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1B VLR IG2 0 Tk, BEEINET T
SV V=Y VEE (ATP) R TER<7RD,
FNERORBNI A Z L HBHE LM LW,
AR T LROWERERELEEZ T, 62
BEIOEIICH 72 T 462 mmHg (4,000 m &
EEY) ORERECELI®ZSy FE2 B
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FHOBBRETF & LTER L Tz FiOz 0.50
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ROFENRE T > T 5 Fi02 0.08 O&HTHE
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B VB LROEIOEE, REKBRRET
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EEEBREREL, BYWHORKREY I 2 V—
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6H/8, 6 0 AHBRE LK. BEEKBREES
OBRET, 3B LT6» ABRIC3BED FO:
&t (0.50, 0.11 35 L ¢r0.08) TEMICESH
Bic L 5EBE AR L, THHO P NMR #i
EAER L. REBREEIRE TN
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TEMORKE A L7 BE LR
A DO AL 3P NMR JI%E 15 4B BA%A L,
ZEiRE 30 &3, MR 12 &% K UREIERF 20
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k- TEB L.

5) IEkkIs & OB RIS

ERBBEAT O 12 RREBRICER T KEk»
LEMAET, FRimsk RBC) #, HimEREL,
I Y A0RIF U8k kU 2,3-bisphospho-
glycerate (2,3-DPG) #E &ME L1z, ~NE
7 vt v (Hb) # & X B-Hemoglobin Pho-
tometer %, "< FZ7 YUy + (HY) ZEME
EEAWTCRE L7z, Bipidsimos, Fmic
FORBRL, HERLUBESRER RS 5 v
TH—-80CTHRE L. F 7 o— ABLEE
# (EC1.9.3.1) ¥&#: % Smith O J k1), -
IVEEEREEE (EC4.1.3.7) &M % Sere ®
FFEWIIC X DI L.

6) fratuuE

2BH, BE3IBLU6»AKOFO: 2L
ok BRER, BN R X O EERO PCr/
(PCr+Pi) H, #pH, IMmMEHEIRE LOHORE
REEDO TN —THOERIFFNFTA Y v
Mann-Whitney U 2 & A W TH E L,
p<0.05 #HFEEL L.

& xR

Table 1 IZ#E 6 20 At O MEEROZE L%
9. Hb, Htid zh Zh 24.3 g/dl, 66.6%
¥ 72 2,3-DPG & 5.69 g mol/ml » %t FREE I I
REBI LR L, BEEBRFREREAOBILAE
CoTWAIEBRHELNTHH20~22),

Fig. 1LIC BEBHBRTOERES v D FiO:
0.50, 0.11, 0.08 DEBEFAF M TOES)H
DOTFEGHTHELN P NMR A7 ML aH
J5. FiIO: DIETFIZHE- T, PCr & T, Pi
DREMRBKE L Tro T B. AFEOTNTD
BIE L&t T ATP IS BB RO Nk 5 /.
EHERERZ COLVEMTENLS,
F102 0.50 T PCr L-UVIZEALIY U VIBMLIR
SRR AT L BHIRR A Z 1 7 W TOR
OB R B AE R, Fi0:0.11, 0.08 T PCr
DB I N T NOBEFRERE TOMRILAIRHEE

40

Table 1. Hematologic Parameters in the Control
and Experimental Rats after 6 Months of Hypobaric
Exposure to 462 mmHg (simulated altitude of 4,000
m).Values are means=+SD.

. control experimental

item group (n=7) | group (n=5)
hemoglobin (g/dl) 13.6+0.8 | 234+ 0.4***
hematocrit (%) 44.2+2.0 | 66.6+E2.4%F*
erythr{’%t& mme) | 902%23 | 104687+
leukocyte (mm3) 32434550 | 7317+£1270**
MCV (um3) 54.0+0.8 53.3+2.1
MCH (bg) | 16.240.3 | 18.1+1.2%*
MCHC (%) 30.0+0.9 | 33.9%£1.5**
erythropoietin | 27784 | 240250
2,3-DPG *

(umol/ml) 3.21+0.3 5.69+0.4%+*

MCYV : mean corpuscular volume, MCH : mean cor-
puscular hemoglobin, MCHC : mean corpuscular
hemoglobin concentration, 2,3-DPG:2,3-
bisphosphoglycerate, ** : p<0.01, *** : p<0.001

