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The miscibility of a drug with excipients in solid dispersions is considered to be one of the most important
factors for preparation of stable amorphous solid dispersions. The purpose of the present study was to elucidate
the feasibility of '"H-NMR spin-lattice relaxation measurements to assess the miscibility of a drug with excipi-
ents. Solid dispersions of nifedipine with the hydrophilic polymers poly(vinylpyrrolidone) (PVP), hydroxypropyl-
methylcellulose (HPMC) and a,ﬂ-poly(N-S-hydroxypentyl)-l.-aspartamide (PHPA) with various weight ratios
were prepared by spray drying, and the spin-lattice relaxation decay of the solid dispersions in a laboratory
frame (7, decay) and in a rotating frame (T, decay) were measured. T,, decay of nifedipine-PVP solid disper-
sions (3:7, 5:5 and 7:3) was describable with a mono-exponential equation, whereas T,p decay of
nifedipine-PHPA solid dispersions (3:7,4: 6 and 5 : 5) was describable with a bi-exponential equation. Because a
mono-exponential 7, , decay indicates that the domain sizes of nifedipine and polymer in solid dispersion are less
than several nm, it is speculated that nifedipine is miscible with PVP but not miscible with PHPA. All the nifedip-
ine-PVP solid dispersions studied showed a single glass transition temperature (T,), whereas two glass transi-
tions were observed for the nifedipine~PHPA solid dispersion (3 : 7), thus supporting the above speculation. For
nifedipine~HPMC solid dispersions (3:7 and 5:5), the miscibility of nifedipine and HPMC could not be deter-
mined by DSC measurements due to the lack of obviously evident T,. In contrast, '"H-NMR spin-lattice relax-
ation measurements showed that nifedipine and HPMC are miscible, since T,, decay of the solid dispersions

(3:7, 5:5 and 7:3) was describable with a mono-exponential equation. These results indicate that 'H-NMR -

spin—Jattice relaxation measurements are useful for assessing the miscibility of a drug and an excipient in solid

dispersions.

Key words miscibility; solid dispersion; spin diffusion; spin-lattice relaxation time; amorphous

Preparing solid dispersions of a poorly soluble drug with
water-soluble polymers is a promising method for improving
the dissolution characteristics and bioavailability of the drug.
Miscibility between a drug and a polymer is considered to be
one of the most important factors for obtaining stable solid
dispersions."

Miscibility of a drug with a polymer is usually evaluated
by differential scanning calorimetry (DSC).>—® When a solid
dispersion shows a single glass transition temperature (T, )
between the T, values of the drug and the polymer, the drug
and the polymer are considered to be miscible within the de-
tection limit of DSC.” This method is applicable to a solid
dispersion when T, of the drug and the polymer can be de-
tected clearly, and the temperature ranges of the base line
shift due to glass transition do not overlap each other.

The interaction parameter y of the Flory-Huggins equa-
tion provides a measure of miscibility.*? Crowly and Zografi
measured the water vapor sorption isotherm of indomethacin
solid dispersions with PVP and reported that the estimated
interaction parameter y between indomethacin and PVP was
greater than 0.5, indicating that indomethacin and PVP are
immiscible in terms of ¥ value.® Although this method is ex-
cellent in being able to provide a quantitative measure of
miscibility, it may be difficult to apply to unstable amorphous
drugs, which crystallize during measurement of water vapor
sorption.

A method that can be used as an alternative to DSC or
measurement of the interaction parameter y is analysis of the
'H spin-lattice relaxation process of solid dispersions, which

* To whom correspondence should be addressed. ¢-mail: aso@nihs.go.jp

has been reported in the fields of polymer alloy and polymer
blends. If two polymers are miscible, the relaxation decay of
the mixture is describable by 2 mono-exponential equation,
whereas if they are not miscible, relaxation decay is describ-
able by a bi-exponential equation.'®')

In this paper, the feasibility of 'H spin-lattice relaxation
measurements for evaluating the miscibility of a drug and
polymers in solid dispersions was studied. Nifedipine solid
dispersions with PVP, HPMC and a,f-poly(N-5-hydroxy-
pentyl)-L-aspartamide (PHPA) were used as model solid dis-
persions, and the miscibility measured by 'H-NMR was com-
pared with that measured by DSC. The dissolution profiles of
nifedipine from PVP solid dispersions were compared with
those from PHPA solid dispersions to discuss the effects of
miscibility on the dissolution rate of nifedipine.

Theory 'H spin-lattice relaxation rates of respective
spins in a solid are usually averaged by a process called spin
diffusion. Spin diffusion is the equilibration process of polar-
izations of spins at different local sites through mutual ex-
change of magnetization. 'H spin-lattice relaxation decay for
a single-phase solid is describable by a mono-exponential
equation with a relaxation rate that is averaged by spin diffu-
sion. When a solid consists of two phases, the spin-lattice re-
laxation decay is describable by a mono-exponential or a bi-
exponential equation depending on both the domain size of
each phase and the effective diffusion length (L). L is ex-
pressed as follows:

L=~6Dt O]

© 2007 Pharmaceutical Society of Japan
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where D is the spin diffusion coefficient, and ¢ is the diffu-
sion time. D is a function of the distance between neighbor-
ing proton spins and spin-spin relaxation time (7}), and is re-
ported to be approximately 10™"?cm?s™" for organic poly-
mers. Typical spin-lattice relaxation time in a laboratory
frame (T;) and that in a rotating frame (7)) are of the order
of 1s and 10ms, respectively. When these values for ¢ were
inserted in Eq. 1, effective diffusion lengths of approximately
50nm and 5nm were obtained for T, and T, ,, respectively.
Depending on the domain size of each phase in a solid, the
following 3 cases can be expected: (1) when the domain is
smaller than about 5nm, both the spin-lattice relaxation
decay patterns in a laboratory frame (T, decay) and in a rotat-
ing frame (7, decay) are describable by a mono-exponential
equation; (2) when the domain size is about S to 50nm, the
T, decay pattern is describable by a bi-exponential equation,
whereas the T, decay pattern is describable by a mono-expo-
nential equation; and (3) when the domain size is larger than
about 50 nm, both the 7, and T, decay patterns are describ-
able by a bi-exponential equation. When the T, decay is de-
scribable by a mono-exponential equation, the solid can be
considered as a single phase within the detection limit of
NMR. 7, and T, decay thus provide information on misci-
bility of a drug and a polymer excipient.'?

