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Constitutive PS1 expression inhibits myogenic differentiation

Notch is activated by the binding of its ligands, and activated Notch
is then cleaved by y-secretase to release the Notch ICD, a central
step in Notch signalling. Although y-secretase activity is dependent
on PS1 function, several studies have reported that overexpression
of PS1 alone does not enhance y-secretase activity, unless in
conjunction with nicastrin, Aph-la and Pen-2 (reviewed by De
Strooper, 2003; Parks and Curtis, 2007; Vetrivel et al., 2006). To
investigate the effect of constitutive PS1 expression on satellite cell
function, mouse PS7 ¢cDNA was cloned to generate pMSCV-PSI-
IRES-GFP or pCMV-PSI-V5. pMSCV-PSI-IRES-GFP was
transfected into satellite-cell-derived myoblasts, with eGFP from
the IRES-eGFP allowing transfected cells to be readily identified
(transfection efficiency was >30% for both vectors). Constitutive
PS1 expression led to fewer eGFP* cells containing MyHC (8%)
(Fig. 3A and quantified in 3D) or MyoD" (62%) (Fig. 3B and
quantified in 3E) compared with cells transfected with control empty
pMSCV-IRES-GFP. Constitutive expression of PS1 also

significantly increased the number of eGFP" cells expressing Pax7
by approximately fourfold over parallel cultures transfected with
control siRNA (Fig. 3C and quantified in 3F).

To confirm that transfection of PS1 does not act by increasing
Y-secretase activity, constitutive PS1 expression was also examined
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in the presence of DAPT, which is a specific pharmacological
inhibitor of y-secretase activity (Lammich et al., 2002). Importantly,
the effects of PS1 on increasing the number of eGFP* satellite-cell-
derived myoblasts containing Pax7 protein, was not significantly
altered when y-secretase activity was inhibited (Fig. 3F). Because
inhibition of y-secretase normally results in a decrease in Pax7
expression, these observations indicate that PS1 is exerting its effect
through a mechanism that is independent of ‘y-secretase activity.
Taken together, these results clearly demonstrate that myogenic
differentiation was suppressed by overexpression of PS1, but the
number of cells expressing Pax7 significantly rose, via a mechanism
independent of y-secretase activity.

PS1 negatively regulates expression of MyoD through a
y-secretase-independent mechanism

To perform detailed biochemical analysis, we also used the
immortalised adult post-injury-derived C2 cell line (Yaffe and Saxel,
1977). Immunocytochemistry showed that PS1 was expressed in
proliferating C2C12 myoblasts (data not shown), as observed in
primary satellite-cell-derived myoblasts (Fig. 1). Both siRNAs
targeting PS1 effectively reduced PS1 protein levels 48 hours after
transfection in C2C12 cells (Fig. 4A) and enhanced myogenic
differentiation after 72 hours in differentiation medium (DM), with

Fig. 3. Constitutive PS1 expression leads to suppression of
myogenic differentiation and augmentation of Pax7
expression. The effects of PS1 on satellite cell function were
examined by constitutively expressing PS1 using expression
vectors. (A,B) Primary satellite-cell-derived myoblasts were
transfected with either control pMSCV-IRES-GFP (Cont) or
pMSCV-PSI-IRES-GFP (PS1) vectors and, 48 hours later,
immunostained for eGFP (to identify transfected cells) and
either MyHC (A) or MyoD (B) (arrowheads indicate
GFP*MyoD™ cells in PS1-vector-transfected cells).

(D,E) Constitutive PS1 expression significantly reduced the
percentage of transfected cells that co-expressed either
MyHC (D), or MyoD (E). (C,F) Constitutive PS1 expression
also increased the percentage of satellite-cell-derived
myoblasts expressing Pax7. (F) Although exposure of
control pMSCV-IRES-GFP-transfected cells to 1 pM DAPT
reduced the percentage of Pax7-expressing cells, DAPT
inhibition of y-secretase did not prevent the significant
increase of Pax7 in transfected cells containing pMSCV-PSI-
IRES-GFP vector. Data from at least three independent
experiments is shown = s.d. Asterisks in D-F indicate that
data are significantly different from control values (£<0.05).
PS1 Scale bars: 100 um (A) and 30 pm (B,C).
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larger multinucleated myotubes formed than in control cultures (Fig.
4B). Even when maintained in growth medium (GM), transfection
with either of the PS/ siRNA species resulted in an induction of
MyHC expression (Fig. 4B), though crucially, treatment with
DAPT alone, to inhibit y-secretase activity, did not result in MyHC
expression (Fig. 4B). Immunblot analysis of C2C12 cells transfected
with PST siRNAs also revealed a lower expression of Pax7 with
both duplexes than with control siRNA (Fig. 4D).

Transfection of pMSCV-PSI-IRES-GFP into C2C12 myoblasts
resulted in high levels of PS1 and GFP protein in >70% of cells
(Fig. 4E), allowing us to perform western blot analysis. As with
primary satellite-cell-derived myoblasts, transfection with pMSCV-
PSI-IRES-GFP resulted in a marked suppression of MyHC
expression compared with control (Fig. 4F). Again, constitutive PS1
expression-mediated inhibition of differentiation was not influenced
by the presence of DAPT to inhibit y-secretase activity (Fig. 4G
and quantified in 4H). Importantly, immunoblot analysis for Notch1
ICD, Notch2 ICD and Hesl showed that the already-active Notch
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signalling in proliferating myoblasts was not further augmented by
constitutive PS1 expression (Fig. 4I). Interestingly, expression of
MyoD was downregulated by constitutive expression of PS1 in
proliferating myoblasts, but expression of Pax7 was not affected
(Fig. 41). To check whether MyoD downregulation was influenced
by -secretase activity, we transfected C2C12 myoblasts with

pCMV-V5-tagged PS1 in the presence of DAPT to inhibit y-secretase

PS

activity, and found that MyoD levels still decreased significantly
(Fig. 4J and quantified in 4K).

Myogenic differentiation in PS7-null cells is independent of
v-secretase activity

Mice homozygous for null alleles of PS/ die late in embryogenesis
(Shen et al., 1997; Wong et al., 1997), precluding examination of
satellite cells. To model myogenesis in PS/-null cells therefore, we
used ectopic MyoD expression to initiate myogenic conversion in
MEFs (Skapek et al., 1996). Immunostaining revealed robust
expression of PS1 in control wild-type (WT) MEFs but not PSI~~
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Fig. 4. PS1 negatively regulates MyoD expression in a y-secretase-independent mechanism. In order to obtain sufficient material for biochemical analysis, we also
used the adult mouse muscle-derived C2C12 myogenic cell line. (A) Immunoblot analysis showed that proliferating C2C12 cells expressed PS1, and that the
siRNA-targeting PS1 (PS1si-1 and PS1si-2) was effective at reducing PS1 protein levels. (B) As with primary myoblasts, exposure of C2C12 myoblasts to siRNA
against PS1 promoted myogenic differentiation, as shown by immunostaining for MyHC, in both growth (GM) and differentiation medium (DM) (quantified in C
for DM). Importantly, treatment with DAPT in GM for 3 days to inhibit y-secretase activity did not reproduce the effects of PS1 knockdown, being unable to
induce expression of MyHC in C2C12 cells. (D) Immunblot analysis of siRNA-transfected C2C12 cells cultured in GM or DM for 3 days after transfection
confirmed increased MyHC expression. Importantly, Pax7 levels were significantly reduced by PS1 knockdown under both culture conditions. (E-I) PS1 was also
constitutively expressed in C2C12 myoblasts by transient transfection with PS1-expression vector (pMSCV-PSI-IRES-GFP). (F) Immunocytochemical analysis for
MyHC revealed that myogenic differentiation was again inhibited. (G) Immunoblot analysis of transfected C2C12 cells constitutively expressing PS1, illustrating
that inhibiting y-secretase activity by exposure to 1 pM DAPT for 2.5 days did not alter the marked reduction in MyHC levels (quantified in H). () Immunoblot
analysis demonstrated that constitutive PS1 expression in C2C12 cells cultured in GM for 24 hours after transfection did not affect the levels of Notchl ICD,
Notch2 ICD or Hesl, but that MyoD was significantly reduced, compared to the tubulin protein loading control. (J) Similar results were obtained using a V5-tagged
PS1 expression vector transfected into C2C12 cells. Immunostaining showed that MyoD expression was reduced to a similar degree, with or without exposure to
1M DAPT to inhibit y-secretase activity (quantified in K). Data from at least three independent experiments is shown + s.d. Asterisks in C, H and K indicate that
data are significantly different from control values (P<0.05). Scale bars: 100 um (B), 20 pm (E), 30 um (F) and 10 um (J).
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MEFs (Fig. 5A). y-secretase activity was significant lower in PS1™~
MEFs than in control WT MEFs, as assessed using a y-secretase
activity detection kit (data not shown).

