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1. Introduction

Carboxylesterases constitute a class of enzymes that hydro-

lyze chemicals containing such functional groups as a

carboxylic acid ester, amide and thioester [1]' These enzymes

are known to play important roles in drug metaboiism and

insecticide deioxicaEon. Two major luman garbcxylesterases

(HCE1 and HCE2) are abundantly expressed in the liver'

whereas HCE2 is predominately expressed in the gastro-

intestinal tract [1,2]- ln addition to the difference in tissue

distribution, these two enz)rmes differ markedly in the

hydrolysis of certain drugs. For example, HCE1, but not

HCE2, rapidly hydrolyzes the anti-influenza viral agent

bseltamivir [3,a]. In contrast, HCE2, but not HCEI' rapidly

hydrolyzes the an$cancer agent irinotecan [5t' In addition to

hydrolyzing numerous coinpounds, carboxylesterases cata-

. lyze transesterificadon. In the presence ofethyl alcohol' HCE1

bffectively converts the anti-platelet agent clopidogrel (a

methyl ester) into ethyl clopidogrel [ ].

The expression ofcarboxylesterase is altered by xenobio-

trcs and pathological conditions. ln human primary hepato-

cytes, therapeutic agents such as dexamethasone and
'phenobarbital 

cause a slight or moderate induction of HCE1

and HCE2 [6]. Dexamethasone and phenobarbital also alter the

expression of rat carboxylesterases [7]' However, the pattern

of the alteration is different Phenobarbital moderately
' 

induces rat carboxylesterases (hydrolase A and hydrolase B)'

whereas dexamethasone profoundly suppresses the gxpres-

sion of these enzymes [7t- Suppression also occurs in human

- primary hepitocytis treated with ttre pro-inflammatory

cytokin" interleukin-6 (IL-6), and.the suppression is achieved

by transcriptional repression [8]- More importantly' the IL-6

mediated suppression strongly alters cellular responsiveness

to therapeutic agents such as clopidogrel, irinotecan' and

oseltamivir [8]. Hydrotysis of clopidogrel represents inactiva-

tion.Incontrast,hydrolysisofirinotecanandoseltamivirleads
to the formation of therapeutically active metabolites thus

represents ac$vation [5'91.
The expression of carboxylesterases is regulated in a

developrnental manr.rer' and itseems likely that these enzymes

are {evelopmentally regulated in humans as well' one to two

week old rats exPress no hydrolase A or B based on

immunoblotting analysis [7]- Consistent wit]r the low level

expression of carboxylesterases, the intrinsic clearance of the

. pyretlroid deltamethrin through hydrolysis in 10-day-old rats

ir o"ty -3% of adult rats [o]. Even in 'l-week-old rats, the

. intrinsic clearance is less than half of that of adult rats [101. In

addition, young animals are gtlnerally much more sensitive to

pesticides such as organophosphates and pyrethroids F1-131'

Carboxylesterases are known to Protect against these chemi-

cals by hydrolysis in the case of pyrethroids or scavenging
'mechanism 

in the case of organophoaPhates. The develop-

mental regulation of human calborylesterases remairu to be

established. A previous report by Pope eL al. p4l obsewed that

infants differ from adults in the e:cpression and hydrolytic

activity of carborgrlesterases, butthe difference was statistically

insignificant p4l. The Pope's study, however, used a small

number of samples and had only 6ve samples for each group'

In the current shrdy, we ahalyzed a total of 104 individual

liver samples for the expression patterns of HCE1 and HCEZ

These samples were grouped according to age: adula (>18

years old),.ttitdrutt (O-10) and fetuses' Multiple experimental
-approaches 

were used including RT-qPCR' Westem analysis

"na 
.rrzymatic assays. The fetuses expressed lower carbox-

ylesterases than the children, and the children expressed

iower carbo*ylesterases than the adults' overall, the expres-

sion of both HCE1 and HCE2 showed a large inter-individual

variability with the largest variability in the fetal group'

2. Materials and methods

2.1. Chemicals and suPPlies

Acetaminophen, aspirin, naProxen' and salicylic acid were

purchased from Sigma (sr touis, Mo)' Clo,pidogrel and

clopidogrel carbox)rlate w-ere from' ChemPacific (Baltimore'

tutp). oseltamivir'and oseltamivir carboxylate were ftom

Toronto Research Chemicals (Canada)' Deltamethrin and

permethrin were purchased from Chemservice (lJilest Chester'

na1. oeltamethrin had a purity of 99%. and permethrin was

from abatch thatcontained a mixture of cis- and trans-lsomers.

at a ratio of 46t" and 52%, respectively' TcqMan probes were

fiom Applied Biosystems (Foster City, cA)' The antibody

against giyceradehyde-3-phosphate dehydrogenase (GAPDH)

*1" fro* nU.am (Cambridge, MA)' Unless otherwlse specified'

all other reagents were purchased from Fisher Scientific

(Pirtsburgh, PA). 
l

2-2. Liuer RNA qnd microsomal samples 
'

A total of 1O4 RNA samples were used in thii; study and some of

the RNA samples were matched with microsomes' Pure RNA

samples were purchased frorn (ADMET Technologies (Dur-

tram, NC). Liver- tisSues were acquired from the National

Disease Research Interchange (Philadelphia, PA), the Midwest

Transplant Network (Westwood, KS), the University of Mary-

land Brain and Tissue Bank for Developmental Disorders

(Baltimore, MD), and dire University of Washingtoh Central

Laboratory foi Human Embryology (Seattle. WA)' Isolation of '

total RNA from the liver tissues was described previotisly

[1-5,16], and the quality was determined on an Experion RNA

itdsens micro fluidic chip (Bio-Rad, Hercules, CA) or by

electrophoresis. Microsomes of child and fetal livers were

prup..d by differential centrifugation as described previously

[r21, aa"ft [ver microsomes (individual samples) were from

Celizpirect (Pittsboro, NC) and described previously [ ]' The

demographics of the RNA samples in each grouP are

summarized in Table 1. The use of the human samples was

approved by the lnstitutional Review Board'
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2.3. Reuerse transcription-quantitatiue polymerase chain
reaction @T-qPCR)

Total RNA (0.1 pd was subjected to ttre synthesis of the 6rst
strand CDNA in a total volume of 25 p I with random primers
and M:MLV reverse transcriptase. The reactions were con-
ducted at 25 "C for 10 min, 42"C for 50 min and 70'C for
1O min. The cDNAs were then diluted 6-fold and quantitative
PCR was performed with TaqMan G€ne E:cpression Assay
(Applied Biosystems, Foster City, CA). The TaqMan assay
identification numbers were: HCE1, Hs00275607-m1
(NM-001266); HCE2, Hs0o187279-mt 0{M-198051); and poly-
merase ENA) II, Hs91108291-m1 (NM-OOO937). It should be
noted that the HCE1 probe could detect both HCE1A1 and
HCE1A2 transcripts. ThePCRamplification was conducted in a
totdl volume of 2O pl containing universal PCR master mixture
(1O pl), gene-specific TaqMan assay mixture (1 ;rl), and cDNA
template (3 pl).ThecyclingproEle,was 5O "C for2 min,95 "C for
1O min, followed by 40 cycles of 15 s at 95."C and 1 rnin at 60 'C,

. as recommended by lhe inanufacturer. Amplification and
quantifrcationwere done with the Applied Biosystems 79OOHT
Real-Tirne PCRSystem. AllsampleS were analyzed in triplicate
and the signals were nor.rnalized to polymerase (RNA) II [181
and then expressed as relative levels of mRNA among all
samples.

2.4, Western analysis

'Microsomal proteins (1.5 rrd were resolved by 7.S%SDS-PAGE
in a mini-gel apparatus and transferred electrophoretically to
nitrocellulose membranes..After non-specific binding sites
were blocked with 5% non-fat milk, the blots were incubated

'with 
an antibody against HCE1, HCE2 and GAPDH, resPec-

tively. The preparation of the antibodies against HCE1 and
HCE2 was described elsewhere 16l. The primary antibodies
were subsequently localized with goat anti-rabbit IgG con-
jugated with horseradish peroxidase, and horseradish perox-
i{ase activity was detected with a chemiluminescent kit
(SuperSignal West Pico). The chemiluminescent signals were
daptured by a KODAK. Image Station 20O0, and the relative
intensities wefe quantiEed:by the KOD/{K 1D Image Analysis
Software.

2.5. Enzymatic assqys

All enzymatic assays were carried out at37 'C in a total volume
of 1OO pl. Pilot studies wqre performd to determine condi-

' 
tions (e.g., protein concentradons) to maintain'ttre metabo-
lism in the linear range. Generally,, rnicrosomes (2Ga0 pg
protein) were prepared in 5p pl incubation buffer (phosphate

buffer, 100 mM, pH 7.4; or Tris-HCl, 50 mM, pH 7.4) and then
mixed with an equal volume of Fubstrate soludon (the same
buffer), Hydrolysis of aspirin was performed in phosphate

buffer; whereas hydrolysis of oseltamivir, deltamethrin and
permethrin was carried out in Tris-HCl buffer. Aspirin was
assayed at 1 mM, oseltamivir at 200 pM. both deltamethrin
and peqmethrin at 100 p&t- The incubations lasted for 1O-
60 min depending on a substrate, and the reactions were

terminated with 150 pl of acetonifile containing an intemal
standard (IS): acetaminophen p50 ng/ml) for aspirin, clopido-

grel carboxylate (50 ng/ml) for oseltamivir, napronex (4 pClml) .
for deltamethrin and clopidogrel (:3 r"dml) for permethrin.
The reaction mixtures were subjected to cehtrifugation for
15 min at 4 "C (15,000 9). Hydrolysis of aspirin and oseltamivir
was previously reported [3,41. It should be noted that various
controls were performed such'as 0 min incubation and .
incubation without microsomes.

2.6. Monitoring of hydrolysis by HPIC or LC-MSz1![S

The hydrolysis of aspirin or pyrethroids was separated by
high-performance liquid chromatography (HefQ $itadri
LaChrom Elite-300) with a Chromolith SpeedRoD column
RP-18e (tvterik, Germany). The supernatants (10-30 pl) of the '

reacdon mixtures were injected and separated byan isocratic
for aspirin or gradient mobile phase for deltamethrin and
permethrin. The isocratic mobile phase. consisted of t2%
methanol and 0.25% acetate acid at pH 3.9 [a]. Thg gradient
mobile phase consisted of acetonitrile and 0.01% formic acid.
The gradienrwas run at20-50% acetonitrile (v/v) for6 min,5G-
80% for Smin followed by 8G-20% for 6 min. Both mobile
phases were run at a flow rate of 2 mVmin. For aspirin, the
formation of hydrolytic metabolite was monitored, whereas
for deltamethrin and permethrin the disappearance of,parent
compounds was monitored by a diode array detector at
'230 nrn. All quantifrcations were performed using peak area
ratios and calibration curyes generated from the intemal
control. The calibration curve ranged from 2 to 300 pglml with
good linearity for salicylic acid, 0.8-160pg/ml for deltame-.
thrin, and 0.6-120 y,glmL for permethrin.

The hydrolysis of oseltamivir was monitored by LC-MSMS
syste'm (API 3200) as.described previously [3]. Briefly,.the
supernatants of the incubation mixtures were separated

' isocratically using a mobile phase composition.of 7O-3O1," (v/
v) acetonitrile: o.ds% p/v) formic acid in deionized water
maintained at a flow rate of 0.25 mVrnin with a total run tirne
of 6.0 min. Detection of the analytes was perfopmedinpositive
ion rnode using the mass transitions of m/z: 3t3.3 + 156.1 for
oseltamivir, m/z: 285.2 * 138.0 for oseltamivir carboxylate and
m/z: 3O8.2+ 152.0 for IS.. Flow- injection analysis was
performed at a flow rate of 20 pVmin to obtain opbmum
source parameters- The following compound parameters were

, used for oseltarnivir, oseltamivir carboxylate and IS, respec-
tively. Declustering potential: +5, +5 and +30V, focusing
potential: +350 V each, entrance potential +8 V each, collision
cell entrance potential +20V each, collision energf +25,+25
and +3oV and collision cell exit potentiat +7V each. Ttre
optimum source parameters ttrat gave the highestoseltamivir
intensity were Curtain gas: 10 psi, collision gas: 4 psi ion spray

' voltage: +55OOV, temperature: 450"C, ion source gasl: 25psi
and ion source gas2: 85psi- Integration of the peaks was
performed by manual baseline adjustment using the AI.IA-
LYST sP versiori 1.2 software (App.lied Biosystems). All
quantifications were performed using pedk area ratios and
calibration curves consisted of oseltamivir or oseltamivir
carbox)Aate to clopidogrel carb.o:rylic acid concentrationratios
plotted against the oseltamivir or oseltamivir carborylate to
clopidogrel carboxylic acid peak area ratios. The calibration
cuwe ranged from 1 to 250 ng/ml with good linearity for
oseltamivir and 4 to 100o nglml for oseltamivir carboxylate.

-20-
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The calibraiion curves were constructed with U* weighting

and the regression coef6cients were greater than 0'99'

2.7. Other analYses

Protein concentrations were determine<i with BCA assay

(Pierce) based on bovine s€rum albumin standard' Data are

presenrcd as mean * S.D. All enzymatic assays were repeated

three times with the same microsomal preparation- Statistical

tests were performed to compare means (Student's t-test) or

correlations (Spearman)- In all cases, significant differences

were assumed when p-values were less than 0'05'

3. Results
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was the same in the fetal and child grouPs and higher than

that in the adult group (21- versus a-fold) ffable 2)'

We next examined whether the expression of carboxyles-

terases is age-related within a group' The levels of mRNA were

plotted against age oI gestation days; and the correlation

coefficidnts were computed. 
.fhe adult group showed no clear

correlation for either HCE1 or HCE2 (data not shown)' In the

fetal samples, the level of HCE2 but not HCE1 mRNA was
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Fig. 2 - Age-related expression of IIGE1 and HGE2. Ttre data from Fig. 1 were plotted against age with SPSS version 16: (f)

Gorrelation of HCE1 nRNA with ge5tation days. (B) Gorrelation of HGE2 mRNA with gestation days. (C) Gorrelation of HGE1

mRNA with ale in the drild group (O-tO years otd). (D) GOrrelation of HGE2 mRNA with age in the ctiild group (O-1O iears

old). (El Corrilation of HCE1 mRNA with age in the sub:ctrild group (G-1-yeai-old|. S| Gorrelation df gcr2 mRNA wittr age in

the sub-ctrild group (0-1-yeai-old), f) statistical significance (p < O.O5)-

significantly correlated witl. age (Fig. 2.{ and B): In contrast, the

child group showed better correlation with age on HCE1 than

HCE2 mRNA, althouglr neither correlation reached the level of

statistical significance (Frg- 2C and D). To gain additional '

infornation on age.re.lated expression, correlation analysis

was irerforined on Ore samples from donors under one yeat 6ld
(G-1. y.ear). In this sub-group, much improved correlation was

observed on both HCE1 and HCF2 with a p-value of 0.004 and

0.1Ltr, respectively (Fig. 2E and F).

3.2. Inter-indiuiduat uariability in carborylestercse
proteins and oseltamiuir hydrolysis in the child group

We next 
'examined whether the levels. of carboxylesterase

mRNA reflected the levels of corresponding proteins. RNA-

microsoine matched samples from 11 available pediatric-aged
subjects were evaluated. Fetal matchid samples were not
tested because of low nRNA e:cpression and low activities
towards marker substrates (described below). No RNA-micro-
sorne matched samples w. ere aVailable for the adult group. The
miqrosomal samples were first analyzedbj Western immu-
noblotting with antibody against HCEl'or HCE2, and the
immunostaiiring intensities were quantified by the KODAK 1D

Image Analysis Software. As shown in Fig 3.{, all samples
contained HCE1 and HCE2 proteins, but the relative abun-

'. 
dance varied markedly. 'ln particular, one donor (tane Q
showed octremely low levels of both carboxylesterases
(Flg. 3A). Based on the immunostaining intensitiee, [dCE1
protein varied by -too-fold, and HCP, protein varied by -20-

fold- The inter.individual vahability, however, was decreased
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Individual samples (o-1 0 Years)

,nroteins.and.oseltamir d group' (A) \A/est€ln analyses'
Fig.3 - tndividual variation of HCE1 and HGE2 proteins and oseltamivir hydrolysis in the chil

Microsomes (1.5 p,g) were resolvedby 7.5% sDs-pAGE and transferred electrophore3ically to nitrocellulose menibranes' The

. blots were incgbated with an .r.tibody against HCE1, HCE2 or GAPDH and chemiluminescent substrate' The signal was

;.p.r;J;t" rbte13 t*age stadon iooo .r,a tr,. relative intensities werb quantified by the KODAK 1D Image Analysis

software. (B) Correlation analyses. The immunointeniities of ttcst and HCE2 were plotted against the levels of respecdve

'RNA- The correlation coefficie4ts and evaluadons on statildcal significance were perform-ed with sPss version 16' f)

st"U"Cot significant (p < o.0o1). (e osettamiuir hydrolysis by irtdiuiduct liuer samples of the child group' Micosomes (20 pg)

were incubated with oseltamivir (2(n Flvt) at 37 'G for 1o min, and the formation of oseltamivir carboxylate was ditected by

LC-MS/MS. Data were assembled from three independerit experiments with two iniecdons of each expetiment'

to -8-fold for both carborylesterases when the data-point
' 
flane e) was eliminated. For both HCE1 and HCE2, the mRNA

Ievels were correlated signiflcantly with the levels of resPec-

tiveproteinS (p < 0.001) (Frg. SS). The HCE1 matched samples

had a corr'elation coeficient of 0.9047, and the HCE2 matched

samples had a slightly lorver correlation coeffcient (0'8471)

(rr& 3s).
The large individual variability in carboxylesterase protein

pointed to the possibility of marked differences in the

mehbolism of therapeutic agents and other xenobiotics- To

directly test this possibility, the anti-influenza viral agent

oseltamivir (an ester prodrug) was incubated with individuai

donor samples (Fig rA), and the hydrolysis was monitored' As

shown in fig. fc, all samples hydrolyzed this anti-viral agent,

and the overall hydrolysis varied by 727-fold' Such a large

. inter-individual variability was in agreement with the varia-

tion in the abundance of HCE1 (Fig 3A), which has been shown
. . to catalyze the hydrolysis of- eseltamir,ir" {3).--As.-expected'

sample 6 0ane Q contained the lotuest HCE1 protein and

showed the lowest hydrolytic activity toward oseltamivir'

Conversely, sample 7 (lane Z) contained the hig[est level of

HCE1 protein and was the rnost active toward this anti-viral
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Fig。4=HydFolysis 9f oseltamML asplin,leltameふ “n and permeぬ 五n_lAI Western α "αlystt of´o。led sampI"for va五 。us

grOuFSo MCお sOmes l■ .5 μgI P。。led from the adul、 Child and fe■ lgrOup Were a,alyzea by weste■ Ы odng and the  ・

lmmunostal,ing intensil彎 s were luanttlea by the KODAK■ D Image Analysis Sofれ rare.o HyarolyS● OfOSeltanivir by

pooセ d PFiCrOSomes,Microsomes e9 μ glfrom■ 五〇us age groups Were incubated轟 th oseltatnMr 1200ぃ u at37・ C for

■O mi氏 a“dぬ e fOmadon of oseltami宙 r caお 。xylate was deteCted by iC=Ms/Ms.Iq Hydrolysis OfaSPI""by,。 61ed

micrOsOnes.Microsomes 180● glfFOm Ⅵ 肇iⅢ s age groups were incubated面 Ⅲ  asPirin l■ 面 n at37° C For 60 min,and the:

fOm● ●OnofsalicylcaddWasdetectedbyHPLCPandEIHyarolysisofpermethH“ by p∞ led micros。 7neS.Micro,omest50“ gl

fro“ vattousttgegrOttswさ re hcubated轟 ぬ pemetMi(1∞ μ切 籠 37° C for 60 min,andふ e disappean,ce oFthe parent

COⅢ pOund3-s detected by HPLCo Pemeぬ in containe`a mixture Of ds‐ and tra:"―iS。lners at a ratio of46 and 52%,

r e s p eふ S y  u t h● e“ ‐F o m  h a輌 n g  a  r e t e n d m  d m e  o f■ 0 4■ a n d  t h e  r a n s _ f o r r n  o f■0。■8 . o  H y a r o l y sヽ o f dёl t aⅢ t h " n  b y  .

POOled品 た70S6Pn“ ,Microsome,oO μ glnom vadOuS age grOIPS Wettincubated宙 th del… ■ rin Ct00メ リ at 37・ C fOr

60 miれand●e diSappearance of me parentcompound was detected by HPLC Daぬwere assembled from threざ
indepen`ett ex`LimeⅢ Ⅲ薇each expeimこnt h誼nを"。1■edonS・           :

agepl(Fig.3A and Cl.The hydrOlysis of osellanvlr amOng

these individual samples was highly coFelated uth Ⅲ

protein l"d of HCEl with a correl謳on coemde■ 6f O.9373,

although s,mples 8 and 10 exhibited relativdy 10wer hydp‐

lysiscomlared宙 th農 廿relltivelyHCElcontentsitFig.3A and

O.

■|. HyarOlys七。Jd“gs and hscticid“りIver
mtcrosomes ofretus鳴Ⅲldren and ad“Its

Wё next extended ale metabOlism study to include the and―

inaammatory agent asPi血 ,and insecaddes pemeぬ 血 (“‐

ind tra"→and deltameぬ五rL In addition to their phamaco‐

logical and tO週 ∞lQgical implica壺 )n,dlese chemicals were

chosen because they are hydrolyzed in .an isoform-specific
manner. Oseltdmivir and, deltamethrin are predominately'
hydrolyzed by HCE1 [3,19,20], whereas aspirin is predoml:
nately hydrolyzed by.HcE2 [a]. The cis-f6rm of permet]rin is
favorably hydrolped by HCE2, whereas the trans-form is

- comparably hydrolyzed by both forms. The extended meta-
bblism study was performed with microsoin€s pooled from
variirus age groups, and the microsomes were so pooled by
mixing equal amount from all indjvi?uals in an age group. The
pooled gamples enabled.comparison to be rnade-ontheouerall---.-
hydrolysis of these ctremicals amdng different age groups.

