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ABSTRACT

Depression is a significant public health concern but its pathology remains unclear. Previously, increases in an endo-
plasmic reticulum (ER) stress-related protein were reported in the temporal cortex of subjects with major depressive
disorder who had died by suicide. This finding suggests an association between depression and ER stress. The present
study was designed to investigate whether acute stress could affect the ER stress response. Mice were immobilized for a
period of 6 hr and then expression of ER stress response-related genes was measured by real-time PCR. We also used
enzyme-linked immunosorbent assay for concomitant measurement of the plasma corticosterone levels in the mice. The
effect of corticosterone on ER stress proteins was further investigated by treating mice with corticosterone for 2 weeks
and then measuring ER protein expression by Western blotting. After a 6 hr restraint stress, mRNA levels of ER
stress-related genes, such as the 78-kilodalton glucose regulated protein (GRP78), the 94-kilodalton glucose regulated
protein (GRP94), and calreticulin, were increased in the cortex, hippocampus, and striatum of mouse brain. Blood
plasma corticosterone level was also increased. In the corticosterone-treated mouse model, the expression of GRP78
and GRP94 was significantly increased in the hippocampus. These results suggest that acute stress may affect ER func-
tion and that ER stress may be involved in the pathogenesis of restraint stress, including the development of depression.

Keywords: Corticosterone, Depression, Endoplasmic Reticulum Stress, Restraint Stress

1. Introduction

Major depression, along with bipolar disorder, has be-
come a common psychiatric disorder in modern society.
About 1% of the population is estimated to be affected
by major depression one or more times during their life-
time [1]. Even though extensive studies have led to a
variety of hypotheses regarding the molecular mecha-
nism underlying depression, the pathogenesis of this dis-
order remains to be fully elucidated.

The endoplasmic reticulum (ER) is the cell organelle
where secretory and membrane proteins are synthesized
and folded. It also functions as a Ca** store and resource
of calcium signals. The disturbance of ER functions
through events such as disruption of Ca®" homeostasis,
inhibition of protein glycosylation or disulfide bond for-
mation, hypoxia and viral or bacterial infection, can re-

sult in the accumulation of unfolded or misfolded pro-
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teins and may trigger stress responses in the cell (ER
stress). To overcome ER stress, an unfolded protein re-
sponse (UPR) is invoked by the activation of several
signaling pathways; this UPR promotes an adaptive re-
sponse to ER stress and reestablishes homeostasis in the
ER [2,3]. Molecular chaperones such as the 78-kilodalton
glucose regulated protein (GRP78) and the 94-kilodalton
glucose regulated protein are induced and promote cor-
rect protein folding. If the damage is too severe to repair,
C/EBP-homologous protein (CHOP) and other factors
are activated and induce cell apoptosis [4]. On the other
hand, if misfolded protein aggregates into insoluble
higher-order structures, it can give rise to various dis-
eases. For example, rhodopsin misfolding causes auto-
somal dominant retinitis pigmentosa [5], while the ac-
cumulation of amyloid B-peptide is associated with Alz-
heimer’s disease [6].
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Some reports have also suggested a relationship be-
tween mental disorder and ER stress. In bipolar disorder
patients, DNA microarray analysis of cell derived from
twins discordant with respect to the disease revealed a
down-regulated expression of genes related to ER stress
responses such as x-box binding protein 1 (XBP1) and
GRP78 [7]. In schizophrenia patients, a similar abnor-
mality of these genes was found [8]. In addition,
mood-stabilizing drugs such as valproate and lithium
have been reported to increase the expression of GRP78,
GRP94, and calreticulin [9]. Similarly, olanzapine, one
of the second-generation “atypical” anti-psychotic drugs,
appears to potentiates neuronal survival and neural stem
cell differentiation by regulation of ER stress response
proteins [10].

A recent study reported that significantly increased
levels of GRP78, GRP94, and calreticulin were found in
the temporal cortex of subjects with major depressive
disorder who had died by suicide compared with control
subjects who had died of other causes [11]. In addition,
hippocampal atrophy [12] and reduction of glial density
in the subgenual prefrontal cortex [13] were found in
patients with major depression. Stress, a risk factor for
depression, has been shown to induce atrophy of the api-
cal dendrites of the hippocampal neurons [14], and to
promote neuronal apoptosis in the cerebral cortex [15] in
animal depression models. These findings suggest that a
stressful situation, which may increase the risk for sui-
cide, serves as an ER stressor. To clarify the relationship
between exogenous stress and ER stress, in the present
study, we investigated the expression of ER stress-related
genes after restraint stress. We also focused on the eleva-
tion of corticosterone in the plasma and used a corticos-
terone-treated depression model to clarify the relation-
ship between chronic corticosterone elevation and ER
stress.