Transient transfection with a MyoD expression vector resulted
in robust MyoD expression in both WT and PS7~~ MEFs (Fig. 5B).
Myogenic differentiation in vitro is suppressed by culture in
medium containing high levels of serum (Kodaira et al., 2006), and
we observed no signs of myogenic differentiation in WT MEFs
maintained in 10% FBS for 5 days after transfection with MyoD
(Fig. 5C,D). By contrast, robust MyHC expression and formation
of multinucleated myotubes occurred in MyoD-transfected PS/~~
MEFs maintained under identical high-serum conditions (Fig.
5C,D). Under low-serum (2% FBS) conditions, MyoD-transfected
PSI7~MEFs also had higher MyHC levels than control-transfected
WT MEFs (data not shown). We next investigated whether this
MyoD-induced myogenesis in PSI~~ MEFs could be ‘rescued’ by

B c

MyoD S MHC

{~actin MR acii) W
WT-MEFs  PS1-MEFs i 53
— " < =z 3
ey SRR é % é §
A ‘ : 7

DMSO DAPT 1-685,458

PS1-/- MEF-MyoD
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Fig. 5. Induced myogenic differentiation of PS1”~ MEFs is independent of
y-secretase activity. PSI”~ mice die during embryogenesis and so, to examine
myogenesis, we used MyoD-transfected MEFs. (A) Immunostaining revealed
that PS1 is expressed by WT MEFs, but is absent from 2S/~~ MEFs.

(B,C) Immunoblot analysis demonstrated that myogenesis was effectively
induced in PS/”~ MEFs by transfection of a MyoD-expression vector. -actin
was the protein loading control. (C,D) Culture in high-serum (10% FBS)
medium for 5 days still resulted in MyHC expression (C) and formation of
myotubes (D) in PSI”~ MEFs, but not in WT. (E,F) WT MEFs transfected
with the MyoD-expression-vector and exposed to 1 uM DAPT or 1 uM
L-685,458 to inhibit y-secretase activity failed to induce MyHC expression
when cultured in 10% FBS for 5 days. However, MyoD-transfected PS17~
MEFs, maintained under identical culture conditions, differentiated and
expressed MyHC, with inhibition of y-secretase activity having no effect on
the differentiation index. Data from at least three independent experiments are
shown = s.d. Scale bars: 20 um (A), 100 um (D) and 60 pm (E).
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PS1. Transfection with PS1 expression vectors completely inhibited
the MyoD-induced myogenic differentiation of PSI~~ MEFs (Fig.
7K).

To determine whether this process is independent of y-secretase
activity, we used the y-secretase inhibitors DAPT and L-685,458
on MyoD-transfected PSI/~~ MEFs and WT MEFs. y-secretase
activity was significantly decreased in WT MEFs (~93%) after 1
UM DAPT treatment, as determined using a y-secretase activity
detection kit (data not shown). We found that neither treatment with
DAPT (even up to 50 uM; data not shown) nor L-685,458 could
induce myogenic differentiation in MyoD-expressing WT MEFs in
high-serum medium, or changed high MyHC expression levels in
MyoD-containing PSI/~~ MEFs (Fig. SE and quantified in 5F).
Together, these observations suggest that the MyoD-induced
myogenic program is inhibited by PS1 in a manner that is
independent of y-secretase activity.

PS1 regulates Id1 expression in myogenic cells

Despite the high-serum culture conditions, our results show that
myogenic differentiation is clearly induced by ectopic MyoD
expression in PSI~~ MEFs (Fig. 5). BMP (bone morphogenetic
protein) signalling contributes to serum-induced inhibition of
myogenic differentiation in vitro (Kodaira et al., 2006) and Id! is
a major BMP signalling downstream target gene, known to be a
potent negative regulator of MyoD in myoblasts (Benezra et al.,
1990; Jen et al., 1992; Katagiri et al., 2002). We hypothesised
therefore, that Id1 might also be regulated by PS1. To test this,
immunostaining was performed to investigate whether satellite cells
express Id1 during myogenic progression. Id1 was not detectable
in Pax7" quiescent satellite cells (T0), but was upregulated in
activated and proliferating satellite cells (T72; Fig. 6A). Id1 was
then downregulated in myoblasts committing to myogenic
differentiation, as shown by the presence of Myog or absence of
Pax7 (arrow; Fig. 6A,B), showing that the Id1 expression profile
mirrors that of PS1 (Fig. 1).

To determine whether the levels of PS1 and Id1 were causally
linked in myoblasts, we transfected satellite-cell-derived myoblasts
with pMSCV-PSI-IRES-GFP and found high Id1 levels in eGFP*
(PS1-expressing) cells (Fig. 6C). Constitutive PS1 expression in
C2C12 cells also resulted in upregulation of the level of Id1 protein
on immunoblots (Fig. 6D and quantified in 6E). Consistent with
the observations that PS1 promotes Id1, knockdown of PS1 levels
using siRNA in C2C12 myoblasts, led to a dramatic decrease in
Id1 expression levels (Fig. 6F). Constitutive PS1 expression did
not influence Pax7 protein levels (Fig. 41), and in accord with this,
increased 1d1, did not change Pax7 expression in C2C12 myoblasts
transfected with pCMV-Id1 (Fig. 6G).

PS1 regulates Id1 expression with a y-secretase independent
mechanism

Constitutive PS1 expression still caused an increase in Id1 in C2C12,
even when 7y-secretase activity was inhibited using DAPT (Fig.
6D,E). This response was not restricted to myogenic cells, however:
in the mesenchymal stem cell line 10T1/2, constitutive PS1
expression again increased Id1 protein levels, independently of y-
secretase activity (Fig. 7A). To further examine PS1 regulation of
Id1, we performed immunocytochemical analysis to assay Id1
protein in PS/~~ MEFs, and found that Id1 expression was lower
in PSI7~ MEFs than in WT MEFs. This was again independent of
Y-secretase activity because inhibition with DAPT did not influence
Id1 expression in WT MEFs (Fig. 7B). This decreased level of 1d1
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Fig. 6. PSI regulates the expression of Id1, to function independently of Notch signalling. (A) Immunocytochemical analysis for Pax7 and Id1 on satellite cells
associated with a myofibre demonstrated that Id1 was not present in quiescent satellite cells (T0). By 72 hours (T72) after isolation, Id1 was robustly expressed in
Pax7-expressing cells (arrowheads), but downregulated in satellite-cell-derived myoblasts as they commit to myogenic differentiation (arrows), as shown by co-
immunostaining for Id1 and Myog. (B) In plated satellite-cell-derived myoblasts, again Id1 expression was associated with undifferentiated cells (arrows, Pax7~
cells; arrowheads, Myog” cells). (C) Constitutive expression of PS1 by transfection of satellite-cell-derived myoblasts with PMSCV-PSI-IRES-eGFP resulted in
eGFP (PS1)-containing cells also having robust Id1 expression, revealed by immunostaining (arrows, GFP*Id1* cells). (D) Immunoblotting of C2C12 myoblasts
transfected with a PS1-expression vector (PSI) showed that Id1 levels were significantly increased. This PS1-induced increase in Id1 levels was not affected by
exposure to 1 uM DAPT for 6 hours to inhibit y-secretase activity (quantified in E). (F) The effect of PSI siRNA on expression of Id1 in satellite-cell-derived
myoblasts was analysed by immunostaining, and demonstrated that PS1 and Id1 were colocalised in cells transfected with control siRNA (Cont), but revealed that
siRNA-mediated knockdown of PS1 resulted in less Id1 expression. (G) Immunoblotting analysis showed that constitutive Id1 expression did not change Pax7