We 6rst determined the levels of HCE1 and HCE2 in the
pooled samples by Westem immunoblotting. Based on the
irnmunostaining intensities, the child group e4presged -25%
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ofcarboxylesterases (both HCE1 and HCE2) ofthe adult group

and the fetal group expressed less than 10% of the adult group

(fig. ,rA). overall, the magnitude of hydrolysis of these

.chemicals was correlated well with the relative levels of

carboxylesterases in these samples (Fig. aB-F). The adult

pooled sample showed the highest activity toward all

chemicals and the fetal pooled samples showed the lowest

dctivity. Hydrolysis of aspirin and trans-permethrin (Per'-1) by

ttre samples pooled from the fetuses and childrenwas slightiy

higher than that predicted according to their relative

abundance of carbo4ylesterases. For example, the fetal

sample contained less than !t/" of carboxylesterases of the

adult sample but showed 257." of aspirinhydrolysis (Fig' 4A and

C). Conversely, the hydrotysis of oseltamivir, cis-permethrin

and deltamethrin by the fetal grouP was less than 10% of the

adult group. The precise mechanisrn on these discrepancies

remains to be determined. On the other hand, the higher-than

predicted hydrolysis, in the case of aspirirr, was likely due to

hytlrolysis by other enzymes (highly expressed in the fetal

liver) or due to polymorphic variants. In support of these

possibilities, butyrylcholinesterase has been shown to hydro-

lyze aspirin [21], and certain polymorphic variants of HCE2

were found to differ from the wild-type enzyme in hydrolyzing

tJ:is anti-platelet agent [a]. In addition, the liver exPresses a

third carboxylesterase [22], but it remains to be determined
.whether this carboxylesterase hydrolyzes these cgmpounds

(i.e., aspirin and trans-permethrin) and whether the expres-

sion of this carboxylesterase is developmentally regulated'

4. Discussion

Carboxylesterases constitute a class of hydrolytic enzymes

tllat play important roles in the metabolism of therapeutic '

agents and detoxication of insecticides [1. In this study, we

analyzed a large number of individual liver samples for the

expression patterns of HCEL and HCE2, two human carbox-

ylesterases predominatety expressed in the liver. overall, thi

adult group expressed signitcantly higher HCE1 and HCE2

than the child group or. the fetal group- The age-rflated

expression was confirmed on the levels of both mRNA and

ptotein. Iri agreement with the expression patterns, the adult

microsomes were approximately 4 times as active as the child

rnicrosomes and more than 10 times as active as the fetal

microsomes in hydrolyzing a gouP of therapeutic agents and

insecticides. Everi within the same age grouP, a large inter-

individual variability was detected in mRNA and protein levels

as well as hYdrolYtic activitY-

Although both HCE1 and HCE2 exhibited a similar exPreq-

sion pattem among the various age groups, there were severbl

major differenqss. First, HCE1 exhibited much greater inter-

group and inter-individual variability than HCE2. For e:qample,

based on the values of the means, the adult group displayed a

319-fold higher level in HCE1 mRNA compared with the fetd

group in confrasi, these two grouPs shos'ed only a 55-fo!d

difference in the level of HcE2 mRNA (Fig. 1 and Table 2)-

Likervise, the adult grouP showed a 430-fold inter-individual

variability in HCE1 mRNA (ratio between maximrlm over

minimum), in contrast only a 21-fold difference in HCE2

mRNAwas detqcted in the same group (Iable 2)- Second, HCE1

displayed better age-related expression than HCE2 in the child

group with correlation coeffcients of 0.3138 and 0'1058'

respectively (Fig 2C and D). Incontrast, HCE2 displayedbetter

correlation in the fetal group with cor'relation coeffrcients of

0.4362 and 0.1136, respectively (Fig- 2A and B)'

The large inter-individual variability, particularly in the

fetal and children grouPs' was likely an outcome coordinated

by multiple mechanisrns. In this study, we have shown that

the adult group expressed the highest Ievels of HCE1 and HCEZ

followed by the child group, and the fetal group expressed the

lowest levels of both enzymes (Fig. 1 and Table 2)' Such age-

related expression patterns were confumed by RT-qPCR and

Western analyses (Figs. 1, 3 and 4) and established that

developmental regulation is involved in the expression of

HCE1 and HCE2. However, the correlation with age in many

cases was only r.noderate at the most and did not reach the

Ievels of statistical significance (Fig. 2C an4 F)' Although the

precise mechanisms remain to be determined, the lack of

strong co..elation with age in these groups was likely due to

complicated factors such as. the administration of therapeubc

agens and disease conditions- We have previously reported

ihat pathological condition and therapeutic agents markedly

altered the expression of HCE1 and HCE2 [6,8]' Interleukin-6' a

cytokine usually elevated during inflammation, profoundllit

suppressed the expression of both HCE1 and HCE2 (8)'

Consistent with the suppression of carboiylesterases by

cytokines,' patients with elevated cytokiire conditions such

as liver cirrhosis had much lower capacity of hydrolyzing ester

drugs such ds perindopril, a non-sulphydryl angiotensin

converting enzyme inhibitor t23'241.
The significantly lower level of HCE1 in the child goup,

corirpared with the adult group, provides a molecular

explanation to the large pharmacokinetic difference in

' oseltamivir between these two groups. In this study, the

sample pooled from the children was only -15% as active as

the sample pooled from the adults in hydrolyzing oseltamivir

(Fig. aC). Consistent with the in vigo metabolism, children

under 12.years old reportedly produced only approximately

half of the hydrolytic metabolite produced by adults [25]'

Apparently the low level productiori of oseltamivjr'carboxylate'

ir, ctiUt"tt was likely due to ineffective hydrolysis of the

parent drug and higher clearance of the metabolite' Further-

more, we have shown that individual samples in the child

group varied by as many as 127-fold in oseltamivir hydrolysis

(ng. +a). Pharmacokinetic studies in children, however, did

not detect such a large inter-individual variation in the

production of hydrolytic metabolite of oseltamivir 125,261'

One explanation is that the frequency with an extremely low

expression level ofHCEl is rare in the general population, and

the phirmacokinetic studies were performed in 24 or fewer

children [2526l.Indeed, there was a reported rare case that an
' adult patient with diabetes mellitus had or[y 7-2% capacity of

normal people in hydrolyzing clopidogrelbasedon the values '

of the means and standard deviations [271. Like oseltamivir,

clopidogrel is a substrate of HCE1 [31. Ineffective hydrolysis of

oseltamivir, on the other hand, likely teads to increased

concentration in th'e brain. Some patients taking oseltamivir

reportedly developed neurobehavioral changes [28], although

a direetlink remains to be established between the developed

neurotoxiciy and the use of oseltamivir.
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In contrast to oseltamivir, pyrethloids have long been

recognized to exdrt neurotoxicity [291. As a class ofthe rnost

used insecticides in the world, bottr the general population

and workers have a high risk to be exposed to these

insecticides. Epidemiological studies have shown that the

exposure level, in some cases, can be high [30,311. Pyrethroid

insecticides are generally considered safe to mammals,

because they are rapidly eliminated by carboxylesterases.

In this study, we have shown that the fetuses and children

hydrolyzed pyrethroids at a rate of onl! -2ot" or lowerof the

adults (Fig. 4D-$, suggesting their vulnerability to pFe-

throids-induced toxicity. In suPPort of this notioh, neonatal

rats were reportedly 17 times as sensitive as adult rats to
'cypermethrin 

[121. Neurotoxici$r induced by pyrethroids

appears tb cause irreversible damage. Prenatal exPosure to

deltamethrin, for example, led to a defrcit in locomotor

activity of offspring post-natally at 9 weeks [:2]l f n humans,
'micromolar 

concentrations were reported in the meconium

[33]. This is particularly of relevance as fetuses have only

limited-capacity of hydrolytic detoxication as described in

$is reporL
. In summary, our work points to several important

ionclusions.. First, the expressiori af both HCE1 and HCE2

increases with age, .rt"Llirhirrg that their expression is

developmentally regulated .and that fetuses. and children

lenerally have lower capacity of hydrolytic metabslism than

adults. Second, there is a large inter-individual variabillty in

the expression of these enzymes, particularly in the fetal and

child groups. It is likely that the expression of HCE1 and HCE2

in these age' groups is subjected to non-developmental

regulation with high sensitivity (e.g,, xenobiotic regulation).

Carboxylesterases are recogrrized to play important roles in

drugmetabolism and insecticide detoxication. The findings on

the large variability amohg different age groups or even within

the same age grouP have important pharmacological and
'toxicological implications, particularly in relation to altered

pharmacokinetics of ester drugs in children and vulnerability
:of .fetused and children to insecticides such as pyrethroids.
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Oseltamivir (Tamiflu@) increases dopamine levels in the rat
medial prefrontal cortex

Tatsuki Yoshinoa,b,*, I(oichi Nisijimab, Katsutoshi Shiodab, Kunio Yuic; Satoshi Katob
t De',,rtnetriolfi(r5ptmt Phonnaq,lidtt MedialUniversit!.3f , Yokuill shlmotstke-shi, fodrlgl 3*Ottgl.!o4n
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Doparirine
Medill piefrontal cortex
Rat
Abnormal behaviors

A B S T R A C T

制霊H柵 1檎:f柵器星盪 朧 よ罵讐寵蹴認:闇胤
are nausea and vomiting. However. neuropsychiatr.lc behaviorE induding jumping and falling fiom bal-

conies by youog .patients being treated by oselbmiylr.have been reported fron Japan;-this has led to

warnings jgalnitits prcscribing.by inany authoridesThe pharmaological medlafilsm of the neuropsy-

chiatricelfects of oseitamivir rcrnaingunctear. Many studies repord that cbanges in neuotansmission
and abnormal behiviors are closely related..We investigarcd the dranges in dqPamine and sertonin

metabolism after s!/stemlc adminlstration of oseltamlvir'ln.the medial prefroltal corter( (rnPFC) of rats

by using microdialysis. After systemic administration of oseltamivir (25 mg/kg or lOO mglkg; intraperi-

toneallll (i.p.)), extracellular dopamine in the mPFCwas significantly increased as compared to the coltrol

u"tu"s; j,+-iitydroxyphenylaietic acid aod homovanillic acid; the metabolites of dopamine' had also

increased signi6cantly. Serotonin was unchanged aftbr the admlnistration ofoseltamivir. These hndings

suggest that oseltamivir incrcased dopamine rilease in the nPFC; further; they suggest that the increase

in dopamine during oseltarnivir treatment may,have caused abnormal behaviors in young patients, ln

cases where oseltamivir is prescribed to children. close obsenation is required:
@ 2008 Elsevier.lreland Ltd. All rights riserved:

tnftuenia.virus inf€ction iS a significant public health concern.
Vaccination and antiviral drugs are effective in pmviding pro-

tection agaiiist the influenza virus. Oseltamivir (Tamiflu@) and
zanamivir are neuraminidase inhibitors that prevent influenza

.'virus replication [1.91. Oseltamivir is the prodrug of Ro 6zl-0802'
, which is a lfnowo influeRza virus neirraminidase inhibitor, and

oseltamivir is effective when administered orally [5]. Many clinical
studies have re;lorted the efficacy of oseltamivir as treatment for
influenza [2,121. Moreover, since oseltamiviris expected to beeffec-
tive for the clinical management of the highly pathogenic H5Nl
influehza A viruses, several countries are stockpiling oseltamivir

[6,71. Oseltamivir is generally well toterated; the most common
idvdrs" effects obsbrved in clinical studies were nausea and vom-
iting [5.f2]. However, abnormal betraviors such as jumping or

falling from balconies by adolescents during oseltamivir treat-

fnent ,were reported from Japan. following which the Japanese

. Corrdspondlng autiot at: Depettment of HosPital Phamary, Jichi Medical Uni-

versity, 3311 Y.kushti. Shimo6uke-shi. Tochigi 329-0498' Jap!n
Tel.: +61 285 587188; fax: +81 285 448743.

E-tudil address: Wshino@jichi.acjP (T- Yoihinol

O3O+394O/S - see fron! mattet O 2008 Elsevier lreland ttd. All rights reserved.

doi:lO.lOl6r.neulet.2o08.o4-o1 |

authoritibs advised against prescdbing oseltamivir to adolescents
aged between 10 and 19 yean. The U5' Food and Drug Admin-
istration (FDA) also reqqire that patients be closely monitored
for signs of abnormal behavior throughout the treatment period.

The .pharmacological mechanism of the neuropsychiatric effects
of oseltimMr remains .unclear. However' the abnormal behav-
iors observed during.oseltamivir administi^ation resemble those
induced by psychoactive drugs l3,Sl sgch as ahlphetamines that
infl uence monoamine metablism in the brain. lJowever. nochange
in monoamine metabolism in the brain during oseltamivir admin-
istrahon has been.revealed thus fanTherefore. in the present study,
we evaluated the'eff€ct of bseltamivir on dopamine (DA) and sero-
tonin (5-lff) metabolism in the medial prefrorltal cortex (mPFC) of
rat by using microdialysis.

Male Wistai fttts (Clea Japan Inc.. Japan) weighing 200-25Og
were used in this study. The rats were housed at a constant room
temperature (23 + 1 "C) and maintained on nt chow and tap water
ad li iturn All animal procedures were approved by the Ani-
mal lnvestigation Committee ofJichi Medical University and were
in strict aicordance with the.Nirtional Institute for Health (NlH)

Guide for the Gre and Use of laboratory Animals' ln vivo micro-
dialysis was performed as previously described {16'171- In brief'



th。早tS Were anesth“zed With sodium pentobarbital(50mgrkg:
inmpedtoneally(lp。 ))and Placed in a steFeOtaXic fぬme(David
Kopf hs」鵬mmtS:nOse bar positioned 35mm bel"′ inte卜aural
ZerO)籠 Skull was exposed duHng su■ eFy.and a Ⅲ  hole
was ddlled to accommodate the planta●o■ ■日:』t―聴 e cetlu―
lose diaい19籠ung(lengn lomm:intemal diameter・ C16mm:

鯉 響 1盟 鑑 躙 潔 蹴 躍 鶴 蹴 蹄 霊 幣
MLO。6mm:EM-52m,お m the Bremap anttr FeFerence to a
brain auas and ixed面th aqttc dental cement and three sk口:
sαws Two days aner the sugetyp the pFObe Was connecLd to

a  n i c r o i n籠朝O n  p u m p  a n d  p e n s e d  w i t h  t t n g e t t  s o l u t i o n ( N a Q
147mM:Ka,4mM:CaC12o l。 9mM)aぃ ЛOW rate oF2「Irmin.The
rab were al10wed to move freely duttE this pedほThe ou口OW

i Lom the mPFC was aubmadcally colic難 測 every 30min for in
addittona1 240min and directly ittected into a high_peronnance
llquid chrontatopphy(HPLC)unit using an automadc i可 ∝tOr

(Eicom AS‐10Q tiCOEL Kyoto:Japan),A reverse―phase column
(pc。崩pack cA-50D■ 150 mm支 2.lmm,コ com,Japan)Was used
for DA and 5-lFr,epantion,nd anctheF reveFSe―phase column
(Eicompack SC-5ヽ 、150m轟 x3.Omtt Eicom.Japan)Was uSed
for 34‐dihydroxyphenylacetic add(DOPAC):homOVanillic add

(IIVA)and 5-hydroxyindoleacedc add(5-HIAA)separa● ":the
results were immediately analyzeこThe Dヽ DOPAQ HVへ 5-肛
and 5-HIAA conCent口“oぉ in the samples were detemined by
aF electrochemical detector(Ei∞m ECD-30Q EIcom,KyOtO,Japan)
The column and detector were keptin a tempe口ture cOntroller at
25,C The COmposition oFthl rnobile phase used for the DA and 5-
HT analyses WeFe O■M phosphate buFfer(pH CO),18χ meth」nol,
α6g′1 50dium l‐octane―sulfonat町lnd 50mgr:Na2EDTA:the nOw
rate was setat a23 mlノmin.Thc mobi:e phase usedin the DOК,
HVA,and 5‐HlAA analyses was 01 M acetate―citrate burfer(pH
35)1%n,manOl,Q19g′ ISOdium l_octane―sulfonate,an1 5ngri
Na2EDTA:the now rate Mにs sёt at a5 mi′min・ハFter a 3-h stabi‐
1レation pe」od,three consccu●ve diコlysate samples"ere cdLcted
and the bbseline DA leVels Were measured:CapsuteS COn■ ining

7 5  m g  O s e l t a m i宙r口ぃm i n u。) w e r e  p l r c h a s e d  F r o m  C h u g a I  P h a r‐
maceuticai Co.oapan).The capsule ingredients were dissolved in

disti‖ed deionized wate■Either25 Fngrkgor 100mg′kg9Fthe drug
was administered i.P.to theFts.Fol:owing thё microdialysis expёr‐
lments,the brains were removed and frozen at_80° C in eath

朧]詰l器凛肥詣電潔T錦選認l=驚器蹴
“ s fbund around the probe site,the data were excluded.The
average oF3 Fractions pJoF to drug administration was denned ag
10(X(Control),andthestbsequentperfusatelevelswereexpressed

as percentages ofthe control.Statistical apゴlyses"ere conducted
by M′o―way ANOVA ahd ol● Way ANOVA Foilowё d by Dunhettも
testTheWindows― compagble soFmare D■ SPSS2(SPSSJapan inc,
Tokyo,Japan)Was uSed.

The mean basai extracellular DA・ 5-ミ 、 DOtt HVA,and

,こ 楓蹴.躍瞥輩11認ぽ品臆∬批
19.05 pg.  HvA‐ 19410■ 35,90,g,  and  5-HlAA=116Z42土
28980 pg.                                   ・

When 25 and 100mgrkg oFOSeltamit7irweFe administere1 lp",

器L熙暇「H織 1認響露北胃瓶翼∬慧騨 |
and100mg/kg OSeltamivir wa」administeredi.p"the DOPAC tvel
intreased to 147%ind l'9%Ofthe pre―adminおtrtiOn:evel,respec―
tively(Flg.lb).The HVA concentration increased to 127%and 14饒
ofthe pre administra●onlevel aFter 25 and 100 mゴkg osettamivir
was adminおtered i.p.〔c)

X Yoshino et aL I l.tett0f(len(! Letters 438 (2008) 67-69
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The increase in exLraCellular DA levels is as,uttd tO be a con―

sequence ofthe DA― releasing Or DA―retpta、←inhibi●ng effect Of

oseltan市 1■1『OS●taml■ r Can inhibit DA reuptakQ reuptake of DA

in synap●c de、shouM be inhibted and the Oxmative deamin■
loh o「DA by monoamine oxidase面申in prenaptiC sites s,ould
be decreased,resuitinginadecreaseinDOPACandttVAconcentra.
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Recentll, lzumi et al..[6] rcported that oseltamivir and
oseltamivir carbox3tlate, the active metabolite of oselramivir' affect
the cintnl nerrrous qlstem in vitro. and that the metabolite is more
active than oseltamivir. Therefore' further studies are required to
investigate the effec,ts ofoselFamivir carboxylate on the DA sys-
terL

The abnorrnal behMors of many patien6 during osiiamivir '
Eeatrnent may be due to influenza-associated encephalopattry

llll. Horvever. patients showing abnormal behaviors have been
obsei'ved only inJapan wherc 70-8@ of all oselamivir coruumed
and not in Westem countries-This fact suggests that not all abnor-
mal behavion were due to inftuinza-associated encephalopattry
and that some of the abnormal behariors may resultfrom the use'of
oseltamivir.The present study zuggests that the niechariism under-
lldng the abnormal behaviors observed duringoselamiviruse may.
to some e,rtent be due to the rarismission of overactive DA"' 

tn conclusion, systemic administnfon of oseltamMr increased
the concentrations of DA and is metabolites in the rat mPFC in a
dose-dependent manner. These findings indicate. that oseltamMr
treatment is related to the manifestation.of abnormal behaviors.
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Figi z EtFects of osettamivlr on the ottracellulaf DOPAC @ncentratioo in the rat
.mpFC (a) Effects of oseltamivir on the extracellular HVA concentration in tbc tat
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rat mPFc (c) Drug inJection is indlcad b!, the arrow. Data anirept€aented as the
nean *S.E M. of the velues obtained in 6ve rats. ?<O-Ol"'p<O-O5 @mParEd with
tlre corresponding value for vehicle (one-way ANovA folldwtd with Dunnett's testl

tions. However, in the present study, the levels of DOPAC, HVA' DA
inetabolites, and DA in the rat rnPfc were increasid by oseltamivir
administration. Therefore. oseltamivir may cause the release of DA
from presYnaPtic sites-

The present study showed that DA increased to 156% ancl223% of
the pre-administration level following the intraperitgneal admin-
istration of 25 and loomg/kg oseltamivir. respectively. lh rats,
.ataxia was obsewed within lomin after loomg/kg oseltamivir
was. admjnistered, and the atafa cbntinued for a few minutes,
However; compared with the marked increase in DA levels (over

. ro-fold of the pre-administration level) induced by psychostim-

ulants inctuding phencyclidine and methamphitamine l13l' the
action ofoseltamivirasa DAreleaseriilesspqtent ltis rePorted that

oseltamivir does not readity cross the blobd-brain barrier (BBB) [61.
Recently, Morimoto et al. t10l reported ihat P-glycoprotein affects

the accumulation of oseltamivir iti the brain. The'rats used in our

experimentwere normal; however, if thEexperimental animals are

infected with the influenza virus oi have high fever due to infec-
tion or insufficient P-g\tcoprotein activity, it is possible that the
BBB is impaired and oseltamivir may reach the central nervous sys-

tem more easily ll4l. ln this case. the extracellular'DA le\rels may
markedly increase.

Because 5-llT as well as DA neurotransmission in the central
nervous system influences animal behavior [4.15J. we also mea-
sured the levels of s-FfTand 5.HIAA, a metabolite ofs-tfl in the rat
mPFC after oseltamivir injection. Although the S-HIAA levels were
significantly increased (126% of the Pre-administration level), the

5-FlT levels were unchanged after oseltamivir injection. Currently'
it is not clear whether 5-HT neurotransmission is closely asso-

ciated with the abnormal behaviors observed during oseltamivir

treatment

-60-30 0 30
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Oseltami宙レEnhances mppOcampal Network SynchrOniztttiOn

Atsushi Usamir,'Takuya Sasakir, Nobuhiro Satohr, Takaftiro d,kiba3, Satoshi Y-okoshima:,
fon* iutuyuma:, Ke-nzo Yama6ugu3, Motomu Kanait, Masakatsu Shibasaki3, Norio Matsuki!,
and Yuji lkegalat'r'*'
tlaboiator\, of Chemicat Phantncolog;,:Labomtorl'of Slnrlaic Natural Prsclttcrs Chemistl',

andtLaboraioe.o/slnthetic Orgonig Chentist4'. Gr:aduate School of Pharnacetttical Sciances,Tle UnnenitJof To\o,

To$o I13'0033,JaPan
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5 Saitfuncho Ch\vdq&i. To$o t02-00075, iafotr-

Recehud Decenber 4, 2N)7; Acceptecl Febn,atf 4' 200E

Abstract. Oseltamiv'ir, a n'idely used anti-influen2a'drug; inhibits virus neuraminidasq A

mammatian homoio-gue of this enzJrme is expressed in the brain, yel lhe effect of oseltamivir on

ceritral neurons is largely unknoirln- Patch-clarnp recordings ex vivo revealed that oseltanrivir

enhanced spike synihronization betu,ien hipp'ocampal CA3 pyramidat cells. Time-lapse

muttineuron calcium imaging reraaled that oseltamivir and its active metabolite evoked

synchronized population bursts that recruited virtualty all neurons in the netsork. This unique,

so-far.uhknol,n, event Nas attenuatdd by muscarinic receptor antagonisl Thus,-osehamivir is a

useful tool for inr.esti-galing a nen' aspect of neural circuit gpention.

