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Abstract
Most human neurodegenerative diseases are sporadic, and appear later in life. While the underlying mechanisms of the
progression of those diseases are still unclear, investigations into the familial forms of comparable diseases suggest that
endoplasmic reticulum (ER) stress is involved in the pathogenesis. Binding immunoglobulin protein (BiP) is an ER chaperone
that is central to ER function. We produced knock-in mice expressing a mutant BiP that lacked the retrieval sequence in
order to evaluate the effect of a functional defect in an ER chaperone in multi-cellular organisms. Here we report that
heterozygous mutant BiP mice revealed motor disabilities in aging. We found a degeneration of some motoneurons in the
spinal cord accompanied by accumulations of ubiquitinated proteins. The defect in retrieval of BiP by the KDEL receptor
leads to impaired activities in quality control and autophagy, suggesting that functional defects in the ER chaperones may
contribute to the late onset of neurodegenerative diseases.
Citation: Jin H, Mimura N, Kashio M, Koseki H, Aoe T (2014) Late-Onset of Spinal Neurodegeneration in Knock-In Mice Expressing a Mutant BiP. PLoS ONE 9(11):
e112837. doi:10.1371/journal.pone.0112837
Editor: Hiroyasu Nakano, Toho University School of Medicine, Japan
Received August 10, 2014; Accepted October 16, 2014; Published November 18, 2014
Copyright: ß 2014 Jin et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.
Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
Supporting Information files.
Funding: Grants-in-Aids for Science Research from the Ministry of Education, Culture, Sports, Science and Technology of Japan to T.A. (20059008, http://www.
mext.go.jp/english/) The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
Competing Interests: The authors have declared that no competing interests exist.
* Email: taoe@faculty.chiba-u.jp

BiP mice died within several hours after birth due to respiratory
failure with impaired biosynthesis of the pulmonary surfactant,
especially surfactant protein C, by alveolar type II cells [9]. The
heterozygous mutant BiP mice grew up to be apparently normal
adults. However, vulnerability to ER stress may exist in the mutant
BiP mice, leading to chronic organ injuries. Indeed, some of them
displayed motor disabilities in aging. We found a degeneration of
some motoneurons in the spinal cord accompanied by accumulations of ubiquitinated proteins. The accumulation of misfolded
proteins is one of the most common features in neurodegenerative
diseases. Functional defects in the ER chaperones may contribute
to the late onset of neurodegenerative diseases.

Introduction
Proteins destined for the secretory pathway are inserted into the
ER cotranslationally and subjected to quality control [1]. ER
molecular chaperones and folding enzymes such as BiP, calnexin,
and protein disulfide isomerase facilitate the correct folding or
degradation of these newly synthesized proteins as well as of
misfolded proteins [2]. The accumulation of misfolded proteins in
the ER beyond the capacity of quality control causes ER stress and
induces the unfolded protein response (UPR) [3]. Further ER
stress can cause cellular dysfunction and cell death, resulting in
diverse human disorders such as neurodegenerative diseases [4].
Mammalian ER luminal chaperones have a carboxyl terminal
Lys-Asp-Glu-Leu (KDEL) amino acid sequence, which is recognized by the KDEL receptor in post-ER compartments [5]. ER
chaperones and the KDEL receptor are sorted into the transport
vesicles coated with coat protein (COP) I complex and retrieved to
the ER [6]. Yeast BiP (Kar2p) is essential for survival, while the
deletion of the retrieval sequence (in yeast: His-Asp-Glu-Leu,
HDEL) is dispensable because the UPR is activated and the loss of
the chaperone in the ER is compensated for [7]. The complete
depletion of BiP also has lethal effects on mammalian early
embryonic cells [8].
In order to elucidate the physiological processes that are
sensitive to the retrieval of BiP during development and adulthood
in multi-cellular organisms, we previously produced knock-in mice
expressing a mutant BiP in which the retrieval sequence was
deleted by homologous recombination. The homozygous mutant
PLOS ONE | www.plosone.org