Journal of Cell Science

expression levels in C2C12 myoblasts transfected with the pCMV-Id! expression vector. Data from at least three independent experiments are shown + s.d.
Asterisks in E indicate that data are significantly different from control values (P<0.05). Scale bars: 10 um (A), 20 um (B), 30 um (C) and 50 pm (F).

protein in PS7~ MEFs was also confirmed by immunoblotting (Fig.
7C). Because MyoD-induced myogenesis in PS/~~ MEFs could be
‘rescued’ by PS1 (Fig. 7K), we also transfeced PS/”~ MEFs with
the Id1 expression vector, pCMV-Id], and again found a complete
inhibition of MyoD-induced myogenic differentiation in high-serum
medium (Fig. 7K).

To separately confirm that PS1 regulates Id1 in a y-secretase-
activity-independent manner, we used a mutant PS/ (D385C PSI)
that encodes a PS1 protein with an Asp385 mutation that completely
abolishes y-secretase activity but still allows complex formation
(Tolia et al., 2006). PSI~~PS2”~ MEFs stably expressing D385C
PS1 and another line carrying a control PS1 (Cys-less PSI) with
full y-secretase activity, both produced protein, as shown by
immunostaining with PS1 (N-terminal) antibody (Fig. 7D). As
expected, D385C PS1 was not recognised by an anti-PS1 (cleaved
loop domain) antibody that detected the Cys-less PSI control (Fig.
7E) (Tolia et al., 2006). Crucially, 1d1 protein was increased in both
PSI7-PS27~ MEFs expressing D385C-PS] and control PSI~-PS2~-
MEFs expressing Cys-less PSI (Fig. 7E-G), demonstrating again
that y-secretase activity is not required for PS1-mediated Idl
upregulation.

PS1, but not PS2, regulates Id1 expression

There is evidence that PS1 and PS2 might have partially overlapping
functions (reviewed by Vetrivel et al., 2006). However, the reduced
Id1 levels found in PSI~~ MEFs was not observed in PS2”~ MEFs,

whose Id1 levels were comparable with WT MEFs (Fig. 7B). To
specifically test the effects of PS2 on Id1 expression, we performed
immunoblot analysis in C2C12 myoblasts transfected with PS2
siRNA and found that the significantly reduced PS2 protein levels
did not affect 1d1 (Fig. 7H quantified in 71,J), in contrast to the
effects of PSI siRNA (Fig. 6F). Furthermore, PS2”~ MEFs are
refractory to MyoD-induced myogenic differentiation in high-serum
culture conditions, in contrast to PS/~~ MEFs, confirming that there
are non-redundant functions between the PS1 and PS2 (Fig. 7K).

PS1 knockdown accelerates myogenic differentiation in
regenerating skeletal muscle in vivo

Finally, we evaluated the significance of PS1 to regenerating muscle
in vivo. Cardiotoxin was used to induce muscle damage in the
gastrocnemius of adult C57BL/6N mice and 12 hours later, the
muscle was directly injected with 50 pl of 10 uM siRNA in
Atelocollagen, a potent siRNA delivery mediator in vivo (Kinouchi
et al., 2008). Four different conditions were used: saline control,
control siRNA, PS1 si-1 and PS1 si-2. Regenerating muscles were
isolated 3.5 days after cardiotoxin injection and frozen in liquid
nitrogen before being cryosectioned. Muscle regeneration was
assayed by immunostaining muscle sections for developmental
MyHC (dMyHC), which is transiently expressed in regenerating
myofibres, and phosphorylated histone H3 (p-histone H3) was used
as a proliferation marker (Fig. 8). PS1 knockdown resulted in a
significant induction of dMyHC expression (Fig. 8A and quantified
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Fig. 7. PS1 controls Id1 expression in non-muscle cells via a y-secretase-activity-independent mechanism. (A) PS1-regulated Id1 expression was not restricted to

myogenic cells: in the mesenchymal stem cell line 10T1/2, immunostaining showed

that constitutive PS1 expression increased Id1 protein levels, which was also

independent of "y-secretase activity, as shown by exposure to 1 uM DAPT for 6 hours. (B) Immunostaining showed that reduction in Id1 levels was specific to

PSI”~ MEFs because PS27~ MEFs had robust 1d1 levels, comparable to WT MEFs.

Exposure of WT MEFs to 1 pM DAPT for 12 hours did not result in a

reduction in 1d1 levels. (C) Although Id1 was clearly present in WT MEFs, immunoblot analysis demonstrated that 1d1 was expressed at very low levels from

PSI”~ MEFs. -actin was used as a control for protein loading. (D) Immunostaining

showed that anti-PS1 (N-terminal) antibody recognised both stably inserted

D385C PSI (PS1 mutant with no y-secretase activity) and control Cys-less PSI in PSI~~PS2™~ MEFs. (E) Immunoblot analysis revealed that PS1 protein in
D385C-PSI-inserted PS17~PS2”~ MEFs was not detected by anti-PS1 (cleaved loop domain) antibody, which recognised the Cys-less PSI-inserted PSI7-PS27-
MEFs. (E,F). Id1 protein was increased in both Cys-less PSI and D385C-PS] expressing PSI”~PS2”~ MEFs (quantified in F). (G) Immunostaining confirmed that

D385C PS1 inserted into PSI7"PS2~~ MEFs can upregulate Id1 protein, as does the
illustrates that specific siRNA-mediated knockdown of PS2 does not affect the level

control Cys-less PSi-inserted PS1”~PS2”~ MEFs. (H) Immunoblot analysis
of 1d1 protein in C2C12 myoblasts (quantified in I,J). (K) Immunoblotting 5

days after transfection illustrated that the presence of a MyoD-expression vector resulted in myogenic differentiation in PS/~~ MEFs maintained in high-serum
culture conditions, as shown by the presence of MyHC. By contrast, WT or PS2”~ MEFs did not undergo myogenic conversion. Importantly, co-transfection of the
MyoD expression vector with either a PS1-expression vector, or an Id1-expression vector, largely blocked this induction of MyHC in PSI”~ MEFs. Tubulin was
used as an internal control for protein loading. Data from at least three independent experiments are shown + s.d. Asterisks in F, I and J indicate whether data are
significantly different from control values (P<0.05). Scale bars: 30 um (A), 10 um (B) and 100 um (D,G).

in 8B) and a significant reduction in the number of cells containing
p-histone H3 (Fig. 8C and quantified in 8D) compared with control
siRNA. These observations indicate that PS1 is required for
maintenance of proliferating cells and inhibition of myogenic
differentiation during muscle regeneration in vivo as well as in vitro.