Supplementary Fig. and movie: available only at lrttp://d.x.doi.org/10.12-;4/jphs.SC0070467

Ke-1teo;r1r'-oseltanriyir. iirnctional multineuron calcium imaging: netu'ork excitability

Sialic lacid is a dolllpOnent oF glycoproteins

cell inenlbrane and re=tllates va面otts bib10gical

tions bシ itibibiting celittlar adhes101卜 in the Central
nervouS Systent,Jal"aCm is,ainly prcscnt as a chain
oFneural cellular adhcsiOn nlolcctiles,、vilicll is abtlndarti

li the l五leoCOtticd dentate srus―CA3 re」o■(1,2)
Neuralllinidasc( CヽO―次‐sialidasc)is a kcy rcgulator ofthe

lengh OFJanc acid chains,and the llalttnc麟on ofthト
enzy:ηe is aSS'Ciated 、vitll epi:oP,Ic cOnditions (2).

lndeed, sialylation itt Fat CA3 p"nlidai neurons

changes thc action potelllalthreshold by modりlatin‐thё

propcrties or oヽltage_scnsitive sodiutn channeis,result―

inL in an alteration in,ht excitabiliりof hippocampal
net、vorks(3),

OS'llattivir wls lesigned according to the X― Fay

cりstal stru,ture°f Sialis acid analogues bould 10 tlle

activc site of netirammidase.T,is drus iS an etllyl・cstcr

prodrugl ltS active llletabolitc inhibits virtis―typc

netlraminidase and thereby prevents innttenza virus

' C o r r S p o n d : : l g  a t i t h o r ( a r t l i a t i o nキ: ) . l k e s a r a c n n o l .■: :‐t o k p . a c j p

Publish」 。nli:lc ill J‐STAGE 9,′ Pヽri1 92ヽ00S(1: aヽd、ancc)

dOi:10.12541phSiSC0070467

織
時

ｎ
ｍ

lrom emerging from inf-ected cells- The structure of
viral rieuratninidase, horvever, is 'r'ery similar to that of
HsNEU2, one of tbttr.human sialidases (4). HsNEU2
contains exactly the sanle active site t'esidues, thus being
a possible target of oseltanrivir. Consistetrt trith this, a
recent study has demonstrated that oseltamivir and its
.acrive nietabolite facilitate the presynaptic function of
CA I excitatory synapses in rat hippocampal slices (5).
Here s'e use electrophysiological recordirig and func-
tional multineuron calcium imaging (zuCt) techniques
to bxamine the effbct ofoseltantirir on the excitability of
CA3 netrr:orks.

Hippocampal slice cultures \l€re prePared from
postnatal day 7 Wistar/ST rac (SLC. Shizuoka). Rat
pups were decapitated, and the. brains :rvere cut into
horizontal 3007rin+hick slices using a DTK'1500
microslicer.(Dosaka, Kyoto) in aerated, ice-cold Gey's
balanced salt solution (Invitrogen, Caithersburg, MD.

QSA) supplemented ivith 25 rnM glucose. Entorhino-
hippocampal stumps t'ere cultit'ated for 7 - 14 days on
Omnipore membrane tilters (JHWP02500, /25 mm:
Ivlillipore, Bedford, MA, USA) (6). Cultures rvere fed
u'ith I n'rl of 50olo rninirnal essential rnedium. 25olo
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Fig l. Oselnnfi.ir s.rodrronizes aaion potentials betseen.
rcuron pairs in hippocarnpol CA3 narir*s Duat loose-pou*r_
damp reoordh_es utrc Frformed wirh ghrs pixtes-fittcO .
$idt ACSF ro rccord errracellulr singlH[rlr'aAirtry norn
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i=t o"its-ofl r.dog Arryure Z@b o.piifr..s Ono|ecuU
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Len panet3: rcprcsenEdrt traces ofsimuhaneors toose+atdh.
rccordiqes fuI q-o CA3 gnarnidal cells 2min beforeiropt ,
To--rTtn^."To barh applicarion of l@/d!t oselamir..ir
(bottomL Right panel: cmcscorrelogram of spike coonB in
the same neurom. Oselramivir incdsea ,f,. jccr..ii;pik" .
syrchronizarioo. Similor resulis vere oUr"inJ ii'"if J 
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Oselamirir Enhaoces Neural Synchmny
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Frg.2. Oselurnivir ioduces glo-
bally synchronized ipopulation
burst' activity. A: Simularreous
loose-patch<lamp rccordings and
time-lapse imaging ofsooatic Cal
signals fmm a Q{3 p;rcmidal
neuroo loaded with Orcgoo grecn
488 BAPTA-I rcwal drat actioo
potartials are faidrfirlly reflectcd
as. Ce:- transienu. B: Frmclional
calcium imaging aad rcconsnrc-
tion of nultineuronal spike trai.s-
RcFiseotative Cal traies of 4 cells
indicated in the confocal image of
thc CA3 pyramidal cdl laybr of a
dyeJoaded hippocampal slice
cultu{e.. Vedical bars under each
trace indicare the rimings ofspikes
reconstructed fiom the ralv Ca!'
rrace. The movie rws aken ar i00
Hz. C: Examples of thc effect of
l00pM oscltamivir.on CA3 net-
rrork actiriqr. Each dot represents
the onset of o single.. cahium
transient. After 5 min of lreatrncnt
rsith oselramivir, spikes .became
synchronized in the ruhole ne$rork.
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Fig.3. Characrerization of oseltamivir-induced popula-
iion bursts- A: Concentration-dependenr emergence of
population bursts- The brdioate indicates the percentage of
slices rhat shorved population bursts in response to
oseltamivir (ctosed circtes), irs hydrolyzed active mr'tabo.
lite lopen circles), and NADNA (open square). Arropine
u'bs ceapplicd rvith l0o1rill oselumivir (closed square).
n = 5- 8 slices for each concentratibn. B and C: Tlie fre-
quency. of population burst clcnts per min (B) and the
average duration for indiridual poputation bucrs persisted
(C) n'ere plon.d against the concentrations of oscltamivir
and.its actile form. Each symbol indicates q single slice.
D::Negative relationship berrveen the frequency and the
duration ofpopularion bursts- Line indicates.the best linear
tlt with least square esrimation. Significance n'as deler-
mined by Pearsoil's tesl.
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r e l a t i o n  t o  t h O  c o , c c n t r a t i o n ( R = 0 . 1 4 ,  P = 0 . 4 6 )

●:奎i3C).ThCre■■・as a nttati,ё relationship,_hOwever,
be■vee, the evcnt frequёnCy and the event duration

(R〒0.73,Pc01001)(Fig.3p).
As shOWn in the above data, oseltamivil、 induced

bursting had a gamma frequency rllythm.Hippocampal

gamma bscillations are believed to arise fronl activatiOn
of muscarnic acctyichOline receptors(12).COnsistent

Wlth thiS, vヽe found that in the presence of loμ M

atropine,,mtlscarnic receptor antagonist 3 0ut 6f 5

slたesぬiたO tO generate popula●On burss in κsponse to

l00pM oseltamiyir, a concentration of oselrami\"ir that
readily evoked population bursts in all 8 cases tested
(P= 0.035, Fisher's exact test) (Fig.3A).

We have demonstrated that oseltamivir and its active
rnetabolite enhanced neuronal synchronization and
induc'ed population burst events of rat hippocampal CA3
het\r,orks in a concentration-deperrdent manner. Popula-
tion bursts did not occur under norrnal conditions and
ret-lected a globally synchronized state with action
potentials at gamma frequency. They seemed to be
mediated. at least in part, by muscarinic receptor activity.
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C“linettcally indu∝d ttmma“dllations are accom―
:panied"rbythmic activity of dle i血ibibry ne訥℃に
l■thichshun"ex●鯰わリッ岬饉C“"and Sharpens tte
lind中“WhiぬwFamial neurOns can血“tion
"Ⅲ 饉へ :C潤 咤 わ a螂 け TChFOny am叫

p p m M a i  n e u F O n S ( 1 )¬ u s p  O S e l t a m :宙卜i n d u c e d

PopulⅢ6n bursts Ⅲ"shaped by the phasic act市:り
。r hhibitoFy intemeuroL ra働 ぼ than p"midal∝ :Is_

Our prelimi“ry data i"嫌“that evm,t a hiま
concen興●n.OF l面,oseltamiOir does not inducc
cither depo:菰zatioIIoF hyperpolainlon of瓢痛 brane

pOFenthi ofh:ppocarnpalexcⅢbryneurols in pFmaけ
dispersed culLtres●=8,data nOt sholval.珈|,Our
d a t a i m p l y  w o , b u t  n o t血utu F i l yはclu s i掟,po s s i b i : i d e s
conccmitt the action lte lF oselittmivL i)lihibitory
intemeuFO,Saた an actton target of oseltamiv:rD and

H)the CfFect Of oselね 面 宙r ttqulres nentPoⅢ laCti宙り
flotvs,rather than singに nelrOns.Gi■ pen that hvo

strucmra■y tlnFelated neuraminidase ittibitOrs,that is,

軍輩緊現淵:猟裁》ξ冨ぽ鳴どl編 選
substrate, regulates ,ettrite adhёsion bettveen hippo‐

“ mpal neurOns(1、 lVC iSpeCultt that OSCttamwir

口odulates sialylation_mediated neurite conneOJ宙けand
enhances he市Ork syndlronicity thrOtth iitemeurOhζ.

ハnimal experiments witll rodents demonstrate ithat
6raily(30-300 mgハ準)or intravenously(8,m91/h per
kg)adminLtered o,dtam市静acctlmulates in thc brain
via the blood―brain barriet the brainito「plasma concen―
tration raliO“nging from O。1-Ot7(ro堅 典1,eqttai tO

O.l-5′̀M in the brain)(1■10。SaFev c(aふinations Of
Taminun:(。SoltamiVi→,COndt:cted by Rochё,show tllat
in 7,14‐da■oM nts,the brah conctntratiOn reachさs
morc than 500 times.・reater than that in adult animals

(See ba●cP,ductilfoma“ On OfTaⅢ■●■)SЧttsti電
i‖』cr市Sk Ofa s鱈←efFect in"unprbぬ :にintёにst―
ittly,a tthγ  Jに降 With J鴨 le n撃:e6tide POly―
mOrphism in HttEU2,itvhich sholvs a Strong binding
arlnity to osdtam市i、ヽ ■3quendy observe■in AJans
(9。290/0),but n∝in EuropeanS and Attcan Amedcans

(`15〉T‖s A10n popd●elo■
・
may bc hiまly suSC■“bに

lo oseltamivir a,d thus afFected by heirOpsychiatric
disorders. Because our curent data are not linked to
bcha宙oral alte,latbns ii hu"an and aniFnalS,invcstiga_1

lons in宙vo will be necessary to αam“e■lllletheF
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H番 縫破車Higenamhels the math acttve
substance reSpOnsib10forthe inhibitory ´
effect of Nar7dlilna domestilm Thunberg on
hiskmine-induced confraction of guinea, pig
tracheal smooth muscle
Talu ro U"kit:, Ta6iihriro AkaisLi',

Muneo TsukiyamaD, Hiroko Kikuchi', Yoichi Yasudat'

Tsmeo Moriokaz, I(azuho Abet
tLfu. Phmrna@l- Fae Phsm., Mrsashino Unio,1'1-20 Shinmadti,

Ni*itokyo-sh+ TokW 2CI2'8585, l opn, yIOKIWA Phsntrcc ut, Co -

Ltd-, Oska 547ffi2, Iapau NOWI& c-o. Ltd. I<&e 5tu852L IsW
'We 

have previougly rqported tlnt fie crude extract from Nandina
donestica Tbunberg (NDE: 0. I -l mglul) inhibits histamine-

induced connzction of isolated guinea pig trachea and the inhibitory
effect of NDE iannot be accounted for nantenine, a major
alkaloid isolated from NDE. To identiff the.active constituent(s)
responsible for the inhibitory effect ofNDE on trachgal coukactioa,
w;obtained sevegal fractioos of NDE and invcstigated their

oharmacological effects on crintactile responses in isolated. guinea
pie t a"h"a. Among five.fiactions prepared fr.om NDE by HP-20
loiu*n chromatography, oirly dre 40% methanol frac.hon inhibited
hisamine-induced tacheal contriction the 4V/o mbdranol fraction

was furtherianalyzed wiih the ultraviolet spectrorneter and liquid
clromatoglaptr/mass spectrometer. Finally, we obtained only one
fraction that inhibiied hislamine-induced tracheal contraction, and
the rnass spectrometfy and nuclear magnetic resonance analysis
ideqti[e{.'bjgC!4n!-qg-ss-J!-e-e9-4fe-C!t!9Bnq9-Wg.concludethat
higenamine is the main active constituent of NDE in inhibiting

Journa:o「Pharmaco:oeiCal sciences vO:.106 Su●1 ′73P

The 8:st Annual ‖oeting Of The Japanese Pharttacologica: SOciety
日本薬理学会年会,第 81回 (2008.03. 17-19,横 浜)

PlL‐41  Effects of pttSure stimulus On

_ce‖proliferation and dtterentiatiOn in L6
,ske!etal musC!e ce:is

YoshikiFuiLawat KeniiEZAちN“ tem耐 ぬL
ThiiMattL Masahiko昨Ⅲ

l

ν盤器t胤獄鑑観搬島野j籍聯
Wall●“ Prm":PIg・rmoo2orⅢ 28助 面 .s SIPOF跡 如

節 伝 わ LIIIι 23 3“Ⅲ卿ねLEbam Fd滋 渤 069‐352■海寵

Mechanical forces related to pressm is an impomnt ttctor for

c c‖h y p O o p h y  a n d  pЮ薔摯 饉o n o  T h e  e r c t s  O f p r s u r e輌m d i

oo skeletal muscles are■ot yet■・eu凸譴“0虚 劇L The pOosc Of

tht studyお●examitte tte efFec"oF8 Pure由部u■■mdus On
skcletal muscL cdに.A血osphttc prmurc was aPメled Ю ttt L6

imyOЫasも.Induc●On Of∝‖,irerentttion to myotubes FeSJ"d
in an hcrease of phosphory:atd ERK compaκd to myouasts
Howevct pressulzatiOn tO.myoMbes Failed to induce stnttηnt

譜耳:=:鷲オ:濃置R靴11臨脚 fl器調譜籍:
s u p p r e s s c s  c e l l  l i r e r c n t i a t i o n  i n  s k e l e t a l  m u s c l c  m y o b l a s t , a n d

raisc the possibility that eicvated i,t,■lnusctllar presslre may havc

Sacheal contraction.

′′εJ7J

Oseltanlivirinduces spike

synchronization in. hippocampal networks
Aisushi Usami', Takuya Sasaki', Nobuhiro Satoh',

Takahiro Akiba?, Satoshi Yokoshima':,

Tohru Fukuyamaz, Kenzo Yamatsugul,

Motomu Kanair, Masakatzu Shibasaki',

Norio Matsukir, Yuji lkegaYar

llnboratory of Chenical Plnrnncology, Graduate Schoot of Phannaccutical
Sciences, Tokyo lJniua'si$, 7-*L Hotrgo, Bunlqo-ht Tolqlo 113-0033,

lapnn, 
'Lnborntory of Synthetic Naturil Products Chenistry, Gratluate

School of Phaniuceutical Science.c, Tokyo Unioersihl' 7 -3-7 Hongo,
. Bunkp-ku, Tokyo 113-0033, l@nn,'Laboratory,of Stlnthetic Qrgnnic

Cheniistry, Gntlunte Schriol of Pharmaceutical Sciences,' To\1o Unhnrsity ,
- . 7-3-l Hongo, Buttfoo'ht, To@o 11.3-N33' lapnn
' Oseltamivir is an antiviral drug used to tteat influenza. lt inhibits

ncuraminidase, thereby preventing influenza virus from emerging
from infected cells. The effect of oseltamivir on the central
nervous system is l.argely unknolvn, horvever. We monitored
the'activity of neurons treated with oseltarnivir in hippocampal
slice cultures, by using electrophysiological recordings and
functional multineuron calcium imaging.'Doublc patclr-clamp

recordings revealed that oseltamivir led to spike synchronization
among adjacent bippocampal CA3 neurons- To investigate horv
oseltamivir alters neurgRal network operation, we simulnneously
recorded the spike activity ofhuodreds ofhippocampal neuross.

. Oseltamivir and its active form both induced global spike
synchronization tbat recruited virtually all neurons in the network

' 
and persisted for more than several seconds- The effect rvas

concentration-dependent. Netrvork excitabitiry may be regulated
bv extracellular sialic residues through neuraminidasc-

tll」翻 誡 赫 耐 爾 覆 ず 詞 面 「 ―
~

muscle.

121,021l Visualization of neuFOnal
nёtwork act宙ty:implications・for a new

drag_screening peth6dl,systems
neuЮpharmacolooy      :
Naova TakahasL Takuya sasakち NoriO Matstlkち

Yuii lkegaya
L′♭.CFl″″.烈レI PP,直_=Grηa S″ .Prl ″́“.5ci trrrれ ■勺 07‐3‐1

Ff9778Q Br"り。~た“′TO● 0113-∞ 35′JF′CI

鱗 舗 瀬I憾
欝重i憚撃椰 I欄聰
thc cmergcncc and dynamたs of synchronized ne“9r a`cl宙V
with millisecond coOrdinatioio Whole_cell reCOrdings Frdm

synchro:tized neuron pa:rs revcaied that coordinated excilatory

inPuts Potentia‖y contributcd to prαlisc synchronization.To

elucidate the prorlle of network synchrony,1■MCl data sets,wc

cslmated thc statislcal signllcance or synchronicity betlvcen all

posJblc neuron palrs.Thc graphs,in which individuai ncuЮns

、vcrc Functionally cOinected based o3 StreOgth of pairwisじ

cotteLlon,wet s“ Se,complex and l∝ ally duStttd,c油:Ыdng

small―worid architecturcs.Thcso tthdings provide a simPlifted

sttttcs br evdualng netwbrk¨ eratiOns,輛th Win provide a

ne Fヽ drttg scrcdning technique in systellls neurophannacology.
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饉 品蠍 [11
虚忌縁這穏電寵霧ηr電曇ぅ島風奥鳥象品£三二露ミ警こ:ぶ結奮脂季F:PttL

●

癬銅輔銭辮孵I
【目的】NI油漱 MCtau."百 腱摯o心 Q頭 =細 胞外マトリクス分子の分解を行う

分泌型プロテアニゼフアミリーで、脳病態時の脳澪腱や神経細鹿死の発生に関わ

る。=方 、内国性の MMP阻 害困子として見いだされた TIsnlc ltbitor of

M“ 歯画」●率鷹b嘴 σ闘助も脳病態時に異撼めt増加する.こ の増加した TIMP

はな過剰なMMP活 性を抑制し、傷害から脳を保護すると考えられている.エ ンド

セリン につ は、神経系の病態生… 関わる因子である.我 々は既に、E「●

受容体アゴニストが、ラツト鵬内のMMP2お よびMMP9の 発現を増加させること

を報告していう。今回、ラット薦でのTIbIP発現に対するETの 観 を検討した

防 法】ラット脳室内へのErア ゴニスト持続般与はミニ澪鶉匡ポンプを用い行な

った。1■″のmRNAお よびタンパク量の測定は定豊的r‐PcR法 ぉょびィムノブ

iEIットにより測定した。培養アストロサイトは生後トセ日齢のWHar系 ラット大

脳皮質より調製した 齢胡閣 ETBアゴニストAI●‐■1《500Pm●U也口を7日間臓=

内へ持続投与したラツトの大脳ではTIMP‐,およびTIMP‐31nRNAの 増加が、海馬

および線条体では■MP-l mRNAの 増加が観察された。免護組織化学的検討は、

こ4tらの■MPが GFAP腸 性アストロサイトで発現していることを示した.培養ア

ストロサイトに対しE「‐1(Ю固りは、WP‐ 1およびTIM23 mRNA発 現、および

細胞外へ遊離を乖准した:【考察】以上の結果は、脳病態時のアストロサイトの

TIMP産 牛における、日 の関与を示唆する。

翼噺 議肇曇嘉驚纏釧儡
(目的)近年、多くの人 が々うつ病に罹患しており、社会問題にもなりつつある。
うつ病患者の脳では海馬の縮小がみとめられるなど、神経変性や神経新生の異常
が起こつていることが示曖されている。一方、我々はこれまでに疎水性ジペプチ
ドLけ Hcが 様 な々神経壼性精神峡霧に効果を示すごとを示してきた.そ こで今
回、Letr‐‖eが抗うつ作用を示すのではないかと考え、マウスにうつ様慮状を誘導
するモデルを用いてい●::oの動疎を叫                '
妨 法)建 性 Iαマウスを水を彊った円筒形の容器に入れ、毎日6分間の強制水

泳試験を 2週 関連続して行った。投入動 マウスは水綺からttlようと泳ぐが
次第に浮いているだけの最衝状態となる.こ の無動時間の長題はうつ糧症状の指
標とされており、抗うう薬投与によって短縮する.そ こで bけ ‖eを強制水泳直
後に― 口授与し、無動時間に■tFt― 調べた。
(結果および与→  2週 間の強調水泳によってマウスの無動時間は著しく増大し、

黒躙 畠椎鎌期騒譜諸雰i言琳鰹限精盤[議
した。自発行動量はL‐ Ile繊与マウスとコントロールの間に差はなかった Real
ti●e RT―PC2の結果から、Let「:le連続設与によって海嬌と前顧度質におぃてBDHF

の発現量が増大することが示された.さ らにゞBrdじの取り込みを指標として細胞
新生について検討したところ、2超間の強制水泳によって海馬歯状口におけるBrdU

陽性細胞数が著しく減少したが、Leu―lle掛与によって、この細胞数減少t■抑制さ

:鷺 蹴 鶏講 鍵 t甥 り凛 肥 翼 霧 躍 識 舅 と
てスト

イ
不によ

 ́               ′ ′θJ/F
28J‐ar,10

醸さま擬鎌
(17鮮

t3よ暇 こ
′
貴重[1曇i蓋婁

経
研)

【目的:イ ンフルエンザ治療薬である、リンEISオセルタミビア (タミアル)服用
者に、近年、飛び出し、転落等の異常行動が報告されたため、現在、厚生労働省
より、「:0代の3者 にはタミ7ルの処方を原則中■Jの方針が示されている。しか
し、タミラル服用と異常行動との国果関係は.t｀まだ明らかになってぃない。タ
ミフルはラットの血液脳閲円を通過することが報告“されており、このことはタミ

フルm用 時の異常行動が党醒剤ゃ麻薬と類似 した機序で発生することを示唆する。

タミフルは、プロドラッグであり、生体内で代謝され活性体 (GS40,1)となり作
用を発揮する。そこで、本凛告は、タミフルBa用と異常行動とのFPSit性の有無を