2. Materials and Methods
2.1. Animals

Male 9-week-old ddY mice and male 6-week-old ICR
mice (Japan SLC, Hamamatsu, Japan) were used for all
experiments. Mice were housed at 24 + 2°C under a 12 hr
light-dark cycle (lights on from 8:00 to 20:00) and had ad

libitum access to food and water when not under restraint.

Animals were acclimatized to laboratory conditions be-
fore the experiment. All procedures relating to animal
care and treatment conformed to the animal care guide-
lines of the Animal Experiment Committee of Gifu
Pharmaceutical University. All efforts were made to
minimize both suffering and the number of animal used.

2.2. Restraint Stress
Male 9-week-old ddY mice (Japan SLC) weighing 30-40

Copyright © 2011 SciRes.

g were used for real-time PCR studies. Mice were placed
into 50-mL perforated plastic tubes, which prevented
them from turning in any direction. Each mouse was
maintained in the tube for 6 hr without any access to food
or water.

2.3. Sampling

After this restraint stress, a blood sample was collected
from the tail and the mouse was decapitated. The brain
was quickly removed from the skull, briefly washed in
ice-cold saline, and laid on a cooled (4°C) metal plate,
The brain was rapidly dissected to separate the hippo-
campus, striatum, and cortex and stored at -80°C until
use.

2.4. RNA Isolation

Total RNA was isolated from frozen brain using High
Pure RNA Isolation Kit (Roche, Tokyo, Japan). RNA
concentrations were determined spectrophotometrically
at 260 nm. First-standed cDNA was synthesized in a
20-pl reaction volum using a random primer (Takara,
Shiga, Japan) and Moloney murine leukemia virus re-
verse transcriptase (Invitrogen, Carlsbad, CA, USA).

2.5, Rgai-Time PCR

Real-time PCR (TagMan; Applied Biosystems, Foster
City, CA, USA) was performed as described previously
[16]. Single-standard cDNA was synthesized from total
RNA using a high capacity cDNA archive kit (Applied
Biosystems). Quantitative real-time PCR was performed
using a sequence detection system (ABI PRISM 7900HT;
Applied Biosystems) with a PCR master mix (TaqMan
Universal PCR Master Mix; Applied Biosystems), ac-
cording to the manufacturer’s protocol. A gene expression
product (Assays-on-Demand Gene Expression Product;
Applied Biosystems) was used for measurements of
mRNA expression by real-time PCR. The primers used
for amplification were as follows: GRP78: 5°-GTTTG
CTGAGGAAGACAAAAAGCTC-3’ and 5°-CACTTCC
ATAGAGTTTGCTGATAATTG-3’; CHOP: 5°-GGAG
CTGGAAGCCTGGTATGAGG-3’ and 5°-TCCCTGGT
CAGGCGCTCGATTTCC-3"; GRP94: 5°-CTCACCATT
TGGATCCTGTGTG-3’ and 5’-CACATGACAAGATT
TTACATCAAGA-3”; calreticulin: 5°-GCCAAGGACG
AGCTGTAGAGAG-3" and 5-GGTGAGGGCTGAAG
GAGAATC-3’; ERdj4: 5’-TCTAGAATGGCTACTCCC
CAGTCAATTTTC-3’ and 5>-TCTAGACTACTGTCCT
GAACAGTCAGTG-3’; EDEM: 5-TGGGTTGGAAAG
CAGAGTGGC-3’ and 5’-TCCATTCCTACATGGAGG
TAG-3"; p58IPK 5°-GAGGTTTGTGTTTGGGATGCAG-
3’ and 5’-GCTCTTCAGCTGACTCAATCAG-3"; ASNS:
5’-AGGTTGATGATGCAATGATGG-3’ ‘and 5°-TCCC
CTATCTACCCACAGTCC-3’; B-actin: 5>-TCCTCCCT
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GGAGAAGAGCTAC-3’ and 5’-TCCTGCTTGCTGAT
CCACAT-3" The thermal cycler conditions were as fol-
lows: 2 min at 50°C and then 10 min at 95°C, followed
by two-step PCR for 50 cycles consisting of 95°C for 15s
followed by 60°C for 1 min. For each PCR measurement,
we checked the slope value, R? value, and linear range of
a standard curve of serial dilutions. All reactions were
performed in duplicate. The results were expressed rela-
tive to a B-actin internal control.