Discussion

Understanding how the decision between self-renewal and
differentiation is regulated in satellite cells is central to
understanding how skeletal muscle maintains a viable stem cell
compartment. Here, we show that the multifunctional protein PS1
is able to direct muscle satellite cells away from myogenic
differentiation and towards the self-renéwal phenotype. Although

PS1 is a key component of the y-secretase complex, we found that
PS1 also acts through y-secretase-independent mechanisms to affect
satellite cell fate, by controlling 1d1 protein.

Satellite cells are normally mitotically quiescent in mature
muscle, so must first be activated to enter the cell cycle and generate
myoblasts (Zammit, 2008). Important pathways associated with
activation include sphingolipid (Nagata et al., 2006b; Nagata et al.,
2006a), p38MAPK (Jones et al., 2005) and Notch signalling
(Conboy and Rando, 2002). Notch signalling in proliferating
satellite cells plays a role in expanding the satellite cell pool after
activation, while preventing precocious differentiation (Conboy et
al., 2003; Conboy and Rando, 2002; Kitzmann et al., 2006; Kopan
et al., 1994; Kuang et al., 2007; Nofziger et al., 1999). When PS1
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Fig. 8. PS1 maintains proliferation and inhibits precocious differentiation
during muscle regeneration in vivo. Regeneration was induced in mouse
gastrocnemius muscles by injection of cardiotoxin and, 12 hours later,
injection of 50 pl of 10 pM siRNA in Atelocollagen. We employed four
different conditions: saline control, control siRNA, PS1si-1 and PS1si-2. Then,
3.5 days after cardiotoxin injection, the muscles were removed, frozen and
cryosectioned. (A,B) Muscle regeneration was assayed by immunostaining
with Topro-3 for developmental MyHC (dMyHC), which is transiently
expressed in regenerating muscle. PS1 knockdown resulted in a significant
induction of dMyHC expression compared to controls (quantified in B).

(C,D) Immunostaining for phosphorylated histone H3 (p-histone H3) was used
as a proliferation marker. A significant reduction of p-histone H3" cells was
observed in muscles exposed to siRNAs against PS1, compared with controls
(quantified in D). The bar charts of regeneration index (B) or proliferation
index (D) were calculated from the staining intensity of dMyHC-stained
regenerating fibres (from A) or the number of p-histone H3-stained
proliferating cells (from C), divided by the total number of nuclei in the field
of randomly selected sections (n=5 for each condition). Values are means +
s.d. Asterisks in B and D indicate that data are significantly different from
values obtained using control siRNA (P<0.05). Scale bars: 70 pm.

is knocked down using siRNA, we observe an increase in cells
undergoing myogenic differentiation, with fewer expressing Pax7,;
a similar phenotype to that observed when Notch signalling is
prevented by inhibiting y-secretase activity using pharmacogical
reagents such as DAPT and 1.-685,458 (Kitzmann et al., 2006;
Kuang et al., 2007). Considering the crucial role of PS1 in the 7y-
secretase complex, PS1 knockdown will directly affect Notch
signalling and so some effects on satellite cells are due to
perturbation of this pathway. Importantly, not all effects of siRNA
knockdown of PS1 in myoblasts could be reproduced by simply
inhibiting y-secretase activity. For example, PS1 knockdown in
myoblasts maintained even under high serum conditions, resulted
in a high degree of myogenic differentiation, an observation not
repeated when only 7y-secretase activity was inhibited (Fig. 4B).
Therefore, PS1 is also operating independently of its role in the y-
secretase complex. We found that PS1 knockdown also reduces the
level of Id1 protein in C2C12 myoblasts. Id1 has been shown to
dimerise with basic helix-loop-helix transcription factors such as
MyoD, and to inhibit their transcriptional activity (Benezra et al.,
1990; Jen et al, 1992). Therefore, reduced Idl levels would
alleviate a block on MyoD transcriptional activity and so lead to
induction of Myog and myogenic differentiation. Myog has been
shown to indirectly inhibit Pax7 expression (Olguin et al., 2007),
thus providing a mechanism by which differentiation and self-
renewal are linked through MyoD transcriptional activity.
Furthermore, it has been reported that inhibition of myogenic
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differentiation by forced expression of Notch ICD is not
accompanied by /d! induction in C2C12 myoblasts (Nofziger et
al., 1999), again indicating that this role of PS1 is not operating
through Notch signalling.

Several studies have reported that overexpression of PS1 alone
is insufficient for enhancing 7-secretase activity, without
concomitant overexpression of other members of the complex,
including nicastrin, Aph-1 and Pen-2 (reviewed by De Strooper,
2003; Parks and Curtis, 2007; Vetrivel et al., 2006). Therefore, when
we used expression vectors to constitutively express only PS1, v-
secretase activity should not have been enhanced. Indeed, myoblasts
with constitutive expression of PS1 did not show altered levels of
the ICD of either Notch1 or Notch2, or of Hes1 (Fig. 41). However,
to ensure that the effects of PS1 were uncoupled from any caused
by increasing y-secretase activity, we also employed, in parallel,
potent inhibitors of y-secretase activity (DAPT and L-685,458).

Constitutive expression of PS1 resulted in approximately fourfold
more transfected satellite-cell-derived myoblasts with Pax7 protein
than found in controls, and a significant inhibition of myogenic
differentiation. Importantly, inhibiting y-secretase activity with
DAPT did not prevent these effects of constitutive PS1 expression,
showing that PS1 acts independently of Notch signalling.
Constitutive PS1 expression causes Idl levels to be increased,
presumably allowing more Id1 dimerisation with MyoD and
inhibition of myogenic differentiation. Therefore, the failure of
MyoD to induce Myog probably prevents the inhibition of Pax7
(Olguin et al., 2007).

We further explored the effects of PS1 on myogenesis using
mouse cells with two null alleles of PS7 (De Strooper et al., 1999;
Herreman et al., 2000). PS/-null mice die in utero and so we
examined MyoD-induced myogenesis in PSI”~ MEFs. Ectopic
MyoD was able to efficiently induce myogenesis in PS/”~ MEFs
maintained under high-serum conditions, and inhibition of y-
secretase activity with either DAPT or L-685,458 did not prevent
this. By contrast, MyoD could not induce myogenesis under similar
conditions in WT or PS2”~ MEFs (Fig. 7K), with or without
concomitant y-secretase inhibition. Because WT and PS2”~ MEFs
had robust Id1 expression but PS/”~ MEFs did not, and co-
transfection of MyoD with either PS1 or Id1 prevented myogenic
differentiation of PSJ~~ MEFs, these observations indicate that PS1,
but not PS2, is able to prevent myogenesis by promoting Id1
function. We also independently confirmed that y-secretase activity
is not required for Id1 upregulation by PS1, by using a PS1 mutant
that completely lacks y-secretase activity (Tolia et al., 2006) yet
still increases Id1 levels (Fig. 7).

We have recently shown that B-catenin, probably via canonical
Wnt signalling, can influence satellite cell fate, with increased [3-
catenin levels promoting the self-renewal phenotype (Perez-Ruiz
et al., 2008). Interestingly, it has been shown that PS1 can interact
with various armadillo family members, including B-catenin
(reviewed by Parks and Curtis, 2007; Vetrivel et al., 2006). PS1
binds B-catenin and can regulate 3-catenin stability, in both positive
and negative ways (Meredith et al., 2002; Vetrivel et al., 2006; Zhang
et al.,, 1998). Specific inhibition of BMP signalling results in
myogenic differentiation in high-serum culture conditions (Kodaira
etal., 2006), and Id1 is a major effector of BMP signalling (Katagiri
etal., 2002). We did not find any differences between WT and PS/~~
MEFs in the expression of proteins known to be upstream of 1d1,
such as pSmad1/5/8 and Egr-1 (our unpublished observations).
Pharmacological blockade has shown that interactions between PS1
and B-catenin are independent of y-secretase activity (Meredith et
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al., 2002) and, as mentioned above, Notch ICD is not accompanied
by /d! induction in C2C12 myoblasts (Nofziger et al., 1999). Thus,
speculatively, PS1 might operate through its effects on -catenin
stability to affect canonical Wnt signalling to control Idl,
independently of its y-secretase activity.