_2■ 2と 士C拗 02腱の胆モ之Zミ ン神 経伝逮孫の 前 ン=__二 ___

ナプスllllにおける3種類の神経伝達物質 (ドーパミン、セロトニン、ノルエビネ
フリン系)お よび後シナプスlFlにおよぼす影響を試験管内試験で検索した。
【方法〕ラット脳より前シナイス側および後シナプス側のシナプトンームをそれ

ぞれ調整した|これらにタミフルまたはCS407:を作用させた時、前シナプス側に

おける神経伝達物質の高取り込み阻害および遊離促進作用と後シナプスlllにおけ

る Gタ ンパ ク活性化へ の影響 を党醒剤お よび麻菜 牡 比較検討 した。

(結 果お よび考 察 lタ ミフルお よびCS407:は 、前 シナ プ スにお け る3種 類 の神経

伝達物質の再取り込み阻書と遊餃促進作用.および後シ十プ7‐での9タンパク活性

fしのいずれにも影響■なかつた。°したがつて、タミフル服用1存における異常行動
の発生機序には、脳モノアミン神経伝達系の変化が聞与しないものと示曖された。

まよ:イ湯蹴棚 ∬蹴κ霊澄噌″1鶏お
dCad°Cpdf

28J‐aMll   G9756447

.盪[]聯懲欄聯    L
モルヒネはがん疼痛板和で有用な業Allであるが、前作用として嘔気・嘔吐を発

晉阜継亀千ス〔9重な繰霧蛭業[ぼ品雁雷奮tξ彙藻質底農根螢真島争2■と|｀
より副作用の少ない非定型抗精神病葉が適している。非定型抗精神病薬アリビブ

ラゾールは既存の抗精神病薬とは異なり、ドバミン D2受 容体部分作動性を有す

ることからド′`ミン作動性神経伝達が過剰な場合には、 ドバミン D2受 容体の拮

抗薬として作用し、 ドバミン作勁性神経存1室が低下している場合には、 ドバミン

曖 受容体の作動薬として作用することが基礎実験で確認されているしそこで本研

究ではモルヒネ誘発ドバミン関連行動に対する非定聖抗譜神病薬アリピプラゾー

ルの効果を検討した。
フェレットを用いたモルヒネ誘発嘔気・嘔吐は、アリピプラゾールの前処置に

より、有意に抑制された。また、モルヒネ誘発ドバミン関連f・r動である報酬効果

ならびに自発運動促進作用はアリピプラゾール処置により用量依存的かつ有意に

抑制されたらまた、モルヒネ誘発嘔気・嘔吐を抑える用量のアリピプラゾールの

処置では、熊体外路症状の指標となるカタレプシーは観察されなかつた。さらに、
モルヒネにより誘発される G蛋 白質活性化作用はアリピプラゾール処置により

で鰹警il駐崎l〕こ驚 “重暮曇職[燿雄巽[響饗幹
ドバミン受容体を拮rAすることにより、嘔氣 :嘔吐や精|"k存形成などのドバミ

ン関連行動のみを抑制し、さらには難体外路症状がほとんど現れなぃ非常に有用
r_‐ォピォィドとの併用葉物である可能性が示唆された。

12-

1 1

~ア
のス報靭審肇Fワ諄職肛7=~遊
chambcrを用いて解析した。

酷 果 ・考察】Bκ処置により、遊走性 ・化学走性のr」加が見られ、これらの反応

は 8:受容体の拮Fn業により抑制さを、31-KOマ ウスから`尋られたミクログリアで

は消失した。BKに よる遊走性・化学走性増加はプロテインキナーゼC(PKO・ IKtol

の阻害薬、逆モードNCX:(Ca2■ 流入モード)の 特異的な拮抗薬およびNCX:‐KO

マウスより単離したミクログリアで有意に抑制された。また レ :・ll●においても、

傷害部位へのミクグリアの条積は、1、G,のll■害薬及び ,「KOマ ウスで有意に減少

していた。以上の結果よりt BKに 事るミクログリアの遊提姓 ・fヒ学走性増カロおよ

び 傷書 部 位へ の集積 の メ々ニ ズムは B:受 容 体 を介 した PKCの 活 性 fヒと逆 モー ド

NCX,あ活性化による細胞●へのCal・の流入、及びそれによる1.“3)の誘発を介す

黒忌喜象程[讐あi:憲積罰9義3等ぶをあふζ縦象事をあ暴4塁″轟こ1昔警。

雌絋普ti観頌鶴…K)
:」F嵯部観解翌警L葛亀舅寮署で「肥賢

:鶴
鶏鰹暫][「

昔添靭萌ぜ雀ダ管星莫1藤は'・ご写t菫遇謂 I輻 暦指層ξ月菌EE
躍峯蔵段パ鷺す瓶黎腑鮒署籍lil話葛れや雛瞥
髭ボ霧蜃毛票Fイ

クルに対する効果をmm_ゎ“おょびdゎ騰n"dramhcの効果と

」褒芳海喜雪冒誓麟量曹唐:繹嵩箭[督捲干艦品質全とうこふ嘉喜I讐巌嚢惚昔
電質FttnF苦鷲型,ζ:ζ詩磁爺ξ鰤認選糟罰茎豊更離を有意に櫛
瀧為譲苫あ換‰臨望乳 F臨鷺麗震篠麓霧点Y
た。次にNREM睡眠時ralを延長した、avainおよびr]ぃ。2aFOneの睡眠の質 (deLa・:誓t電)、F曖 亀震暑魯I織 ど

Йhは“
∵
面・り「

有意に上昇
【考察〕DiphelbytFarllincは睡眠導入作用のみ有することが明らかとなった。一方

kav●hは ,●lma2'お●こと同様の睡眠パターンを有するが.ih置 ●お、ことは異なり。

睡燿の質をも改善する化合物である可能性が示崚された1

日本薬学会,第 128年 会

(2008. 03. 26-28,横 浜)
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Effects of Oseltamivir PhosPhate
(Tamiflu) and lts Metabolite (GS4071)
on Monoamine Neurotransmission in the
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As abnorlnil behaviors such as Jumping and falling from bal-

cony were reported in patients aged l0 to 19 years who ad'minis-
'trated osettamivir phosphate (Iamiflu) for treatment inlluenza

' 
infection, thc Ministrj' of Health, Labor and Welfare in Japan .

..notified that, as a rule, Tamiflu should not be prescribed to pa-

tients age{'t0 to 19 years. To examine the relationshlp between

Tamlflu and abriormal behaviorsr'we investigated the effects of

Tamiflu and its carboxylic acid metabolite' GS40?1, on the cen-
,tral nervous system, that is, on 3 heurotranimitters (dopamine'

:.serotonln, and norepinephrine) in presynapses (inhibition.of re-
''uptak6, 

promotion of release) and postsynapses (guanosine 5r-

triphosphate (GTP) 7S bin{ing)rt using rat brain synaptosomes.

.NeitherTamiflu nor GS407l influenced ihe re-uptake/release bf

tle.3 monoamines or GTP binding in postsynapses.

Key words Tarniflu; oseltamivir phosPhate; GS407f ; dopaminc; scro-
tonin; norcPincPhrinc

. As an anti-influenza virus agent, oseltamivir phosphate

le i t ry t -1 f  n ,+n ,5S) -3- (  |  -e thy lp ropy loxy) -4 -acetam ido-5  -

imino-l-cyclohexane-l-carboxylate phosphate, Fig. lA)

(proprietary name: 
'famiflu) was developed by Roche Labo-

'ratory 
Inc. (Switzerland). In Japan, the Ministry of Health,

.Labor and Welfare appr6ved this agent in 20O0- ln February

2001 and luly 2002, Chugai Pharmaceutical Co., Ltd- as a

Japanese agenicy,' started the sales of ?5-mg Tamiflu@ cap-

suies and i%o Tamiflu@ dry syrup, respectively. The action

tnechanisrn of Tamiflu is reported as'followst): it suppresses

viral release from the surfaces of infected cells by inhibiting

heuraminidase, an enzyme essential for the proliferation of

type iVB influenza virus, preventing viral infection/prolifera-

tion in other cells. This mechanism is similar to that of

zanamivir.hydrate (Relenzao, anti-influenza virus agent).

Relenza is an inhalation agent, whereas Tarniflu is an oral

prephration; therefore, the administration method is simpler,

itthough the interval until Tamiflu reaches the infected site is

prolonged. Furthermore, amantadine hydrochloride (Sym me-

trel@) is also administered as an oral anti-influenza virus

agent. However, it is not effective for influenza infection

other than type A influenza infection. Thus, Tamiflu can be

simply administered to treat influenza infection, and may be

usefut for preventing and treating bird influema infection.

According to Roche Laboratory Inc-, the sales situation of

Tamiflu is as fotlo"vs.2) Japanese patients (n:34000000) ac-

count for approximately 75o/o of the tolal world Tamiflu con-

sumption 1+SOOOOOO perdons, as of March 12,2007). Ameri-

can patients comprise the second highest Percentage (2$o/o).

The amount of Tamiflu administered to children in Japan was
13 times higher than that in the United States- The usage of

Tamiflu in laian ishumerous.
ln 2007, atnormal behaviors such as jumping and falling

were reported in l0' to l9-year-old patients administrated
Tamiflu. Therefore, ttte Ministry of Health, Labor and Wel-
fare in Japan notified that, as a rule, Tamiflu should not be
prescribed to patients aged l0 to 19 years.. On April 25'
2007, the Ministry of.Flealth, Labor and Welfare published

the "Reports on the Side Effects of Oseltamivir Phosphate
(Tamiflu)",1) which had been submitted between the start of

sales ani March 20, 2007. According to the report, abnormal
behaviors were observed in 186 of 1268 patients with side ef-
fects (8 of thern died). In the Stresence of influenza en-
cephalopathy, abnormal behaviors similar to those after Tami.
flu administration have'also been reported' In Japan (1999,

2000), encephalop.athy frequently develops in children aged
less.than 6 years (2.5/100000 persons),4'rl and the.mortality'
rate (10 to 1gy' of patients with encephalopathy) and.inci-
dence of squeal.(approximitely 20o/o of them) are high.a'6) ln
children aged over I year, the side effects of Tamiflu are rare
and slight.T) A study indicated that there was no association
between Tamiflu and mortality/encephalopathy in infants
aged less than I year.8) Concerning the relationship between
Tamiflu and abnormat. behaviors, another study reported that
there was no significant difference in the incidence of abnor-
mat behaviors between patients with and i'ithout Tamiflu
(l 1.9% vs. l0.6Yo, respectively).e)

To evaluate psychoactive drug activity quickly, we re:
'ported an assay system for investigating the influence on the
central Rervous system using synaptosomes prepared from
the rat brainr0): a system for examining the influence of vari-
ous chemicals including psychoactive drugs on 3 neurotrans-
mitters (dopamine (DA) system, serotonin (5HT) system, and
norepinephrine (NE) system) in presynapses (inhibition of
re-uptake, promotion of release). Many of the monoamine
receptors, including DA, 5HT, and NE receptors, are consid-
ered to belong to .the superfamily of guanosine S'-triphos-
phate (GTP) binding protein-coupled receptors in postsy'
napses (GTP binding). Abnormal behaviorg seen in the case
of Tamiflu administration to treat influenza closely resemble
those seen in the case ofthe acute psychoactive drugs intoxi-

cation, a pleasurable mix of stimulant-like and hallucinogen-

like effects. Oral administration of Tamiflu, an ethyl ester
prodrug, is converted to the active form, (3R,4R,5.Y)-3-(I-

ettrytprcpytcxy)-4-agetamido-5-amino- ! -cyclohexane- t -car-
ha,.-,lie caiA |GSAATI Fir' !B) iy2 ,-,i,-,s.tl -A-s an aninra! ex-v v ^ r . r v  t v .  . ,  ,

periment it is reported that Tamiflu passes the brain barrier,rl)
we investigated the influence of Tamiflu and its metabolite

GS407l, which were supplied by Prof. Shibasaki (the Uni-

くA)Tamintl           (Iり GS4071

Fig. :r ChCmiCal Structures

A:Taminu lose!tam市ir phosphatc).B:CS407:

; To whom corrcspondencc should bc addrcsscd. crnail: Kanako-Sarou(g)membcr.tnctro.tokyojp
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versity of Tokyo, Tokyo, Japan), on DA,.SHT, and NE ds well . monoamine or chemical preserice). 'I\e 
!/o of 5-HT maxima

as GTP binding using a psychoactive drug-assay system to was determined by dividing pR-jng-, or chemical-induced
examine the relationship between Tamiflu'and abnormal be- maxiinal bindiirg using the 5-tlFstimuiated maximal binding
haviors. value (21 l0cpm) as a reference compgund.

Statおtical Ahalyζis lc50 and EC50 Va:ues tre“∈
min,d using the sigmOidal dose―responSC 9urve nuttng Ob_
tained by a soい ,KabidaCraph Ⅷ 1 4(Syneey SpnttreP
PA,uS.A.).The data represented the mean values oF threci

.independent exPcHments← ■3).

RESULTS AND DISCUSsloN            ・

In this stud,we examinOd that Tainllu and cs4071 0■
DA,5H■NE―reupta“e and retase assays,and GT binding

鋭鱗i構黙翻鶴畷麟=
CJn9(ngs.2A‐3)19th協ヽ P and C∝aine potently inhi庄

輔鱗獣麟齢 蹴l鞘軍:
amines.1■releasc assay9 vAP potently promoted DArNE
release, but cocaine did not inauence the 3 honoattines。

澪 飾 牌 ま 電 ∫鮮 ∫ 絆 覇 I
3HこNE(Figs.2D一 F).iSubsequentL we Studied a 135sIGTP

bind"g assay under condi10ns which fadlitated the adequate

respoおscs of DA,5H■ and NE.Nё ithtr MAP nor cocain1 1

promoted G― protein binding,as pた 宙o」s:y rep6rted.AIso;

neither Taminu nor cs4071 bound the G‐protein binding of
DA,5H■ and NE rcceptors(Fig.3)  :

I n  a , y m p O d u m  l d d  b y  t h e  J a p a n e s e  s O d e t y  o f P h a r h a‐

9010giCal Epidenllology(JSPE)(May 20,2007),も。me inves―
lgato6「eported lhat thOre was■o基 sOda10n between Tami‐|
flu administration and abnormal behatiOrs based on Statisti―

Preparation of Cerebral Synaptosomes lbr GTPTS
Binding Assay The whole brain dissected on ice was ho-
mogenized. Crude synaptosomes were obtained 6y the modi-

. fied methods ddscribed in previousl5) and our personal re- .
ports. The synaptosome wasdivided into'aliquots and stored
at -80 eC until use.

.'H-DA, 3tt-SttT, and JH-NE Re-uptake and Release
Assays The re-uptake and release assays were conducted
using the methods described in our previous reports.lo.la)The
final concentration of 0.1% DMSO had no effect on the ac-
tivity. Specific uptake or release was calculated by subtracr
ing the non-speeific uptake (DA; 260; 5HT; 500, NE; 720
dpm) or release (DA; 5210, 5HT; 4960, NE; 2200dpm) con-
tent from the totral uptake (Dlt I1600, 5HT; 2960, NE; 8480
dpm) or release (DA; 10160, 5ttrT;7560, NE; 6770dpm)
content. From these results, the drug concentration giving the
lC, or ECro was obtained.

r ]Sorz ' r .o " rc  D: - r : - -  l  - - ^ . .  TL^  / - -TD L : -J : - -
I olu r Vu urlurrr6, dJlal t rr9 v I r uri luil lE, assdy was

determined by the methods modified in previousr6) and our
personal reports. Specific monoamine- or chemical-stimu-
lated 1]5S]GTP7S binding values were calculated by subtract-
ing basal binding values (obtained in monoamine or chemi-
cal absence; 900cpm) from stimulated values (obtained in

Release

MATERIAI-S AND METHODS

Reagents Tamiflu and GS407l were a. kind gift from
Prof- Shibasaki. They , were synthesi2ed according to
Fukuta et al.tzt and Mita et al.t3t Methamphetamine (MAP)
and'cocaine were purchased from Takeda Pharmaceutical
Company Limited and Dainippon Suinitomo Pharma Co.,
Ltd., respectively. Chemicals were dissolved in dimethyl sul;
foxide (EMSO, final concentration: 0.1%o). 3n-Oe, p.ZO

.TBq/mmot), 'u-:Ff (l.l I TBq/mmot), rH-NE (t.93
TBq/mmol), and 135S1GTPyS (46.25T8q/mmol) were pur-
chased from PerkinElmer Inc. (MO, U.S.A.). Other reagents
used iir the study were of the highest gra.de commerJially
available.

Animals Male Sprague Dawley rats (crlj:CD (SD)) at 5
weeks old weie obtained from Charles River Japan (Kana.
gbwa, Japan). Afler the rats were.preliminary bred for one
week, the17 were killed under ether anesthesia and their brains
were .quickly removed.lQla) All animal studies were per-
formed in accordance with the UEAW Handbook on the Care ,
and Management of Laboratory Animals.

Preparation of CerSbral Synaptosomes for Re-uptake
and Release.Assay The striatum and cerebral cortex were
dissected from the rat brain. Crude synaptosomes were ob-
tained by the methods described in our previbus reports.'o'ra) .
The crude synaptosome from the striatum was used for the
assay of're-uptake and release of DA, and that from the cor-
tex was used for the assays of 5HT and NE. For the release
assay, I pru reserpine was added to 0.32 M sucrose and bufle'r.
The re-uptake and release assays were started immediately
after thg preparatibn of synaptosomes. Protein concentrations
were determined by the modified Lowry method using a tsio-
Rad assay kit.
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Fig. 2- Inhibit ion of Re-upraie and Stimularion.of Rctcaic of Mono-
amines by Tamiflu aod GS407l

Thcsynaptsomc fnction prcparcd from striatum was ussd for ths assay ofdopaminc
(A afd D), 8nd ahat prcpared from thc corrcx was uscd for rhc assay of 5-HT lB and E)
and norcpincphrine (C and F). Thc S.D. valucs arc fcss rhan 4.0%. (A), (B), and (C): rc-
uptakc assay; (D), (E), and (fl: rclcasc assay. l: Tamiflu; (-): GS407l; O: mcrhamphcr-
anrinc; l: cmainc.
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臨亀酬湘需酬需『瀧蹴耽躍」獣淵認FTPお

爵1脚鮒覇輔薫請鸞1爵翼
□: 5‐H■ ◇: N E

cal data∫a,d that Tamiflu d,c"■ ed the incidence of pnOu_

monia to l′3‐Others lugge、ted the relatio,ship between

Tamini administration 3nd Obnormal behaviors.A consenws
has,ot been reaqhed.conc,rning anti―inguenza Virus agents

other than Taminu,the MillstFy Of Hcalth,Labor and wel_

Lた Jζo ann6uncedぬ c incに enCes Of abno品 J"haViOrs

a■er administra●on on May 14.According to d,s,10 and 6

described_iThCy may be probablc,tince it is lcStribed that

the agont inhibited DA rcLuptake whil, promOtilg itS re_

lease/synthesis in an animal(rats)experiment in thc ncw

編 ″ l蹴 路 st∬ l」ltふ 轟 鍵 :W:網 ,¶

鰹置l∫鷺露llTζ∬∬臨『群W:濫1き≫]器歯
懲ぽ喘譜留ltF:慇ふriliピ摯島∬認識深'勝お
職撃=塊露盤悧蹴脱彗濯鍬∬16●gh帥

レ
: in the Unitedi States, 1 53 palicntS(0.21/100000 pOrsons)

篤ム1鶏lilよ境濡寧:職::1翼W籍島輩』誌鷲L墨

鷲鰐:瑞鰐cIぶ織品」TⅧ∬‰憔:鳳

驚:t黒藷撃ltiγIT肌ぶ朧ll星篭 鰤t服

:認宙∬栓:慧器‰「艦哩庶胞『鐵 l準

Vol. 10, No. 9

according to abnormal behaviors as 0.0241100000 persons

from Roche's report-2) The incidence of influenza en-

cephatopathy is much higher than that of the abnormal be-

haviors occurred in thoie who were administered Tamiflu to

treat'influenza. Neither Tamiflu nor GS40? | inhibited the re-

uptake of 3 mgnoamines in presynapses, promoted their re-

iease, or inffuenced G-protein binding in postsynapses in our

in viirp assay system. !t is thus indicated that mechanisms

underlying the abnormal behaviors dtre to Tamiflu are differ-

erit from those underlying the effects ofpsychoactive drugs.

It has been suggested that Tamiflu inhibits encephalopathy-

related death and the onset of pneumonia in children.rs)

Therefore, this agent may be useful for'treating inffuenza in-

fection in high'risk groups consisted of children or elderly
persons.lll lMe propose that the relationship between Tamiflu

and. abnormal behaviors should be examined quickly using

influeirza-infected animals, and then Tamiflu must be admin-

istered consideiing its risks and benefits.
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轟陶鮮参ん。wi鼈 膵:1轟

鼈纂賤鬱仄甲覇軍:轟

虜                       ]:
とが観察された。

』百i葬式夕:慧富季:名継呉誤厚記認ζ鳥[ま
る●雛異常は、脚細胞の

1織
簿

鍮 鶴 管 鰍 ぅ分り奪輩 対

言f:檜 [:Ё :i:「 話:13EI:i畳 :i[「 i[:;:じ fI][言 i
:ガ

ス入浴陣!は、さら湯と比較してて足むくみ誘発後の眼腫周囲径増加蕉抑制し、

作用機序として皮膚血流改善が関与しているものと考えられた。

:  6 0 7 5 6 5 2 6

鮮愉纂堪WttT:fII讃 ljL:阜【
口
l急7【:

f認獄嚇麗滋マ丁妻じ通繊轟7メ彩整言署考皇8P湯潜こ
癒過程に重要な役割を演 していることが示唆されている。今回、ヒト血漿由来 FN

囃熱批臨う郷響颯[lli、Ⅷ茸茸)規
理、硫安分画、DEAE‐Scphadcxカラムにより精製した。葉理評価はマウスの背部

皮膚に直径 :8mmの 円形久損傷を作製し、薬物局所投与による創傷治癒面積を筆

時的に測定したしまた、FNの 内皮細胞に対する作用を buman tunblical vdn

cndothaねiCe::(HじVEC)を用いて検討した。

ぜ雪「:;華返稚織嵩睡蘇舅質Itti[:I::i

鰍 蝦 57ぬ籠続)JrF77   .
(目的)今 年もインフルエンザが猛滅を振るっている。しかも、七年期において

異常行動と特効薬タミフル (リン酸オセルタミブル0喘"と の関与はいまF今明

である.我 々は培姜ラツト胎児を用いて、胎生期の脳神経系への OrBの彫響を観
たので報告する。
0法)培養ラット胎児はラット胎齢ll日日から48時間の回転培養を実施した。
出

ヽ
1翻鰐 l蹴翻 響 罐 1臨 _観.