2.6. Measurement of Plasma Corticosterone

Plasma was obtained as described previously [17] and
the concentration of corticosterone was determined via a
corticosterone EIA kit (Assay Designs, Inc., Ann Arbor,
MI, USA) according to the manufacturer’s protocol.

2.7. Chronic Corticosterone Treatment

Male 6-week-old ICR mice (Japan SLC) weighing 20-25
g were used for chronic oral corticosterone exposure as
described in a previous report [18]. Briefly, corticoster-
one (25 pg/mL free base; 4-pregnen-11p 21-DIOL-3
20-DIONE 21-hemisuccinate; Steraloids, Inc., RI, USA)
was add to tap water and the pH was brought to 12-13
with 10 N NaOH (Kishidai Chemical, Osaka, Japan),
followed by stirring at 4°C until dissolved (3 to 7 hr).
Following dissolution, the pH was brought to 7.0-7.4
with 10 N HCl (Wako, Osaka, Japan). Group-housed
ICR mice were presented with this corticosterone solu-
tion in place of normal drinking water for 14 days, re-
sulting in a dose of approximately 8.7 mg/kg/day (p.0).
Animals were weaned with 3 days of 12.5 pg/mL, and
then 3 days with 6.25 pg/mL, to allow for gradual recov-
ery of endogenous corticosterone secretion.

2.8. Western Blot Analysis

At 35 days, each mouse was decapitated and its brain
was quickly removed from the skull, briefly washed in
ice-cold saline, and laid on a cooled (4°C) metal plate.
The brain was rapidly dissected to separate the hippo-
campus and stored at -80°C until use. Brain samples were
homogenized in 10 mL/g tissue ice-cold lysis buffer [50
mM Tris-HCl (pH 8.0) containing 159 mM NaCl, 50 mM
EDTA, 1% Triton X-100, and protease/phosphatase in-
hibitor mixture] using a homogenizer (Physcotron; Mi-
crotec Co. Ltd., Chiba, Japan). Lysates were centrifuged
at 12,000xg for 15 min at 4°C. Supernatants were col-
lected and boiled for 5 min in SDS sample buffer (Wako).
Equal amounts of protein were subjected to 10% SDS-
PAGE gradient gel and then transferred to poly (vi-
nylidene difluoride) membranes (Immobilon-P; Millipore,
MA, USA). After blocking with Block Ace (Snow Brand
Milk Products Co. Ltd., Tokyo, Japan) for 30 min, the
membranes were incubated with primary antibody. The
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primary antibodies used were as follows: mouse anti-BiP
antibody (BD Bioscience, CA, USA) for GRP78, mouse
anti-KDEL antibody (Stressgen Bioreagents Limited
Partnership, B.C., Canada) for GRP94, and mouse anti-
actin antibody (Sigma-Aldrich, St. Louis, MO, USA).
Subsequently, the membrane was incubated with the
secondary antibody [goat anti-mouse (Pierce Biotech-
nology, IL, USA)]. The immunoreactive bands were
visualized using Super Signal West Femto Maximum
Sensitivity Substrate (Pierce Biotechnology) and then
measured using LAS-4000 mini (Fyjifilm, Tokyo, Ja-
pan).

2.9, Statistical Analysis

Statistical comparisons were made by Student’s #-test
using Statview version 5.0 (SAS Institute Inc., NC, USA),
with p < 0.05 being considered statistically significant.

3. Results and Discussion

Real-time PCR was carried out to investigate whether the
expression of ER stress response-related genes in the
brain was changed by 6-hr restraint stress. In this study,
we investigated the expression of GRP94, carleticulin,
ER degradation-enhancing a-mannosidase-like protein
(EDEM), protein kinase inhibitor of 58 kDa (p587%),
asparagines synthetase (ASNS), GRP78, ER-localized
Dnal 4 (ERdj4), and C/EBP homologous protein (CHOP).
The expression of GRP78, GRP94, and calreticulin
mRNA was significantly increased in the hippocampus,
striatum, and cortex (Figure 1). In addition, there was
significantly increased expression of p58" mRNA in the
cortex, but not in the hippocampus or striatum.

We next investigated whether restraint stress affected
the plasma concentrations of corticosterone, as previ-
ously reported. Immediately following the 6-hr restraint
stress, significantly higher plasma corticosterone concen-
trations were found in stressed mice compared to un-
stressed mice. Seven days after the restraint stress, the
plasma corticosterone recovered to the normal control
level (Figure 2). ‘

To clarify the mechanism of ER stress-related mRNA
elevation, we artificially elevated the plasma concentra-
tions of corticosterone in mice for 2 weeks and then
measured the levels of ER stress-related proteins. In the
corticosterone-treated animal model, the expression of
GRP78 and GRP94 in the hippocampus was significantly
increased compared to control levels (Figure 3).

