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ALS: Amyotrophic lateral sclerosis

ChAT: Choline acetyltransferase

CIH: Chronic intermittent hypoxia

ETCO,: End tidal CO»,

FiO,: Fraction of inspired oxygen

FTLD: Frontotemporal lobe degeneration

FVC: Forced vital capacity

GFAP: Gliofibrillary acidic protein

SODL1: Superoxide dismutase 1

HIF-1a: Hypoxia inducible factor-1 alpha
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H,0,: Hydrogen peroxide

IkBa: NF-kB inhibitor alpha

NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells

NIV: Non-invasive ventilation

NOX: Normoxia

OSA: Obstructive sleep apnea

PA: Percent of alteration

PET: Positron emission tomography

PCR: Polymerase chain reaction

ROS: Reactive oxygen species

VEGF: Vascular endothelial growth factor
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Wt: Wild type

4- HNE: 4-hydroxynonenal
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Hypoxic phase Normoxic phase
Room Room
air | Air pump | air Air pump |
I I — Room air
| L ) inward
Nitrogen —1 Nitrogen on= |

Air pump L Air pump |

—'_I_' N, inward —'_l_'

=] Control box with digital
A timer, O, sensor, and
_1 CO, sensor

Figure 1. Diagrams illustrating the experimental setup for the
hypoxic (A) and normoxic (B) phases

Customized semi-closed hypoxia chamber with solenoid valves was
developed to achieve a chronic intermittent hypoxia. The hypoxic
phase (90 s) was achieved with rapid infusion of nitrogen gas and
the normoxic phase (4 min) was achieved with rapid infusion of
room air. The final F,O, levels of the hypoxic and normoxic phases
were 7.8% and 20%, respectively. In the CIH group, hypoxic and

normoxic phases were repeated consecutively 12 h/day.
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hanging ZdAtE OIRAE B2 EH cagel| wireZ2 =l FE7H 20
=2 2 g 330X BEEA 250 OrR27F wireg &4
7ot 0|2 wireE FEOA ORRAVE EBOX|= AlZtE F585l=
HYoItt S8 Algt2 Z(Of 602 oHESHAL.

2717|943 (spatial memory)E ZHZ| Qs Y-0|2 HALES

Rt
0
ot

tZem  Ol= ot (hippocampus)e| 7ls& EIISt=
BFHO|CE (Jung et al., 2012). Y-O|Z25= 37| ZHA2M Z=ziAE

armQO 2 FMIIF Ol ZF arm ME 120° o] Zt (angle) & ZH&E LT

]

[2As O F st am BO| S0XH B 82 XAHRE
Djzs Sofctd £ A Hoh Mz o2 M Jiel amg

At

12

o=z

i

Oo7l= ZAE alteration@ 2 HO|SIH S percent of

MH>

alteration (PA)S LC24dF Z0| AASIKCE PA = number of

alternations/(total number of entrances into each arm — 2) (Jung, et al., 2012).
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4) Immunoblot

2t #AGh 40i2|9| OFRANAM ESM B2 AZE9l nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-kB) Ztd3}9|
HX|X}Ql NF-kB inhibitor alpha (IkBa, 1:1000, Ab32518; Abcam,
Cambridge, UK) (Ryan, et al, 2005), AM3AEPA  (oxidative
stress)2 Qlot X|& 1AMt (lipid peroxidation) o HX|XQI 4-
hydroxynonenal (4- HNE, HNE 12-S; Alpha Diagnostic, San Antonio,
TX, USA) (Smith et al, 1998), 2|1 B-actin (Santa Cruz

Biotechnology, CA, USA) o &dE HASEHAZ ZFHSHFLCL

phosphate-buffered saline (PBS) 2 M%= Edf 2EFSIQLCE 2t
oAl HE  HNAHSD XEX2 WFD (80°Q)0 dYE

HISIACE (Ahn et al, 2012). OFQAO| HAL FxE|-Chu

stof  @AEe| SHUCL ABUNA Bradford #E  0gotol
Chmol sE2 ZHS T 4 0RA T 25ugNo| EHES

SDS/polyacrylamide gels (Invitrogen SDS-PAGE, Life Technologies,

21



Carlshad, CA, USA)2 O|&3}0 £2|6}SCt 0| LIOJEZMEZA
(nitrocellulose) HEZ{|Ql0| CHHAEES O|SA|ZOH, 5%°| EHX|
fRE 0|83t blockingS otRULt. 1X M= 4°C oM RM