Experimental

Materials Nifcdipine (N-7634), PVP (PVP-40) and HPMC (H-3785)
were purchased from Sigma (Newcastle, DE, U.S.A.). PHPA was synthe-
sized via polycondensation of L-aspartic acid.'® Phenobarbital was obtained
from sodium phenobarbital (Wako Pure Chemical Ind., Osaka) by ncutral-
ization and subsequent re-crystallization from acetone solutions as described
previously.'” Other chemicals uscd were of reagent grade. Nifedipine solid
dispersions with PVE, HPMC and PHPA were prepared by a solvent evapo-
ration method using a model GS-310 spray dryer (Yamato, Tokyo, Japan).
Drying conditions are summarized in Table 1. The solid dispersions ob-
tained were confirmed to be amorphous from microscopic observation under
polarized light. Although the drying conditions were not optimized, 50 to
90% of the solid dispersions were obtained. Amorphous nifedipine was pre-
pared by melting and subsequent rapid cooling as reported previously.'*

DSC T, of nifedipine~PVP and nifedipine-HPMC solid dispersions was
measured by modulated temperaturc DSC using a model 2920 differential
scanning calorimeter and a refrigerator cooling system (TA Instruments,
Newcastle, DE, U.S.A.). The modulated temperature program used was a
modulation amplitude of +0.5°C, a modulation period of 100 s and an un-
derlying heating rate of 1 °C/min. For nifedipine-PHPA solid dispersions, T,
was measured at a scanning rate of 20 °C/min using a conventional heating
program. Temperature calibration of the instrument was carried out using in-
dium.

NMR 7, decay and T,, decay were measured using a model JNM-
MU25 pulsed NMR spectrometer (JEOL DATUM, Tokyo, Japan). The in-
version recovery pulse sequence was used to measure T, decay. T, p decay
was mcasured in a spin locking ficld of 10 G. All measurements were camcd
out at 27 °C.

X-Ray Powder Diffraction X-Ray powder diffraction patterns of solid
dispersions were obtained using a model RINT-TTR I X-ray diffractometer
(Rigaku Denki, Tokyo) with CuKa radiation (50kV, 300 mA) at a scanning
rate of 4 °C/min from 20=5° to 40°.

Nifedipine Dissolution Profile Nifedipine-PVP (3:7) and nifedipine-
PHPA (3:7) solid dispersions containing 100 mg of nifedipine were made
into disks with a diameter of 2cm at a pressure of 20kN. Each disk was
mounted on the rotor of the dissolution apparatus and the side surface of the
disk was covered with a Teflon film. The sample was rotated at a rate of
100 rpm in 900 ml of distilled water at 37 °C. The amount of nifedipine dis-
solved was measured using a model DM-3100 solunon monitor (Otsuka
Electronics, Tokyo).

Results and Discussion
Figure 1 shows typical 7| and 7}, decay patterns for the

Vol. 55, No. 8
Table 1. Conditions of Spray Drying
Outlet Atomizer  Feeding
Drug Polymer  Solvent” temperature gas rate
(°C) (/min) (mV/min)

Nifcdipine-PHPA

0 10 A 68 7 5

3 7 A 68 7 3

4 6 A 68 7 3

5 5 A 68 7 3
Phenobarbital-PHPA

3 7 A 68 7 3
Nifedipine-PVP

0 10 A 90 9 10

3 . 7 A 90 9 10

5 5 A 90 9 10

7 3 A 68 7 3
Nifedipine—-HPMC

0 10 B 38 11 3

3 7 B 38 11 2

5 5 B 38 11 2

7 3 B 38 11 4

a) Solvent A, ethanol; solvent B, cthanol—CH1Cl1 (1:1). Flow rate of drying gas was
adjusted to 0.5 m¥/min,

) 1

(lo-h)/210
=]

NIF-PHPA 3:7SD T,

0.01 s 1 s L s
0 0.2 0.4 0.6 0.8 1
t(s)

0 0.02

0.04 0.06
t(s)

0.08 0.1

Fig. 1. T, (A)and T,, (B) Decay Patterns for Amorphous Nifedipine (<),
Amorphous PHPA (A), Physical Mixture (X) and Solid Dispersions (@) of
Nifedipine and PHPA

solid dispersion and the physical mixture of nifedipine and
PHPA (3:7). T, and T, decay patterns were mono-exponen-
tial for both amorphous nifedipine and PHPA. The 7' and T,
values of nifedipine were 5.0s and 104 ms, respectively, and
those of PHPA were 0.084s and 4.4 ms, respectively. The
physical mixture of nifedipine and PHPA (3 : 7) exhibited bi-
exponential 7, and T, , decay with the relaxation time of each
component, indicating that the particle sizes of nifedipine
and PHPA in the physical mixture are much larger than the
effective diffusion length (approximately 5 nm and 50 nm for
T,, and T, decay, respectively). In contrast to the physical
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mixture, the solid dispersion (3 :7) showed mono-exponen-
tial T, decay, whereas bi-exponential 7, o decay. These results
mdlcate that nifedipine and PHPA are immiscible and that
domains 5 to SO0nm in size are present in the solid disper-
sion. The nifedipine—PHPA solid dispersions (4:6 and 5:5)
and the phenobarbital-PHPA solid dispersions (3:7) also
exhibited bi-exponential T, o decay (data not shown). Figure
2 shows powder X-ray diffraction patterns of the nifedip-
ine-PHPA and nifedipine-PVP solid dispersions. The ob-
served halo pattern indicates that nifedipine in the PHPA dis-
persions is amorphous at the detection limit of powder X-ray
diffractometry.

DSC data supported the contention that mfedlpme and
PHPA are immiscible. Figure 3 shows typical DSC traces for
nifedipine-PHPA solid dispersions. The nifedipine—-PHPA
solid dispersion (3:7) showed glass transition at approxi-
mately 50 °C, corresponding to the T, of amorphous nifedip-
ine, and at approximately 75 °C, indicating that there are both
an amorphous nifedipine phase and an amorphous nifedip-
ine~PHPA phase in the solid dispersion. These DSC data in-
dicate that amorphous nifedipine and PHPA are partially im-
miscible at this weight ratio. For the nifedipine-PHPA solid
dispersion (5:5), T, of the amorphous nifedipine-PHPA
phase was not clearly observed because of the detection limit
of DSC, suggesting that '"H-NMR relaxation measurements
can detect immiscibility of drugs and polymers more sensi-

Powder X-Ray Diffraction Patterns of PHPA (A), Nifedipine-PHPA (3 : 7) (B) and Nifedipine-PVP Solid Dispersions (3 : 7) (C)

|

NIF-PHPA 3:7 L
NIF-PHPA 5:5

[—

25 50 75 100

Temperature (°C)