PS1 is also known to regulate Ca?* homeostasis through Y-
secretase-independent mechanisms (Akbari et al., 2004; Tu et al,,
2006). In regenerating muscles, Id1 can be negatively regulated by
Calcineurin, a Ca*-calmodulin-dependent serine/threonine protein
phosphatase (Sakuma et al., 2005), so PS1 might also control Id1
protein through the regulation of Ca?* homeostasis. Id1 protein is
also known to be controlled by protein stabilisation (Bounpheng et
al., 1999), so PS1 might also more directly control Id1 expression
through such a mechanism.

Taken together, our data provide evidence of a novel mechanism
operating in stem cells, whereby PS1 controls Id1 to regulate the
transcriptional activity of bHLH transcription factors, operating
independently of y-secretase activity. In the neural system for
example, PS1 is essential for maintenance of the neural progenitor
cell pool and for preventing neural differentiation in the developing
brain (Hitoshi et al., 2002). In adults, proliferating neural progenitor
cells strongly express PS1, but mature neurones do not (Wen et al.,
2002). Importantly, Id1 negatively regulates neurogenic transcription
factors such as Mash1 in brain (Nakashima et al., 2001; Vinals et
al., 2004), paralleling its actions on MyoD in muscle. Speculatively
therefore, PS1 might have a common role in maintaining the
progenitor cell pool via regulation of Id1 in both muscle and brain.
The demonstration of a PS1-Idl signalling network might also
provide new insight into the pathogenesis of mutated PS1-related
early-onset familial Alzheimer’s disease (reviewed by Parks and
Curtis, 2007; Vetrivel et al., 2006).

In conclusion, our study shows that PS1 acts as a potent regulator
of fate choice in muscle satellite cells. Undoubtedly, some of the
effects of PS1 on satellite cell function are due to its role as a crucial
component of the y-secretase complex, central to Notch signalling.
However, PS1 also operates in a y-secretase-independent manner
to control MyoD, and our results show that this is probably
achieved through regulation of Id1. The mechanisms that promote
satellite cell self-renewal for the maintenance of the stem cell pool
and those that prevent precocious myogenic differentiation must be
linked and feedback on each other to carefully regulate the extent
of differentiation for repair, versus maintenance, of a viable stem
cell pool, able to respond to future needs. PS1 control of MyoD
transcriptional activity would appear to be one of these links between
differentiation and self-renewal mechanisms.

Materials and Methods

Isolation and culture of primary satellite cells and myoblasts

Adult (8-12 weeks old) C57BL10 mice were killed by cervical dislocation, and the
extensor digitorum longus (EDL) muscles isolated and digested in collagenase as
previously described (Beauchamp et al., 2000). Myofibres and associated satellite
cells were isolated and cultured in plating medium (DMEM supplemented with 10%
horse serum, 0.5% chicken embryonic extract, 4 mM L-glutamine and 1% penicillin-
streptomycin) at 37°C in 5% CQO,, as described previously (Perez-Ruiz et al., 2008).
Satellite cells were removed from myofibres by enzymatic treatment with 0.125%
trypsin-EDTA solution for 10 minutes at 37°C and maintained in high-serum-
containing medium (DMEM supplemented with 20% FBS, 1% chicken embryo
extract, 10 ng/ml FGF, 4 mM L-glutamine and 1% penicillin-streptomycin). This
medium supported both proliferation and differentiation of satellite cell progeny when
bFGF was removed. The C2 (Yaffe and Saxel, 1977) subclone C2C12 and 10T1/2
cell lines were obtained from Riken Cell Bank (Tsukuba, Japan). C2C12 cells were
maintained in growth medium (GM; F-10 medium supplemented with 20% FBS and
antibiotics). For myogenic differentiation (both C2 and satellite cells), the culture
medium was replaced with differentiation medium (DM; DMEM containing 2% horse
serum and antibiotics) for 72 hours at 37°C 10T1/2 cells, WT, PSI™", PS2",
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PSI “PS2" MEFs and PSI""PS2* MEFs expressing Cys-less PSI or D385C PS!
(Herreman et al., 1999; Herreman et al., 2003) were maintained in DMEM containing
10% FBS and antibiotics.

Antibodies and Reagents

Antibodies were obtained from the following sources: mouse and rabbit anti-PS1
antibodies from Millipore (Bedford, MA); mouse anti-GFP from Roche (Basel,
Switzerland); rabbit anti-PS2 antibody from Abcam; mouse anti-Notchl antibody
from BD Biosciences; rat anti-Ki67 from DAKO, goat anti-PS1 antibody, rabbit anti-
Id1 antibody, rabbit anti-Hes! antibody goat anti-Notch2 antibody and rabbit anti-
MyoD antibody were obtained from Santa Cruz (Santa Cruz, CA); mouse anti-
developmental myosin heavy chain (dMyHC) antibody from Novocastra (Newcastle,
UK); mouse anti-MyHC (MF20), anti-Pax7 antibody, anti-Myog antibody (F5D) and
anti-tubulin antibody (E7) were obtained from the DSHB (lowa City, IA), rabbit anti-
p-histone H3 antibody from Cell Signaling Technology (Beverly, MA) and Topro-3,
rabbit anti-GFP antibody and mouse anti-V5 antibody from Invitrogen (Carisbad,
CA). Mounting medium containing DAPI was purchased from Vector Laboratories
(Burlingame, CA). Nuclei were counterstained with either DAPI or Topro-3. DAPT
and L-685,468 were purchased from Peptide Institute (Osaka, Japan) and dissolved
and applied in DMSO. y-secretase activity was measured using a y-secretase activity
detection kit according to the manufacturer’s instructions (R&D Systems).

Immunaoblot analysis

Immunoblot analysis was performed as previously described (Ono et al., 2006). Rabbit
or mouse anti-PS1 (recognise loop domain), anti-PS2, anti-MyHC, anti-tubutin, anti-
Pax7, anti-Notchl, anti-Notch2, anti-Hesl, anti-MyoD, anti-Idl or anti-j5-actin
antibody were applied at 4°C overnight. Horseradish-peroxidase-conjugated secondary
antibodies were used for visualisation by chemiluminescence with a digital
tuminescent image analyser LAS-1000 (Fujifilm, Tokyo, Japan).

Immunostaining

Immunocytochemistry was performed as previously described (Ono et al., 2007).
Primary antibodies were used in PBS as follows: goat anti-PS1 (recognises N-
terminal), anti-Id1, anti-Ki67, anti-MyHC, anti-Pax7, anti-Myog, mouse anti-GFP,
rabbit anti-GFP, anti-V5 or anti-MyoD antibody at 4°C overnight. For
immunohistochemistry, frozen muscle cross-sections were fixed with cold acetone,
blocked with M.O M kit (Vector Laboratories) and incubated with either anti-dMyHC
or p-histone H3 antibody. Immunostained myofibres and plated cells were viewed
on a Zeiss Axiophot 200M using Plan-Neofluar lenses, or on a Nikon Clsi confocal
using Plan-Fluor lenses. Digital images were acquired with a Zeiss AxioCam HRm
Charge-Coupled Device using AxioVision software version 4.4. Images were
optimised globally and assembled into figures using Adobe Photoshop.