Results
The mutant BiP mice revealed motor disabilities in aging
The heterozygous mutant BiP mice live as long as the wild type
mice (Figure 1A). We could not detect a significant motor
disability during their young period, using the Rotarod performance test. At very advanced ages, some of the mutant BiP mice
displayed paralysis and tremors after they were more than one
year old, although a few wild-type mice show partial paresis
(Figure 1B). Some of aged mutant BiP mice displayed loss of
righting reflex and suffered from paralysis (Figure 1C, D, and
Video S1). The ratio of motor disabilities is significantly higher in
the heterozygous mutant BiP mice.
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Figure 1. The mutant BiP mice revealed motor disabilities in aging. (A) Kaplan-Meier plots demonstrate that the heterozygous mutant BiP
mice (Bm/+, n = 80) live as long as the wild-type mice (+/+, n = 45). (B) Some of the mutant BiP mice displayed paralysis and tremors after they were
more than one year old. Heterozygous mutant BiP mice (Bm/+, n = 104) and wild type mice (n = 50) more than 10 months old were observed. No sign
of weakness; +/+ 46/50, Bm/+ 73/104, tremor; +/+ 0/50, Bm/+ 9/104, paresis of one hindlimb; +/+ 4/50, Bm/+ 9/104, paralysis of one or both
hindlimbs; +/+ 0/50, Bm/+ 15/104. To compare values between two groups, Chi-square and Fisher’s exact test was done. Statistical significance was
found. P value is 0.0033. (C) A seventeen month-old mutant BiP mouse displayed paralysis and loss of righting reflex. (D) A seventeen month-old
mutant BiP mouse displayed paralysis (Video S1).
doi:10.1371/journal.pone.0112837.g001

(Figure 3A and B). It was difficult to find a TUNEL positive cell
in the wild type spinal cord. We counted cells in Figure 3B. The
ratio of GFAP positive cells was significantly higher in the mutant
BiP spinal cord (Bm/+, 17 m) compared to that in the wild type
(+/+, 16 m).
These data suggest that motoneurons at the anterior horn of
spinal cords of aged mutant BiP mice suffer from ER stress,
resulting in cell death.

Motoneurons at the anterior horn of spinal cords of aged
mutant BiP mice suffer from ER stress
In order to investigate whether defective retrieval of the mutant
BiP may contribute to the pathogenesis of motor disability, we
examined the spinal cords of both the wild type and mutant BiP
mice. By staining with an anti-KDEL antibody, we found that
some large cells expressed BiP and other KDEL-containing
chaperones highly at the anterior horn of the spinal cords of 6
month-old mice of both types. Those cells were also stained with
an anti-choline acetyltransferase antibody, suggesting that motoneurons at the anterior horn expressed ER chaperones highly
(Figure 2A). Then we examined much older mutant BiP mice with
motor disability. Motoneurons at the anterior horn of the spinal
cord stained with an anti-choline acetyltransferase antibody in a
29 month-old mutant BiP mouse were less than those in the wild
type mice (Figure 2B). We found that some large cells at the
anterior horn of the spinal cord of the 29 month-old mutant BiP
mouse expressed CHOP, a cell death related transcriptional factor
during ER stress. The expression of CHOP was less obvious in the
wild type littermate (Figure 2C). In accordance with these findings,
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining revealed that some apoptotic cells existed in the
mutant spinal cord, accompanied by an enhanced gliosis stained
with an anti-glial fibrillary acidic protein (GFAP) antibody
PLOS ONE | www.plosone.org

Some motoneurons in the spinal cord revealed a
degeneration accompanied by accumulations of protein
aggregations
Protein aggregation and neuronal cell death are hallmarks of
various neurodegenerative diseases [10]. We examined protein
aggregation in the mutant spinal cord by staining it with an antiubiquitin antibody, which revealed cytoplasmic aggregations in
the large cells at the anterior horn of the aged mutant BiP mouse
(Figure 3C). One possible candidate for the aggregated proteins is
superoxide dismutase (SOD) 1 [11]. Point mutations of the human
SOD 1 gene are associated with a familial motoneuron disease
(amyotrophic lateral sclerosis, ALS) [12]. While we observed fuzzy
perinuclear staining with an anti-SOD1 antibody in large cells at
the anterior horn of the spinal cords of wild type mice,
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Figure 2. Motoneurons at the anterior horn of spinal cords of aged mutant BiP mice suffer from ER stress. (A) Motoneurons stained by
an anti-choline acetyltransferase antibody (red) at the anterior horn in the spinal cord of both a 6 month-old wild type (+/+, 6 m) and a 6 month-old
mutant BiP mouse (Bm/+, 6 m) express ER chaperones as well (green). Scale bars, 20 um. (B) The immunoreactivity with an anti-choline
acetyltransferase antibody at the anterior horn is reduced in the aged 29 month-old mutant spinal cord (Bm/+, 29 m). Scale bars, 20 um. (C) Large
cells at the anterior horn of the aged 29 month-old mutant spinal cord (Bm/+, 29 m) express ER chaperones as well as CHOP. Scale bars, 10 um. The
nuclei were stained with Hoechst 33258 (blue, A and C).
doi:10.1371/journal.pone.0112837.g002