HESAIZSH 2K gHE d20M 2412 St HESAIZCE

| e

A
M
on

bA0p2|9| OFRA = ™Y X X otstA At(immunohistochemistry)
of AFEEL|QUCH OrSAE pentobarbital sodiumsS O|&df OFF St

Al R}
(= o}

mjo

S| X7t PBS2t paraformaldehydeE EHZFSISILCY.
OreAo| HaE xHFSIA2D XIH2 sucrose AU 0[50
45 HUSHALCE (Park et al, 2007). X2 2t HEHE 0[&3}0]
dFE SRl 20-um FH<S| BE HEHZS F/UCE 3%2
A= ATF ZSHEl Tris  Buffered Saline (TBS) 22 AHHEHES
MAESIAOH O|F 03%2| triton-X100€ =Zatst TBS (TBST)E
1A|1ZH 50 MEE blocking &FSICE 1XI SHA|= 4°C o =Zst0f
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http://rsb.info.nih.gov/ij/

YA BFSAIZILT 2k FH= H20A 1A S BFSAIZICL
Anti-choline acetyltransferase (Anti- ChAT) antibody (1:100, Millipore,

Bilerica, MA, USA)E O|&3}0] A= HiFo| RISUBMZES

golctger 1 xAE MACE D|MOotm Mzt SHOtu M Zo|
2H3E 2QI5H7| sl ZtZh anti-ionized calcium-binding adapter

molecule 1 (IBA1) antibody (1:400, Wako, Japan)2} anti-gliofibrillary
acidic protein (GFAP) antibody (1:200, Santa Cruz Biotechnology, CA,

USA) BAS AlZBtRIL

6). SA42M

21t

rr
o0&

o + BFEHAE BI|SIGCEL 84 242 Student's
test?l one-way ANOVAE E3f A|HSF20 Fisher's least
significant differenceE O|&3}0] post-hoc ZHALE SIFLCE Zf
oo K| HWof AN, A 24 Zut 0.05 0[5te| p valueE

HO|E ZSE Q0|3 kj0|7} Qe Z{o2 THLHSIQILCY

—
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3. 43

1) CIHE= ALS OiR29| 2355 SHS MalSIRILCE

CIH/NOX A" 8, 9, 12, 2|11 1590 OfRAS0|A rotarod
ZAFE A|HSFQICH Wt 3 ALS-NOX DAL= CIH 32 NOX Al
80| HIsH 90| rotarod FX| A|ZtO] FI5l= degs ER2Lt
ALS-CIH OtRANAME= CIH Al 920 0|24t rotarod S X| A|ZtQ]
Z7t7k 0§ D|OjSHUCE CIH/NOX Al 9%0f A%t rotarod
A Al ALS-CIH OFSA9| rotarod S X| AlZE2 100.00 + 52.06
AXE ALS-NOX Or2A9| rotarod §X| A|ZHQl 168.25 + 61.60 ZE2f
Wt-CIH O A9| 186.13 + 65.84 =0 H|g}f FoI5IAH HUSH
2+2to| p-values 0.017 1f 0.0412 EAXMCZ {OISIRUCt EEDH
ZA7|ZE SO Wt-CIH O AL Wt-NOX OpA0| H|8| rotarod

A
PN

Al A2t B2 BEE 20

|0

Lt SAAC

Mol #2ld

M O-IO-IEI-‘

HA AN

-
rlo

CIH/NOX A|ZF 122 2|3 1520|= ALS O A7} rotarod K|

AZtel ZAE EHO|7] A&Men O|= ALSe| AY ZTido| M2
KIshA 2oF 20l HOZ ALZREICH CIH 2 NOX A|ZH 12¢

JE|m 1529 rotarod SX| A|ZH2 ALS-CIHZ I} ALS-NOXZO|A
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Figure 2. Performance on the rotarod test

Rotarod rod test was performed to evaluate the motor coordination
and learning ability on day 8, 9, 12, and 15 days after the initiation
of CIH or NOX. On the second day of rotarod testing (Day 9), Wt
and ALS-NOX mice showed good improvements in rotarod
retention time, compared to the first day of testing (Day 8). However,
ALS-CIH mice did not show an improvement in rotarod retention

time and had significantly shorter rotarod retention time on Day 9

compared with ALS-NOX mice (p < 0.05).
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A CEX] ATt (Figure 2).