OHEZERST EE2L LR TEAHY,
EEyF ) PCr/ (PCr+Pi) WD EH#E % EE)
345 EMD 105 BD 4 HOFHHE L LTkD,
COELRER, SBHECHELERE
Fig. 21277, £HESACB W TEEERRD
LN -T2, BE 3 HAHED FI102 0.08,
BE6 M BHEDFIO20.11, 0.08 & THEERR
D PCr/ (PCr+Pi) HAEWEAR AL SN,
Fig. 3IC#& 6 » AR D& Fi0: TOR#H, &
Bk L OEIERO PCr/ (PCr+Pi) HoBfEs
Y. Fi0z2 0.50 OEBEN THBHLEBEIC
B, I Fi02 0.08 OEENE Y & BIERIC
BERBEABFEIC (p<0.05~p<0.001) &<
o T\W5A. BRE, REIPAKTOLE
TRHIDES HEFELFBDOONEL - 7.
BRI OH pH OEFHEL, #FE 3 »AED
Fi02 0.50 & 28 6 2 A4 0.08 44T, £k
BEAEEIC (p<0.05) B\ (Fig.4). Fig.5
ICREE 6 » AROH pH O%F, EEhk LU
B CTOBAEL RS . PCr/(PCr+Pi) HTH
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1 |
1g.0 2.8 ~-10.9 -20.0
PPH

Fig. 1. 3P NMR spectra (40.6 MHz) obtained
from rat hindlimb muscles during exercise at
Fi0: of (a) 0.5, (b) 0.11, and (c) 0.08. The NMR
spectra were measured by accumulating 32 tran-
sients with a pulse length of 25 us, and a recy-
cling time of 3 s. Spectral assignments are : 1, in-
organic phosphate (Pi);2, phosphocreatine
(PCr) ; 3, 4, 5, y—, o and S—phosphate groups of
adenosine 5-triphosphate. Chemical shift values
are in ppm from the resonance of PCr.

HN7-D & REKEIC, Fi10:20.08 OEEEN L (0]
ERFICEREAFEIC (p<0.05~p<0.001)
AR

6 » AMORBK T th, HOMLHETEAE
DIFEL LT, 7 IVBERER, FFrr7a—
LB RIS & BEE AR AMARRALIC 5\ CHIE
L7z, BIBXERE, WEHFTEZIATH
0.123+0.014, 0.126+0.011 U/mg protein, %
F 13 7 #Fh 0.088+:0.012, 0.087+0.008 U/
mg protein &, W LM THELZER
?@b bizip -7z,

@ control m experimental
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-y (-] (-]

e
N

AR LA LALAS LAAM ALM ARAM) WARA AL L ]

3 months 6 months

before

-
o

[=]
LALLM LAt LAkt ML AA WA Lt LA

Fi02 0.11

PCr/(PCr+Pi)
o o
» [}

o
N

before 3 months 6 months

-
(=]
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PCr/(PCr+Pi)
-
- o -]

o
N
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before 3 months 6 months

Fig. 2. The steady state values of PCr/
(PCr+Pi) during exercise at FiOz of 0.5, 0.11
and 0.08 before, 3 and 6 months of hypobaric ex-
posure to 462 mmHg (simulated altitude of
4,000 m). The steady state value is an average of
four PCr/ (PCr+Pji) ratios from the second to the
fifth point of exercise at each FiOz. Error bar
shows standard deviation.

E-1 3

KERTE 6 » Ak, EBRIFOMKEL 4685+
21.8¢ &, SBEED 5946393 g L HANET
LTw5 (p<0.001) 75, FEHF (&5 AH,
BERE 5, RIEAE) HEEITERTFS 2.065+
0.136 g, RFIREEA 2.098+0.194¢g LE T ah
Sz, TOZLRA—-OEBER TS 2 /o R
B, WBETO P NMR JIE R OB E g
RAET A LD TH 5.
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6 months exposure
hypoxic
exposure -o-cont (n=7)

10¢ | F1020.50

-o- exp (n=5)

o
©

E

PCr/(PCr+Pi)
o
(=21

PCr/(PCr+Pi)
o o
(2} @

I
'S
T

PCr/(PCr+Pi)

RECOVERY

Il 1

j
25 30 35

L 1 | L 1 | L 1
45 10 -5 0 5 10 15 20
time (min)

