1 antibodies recognizing a distinct epitope within the
TIA-1 protein (Fig. 2m, n). In addition, the nucleus of the
BI-containing neurons appeared to show reduced TIA-1-
immunoreactivity (Fig. 2m, n; arrowheads).

In both MND–BI cases the BIs were not labeled with the
anti-alpha-internexin antibody (data not shown).

Neither the round hyaline inclusions and the skein-like
inclusions of the anterior horn cells of the classical ALS
cases nor the intracytoplasmic inclusions in the dentate
granular cells of the FTLD-U with MND patients showed
immunoreactivities for any of the antibodies employed in

Fig. 1 Representative photomicrographs of basophilic inclusions
(BIs) in neurons in the motor cortex (Case 1). a An intracytoplasmic BI
is stained blue with H&E (arrow). b A BI shows pink staining with the

methylgreen–pyronin technique (arrow). c Pretreatment with ribonu-
clease abolishes the pink color of the methylgreen–pyronin-stained BI
(arrow). Scale bar 10 �m
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the present study (Fig. 3; arrows). In contrast, these inclu-
sions were invariably labeled by the anti-TDP-43 antibody
(data not shown).

Discussion

In the present study, we for the Wrst time demonstrated the
presence of immunoreactivities indicating the presence of
certain mRNA-related proteins in the BIs from the two
cases with MND–BIs examined; in both cases the BIs in the
motor cortex and the lumbar anterior horn were invariably

immunopositive for PABP1, rpS6, and TIA-1, but devoid
of labeling with antibodies against rpL28 or Dcp1.

We previously reported that the BIs in our patients
showed only partially positive immunoreactivity for ubiq-
uitin and that they were negative for tau [18, 19]. In the
present study, we demonstrated that the antibody against
TDP-43 did not label the BIs. Recent reports [9, 33] indi-
cate that neurodegenerative disorders characterized by the
presence of ubiquitin-, tau-, and TDP-43-negative intracy-
toplasmic inclusions include neuronal intermediate Wlament
inclusion disease (NIFID) and basophilic inclusion body
disease (BIBD). These reports recommend that apha-

Fig. 2 Immunostaining of motor cortical neurons and lumbar spinal
neurons from control subjects (a, e, g, i, l) and patients with MND–BIs
(b, c, d, f, h, j, k, m, n). a A neuron in the motor cortex from a control
subject shows the cytoplasm diVusely labeled with the anti-PABP1
antibody, and the nucleus stained less intensely. b–d Neurons in the
motor cortex from Case 1 (b), and neurons in the spinal anterior horn
from Case 1 (c) and Case 2 (d), immunostained for PABP1. The BIs
are evidently immunopositive for PABP1 (arrows). Note the reduced
immunoreactivity in the cytoplasm of the neurons containing BIs. e, g
In neocortical neurons from control subjects, immunoreactivity indi-
cating ribosomal protein S6 (e) and ribosomal protein L28 (g) is seen
in the cytoplasm, but not in the nucleus. f, h A BI in the motor cortex
from an MND–BIs case (Case 1) is immunolabeled by the anti-rpS6
antibody, with the staining being somewhat weaker at the center

(f, arrow). In contrast, the anti-rpL28 antibody does not bind to the BI
(h, the motor cortex from Case 1, arrow). i A neuron in the motor cor-
tex from a normal individual shows diVuse staining in the cytoplasm
with the antibody against Dcp1. j A BI (arrow) at the motor cortex
from the MND–BIs Case 1, showing no reactivity for Dcp1. k A BI in
a cortical neuron from Case 1, showing no reactivity for TDP-43
(arrow). l A neuron in the motor cortex from a control subject, stained
with the anti-goat polyclonal antibody against TIA-1 and showing the
predominant labeling of the nucleus (arrowhead). m, n BIs within a
cortical neuron from Case 1 (m) and within a lumbar anterior horn neu-
ron from Case 2 (n) are evidently reactive with the same anti-TIA-1
antibody employed in “l” (arrows). The nuclei of the neurons contain-
ing BIs show reduced immunoreactivity for TIA-1 (arrowheads).
Scale bar 10 �m
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internexin immunohistochemistry is useful for diVerentiat-
ing these disorders. In the present study, we performed
alpha-internexin immunohistochemistry and demonstrated
that the inclusions of our patients did not react with the
antibody. These results indicate that our patients are diVer-
ent from NIFID, but would be closely related to the entity
of BIBD.