2) CIHE ALS Ote20lM SZH7|H™- S XMojjstict

Y-O|2AHAON S7H7|dE29| HAALE I8 percent of alteration
(PA)2 Z=XS}ACH ALS-CIH OF2AO| PAL 448 + 152% 2 ALS-
NOX OFRAO| PAOI 64.8 + 12.7% I} Wt-CIH OFRA0| PAQI 66.3
+ 179% O Hlo§ wolotA Z2EUH 2o p-value &
0.0161t 00102 SAXC [oMdZ ECL Izt Wt-CH
OrA9l PARL Wt-NOX OrA9l PAQL 586 + 159% =

E7Xoz Qo8P ChEX| %UCH (Figure 3).

3) CIHE= ALS Ore 29| ZHXSIE A4SHAFiC
CIH/NOXQ| A|Z}t 129 =2 1520f wire hanging ZAIE 0|23}0]

o =
[

mjo
A4

HSIQIch ZF 2 (ALS-CIH®F ALS-NOX)Z  60t2|o|
O A 7L wire hanging ZALS] £=d0| MB35l on 0 OIRAEQ]
wire hanging A|Zt= H|WSIHCH CIH/NOX A|&f 12L0{| ALS-CIHZ|

wire hanging A|Zt2 ALS-CIH OF2AOfA 425 + 19.94 X2 ALS-
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Figure 3. Percent alternation in the Y-maze test

The Y-maze test was performed to evaluate the effect of CIH on
spatial memory in mice. After 2 weeks of CIH, ALS mice exhibited
significantly lower percent alternation (PA) in the Y-maze test than
did the ALS-NOX mice (p < 0.05). In addition, the ALS-CIH mice
showed poorer spatial memory compared with the Wt-CIH mice, an
effect which suggests that ALS mice are more vulnerable to CIH

than the Wt mice are. * p < 0.05, **, p < 0.01

27



n.s. *

700 -
~ 600 -
(]
2
~ 500 -
%)
£ .0
E" 400 1 B ALS-CIH
B 300 - -
=
=
é 200 OALS-NOX
= 100 -
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Day 12 Day 15
Figure 4. Wire-hanging test

Wire-hanging times were tested to measure the effect of CIH on
neuromuscular strength in ALS mice. The ALS-CIH mice exhibited
somewhat reduced neuromuscular strength compared to the ALS-

NOX mice (p = 0.037). * p < 0.05, n.s. = no statistical significance.
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2k

NOX OrRAo| 478 + 1601 =0 Hls| MijHoz H

rlo
mjo

BoLl SANML=Z [OSHK|= UL 2Lt CIH/NOX Al%
1520{= ALS-CIHQ| wire hanging A|Z+2 283 + 790 X2 H=Z
ZAE[0 ALS-NOX OFRAQ| 458 + 1594 0| H[s SAHXMLZE

FOISHA EUCH (p = 0.037) (Figure 4).

4) CIH= ALS O A0M X 2FHFM=ZL| AES FTSIRALC
OreA9] Ao HiZOAM 2IUZMZS Ji+E FHEoA2H
ALS-CIH 029 23UZM=ZLl == X9 ZI HIZE
(ventral horn) & 257 + 1.08 7H&2 ALS-NOX O}2A9| 410 + 0.88
ol Ho SAXMSZ Fo5HA Zd2E0f JAR/ACH (p < 0.001).
SHX|2F Wt-CIH OFf2AF Wi-NOX Ore29| 25 MEME Jies
Z+k2t 977 + 281 JHQt 1056 + 3.10 7HZ 9Q|0| Ye XIO|E

=

LIEFLH K] QLUALCH (o = 0.453) (Figure 5).