Fig. 3. DSC Traces for Nifedipine~PHPA Solid Dispersions

Arrows represent T,

tively than DSC. DSC data suggest that the nifedipine-PHPA
solid dispersion (3 : 7) consists of pure amorphous nifedipine
phase and amorphous nifedipine-PHPA phase. NMR data
may support this speculation. As shown in Fig. 1B, initial T,

decay of the solid dispersion was slower than that of the
physical mixture or pure PHPA. This slow relaxation rate of
the solid dispersion may indicate that the relaxation rate of
PHPA protons was decreased by spin diffusion with nifedip-
ine protons existing near PHPA molecules; in other words,
nifedipine-PHPA phase is considered to exist in the solid
dispersion. The effect of weight ratios on the T, decay of
nifedipine—PHPA solid dispersions needs to examme in order
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Fig. 4. T,, Decay Patterns for Nifedipine (+), PVP (X), and Nifedi-
pine-PVP Solid Dispersions of 7:3 (A), 5:5 (O), and 3: 7 (®)
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Fig. 5. DSC Traces for Nifedipine-PVP Solid Dispersions

Arrows represent T,.

to confirm the phase structure of the solid dispersion, since
the molecular mobility of PHPA may different from that of
pure PHPA.

In contrast to PHPA, PVP and nifedipine in the solid dis-
persions (3:7, 5:5 and 7:3) were considered to be miscible
from T, relaxation and DSC measurements. Figure 4 shows
typical T), decay of the solid dispersions. All the solid dis-
persions studied exhibited mono-exponential T, p decay,
whereas physical mixtures of amorphous nifedipine and PVP
(3:7,5:5 and 7: 3) exhibited bi-exponential decay (data not
shown). Figure 5 shows DSC traces for the nifedipine-PVP
solid dispersions. A single glass transition was observed for
all of the solid dispersions studied. These data indicate that
nifedipine and PVP are miscible at the detection limit of
NMR and DSC.

For nifedipine-HPMC solid dispersions, the miscibility of
nifedipine and HPMC could not be assessed from 7, meas-
urements. As shown in Fig. 6, base line shift due to glass
transition was not obvious for the nifedipine-HPMC solid
dispersions (3:7 and 5:5). In contrast to DSC measure-
ments, T}, relaxation measurements clearly indicated that
nifedipine is miscible with HPMC in the solid dispersions.
As shown in Fig. 7, all the nifedipine-HPMC solid disper-
sions studied showed mono-exponential 7,, decay. In con-
trast to the solid dispersions, physical mixtures of amorphous
nifedipine and HPMC (3:7, 5: 5 and 7 : 3) exhibited bi-expo-
nential decay (data not shown). These data indicate that
NMR can detect miscibility of a drug and an excipient more
sensitively than DSC.

Figure 8 shows the dissolution profile of nifedipine from
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Fig. 6. DSC Traces for Nifedipine-HPMC Solid Dispersions
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Fig. 7. T,, Decay Patterns for Nifedipine (+), HPMC (X), and Nifedi-
pine-HPMC Solid Dispersions of 7:3 (&), 5:5 (O), and 3 : 7 (@) ’
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Fig. 8. Dissolution Profiles of Nifedipine from Solid Dispersions with
PVP and PHPA

solid dispersions with PVP and PHPA. The nifedipine~PVP
solid dispersion exhibited rapid dissolition of nifedipine with
super-saturation. In contrast, only a minimal amount of
nifedipine was dissolved from the nifedipine-PHPA solid
dispersion,

In conclusion, 'H- NMR spin-lattice relaxation measure-
ments were found to be useful for assessing the miscibility of
a drug and excipients in solid dispersions, especially, when
T, is not clearly detected by DSC. The lower miscibility of
PHPA than that of PVP and HPMC with hydrophobic drugs
is considered due to the more hydrophilic nature of PHPA.
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Rglop L) ONKEHIIT 7 -V OBREMY LD
WIS REBEFEREY N7 BELTRERESE
BUYATATHE . —EICBELEE b VWDAS
EHBOGFEETERLEFIA TS — % HETE,
FLNFTLICBENOBESCHE® b -0 Fil%E
RT&5. ZOEmEACTARBEFE LTHED
HEBMTHE2O0DR)RTFF FEVHE VE*E
WY v A — TEINID %W IZESE Fy single-chain Fv
(scFv) # 7 7 —JIIF4 AT A4 &85 DOHik
T7—=TVIGATS)—Thsb. FLTCIT7—V54F

S - oBERMRAE T — VR RIS,

CNEREHIC T 77— IV EEL-b DT 7—
VFAATLAHMETHH(6,7).

SEEE ME/ 70— FAHERBOD ) —DDHE
X, E M EEBETAN S VAV 2oy ZEOF]
HAThs WEMEIgZ/ v o279 FLzvw ALK
BHNZE PO Ig BEFEFHEATNE <7 A4k
KbV IZHHRLHEESELFHOC MY EE S L
HrEZOLND ELIZZ0vy REGETIFL b
70— FLPEEERONA TY F—<BETHES
CENTETHSE. BIZKM<TY X, KW~ X,
HACw Y 2%y MufkELEHA~Y AR E L,
LY FMARORBIFIA IR TV (8).

4. BEFIFHAKEFEZEOH S

2. 2BV TH A THifk ¢ MEHik ¢ MO
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T, BOTBHVEEORKERICHT &0 BE
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PERIZE 5o TEVHSAERBRE STV RIS
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BHEVWETIHRE X hTw 3 (10).
CDE)LPFHPAEOERE DBET A ETHD
B, NAT) F—=HAEIlzonTid, b Mgk ik
LTe MILPFFEHEEEO THNZ LA EINTE
7o (e MR 230, N TV F—<Hfk:1-3H).
Tz, EBRF 2 IHK e Mepikicsw TR,
A7 F—<HEICERD &, —RiIZIMBEBRERE
WIZEFREEZNTVE, TDAHZXLADERIIR
S>THLRPIZ o TEA. b, B8>S BIEICHE

RIEZIRZ HBERELIB S 1gG BIEH Fc 544K (FcRn)
i, BERBLREI 0T CORNERLIE) LIz
LV MPFEBROERICEE>TwBE I L, E51F
EREFAGEZEOMPERBOXEI, IgGD
Fc #if & FcRn L OMEVERDSFIATE 5 2 & A%HH
LT TWwA (11, 12).