Restraint stress is used widely to induce stress re-
sponses in animals, and it is known that a number of
stresses, including restraint stress, can cause depression
in animals. In the present study, we found that several
ER stress-related genes were increased in the mouse
hippocampus, striatum, and cortex after restraint stress.
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Figure 1. The expression mRNA of ER stress-related factors
in the mouse brain after 6 hr restraint-stress. Mice were
immobilized for 6 hr in a 50-mL perforated plastic tube.
White and black bars represent the control group and the
restraint group, respectively. Immediately after restraint,
mice were killed and real-time PCR was performed on
brain tissues from the (a) hippocampus, (b) striatum, and (c)
cortex. Data represent means and S.EM., n=3to 5. *p <
0.05, **p < 0.01 vs. control group. GRP94: the 94-kilodalton
glucose regulated protein, EDEM: ER degradation-enhancing
a~mannosidase-like protein, pS8IPK: protein Kkinase inhibi-
tor of 58 kilodalton, ASNS: asparagines synthetase, GRP78:
the 78-kilodalton glucose regulated protein, ERdj4: ER-
localized DnaJ 4, CHOP: C/EBP-homologous protein.

The significant increases in expression of GRP78,
GRP9%4, and calreticulin agreed with the findings of a
previous report of changes in the temporal cortex of sub-
jects with major depression who died by suicide [11].
However, no study has yet specifically investigated ex-
pression changes of these genes in the hippocampus or
the striatum in subjects with depression.
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Figure 2. The effect of 6 hr restraint stress on the concen-
tration of corticosterone in mouse plasma. Mice were im-
mobilized for 6 hr. Immediately after restraint and 7 days
later, blood samples were collected and concentration of
plasma corticosterone was measured by ELISA. Restraint
stress significantly increased the concentration of corticos-
terone in plasma. The corticosterone levels decreased to the
normal control levels 7 days after restraint stress. Data
represent means and S.E.M., n = 7. *p < 0.05 vs, control
group.

GRP78, otherwise known as BiP, is one of the best-
characterized ER chaperone proteins and is regarded as a
classical marker of UPR activation. Overexpression of
GRP78 has been reported to inhibit the upregulation of

- CHOP, which plays a key role in regulating cell growth

and which has been implicated in apoptosis [19,20].
GRP94 and calreticulin are also ER chaperone proteins
and show protective effects against ER stress [21]. The
increase in these chaperones after restraint stress (Figure
1) may represent an attempt to oppose the toxic effect of
prolonged stress and the high concentrations of glucocor-
ticoid, such as corticosterone, on the brain. Dysregulation
of the hypothalamic-pituitary-adrenal (HPA) axis, which
controls glucocorticoid levels, has been reported in most
depression patients and glucocorticoid level of depres-
sion patients was higher than those of normal ones
[22-24]. In the mice in the present study, 6-hr restraint
stress elevated the concentration of corticosterone in
plasma, suggesting that restraint stress induced a re-
sponse similar to depression,

Recently, corticosterone has been reported to exert
immunostimulatory effects on macrophages via induction
of ER stress [25]. Following corticosterone treatment, the
glucocorticoid receptor (GR) binds onto B-cell lym-
phoma 2 (Bcl-2), a protein that affects cytochrome C and
calcium release from mitochondria. Subsequently, this
GR/Bcl-2 complex moves into mitochondria and regu-
lates mitochondrial functions in an inverted “U”-shaped
manner—i.e., a high dose treatment with corticosterone
decreased levels of GRs and Bcl-2 in mitochondria and
intracellular calcium was increased [26,27]. Substances
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Figure 3. The expression of GRP78 and GRP94 in the hip-
pocampus in a mouse model of chronic corticosterone in-
duced depression. (a) Representative band images show
immunoreactivities against GRP94, GRP78, and B-actin. (b)
GRP78 expression was significantly increased by corticos-
terone exposure. (c) GRP94 expression was also increased
by corticosterone exposure. Data represent means and
S.E.M., n =5 or 6. *p < 0.05 vs. control group.