Fig. 3. The time course of changes in the PCr/
(PCr+Pi) ratio at rest, during exercise and recovery
at F10z of 0.5, 0.11 and 0.08 after 6 months of hypobar-
ic exposure to 462 mmHg (simulated altitude of
4,000 m). Mean values and standard deviations from
seven (control group) and five (experimental group)
animals are shown. Inspiration with each Oz content
gas was started 45 min before the onset of exercise.
The rat hindlimb muscles (gastrocnemius-plantaris-
soleus muscle group) were stimulated by a train of 2
ms-duration DC electric pulses at 1 Hz through elec-
trodes attached to either end of the hindlimb muscles.
Arabic numerals indicate significant differences be-
tween the two groups;1:p<0.05, 2:p<0.01, 3:
p<0.001
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Fig. 4. The steady state values of intracellular
pH during exercise at Fi0z of 0.5, 0.11 and 0.08
before, 3 and 6 months of hypobaric exposure to
462 mmHg (simulated altitude of 4,000 m). The
steady state value is an average of four intracellu-
lar pHs from the second to the fifth point of exer-
cise at each F10z. Error bar shows standard devia-
tion. Asterisks indicate significant differences
(p<0.05) between the two groups.

NETOWRELD, A—OBEBARZ 5
Z, DO ATP ICELR I B4, HOEE)
# PCr/(PCr+Pi) HOEHMEL, FHOEBRL
Y VBLEBCHIGLTWE EEZDLN
51218029 EEREHENI Fav Y 7 TORE
(LR IGOFREF & UTERA LT\ iawy
F102 0.50 &419C, #&F D PCr/ (PCr+Pi)
HOBFEBERBREIBLU 62 ABTLHE
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6 months exposure
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Fig. 5. The time course of changes in the intracellu-
lar pH at rest, during exercise and recovery at F10z of
0.5, 0.11 and 0.08 after 6 months of hypobaric ex-
posure to 462 mmHg (simulated altitude of 4,000 m).
Mean values and standard deviations from seven (con-
trol group) and five (experimental group) animals are
shown. pH values during recovery were calculated af-
ter averaging 4 spectra each of which had been ob-
tained by 8 accumulations. Inspiration with each O:
content gas was started 45 min before the onset of ex-
ercise. The stimulation protocol of the hindlimb mus-
cles are the same as in Fig. 3. Arabic numerals indi-
cate significant differences between the two groups ;
1:p<0.05, 2:p<0.01, 3:p<0.001

o cont (n=7) -e-exp (n=5)

FEEEDLLTWEVORERE, BAYY VB
BEMEERBIC L THBFESNTWEWI &R
RLTWA. ORI, EHMEOZERNZE
AR RBZ /20 CEBHOL Y VLA
BEARBEIRLICESLTWI L EERL, BHE
MR D 7 TV EREER L F b O — L
CBEREEP BB P AR TOLNBRH EED
B EWSPIERR LTS, INETD
EEERE N — o 7 BB OB LA
RRICRITITEECE TSR TR, A
fif3).5).6.24) B2 » L —8 Lo RITES
hTwizw., E5iE, Sy F%5500m &E
FYT4BREICHZD, ) MREEER (%
BREIL), 2) MRPEEBC V-2V T %
MAGEDEH ERIOEL) 50 TR
O RBERTEEICRIT T EEEREREEL &
CrU—o V7 OBEEDREBREF L. O
DR, BERNHEIGCIBICREEREEOHEX
ICENR DB % DS Z BB IR R P 7o\
LTW5s. KMROBREE S OFRER & —5
L, SHLIKZHHBECOIHE A 4 BHH»5 6
PRETER L THRL ) VLRI EE S
NZWCERBRELRIE - .

—77, B VBLRISS EARBHEREIC &
D HIRR %% T\ A% Th 5 F0:20.11,
0.08 T % :E&F D PCr/ (PCr+Pi) HOEHE
HERA LN, L L, PCr/(PCr+Pi)
HoOEE RO AR R OB L WA H CHET 5 &,
Fi0: 0.08 & CRBHOEBH KL TERICE
, EZOEBESHEERICED - 72 (Fig. 3).
CORERIY, EBRBFICBWTI FavV FUTT
DELHIRBHEEOMFARIC L A HIFR S
NTWABT EaRBET S, MEERP»OR T
EEARETIZ, RBC, Hb, 2, 3-DPG i KA LR
L, EBELHETOH~OBREEIIHEIN
TWwb EEz26N5.