雛    翻 躍鐵議脇甜警ヒ滉
下
艦雪北奮ふ:れ

以外の指標は対露群と差はなかった 外表も奇形などの異常は

だ嚇 露?み鱗鵠膳鋼 薫謝寝素薔≧魔欝尉ど
つ

観 路 卿 発 .望警 辱 献:塑晶 豪 二果■
｀

【目的】下部尿路機能障害による膀騰知覚過敏に起因した頻尿にプロスタグラン
ジンが重要な役貶 担い。Cox阻 書剤が畑 頻尿に有効であることが報告されて
いるL一 方t基礎研究においても,シクロフォスフアミドあるいは酢酸議発麟餞

査そふ:彎覗語     13]甑 磐舅鴛主だ鶴t
質競甦羅95制漂躍脇撃t轟難。督箱讐沼露掌森
雅″塩棚詔覧燻罵しも1宅蹴F驚翼

`は
19H、mm中

震銘凛編躙 税諮鷲鷺ミξ躍泄tT金写ι昇↓晟ふ馨議
雙需蝙 )響錦‰監冤墓lび鷲驚脇ムiF寵ぽ瑾覇|
畢悟 驚 「 た

 二  ~ を 介 て 投与 , ス     ー 法   膀 艦機能を

腫籐l雰覆哩職 鍵跳∫挿と
｀
♀粽   [縣鶏謙寿

片
て配思TriLプ脇 5&4,49.2004     ‐

2)Takagi‐M卜l“●4.ノPrlar alac●′SC1 95:458465,2004                ・
3 ) A n g c : i c b  P “αι,θ′t r  r l , ′9 7 1 8 3 7 - 8 4 6 ` 2 ∞6

27PW‐ am006

搾角=ギ}ミ 」、3t
Oィ、Fr・秀樹L永野
〔名市大院薬)

G 0 7 5 6 5 2 9

鮮臨 事僻掌蔦Ψ
【目的】リン酸オセルタミビル(OP)はヒト肝のカルボキシルエステフーゼl

(CE 1ゞ)により加水分解を受け、抗インフルエンザウイルス活性を持つオセルタミ

ビル・カルボキシレート(llC)になる.00は ノイラミニダーゼをm害しウイルスの

:磁齢瓢鮮躙難[職蘇
‰霧鰹RF`τ罵毛協       』 L器、駐
in小板葉ク壷ビドグレルの、OP体糧低下作用への影留も調べた。

1[:
電i続撤囃藝II贅彙:1駆t墓霧
看ま業議基〔貴省れた=5貞fζ:r管陽急驚底雫卑賜言Fラ39見奎多早晃歎
時のOPの解熱作用、およびOPの低l■.温の有害事象と関係する可能性がある。

日本薬学会,第 128年 会 (2008.03.26-28・ 横浜)
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.o-25 リン酸オセルタミビル投与がELマウスの聴覚誘発電位におよばす影響

斉藤 賢一け、川上 康彦"、桑原 健太郎"、藤田 武久″、藤野 修 a、

'日本獣医生命科学大務 用生命科学部食品健康環境学教室|1日 本医科大学医学部小児科

ヒトでは、インフルエンザの治療薬であるリン酸オセルタミビル投与による異常行動が報告されて, る`.演者

らは薮痛モデルマウス (■"鴨e)にリン駿オセルタミビルを飲水による投与をし、厳波の経時的変化を記録し

て報告している。その結果では、投与開始24時間後の発作間欠期め棘波の持続時間が長くなることが記録され

た。しかし、投与開始48時間後の騨波1こは、これらの持続時間の長い棘波が見ら■なくなる興味深い結果を得

た。このことから、演者らはリン酸オセルタミビルの投与24時間後のt■ウスの聴節 発電位を記録し検討し

た̀

【材料と方法】供試動物として、猶痛モデル動物である、26週齢のEL■ ウる雄を対照群 3匹および投与群3匹

を用いた。リン酸オセルタミビルを飲水に混ぜてマウスに姜与した.平 均投与量ぼオセインタミビル “嘔バg/day

であった。投与開始 24時 F・l後にケタミン麻酔処置を施 し:マ ウス脳硬膜に傷を着けることなく後頭部の
蓼蓋■

に'力所の穴を開みた。ここに、エボキシコーテジグした銀ボ
ール電極を配置した。タリック音はマウス用に改

造したクリスタルイヤホーンを外耳道に挿入 して聞かせそ:聴 党誘発電位を記録した

【結果l聴覚脳幹電位では蝸牛神経、神経核、オリープ核、下丘の成分が記録されたもこの潜時を投■群と非撃

与群で比較した結果、投与群め下丘までの潜時が短くなることが確認された。

o-26 妊婦から回収した食事記録票の分析 :妊婦|ま葉酸は充分に摂取しているか?

岡井 い くよ1)、早り!l ちさat下 須賀 洋 一"、近藤 厚 生P

i   。
済生会福岡第二病院、ガ明治乳業株式会社、9小牧市民病院、り津島り′)ピリテーシヨン病院

【目的】厚生労働省は神経管閉鎖障害の発牛リスクを低減するため、栄養バランスの取れた食事、並びに妊娠 4

適からllE娠12週まで葉酸サプリメント40oμg/dayの内服を勧告したo妊 婦が摂取する食事を栄養学的に検討し

た゛
                       )妊 婦から査事記録票を回収し、二訂日本食品標摯晟省裏

I方法と対象】2003年から2006年の 4年 間に 386名 ′

に基づき解析 した:100名 (30°/●)は 葉酸サプリメン トを内服していた。

こ調査成績】葉酸?経 口摂取量は過去 4年 間ほぼ 350μgノday前後であつた。妊娠前類の摂零量は396μg/day、中

期は372μg/day、後期は349μg/dayでゃり、葉酸を最も大基に必要とする前期が最低値であつた。写年労働省が

期待する400μg/dムyを 充足してし`たのは、33o名 中のな2名 (24%)を あり、適切な食生活を過ごしている。しか

し残る254名 そ76%)は 、不三分を葉酸サプリメン ト●補充すべきである。実際に葉酸サプリメントを補充して

いたのは 254名 中の60名 (21%)で あ り(185名 (55%)は 葉酸摂取量が絶対的に不足 していた。

I結論】妊婦は食事から葉酸を平均350μg/day摂取している:しかし葉酸の需要量が最大となる妊娠前期の摂取

量lま最低であつた (306μg/day)。妊婦の55%は葉酸摂取量が絶対的に不足しており、神経管閉鎖障害児を妊娠す

る危険性をみんでいる。

日本先天異常学会学術集会,第 48回 (2008.06_23-30,東
京)
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0-325  重 症心身障害児 (者)の 喉頭ファイバーによる形

態 ・唾液誤藤の評価

聖隷三方原病院小児科

森 有 加 池 谷真苗 宮 崎直樹 中 島秀幸 本 部哲也

大場 悟  横 地健治 岡 田員人

唾液誤喋との一致率が高いことが推製された.

日本方、児科学会雑誌 第 112巻 第 2号

b‐327  多 発奇形を伴う発達遅滞症例の病甲診断にお1する

MLPA法 サブテロメア解析の有用性

琴讐薄までブ摯ず双リム雲曇撃F輪
夕~遺伝診療科'

小崎健次郎: 小崎里華2 東 央 晋3:高橋孝雄l

法と同程度であり.臨 床検査として普及が期待される.

0 - 3 2 8   リン酸オセルタミビル経口投与によるァウス脳波

の変化

日本医科大学小児科
: 日 本獣医生命科学大学2

川上康彦
: 斉 藤賢-2 小 泉慎也: 桑 原健太費r 藤 田武パ

藤野 修
l 福 永慶隆

:

的に示唆された。

0‐326  出 生予定 日の MR:乱 押 R法 所早 と就学如神経学的

予後                   ‐

甥
少警 席 留 舗 羅 鶴 p窯 錬 賂 彎 笙

医科大学川越「療センタこ小児科
S

舞整密
2調

霧:紺マi謂孵i腱斎
3

として将来が期待される.
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Oseltamivir, an Anti-influenza Virus Drug, Produces Hypothermia in

Mice: comparison Among oseltamiyir, zanamivir and Diclofena

Hideki ONO,* \'uko N.rclxo, Noriaki MrrrsuxAltl. Shinichi Sucner:.r,Shohei Y**rxoro. and

Miguo Tis-caE

Lalnmt4. of CliS phornucologr.. Gmdwte School o! Phamrucetilitwl &'r'errces. rvag4z ('14' Lhriunr4l' i-l finahe'
- 

itiit&n &?rgqru 167-86o3.,hPtn-

i;;il t *","ueils.20oz: accepei January- 31, 2008: published online Januarv 3?.2008

oseltamhir pbospbate (Tamiflu). an anti-influenzir rirus drug, b h1'drollzed !r carborrJeLerase to tB ac-

tir.e metabolire. T'he met"uolite Inhibirs the influenza rirus.specific neuraminidase. tn tbis strd$ the effccts of os-
' 

eltamivir on normat core bodl temperature n'ere studied tn mice. OseltamMr (30-300 mgntg. lntraperitoneall]'

. , (i.p.) and 100-t000mg/lig orall;- (p.o.)) dme'dependentt)'losercd the bodl'temperature' The cffects of os-

.eltanririr (p.o-) contlnucd longer than thosc of oscltamirir (Lp.), and appiosimatel$riple doses of oral os-

. eltamivir ntre needed to produce the same pedk €ffects as-tnrraperitoneal oseltaql$r. The non-steroidal anti-in-

flamrnatory rtrug diclofenac (l-3O mg/kg 
'tp-l 

aia not affect bod;- tempenrture, and (at 30 and 60 ingAg 3'c')

did not interact irittr the trrrpottrcrmlc-enits oi oieltamirlr (100 mg1hg. l.p)- Zanamivi* t:lt*'lj" Inhibits neu-
' 

, Iri"lCIt". Jia riot produce hypothermia.at doses cif lfl) and 300 mgAg. i.p- Clopidogrel (t00. 300 mg/kg' i'p-)'

rrhlch ls nretabrilizcti by the same 
"u.Uo,,yi*iuiuse, 

tended to aeireasc.the.hr-pothcrmlc effects of Qssltantifir

(loomg/kg i.p.). Thec'resuits suggesi that the h.r-pothermic elfects of osellamh:ir are due to its.hydmlytic

metabotiter and that the h1-pothermia obscned in mi"e has some reletionshlp.to thc antip!'retic effects and serere

h;-pothermia (adrerse crcni) obsened in influenza patients.afteriakingpscltanlirir'

Kq: lrords oseltamiric hypothermiu: znnamilir dicloferotc: nrou*'

aittt Prl`′″,,&trr l114)03S-64212()(ぶ ) Oヽl.31. C`4

The anti-influen2a dntg oseltamivir (Ro64'0796) is hv:

drolyzed to tlre actir.'e metabolite oseltanrivir calboxylate

ino6+-osoz. OC) bi hum,an lir;91 carboxylesierase (CES)'

lliJ " oc inhibits ihe influenza 'irus-speci6c neuram-

inidase-l '{r Oral administration of the parent cotnpound os-

ettantivii (OP) reliev-es the synlptoms of, inlluenza (cottgh-

mvalgia, nasal obstrtrction- sore throat' lhtigrte' headache-

fertr-ishncss).s'OP has strong antipyretic eft'ects. s'lrich be-
.'come apparenr rvitlrin 24h after taking the drtrg'6' ln addi-

tion. ari adr'erse event:(unkno$'n casrral relationslrip)-hy-

Dothenuia-i-atier ingestion of OP has been reported' Forty-
i'otr, 

"otut 
of hypothernria had been reported to the MHLW

(Ministry of Health- Labour'and Welfare. Japan) up to March

20- zOOi.1' Data released by tlre Food hnd Drug Adtninisira-
.tion (fOnt hare also described hypothermia to 34 "C' in 2

'cases.$ ' .

ln the present study. rre investigated the effCcts ol OP on

domral core body telnPerature using nrice. and fotrnd rela-

ii.'Liv t"ong hypothenriic etl'ects- Zanamivir- ivhich is atso a

netrraminidase inhibitor and an anti-influenza tirus drttg- uas

compared rvitlr the effects of OP. Absorbed OP is hydrolyzed

i" hL*u" liver CES I to the active metabolite OC'r:t The hy'-

drolysis is stron-uly inhibired by the anti-platelet drug clopi-

;.gi"f, rvhich ii metabolized by the sanre esterase CES l 'e'

Th-erefore, clopidogrel rvas used to inhibit hydrolysis of OP

in an.artempi to study the invoh'ement of OP or OC in hy-
pothermia a fter OP adrninistration.

As the autipyreiic diclofenac earries a *'arning of possible

severe hypothermia in children and the elderly. rvirh higlr

ier'., in ihe package insert and an inien'ies' fortn.ltlrl'ttre ef-

fects of diclofenac on body temPerature and its interaction

rvith OP s'ere also studied.

IVIATERIALS AND METHODS

.Aninrals One htrndred fortv-si.\ trlale nrice (ddY strnin'

SLC Shizuoka. Japan) s'ere kept for at least 7d under a

12,'12 h light-dark c-v-cle betbrc experitrrcnts 1f i1[ full access

to Nater *O fooA exccpt those trsed tbr oral adnrinistration

of OP. utich s'ere lhsted for morc thari l5 h'

All experinrental protocols ttsed utte approsed by the An-

imal Caie and Use Conlnrittee of Nagoya City University

and uere conducted in accordalrce s:ith the gtiidelines of the

Japanese Phannacological Soc iet;'.
Nleasuremcnt of Rectal 1'emperature [1 -i rveeks of

a-ge. the nrice rvere used to study he effe-cts of dru-es on body
'r"-*p"*tut" in aIl e-xperimental roonr for aninral behavior'

rvhiih u'as nraintaincd at 23-25 "C. Each mouse s'as placed

individualfy in a Plexi-elas cnge ( l9X l2x I I  cnt (depth)) '

then renrored every lOmin, held loosely in a srnall cloth bag'

and tlre core body temperatdre Nas meastrred using a digital

thertnometer rvi th a resoltrt ion of 0.1"C (MT-13r. lvlot lrer
:Iool. UirJa. Japan). The thermometer probe s'as itrserted 25

mm into the rictum.l:' After each nleasurenlellt' tl're motrse

*las returned to is cage. Mice rvhose rectal tetnperalttre bc-

tbre drug administration uns belorv 37"C s'ere not ttsed for

.experinrents. Drugs rvere adnrinistered alter the temperattrre

became stable.
Drugs The {rugs used r',ere oseltarnivir phosphate (Tanr-

iflu calsule, Chugai Phanrraceutical Co'. Toky'o' Japan)'

zanamivir hy'drate (Relenza. dry porvder inhaler' Glaxo-

SmithKline Co.. Totq'o, Japan). clopidogrel sulphate (Plavix

tablet. Sanofi-Alenris Co.- Toky'o. Japan) and diclofenac

soditun (Sigma. St. Louis. N'lO. U.S.A.). A Tanriflu capstrle

(75 rng) contains 98.5 m-e of oseltarnivir phosphate and 64--i

mg oiadditives. The soltrble additive is. povidone. and the in-

soluble additires are pregelatinized starch. croscannellose

snrlirrm- ralc a-ttd stearv! fttmlrate sodittnr' The content of the

& To $honr corrcipold(.nc(. Shr)uld bc addr"'sscd. t'rniril: hiuloa phar-nlgQra-cu-rc..;p
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capsule ws suspended in saline.Fir hundFdS milligmms

ofoseltam市ir phosphate are dissoll・ed in i m1 0Fttte■3,and

the nIDgimal cOncentration oF OP us●d for oral adminisra‐

tion c1000コけ峰〕螂 l∞動 :・Thn inml●Ыe sub‐
stances"ere consFdered lo be additivヽand●Ot OR and the
s u s p e t n g m、ぉ i可∝ted a n e F  S h a‖鴫 A R e l e m  Ы聰ぼ (5
嗅ぎ)∞ntains 2anami輛「hydmtt and kね駐,“憮幾賢腱
呻 letely dissolved in sa‖nl.APい 破 tabl軋which cOn‐

m i n s  7 D‐叫 of  c b p i崚 :叩d  a d d i t i v e s 9  1雌m a d e  i nゎa n
emulsion by gmding in a mortar and pest:e con腱 :威ng

sa:ine.Didofenac sodum lvas di“olved in saline`Doscs oF

d岬 鞭 re expresed as a rree base and admhお 輸red in‐

“pedtOneally{iop。),SubCutanewsly(s。驚)。F Orally(P.a)at

O.l mi Юlumerlog bOdソlvetht‐

Statttica:AnattiS Mean∞re bodyにmperature beFoF
drug adml,Istration,wぉ38.2■0.03°C(S.EoM..″=146)the
range vヽ、 37-393。 C.and dⅢ  erects tre expressed as.
the decrease in body:lemperamre(△°c).Al:data weF eX‐

preSsed tt meal士SIF.M。(■=6 or s>Muitiple■test with
Bonferroni∞rrection r。‖ぴ■撃 ANOVA tvas used fOr multi‐

ple∞ mpadso,be● veen conlol and treated groups.お'S●.

鮒錦 趣泄塩l織 ぶ∴:嘱∬盤
様 1∫蹴 n選ず躍」::胤壻沼)機

::盟
:をJ

:o be signinmnt.
RESULTS

Efrects 01 oP on core 3odl・ Temperature OP(3Q

100。 300rngノkg, i.p_)dOSe‐dcpendcntly lo、vercd thc bOdy

tempcrature(Fig.1).ThC pcak enocts、℃rc pbscrved 10`20

and 30L-40 min artcr Odministration of 30、 100 and 300
m9k80r OR FeSpcctively.Variations in the crec■ bf in.
trapeFitOnea1 0P、vere spa‖er than those of oral()P(Fig,2).
and there 、にrc many signin,ant tinle points betヽvech the
salinc and OP gpups(hultiPle卜test●:th Bonたrr6,i cOr鷹℃―

留キ騰
・」生批 躙麗躙IT霊;塁R躍躍|

-79.3主5_7(100 mgttg)ard τ164.:=:o‐9(300myttζ〉

- 3 0 0 3 0 6 0 9 0 : 2 0

¬"蛉 〈品in〉

Fな.:. OSel“:ni■r13(卜300mぎ し i.p.,Dctreas・es Cor 3od、・Ttmp.・m‐
lttrc in a h‐‐Dependcn Man"rh Mた 1     ・         .

諸 :L棚 欄 淵 占 脚 よ― I臓 選 露 t溜 臨 胤 障
mmmb.。 「雌 ょ曜ISⅢ 償饉m゛ 。「di“疏●cヽbば、壁o●On=rol and N口 Ls
ぃ d t・t“m h e d " t h e ぃい‐J : J  m u h " L 1 4 t S ・S i t h  B ヾ蔵 m■i  c o r r t t ‐l b●r●l駄i n =
0“卜`■ ●mlsiSごminn“(3●omp3n"、h4=o●卜、やrt‐0_いond,`″くQ01.
OR tttam卜1■

f r  i r 689

Sigぃinmt difFerenαお in efFects、ere obsert‐ed bet、賢℃n
saline and the l∞m3(′く0=05)and 300喚  〔′くOЮ:)

gFOups(muleiple r‐test with BOnferoni∞rrection)
Oral a硫 hist厖 饉on of OP(lα l,",1000mグ kg)alSO

lmVeFedithe COre body tem藤漱ture h a dondependent man‐

n e F (日3 2 ) S a l n e l o l t F e d t h e b o d y t e m p e r a t u r e t b u t Jい:摯
c a n t  h y p o t h e m b  l v a s  O b s e r v e d  t t  d o s e s  o r 3∞a n d・: 0 0 o l
m』 暮 P. a ( Fじム mu k u e r _ t d  w i t t  B o n f e t t l…
t b■)。W h e n  n o n‐c o m t e d  S l雌n t rヽ‐t e s E  t t  c m p :颯t h c

織 i品霧i乳稔蹴貯樫:¶瓢1泄
60mm attr admidstFatb=and rec酬〕り、ぉ nd ttdent

l鮒椰 盤]Ⅷ螂

:麟i粗囃躙鱒
grees ofsigni臓hce as thOtt From the muldpie′1應t lvhen

欄蝿榊盟寧:盤ギ

‐30       0        30       60       90       :20
・
   TmeCm→

FL 2. 0崚 lom■ r(l(D― 10oOm晋 聴,″。)Decmses Corc R● Tcln‐

pemturc in a Dose‐DtSpendcnt〕嗜anllcr inヽlico

麟衝Poht Ч奮関蔭:hCl口囀●=sL‖.●r "ヽL Gdim嗜ttt・re●姜Ⅲb●睫m`
鵬 織ぶ器 躍 鳥 燭 h器問 忠辮 艦
罵ぶ嗣=【砒盤ζT翻鶴認謂

よ“`“
Tt‐

・甲itNい出…ごmぃex・●

j 3 o o ; 3 0 8 o P

fimE (min)

Fig- 3- Zanamirir (100. 300m9kg i.p.t Oors Not Aher Core Body Tem-
pcnture in llhc

Esh poin t prsnls dr!. ros=S.EIl. of 6 miq Ordiurc: dcn-r* jo body &cm-
fmuNf,rom lh€ ha*lih- (m!.!n of -i(!-omin! !\bsciss.:.rimc in minus ifis &!
ninirtmtirim of thc drogl Ntr signifiont differenc.r u'erc secn be mirhipl. r-re$ s Sru"
d.ar'i ,-lsr. Zrnr zmmirir.
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Effects of Zanamivir on Core Bodl' Temperature
Zana-intr {100. 300mg/kg. i-p.l-sti-etrtty lo*ered the core
body tempemhrre (Fi-e- 31- No Eatisical si-rrriFcancc rvas ob-'

senled (multiple r-test rsith Bonferroni correction) and Stu-

dentb r-tcst).
Effects of Clopidogrel on H-r'pothermic Effects of OP

-3o o 
-*"?*) 

to : eo

Fig: .1. €ffccts of Clop-idogrel 1t00- 300rng1ig' s-c't o.n H$'othcrmia ln-

dric.:d \'Oschanrivir( f 00mg'kg i'p'l

€rh point rcPrcJcffi rhc |M=s:€'tl' of 6 mirt' Ordinlts dr'c,r* in brrdy ts'm'

*il."'iLi ,t rc"'liN I msn ot' -lo -otninr Abrcissi: lih* in minlt$ sner ld-

[ffit;;;i;h'oilomi.i' ctopiar€rd $rs ldnriniter€d rt tht point sh$*r b'!' the

"-i"?.r-"rr.irti 
- iiminl i{o signifiuni diff.*-nc:s src :.-cn br muhiplc ''lsr rY slu'

a.nr's n.st- OP- o**hmh'ir. c'la tloPidqnl' !