RNA interference in vitro

The transfection of siRNA (Stealth siRNA, Invitrogen) into C2C12 myoblasts and
primary muscle progenitors cells was performed using Lipofectamine 2000 reagent
(Invitrogen) as previously described (Ono et al., 2007). Transfection of siRNA into
single myofibres was carried out 20-24 hours after isolation. All samples were
examined 72 hours after the transfection. The following siRNA sequences were used:
PS1 siRNA-1, 5'-ACTCTCTTTCCAGCTCTTATCTATT-3’; PS! siRNA-2, 5'-
GCACCTTTGTCCTACTTCCAGAATG-3"; and PS2 siRNA, 5'-CCACUAUCAA-
GUCUGUGCGUUUCUA-3'. The control siRNA sequence and AlexaFlour488-
conjugated siRNA were purchased from Invitrogen.

Plasmid construction and transfection

PSi ¢cDNA was cloned into pMSCV-IRES-GFP (Zammit et al., 2006) or pCMV-V5-
expression vectors to generate pMSCV-PS1-IRES-GFP or pCMV-PSI-V5 respectively.
Transfection was performed once or twice (10 hours after the first transfection) using
Lipofectamine 2000 (Invitrogen) or Lipofectamine LTX (Invitrogen) with Plus
Reagents (Invitrogen) in accordance with the manufacturer’s instructions.

Muscle injury and in vivo siRNA transtection

Male 8-week old C57BL/6N mice were used according to the Guidelines and
Regulations for Laboratory Animal Care of Tohoku University Graduate School of
Medicine. Muscle damage was induced by direct intramuscular injection of 50 pl of
10 pM cardiotoxin (Sigma) into the belly of gastrocnemius muscle using a 29G 1/2
insulin syringe. For in vivo siRNA transfection, siRNA duplexes were incubated with
Atelocollagen (Koken, Japan) according to the manufacturer’s instructions.

Statistical analysis
Data are presented as mean = standard deviation. Comparisons among groups were
determined by the Student’s t-test. P values of <0.05 were considered to be
statistically significant.
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Induction of heat shock protein (HSPs) has a protective effect in cells under stress. Physical stressors, such
as restraint, induce HSPs in colonic tissue in vivo, but the mechanism of HSP induction is not yet clear.
Because commensal bacteria support basal expression of colon epithelial HSP70, we postulated that
stress responses may enhance the interaction of commensal bacteria and the colonic tissue. Restraining
C57BL/6 mice for 2 h effectively induced HSP70 in colonic epithelia. Both blockade of stress-induced glu-
cocorticoid by RU486 or elimination of commensal bacteria by antibiotics independently abrogated
restraint-induced HSP70 augmentation. Oral administration of LPS to commensal-depleted mice restored
restraint-induced HSP70 augmentation. Because TLR4 expression was absent from the epithelial surface,
and was limited to lamina propria and muscularis externa, we examined how LPS reaches the lamina pro-
pria. Alexa-LPS administered in the colonic lumen was only detected in the lamina propria of the
restrained mice. Expression of the tight junction component Z0-1 in the epithelia, which regulates the
passage of luminal substances through the epithelia, was reduced after restraint, but reversed by RU486.

In conclusion, HSP70 induction in colonic epithelial cells under restraint requires both stress-induced
glucocorticoid and luminal commensal bacteria, and LPS plays a significant role. Glucocorticoid-depen-
dent attenuation of epithelial tight junction integrity may facilitate the access of LPS into the lamina pro-
pria, where TLR4, known to be required for HSP70 induction, is abundantly expressed. Sophisticated
regulation of colonic protection against stressors involving the general stress response and the luminal

environment has been demonstrated.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Stress episodes are important risk factors for the development
and reactivation of intestinal inflammation in rodents (Qiu et al.,
1999) and in humans (Levenstein et al., 2000; Stam et al., 1997).
Both environmental and psychological stress are known to alter
the clinical course of inflammatory bowel disease (IBD) (Danese
et al, 2004; Kugathasan et al., 2007; Mawdsley and Rampton,
2005; Tanaka et al., 2007; Tlaskalova-Hogenova et al., 2004). Gen-
eral stress reactions, such as activation of the HPA axis upon acute
stress, are commonly accepted as having protective effects (Ader
et al., 1979; Besedovsky and Sorkin, 1977; Riley, 1981). However,
it has not been well documented how such adaptational reactions
occur or are disrupted in the colon.

One of the cellular protective measures against stressors is the
induction of HSP expression. HSPs are highly conserved proteins
found in all prokaryotes and eukaryotes (Tobian et al., 2004 ). HSPs

* Corresponding author. Fax: +81 22 7178589.
E-mail address: nagatomi@m.tains.tohoku.ac.jp (R. Nagatomi).

0889-1591/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbi.2008.07.013 *

serve as molecular chaperones and play a significant role in the
protection of cells against various cellular stressors, such as heat
(Cvoro et al,, 1998; Evdonin et al., 2006; Tomasovic et al., 1983),
hypoxia (Dwyer et al., 1989; Zimmerman et al., 1991), ultraviolet
irradiation (Kwon et al.,, 2002; Trautinger et al., 1996), oxidative
stress (Drummond and Steinhardt, 1987), or endoplasmic reticu-
lum stress (Yoneda et al., 2004). Unless intracellular HSPs are in-
duced to protect cells exposed to acute stressors, they may
undergo apoptosis or necrosis (Yun et al., 1997).

HSPs are also induced in various tissues and organs in response
to various psychophysiological stressors (Fleshner et al., 2004; Fu-
kudo et al., 1997), such as restraint (Campisi et al., 2003), ischemia
(Kukreja et al., 1994; Lee et al., 2006; Oksala et al., 2002), exercise
(Fehrenbach et al., 2005), infection (Ramaglia et al., 2004), inflam-
mation (Ludwig et al., 1999), and hyperthermia (Hotchkiss et al.,
1993). Among the various HSPs, HSP70! has recently been shown

! Abbreviations used: HSP70, heat shock protein 70; ZO-1,zonula occludens-1; TLR4,
Toll-like receptor 4; RU486, mifepristone; LPS, lipopolysaccharide; ELISA, enzyme-
linked immunosorbent assay.
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to exhibit a protective role in gut epithelial cells (Liu et al.,, 2003).
However, the mechanism by which such protective HSP70 is in-
duced in the colon has not been determined.

We assumed roles of activation of the HPA axis and sympathetic
nervous system in colon HSP70 expression as well as the contribu-
tion of commensal bacteria in stress-induced HSP70 expression, as
basal HSP70 expression in gut epithelial cells has been reported to
be dependent on commensal bacteria through interactions with
TLR4 (Rakoff-Nahoum et al., 2004).

Interestingly, TLR4, which is responsive for bacterial lipopolysac-
charides in the intestinal tissue, was shown to be located mainly at
the lamina propria and absent at the epithelial surface (Rumio
et al., 2006). TLR4 in the colonic tissue would also exhibit a similar
distribution, For luminal bacterial components to interact with
TLR4, we postulated that tight junction integrity of the gut epithelia
may be altered under stress facilitating access of luminal bacterial
components to the lamina propria TLR4 and finally inducing HSP70.

In the present study, therefore, we first examined colonic HSP70
under acute stress, and then examined the involvements of luminal
bacteria and stress-induced corticosterone in HSP70 induction in
colonic epithelia. In addition, we examined the expression of the
tight junction component ZO-1 in the colonic tissue before and
after stress.

2. Methods
2.1. Animals

Male C57BL/6 mice and green fluorescence protein (GFP) trans-
genic mice (C57BL/6 background) were purchased from the mouse
supply centre of Tohoku University School of Medicine, and used
for the experiments at 10-12 weeks of age. Five or six mice were
housed together per cage (30 x 25 x 17.5 cm) and were given free
access to food and water. Animals were maintained under specific
pathogen-free conditions on a daily 12-h light/dark cycle. Drinking
bottles, cages, sawdust, and rodent chow for mice were all
autoclaved before use as described previously (Kanemi et al.,
2005). Mice were housed in freshly sterilized cages with fresh saw-
dust every day. All experiments were performed in accordance
with the Guidelines and Regulations for Laboratory Animal Care
of Tohoku University Medical School.