5. BIICEFSIhTUWBXLHfdES

BAEFCIIBRRCRET SN NEEESF1ICE
L. NBEBIIHLTHEHY, KT EEIH
BEE BIUGRERAHECIESINS. HEEXE
LTIV YFIST, VFAVART, FAYXTT
FVUHTA Ly, NV X TE, BAERNRE
WHEASNAEERE LTOFMEZELIITILEST
W2, FLARERABEOLIT, A7) F I TIL
AMFLFb— POBHEE LCHEEY v < F DI
WHEHASIRAZEHFS ., &5k PRIBEFEBL
WEHINF aZB 6 -FcBEs o280 s 30
7 Mg, IgG TR HMAED Fe 2 FA LA
TH N0 ETHBNR, AhrLEdbk—1E0BAD
VEOZVWHEEYY 7 FIERETHS. MATHERE
Thobe MEBLIL-6 ZEMAYE N ) A< T (4t
BE L KRKFZOXFRF) 3, Fx v AN VKA
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6. SHEERIFFEIhIRURRAESE

UED LS, HiEEZEIHR,K % POICBECES <
DEGDVARBZINTV SN, BARAERIRES Y
IR BERUNORE T, IR HHEENITIX IgG
DY T2 B L, BEENICOEENICD MR
Z2DODFETVa—)v:]1) PRSI TH B VHEE:
2) MiEPHEIIHEAEL 2% CDC (Complement
Dependent Cytotoxicity #i K FHEMBREE « $i4ds
MfREEE EOMBERERICFENICEALT, BF
DORBDOH ET, ZOMBIEEZS2AZL) F
& % 13 ADCC (Antibody Dependent Cell-mediated
Cytotoxicity FiAKIE LM BB E © 1gG 7 7 A D
FesHiA* THIlE, NK#MiMR, #FdIk ~so77—
VEDFCEBERENLT, Thox77 % —Hla
ZIEEALL, SO EERIEE LR ERT =
L) EHEOREA*ERTAIZ 727 ¥ —#EE% S
FcHELPOLME I N TS L2rLIDLX) % IgG
RAEEOSTEIRIOF*ZZBERSFTHAE:
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ScFv Fab

2 SEHRYT I EBONDIRRyIHESE

(Xt 13 KO egE)

B, MADS5HEBANDORITRE DD TEY., FOMEik
FKELTI77—VF1 AT vA LD FEBW

ScFv # 4 7, 5wt Fab ¥ 1 7, Flab)y ¥ 1 7%,

A4 XS L, AENBITELT BRI 2 REEE
DR PITLOR TS (B2). &6}, BL o4
EREMEZETHHREIHRTEFab 755 A0 &
D X, 2D DOREY bispecific 57 % Fab), %
A 7DERERE LTOFAORALALNA TS, —FZ

D& BEGFALHUEIZ, BEFDOILEERIER R IFIE,

HLVEBERRBRIKEGS LI EILLY, Zhb
EEGICEAELZHE S LT EPMELE LR S5DT,
SHRSFENERBROIR—F P ELTORAED
ERALTHIENTFHEEINS.

ULD XS LHEDT 3/ BREFIERS DORELIMS,

UL BOERLIRAALON TV S, BAEOHE
EEDIZLEAE X IgGRITH Y, Fc #45 0 CH2 R
WTANRNSFUEEBOa 7L v 7 AREHSED

BES N HTH D, EOBESIIED 37 85I,

PR LL0BEELEOL ) THEORE IOV
REWTHHH, ZOBEHOMITFRIF TS 7D
— AW 2 h L ADCCIEMENEIW L XNV T 100 1%
AT, L7ehoT, Hiko Fe HiBIZHEALTw
LHEHNPOL T I —-AREEBET B E, HvADCC
EHVFEEINS (14, 15).

PEroX5%, BENIIHLVWY A TOPBEREE
EBHIT, EHBEOLETLHFH LS A TOREEED
BIESERIET2b0EEZLNS. BIL, EkoH

BEREOLZ CIZERBES > /37 OB FI B
L, (DZho g s 8% H, QEERLTESS
ORIE7Tay 7, QYHMBEBEOCERS /87 Bk
ALFHEBOLT =7 % —REICE Z2HBEBES
Lo TEHBEHZRERTS. L LERMROHIKRESE
LTI, MRXATEESE BFIZIte Yo
th, =) AORLF U REEKR BKEIVEVZEHR
FAS, CD20, CD28) iZ#&L, 7I=R + & LTH
BAEREEL SIS R T L2 BILAT T2 b
HAEOHEBELBINITHOA TV S,

7. REARBFEXEORBEROBIRSLY
R 214 FH

PE®D Xz, FBEEERRBILALOERICTD
NTVEA, HEIHIDE ) ZHAEENRSHHE
i DB BLIHVTERRRIMAIER - 7. ME
E o RESEMILEWIIT ) »/35kKHE D CD28
ST AL MEE/ 70— F VEH4K TGN1412 T,
FA > TeGenero L IZ L » THESI LT W H
CD28 7 T=A MK (RA—X—TFT T=ZA}) THot:
koE/)Z70—FNHETIE, BMTTHELZIE
HALTELWD, TOR—23—T7 T2 MIFEHRA
DECH S EMTTHZ EME L ¢, THRORHH
BIXUHYA M A VEEEZFETAHIENTEL LS
h, BMifaBMY »  HRAMRSFOMBRZOEHLEE
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ENEDLENTW16,17). MEEERRERIX 0.1
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mg/kg DERFLG CEBEI /25, BERE64LH
WEEOHA b I 4 VHRBEGENEL, SHREFS
ICMa-7-. IERIIBDOD TEETH 70D, HEGHN
CBIREIDFEWFRCICRES L2 o7:(18). Z O
BRRBBROFEMRZRELICHRNIDIE, ZOEIFH
HHUBEMEAICI DA —T 7 v EELLTHEEE S
., BERBHEIIOWVWTHHROZ L ¥ oL E
SDEBHE T TV ETh5.
FHOFERSIE, XEBIUKRHRFSBICL -
THMEIICEEBEINTV5(19,.20). T DKRBRIZHE
bh/-ty MIDOWTOREROFEMR LW O R
THMEDREOMBIZL Z2ER TRV &AL H
Wahi 22T, HEHTe FIERSREBRICBIT S
HBE5HELREORYE X P.LIfTbI:. F¥HRkE
HEIZODWTTHED, A7 4 FNVTOERN1E
HMaE i AfiES b0l LT, v M aE
HEABCIIEREO-59) OBEFE¥1To 513,
A MAA UHBEBRREZBOWERE LTRSE L
LNBKRA YV THBE. —HYEBERABROKRSBE
THoHH, A=A FNTH 28 HHERERS RGBS
BT, 5mg/kg BL V50 mg/kg 52 L Y1) o8
DOEHAL, FhEFRBLZIL-5 IL-6 D ERAAS
nN-boon, TholERIZERBEREEZ, FhL
MNCEBFBROEEERRA LN oz Lk, &E
& NOAEL # 50 mg/kg & L, T OEF b LII®
SRR S0EL>THRELLZLDTHY (21), kD

FHEEOEE» LT L ELTLORENEITV X 2.