' \bl.3l- lio-{

Sincc the trydrolysis of OP is strongty inhibited by.clopido

gt"i,t' Aopiaqt t tt^ used to inhibir the hydrolysis of OP'

Ei"pra"gtitl tjip-Vkg. s-c-)' rvhich alone slightly lorvered

U"OV aip.ra*.. o-nty t oa.a to reduce the trypothermic et

feca of OP (Fig.4).
Effects of Diclofenac on Core Body Temperature and

Its lnteraction nith OP Diclofenac failed to produce hy-

pr,h;; at doses of t-30mg&c- LP:^(T:s'.5A)' Sincc

non-steroidai anii-inffammaiory diugs iNSAlDs) ate sofiF'

times prescribed rvith OP for influenza infection in iapan' thc

drug interaction betrrycen OP .and the $rong NSAID di-

aoi"nu" was srudied- Diclofenac (30.60mg/kg' s'c') admin-

istered 15 min before OP did not affect the latteri hypother-

mic effects ( 100 mdkg i-p.) (FiS- 5B)'

DISCUSSION

Tamiflu intervierv form and Nerv Drug Applicarion (ND-A)

data summary describe that OP at 7'6,76'l and 761 mg/k-e'

;;. il;;;trd;a b.dv temperarure in adult rats't'lst

rvhereas at 533mgnrg.p.o. it ldrvgred the body-rcmp€rarure

of rats aged 7 or 14d.l6i A rcccnt Study by lzumi el aL"'hes '

;;;,idJ;ppt.t"ntry data indicating that oF ar 5omg/kg'

i.p. tignifiiintly augmented the hypothermic effects of

"it.noiin 
3O-d-old tott. H.."- rle hale demonstrated that OP

nlon" -n"n".,.s potent hlpothermic effects in-mice' consis-

tent Gth our pieliminary study obtained using adult rats

(data not shown). 
adnrinis-Brain/plasrna C..." ratios for OP and OC in rnice

,.r.a Op'", i Omg/G. p-"- were 0.42 and o'22' respectiv"ly'lt'

Thus, it is consideted that botlr OP and OC penetrated the

blood-brain barrier irr the present study using a high dose of

OP. Body temperature is usually reeulated by opposing con-

ttois of ileat production and heat loss' The preoptic anterior
'ffitt,ututu, (POAH) is a thermoregulation center're'The

o,gunurn uur"uiorun laminae terrninalis (OVLT)' part of the

circumventricutaT organs (CVO). is located ne,ar-the POAH

and is the target site of endogenous pyro.q:l:'-'] ln addilion'

the CVO lacks the blood-brain barrier-'--' I hese ctrcum-

stances suggesl that OP or OC can afltct body temperattlre

. r.grdl.sst *'hether or not the target sile of eithcr drug is

located rviftin the blood-brain barrier'

OP (30-300mgkC' i.p. and l00-l000mg/kg' P'o')
- dose-dependently iorvered ilre normal cbre body temperatilre

ii .i"t (Figs- i, 2)- The :firmiflu NDA data summary de-

scriUes rer/rapid hydrolysis of OP in micgirt and the pres-

ent study lnaicatea ihat the hypolhermic- effects-of OP rvere

ielatively sustained (Figs. l, 2)- Therefiore' it is suggested

that rhe active conrpound that lolvered body temperature rvas

merabolized OC, anO not lhe parenl comPound OP' Horlever

a fttrther srudy using OC porvder rvill be required before a

final conclusion can be reached- Tamiflu capsule contains in-

."fuUf. additives. tn our preliminary study' a filtrate of Tami-

flu suspension l6s'ered the body temperature (data not

shorvn;. As the sotuble additive povidone is a very high-poly-

mer compound (molecular rveight seueral tens of thousands)

and its molar dose included in a Tamiflu capsule is rery los"'

it seems unlikely that additives other than OP or OC louered

the body temperatur€- Oral saline (l0nrl/kg) administration

unexpeitedly produced hypotherrnia (Fi's' 2)' In the prelimi-

nary'study irt=6 or 7). oral rvater adnrinistration to fasted

A

3 0 .

Timo (min)

-3(, o gl do 90

fimo &nin)

Fig. 5- Effecrs of-Diclofenac on Corc Body Tenrpcrarurc and the ltrtcrac-

tion sith Oschamtttr

f)islofmac t | -iO m! kg- i-P- l rJes not rhct crx!' bdl!.' tcmF*ntDrc in Dric!' I '{ l' Di-

"r"i*.. 
i-io- iot-t.t5--s-J &s na atlirr lbc htpoth\mic ctTRlr qfosdllmririr tlfil

.;i"-1".i-,er- Ea.i pint tcpr*nrs rhq maniS-E-\l- of 6 misc' Orr'imtd de'

.ri1*:"'t:;;;"-pnrure frm rht b3$tih.. tmc.n of -.3G-Omin t-{l tnd -JO'-'0

-iieii ,ib,.-.irsa* rin in minurcs :fcr rhc adnrinisrrrrion of occhamir ir. Diclofcmr-
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mice and om:sa:ine adminismtiOn tO nOnrasted mice iowi
ered the body t期"腱ture by about:℃:n addition.ihser‐

found in Hteramに駐Nevenels th壁 6ndinまstlggSt that

器繋1常群譜高調蹴認lmtthlFTl
Zana口iv・ir as w℃ll as OC inhibit t“innuenza vins―spe―

cinc neuraminidasc and a:so thc relcasc of vitus from host
celk.→'As the hydroレed COlnpound zanamMr canna be
absorbed by the gぉ tЮinteStinal trac、a nne pOtVder or
zamln市 ir is inhaled(lomg,wiCe a dav)■ ■・hen used fOF

鱗 脚 l欄 鋼 電 職
piasrla concenhatiOL the same dOses oFzanamivir(100,3∞
n」kg)as OP wre intrapeHtonOally 3dministered.Zanattivi

撒柵椰掛鐵緩職孵:
t h e r m o r e r l a t i O n  c e n t e r  o r  a  p e甫p h e r a : O F . a n  t h a t i s  i n℃:、“
h ther品oに二ulatbn.

CESs aF classincd into s subFalnilies(CESI―でES5),
and CESl :s stibclassined into‐CESiA― コCESIH.2●, The

CESs that hydrolyzc(DP are suggcsted to bc thc CES:A and

嵩乳理穏F乱躙:鳳観牒:,lm:驚:
lroly● SOfOPto9Cル ・・PrrD:け drOlys治 oFoP(50μ M,Li■ ‐

牌櫨縫『∫棚期酬拠鋭
ギ調l霧l官まれ激説」]:壇筑河:器littJ

書熙即職|[幅鷲ぶ》
i t i t・c : y l■h i b i t s  t h c  h y d r o l y s i s  o f o P  t 0  0 C  i n  h u m a n s . c 1 0 p i‐

dttre1 30o嘩 ts・C・,W'Ch abne diJ‖y lott・e“d body
temperature and did lot afrecl beh`面Orofmice.tended lo in・

器盤l削l雛:ぶ脚器 Twttl
mouse plasma:the c6ncentraFon Ofoc ancr oral oP admin―

猫Ji購聯鸞醐脚響椰
オ‖鳳管[躍#思踏

:ぷt織壇鸞|

翼IWttt出:基鴇継:器鷲t鵠胞鳥洋|
rccts induced by oP a:,O Cannot be ruicd Out.ln fact,it has
been demonstrated that both OP and oc Facilitate ncuЮnal

ll■ヒFII::躍:|:F'・
°Cbeini30time,more p°tent l

£F資驚iきf∫翼患星lttnじ艇r倶署踏鍛)
temperamre in anintals,it erectivcly rcducesたver due to py‐

iogens: the ED* is 0.13 mgrkgp.o: in rats.J:.Vohann pack-
age insen and inten'ibn form give a rarning of ser.ere hy-
pothermia if used in cbildren and the etderly s'ith high
ce!.er.rrlrr In this study, !'ery hiCh doses of dicloienac (l-jO
mgkg i.p.f did not de.crease the body temp€rature (Sig. SAI
and ar 30 and 60m/kg s"c. it did Dd interact with tlre hy-
podreimic effects of OP (l00mg/ke! i.p.) (Fig.58}. Thus. no
drug inieraction iretween dicioienac an<i Op uas wic:inq at
least in terms of hormal body temperaturc. Honanrcr, as di-
ilofenaecan be used in patients rvittr trig*r fevea further stud-
ies using pyrixia mice arc nded to investilate drug interac-
ti<in betr+een diclofenac and OP.

In the present study, intraperitoneal and oral adminisra-
tion of OP induced deedependent hypothermic effecs in
normal mice. Horvever. since recent clinical studies have
shgrvn thai the antipyreric effect of Op on rype A influinza is.
stronger than that on type B influenzas3s,lhe antipyretic ef-
fect of OP is considered ro be due to nor only direcipharma-
colqgical.effects on thennordgulation, but also.anti-influenza
virus activity.

Severe hypothermia as an adverse elrnt has been reported .
to the MHLIV fronr manufacturer of OF and also from med-
ical institutions-?, The prolrortion of hlpothermia cases in
Japanese patients belorv l0 years old dative to all repor.ted.'
cases is 40.1% (18/44 cases). and rhis ratio is higher rhan.
those for other adi.erse reactions (i.a l6.7yo for anhphytaxis 

'

1666 cases)), base_d on initial datir made arzilabte to the pub-
.lic by the MHLI\,.7' Since the body s.eighr of children betors
l0 years old is los: it is considered that more severe h-v-
pothermia tnay occur in comparison rvith that in the elderly
ryhen heat production decreases or heat toss increases aftcr
OP,in-eeslion- Thus, it is possible rhat rhe h),pothermic etTects
obserr.ed in rnice are related to the sevire hypothennia in hu. .
rnans after OP ingestion. Further studies are needed to eluci-
date the nrechanisms of hypotherrhia in mice and their reia-
tionship to rhe ddverse er€nts.reported in humans.
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Blood-Brain Barrier

Oseltamivir ffamiflir, Roche, Nutley, l'|.f), an ester-type prodrug of

the antFar,tluenza drug Re 64-4EtP losetbmlvlr carbotrylatel, ha$

been reported to be associated with neuropsychidc side ef{ects'

which are likely to bd caused by distribution of oseitamivlr and/or

its metabotite into the central nervous sltstem. Enhanced toxic'ty

and brain disuibution of bseltamivir tn unweaned rats led us to

hypothes-rze thai the lcw &eve! of distrlbution of oseltarnivir and/or

no O+OAOZ in adult brain was G?used 'by the Siresence of a specific

efilu: transporter at the btood-braln barr'ler: We examlned. the

possibte rote ot P-glltcoprotein (P-gpf as tlre deteimlnant of brain

iistrabution of oseltamivir qnd Ro 64-{802 both in vitro using LLC-

GA5-COL150 celts, which overexpress human multidrug resistance

protein 1 P-gp on the apical membrane, and in vivo using mdrla/1b

knockout mice. The permeability of oseltamivir in tie basal-to-

ap'x}al dlrectlon was slgnificantly greater than that in the 
lpposite-

Airection. The directional.transport disappeared on addition of

cyclqsporin A a P'gp inhibitor. The brain distribution of oseltamlvir

was increased in mdrla/tb knockout mic-e compared wlth wild-

rype mice. ln contrast, negligible transport ot Ro 64-0@2 by P-gp

w-as. oUserveC in both In vitro and in vivo studJes' These results

show that oseltamlvir, bul not Ro &H,Eoa ls a subsrate of P-gp'

Accordingty, lowlevel3 of P-gp activity or drugdrug lnteractlons at

P-gp may lead to enlianced braih accumulation of oseltamlvlr, and

this mafi in tutn account tor the central nervous system effects of

oseltamlvir observed in some patients'

Oselnmivjr ptrosplrate (oseltamivir) (Eg' l)' mabufactured under the

uade name Tamiflu (Roche, Nutley' NJ) as an ester-tyPe prodrug of the

neuraminidase inhibitor Ro 64-08@ (osehamivir cattoxylate) (Fig' l)'

has been developed for the tleatment of A and B strains of the influenza

virus, wher.eas the tyPical anti-influenza drug amantadine is used only for

the A strain. However, the drug exhibits several adverse effec6, not.only

in rhe digesdve sysiem (abdominalgia' dianft€a' and nausea) but also in

the central nervous system (CNS); the latter inclu{e.h€adache, vertigo'

somnolence, insomnia, numbness, and behavioral excitemeut (basic

product information of Tarniflu from Roche)- Recently, there has been

"on""* 
&at lh€ drug may be associaied with suicidal or abnormal

behaVior especialty in younger patients (http://www'fda govlcdetldrugl

infopagey'tamiflu/QA2005 t I l7.hrn and httpJ/www'mhlw'gojp/englistt/

index.html). At present, the U.S. label of the drug specifies that the drug

is not to be administrated to Patients less than I year of age whereas the

label in Japan only rnentions that the safety in the patients is not con-

firmed and includes the caution that adminisration to patients olderthan

l0 years of age is possibly at risk to devetop neurolog.ical side etTecc

ln general, CNS effects are caused by distribution of a drug and/or

its melabolite(s) intb the CNS through the btood-brain barrier (BBB)'

When oseltamivir was adminiitered to rats at the high dose of 1000

mg/kg in safety examinations, the brain concentrations of the 
1n--

"fi*g"a 
dnrg in 7-, l4-, and 24-day-old rats were 1540. 65O, and 2

times greater than that in 4S<l:iy-old ones, whereas the brain concen-

tration of the active metabolite Ro 64-0802 rvas lorver than the

Article, pubtication date' ind cilation intormalion can be tound al

http'//dmd.asPetioumals'or9'
doi:l 0.1 1 24ldmd-1 07.01 7699.

plasma concentlation in all the groups. -ln addition, brain uirchanged

irug 
"on"tn,.ution-depenclent 

toxicity was observed (basic product

info=rmation of Tamiflu frorn Roche)- Those reports suggested that

oseitamivir causes CNS 5ide effects in younger animals in which the

BBB is imrnature (Johanson' 1980), although it is not clear which

compound is responsible to cause.the CNS side effbct' Dtug conceri-

tration in the brain may be determined not only by passive diffusion

but alsq by active transPort and/or specific accumulation' Accord-

ingly, BBB function is partially maintained by efflu1 transporters such

n5 p-glycoprotein (P-gp), which is expressed at the luminal membrane

in Uriln capillaries. Several P-gp substrates are known to exhibit low

apparent permeability from the blood to the brain' Permeation of these

Flp substrat"s into the biain is increased in animals in which P-gp

""Uui,y 
is reduced or abrogbted, e.g., as.a result of drug-drtrg inter-

action. mdrla/lb defiqiency (mdrla/lb-'- mice), or immature BBB

function (Tsuji, I 998; Demeule et al-, 2OO2: Ebinger and Uhr, 2006)'

ln.the preseot study, rie exarnined whether oseltamivir and its active

metabolite Ro 64-0802 are substrates of P-gp' using P-gp-overex-

pr"riing cells and mdrla/lb knockout mice, to clarify the possible

in"olu"tnent of P-gp in controlling their brain discr-ibution'

IVlaterials and Methods

Chenricrls ond Animals- Oseltamivir plrosphate was purchlsed t'om Se-

quoia Re.search Products (Pangbourne. UK). Ro 64-0802.wls biologically

synrhesized from oseltamivir using porcirre livdr csterase (Sigma' St' Louis'

r " r o l . a r t l heo lhe rcbcm ica l sandso l ven t swe recomtne rc i a | p roduc t so f
analytical, high-performancc liquid chrolnatography (HPLC)' o liquid chro-

matogruphy/ma.ss sPectnnnetry gnrde- Thc LLC-PKI (wild+ype) and P-gp-

o"ererpressing.LLc-cAs-coLl50ce| |swere.obtaioe<| f romJapanHeal th

ban ie r ;P .gp .P -g i ycop i . o i e i i l ;HPLC 'h i gh -pe r f e rmance | ! qu id
ABBRET/lATIONS:
chrornatograPhY.
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OSELTAMiVIR TRANSPORT BY P― GLYCOpROTEIN

mio at 4oC to obtain plasma Quantitation of celbnivir and Ro.64-0&12 in
plasrna and brain tissucs was using rcported rnetlrcds (WilBhirt ct
al., ZfrD) with somc modifrcatktrls. Bricfly, aliguots of bmin tissucs (|fi) mgl
wcr! honoggnizcd witb I mI of 5 rnM arnmonium acctatc butrcr, followed by
ccntdfugation af t?fr)S, aod 09 ml of thc superntant was subjeotcd to
solid.rr!',ase ertrac'.:o6 (Enpo..e tdixed Pbase Caiim. ? rrn/3 ml 3i6 Bioana-' 
ly.dcal Tcchnologies, SL Paul, Mtg. The mcdrods used for the exhrction of
plasma and brain homogerate were i&ntical,

Anab麟 l Methds Al●t30 Cヽ 20′の of OSeltami輌r and Ro 64-0802

samples… iniected intO an HPLC system c-20A symm,shima伽 ,
Kyoto.JaPan)equipped witt inelもうl CN 3 oolumm(46X l∞ m■ 5mm,GL

田 ences lnc.,Tokyo,Japanp using isomdc du`on atOf mソmin witb 80 mM

fomic aciC Analytes wec detced ttng a quadrupole ntass specOmeter

(LCMS-2010EV,Shimadzu)fltted Wim an electrospey ionizationぶ "“a
AI"yteS Were detected in thc Posi」ve m“ Q alld Protooated mol中け i¨

mOnitOFed Were″″z=313 for oseltami宙 r and″ =285 for Ro 64-唯

Somc oseltamitt samples w¨ analFd,ith an Ⅲ 詢C system cAlliance

system,waに “,Mnford,MA)● onsi面ng o『me 2690 se"崚 lon modlle with
an analy●cal colmmmp 250 X 4`mmi。こ “ghtySil RP-18 Aqua colu轟n

C‐ntO Chemi“LT。わoJ… ),and mObたphases cons●ヽig OFa"ixtuge of
10 mM PhosPhatc bu厳為 pH aQ and lnethanolin颯血s of 40 and 607a,at a

■ow m"ofl mν ttn and誠40°C Detectbn wおdone tt the磁日 義 聾 。f
230 nm wih a 2487 dual―wavelength absoplitt dctector(W山琴)ヽ mples
fOF Calibetion were PcPared in a similar manncr to ttnt desttbed abovごfor
昴c Prepa面 ●ofanalylcal― ples.Stadstical ttysoヽF kine●c PaFanterS
was perotted by mealls of Student's′tcst^differen∝betwecn means w、
considered to be signincant when the′va:uc was ies than Q05.

Res●lts and Discussion

in the present study,we cxarruned the transport of oseitamivir and

its active inetabolite Ro 64-0802 via P‐gp using P‐3p―overexPrcssing

CりlS ttd ndFla/1b gehe―knockout micc to cvaluate the faCtors that
affeCt the BBB dislributiOn of these compounds.The pemeability of
oseltami宙 r in the学 sal―t,-lpiCll dir∝ 6on in LLC‐ G^5-CO1150

cells was signi5cantly higher than that in the opposlte directiOn:

轟協嶋舞高:1猟n」Iξ鶏鎌‖冨躍;官胤IB‐
in LLC―GA5‐COL150 and wild― type cells,respecivdy sヽ le l).ln

山e presence of cyclosporin A, the perieability ratio in LLC CA5ニ

COL150 cdls becamc approximatcly unity.These in vi“ OF“ 01t'

indicaにthat∝dtami" aヽ sub,traに。fP-8P.and iじovemll.peme―
ability is signincandy affected by the emux traispott When osd―
ta面宙r was“mijStCred at va“ousdowst'mdrlが lbkう。ckO●t mi",

an increasc in the accumulatioo of oseltam市 iF in.the brain Was l

observed compared with thatin wi■ tyle miCe crable 2)三herefore,i

it is likely that b面i dist●bulo,of oseltattvir is controlled by P―諄
Basal―to―apical transpo「t of OSeltam市ir in P-3p oveFeXpressing cells

was saturaЫe with theス鴇an,7max Valucs of J.3 mM and o.203

棚
lT冨

爆需
・
嵐庶罵∬

el鳴
淵操ゝ 電r』犠::

sittladon(abOut 50 nMi baSiC product infomatioo of Taminu from

Rocho,n iS FeaSOn,ble tO"0豆 dり that P‐gP is ndt saturcntt by uSuat

clinica:doses of oseltani宙 r,and the ttzin accumulition of osё ltami‐

vir should be affected by Ptp in humans.■ese results,u〔Best that
v"iation in P‐gP aCt市ity in the brain resuldng fЮm genetic diffeF―

ences or cmdminiStcred drugs mhy ifREt the brain distribution of

oseltanivi■leading lo CNS Side efFects.

As shown in Table 2,a dose dependent hcres,in th'κp・PP・Vduc
ofoseltami宙r was obttwcdi,both mdri″ lb knockout and wild‐type .

micら in thc mllge from 30 mノkg tO the highest dose oF 300■ゴkg・
・
he 4.:P,ra“ o(κ:、_)Vttue in kh∝ kout micυκ,〕,,vduc in w‖ dl

type micc)oF oseitarriiviF WitS also incrcsed in a dosc‐depencIじ,ι

:nanper.■le dosc―dcPendentincteasc o「`〕.3"Val.e of9seltamivir in
wild―type illice m:ly be explailled by the saturation oF P‐gp HOlveveL

7

R

Oseltamivir pho,phate  c2H5    H3P04

Ro 64‐0802 '         .  Hi       _

距 謂 ず
m山 い

「 製 "面 ■Fハ “Phaに and、 “靡ιmaⅢ l,ぉ

Scimcc Resemh Resourccs Bank(Osakら'apan)and Rikcll Genc Bank
crsukubap JapanL Spectivdy cFaniga■油はct al‐,1992 Ucda ct al"19"り:
■E anima study勲,p働 嗣 according to the Cside‖ntt forthe Carc rnd
U s e  o f学h面 " AⅢ mⅢ■ t  h  T a k a●轟 U n iぃ i t y  o f H C a l u l  t t  W d l晨

a n d  a p p●v e d  b y  t t  C b r面t t e C  O f  m t t  O f  A n i m a l  E I P e r i m e n t a t i o n  o f  t h e

:憮選
'麗
織 鷺Ⅷ:Ъttn講翼 鶴盤擦ヽお漁

9f age.                                            ‐
Cell Culture anl Trallsport Experimenお .LLC― PKl and LLC‐ GA5‐

CO1150 cens響 ,dtured,Patted,an,grOWn as l,cribed pre宙olJy

(lShiguЮ et al.,20“).CeliS Were cultuFed a1 37。C ina 5%C02 atmOSphere.