Loss of the retrieval signal may also cause a failure of the
activation of the KDEL receptor. Since KDEL receptor activation
has been reported to promote autophagy and removal of
aggregated proteins, including SOD1 [14], we examined whether
autophagy induced in the mutant BiP cells (Figure 6D). We found
ER stress caused by tunicamycin treatment induced the expression
of BiP in the wild type mouse embryonic cells (MEF) as well as that
of the mutant BiP in the mutant MEF, while autophagy was
induced only in the wild type MEF accompanying the accumulation of light chain 3AII (LC3AII).
If the lack of the KDEL sequence from BiP affects autophagy,
cytosolic aggregates might be accumulated in the homozygous
mutant BiP MEF. We over-expressed SOD1-GFP in the wild type
and the homozygous mutant BiP MEF. While SOD1 distributed
through the cytoplasm in the wild type MEF, it accumulated in the
perinuclear space and some aggregations were found in the
cytoplasm of the mutant BiP MEF (Figure 7).
Thus, lack of the KDEL sequence from BiP may lead to some
functional defects of the ER chaperone in quality control and
autophagy, resulting in the late onset of neurodegenerative
diseases.

aggregations were found instead in the cells of the mutant BiP
mice. Those aggregations were much more obvious in the aged 26
month-old mutant BiP mouse (Figure 4, Bm/+, 26 m).
We examined the expression of BiP and the mutant BiP in the
brain and spinal cord of the mutant BiP mice by Western blotting
in Figure 5. The expression of GRP94, another ER chaperone,
seemed to be increased in the aged mutant BiP brain and spinal
cord. We also found an accumulation of SOD1 aggregates in the
aged mutant BiP spinal cord, which corresponds to the finding in
Figure 4.

Deletion of the retrieval signal from BiP may cause
aberrant quality control
We examined the effect of ER stress on the distribution of BiP,
an endogenous ligand of the KDEL receptor, in the secretory
pathway by sucrose gradient analysis in Hela cells (Figure 6A).
While most BiP was found in the ER in the resting state, a
significant amount could be detected in the post-ER fractions in
these cells during ER stress when treated with tunicamycin
(2.5 ug/ml for 24 h) which disrupts protein glycosylation in the
ER, thereby inducing the UPR (Figure 6B). Then, we examined
the effect of deletion of the retrieval signal from BiP. A myc-tagged
mutant BiP with the KDEL sequence deleted was transiently
expressed in HeLa cells. While some of the mutant BiP were
localized in the ER, significant amounts were also found in the
post-ER fractions (Figure 6C), suggesting that a certain fraction of
BiP was transported from the ER and retrieved from the post-ER
by the KDEL receptor [13]. Thus, the deletion of the retrieval
signal from BiP may results in mis-sortings of cargo proteins to the
secretory pathway out of the ER.

PLOS ONE | www.plosone.org

Discussion
Some of the mutant BiP mice revealed motor disabilities in
aging. We found a degeneration of some motoneurons in the
spinal cord accompanied by the accumulation of ubiquitinated
proteins. BiP, also called the 78-kD glucose-regulated protein
(GRP78), is a member of the heat shock protein 70 family of
proteins and is one of the most abundant ER chaperones, assisting
in protein translocation, folding, and degradation [15]. Quality
control in the early secretory pathway is a ubiquitous mechanism
3
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Figure 3. Some motoneurons in the spinal cord revealed a
degeneration accompanied by accumulations of ubiquitinated
proteins. (A) TUNEL staining revealed some apoptotic cells at the
anterior horn in the spinal cord of a 29 month-old mutant BiP mouse
(Bm/+, 29 m). Scale bars, 10 um. (B) The immunoreactivity with an antiGFAP antibody at the anterior horn is increased in a 17 month-old
mutant spinal cord (Bm/+, 17 m). Scale bars, 20 um. GFAP positive cells
are counted (five fields in each mouse, GFAP positive cells/the number
of nucleus). +/+, 16 m; 33/199, 35/174, 34/192, 40/181, 42/207, Bm/+,
17 m; 42/132, 50/140, 59/147, 39/154, 58/143 +/+, 6 m; 5/143, 4/131, 4/
141, 0/95, 0/107. The ratio of GFAP positive cells is significantly higher in
the mutant BiP spinal cord (Bm/+, 17 m) compared to that in the wild
type (+/+, 16 m) by t test (p value is 0.0009). (C) The aggregations were
stained by an anti-ubiquitin antibody in the large cells at the anterior
horn of the 29 month-old mutant spinal cord (Bm/+, 29 m, arrowheads).
Scale bars, 10 um.
doi:10.1371/journal.pone.0112837.g003