2.2. Restraint stress procedure

The stressor used in this study was restraint (Fukui et al., 1997;
Kanemi et al., 2005; Sudo et al., 1997). Each experimental male
C57BL/6 or GFP mouse was placed for 2 h in 50-ml centrifuge tubes.
The walls of the tubes were stripped in part to avoid an acute rise in
the body temperature. The restraint experiment was carried out in
the morning between 8:00 and 10:00. Non-restraint mice of the
same age were kept in their home cage throughout the restraint pro-
cedure. Animals were given no access to food or water during re-
straint stress treatment. Immediately after restraint stress,
restrained and non-restrained mice were sacrificed by anesthesia.

2.3. In vivo RU486 and propranolol treatment

The glucocorticoid receptor antagonist RU486 was adminis-
trated orally (30 mg/kg) in aqueous solution containing 0.25% car-
boxymethylcellulose and 0.2% polysorbate 80 (Sigma, St. Louis,
MO, USA) in a volume of 5 ml/kg through a gastric feeding tube
(Concordet and Ferry, 1993; Zhang et al., 2005a,b).

RU486 or an equivalent volume of vehicle {0.25% carboxymeth-
ylcellulose and 0.2% polysorbate 80) was given 30 min before the
2-h restraint session.
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2.4, Depletion of colonic commensal bacteria

Depletion of colonic commensal bacteria was performed accord-
ing to the method reported by Rakoff-Nahoum et al. (2004) with
minor modifications by daily administration of 0.2 ml of the follow-
ing antibiotic cocktail via a ball-tipped gastric feeding tube for 7 days
and by supplementing the drinking water with a 2-fold dilution of
antibiotic cocktail during the same 7-day period. The antibody cock-
tail contained ampicillin (1 mg/ml), vancomycin (0.5 mg/ml), neo-
mycin sulfate (1 mg/ml), and metronidazole (1 mg/ml) (all from
Sigma).

2.5. Lipopolysaccharide (LPS) administration to antibiotic-treated mice

Following antibiotic treatment, mice were given a daily
supplement of 0.2 ml distilled water containing 50 pug/ml of puri-
fied Escherichia coli 026:B6 LPS (Sigma) through a gastric feeding
tube for 5 days. Drinking water during this period was supple-
mented with LPS (25 pg/ml). A lower dose of LPS did not induce
stable augmentation of colonic HSP70. Mice in the control group
received the same volume of distilled water according to the
same protocol.

2.6. Anesthesia

Sevoflurane (Abbott Japan, Tokyo, Japan) inhalation was used to
anesthetize the animals. A volume of less than 2 ml of anesthetic
was evaporated into a container of approximately 500 ml at room
temperature. The mice were then placed into the container and
anesthetized within 15 s (Kanemi et al., 2005).

2.7. Blood sampling, catecholamines, and corticosterone assay

Blood samples were collected from the axillary artery of anes-
thetized mice and transferred immediately into either heparinized
or untreated stock tubes for plasma and serum sampling, respec-
tively. After blood sampling, animals were euthanized by deep
anesthesia with sevoflurane.

Blood samples were centrifuged at 3000 rpm for 10 min at 4 °C
to obtain plasma or serum. Plasma and serum samples were stored
at —80 °C until assay. Catecholamines were quantified by column-
switching high-performance liquid chromatography (HPLC) with
fluorometric detection (Dutton et al., 1999; Nohta et al., 1987). Ser-
um corticosterone level was measured using a rat corticosterone-
H? RIA kit (ICN Biomedicals, Costa Mesa, CA, USA), in accordance
with the manufacturer's instructions.

2.8. Rectal temperature

The rectal temperature of the mice was measured with a digital
thermometer (CTM-303 model; Terumo, Kanagawa, Japan) at a dis-
tance of 2.5 mm from the anus. Measurements were obtained at
ambient room temperature (20-23 °C). The rectal temperatures
of control and stressed mice were measured at 30-min intervals,
for a total of 120 min (n=5).

2.9. Bacterial culture

For determination of colonic microflora, fecal matter was
removed from the colon using sterile technique. The contents were
diluted and plated on universal and differential media for the
growth of anaerobes and aerobes under anaerobic or aerobic cul-
ture conditions. AnaeroPack (Mitsubishi Gas Chemical Company,
Niigata, Japan) was used to detect anaerobic flora. The numbers
of colonies per mg of feces (wet weight) were counted after incu-
bation at 37 °C for 48 h (aerobes) and 72 h (anaerobes).
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2.10. Colonic tissue preparation

The mid-portion, approximately 1 cm, of total colon—transverse
colon—was excised immediately after the restraint session and
stored at —80 °C until examination. After determining the frozen
weight of colon samples, colonic tissue was lysed with lysis buffer
consisting of 40 mM Tris (pH 7.5), 300 mM KCl, 1% Triton X-100,
2 mM EDTA, with protease inhibitor cocktail (1:20) (Sigma). Colo-
nic tissue was dissected using scissors and further homogenized
using a Polytron Aggregate homogenizer (Kinematica, Luzern,
Switzerland). The extracts were cleared by centrifugation at
21,000g for 10 min. Aliquots of prepared samples were kept frozen
at —80 °C until ELISA or Western blotting analysis.

2.11. ELISA for HSP70

HSP70 concentration in the extract was quantified by enzyme-
linked immunosorbent assay (ELISA) using a commercially
available HSP70 kit (StressXpress HSP70 ELISA; Stressgen Biotech-
nologies, Victoria, BC, Canada) in accordance with the manufac-
turer’s instructions.

2.12. Western blotting analysis

Equal amounts of protein from the supernatant of colonic
tissue samples quantified by the Lowry method were electropho-
resed on 12% SDS-polyacrylamide gels and transferred electro-
phoretically onto polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA). After blocking with 5% non-fat
milk in phosphate buffered saline (PBS) containing 0.1% Tween
20 for 1h at room temperature, membranes were incubated
with rabbit polyclonal anti-HSP70 antibody (1:1000) (Stressgen),
rabbit polyclonal anti-TLR4 (H-80) antibody (1:500) (Santa Cruz
Biotechnology, CA, USA), rat polyclonal anti-ZO-1 antibody
(1:250) (Santa Cruz), and mouse monoclonal anti-B-actin anti-
body (1:2000) (Sigma) in TBS (pH 8.0) containing 0.05% Tween
20 (TBST) at 4 °C overnight and washed three times for 5 min
with PBS. The membranes were then incubated with either
HRP-conjugated secondary anti-rat IgG (1:1000) or anti-mouse
IgG (1:1000) (Cell Signaling Technology, MA, USA) antibody in
TBST for 1h at room temperature, washed three times for
5 min with PBS, and visualized by chemiluminescence using an
ECL immunoblotting kit (Cell Signaling) with a digital lumines-
cent image analyzer (LAS-1000; Fujifilm, Tokyo, Japan).