For mansPOrt Studies,celis were seedel ontO Trans■cll fliterふqmbmneinsens

(COStar,Bedford`MA)at a dens■y of'.5× 10S∝‖」cm2.Medivm 199

SupPiCmented with 107●fetal bo宙ne scrum,14.3 my NaHC03,and 2 mM

L‐g lりt aⅢn e  C a d d i“o , o l l y , 1 5 0 1ノm l∞l C h i c・i l e  b r l t t C = G 1 5‐C O L 1 5 0  c e lヽ)
was uscd as cu:tμre mcdium:Thc cりiturc medium■a,replaced widl frcsh

m e dⅢm  a f t c r  2  d a y s , a n d  b d i  m o口a r e r s  c u l t u響おr 5 d a y , w , r■s e d  f O r

tF,POrt studies.■e,eli m。●●layers were preincubated in amnsPOrt medium

(Hanks'balan∝ d salt sol●tiOn;0.952"M CaQ2,5・ 36 mM KCl,α 441“ M

KH2PO● ,°.812五M MgS04,136.7 mM NaC■ iO.385 mM Na2HP04,25 mM

o‐glucosq and 10 mM HEPES,pH 74)お r10m10 atβ 7。c.After pFeinC●,a‐
■9L transport was initiated by adding theitett drug to the donor side and
transPo■lmediVmゅ thc reCel,cr Sde.Drug transPon was observed in two

ditectid“fa口曽|(|)tO baSal(3)Ⅲ BtoA〕over 150 min Ⅲ 37℃。■に
印 eaЫliけぐ%PP Cm● OF申に compOundζ  acmss qdi monolaytt was evaト

リ
aにdbyⅢ 宙ding thC lope Of品 」me c摯 、o ofthe mnsPOrtfrom 4 6 B Or

雛鵠螺淵淵器¶」鷺f‰織話焼五触写
)黒

^lly Kinetic Parametes,7_t,and aPPそ trcnt κm fOr P‐gP‐"ediated drug

t m “P O F t  W e r e  c a l ωh t t  b y  n O n l n 町l c a s t ―s q u a r e s  a l t t y 翡“ U… p r。_

gn→ tSing the folbwing equatⅢ,ぶνming ttat A to E nu■(yA8)Can"
:eXP― Cd as me difference betwec● Paい iVC(7P∂ and P‐ gp‐mcdiated nじ x

(ゃ゙ kyamatta ct at,1981:S‖■ ka●」.,2∞7).

:   4●
=yPD-7P_"=え

"脚げSo α二
ま 、  1 .(1)

whcre P…、ぉ is the pembranc pem■blity ly paS●V9dn'S'nI亀 ・P.Ppヴ

‖:総 」卿 lfttM.郡 置 著iV蹴 異 棚 爛 留:吉 :

apical solul“.κm νal轟"pr“On■the ttiCal∞ncmm」 o■or巌 Jttg at
w h iぬt h e  d e… p e r . nゅ"りb y卜g p‐m e d i a t e d  e n l u x  b e m m c  h a r  O F iお
ma対mal νdu..

3min Dお市bution o1 0selm面vI鷹曲 tattvir was d:ssolved in waterand

翠蹴Tj騨]∬鍔く麗r」搬鸞filll:i'(ll:斃|=1露篭
to 7:ぃo(u ctal.,:998),bloOd WtS wlhdmWi From thc hcart with hep面n:2ed

syinges.Subseqυぃtly,面duJ sysにmic blood、ぬs waslcd Out by 3 nll o「

sa‖nc that was i可∝ted From Jlc hcart and disch::唱ed by Cutj●g abdOnlinal
vcin,and then thc brrnin was rcmoved Bk,od was ccn!dibgcd(:70og)lor i5
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TABLE l

″ ″嘔″爾“曰り 。だ ″¨¨はり,置bげ ●rfFappルir●|ld R●“-0802凛LCPFr‐045‐COLr50″ "APXr“ `ψ圏崎″リ

=ャ″Cmん(X10¬う                            い
°

Conditi●●                                                              α: 晩

押 " 躊 醸 B$al ao APLrt

OseltamivL

Wi山 10 μM CysA

R o  6 4 - 0 8 0 2
Wi面 10 μM Cいぶ

LCPKlく 込 賀Ю Li"

Wild ope
LLCPKl‐ CAXOLi50

LLCPKICだ KЮ L150

LLCPK16-OL150

… .tSニ

鰤 ±2 4 7

6 1 0 ± 0 . 1 8

6 0 6 土 Q 1 0

1 5 5 士a 1 4

1 . 7 3 ±Q“

"““ ,SE

192± l型

7 . 2 4 ±Q莉

7 . 0 6 土Qω

L 7 2±Q 1 4

l J p = 0 "

爾
ｔ・‐９‐・‐７Ⅲ
嘔

&rlrc.billty tatio = (PvE b AXPry A D aI ClsAc!/tio6po'is A

iilUtJ !-e,t t;'"t tc* oopririnos wc tm gu'
Data aft csPcsscd s ltg * M 3 s'E of oE qPcnrctrE'

TABLE 2

t t t  r p r a r a . ●“ 腕 ・・I I C a l r r a r b = r a ′初 グ ω 」' ′“ : ν: 「“ d 鮨 “ ―ιW 2 ♭ c ″ι“ m ″ ′″ b  l a t ●c t ●″ “ イ輌 И: ″ ´p r t i c a

npppi“ω
竺

"″'二・・…… ・…
==三 二■二二三二三二_______一 ―一――==~~~~~― 二

    。 ^ス′mmR●64-0802
″ Oslauivir

Wild●PC R“ oMdrt″ :b K0
Mdrlゴ:b KO Wildtypc

換
３。硼卿

ロ ニS農

Q 6 4 7 = 0 0 5 ' ・
0.847± Q176「

6邸 ±2.843

″=●fI■'こ

Q:37± 0.016

a171=0.056
0689=0.250

l l l“" ' S E

Om3=Om5
0.007± 0.001

0.017■0"

“““=ニユ

Q師 土Q∞5

0.016±0013

0"2± Om3伊̈４．９９．６
０̈５０・４０・５

KO. koakwl
;-'-:;.*trcd il | h (fiu) rfrs Fo' eddfnislilti@ ro mrtrla/lb KO aod wil&l'Pc micc

iffil.,"p*ts thc rcao 1 S.E" of rhc animalir'
. ,' < O.Of: " P < O.01, by Srodcnt's, 16..

K^..-^ value of oseltamivir in mdrla/tb knockout mice also increased

aJi-i,i"penaently- Because this observation cannot be explained by

p-"o. oalt 
". 

ouniport"tt ,n"y be involied in the transport of oseltarni-

uir""i-.t the BiB (Hill et al-, 2002)' Anpther possibility is that free

fraction of oleltamivir, which would affect the brain penetration' was

increased because.of the saturation of its plasma protein binding.

Hopever,becauseplasmaprotrlinbindingofoseltamiviradministered
orally at 30 and 3O0 mg/kg (corresponding to plasma concentrahon ot

0-5 and 5 mg/ml, respectively) rvas found to be 36-3 and 32'0To'

rqspectively.(aata.not shownl it is reasonable-to co4sider that plasma

protein Unaing of oseltamiviris notsaturated.in this.dosing range' On

ihe other hand, plasma concentrations of oseltamivir were comparable

in mdrla/lb knockout mice and wild-type mice after oral administra-

tion of.<jseltamivirl thosd at a dose of 30' | @, and 300 mglkg were

i.Os * O.zt, 3.80 J t.8% anda-ti2 + o.67 l,,glml l-br wild-tvpe mice

and 0.95 + 0.09, 4.OZ 1- O-47,and2'77 t 0'61 pcglml for mdrla/lb

Li*kou, mice,.respectively- This may be because the elimination of

oseltamivir.occurs mainly via hydrolysis by bsterase in blood and

liver,andintestinalP-gpmayhaverelativelilittleeffectthanBBB(Li
et al., 1998; Ogihara et al-' 2006)'

tn ihe case of the active metabolite Ro 64-0802' the penneability

in LLC-GA5-COLI50 cells was cornparable in both directions' The

oermeability ratio of Ro 64-0802 was apfrroximately unity in both the

ir*"rt"" "id 
obr",,"" of cyclosporin A' sulgesting that the aitive

metabolite is not a substrate of P-gp (Table l)' These resulrc are

consistertt with the fincling that brain accumulation of Ro 64-0802 in

rndrla/lb knoskout rnice was very.limited and comparable with lhat

inrvi |d-typemice.Thesefindingssuggestedthatbraindistr ibutionof
this active metabolite is unlikely to be at'fected by P-gP in humans'

lnconc lus ion 'our inv ivoand inv i t ro res t r l t s ind ica te tha tose l ta .
mivir, but not its active metabolite Ro &l -08m' is a strbstrate of P-gp

ancl that the bftlin distribution of osclramivir is significantly affgcted

b,y P-gp. AccorJirlgly, inte-rirrdividual variation of P-gp activity nlay

U. nn irnportnnt fac.lor cleter'mining susceptibility to the CNS side

etfects oi this dnrg, in acltlition lo the genetic polymorphisnrs of

carboiylesterase:t (Shi et al.' 2006) and sialidase (Li et al'' 200?)'

Various factors, such as genetic polymorphisms of P-gp' drugdrug

interactions at P-gp, and altered expression by inflammatory cyto-'

kiries, could influence aPParentP-gp activity and therefore might play

I role in incieasing the accumulation of oseltamivir in the brain'

thereby contributing to the occurence of CNS side effects of oselta-

rnivir in humans.
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DMD36:42U34.2@a

OseltamiviriS an ethyl ester prodrug o'ER,4R,駅班4‐aceta,idof‐

3mln●‐31Ct‐ethy:propoxyl‐1‐Cyc10hexenel‐carboxylate phosphate

緊淵 譜鰹蹴謝脈魔胞魃 螺緊11蠣f軍:

鷲隠il還漁鰤 湯翼器‖L零出胤1輩寵
窯箕瑞=蹴=Fttl童題簿∫乳鷲駕罪響留:
tam"ii m FVB miCe was increased by pretreatntent w■h JV 14-E2-

1《解rfょ竃凛軍Tだ:罵謂習:麗1電謀間肥高lAL
inhibitOr for p_91ycoprOtein(P―op)and breast cancer resistance pP‐

t e i n ` B O r p l , W h e r e a S  t h a t  o f甲。64■8昭w a s  O n , S l i g h tりi n C r e a S e d _

F`urthOrmふre,the distrilu薔on Volume of Ro 64-0802 fo::owing i.v.

adminiStration of R9 64-0802 in the brain was sirniiar to the cap‖:ary

V o L t t  L  2

'ノJノ′/   」親習嗣罐貿

volurirg suggesting its minimal dtstribution. The Kep-*' r€fue of os-

ettamivir In multidrug-resistant (Mdtf lallb P€P knockout niicewas

S5-fold hlgher than that in wil+'qne mice.and comPaxable wi0l $at

obtained by pretreattnentwith GF1A)914 where* lt was unchanged

in Bcrp knockout mice. The Kopor, rialue ol osettamMr was slgnifi-

cantly hlgher in newborn ratsr whlch 19 In good agreement with the

ontogenetic expression Profile of P-gF lniracelluliar accumrilafon ot

oseltamivir was lower inhumin and mouse P-gP-€xprcssing cetls,

which was reversed: by P-gp inhibitor mbpo{ar (PSC&}31. These

results suggest that P-gp limits the brain uptake of oseltamlvir at the

BBB and that Fio 6+Oao2 itselt bar€ly crosses the BBB' However, it

may be possible that Ro 64-0802 is form6d in the braln trom the

oseltamivir, considering the presence ot carboxllleslemse in the brain

endothelial cells,

p-glycoprotein Restricts the Penetration of Oseltamivir Across
the Blooci-Brain Barrier

, . A-- ,., '---....r-, ).r..-..\-e- t1^--^. wraafor,^,r l{gfginU Kanai, $,4aSakatSU ShibaSaki,
Atsusnl (JSe, nlruyuKl nusullala, r\cllzt lillllcltnLrvu' rvl

Takuya Fuiita, Akira Yamamoto, and Yuichi Sugiyama
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ABSTRA∝

dseltamivir (Fig. l) is an ester prodrug of Ro 64'0802, a potent and

selective inhibitor of neuraminidase, resulting in an inhibition of

release ofinfluenza virus from the host cells and growth ofinfluenza

vinrs. Oseltamivir is used in the treatment and Prophylaxis of both

Influenzavirus A and lnfluenzavirus B (Bardsley;Elliot and Noble,

1999). The number of prescribed. oseltamivir has reached approxi-

matety 10 million in Japan' which accounted for 75Vo of the world

total in 2006. Recently, abnormal behavior has been reported in

infl uenza . patienB prescribed osel tami vir (http://w wrv. fd a. gov I cder I

clrug/infopage./tamifl u/Q,4r2005 I t I 7.htm ; Fuyuno, 2O07). According

to a r€port by the Ministry of trlealth, Labor, and Welfare, the number

of people who behaved abnormally following oseltamivir treatment

Int-s study was supported by Gtants-in-Aid for Scientific Besearch (4 ttom the

Japan Societyfor the Prornotion ofScience (JSPS) (KAKENHI 17209005)"

Article, publication date. and citation information can be found at

http'//dmd.asPetioumals.org.
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has increased to2ll (O.0A1o of all padents)' approximately 807o of

whorn arc teenagers or youngir. The relationshiP between abnorrnal

behavior and oselumivir medication remains an oPen question and

has not yet been elucidated. The Ministry of Health, Labor, and

Welfarc has published a caution for oseltamivir medication to teen-

agem or younger peoplelRecently, it was shown that oseltamivir and

Ro 64-O8O2 affects neuronal excitability in rat hippocampal slices'

and R.o 64-0802 exhibits 30 times more potent than oseltarnivir(lzumi

et al., 2007). Based on this background, there is growing interestin'the

penetration of oseltamivir and its active form Ro 64-0802 into the

bmin.
The purpose of the Present study was to bbaracwrize the transport

of oseltamivir and Ro 64-0802 across the blood-brain barier (BBB).

Oseltamivil is rapidly hydrolyzed to its active form, Ro 64-0802' by

hurnan carboxylesterase | (hCFSl) in the liver (Shi et al.' 2006) and

then exclusively excreted into the urine by glomer'ular filtration and

active tubular secretion via organic anion trqnsporter I (OA'I'!) with-

ABBREV:AT'ONS:Ro 64-0102, 13R,4R,5S卜 4‐acetamido-5-amino-3く 1-ethylpropox9-1-Cyc:ohexene-1-carboxylate phosphatq BBB,b!ood‐

brain barrier;hCESl,human carboxylesterase l:OAT,organic aniOn transporte「
P‐9p,P~91yCOproteln;Bc,,breast輸 Cer ttsヽtance protein:

GF120918, N14-12く 1,2,3,4-tetrahydro6,7‐dimethoxy-2-もoqtlino「nyDethyl―pheny,つ ,l Cdlhydro SmethoXy 9‐OxO‐4-adUine carboxamide: MDR

muttidru9‐resbtant;PSC833,vaispoda■ mMdrla― LLC―PKl,mouse Mdrla― expressed LLC―PKl;MDCK‖ :Madin―Darby canine kidneyル hMDRl―

、10CK!!,human MDRl― expressed MDCK‖ :gapdh,9:yCera:dehyde‐ 3-phosphate dehydrogenasei PCR,po:ymerase chal,reactiOnI PBS,phos―

phate‐buffered saline:TBST,Trisbuffered saiinJrween 20:ECLo enhanced chemilominescence;LC/MS,:iquid chromato9raphy′
mass spectrom‐

brain-to-plasma concentration ratio; cES, carlroxylesterase; SNP, single nucieoiide PoiYmorplisrn
etry;K。 .brah.Orain-lo― PiaS“ :a cυ

:lcc口
tr al:o子:子 `ヽ:υ,し CO,い "υ υハン:▼0■‐'"0,W'ヽ , ,
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A OseitamiHr B Ro 64o0802

nc i_chelnb山smcmtt OfOselta面vir cAp and Ro 640802 c3)

。ut mrtheF metabolism(He et al,1999).ln healthy volunぃ ,both

oseltamivir and Ro 64-0802 were detected in the b10od circulation:

although tte C_Of Oseltamivir was 6‐fold smaller than that of Ro

6 4‐0 8 0 2 ( H c  c t  a t , 1 9 9 9 D。っ C  P e n e m●o n  o f  d r u g s  i n●t h e  Ⅲi n  i S

鷺鸞織麟螺‖
鵬 ∴ 黒 T胤 ぷ 鍬ま出 昭 潔 凛 :

山crc is a good COmlado■ between 3BB per3meability a■ d li"pttEc=

i嗅 B e C a u s c  o s d t t m i宙r  i s  a n  e s t e r―t y P C  P F O d r u g , i t  s h o u l d  e x " b i t

h i g h e F  B B B  P C m C a b i l iけt h a n  R 0  6 4 0 8 0 2 . h C E S l  i s  a s O  e x p F e S , e d｀

in thO brain at mRNA leve1 6atoh Ct al.,2002)and may conve濃

o s e l t a m i宙r t o  R 6  6 4‐0 8 0 2  i n  t h e  b t t i n , l e a d i n g  t o  a n  a c c u m u l a 6 o , o f

Ro'64‐C3802 in the lrain Oncc oselta面宙F penetrates the brttn‐across

ふe BBB in addi6on to the direct Pcnemton Of Ro 64-0802 fFOm tle

systemic cirCulatioi.1,addidon to thephysiOlogical claracterisdcs 9f

thc BBB,it has been accepted t,at actiVe eFflux across the BBB also

lPVides a barrier funcion to the B,3.P‐glyCoPЮt●■(P―gp),a
170-kDa membrane protein,ls a well knOwn gatekeepeF prOtein in the

B8B that Plays a pivo餡l FOle l口"midng the b面口PcncundOn OF a
range Of Xenobiodc compounds(Schinkel et al"1994■mtt an。
TStti,興 Kusuhara and Sugiyama,2001).1■addition to P―gp,

職 鞘紺1窯辞鮒淵
con∝ntrations ofima●nib(BLedVeldいol■2005)and PhytoestFogenS

CI。 踵ZOnoOtal.,2007boTheSe mnsporters may llmitthe cxPosure Of

the b面n to osel盪市vir and10r RI・64‐0802.

i n  t h e  p r e s e n t  S t u d y , t h e  e f F e c t  o f  G F 1 2 0 9 1 8  o n  Ⅲe  b r a i n  d i S d b u _

6 o n  o f  o s d t a m市諄猜d R o  6 4‐0 8 0 2  w a s  e x a m i n e d  i n面l d―t y p e  m i c e

to tiggest mpspOrteFS inVOlved in.Ⅲ  efnux● anspOFt aCrOss me

BBB.To support this in v市 o inhibition study,thc brain―to‐pャsma

colcentradon FtiOS Were determined in both mulddrug― resistant

(MO larib P‐ gp and Bcrp kn∝ kouc mice.

Ma艶」中 aFd Methods     :

RcagentS anl AttaLOsё :talloivir pllosPhtnte and its active me,abOlite R0

詐蹄1:涙 ,翼蹴ぶ11蝋鳳ぷ∬‖胤itぶ盤
'waSヽ

りP口ied b'N●v口蔵電疇arma Acく Baset swiYEJand)・M9ヽ C Mdrla‐

exp峰sed LLC‐PКI CmMlrla_LLC―PKl)."llS SCMnkd Ct d"1995)w響 ■―

gin ttЮh D■ A1ld H_Schinkei crhe Nctherlan“ Canccr:nstiluL A鵬 "「

lam,¬ h`Netherlands),and huma,MDRl・ はPrsed Madin‐ Daぬ y caninc

k i d n e y  J ( M D C K I ) くh M P R 1 l ИD C K l : , c c i (` E νe r s  e t  a L , 2 αX》W e r c  P r o ‐

ν“c d  b y  D ■職 t  B o r s i  n C  N e t h d t t s  G 雌r i lヽ t u t c , ^ m t t e d a m , T n c

Nethcriams).A‖the other cheinicaヽused in thc ёxperimen wヽec of analy●

:9al gndё.

M::ic「VB mice,Mdri″ lb P‐3p knockotit mice,alld Bcrp knockOtlt micc

wcrc obta;ned ttЮnl Taconic rarms(Germantown,NY)and maintained in

OSE ET AL

S h i m i z u  L a b o m t o r y  S u p p l i e s ( K y¨Ja p a n D _ M a l e  w i O r  m t s  w c w  s u p p l a

b y  C h a r l e s  t t v e r ( K醒甲WヽJap aり。Ali  t h e  t t c c ( 1 0 - 1 8  w e c k s p  a n d  r a t t s

← ″ dtt Wec ttittned under standa“側面 ons‖出,cⅥ嚇 da‐
ught Oy薇えFood and water were avdlable ad ibtl●L Au the凶 "面 田藤

口"ng anLndに うn thヽstody呼 … out… 鴫 。 tbe gu数蝦略

p"vidガ by tle i騒洒tuttal An,IIlal●肛e ttrittcc(G祠 uate象じIЮ●oF‐
Phama∝前cal Sctent The u雨v‐ity of““ "… J甲嗜

In VBvo b“lon Study h mce and Ra燎Male FVB● ce,Mdriarlビ

P‐8P k00Ckoul mit and BcIP hOCkOut miCc(10-18■日⑨ w哺如電 ap‐

pFOmmateけ25 to 35 g and male Wヽtar rats weigほng approぇimat対 :03

(3 days)13 g c6彎→.26g(1l days),48 g ol dayめ,and 200 g(42壷り萌
中 Vely,Were used for these cxpentrlentt Under pento枷面tal anesthesia

00mノ 0,the jugular vdn was calm●hted witt a polyethylene‐10 catheter
fOr att in,9せ。n Of oseltamivir and Ro 64‐0802.GF120918(10m´ 3 mm8
dissoivcd in a 3:2面xture ofpropylene glycoVwaterb waS可∝拍di・V・to male
FVB mice 15 min beFore the i.v.inFuSon ofosel馘面"r alld Rσ… The
mtce and FatS then reooived a constant i.v.infusion of oseltamivir and Ro

64‐0802 at a dose of 8 and 5 μmoMV均 躊“∝p∝洒VCly.3:ood samples wq吟
coll∝tcd from dtej●gular veh at“L",and 120 minim mioe and 4 4Q and
6 0  m i n  i n 口じ P l a s I I n ぃ P I c P a e d  b y  c c ●6 F o " d o n  O f  t h e  b l o o d  s a g n p l e s

(lQmQg).Esterase i雨 bitor.dichi“ os(2∞ μ」 dゝ Was used to prevent ex

v i v o  b y d F O l y s i s  o f 鰯油 面 v i r t O  R o  6 4 ‐0 8 0 う n  t h e  b l o o d  a n d  P l a s m a  c W i l t ‐

shirc ct a"卸町 undenh et,:,20063.■樋mL and ats―領昴輌c":
aftcr iηand“miL ttpec●v",and the bFain Wヽ“ u immed“t"・h
i s s t l“■er e  W C i g h e d  a l l d  s t o r e d誠=8 0°Cり●中use d _

QuantittCa●41n or Mdrla mRNA ExP“ "lo口 h Rat Cerebral Corた メ:

Ъ e mRNA lcvcis oF Mdrla and glyccraldchydc‐3‐PhosPhate dChydrogenase
(gapdh)WeFe quanmed by thё閥 ltitt POlymerase ch西o FeaCtion(PC聡

mcthod:Total RNA was isolated From rat cerebrai co“ぃ PoOled fFOm OnC to
four rats using ISOCEN(Wako PuFC ChCmicais.Osak=JapaO.Rea卜 Jme

PCR was perronned with a QuantiTCct SYBR Grecn PCR Kit(QlAGEN,

Va:encia,CA)and a LightCydcr systcm(R∝ he Diagnosjcs,Mannhdm,

Gerrnany).The fOllowing Primers were d,igned:Mdrla Forward AACr・

TAGTCTATGGQ GGACG,reverse ACCACACClllCTCし 1lACA:gapdh
forward AGCCCAGAACATCATCCCTC,rcverse CACCACCTTCTTCAT‐

GTCATC.An external standard curvc was gcneratcd by diludon oF thc target

P C R  p r o d u c t , w h i c , w a S  p u j , c d  b y  t t a r o s e  g e l  d c c m p h t t i。. T h e  a b s o l , t e
conccntration OF thc extemal standard was measured with PicoG“en double‐

stranded DNA QuantiiCation Rcagcnt(MoleCular PFObeS,Eugene,ORD。

Westerll B:ot Analysヽ .Crude mcmbrancs from rat cerebmi concx tvere

prcParcd as fo::ows.A■crthe addidon ofco:d Phosphate‐bufFered saline(PBS)

at a ra“o oF l g oF ceFebFal COrtex」4 ml中 e cCrcbmi cortex pooled飾9m911e
to four mも、was homogm:zed using a Polytron homogeni“嘔The homogenate

w a s  c e n t J f u p d  a t  4 °C  f o r 1 5  m i n  a t 2 咽g , a n d  t h o  s u p e m a t a n t  w a s  c o l l ∝t e d

and ccntrifuged at 4°C for 15 min at 10Q0003.The FeSultant pellet waS

resusPcnded in P3S containing Ql%protasc inhbitor ⅢlXture(Sigma_Aト
dich,St.“ uiS,MO)and stored at-8rC unti:used.昴 c Protcin con∝"tra‐

10n"aS mcasured by the Lowッ methCd The sPeCimcns were loaded onto 3d

8.5%SDS‐ Polyacrylamtte"ld"trophorcsヽ ■th a 3,5%stacking gel`
Proteins were cl,Cmblottcd onto a polyvinylidene dinuojde membrane cPall.