Figure 4. Aggregations were obvious in the aged mutant BiP
mouse. The aggregations were evaluated by immunofluorescence
microscopy with double labeling by using a rabbit anti-SOD1 antibody
(red) and a mouse anti-KDEL mAb for the wild type BiP and other ER
chaperones (green, +/+, 5 and 26 month-old), or by using a rabbit antiSOD1 antibody (red) and a mouse anti-HA mAb (15E6) for the mutant
BiP (green, Bm/+, 5 and 26 month-old). Scale bars, 10 um. Aggregations
were observed in large cells at the anterior horn of a 26-month-old
mutant spinal cord (Bm/+, 26 m).
doi:10.1371/journal.pone.0112837.g004

They also have cortical dysplasia in the brain due to impaired
synthesis of reelin by Cajal-Retzius cells. Thus, the retrieval
function of BiP is essential in vivo. However, mouse embryonic
fibroblasts from the homozygous mutant BiP mice are viable.
Therefore, living as a whole animal may suffer from various insults
from the environment.
The accumulation of misfolded proteins is one of the most
common features in neurodegenerative diseases. One possible
explanation for the late onset of sporadic forms of neurodegeneration is a decline, with aging, of the cellular machinery to cope
with protein overload in the ER. The expression level of BiP
decreases, and its chaperone function is progressively reduced due
to age-related oxidization reported in rodents [10,17]. The mutant
BiP with impaired retrieval seemed to fail the induction of
autophagy, which might further limit the capacity of ER quality
control.
The heterozygous mutant BiP mice grew up to be adults and
showed apparently normal organ development. However, vulnerability to ER stress may exist, and that vulnerability could result in
chronic organ injuries with aging such as renal tubular-interstitial
injury, as described in our previous work [18]. We are also
interested in the relationship between ER stress and neural
degeneration due to aging, such as Alzheimer’s disease [19],
Parkinson’s disease [20], and amyotrophic lateral sclerosis [11].
The involvement of impaired BiP function in neurodegenerative

for adapting to ER stress, and the KDEL receptor and BiP are
essential components of this system [13]. Proper ER-to-Golgi
transport, and the subsequent retrieval of proteins and lipids to the
ER, are thought to contribute to quality control [13,16]. Deletion
of the retrieval sequence from the BiP, and the consequent lack of
mutant BiP recycling by the KDEL receptor, could have possible
effects on protein folding in the ER and post-ER.
Mutant BiP were mostly localized to the ER, and the expression
was enhanced by tunicamycin in the mutant BiP MEF [9]. A
significant fraction of the mutant BiP was secreted from the cells
even in the resting state, reflecting a deletion of the KDEL
sequence and an impaired retrieval of mutant BiP [9]. The KDEL
proteins are ER chaperones; therefore, their expression is induced
extensively upon ER stress, which may cause the saturation of the
KDEL receptor-mediated retrieval. A fraction of the wild-type BiP
was also secreted into the medium upon ER stress caused by the
tunicamycin treatment, indicating that retrieval by the KDEL
receptor is saturable [9].
The homozygous mutant BiP mice have defects in some
professional secretory cells. They survive only several hours after
birth due to impaired pulmonary surfactant biosynthesis by
alveolar type II epithelial cells causing respiratory failure [9].
PLOS ONE | www.plosone.org
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suggests that ER chaperones would be promising therapeutic
targets in the treatment of chronic neurodegenerative diseases.

Methods
Cells and reagents
Mouse embryonic fibroblasts (MEFs) were prepared from 13.5day-old embryos [9]. MEFs and HeLa cells were grown in a
complete medium that consisted of Dulbecco’s modified Eagle’s
medium (DMEM; Sigma Chemical Co., Irvine, UK) with 10%
fetal bovine serum, 2 mM glutamine, 50 mg/ml streptomycin and
50 U/ml penicillin G at 37uC in a 5% CO2 incubator.
The following antibodies were used: rabbit antiserum against
CHOP/GADD153, rabbit antiserum against ubiquitin, rabbit
antiserum against superoxide dismutase 1 (Santa Cruz Biotechnology), rabbit antiserum against choline acetyltransferase (Millipore), rabbit antiserum against glial fibrillary acidic protein
(GFAP, DakoCytomation), rabbit antiserum against Derlin-1
(MBL), mouse mAb 9E10 against the myc epitope (ATCC),
mouse mAb against g-tubulin, mouse mAb against Golgi p58
(Sigma Chemical), mouse mAb SPA-827 against BiP (KDEL
sequence, Stressgen), mouse mAb AF8 against calnexin (kindly
provided by MM. Brenner, Boston, MA), mouse mAb 15E6
against HA tag (kindly provided by VW Hsu, Boston, MA). rabbit
polyclonal antiserum against light chain (LC) 3A (Cell Signaling),
Cy-2-conjugated donkey antibody against rabbit IgG, Cy-3conjugated donkey antibody against rabbit IgG and Cy-3conjugated donkey antibody against mouse IgG (Jackson Immunoresearch Laboratories). Tunicamycin was purchased from
Nacali tasque. Hoechst 33258 was purchased from Invitrogen.
Chloroquine was purchased from Sigma-Aldrich.