LA L, 3[E National Institute of Biological Standards
and Control (NIBSC) @ #& T3, TGN1412 1EH
DA E FORHRTEIHEE, FoBITERICE
B, BT A4AFNLDY YRR TIEITGNI4121C X 3
R4 P A VEARBBR IR LV, B
VIUNETIRELL DB TE 7 I =X MEHDHRERE

T&52L, L2bZoREMFRIMBIZVEIZRL,

EHEEIZ2-10ug/ml THEZ EHZRWELTWVES
(22). TR, I A FLVDERTIIE PO
HoOY W2 BEr DI EZRLTVAS.

NAFTF7 /00l oo BEHEEROEE
HEEICDWTIE, (DREKROEESHDIITLALIZY
BRI LRBRDOY FF U2 BIZBBY 2 RV E %
HEEICERETEhTw3d, Q) Ld - TABMEGE
R R2B SR04, FRARTHTETHS, F
RSB 2 H & L7 EREIR BRI, EEORIZLY

RN B I UHEROBITIIHE LG G0 P 7% (v,

WRBEBWICE > THEBRYEIIRMESY V278 TH
D, PHHAEOEREZEIL L > CERRIERE T T 7 4

VOBITIZRETHS. L2 T, ThoEELD
EBRELEHERBRTA FS5423) Tk, 828
WHIBRABROERTIIMFZEREELROSEICL
RTEOhBE AN, $7-, b RERS Vs E%
BEXEL VNS VRV 2y 28, HHWIIHEES
U BILEIABEERERL TS, ZOHA FI4
UHEEASIN, BEICTEFEBLTVEN, FF U
Vv rs#8Wh AR 8o i, RAZHESR
DEBEIRDo TV EONEKRTHSE. —F, 7=
A MBI RROEBEEYEL 3R 2 2 EHIERY
R EDVHFINRTHERINE Y V2 ETHY,
EWERLERLZ LCERAOFHRERCTCHS. T
BoFikide MR EROFREZ AL TS L
LThH, & MUETIEISM LI 2V EREMIZSH L
ERT 5. Lo T, SHINLOFLWIAL TO
HREEL ¢ MRS T 212h 72 - TOEHDOETI,
B %A VE FOROBE, BYLEOBYE AV
A Y EKREN, SOITRLEEEIMERS V28D
HBVIE NI VAV 2y JEMEORABICL T,
Mg OB, BEEREED 2V IHEFRERO
T ZATI) S MU ETHA. EUTIITTIC, Th
LNAYA7EDE FABRERREBRICBWTERETR
EEHTLDIHAFIL Y2 ERLTBY, &S
BErRETHHEE, BATFHNEYENEEE Mini-
mal Anticipate Biological Effect Level (MABEL) IJ&t

O T EEORHREBRYAATWS (24).

8. &bHUIC

MBEEREORBIZERITLATEY, HVIFRE
BZEOBHFICOKIBIIR) ANLLENELLTH
5. SHISHEEED» L SEABBErOIH LY
A TORBERBEIERAT B LBFREINSD.
ZD L) tRERPBEEORREIZ SV CIERER
DN, BLURERTFUOLDITIX, 4 Y EK, 4
YU MOERRTHELA-EBEHOBRSEECTH
D, ZOBMIZIEBZEORELEBRILEL SN
5.

BHE  ARFUCEDb IO —IE, BEEFHEREHE
PHBESEESR EFEBBL T2 M)A L 28BS
HMEEEIHTIBRSICLIEb0THE. ZZICBEL
£T2.
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Abstract. Involvement of the Na’/Ca® exchanger in ouabain-induced inotropy and arrhythmo-
genesis was examined with a specific inhibitor, SEA0400. In right ventricular papillary muscle
isolated from guinea-pig ventricle, 1 uM SEA0400, which specifically inhibits the Na'/Ca*
exchanger by 80%, reduced the ouabain (1 uM)-induced positive inotropy by 40%, but had no
effect on the inotropy induced by 100uM isobutyl methylxantine. SEA0400 significantly
inhibited the contracture induced by low Na” solution. In HEK293 cells expressing the Na'/Ca**
exchanger, 1M ouabain induced an increase in intracellular Ca®, which was inhibited by
SEA0400. The arrhythmic contractions induced by 3 uM ouabain were significantly reduced by
SEA0400. These results provide pharmacological evidence that the Na'/Ca®* exchanger is
involved in ouabain-induced inotropy and arrhythmogenesis.

Keywords: ouabain, Na*/Ca®" exchanger, SEA0400, inotropy, arrhythmia

Introduction

The Na'/Ca® exchanger (NCX) is involved in the
physiological and pathophysiological regulation of Ca**
concentration in the myocardium. It is considered to
function both in the forward (Ca** extrusion) and reverse
(Ca* influx) modes. The major role of myocardial NCX
is to extrude Ca> from the cell through the forward
mode and produce relaxation. Contribution of reverse
mode NCX to Ca® entry during the early phase of
normal myocardial contraction has also been postulated.
The mode of NCX action possibly changes during the
contractile cycle and the balance may vary with factors
such as the animal species, developmental stage and the
condition of the myocardium (1, 2). NCX activity is
closely related to intracellular Ca®>* handling and is
involved in normal and abnormal myocardial pacemak-
ing (3).
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NCX has also been considered to be involved in
cardiac glycoside-induced positive inotropy (4). Cardiac
glycosides, which inhibit the sodium-potassium pump,
would increase intracellular Na* concentration, which in
turn shifts the mode of NCX towards the reverse mode,
and produce positive inotropy through an increase in
intracellular Ca®** concentration. Extensive evidence
has been presented for this view including studies with
fetal myocardial tubes from NCX knockout mouse (5).
However, pharmacological assessment of the role of
NCX in cardiac glycoside-induced inotropy and arrhyth-
mogenesis has been limited because of the lack of an
NCX inhibitor with sufficient specificity.