Corticosterone

that deplete the ER Ca®" stores, such as thapsigargin, are
widely used an ER stressors. Therefore, elevation of Ca*
via GR may be sufficient for control of ER stress re-
sponses. In the present study, the restraint stress induced
the expressions of only GRP78, GRP94, and calreticulin,
but not other ER proteins. GRP78, GRP94, and cal-
reticulin function as Ca®** binding proteins [28]. Under
the high concentration of corticosterone, the intracellular
Ca?" level might be higher, therefore, the expressions of
GRP78, GRP94, and calreticulin might be increased.
Intracerebroventricular administration of thapsigargin
has been reported to produce a depressant-like behavior
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[29]. A 14-days corticosterone treatment has also shown
to induce depression symptoms in mice [18]. We used
this animal model to investigate the effect of chronic
elevation of corticosterone on ER stress responses in
brain. As expected, significant increases in GRP78 and
GRP94 proteins were observed in the hippocampus (Fig-
ure 3). The increase of GRP78 was consistent with the
result of a previous report [30]. On the other hand, no
change in these proteins was observed in the cortex (data
not shown). Mineralocorticoid receptor (MR) and GR,
which are the targets of corticosterone, are known to be
well expressed in the hippocampus [31,32]. These reports,
together with our findings, indicate that the hippocampus
may be more sensitive to corticosterone exposure than
are other brain regions. Many reports have referred to
hippocampal atrophy in patients with depression [12,14].
In the cortex, it had been reported that chronic stress in-
creased the caspase-3 positive neurons, in other words,
exogenous stress was contributing to the cell apoptosis
[15]. In our study, corticosterone exposure was per-
formed for 2 weeks, but, in fact, long-term cortisol eleva-
tion has been observed in most depression patients. More
extended corticosterone treatment may affect the expres-
sion of ER stress proteins in the cortex.

Recently, many experiments have focused on the rela-
tionship between depression and neurogenesis. Interest-
ingly, ER stress also affects adult neurogenesis in the
brain [33]. Brain-derived neurotrophic factor (BDNF),
which promotes neurogenesis, is also known to inhibit
neuronal cell death induced by ER stress [34]. These
reports may also point to an involvement of ER stress in
depression.

4. Conclusions

Restraint stress, which may contribute to depression in
mice, may up-regulate the ER stress response via corti-
costerone elevation. This suggests the possibility of an
ER stress involvement in the pathogenesis of stress-related
depression disorders.
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Abstract The COL2A1 gene encodes the a1(II) chain of
- the homotrimeric type II collagen, the most abundant
protein in cartilage. In humans, COL2A] mutations create
many clinical phenotypes collectively termed type II col-
lagenopathies; however, the genetic basis of the phenotypic
diversity is not well elucidated. Therefore, animal models
corresponding to multiple type II collagenopathies are
required. In this study we identified a novel Col2al mis-
sense mutation—c.44406A>C (p.D1469A)—produced by
large-scale N-ethyl-N-nitrosourea (ENU) mutagenesis in a
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mouse line. This mutation was located in the C-propeptide
coding region of Col2al and in the positions corresponding
to a human COL2A 1 mutation responsible for platyspondy-
lic lethal skeletal dysplasia, Torrance type (PLSD-T). The
phenotype was inherited as a semidominant trait. The
heterozygotes were mildly but significantly smaller than
wild-type mice. The homozygotes exhibited lethal skeletal
dysplasias, including extremely short limbs, severe spondy-
lar dysplasia, severe pelvic hypoplasia, and brachydactyly.
As expected, these skeletal defects in the homozygotes were
similar to those in PLSD-T patients. The secretion of the
mutant proteins into the extracellular space was disrupted,
accompanied by abnormally expanded rough endoplasmic
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reticulum (ER) and upregulation of ER stress-related
genes, such as Grp94 and Chop, in chondrocytes. These
findings suggested that the accumulation of mutant type II
collagen in the ER and subsequent induction of ER stress
are involved, at least in part in the PLSD-T-like pheno-
types of the mutants. This mutant should serve as a good
model for studying PLSD-T pathogenesis and the mech-
anisms that create the great diversity of type II
collagenopathies.

Introduction

Type 1I collagen is the most abundant protein in cartilage
and, along with other tissue-specific collagens and prote-
oglycans, provides structural integrity to tissue (Myllyharju
and Kivirikko 2004; Olsen 1995). This fibrillar collagen is
a homotrimer composed of three collagen «1(Il) chains
containing segments with a characteristic Gly-X-Y repeat
sequence that forms a triple-helical structure. As with other
fibrillar collagen chains, these chains are synthesized as
procollagen, which contains noncollagenous domains at
both the N- and C-termini. The C-terminal noncollagenous
domain, termed C-propeptide, is essential for triple-helical
formation (Doege and Fessler 1986; Khoshnoodi et al.
2006). After being secreted into the extracellular space, the
noncollagenous domains of both ends are cleaved by spe-
cific proteinases.