Figure 5. The expressions of chaperones in the mutant BiP
mice. The heterozygous mutant BiP mice and the litter mate wild type
mice were anesthetized by pentobarbital, and the brains and spinal
cords were removed. They were subjected to Western blot analysis with
an anti-KDEL mouse mAb for BiP and GRP94, an anti-HA mouse mAb for
mutant BiP, an anti-CHOP rabbit antiserum, and an anti-SOD1 rabbit
antiserum.
doi:10.1371/journal.pone.0112837.g005

Plasmids and transfection
A cDNA for the BiP deleted with the KDEL sequence was
obtained by inserting a stop codon into a rat BiP cDNA (a gift
from Dr. H.R.B. Pelham, MRC Laboratory of Molecular Biology,
UK) just before the region encoding the carboxyl terminal KDEL
sequence with a PCR reaction. The PCR product was subcloned
into a pcDNA3.1 myc-His vector (Invitrogen). A PCR-generated
fragment corresponding to the wild-type human SOD1 cDNA
from human cDNA library was cloned into the plasmid pGFP
vector (Clontech). The DNA sequences were verified using the
Applied Biosystems ABI Prism 310 genetic analyzer. Transfection
was performed with Fugene 6 (Roche, Basel, Switzerland).

diseases has been reported in a mouse model where the disruption
of SIL1, a co-chaperone of BiP, causes protein accumulation and
neurodegeneration [21].
Interestingly, we previously found disordered layer formation in
the cerebral cortex and cerebellum in the homozygous mutant BiP
neonates. Among proteins involved in corticogenesis, we found
that the expression of reelin, secreted by Cajal-Retzius cells [22]
was markedly reduced in the mutant brain [23]. Several studies
have suggested the possible role of reelin in the pathogenesis of
human mental disorders such as schizophrenia, autism, bipolar
disorder, and Alzheimer’s disease [24,25]. Reelin and ApoE share
ApoER2 on the cortical neurons [26], and ApoE inhibits reelin
signaling by competing for binding to ApoER2. The E4 allele of
ApoE increases the risk of developing sporadic forms of
Alzheimer’s disease. Because reelin signaling through ApoER2
in adult brains modulates synaptic plasticity and memory
formation [27], a defective reelin signaling pathway may
contribute to the pathogenesis of adult mental disorders. Thus,
reelin signaling and ER quality control may be related to the
pathogenesis of adult mental disorders, as seen in the reeler
mutant–like cerebral malformation in the homozygous mutant BiP
neonates [23].
The administration of chemical chaperones that promote
protein folding in the ER has been reported to be effective in
treating type2 diabetes, which has been shown, in experiments
using a mouse model, to be connected to ER stress [28]. We have
also shown that a chemical chaperone prevented the development
of morphine tolerance caused by ER stress [29]. Our present study
PLOS ONE | www.plosone.org