SEA0400 {2-[4-[(2,5-difluorophenyl)methoxy]phe-
noxy]-5-ethoxyaniline} is a potent and selective inhibitor
of NCX in cultured rat neurons, astrocytes, microglia,
and myocytes and dog sarcolemmal vesicles with
negligible affinities towards other transporters, ion
channels, and receptors (6—9). We have previously
examined the effects of SEA0400 on the myocardial
NCX current using voltage clamped guinea-pig ventri-
cular myocytes (7) and found that SEA0400 concentra-
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tion-dependently inhibits the NCX current with ICso
values of 40 and 32nM for the forward and reverse
modes, respectively. This was confirmed with NCX1
expressed in HEK93 cells (10). SEA0400 (1 uM), which
inhibited NCX current by more than 80%, had no effect
on the Na* current, L-type Ca®* current, delayed rectifier
K" current, and inwardly rectifying K* current (7) and
the Ca®  sensitivity of contractile proteins (11).
KB-R7943, which has been used as an inhibitor of
NCX, was revealed to have virtually no selectivity for
these ion channels and transporters (7). Thus, SEA0400
can become the first specific pharmacological tool to
study the role of NCX and was shown to be useful in
studies on myocardial excitation-contraction mecha-
nisms, regulation by autonomic transmitters, and is-
chemia-reperfusion injury (6, 11 —17).

Concerning the action of cardiac glycosides, inhibi-
tion by SEA0400 of digitalis-induced arrhythmias in
canine models was reported (18), but the mechanisms
of cardiac glycoside-induced inotropy and arrhythmo-
genesis has not been examined in the isolated working
myocardium with this selective inhibitor. The present
study was performed to obtain pharmacological evi-
dence for the involvement of NCX in cardiac glycoside-
induced inotropy and arrhythmogenesis.

Materials and Methods

Measurement of contractile force and contracture in
papillary muscle preparations

Isolated papillary muscle preparations were made,
and contractile force was measured with standard
techniques as described (19). Contracture induced by a
low sodium solution was used as an index of reverse-
mode NCX activity as described earlier (20) with a
slightly modified protocol. The initial extracellular
solution was of the following composition and gassed
with 95% 0;-5% CO,: 113.1 mM NaCl, 4.6 mM
KCl, 245mM CaCl,, 1.2mM MgCl, 21.9mM
NaHCO;, and 10mM glucose (pH 7.4). After the
contractile force reached the steady state, stimulation
was ceased. The preparation was incubated for 30 min
with or without 1M SEA0400, and thereafier the
solution was changed to a low-sodium solution. The
low-sodium solution was prepared with the equimolar
substitution of tetramethyl-ammonium chloride for
NaCl in a modified Krebs solution, so that the final
Na® concentration was 21.9 mM. This solution also
contained 10 uM monensin, 20 mM caffeine, and 4.9
mM CaCl,. The amplitude of low-sodium contracture
was expressed as the percentage of steady-state devel-
oped tension. SEA0400 (1 uM) was applied from 30 min
before the low-sodiumn perfusion and kept in the low-

sodium solution continuously.

Preparation of HEK293 cells expressing NCX and mea-
surement of cytoplasmic Ca®* concentration

HEK293 cells stablly expressing bovine NCX1 were
obtained in our previous study (10). Cytoplasmic Ca**
was monitored with the fluorescent probe fura 2. The
cells were loaded with 5 uM fura 2/AM for 30 min at
37°C. They were excited at 340 and 380 nm, and
emission (>500 nm) was separated with a dichroic
mirror. Data acquisition and analysis were performed
with the aquacosmos system (Hamamatsu Photonics,
Hamamatsu). Calibration was performed in situ as in our
previous study (17).

Drugs and chemicals

SEA0400 was provided by Taisho Pharmaceutical
Company, Ltd. (Saitama). The drug was dissolved in
dimethyl sulfoxide (final concentration of 0.01%). Fura
2 was obtained from Dojin (Kumamoto). All other
chemicals were of the highest commercially available

quality. :

Data and statistics

Statistical significance between means was evaluated
by Student’s r-test or by the y’-test, and a P value less
than 0.05 was considered significant.

Results

Effect of SEA0400 on contracture induced by low-
sodium solution

The inhibitory activity of SEA0400 on reverse mode
NCX was confirmed in myocardial tissue preparations
(Fig. 1). Treatment of ventricular tissue preparations
with a low Na* extracellular solution resulted in muscle
contracture. SEA0400 (1 #M) significantly decreased
the contracture; the magnitude of the contracture in the
absence and presence of SEA0400 at 30 min was
134.7 £34.2% and 43.4 = 18.4% (n = 10), respectively,
of the initial contractile force.

Effect of SEA0400 on ouabain-induced inotropy

Effect of SEA0400 on ouabain-induced inotropy was
examined in papillary muscles isolated from guinea-pig
right ventricle (Fig. 2). SEA0400 showed no significant
inotropic effects; the contractile force after the applica-
tion of 1uM SEA0400 was 105.3 £10.0% (n=6) of
that before application. Ouabain (1 uM) induced a
gradual increase in contractile force; the contractile
force at 30min after addition of ouabain was
473.5 £44.7% (n = 6) of that before addition. SEA0400
(1 uM) significantly reduced the ouabain-induced
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Fig. 1. Effect of SEA0400 on low Na’-induced contracture in
papillary muscles. A: Typical records of contracture induced by low
Na" solution in the absence (a) and presence (b) of 1 M SEA0400.
B: Summarized results for the contracture. Increase in basal tension
was expressed as-a percentage of the stimulation-evoked contractile
force in the same preparation. Each point with vertical bars represents
the mean + S.E.M. of 10 experiments. Asterisks indicate significant
difference (P<0.05) from the corresponding values in the absence
(open circles) of SEA0400.

positive inotropy; in the presence of 0.3, 1, and 10 uM
SEA0400, the contractile force at 30 min after addition
of ouabain was 394.1 £32.9% (n=6), 259.3 +37.1%
(n=6), and 279.8 + 32% (n = 7) of that before addition,
respectively.

Effect of SEA0400 on IBMX-induced inotropy

Effect of SEA0400 on IBMX-induced inotropy was
examined in the papillary muscles (Fig.3). IBMX
(100 uM) induced a rapid increase in contractile force;
the contractile force at 5 min after addition of ouabain
was 281.7+19.4% (n=6) of that before addition.
SEA0400 (1 M) did not affect the IBMX-induced
positive inotropy; in the presence of SEA0400, the
contractile force at 30 min after addition of IBMX was
280.7 £ 19.4% (n = 6) of that before addition.