It was earlier shown, using histochemical procedures,
that the BIs from a sporadic juvenile ALS case include
RNA [26]. This notion is supported by the present methyl-
green–pyronin-staining results with and without ribonucle-
ase in our MND–BI cases. Additionally, Oda et al. [28]
ultrastructurally examined the BIs of the sporadic juvenile
ALS case, and reported that the BIs contained ‘ribosomes’.
In the present study, we demonstrated that the BIs of our
cases were immunohistochemically positive for rpS6, one
of the ribosomal proteins, thus implying that at least a part
of the RNA included in the BIs would have been derived
from ribosomes.

To infer the possible processes involved in BI formation,
here we further looked for the presence of three representa-
tive mRNA-binding proteins, each having a distinct func-
tion, and two ribosomal proteins in the BIs. As depicted in
Fig. 4, PABP1 binds to the poly(A) tail of mRNA and plays
a signiWcant role in mRNA stabilization and translation
[20]. Dcp1 is a decapping enzyme that initiates the actual
mRNA decay by removing the cap structure from the 5�

end of the mRNA. TIA-1 is supposed to bind a glutamine-
rich prion-related domain, and promotes general transla-
tional arrest in response to environmental stress [15], as
also shown in Fig. 4. On the other hand, a ribosome
consists of a small 40S subunit and a large 60S subunit;

ribosomal protein S6 is a major component of the 40S sub-
unit of the eukaryotic ribosome, and rpL28 is that of the
60S subunit. Using speciWc antibodies for these proteins,
we found that PABP1, TIA-1, and the small 40S subunit of
ribosomes would be involved in the BI formation, whereas
Dcp1 and the large 60S subunit of ribosomes would not.
These results strongly suggest that, besides ribosomal
RNA, translationally silenced mRNA would be included in
the BIs of our cases. The relationship between these RNA-
binding proteins identiWed in the present study and transfer-
rin, recently demonstrated within the BIs [21], remains to
be elucidated.

In the neuronal cytoplasm, some mRNAs are pro-
grammed to be immediately translated, but others are pro-
grammed for delayed translation and are transported into
dendrites and stored until cues call for their translation [5,
17]. After productive translation, polysomes are disassem-
bled and mRNAs are deadenylated, decapped, and then
degraded [2]. When cells are exposed to stress, the transla-
tion of mRNAs encoding enzymes involved in damage
repair is enhanced, whereas the translation of those encod-
ing housekeeping proteins is aborted [2]. These translation-
ally silenced mRNAs are known to be packaged into
neuronal RNA granules. There are at least three types of
neuronal RNA granules identiWed to date: transport ribonu-
cleoprotein particles (transport RNPs), processing bodies,
and stress granules [16]. DiVerent types of neuronal RNA
granules share some protein components, but also contain
certain unique markers speciWc to each granule [2, 16].

Transport RNPs contain, besides mRNA, small 40S and
large 60S ribosomal subunits, translation initiation factors,
and certain RNA-binding proteins such as Staufen and sur-
vival of motor neurons protein, which regulate mRNA
function [2]. However, this type of granule deWnitely lacks
PABP1 [17]; and thus the mRNAs within the transport
RNPs are not translated despite the presence of intact ribo-
somes. The processing bodies are structures associated with
mRNA decay, and thus certainly contain proteins involved
in mRNA degradation such as Dcp1, GW182, and Lsm pro-
teins, as their core components [2, 16, 30]. On the other
hand, translation initiation factors and ribosomes are gener-
ally lacking from the processing bodies [3]. These Wndings
imply that, considering our immunohistochemical results,
the BIs of our cases would be distinct from transport RNPs
because of the presence of PABP1 immunoreactivity and
absence of that for 60S ribosomal proteins. Similarly, the
BIs would be diVerent from the processing bodies because
the BIs were positive for 40S ribosomal proteins and nega-
tive for Dcp1. Moreover, a very recent report demonstrated
that TDP-43 is localized in the dendritic processing bodies
[32]. The lack of TDP-43 immunoreactivity in the BIs of
our cases further supports the notion that the BIs would be
structures distinct from the processing bodies.