Mutant BiP mice
All animal experimental procedures were in accordance with a
protocol approved by the Institutional Animal Care Committee of
Chiba University, Chiba, Japan. A rat BiP cDNA was used as a
probe to isolate a genomic clone containing the whole exon of the
BiP gene from the 129/SvJ mouse genomic library in lFIXII
(Stratagene). A targeting vector was used for electroporation into
R1 EScells. We used homologous recombination to establish
knock-in mice expressing BiP lacking the carboxyl-terminal KDEL
sequence [9]. The missing KDEL sequence was replaced by a
hemagglutinin (HA) tag. The resulting male chimeras were mated
to C57BL/6 females. The mutant-BiP mice were investigated on
the compound genetic background between the 129/SvJ derived
from R1 ES cells and C57BL/6J. The heterozygotes were
intercrossed to generate homozygous mutants. This hybrid line
was maintained by brother-sister mating for at least ten
generations.
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Figure 6. Lack of the KDEL sequence from BiP may lead to some functional defects of the ER chaperone in quality control and
autophagy. (A, B) A fraction of BiP is secreted from the ER under stressed conditions. The postnuclear supernatants (PNS) from HeLa cells with (B) or
without (A) treatment by tunicamycin 2.5 ug ml21 for 24 h were separated on a continuous sucrose gradient (20% to 50%, fraction 1; top, fraction 12;
bottom). An aliquot of each fraction was analyzed by SDS-PAGE. The distributions of GRP94, BiP, Golgi p58 and calnexin were determined by Western
blotting. (C) HeLa cells transiently expressing the mutant BiP with the KDEL sequence deleted were collected and homogenized. The PNS from those
cells were separated on a continuous sucrose gradient (20% to 50%, fraction 1; top, fraction 12; bottom). An aliquot of each fraction was analyzed by
SDS-PAGE. The distributions of the GRP94, myc-tagged mutant BiP, Golgi p58 and calnexin were determined by Western blotting. (D) Wild-type MEFs
and BiP MEFs were treated with tunicamycin (2.5 ug ml21 for 12, 24 h) or chloroquine (50 uM for 12 h). Cells were subjected to Western blot analysis
with an anti-KDEL mouse mAb for BiP, an anti-HA mouse mAb for mutant BiP, an anti-CHOP rabbit antiserum, an anti-LC3A antiserum, and an antitubulin mAb.
doi:10.1371/journal.pone.0112837.g006

Western blotting

Sucrose gradient experiment

Cultured cells were washed twice with ice-cold PBS and then
homogenized in a buffer containing 0.4% (w/v) Nonidet P-40,
0.2% N-lauroylsarcosine, 30 mM Tris/HCl pH 8.0, 1 mM
EDTA, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 30 mg/ml Nacetyl-L-leucinal-L-lecinal-L-norleucinal (ALLN, Sigma Chemical).
The mice were deeply anesthetized with pentobarbital (Dainippon
Sumitomo Pharma). Brains and spinal cords were homogenized by
sonication (UR-20P, TOMY, Tokyo, Japan) in a buffer containing
0.4% (w/v) Nonidet P-40, 0.2% N-lauroylsarcosine, 30 mM Tris/
HCl pH 8.0, 1 mM EDTA, 10 mg/ml aprotinin, 10 mg/ml
leupeptin, 30 mg/ml ALLN.
The lysates were centrifuged, and the supernatants were
resuspended in SDS-PAGE sample buffer and then separated by
SDS-PAGE under reducing conditions. The proteins were
transferred from the gels to polyvinylidene fluoride membranes
(Immobilon-P, Millipore Corp.), and Western blotting was done as
previously described [30]. Imaging was obtained by LAS-1000
and Image Gauge software (Fuji Photo Film Co. Ltd.).

A postnuclear supernatant was obtained and loaded on a
continuous sucrose gradient (20–50%), as described previously
[13]. Twelve fractions were obtained from each sample. An
aliquot of each fraction was separated by SDS-PAGE under
reducing conditions, and the distribution of each protein was
determined by Western blotting, developed by chemiluminescence
(ECL, Amersham Pharmacia Biotech). Imaging was obtained by
LAS1000 and Image Gauge software (Fuji Photo Film Co. Ltd.,
Tokyo, Japan).

PLOS ONE | www.plosone.org

Immunohistochemistry
The mice were deeply anesthetized with pentobarbital and fixed
by transcardiac perfusion with 4% paraformaldehyde in phosphate-buffered saline (PBS). The spinal cords were further
immersion-fixed for 12 h in 4% paraformaldehyde at 4uC. After
fixation, they were dehydrated in increasing concentrations of
ethanol and embedded in paraffin wax. For the immunofluorescence, the sections (8 mm) were incubated with 10% normal goat
or bovine serum in PBS for 30 min to block nonspecific antibody
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contrast were optimized by AxioVision 4.4 software (Carl Zeiss),
and the immunofluorescence images were captured with a digital
camera (AxioCam MRm, Carl Zeiss). For the immunohistochemistry, the spinal cord sections were incubated with 10% normal
goat or bovine serum in PBS for 30 min to block nonspecific
antibody binding, and then incubated with a primary antibody in
PBS for 12 h at 4uC. The sections were rinsed with PBS,
incubated with a secondary antibody in PBS for 2 h at room
temperature, and then visualized using the VECTASTAIN Elite
ABC kit (Vector Laboratories) with diaminobenzidine (Sigma).