Dependence of ouabain effects on NCX

Dependence of ouabain effects on NCX was
examined with HEK293 cells (Fig. 4). Treatment of
HEK293cells expressing the NCX1 protein with low

w A

Contractile force (%)
N

5 0 5 10 15 20 25 30
Time (min)

Fig. 2. Effects of SEA0400 on ouabain-induced inotropy. A: Typical
records showing the effects of 1 uM ouabain in the absence (a) and
presence (b) of 1 uM SEA0400. Arrows indicate the addition of 1 uM
ouabain. B: Summarized results in the absence (open circles) and
presence (closed circles) of SEA0400. Contractile force after the
addition of 1uM ouabain was expressed as a percentage of the
contractile force before the addition. Each point with vertical bar
represents the mean * S.E.M. of 6 experiments. Asterisks indicate

- significant difference (P<0.05) from the corresponding values in the

absence of SEA0400.

Na" solution resulted in an increase in cytoplasmic Ca?*
concentration that reflects reverse mode NCX activity.
In such cells, ouabain induced a gradual increase in
cytoplasmic Ca®* concentration. The cytoplasmic Ca*
concentration before and 20 min afier the addition of
10 uM ouabain was 464 +4.5 and 621.5+57.3nM
(n=17), respectively. This ouabain-induced increase
in cytoplasmic Ca** concentration was completely
inhibited by SEA0400. In the presence of 1uM
SEA0400, the cytoplasmic Ca®** concentration before
and 20 min after the addition of 10 uM ouabain was
58.8+8.0 and 37.9+7.80M (n=17), In wild type
HEK?293 cells, the lack of functional NCX activity was
confirmed by lack of increase in cytoplasmic Ca®
concentration by low Na* solution. Ouabain induced no
significant increase in cytoplasmic Ca®* concentration in
wild type HEK293 cells, indicating the dependence of
ouabain action on NCX function. In wild type HEK293
cells, the cytoplasmic Ca* concentration before and
20 min after the addition of 10uM ouabain was
45.2+ 8.4 and 54.7 £ 8.6 nM (n = 24) (not shown in the
figure). :
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Fig. 3. Effects of SEA0400 on IBMX-induced inotropy. A: Typical
records showing the effects of 100 uM IBMX in the absence (a) and
presence (b) of 1 uM SEA0400. Arrows indicate the addition of
100 xM IBMX. B: Summarized results in the absence (open circles)
and presence (closed circles) of SEA0400. Contractile force after
the addition of 100 uM IBMX was expressed as a percentage of the
contractile force before the addition. Each point with vertical bar
represents the mean + S.E.M. of 6 experiments.

Effect of SEA0400 on ouabain-induced arrhythmia
Effect of SEA0400 on ouabain-induced arrhythmia
was examined in papillary muscles (Fig. 5). Application
of 3 uM ouabain to papillary muscles induced positive
inotropy; the contractile force at 10min after the
addition of ouabain increased to 272.7 + 24.8% (n = 26)
of that before the addition. This was followed by the
appearance of arrhythmic contraction during the period
between 10 and 60 min after ouabain application in 19
out of 26 preparations. The arrhythmic contractions
were larger than the stimulation-evoked periodic
contractions. After 20 min, oscillatory aftercontractions
with decremental amplitude were observed instead of
the large arrhythmic contractions. In addition to these
changes, 3 uM ouabain induced contracture; the basal
tension at 30 min after the addition of ouabain was
305.0+£67.1% (n=26) of the contractile force in the

absence of ouabain.

In the presence of 1 uM SEA0400, the ouabain-
induced positive inotropy was smaller than that in the
“absence of SEA0400; contractile force at 10 min was
239+ 22.7% (n=26) of that before ouabain addition.
The arrhythmic contraction during the period between
10 and 60 min-was observed in 12 out of 26 preparations
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Fig. 4. Effect of ouabain on intracellular Ca** in HEK293 cells
expressing NCX loaded with fura-2. Typical records of changes in
intracellular Ca®* concentration in response to 10 uM ouabain in the
absence (A)-and presence (B) of 1 uM SEA0400. Expression of
functional NCX in the cells observed was confirmed by the increase in
intracellular Ca?* in response to low Na* solution.
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Fig. 5. Effect of SEA0400 on ouabain-induced arrhythmogenesis.
Typical records of the contractile response of papillary muscles to
3 uM ouabain in the absence (A) and presence (B) of 1 uM SEA0400.
Note that SEA0400 inhibited arrhythmic contractions and reduced
the elevation of basal tension.

in the presence of SEA0400; the incidence was signifi-
cantly smaller than in the absence of SEA0400. The
oscillatory aftercontractions observed after 20 min were
not inhibited by SEA0400 but the elevation of basal
tension was significantly reduced by SEA0400. The
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basal tension at 30 min after the addition of ouabain in
the presence of SEA0400 was 184.8 + 55.5% (n = 26) of
the contractile force in the absence of ouabain.

Discussion

In isolated guinea-pig papillary muscles, SEA0400
reduced the contracture induced by a low-sodium
solution (Fig. 1) indicating that it could inhibit Ca*
influx through NCX not only in cardiomyocytes (7),
but also in myocardial tissue. SEA0400 also attenuated
the elevation of basal tension during late experimental
ischemia (16), which is considered to reflect the inhibi-
tion of Ca’ influx through the reverse mode NCX.
SEA0400 produced concentration-dependent positive
inotropy in mouse ventricular myocardium (11). When
the effect of SEA0400 on NCX was examined in voltage
clamped guinea-pig ventricular myocytes, SEA0400
inhibited both forward and reverse modes with the
same potency (7). SEA0400 increased the contractile
force of guinea-pig papillary preparations, suggesting
that SEA0400 inhibits Ca® extrusion through the
forward mode NCX in tissue preparations. However, the
effect of NCX inhibition by SEA0400 on the forward
and reverse modes may not be the same in tissue
preparations where the membrane potential and ionic
conditions change during the action potential cycle.

Concemning species difference in the positive inotro-
pic effect, SEA0400 (1 uM) increased the contractile
force of papillary muscle preparations by only 5%
(present study) or less (16) in the guinea pig, but by
25% in the mouse (11). In the guinea-pig ventricle,
the membrane potential is more negative than the
equilibrium potential of NCX only during the resting
period when the intracellular Ca®* is low. In contrast, the
mouse has a short duration and higher intracellular Na*
concentration, which favors Ca®* extrusion through the
forward mode NCX during early diastole when the
intracellular Ca® is still elevated (1). Thus, NCX
inhibition would result in larger positive inotropy in
the mouse ventricle, where the functional role of Ca®*
extrusion through the forward mode NCX is larger.
Ouabain treatment of the guinea-pig ventricle, which
increases intracellular Na* concentration, would enhance
Ca® influx from the reverse mode NCX. There is a
report that inhibition of NCX by SEA0400 is more
potent under higher intracellular Na* concentration (21).
This may also partially underlie the difference in posi-
tive inotropy by SEA0400 between the guinea pig and
mouse, which has a higher intracellular Na* concentra-
tion (22).