EFED PCr/ (PCr+Pi) HOFEREXIGELT,
F102 0.08 EEAFEDRFE 6 » AR OEEIF O
pHO F % E (p<0.05) % X O [\ & K
(p<0.05~0.001) DOEITINBRICIHLNTEE
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& o7z COfERS PCr/(PCr+Pi) BT
DEAL, & FBRIZ EBREE COERMRM ORI L%
T 5. Jrds, Fi020.50 ERBEOREE 3 »»
R#EOEE T pH OEFE & EFIC T
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%2020 . BT 6 A H ORI O Fi0:2 0.08
TOMEE), EIERO PCr/(PCr+Pi) HAE<
RINTWAT B, B0 &<, EEEES
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HROBANC LB D THLETH L, D%
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5.
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T AR TIIRA TR X URAEERIC,
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B, O XS RS ENELE T
HL%<, TOBFRELEBINTHR.
LaL, TaxDBRLAEDICFO0:20.21 TR
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RSB S NAUT, BLREERTEE OB %
DI WEETh PCr/ (PCr+Pi) HoothESRH,
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IC X ABRRHIROEMIIAIL NS Fy 7 20,
Ple L —MERPAT LR ERVEL. &
DHEITE, BCEOHOEBRSMETOBE
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INZVEORELDH DT EEFRICEE LA,
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BRFTICE W TBREBREO KBS 2 SN A4
EhHAb.

BEHPABDOF02008&TAHL N
PCr/(PCr+Pi) B O pH 735 BEE
CHELTEWERSH S &> FE (PCr
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EEEBRREREIC &L A EEEBRRNEOHE
B, NRHETALNAETOFIEE WS TR
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I DE5.

{1

X N

1) Elander A, Idstrom J-P, Schersten T, Bylund-
Fellenius A-C : Metabolic adaptation to reduced
muscle blood flow. I. Enzyme and metabolite al-
terations. Am J Physiol, 249 : E63-E69, 1985.

Terblanche SE, Groenewald JV, Derrlinde A, et
al. : A comparative study of the training at alti-

2

g

tude and sea level on endurance and certain
biochemical variables. Comp Biochem Physiol,
78 : 21-26, 1984.

3) Terrados N, Jansson E, Sylven C, Kaijser L : Is

g

hypoxia a stimulus for synthesis of oxidative en-
zymes and myoglobin? J Appl Physiol, 68 :
2369-2372, 1990.

Hayes D], Challiss RA, Radda G K : An investi-
gation of arterial insufficiency in rat hindlimb.

4

~

An enzymic, mitochondrial and histological
study. Biochem J, 236 : 469-473, 1986.



EEFES v FTFEHO P NMR

5) Mizuno M, Juel C, Bro-Rasmussen, et al. : Limb
skeletal muscle adaptation in athletes after train-
ing at altitude. J Appl Physiol, 68 :496-502,
1990.
Saltin B, Nygaard E, Rasmussen B : Skeletal
muscle adaptation in man following prolonged
exposure to high altitude. Acta Physiol Scand,
109 : 31A, 1980.
BEHC, 8T &% 0NE R, b hRERE
EEOBPIEG bV — o 7 OVEERICRIES
HEICET LR RBEKFEEBERFRICE,
9:195-202, 1986.
Donovan C, Brooks GA : Endurance training
affects lactate clearance, not lactate production.
Am J Physiol, 244 : E83-E92, 1983.
Faulkner JA, Daniels JT, Balke B : Effects of
training at moderate altitude on physical perfor-
mance capacity. J Appl Physiol, 23:85-89,
1967.
10) Adams WC, Bernauer EM, Dill DB, Bomar, Jr
JB : Effects of equivalent sea level and altitude

6

=

7

~—

8

g

9

=

training on VOzmax and running performance. J
Appl Physiol, 39 : 262-266, 1975.

Buskirk ER, Kollias J, Akers RF, Prokop EK,
Reategui EP : Maximal performance at altitude

11

~—

and on return from altitude in conditioned run-

ners. J Appl Physiol, 23 : 259-266, 1967.

Kuno S, Akisada M, Mitsumori F : Phosphorus—

31 nuclear magnetic resonance study on the

effects of endurance training in the rat skeletal

muscle. Eur J Appl Physiol, 65 : 197-201, 1992.

13) Z#&FXFT : NMR I & 5 5 RGEERE O T, &
B A, 5:34-40, 1993.

14) Sunoo S, Asano K, Mitsumori F : 3P nuclear
magnetic resonance study on changes in phos-

12

~

phocreatine and the intracellular pH in rat
skeletal muscle during exercise at various in-
spired oxygen contents. Eur J Appl Physiol, 74 :
305-310 1996.

Taylor DJ, Bore PJ, Styles P, Gadian DG, Radda
GK : Bioenergetics of intact human muscle-A

15

fabd

31P nuclear magnetic resonance study. Mol Biol
Med, 1:77-94, 1983.