COL2A1 encodes the collagen ol(II) chain, and in
humans, heterozygous mutations in this gene lead to many
clinical phenotypes collectively termed type II collagen-
opathies (Kuivaniemi et al. 1997; Nishimura et al. 2005).
Most COL2A 1 mutations have been identified in the coding
region of the triple-helical domain. Truncation mutations in
this region produce Sticker dysplasia type-I (STD-I) or
Kniest dysplasia (KND) (Ahmad et al. 1991; Winterpacht
et al. 1993), and missense mutations cause a spectrum of
spondyloepiphyseal dysplasia (SED) or hypochondrogen-
esis (HCG) (Korkko et al. 2000; Nishimura et al. 2005).
Mutations in the C-propeptide coding region are not
common and produce variable clinical phenotypes such as
platyspondylic lethal skeletal dysplasia, Torrance type
(PLSD-T) (Nishimura et al. 2004; Zankl et al. 2005),
spondyloperipheral dysplasia (SPPD) (Zabel et al. 1996),
SED congenital (SEDC) (Unger et al. 2001), and HCG
(Mortier et al. 2000).

The disproportionate micromelia (Dmm) mouse, gener-
ated by radiation-induced mutagenesis, is the only known
example of an animal model possessing endogenous
mutations in the C-propeptide coding region of Col2al
(Brown et al. 1981; Pace et al. 1997). A 3-bp deletion,
- substituting Lys and Thr with Asn (p.K1448_T1449de-
linsN), was identified in this mutant (Pace et al. 1997). The
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homozygotes have severe skeletal dysplasia and die at birth
because of thoracic insufficiency. The heterozygotes
appear normal at birth, exhibit only a mild dwarfism
beginning at 1 week of age, and develop early-onset
osteoarthritis (OA) that becomes conspicuous at 3 months
of age (Bomsta et al. 2006). To understand at the molecular
level the phenotypic diversity of type II collagenopathies
with C-propeptide mutations, additional animal models
corresponding to PLSD-T, SPPD, SEDC, and HGG phe-
notypes are required. '

In this study we identified a novel Col2al mouse mutant
carrying a missense mutation in the C-propeptide coding
region that was produced by a large-scale N-ethyl-N-nitro-
sourea (ENU) mutagenesis program (Inoue et al. 2004;
Masuya et al. 2005a, b, 2007). The amino acid residue
resulting from this mutation corresponded to that of human
COL2A1 mutations responsible for PLSD-T. As expected,
the skeletal defects of the homozygous mice were similar to
those of PLSD-T patients. This mouse will be a good tool for
studying PLSD-T pathogenesis and the mechanisms that
create the great diversity of type II collagenopathies.

Materials and methods

ENU mutagenesis, inheritance testing, and gene
mapping

The method for mouse ENU mutagenesis is available at
http://www.brc_riken.go_jp/lab/gsc/mouse/ and in previous
réports (Inoue et al. 2004; Masuya et al. 2005a, b, 2007).
C57BL/6J and DBA/2J mice were purchased from CLEA
Japan (Tokyo, Japan). C57BL/6J males administered ENU
(total dosage of 150-250 mg/kg) were crossed to DBA/2J
females. The resultant F1 hybrids (G1 animals) were sub-
jected to screening for various phenotypes at 8 weeks of
age. Examination of adult limb phenotype was performed
as a subtest of the modified-SHIRPA protocol, a compre-
hensive package of screens for morphological and behav-
ioral phenotypes (Masuya et al. 2005a). A complete list of
the subtests is available at the above website. M100856
mouse lines were crossed with wild-type DBA/2J mice to
test for phenotype transmission and for genetic mapping of
the causative genes. Genomic DNA was prepared from the
tail tips of the G2 progeny using the NA-2000 automatic
nucleic acid isolation system (KURABO, Osaka, Japan).
We used the db-SNP website (http=//www.ncbi.nlm.nih.
gov/entrez/query.fcgi?db=snp) for single nucleotide poly-
morphisms (SNPs) and the microsatellite markers listed on
the MGI website (http://www.informatics.jax.org/) for
simple sequence length polymorphisms. Polymorphic loci
were examined using TagMan MGB assays on the ABI
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7700 and ABI 7900 Sequence Detection Systems (Applied
Biosystems, Foster City, CA, USA).