2.13. Immunohistochemistry

The colon samples from male C57BL/6 mice were rapidly
embedded in Tissue-Tek OCT compound (Sakura Finetechnical, To-
kyo, Japan), frozen in isopentane, pre-cooled in liquid nitrogen, and
finally transferred into liquid nitrogen. The tissue blocks were
stored at —80 °C prior to cutting. Colonic tissues on slides were
fixed in PBS containing 4% paraformaldehyde at room temperature
for 20 min, blocked, and penetrated in blocking solution (Dako,
Kyoto, Japan) containing 0.3% Triton X-100 for 30 min at room
temperature, and incubated overnight with rabbit polyclonal
anti-HSP70 antibody (1:500, Stressgen), goat polyclonal anti-
TLR4 (L-14) antibody (1:200) (Santa Cruz), and rat polyclonal
anti-ZO-1 (R40.76) antibody (1:50) (Santa Cruz) in TBS (pH 8.0)
containing 0.01% Triton X-100 at 4 °C overnight. Washes were per-
formed with PBS. The sections were incubated with the secondary
antibodies, Alexa Fluor 555-conjugated donkey anti-rabbit IgG
(1:400) (Invitrogen, Carlsbad, CA), Alexa Fluor 488-conjugated
donkey anti-goat IgG (1:400) (Invitrogen), and Alexa Fluor 488-
conjugated goat anti-rat IgG (1:400) (Invitrogen) with nuclear stain
marker Topro-3 in TBS (pH 8.0) containing 0.01% Triton X-100 for

3¢

1 h at room temperature. The reaction was examined by confocal
microscopy (Nikon, Tokyo, Japan).

2.14. Ligated colon loop assays and processing of colonic tissues

Mouse ligated colon loop assays were performed as described
previously by Mantis et al. with some modifications (Mantis
et al., 2002). During the procedure, mice were maintained under
sevoflurane anesthesia. Alexa-LPS 548 was injected into ligated
colon loops (1 cm) at a concentration of 1/10 pl. After 10 min, mice
were sacrificed by cervical dislocation and the colon was excised
immediately. Portions of tested loops were taken and fixed in

" Tissue-Tek OCT compound (Sakura Finetechnical), frozen in iso-

pentane, pre-cooled in liquid nitrogen, and finally transferred into
liquid nitrogen. Colon sections of the specimens were prepared
using standard procedures for immunohistochemical analyses.

A (O
39.0
g s
g 3 - m— 2
n.' =
E 38.0 W
8
E|
§ 37.01
8
aan 36.0FF —o— Non-restraint
E —o— Restraint
D 1 'l 1 1 1 1

348 0 20 40 60 8 100 120

B Time (min)
(pg/ml)
5000 Epinephrine

| Norpinephrine

——

0 -
Non-restraint Restraint

Fig. 1. Restraint did not raise the rectal temperature, but the levels of plasma
catecholamine and serum corticosterone were markedly increased. (A) The mean
rectal temperature of mice decreased during restraint stress. The results are shown
as means + SE of 5 mice (P <0.05). (B) Plasma levels of epinephrine and norepi-
nephrine was significantly elevated immediately after restraint stress. Results are
shown as means + SE of 6 mice ('P<0.001). Serum level of corticosterone was
significantly elevated immediately after restraint stress. The results are shown as
means + SE of 5 mice ('P<0.001).
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Fig. 4. LPS administration partially restores restraint-induced colonic HSP70
augmentation of commensal bacteria-depleted mice. LPS administration alone
without restraint did not alter the level of HSP70, while LPS increased colonic
HSP70 level of commensal-depleted restrained mice. Colonic HSP70 level of non-
restrained mice, which received distilled water without LPS, did not change even
after restraint stress. The results are shown as means + SE of 8 mice (‘P <0.01).
There was a significant group x time interaction in repeated-measures ANOVA
analysis (p = 0.0404, F=4.621).

lumen. After 10 min of incubation, we examined the localization of
Alexa-LPS (Fig. 6). Alexa-LPS staining was localized along the lumi-
nal surface on the apical membrane of epithelial cells in both con-
trol and restrained mice. Interestingly, however, Alexa-LPS staining
was rarely detected in the lamina propria of non-restrained mice,
but was detectable in the lamina propria of the restrained mice.
This result clearly indicated that Alexa-LPS passed through the epi-
thelial barrier of the colon and translocated into the lamina propria
after restraint stress.

3.9. Tight junction component ZO-1 was down-regulated after
restraint stress

As TLR4 was not expressed on the luminal surface of epithelial
cells, we hypothesized that the integrity of tight junctions may be
reduced under restraint for LPS or bacterial components to reach
TLR4 in the lamina propria. As the level of ZO-1, a component of
tight junctions, has been reported to correspond to permeability
across a sheet of cultured epithelial cells (Boivin et al., 2007), we
examined whether the level of colonic epithelium ZO-1 protein
expression was affected by restraint stress (Fig. 7).

Immunohistochemical analysis indicated that ZO-1 staining
was localized along the apical membrane of epithelial cells.
Restraint resulted in a marked reduction of ZO-1 staining (Fig. 7A).

Western blotting analysis clearly demonstrated that ZO-1 pro-
tein level was down-regulated by restraint, in clear contrast to the
up-regulation of HSP70 (Fig. 7B and C). The glucocorticoid receptor
antagonist RU486 blocked restraint-induced down-regulation of
Z0-1 as well as the augmentation of HSP70. ZO-1 level seemed to
be enhanced under restraint when RU486 was administered.

4. Discussion

To understand how the colon tissue deals with physical stress,
we investigated induction of HSP70 by physical stressors in colonic
tissue in vivo. While baseline HSP70 expression in gut epithelial
cells has been reported to be dependent on commensal bacteria
(Arvans et al., 2005), we hypothesized that stress-inducible
HSP70 expression was dependent on generalized stress reactions
due to activation of the HPA axis and/or sympathetic activation.

Restraint-induced HSP70 augmentation was abrogated almost
completely by prior administration of RU486, suggesting an
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Fig. 5. Effects of 2-h restraint stress on TLR4 and HSP70 expression in colonic tissue
(A, immunohistochemistry; B and C, Western blotting). (A) Immunohistochemical
analysis showed that restraint stress did not affect the level or distribution of TLR4
(arrow). HSP70: red; TLR4: green; Topro-3: blue (400x ). (B) The level of TLR4 in the
colonic tissue was unaffected by restraint, while marked augmentation of HSP70
was observed after restraint (n = 3). (C) TLR4 expression of the colonic tissue was
evaluated by Western blotting analysis in three separate experiments. Standard
error of means (SE) is shown as bars.

essential role of the HPA axis in colonic HSP70 augmentation.
Fukudo et al. (1997) reported that water-immersion induced
HSP70 in the gut tissue as well as in the brain of rats. Similarly,
Udelsman et al.(1994) showed increases in HSP70 in the aorta after
restraint stress as well as after dexamethasone administration.
They also showed that RU486 effectively reduced the induction
of HSP70 in the aortic tissue (Udelsman et al., 1994). Therefore,
the glucocorticoid dependence of HSP70 induction may be
common in various tissues, including the colon.

Elimination of commensal bacteria by antibiotic treatment did
not abrogate baseline HSP70 expression, but markedly abolished
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we still do not know the mechanism by which TLR4 activation in
lamina propria led to epithelial HSP70 expression, the results of
the present study demonstrated an elaborate and cooperative
strategy of stress coping in the colon.
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O#Ea IR e Rehabilitation for swallowing disorder was described. What is
@ /NEUF—-3> essential in dyshagia rehabilitation is care system that can provide
@ F— LER trans-disciplinary team management. Evaluation of dysphagia
QTR includes assessment of oral hygiene, dental examination, neurological
@ /O0tXEFIV examination, physical assessment of musculoskeletal function, video-

fluoroscopic examination, and video-endoscopic examination as well
as evaluation of activities of daily living and quality of life. Based on
findings of these tests, the route of nutrition intake is determined, such
as oral intake, tube feeding, or parenteral nutrition. When oral intake
is possible, specific swallowing techniques, eating postures, and food
characteristics are chosen. Rehabilitation can induce re-learning of
swallowing reflex and eating behaviors with preventing aspiration
pneumonia and asphyxiation in patients with dysphagia, resulting in
restoration of their quality of life.
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