Fig. 3 Representative photomicrographs of lumbar anterior horn cells
from patients with classical ALS. a, c Round hyaline inclusions iden-
tiWed by H&E are depicted (arrows). b, d The same sections as “a” and
“c” were decolorized and re-stained with the anti-PABP1 and anti-
TIA-1 antibodies, respectively. Note that the inclusions are negative
for reactivity with either antibody (arrows). Scale bar 10 �m
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On the other hand, stress granules are discrete cyto-
plasmic structures that appear under conditions of cellu-
lar stress [1]. This type of granule is composed largely of
stalled preinitiation complexes, and contains mRNA,

PABP1, TIA-1, and small 40S ribosomal subunits but not
those of large 60S, as their principal components
(Fig. 4). Among them, TIA-1 is essential to trigger stress
granules formation. TIA-1 is concentrated within the
nucleus under steady-state conditions, but is normally
able to shuttle between the nucleus and the cytoplasm.
Although its functions have not been precisely eluci-
dated, this protein is thought to be associated with the
signaling cascade regulating alternative splicing of some
mRNAs in the nucleus [1, 13]; whereas in the cytoplasm
it is considered to act as a translational suppressor [13].
In response to environmental stresses such as heat,
hyperosmolarity, and oxidative conditions, TIA-1 is
introduced into the cytoplasm and binds mRNAs to form
a non-canonical, 48S* preinitiation complex that is trans-
lationally silent. TIA-1 self-aggregation then promotes
the rapid accumulation of these complexes to form stress
granules [15].

The novel constituents of the BIs identiWed in the pres-
ent immunohistochemical study are consistent with those
of the stress granules, and thus these inclusions might be
equivalent to them. However, the stress granules induced
in in vitro experiments are invariably multiple in number
and small with a granular appearance [13]; whereas the
BIs are found singly in a single neuron and comparable to
the nucleus in size. These discrepancies might be attribut-
able to the diVerence between cultured cells and human
neuronal cells in vivo. On the other hand, stress granules
are supposed to be induced within 15–20 min after cells
are exposed to a general stress factor; and removal of the
stress results in immediate dissolution of stress granules
within 1.5–3.0 h, after which the cell returns to a transla-
tion-active state [1]. The persistence of stress leads to cell
death [14]. However, in other experimental studies con-
cerning real-time observations of stress granules, stress
granule formation starts as minute foci that coalesce and
enlarge with time [15]. Therefore, it is conceivable that the
stress granules might aggregate to form the BIs under
unique situations such as a pulsating or a weak stress
continuing for a long time. These notions are advocated by
our previous observations made on inclusion body myosi-
tis. We reported many miniature PABP1-positive foci
being more often located in non-vacuolated Wbers, and
large PABP1-positive inclusions being more abundant in
vacuolated Wbers [25]. We speculate that the numerous
miniature PABP1-positive deposits may correspond to the
beginning of stress granule formation and that the dense
aggregates of PABP1-positive deposits may the mature
form of stress granules. This notion implies that stress
granules can aggregate to form a larger structure. Further
investigations are warranted to elucidate the involvement
of stress granules in inclusion formation and neurodegen-
eration.

Fig. 4 Schematic representation of messenger RNA (mRNA) transla-
tion processes in the neuronal cytoplasm, under situations with or with-
out stress. Messenger RNAs (mRNAs) having their poly(A) tail bound
by poly (A)-binding proteins (PABP) are capped and interact with
eukaryotic initiation factors (eIFs) 4E/4G. Then, the small ribosomal
subunit associated with other eIFs binds to the 5� end of an mRNA
molecule. In the physiological state without any stress, a ternary com-
plex consisting of the eIFs 2B/5, GTP, and initiator transfer RNA (tR-
NA) coupled to methionine, is also assembled at the 5� end of the
transcript to form the canonical 48S preinitiation complex, and scan-
ning starts. Recognition of the initiation codon triggers displacement of
eIFs by the 60S ribosomal subunit. The mRNA molecules being under
translation are usually found in the form of polyribosomes (also known
as polysomes). After completion of translation, Cap is dissociated from
the transcript by decapping enzymes such as Dcp1, and the mRNA is
transferred into the processing body for degradation (not shown). On
the other hand, under certain stress conditions, stress-activated kinases
such as PERK and PKR inhibit the formation of eIF 2B/5-GTP-tRNA
complexes. Consequently, TIA-1 is included in a 48S* complex that is
deWcient in the ternary complex. These 48S* preinitiation complexes
are translationally silent, and thus the 60S ribosomal subunits do not
interact with them. The self-aggregation tendency of TIA-1 then pro-
motes the accumulation of the complexes at discrete cytoplasmic foci
known as stress granules
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