Mutation screening and genotyping

We searched for Col2al mutations using cDNAs derived
from M100856 lines. We amplified by PCR seven over-
lapping ¢DNA fragments that cover the entire coding
region and sequenced the PCR products with an ABI 3700
automated sequencer (Applied Biosystems). PCR condi-
tions and primer sequences are available upon request. For
the mutation numbering, +1 corresponds to the A of the
ATG translation initiation codon in mouse Col2al NCBI
reference sequence NM_031163.3. Genotyping of the
identified mutant allele Col2a]®6****® was performed by
sequencing the PCR products amplified with the following
primer pair: 5'-AAGTTCTAGCAAGCCACCCA-3’ and
5'-AGGACGGTTGGGTATCATCA-3'.

Skeletal analysis

Embryos were eviscerated and fixed in 99% EtOH for
4 days. Alcian blue staining was performed in a solution of
80% EtOH, 20% acetic acid, and 0.015% Alcian blue for
4 days at 37°C. Specimens were rinsed and soaked in 95%
EtOH for 3 days. Alizarin red staining was then performed
in a solution of 0.002% alizarin red and 1% KOH for 12 h
at room temperature. After rinsing with water, specimens
were kept in 1% KOH solution until the skeletons became
clearly visible. For storage, specimens were transferred
“into 50, 80, and finally 100% glycerol.

Histological and immunohistochemical analysis

For histological analysis of mouse embryos, limbs were
fixed in 4% paraformaldehyde (PFA) and decalcified in
10% EDTA for a week at 4°C. Hematoxylin & eosin (HE)
and toluidine blue staining were performed using 6-pm
paraffin sections according to standard protocols. For
immunohistochemistry, paraffin sections were incubated
with rabbit anti-type II collagen (Acris Antibodies, Hid-
denhausen, Germany) or mouse anti-KDEL (MBL,
Nagoya, Japan) antibodies. Primary antibodies were visu-
alized with Alexa-conjugated goat anti-rabbit IgG
(Molecular Probes®, Invitrogen, Carlsbad, CA, USA) and
fluorescein-conjugated goat anti-mouse IgG antibodies
(ICN Pharmaceuticals, Aliso Viejo, CA, USA). Stained
cells were viewed using a fluorescence microscope or a
confocal microscope (FV1000D; Olympus, Tokyo, Japan).
To examine whether Col2al®¢**5°® heterozygotes develop
early-onset OA, knee and elbow joint samples from mice at
10 months of age were dissected,” fixed in 4% PFA for
24 h, and defatted in alcohol. Then the samples were

decalcified in 0.3 M EDTA (pH 7.5) for 10 days. Safranin
O staining was performed using 4.5-pm paraffin sections.
The severity of the OA lesion was evaluated using the
modified Mankin scoring system, as described previously
(Mankin et al. 1971; van der Sluijs et al. 1992).

Electron microscope analysis

Limbs were fixed in 0.1 M. sodium cacodylate buffer with
2.5% glutaraldehyde, decalcified in a 10% EDTA-Na,
solution, and postfixed in 2% osmium tetroxide. After
dehydration, they were embedded in EPON812. Semithin
sections were stained with 1% toluidine blue to allow the
selection of suitable areas for transmission electron
microscopy. Ultrathin sections were stained with uranyl
acetate and lead citrate. Visualization was performed using
a Hitachi 7100 electron microscope (Hitachi, Tokyo,
.[apan) operated at 80 kV.

RT-PCR analysis

Total RNA was extracted from rib cartilages at embryonic
day (E) 18.5 using ISOGEN (Nippongene, Tokyo, Japan).
Equal amounts of total RNA were reverse-transcribed into
c¢DNA using TagMan Multiscribe Reverse Transcriptase
(Applied Biosystems). Each reverse transcription reaction
(1 pl) was used as a template for SYBR® Green real-time
PCR (Qiagen, Valencia, CA, USA). The following primers
were used for amplification: 5-TGAAGCTGCAGTA
GAGGAGG-3’ and 5-GGATATAAGCCATGGGGTC
A-3' for Grp94; 5'-GAGTCCCTGCCTTTCACCTT-3' and
5'-CTGTCAGCCAAGCTAGGGAC-3' for Chop; and 5'-A
ACTGGGACGACATGGAGAA-3' and 5'-GGGGTGTTG
AAGGTCTAAA-3’ for Actb. SYBR Green PCR and real-
time fluorescence detection were performed using an
ABI PRISM 7700 Sequence Detection System (Applied
Biosystems).