5) CIHE ALSO|AM M3} AEFAS RSt HEY F2E 4=t
A ZACE.
ALS-CIH O A= ALS-NOX OF@AO0f H|3| Atst AER AR Qg
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X 2aretsto] ®X|AHQL 4-HNES| 0| ROISHA =RULH (p =

0.004). ot HIE &4

—

it

O 90|42 HOIX AL} ALS-NOX

LR AOIAl 4-HNEQ| 2

rlo

WENOXO| H[eh OF7H &2 Hu

mjo

HALC} (p > 0.05). 0] 2/0] ALS-CIH OFRA = Wt-CIH OFRAQF Wt-
NOX OrA0 B[] 7ot &2 &2 4-HNE Zols 2Lt
(p < 0.001) (Figure 6 A and B). ALS-CIH OrRA+E ALS-NOX
OrRA0| Bl Fo5tAH 22 kBao| &g EIUSH (p = 0.004)
Ol NF-KB pathwayol EA31E AlME 7H540| &2 ZHo=

AHME|QICH H|E ALS-NOX O AQF Wt-NOX OpRA9| IkBa 2t
Hdre ME A CEX] $UYoL} ALS-CIH ORAE=E Wt-CH
OreA0f HSH F25tA 22 kBa s EIULH (p = 0.007)
(Figure 6 A and Q). ALS-CIH OrRA = ALS-NOX OFRA EE= Wt
OF A0 H[8| astrocyte@t microglial| =At: FI7tze= d¥S

HRALCH (Figure 7 A and B, respectively).
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Figure 5. Immunohistochemistry with anti-choline acetyltransfe-
rase (ChAT) to assess the numbers of ventral horn motor
neurons

Motor neurons in the ventral spinal cord were labeled with anti-
ChAT staining (A), and the numbers of motor neurons were counted
in ALS mice. Significantly fewer motor neurons were counted in the
ALS-CIH mice than in the ALS-NOX mice (B). The numbers of motor
neurons did not differ significantly between the Wt-CIH mice and
the Wt-NOX mice (C). **p < 0.01, n.s. = no statistical significance.

Bar size = 100 um (A).
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ALS-CIH ALS-NOX Wt-CIH Wt-NOX

AHNE | e s o oo o i o W
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0 — — 0
ALS-CIH ALS-NOX Wi-CIH Wit-NOX ALS-CIH  ALS-NOX WE-CIH

Figure 6. Western blot for markers of oxidative stress (4-HNE)
and activation of the NF-kB pathway (IkBa)

Generation of reactive oxygen species and/or activation of
inflammatory pathways might be involved in the increased loss of
motor neurons in ALS mice due to CIH. Although the mild CIH
(minimum FO, of 7.8%) used in this study did not induce oxidative
stress or activation of the NF-kB pathway in the Wt mice, significant
oxidative stress (A and B) and activation of the NF-kB (A and Q)
pathway were demonstrated in ALS mice. *p < 0.05, **p < 0.01, Bar

size = 100 xm (A and B).
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Figure 7. Immunohistochemistry (IHC) for astrocytosis and
microgliosis in the ventral horn of the cross-sectioned spinal
cord.

Astrocytosis (A) and microgliosis (B) were assessed using IHC assays
for glial fibrillary acidic protein (GFAP) and ionized calcium-binding
adapter molecule 1 (IBAL), respectively. Compared to the ALS-NOX
and Wt mice, the ALS-CIH mice showed higher expression of both

GFAP (A) and IBAL (B).
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(Van Den Bosch, et al., 2004)

—

(Murakami, et al., 2003)

(Vanacore et al., 2010)
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>

2E RESCHEA 2 FES d=t7le A= =25

o
3%

SHRICE AXIOf ALS dHU ZEOM X&HH MiaFel Fea

HIIstaxt HE Van den Bosh &2 AFOAME ALS “dH|LY

QICt (Van Den Bosch, et al., 2004).