TUNEL staining
The mice were deeply anesthetized with pentobarbital (Dainippon Sumitomo Pharma). The spinal cords were isolated, and
apoptotic cells were visualized by TUNEL assay based on the
manufacturer’s protocol (Roche) as previously described [30]. The
TUNEL staining was observed with a microscope using a NAchroplan 406 NA 0.65 objective (Axio Imager A1, Carl Zeiss).
The brightness and contrast were optimized by AxioVision Rel.4.7
software (Carl Zeiss), and the images were captured with a digital
camera (AxioCam MRc, Carl Zeiss).

Statistical analysis
To compare values between groups, Chi-square and Fisher’s
exact test (Figure. 1) and t-test (Figure 3B) were used (GraphPad
Prism 4.0, GraphPad Software, San Diego, CA). Statistical
significance was accepted at P,0.05.

Figure 7. Aggregations were obvious in the mutant BiP MEF.
The aggregations by transient expressions of SOD1-GFP were evaluated
by immunofluorescence microscopy with labeling by using a rabbit
anti-Derlin1 antibody for the ER staining (red) and SOD1-GFP (green) in
wild type (+/+) and the homozygous mutant (Bm/Bm) MEF with
Hoechst 33342 for nuclear staining. Scale bars, 10 um. Aggregations of
SOD1were observed in the mutant BiP MEF as well as in the wild type
MEF treated with a proteasome inhibitor, ALLN (10 ug/ml), at 37uC for
12 h.
doi:10.1371/journal.pone.0112837.g007

Supporting Information
Video S1 A seventeen month-old heterozygous mutant
BiP mouse displayed paralysis.
(MP4)

Acknowledgments

binding, and then incubated with a primary antibody in PBS for
1 h at room temperature. The sections were rinsed with PBS and
then incubated with a mixture of Cy3-conjugated anti-rabbit IgG
and Cy2-conjugated anti-mouse IgG in PBS for 1 h at room
temperature. Then, the sections were rinsed with PBS and
mounted on glass slides with Perma Fluor (Immunon). Immunolocalization was observed with a fluorescence microscope using
FITC/rhodamine filters and a Plan-Neofluar 206 and 406 NA
0.75 objective (Axiovert 200 M, Carl Zeiss). The brightness and

We thank Dr. Shigemasa Goto (National hospital organization Chiba
medical center) and Dr. Keita Kimura for helpful aids and critical
comments.

Author Contributions
Conceived and designed the experiments: TA HK. Performed the
experiments: HJ NM MK HK TA. Analyzed the data: TA. Contributed
reagents/materials/analysis tools: TA HJ. Wrote the paper: TA.

References
1. Ellgaard L, Helenius A (2003) Quality control in the endoplasmic reticulum. Nat
Rev Mol Cell Biol 4: 181–191.
2. Pfaffenbach KT, Lee AS (2011) The critical role of GRP78 in physiologic and
pathologic stress. Curr Opin Cell Biol 23: 150–156.
3. Ron D, Walter P (2007) Signal integration in the endoplasmic reticulum
unfolded protein response. Nat Rev Mol Cell Biol 8: 519–529.
4. Roussel BD, Kruppa AJ, Miranda E, Crowther DC, Lomas DA, et al.
(2013)Endoplasmic reticulum dysfunction in neurological disease. Lancet Neurol
12: 105–118.
5. Lewis MJ, Pelham HR (1992) Ligand-induced redistribution of a human KDEL
receptor from the Golgi complex to the endoplasmic reticulum. Cell 68: 353–
364.
6. Orci L, Stamnes M, Ravazzola M, Amherdt M, Perrelet A, et al. (1997)
Bidirectional transport by distinct populations of COPI-coated vesicles. Cell 90:
335–349.
7. Beh CT, Rose MD (1995) Two redundant systems maintain levels of resident
proteins within the yeast endoplasmic reticulum. Proc Natl Acad Sci U S A 92:
9820–9823.
8. Luo S, Mao C, Lee B, Lee AS (2006) GRP78/BiP is required for cell
proliferation and protecting the inner cell mass from apoptosis during early
mouse embryonic development. Mol Cell Biol 26: 5688–5697.