Results

Identification of a novel Col2al mutation located
in the C-propeptide coding region

ENU is a highly potent chemical mutagen that randomly
induces multiple single-base-pair changes in genomic DNA
at a very high efficiency (approximately 1 x 10~ per
locus per gamete) (Hitotsumachi et al. 1985; Nolan et al.
1997). We screened 10,236 G1 mice (generated from
crosses of ENU-mutagenized males and wild-type female
mice) for abnormal skeletal phenotypes, especially focus-
ing on the limb length transmitted as a dominant trait. We
found one mutant line, termed M100856, that exhibits a
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Fig. 1 Identification of a novel missense mutation in Col2al in mice
mutagenized with ENU. a Gross appearance of femurs from wild-type
and M100856 mice at E18.5. b Length of femurs from wild-type and
M100856 mice at E18.5. Data are expressed as the mean + SD
(n = 5). The p value was determined using Student’s -test. The same
result was obtained from the independent experiment conducted using
E19.5 embryos. ¢ cDNA sequence chromatograms from wild-type

short-limb phenotype (posted at http://www.brc.riken.go.
Jjp/lab/gsc/mouse/) (Fig. 1a, b).

Linkage analysis using the 103 backcross progeny
showed that the M100856 locus was localized to a 2.9-cM
region on chromosome 15 (Electronic Supplementary
Fig. 1). We checked the functions of all genes located in
the linkage region and found two genes that have important
functions in skeletogenesis, i.e., Col2al and Vdr. Because
previously reported heterozygous Col2al mutant mice
exhibited very mild skeletal phenotypes similar to
M100856 mouse (Brown et al. 1981; Donahue et al. 2003;
Li et al. 1995), we chose Col2al as the most likely can-
didate gene. Sequencing of Col2al cDNA derived from
M100856 mutant mouse identified a missense mutation—
¢.4406A>C—which is predicted to cause an Asp-to-Ala
substitution at position 1469 (p.D1469A) (Fig. 1c). The
mutation was located in the coding region of the C-pro-
peptide. This Asp residue was strongly conserved
throughout various species (Fig. 1d). Interestingly, the Asp
residue corresponding to mouse D1469 was substituted in
the human COL2A1 mutation responsible for PLSD-T, i.e.,
p.D1469H (Zankl et al. 2005). The mutation was also
confirmed by sequencing of genomic DNA and was not
found in ten inbred mouse strains. No other alterations in
the Col2al coding region were found. We designated this
novel Col2al mutant allele found in the M100856 line as
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Fr wild-type M100856
M100856 ITDIAPMATGGAEQEF
mouse TIDIAPMOTGGAEQEF
rat IVOIAPMDI GGPDQEF
dog TIDIAPMDIGGPEQEF
human TIDIAPMBIGGPEQEF
chimpanzee 11DIAPMDIGGPEQEF
chicken TIDTAPMDIGGADQEF
fish IMDIAPMDIGGADQEF
Xenopus IVDIAPMDIGGADQEF

mice, M100856 heterozygotes, and MI100856 homozygotes. The
location of the mutation is indicated by the orange arrowhead.
d Comparison of the amino acid sequences around the D1469 residue
in various species. Amino acid residues identical to mouse type 1I
collagen are represented by blue letters and those not identical by red
letters. The location of D1469 is indicated by orange shading. D1469
is highly conserved

Col2a1®*%%°, The sequence chromatograms of the cDNA
from Col2a1®¢**3% heterozygotes showed no difference in
expression levels between wild-type and mutant alleles
(Fig. 1c). We sequenced all the coding exons and the
flanking regions of the other candidate gene, Vdr, which
encodes vitamin D receptor, in M100856 mutants but we
did not find any mutations.

Skeletal and histological features of Col2a]®8%5%6
mutants

Col2a1%#5°8% heterozygotes were mildly but significantly
smaller than wild-type mice at E18.5 (Figs. la, b and 2).
The limbs were disproportionately short (Fig. 2¢c), and the
vertebral bodies were slightly hypoplastic (Fig. 2d). We
generated Col2al™8*®*® homozygotes by crossing the
heterozygotes. The homozygotes died at birth, exhibiting
severe dwarfism with shortened limbs and a shortened
snout (Fig. 2a, b). The skeletal specimens also showed a
severe skeletal dysplasia, including extremely shortened
limbs (Fig. 2c), severe spondylar dysplasia (Fig. 2d),
severe pelvic hypoplasia (Fig.2e), and brachydactyly
(Fig. 2f). These defective skeletal features of the homo-
zygotes are similar to those observed in PLSD-T patients.

To understand the pathogenic basis for the skeletal
dysplasia phenotype, we investigated the histology of the