MetA Z1ELl ALS dHU =2 dxe ZF 123 ALS
SAEES U2z Adst AFS2 ALS M XMiaFel Feof
Cisfl 2% M2 dolgt ZIE 2ol A= HHECh OfFA
M2 dolet A7Z1tel §Ql2 ootk 2t Ao 44 M2 CHE
Fo| MiaZSE HEe A0 7t 2 AHo|2t M=ECE O E

=8 7[E9 28 dFoME = @M AEE CH 2Cbs 2hd

_

22 Y8R9 dHe =ZEZ 0|83t Ao FR HEF £d™
Dol HMAT/HAHYS (hypoxia with hypoglycemia) ZE =

AHE3SI7| = SFRQICE (Murakami, et al., 2003; Van Den Bosch, et al,

ro

2004). StR[2F 7|E=2| AFOA hypoxiaO| 22| EAtE =t S
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hypoxia®| Z&/O0| et 2 &olet A2z LM UACE (Ryan, et
al., 2005; Arnardottir et al., 2009). O|& =™ CCH 0|9 F=
2AHE=etA HEg2 hypoxia inducible factor-1 alpha (HIF-1a) 9|

otdztet  ofof mME  MdddQIXHerythropoietin,  EPO) 2t

CH O|29| F& EAY=oH HE2 = AF0A 22 At 20|

NF-kB pathwayo| ZHM3tQ ROSO| A =7}

ro
N
0
Hu
u
o
>
30
fal

(Ryan, et al.,, 2005).

= 59| ZAit= S ALS DRAJE Wt ORR A0 H[S) CIHO|
CIS Mo JHsHe AIMBICL 7|Z0] AHE 0|83 AoIME
27| = A A MAEB (minimum Fi02)0] 2 5% ™MEQl HlmH

ASE CIH modelS A% HIH (Almendros et al, 2012), =

AFoME 71 & X 4 220] 7.8%= HLH ZO[GH (mild)
CIH modelg At8SQICt &2 79| HwX ZAojst CH 24
StOIM Wt-CIH OrA= WE-NOX Or A0 H|d) 2ot ds Zoj

ot
rlo
of

AE=ety ofds EO[X| HYASLE ALS-CIH OrAE ALS-

Elis
J

NOX O2A0] Hloi st AX7|SHO, 2SHUEMELl ALE,
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2

(periodic) =&

X~
S

ALS

64% 9|

i

2k (desaturation)

A

AMATEDHE O

(intermittent) @l

o=z 22X L} (Atalaia et al, 2007; De Carvalho et al, 2009).

A= =0l B3l of 108 &=

3

g
—_

fEot JIEfe] HFOME ALS

o/

-t
ol

)

2 LIEtLE Ao 2 LN QUL (Ferguson et al,

o/
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orl

ol
Klo

Toil

2
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.
o

2tXHOIl Al Ol

k=)

ALS

1996).

RS0 A
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shx|at

=
S
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(polysomnography)

(Ferguson, et al, 1996)
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b (vicious cycle)g Edf ALS
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(Xu, et al., 2004)
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(Chou et al, 2013)
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Z0|Ct.

2 o AME WtCIH OpRAL= WtNOX OpRRA0| H|3{ rotarod

3

rlo

SX| AlZtO| HlwA A HYOoLL EAHQ

O o

1]
a e

HO[X| Xt o|ele] ds AAMZDN S =XHFAAZIAME

Wt-CIH OFRAQF Wt-NOX OpRAZto| Qol8h xjoj= QiQich 1

-

sloloze olote ofM 7| AT e H@E HOB CH

(minimal FiO; = 7.8%)E = AT0|A At

ol
|'O|-

(Chou, et al., 2013),
2t & OpRA X7t 80f2|= H|uX™ HAUH H, 7[E AFM=

4 0O|at9] CIHE AtESIZ|E St oLt (Torres et al, 2013) =2

—

M= CHe| 7|Zto] 2= HjuWXN FHUE H, Lot & FF2
de= 7t 02D ARESHY HWH et ZnE o

= 70N = OrRASe 7|Y=Ho| XSIE HASH?| <5 Y-O|2
HAAE AT OO alteration2] H|2Q PAE HAMSIG OFRLA S|

SU7|98E BIIOHALE O] PA 2o A2

—

OI-J

2719420 Qx|
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HAX|XQl  alteration?| =Z4+E OFRAZO| 0O|&2 HEX|XQI 2
armS 29| Xl (entrance) 9| sIx2 EHHES|F= X|$O0|Ct =
AT0IM= Ool2{et PAS| AAEES S ALS OrRAQ| 23 A3iot
CIX|7|sdARl Y-O|2 HA Fe= IS 223 & = AUS
Ao 2 AR EICE (Jung, et al., 2012).