PLOS ONE | www.plosone.org

9. Mimura N, Hamada H, Kashio M, Jin H, Toyama Y, et al. (2007) Aberrant
quality control in the endoplasmic reticulum impairs the biosynthesis of
pulmonary surfactant in mice expressing mutant BiP. Cell Death Differ 14:
1475–1485.
10. Gorbatyuk MS, Gorbatyuk OS (2013) The Molecular Chaperone GRP78/BiP
as a Therapeutic Target for Neurodegenerative Disorders: A Mini Review.
J Genet Syndr Gene Ther 4.
11. Nishitoh H, Kadowaki H, Nagai A, Maruyama T, Yokota T, et al. (2008) ALSlinked mutant SOD1 induces ER stress- and ASK1-dependent motor neuron
death by targeting Derlin-1. Genes Dev 22: 1451–1464.
12. Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, et al. (1994) Motor
neuron degeneration in mice that express a human Cu, Zn superoxide dismutase
mutation. Science 264: 1772–1775.
13. Yamamoto K, Fujii R, Toyofuku Y, Saito T, Koseki H, et al. (2001) The KDEL
receptor mediates a retrieval mechanism that contributes to quality control at
the endoplasmic reticulum. Embo J 20: 3082–3091.
14. Wang P, Li B, Zhou L, Fei E, Wang G (2011) The KDEL receptor induces
autophagy to promote the clearance of neurodegenerative disease-related
proteins. Neuroscience 190: 43–55.

7

November 2014 | Volume 9 | Issue 11 | e112837

Neurodegeneration in Mutant BiP Mice

15. Munro S, Pelham HR (1986) An Hsp70-like protein in the ER: identity with the
78 kd glucose- regulated protein and immunoglobulin heavy chain binding
protein. Cell 46: 291–300.
16. Hammond C, Helenius A (1994) Quality control in the secretory pathway:
retention of a misfolded viral membrane glycoprotein involves cycling between
the ER, intermediate compartment, and Golgi apparatus. J Cell Biol 126: 41–
52.
17. Brown MK, Naidoo N (2012) The endoplasmic reticulum stress response in
aging and age-related diseases. Front Physiol 3: 263.
18. Kimura K, Jin H, Ogawa M, Aoe T (2008) Dysfunction of the ER chaperone
BiP accelerates the renal tubular injury. Biochem Biophys Res Commun 366:
1048–1053.
19. Katayama T, Imaizumi K, Sato N, Miyoshi K, Kudo T, et al. (1999) Presenilin1 mutations downregulate the signalling pathway of the unfolded-protein
response. Nat Cell Biol 1: 479–485.
20. Imai Y, Soda M, Inoue H, Hattori N, Mizuno Y, et al. (2001) An unfolded
putative transmembrane polypeptide, which can lead to endoplasmic reticulum
stress, is a substrate of Parkin. Cell 105: 891–902.
21. Zhao L, Longo-Guess C, Harris BS, Lee JW, Ackerman SL (2005) Protein
accumulation and neurodegeneration in the woozy mutant mouse is caused by
disruption of SIL1, a cochaperone of BiP. Nat Genet 37: 974–979.
22. D’Arcangelo G, Miao GG, Chen SC, Soares HD, Morgan JI, et al. (1995) A
protein related to extracellular matrix proteins deleted in the mouse mutant
reeler. Nature 374: 719–723.

PLOS ONE | www.plosone.org

23. Mimura N, Yuasa S, Soma M, Jin H, Kimura K, et al. (2008) Altered quality
control in the endoplasmic reticulum causes cortical dysplasia in knock-in mice
expressing a mutant BiP. Mol Cell Biol 28: 293–301.
24. Tissir F, Goffinet AM (2003) Reelin and brain development. Nat Rev Neurosci
4: 496–505.
25. Fatemi SH (2005) Reelin glycoprotein: structure, biology and roles in health and
disease. Mol Psychiatry 10: 251–257.
26. D’Arcangelo G, Homayouni R, Keshvara L, Rice DS, Sheldon M, et al. (1999)
Reelin is a ligand for lipoprotein receptors. Neuron 24: 471–479.
27. Beffert U, Weeber EJ, Durudas A, Qiu S, Masiulis I, et al. (2005) Modulation of
synaptic plasticity and memory by Reelin involves differential splicing of the
lipoprotein receptor Apoer2. Neuron 47: 567–579.
28. Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, et al. (2006)
Chemical chaperones reduce ER stress and restore glucose homeostasis in a
mouse model of type 2 diabetes. Science 313: 1137–1140.
29. Dobashi T, Tanabe S, Jin H, Mimura N, Yamamoto T, et al. (2010) BiP, an
endoplasmic reticulum chaperone, modulates the development of morphine
antinociceptive tolerance. J Cell Mol Med 14: 2816–2826.
30. Hamada H, Suzuki M, Yuasa S, Mimura N, Shinozuka N, et al. (2004) Dilated
cardiomyopathy caused by aberrant endoplasmic reticulum quality control in
mutant KDEL receptor transgenic mice. Mol Cell Biol 24: 8007–8017.

8

November 2014 | Volume 9 | Issue 11 | e112837