16) Matsubara K, Yoshimura T, Kamachi S, et al. :
Radioimmunoassay for erythropoietin using
anti-recombinant erythropoietin antibody with

high affinity. Clinica Chimica Acta, 185:177-

184, 1989.

Ericson A, Verdier CH de : A modified method

for the determination of 2,3-diphosphoglycerate

in erythrocytes. Scand J Clin Lab Invest, 29 :

84-90, 1972.

18) Smith L : Spectrophotometric assay of cyto-
chrome ¢ oxidase. Method Biochem Anal, 2 :
427-434, 1955.

19) Sere PA : Citrate synthase. Method in Enzymol,

13 : 3-5, 1969.

Michael JR, Kennedy TP, Buescher P, et al.:

Nitrendipine attenuates the pulmonary vascular

remodeling and right ventricular hypertrophy

17

~

20

Nid

caused by intermittent hypoxia in rats. Am Rev

Respir Disease, 133 : 375-379, 1986.

Nattie EE, Doble EA : Threshold of intermittent

hypoxia-induced right ventricular hypertrophy

in the rat. Respir Physiol, 56 : 253-259, 1984.

Osada H:The effects of hypobaric hypoxia

(50.6 kPa) on blood components in guinea-pigs.

Acta Physiol Scand, 142 : 261-266, 1991.

Chance B, Leigh, Jr JS, Clark BJ, et al. : Control

of oxidative metabolism and oxygen delivery in

human skeletal muscle : A steady-state analysis
of the work/energy cost transfer function. Proc

Natl Acad Sci, 82 : 83848388, 1985.

Boutellier U, Giezendanner D, Cerretelli P,

DiPrampero PE : After effects of chronic hypox-

ia on VO2max kinetics and Oz deficit and debt. Eur

J Appl Physiol, 53 : 87-91, 1984.

25) & A%, BEBC, THEH, HKRER: S
EOREERIRREETRAE V-2V 7DD
v FMEEBOBLRBICRIZTRE. ARESHE
FEEEMEEE 21 99-106, 1995.

26) Katz A, Sahlin K: Regulation of lactic acid

production during exercise. J Appl Physiol, 65 :

509-518, 1988.

Willson DF, Erecinska M, Drown C, Silver IA :

The oxygen dependence of cellular energy

metabolism. Arch Biochem Biophys, 195 : 485—

493, 1979.

28) Matheson GO, Allen PS, Ellinger DC, et al.:
Skletal muscle metabolism and work capacity : a
SIP-NMR study of Andean natives and lowlan-
ders. J Appl Physiol, 70 : 1963-1976, 1991.

21

~—

22

g

23

=

24

N>

27

~—

45
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Acclimatized to Hypobaric Condition
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The purpose of this study is to evaluate the effect of acclimatization to the hypobaric condition on
energy metabolism in skeletal muscle of rat hindlimb using 3P NMR spectroscopy. Rats were ex-
posed to the hypobaric condition of 462 mmHg 10 hours a day, 6 days a week for 6 months. Before, 3
months, and 6 months of the exposure the hindlimb muscle of the rats were examined by 3P NMR
during exercise under 3 levels of oxygen availability (fractional concentration of inspired oxygen
(F102) of 0.5, 0.11, and 0.08). The same amount of submaximal exercise was loaded on each rat by
electric stimulation of 2 ms, 17 V DC pulses at 1 Hz. Phosphocreatine (PCr), inorganic phosphate
(Pi), and the intracellular pH during exercise were used as indices of oxidative phosphorylation
capacity in the muscle. At FiOz of 0.5 where the oxygen supply is not limiting the oxidative
metabolism in the muscle there is no difference in the ratio of PCr/ (PCr+Pi) or in the intracellular
pH between the acclimatized and control rats at any time stage. This means that the 6 months of ac-
climatization to the hypobaric condition of 462 mmHg does not affect the oxidative capacity of the
hindlimb muscle. On the other hand at F1Oz of 0.08 the PCr/ (PCr+Pi) ratio and the intracellular pH
during the later stage of exercise and during recovery were significantly higher in the acclimatized
rats than in the control rats after 6 months of exposure. Since the oxygen supply is obviously limiting
the oxidative metabolism in the muscle at FiOz of 0.08, the above result suggests that the extent of
limitation of oxidative capacity by a reduced oxygen supply under hypoxic condition is relieved in
the acclimatized rats. This finding may be an explanation for the mechanism of the lactate paradox
found in highland residents or trained people at high altitude.
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