2 AF0MeE AMAEY A0 Ciet BX|AFZ 4-HNEE AL

SRRICE O] MstAER A0 Ciet #X|XF & 4-HNE

mujn

A8

—

Ol#= ALS

gt

AsE Yz Adst 7|E 7oA 2X

@)
wn
>
riot
>
i
=
0z
|0
Hu
>
0

st ITE (Lavie 2009) OfAf ROS
O|9I0f = EHAHFA (reactive nitrogen species) E¢t BEO| AT

2 7tsd80l HMAlE BE A0, F=  ALSO|A ROSE ofL|zt

FYILE S8 CHY Yol O3 @7 =@ ey oz
NELE
2 ATOAE ALS BAFSQ| CHOL T ofsielo] GBS ¥E

Ao wzjol o3t HEHl MY

b

oo 2N FEoHALY.
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Mol >R WEAHOIM FPYS wlGASME SANE

7olds ZHESHA] Rot 47t JURULE £t = AN CIH or

]

NOXS A& 147 OtRAO|M AZBIQICE Ol ALS SIS =3

—

_—

2HZ ALSS| S 2ol 0|20 CHO| =57 M0 4= 742

0| SA0] WAL= ALS OFRAOM A A =
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Figure 8. Diagram showing the possible effects of CIH in ALS

Two main features of ALS, cognitive dysfunction and motor
weakness, are due to the degeneration of the central nervous
system. The symptom of motor weakness, most likely accompanied
by dysfunctional central respiratory drive, can cause CIH in patients
with ALS. CIH, in turn, might aggravate motor neuronal loss and
cognitive dysfunction in ALS via the generation of reactive oxygen

species and/or activation of inflammatory pathways.
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Background: Amyotrophic lateral sclerosis (ALS) is a progressive
degenerative disease of the central nervous system that manifests as motor
weakness due to motor neuronal death and results in cognitive dysfunction.
Patients with ALS may be exposed to variable degrees of chronic intermittent
hypoxia. However, all previous experimental studies on the effects of hypoxia
in ALS have only used a sustained hypoxia model and it is possible that
chronic intermittent hypoxia exerts effects via a different molecular
mechanism from that of sustained hypoxia. No study has yet shown that
hypoxia (either chronic intermittent or sustained) can affect the loss of motor
neurons or cognitive function in an in vivo model of ALS.

Objective: To evaluate the effects of chronic intermittent hypoxia on the loss
of motor neurons and cognitive function in ALS mice.

Methods: Sixteen ALS mice and 16 wild-type mice were divided into 2
groups and subjected to either chronic intermittent hypoxia or normoxia for 2
weeks. The effects of chronic intermittent hypoxia on ALS mice were
evaluated using the rotarod, Y-maze, and wire-hanging tests. In addition,
numbers of motor neurons in the ventral horn of the spinal cord were counted
and western blot analyses were performed for markers of oxidative stress and
inflammatory pathway activation.

Results: Compared to ALS mice kept in normoxic conditions, ALS mice that
experienced chronic intermittent hypoxia had poorer motor learning on the

rotarod test, poorer spatial memory on the Y-maze test, and fewer motor

53



neurons in the ventral spinal cord. Compared to ALS-normoxic and wild-type
mice, ALS mice that experienced chronic intermittent hypoxia had higher
levels of oxidative stress and inflammation.

Conclusions: Chronic intermittent hypoxia can aggravate motor neuronal loss
and cognitive dysfunction in ALS mice, and the generation of oxidative stress
with activation of inflammatory pathways may be associated with this
mechanism. Our study will provide insight into the association of hypoxia
with disease progression, and in turn, the possibility of an early non-invasive

ventilation treatment in patients with ALS.

Keywords: Amyotrophic lateral sclerosis, intermittent hypoxia, oxidative

stress
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