SEA0400 significantly reduced the ouabain-induced
positive inotropy (Fig. 2), indicating that NCX activity is

essential for ouabain action. Inhibition of inotropy
induced by a higher concentration (3 uM) of ouabain
was smaller (Fig. 5), probably because the inhibition of
NCX is not complete (about 80%) with 1 zM SEA0400
(7). SEA0400 had no effect on IBMX-induced inotropy
(Fig. 3), which reflects its high NCX specificity. Reduc-
tion of ouabain-induced inotropy by SEA0400 also
suggests that the NCX is at least partly operating in
the reverse mode in the presence of ouabain. Reduction
of low-sodium contracture by SEA0400 indicated that it
could inhibit Ca® influx through NCX not only in
cardiomyocytes (7) but also in myocardial tissue. That
ouabain can activate Ca?" influx through reverse mode
NCX was futher confirmed by induction of rise in
intracellular Ca®>* concentration in HEK293 cells
expressing the cardiac type NCX (Fig. 4). Thus, the
present results provide pharmacological evidence for a
contribution of the reverse mode NCX activity in the
cardiac glycoside-induced inotropy. However, other
mechanisms such as stimulation of sarcoplasmic
reticulum (SR) Ca® release have also been postulated
(23). The present results do not exclude such possi-
bilities. Rather, inhibition of the NCX pathway by the
highly specific inhibitor SEA0400 would be a useful
strategy to clarify the additional mechanisms for cardiac
glycoside-induced inotropy.

Ouabain has been considered to increase intracellular
Na’ concentration, shift the balance of the two modes of
NCX to favor the reverse mode, and increase cellular
Ca” load. When this Ca® load exceeds the capacity of
the SR, abnormal Ca® release from the SR occurs,
which in turn triggers abnormal electrical activity and
arthythmic contractions. In the present study, the
ouabain-induced increase in basal tension and arrhythmic
contractions were significantly reduced by SEA0400
(Fig. 5). This provides pharmacological evidence that
NCX plays a crucial role in ouabain-induced arrhythmo-
genesis. It was also reported that SEA0400 attenuated
ouabain-induced arrhythmia in a canine in vivo model
(18) and in isolated Purkinje fibers (24). The effect of
SEA0400 on other types of arrhythmia has also been
investigated. Attenuation of arrhythmia induced by
ischemia-reprefusion was shown to be attenuated by
SEA0400 in the in vitro rat (13) and guinea-pig (16)
model. On the other hand, SEA0400 was reported to be
ineffective against various aconitine-induced arrhythmia
models in the guinea pig (25). We have reported that
KB-R7943, a less selective NCX inhibitor, inhibits
aconitine-induced intracellular Ca®* oscillations in
isolated rat ventricular myocytes (26), which may reflect
the action of KB-R7943 on ion channels other than the
NCX (7).

In conclusion, the present results provide pharmaco-
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logical evidence that the Na*/Ca** exchanger is involved

in

ouabain-induced inotropy and arthythmogenesis.

SEA0400 may be promising as a therapeutic agent
against arrhythmia dependent on NCX function.
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Purpose. The purpose of this study is to compare the effects of global mobility, as reflected by glass
transition temperature (T;) and local mobility, as reflected by rotating-frame spin-lattice relaxation time
(T1,) on aggregation during storage of lyophilized B-galactosidase (B-GA).

Materials and Methods. The storage stability of B-GA lyophilized with sucrose, trehalose or stachyose
was investigated at 12% relative humidity and various temperatures (40-90°C). B-GA aggregation was
monitored by size exclusion chromatography (SEC). Furthermore, the T, of the B-GA carbonyl carbon
was measured by '3C solid-state NMR, and Ty was measured by modulated temperature differential
scanning calorimetry. Changes in protein structure during freeze drying were measured by solid-state
FT-IR.

Results. The aggregation rate of B-GA in tyophilized formulations exhibited a change in slope at around
T,, indicating the effect of molecular mobility on the aggregation rate. Although the T, rank order of f-
GA formulations was sucrose < trehalose < stachyose, the rank order of §-GA aggregation rate at
temperatures below and above T; was also sucrose < trehalose < stachyose, thus suggesting that g-GA
aggregation rate is not related to (T-T,). The tocal mobility of B-GA, as determined by the T, of the 8-
GA carbonyl carbon, was more markedly decreased by the addition of sucrose than by the addition of
stachyose. The effect of trechalose on T,, was intermediate when compared to those for sucrose and
stachyose. These findings suggest that B-GA aggregation rate is primarily related to local mobility.
Significant differences in the second derivative FT-IR spectra were not observed between the excipients.
and the differences in 8-GA aggregation rate observed between the excipients could not be attributed to
differences in protcin secondary structure.

Conclusions. The aggregation rate of B-GA in lyophilized formulations unexpectedly correlated with the
local mobility of B-GA, as indicated by T,,, rather than with (T-T;). Sucrose exhibited the most intense
stabilizing effect due to the most intense ability to inhibit local protein mobility during storage.

KEY WORDS: p-galactosidase; global mobility; local mobility; lyophilized formulation; solid-state

stability.

INTRODUCTION

Close correlations between storage stability and molec-
ular mobility have been demonstrated for various lyophilized
formulations of peptides and proteins (1,2). Aggregation
between protein molecules is a degradation pathway com-
monly observed in lyophilized protein formulations. The rate
of protein aggregation is generally considered to depend on
the translational mobility. of protein molecules, which is
related to structural relaxation (a-relaxation) of the formu-
lation. Correlations between aggregation rates and structural
relaxation have been shown in various protein systems in
visible ways, such as enhancement of aggregation associated
with decreases in glass transition temperature (T,) (3-6) and
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changes in the temperature dependence of aggregation rates
around T, (7-10). However, recent studies have suggested
that molecular mobility with a length scale shorter than
structural relaxation (p-relaxation or local mobility), rather
than structural relaxation, is critical to protein aggregation
(11,12). '

The rate of protein aggregation in lyophilized formula-
tions is also affected by the degree of change in protein
conformation produced during the freeze-drying process (1).
Greater changes in protein conformation are considered to
lead to enhanced aggregation during subsequent storage.

In this study, the significance of local mobility in
aggregation of lyophilized -galactosidase (B-GA), a modei
protein, is discussed in comparison with the significance of
structural relaxation and conformational changes. B-GA
underwent significant inactivation during freeze drying with
dextran, thus suggesting that significant conformational
changes occurred during the process (13). When freeze dried
with polyvinylalcohol or methylcellulose, inactivation was
not observed during freeze drying (10). However, the time
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