Port Washingtonl NY)。■he membmne was block“witt TiS‐bu臓震d saline

containing O.05%Tween 20KTBm and 2.5%en“n∝d Cbemluminescei∝

(ECLp AdvanOe BIocking Agent(GE Hcanhcare,Litue Chalfont,3uckin辟
hamshir,,Uo for l卜 ・nt room cmperatu“t After waslling with TBST・the

membrane was incubated with mOll。口Ond and‐P‐8P C219 andbody(Signet
Laboratories,Dedham,MA)(1:100 in TBST containing 25%ECL Advance

B:ocking Agent)。Ver●ight at 4,C.DetectiOn Was carrled out by bincing a

hOFSeladish peroxidasc―:abeled anti‐mouse igG antibOdy(GE Hcalthcarc》 《::´

5m in TBsT contal,ling 2 5%ECL Adva,∝ Blocttng Arno.1● Imunore.

acttvity was dctect w゙ith an ECL Advallce Wcstem Blottillg Det∝薔onド it

〈GE Hcalth“ reb.■,C intcnsity oF he"nd wぉ quand5ed by Muld Cauge
software vcrsion 20(F可:■lm,TOkyo,J● "n)S'■ pping oF rr embran∝was

PCrfOrmed with RestoFe W■tcn 31ot StJpping b面er(Picce,R∝ kford,1り

ror 30 min at37・(■AicrtvaShing withT3Stthe ttembranc was bl∝ ked with

TBЯ  ёoninining 5%skim milk■ )r:h at room tenlperature_Amer washing

W i t t  T B S「, J、c  m e m b r t t n c  w a s  i n c uいt c d  w i t h  m o n∝:。n」a n t i‐a c t i n  a n t i b o d y
(ChCllliCOn internttio●さ:,Tc,icc“:0,CA)(::1000 in TBST cont`哺 ,ling O_1%

bovinc scmnl ttibu,nin)■)「t h at“Юin tcinPeratごit‐DctcctiOll Was caricd out
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40%OVCr 2 min.Finally,thC co!umn was re―cquilibratcd at an acctollit“
:e

c o n c c n t r a●o n  o F 1 0 % f O r 3  m i n .■C  t O t a l r u n  j m e  w a s  5  m i n  O s e i t a m i v i r  a n d

R364-08C12 wete dしにdm2.5●nd 3 5 njn,にsPccjVdy.in thc“losS amりjs,

oscitamiVir and Ro 64-0802 wc‐ dctccted at a:1そヽi ‐ヽtO―Charge ratio of 3:320

and 285.15 undcr positivc cicct∞:l sPray :。ili′̀ttioi、conく:itio:ls, respcctivcty_

The interface voitagc waS-35 kV,and thc:lcbu:izcr gis(N2)ll° W WitS:5

:′:llitl ThC he:it bi●ck and ctirvcd desolv`ition line temperatures、vel℃200 and

b蹴 い P∝
1忠 iハ i aぃ . T籠 ‖P aに頑 hい ■‐い ma  cぃ∝耐m j o l

l選出=11‖西l電輝‖1焉IW器‖i淵
!I:『

濡1'属魔Ig‰

min in rats (nmoug brain) and plasma concentration at 120 min in mhc and 60

mio in rats @M), rcsPectivclY.
Sta$dcai Analysb. Data arc prcscotcd as thc mean 't S3 for thrce to

scvco aoimats unlcss specified otherwisc. Stude{lt's twotiled unpaircd t t6r

ard ono.lray analysis of variancc followed by T[key:s multiflc comparison

test or Dunocs's multiplc comparison tcst w"re uscd !o identify sigrificrnt

diffcrerr,esbetwcengoupswhcoagFropriatE.statistica|significanccwassa
at P ( 0.05.

Results

Bffect of Pretreahent *ith CF120918 on the Braln Distribu-

don of Oseltamlvlr and Ro 640802. FVB riricc were pretreated wi$t

GFl209l8 (10 mgftg, i-v. administration)' a dual inhibior for P-gp

and Bcrp 1.A,Uen et 
"i., 

tS99)' 15 min before i.v- intusion of oselra-

mivir. The ptasma concentrations of oseltamivir and Ro 64-0802 were

incrtnsed by GFt209l8 (fig. 2A)- Furthermorg tbe bmin-to'Plasma

concenBation ratio (Ko.*"iJ of oseltamivir was 4'8-fold increased in'

the GFl2@I8-treatedgrouP comparcd with the conuol grpup (Fig'

2B). The K-r*, of Ro 6+O8U2 was slightly increased by GFl209l8

(0.007 {- 0.601 versus 00tl t 0.002 mVg brain) (Fig 28) without

any statisticat significance- The K*sor; of Ro 64'0802 after dosing

wiitr Ro ea-Oam was ilso found tobe unchanged between GF12o9l8-

reated and cpntrol groups (data not shpwn).

Effect of P-gp and BcrP on the Brain Distribution of Oseltaml-

vir and no Oa-0S02. The plasma concentratioos and K*rt' of

oseltdmivir anil Ro 64-0802 were determined after dosing with osel-

tamivir in Mdrla/lb P-gp knockout mice and Bcrp knockout mice'

The plasma concentrations of oseltarnivir were unchanged between

wild-type and Mdrla/lb P-gp knockout mice, whereas the Ko,u-i^ of

oseltamivir was 5.5-fold greater in Mdrla/lb P-gp-knockout mice than

that in wild-type mice (Fig- 3)- The Ko,u""r" of oseltamivir was un-

changed in Bcqp knockout mice (Fig. 3B)- The Kp3-";" ofRo 64-0892

followingoseltamiviradniinistrationinMdrla/lb.P-gpkrrockotrtmibe
and Bcrp knockout mice was not significantly different from tha! in

wild+ype mice (Fig. 3B).
Brqin Distribution of Oseltamivir in Newborn Rats and Adult

Rats- The plasma concentrations' bmiu concentrations, and Kp,u.*. of

oseltamivir wgre dete'rmined after dosing with oseltamivir in newbom

and adult rats on Postnatal day (P) 3, 6' I l, 21, and 42, respectively'

The plasma and brain concentrations of oseltainivir in newborn rats

weresignificantly higher thail those in adult rats (Fig' a)' Ro 64-0802

.vas found to be below the limit of quantification in the brain of the

newborn rats.
mRNA and Protein Expression of Mdrla in the Cerebral Cor-

tex from Nervbortr Rats and Adult Rats. The mRNA expression

levels of Mdila in the cetebral cortex from P3 thlough P42 rats ri'ere

determined using real-time qutintitative PCR. The mRNA levels in the

cerebral cortex from newti'orn tats (P3- | I ) wele significantly lower as

conrparcd with those from adult rats (P42) (Fig' 5)' The protein

expression of P-gp in the cruele mernbrane l't""!iol of rat cerebral

tortex fronr P3 through P42 was also exarniued by Western blot

analysis. Two banrjs were Qbservecl arosnd 175 kDa by anti'P-gp

monoclonal antibody (Fig. 6)- Because the lowel signal is likely (but

not shorvn) to be nonglycosylated P-gp (Maines et al', 2005), the

<.lensitomett'ic analysis lvas performed for the upper signals.as specific

signals of matttted P-gP. lt was shorvn thal the expression levels of

P-!p protein in the cerebnrl cofiex form nervbonr rats were signifi-'

cantly lorver thnn those from adult rats (Fig. 6)'

F'onnntion ilate of Ro 64-0802 l'rom the Oseltatnivir in the

Plasnla and Liver S1t from Nervborn llatrs a-nt! Adult ltats' The

enzymatic aciivitisi of hydr.olytic reaction of oseltamivir to Ro 64-

0802 were cornpared in nervborn rtnd adult rats using plasma and liver
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59 specimens. Oseltamivir was more stable in both plasma and liver
59 from newborn rals than in those from adult rats (Fig. 7). The
fonhation rates of lto 64-0802 from oseltamivir in the plasma and
liver 59 specirnens are sbown in Table l. The tbrmation rates of Ro
64-0802 in the plasma and liver 59 specimens of newbom rdts were
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面 GF120948

. Fc. Z .Plasrna coriccntratioa Cmc p&c 61ald tra;n-
lrphslr. corm rnrion rdio (lq bdJ (B) bf osctunivi,r
ild Ro 6+&ilD folbwing comiant iu irfirsioo of os+
tamlv{r with rrd wldlos GFIZBIE in FVB dde. Mico

'' rccdvcd.a'qrgm in iriir$or ofosclunivhdrdogoarf
8 prnlt/kg: cFt209l8 (10 mglkg) was inJccrcd Lv- o
nice.lS min before lhe l.v. infirsion of qclomivlr. Thc

. plas{na corrcqtrations of ocdtarnivir and Ro 64{Hn
$E a ddcininod 0t dcsigmtd rfurs In cs*rol rnd
GFllpl&trcdd grup (opeo and closed drclca,f€spcc-
tivdy). Tlrc bnin concencatiqs rrtrc dcrcrmincd at. lA)
min Ech poirl tEFEscr*s thc rmn t S.E @ - 3).' Ascrb*s npesmt starisdcalty.signifieam differcoccs bo.
trrccn corfol and GFl2@l&prcoErcd micc; r, P <
0.(F.

With CF120918

Rc..3. Plasma ionientrati6n time prblitc (A) and brain-
to-plasma concenlmtieo ratio (/(^ *,J (B) of oscltamivir
and Ro 64-0802 following constanr i.v. infosion of oselta-
mivir in.MdrtrVlb P-tp knOckosr, Bcrp.knockouq and
wlld-typc mict- Micc rcccivcd e constant i.v. iifusion of
osekamivir at a ratc of I gnol/h/kg. Thc plasma concen-
iratiors of osclramivirhrid Ro 64-0E02 wcrc detetmincd at
dcsignatcll timc in wilGtypc, Mdrla/lb P-gp. and Bcrp
knockout mica Thc data for wild-typc mhe arc shown by
open circlcs, Or6se for Mdda/lb P-gp knocttorr. micc b!
closedsqrucs, and thoe for.Bcrp knockor* micc by ctoscd
fiaogles Thc broin cuccn!"tions wbre derermined ar l2O
miru.Eaclr point rcprwents thc mean + S.E (a = 4-9).
Astcriski rcprcserit slatistically significant diffCrences be-
twecn wild.type and knockout mice; i*, P <O.Ot.

16 and 35% of the adult rats, respectivety (Iable l). Taking rhe
scaling factors into consideration, the formation rate of Ro 64-0802 in
plasma expressed per.kilogram'bocly weight was approximatety tO-
ilnd 20:fold higher than ihat in liver 59 in both newbom and acluit rats
(Table l).
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C Brain-to-Ptasma ratio

: Oseltamivir

Frc" 4. Plosrna ooocntration .tttnc Profilc (A)' brain cdt!-
ccolration (BI gd bnin'to'y'asrna oonccorui'on atb ((

m) (C) of cclamtvir ad Ro 64{1fi} follodng coostant

i.v. inhsion of oscltamivir in f{l through P42 rat& Rats

reccivcd a consodt Lv. infusion of osehamivir at a ratc of E

moUh/kg. Thc ptasmu conceotradons of osclamivir and
iro 6a-0S(I2 wcrc dctcrmincd at &signated tim in P3 (O)'

P6 (C), Prl (E), P2l (D, and P42 (O) rac. Th€ btain
concentradom wcrc detetmincd at 60 min. Each poltrt rcP
rens thc nrce t S.E Qr : 4-6)- Astctisks rePrcscnt

surisucally significantdifferences toward P42 ratg *r. P <

0.0t.
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―-175.kDa
P`gp

Actin

P3   P6  Pll  P21  P42

FrG. .5. The nRNA exprcssion of Mdrla inlhe cetebral cortex from P3 to P42 tat$'

i,oiaf nne was isolated from thc ccrcbral cortcx poolcd froin onc to fqrr rats and

thcn subiecte<t lo revcss lrdrlscriPtion- Thc erprcsion of mdrla ilnd gapdh mRNA

in the c-ercurat cortex of P3 throsgh P42 |?ts wis detcrmined using real-titnc

ouottitotlu" PCR. Each bar teprcscnts thc man + S'E" of thc ntio of thc mRNA

Jo.."sio, of mdrl a anct. gapdh- Thc guantifimtion ivils rcpeated three times using

rhrce cDNAs.indepcndently prepred. froin one to fout 6ts' Astgrisks reptesent

siatistically significant differcnces toward P42 rats; rt, P < 0'Ol'

Cellular Accumulation of Oseltanrivir in mMdrla-LLC-Pl(l

Cells and hIvlDItl-IvtDCKII Cells. To deterrnine whether oselthmi-

vir is a possible substtate for human and mouse P-gp, cellttlar accu-

mulation studies rverd cbnduited using mMdrla-LLC-PKl and

hMDRI-MDCKll cells- Oseltamivir exhibited less accumttlation in

mM<lrla-LLC-PKl and hMDRI-MDCKll celts than.in eirch parent

cell, and PSC833 increased oseltamivir lccumulation in both

mMdila-LLC-PKl and hMDRI-MDCKll cells (Fig. 8).

Discussion

In the present sttrdy, rve investigated. the transPort of oseltatnivir

und Ro 64-0802 acnrss the BBB using Mdrla/lb and Bcrp kn<rckout

miie an<t showed that P-gp extmdes oseltnmivir into the circulating

blood. The plasma ancl brairr concentrations of oseltamivir were deter-

rnined in *ita-,yp" rnice tbllorvilrg i.v- inftsion of oseltarnivir' The

trrc- 6. Oritogeneric erpression of, P-gp protein in the crudc-membRne fractions of

cersbral eone; li?tn l{l llr(xgh 42 rdls. A, crudc membranc fract'ons verc prcprucd

frorn thc ccrchral cono( fron P3 to 42 rats. Each srrnplc (50 pg prctciry'lane) rvas

subjected to SDS-polyacrylamide gel clectrophoresis (85% separating gel)' P'BP

rnd actin prpreins *cre detectcd by monoclonal anti.P-gP C2l9 antibody and

,rronalonai anliactio antibody. rcspctiwly- A lyPicrl immunoblot's shown in A'

B. the intensities of the bands of P-gp aod actin were gumtified by dcnsitomettic

ana|ysis.ForP.gp,theintensily.ofthcuppcrbandrvasugd-forthcca|cu|ation.Thc
brr icprsn* rh-e ntio of the bun4 deruitics of P-gp and actin telaiivc to ihnt in P42

nts. drch bar rcprcsents the mcrn J S.E" of threc determinations using thrc cnrde

mernbrane fnrctions of tbe cccbml mrtc.r prcparcd indepotlently fom one to forrr

nrts. Astrisks rcprcscnt statistically significant differcncc's loward P42 ntts; *. P <

0.05.

P3
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50    100    150

indubation time rmin)

FG ?. TIrc $abitrtt of cclumivh(A) urd
thc formatioo of Ro644g2(8)h plrsrrn
uidliycr 59 fron rcwDor[ ud r&h.rar
Osdumivir (15 pl}f) yas ir-rctbqhd wi&
rat plas(dt'd6) and lirtr 59 (sgrrc)
spccimcos (5 ag of procit/ml) ftr yarloos
dmc pgio& TI|' data fordulr (P42) rars
arc slxiwl by opco rymbds lod frr ncw-.
born (Ptl) rats bt clo6ed synboEr. Dare
reprcscnt Brcar t SB of threc &rcnnin+
tions using thicc plasma ard livcc'S9 spcg-
Inens gregarcd lndcpadcntly &om ducc
mis.

becadse thd cellular accumulation of oseltamivir was lower in a cell
tr-ne expressing mouse P-gp and human P-gp, which was increased by
PSCJ33 treatment (Fig, 8).'The 

present study elucidated that the activity of Prgp is an impor.
tant factor for the brain.concentration of oscltamivir.in mica Eecause
abnormal behavior foilowing oseltamivir medication is morc frc-

. quently <ibserved in youngei generaiions thao in adults; pos@atal
ontogeny of P-gp is an important issue. Mdrla nRNA and Pigp
protein levels were.signifi cantly .lower in newbom rats thin adult rats
(Figs. 5 and 6). This resulr isin good qgreement with pi:viousrepors,
in which it has been shown rhat adults had higher brain.expression of
Mdrla mRNA (3-fold) and a corresponding 5-fold increase.in immu-
nodetectable P-gp (Matsuoka et al., 1999; Goialski et al., 2006):
Consisrent with this ontogenic profile, rhe brain accumutadon of
cyclosporin A was 80Vo lower in adult mibe than in l-day-old mice
(Goralski et al., 20061 NDA documents reported that the K**,. of
oseltamivir, obtained by comparison of the arca under the curve of the
plasma and brain concenrration time profiles, was dramatically grcater
in newborn rats than rhat in adutt rats at very high doses of o3eltamivir
(1000 mglkg, p,o-). The brain concentrarions of oseltamivir in new-.
boxn rats were significantly higher than those in adutt rats (Fig. 4B).
This is partly because of greater plasma concentradons of oselromivir
in nervborn rats than'in adult raa (Fig. 4A); however, a significant
increasein the K;,u-i, of oseltamiyir in newborn rats suggests tu! tte
smallei efflux clearance diross rhe .BBB is part of the undcitying
mechanism..This is in. good agrcement with the flxtnatal ontogenic
profile of P-gp (Matsuoka er'a1., 1999; Goralski et al., 2006).

Newbom ras exhibired greater.piasma concerttrations of gscttar1lt-
'vir, 

suggesting a smaller sysremig elimination rare in newbrn rats.
This was confirmed by compziring the conversion.activities [carboxy..
lesterase (CES) activityJ in the plasma and liver 59 specimens be-
tween newborn (Pl l) and adult (P42) rats. Comparcd witb adult ras;
the conversion activities (CES activity) were lower in both the plasma
.and the liver 59 specimens from newborn fats (Fig. 7; Tablb t). lower
conversion activity of oseltamivir to Ro 6,f0802, particul6rly in the
plasma, rvill acbouhr for the delay in tbe systemic: eliminarion of
oseltamivir in neivborrn rats.

. Receni clinical siudies support lhat P-gp acts as a gatekegper
protein in human BBB (Sadequb er a1.,2@0; Sasongko et -1., 2005).
P-gp will also be one of the deteminant factors for the brain concen-
trations of eseltamivir. Single nucleotide polymorphisrns (SNPS) ;afe
rhe genetic factor for interindividual differcnces in drug response. A
number of SNPs have 6sgD described in rhe hrrman MDRI gene
(Fromm,2002; Kim,2002). Of these. linkage disequilibrium has beeri
showrr betweerr SNPs in exons 26 (C3435T), 2l (G26Tl'l), and 12
(C | 236T), and the TTT haplotype correlures wirh low P-gp acrivity in

200 200
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・・'Pく0.001

ACTIVE EFFLUX OF OSELTAMⅣ :R BY P-9p A丁 丁HE BBB

B hMDRl

キ''Pく
0.001

tt P<o.ol t*'Pio.ool

Fn 8. Celhdar acstmulation of 'qclonivir

in; mMdrla-Ltf-PKt cclls (A) and hMDRI-
MDCKI ccus (B] Tlrc uptakc of ccltrrniYir
(25 FM) by mMdrl*U4-PKl (A) utd
hMDRI-MDCKII (8) cclls was aramincd in dr
er€sdroe orab6crnad[lScE33 (5 FM) tt 3?lC.'er"n 

poiot."ptocN,ts dte mcan t S.E (a = 4)-
Statisticol significancc wc calculatcd by one-
way malysis of variancc follourcd by Tukcyrs
multiple comParisod resr

433

A mMdrla

官
一３
２
ａ
Ｏ
Ｅ
コ
こ

８
錮
Ｅ
，
“Ｂ
Ｅ
ヽ
５
ｏ

（〓
一ｏ
■
０』●
Ｏ
Ｌ
ミ
Ｊ
〓
）

２

一薇
Ｅ

Ｅ

二

つ
Ｏ
Ｅ

ヽ
一●
０

rhe small intestine (Chowbay et al., 2@3)- As far as the BBB is

conceme4 thcre was no signifiqut. relatiolship between the haplo-

type and brain cohientrations of [r 
rC]verapamil (Brunner et al',2@5:

iut"no et a1.,2O06). Howevei Kimchi-sarfaty et al' (2O07) rccently

repoited that the effect of double or triple haplotypas containing

Ca+:St on P-gp activity is "substrate depehdent-" The possibility that

SNPs of e-gp aie associated with an interindividual dilference in the

BBB permeability of bseltamivir cannot be excluded' ln addition to

P-gp, as observed in newborn rats, the activity of hCESt is the

dearminant factor for the systemic elimination. C70F and Rl28H of

hCESI were reported to.be associated with reduced hydrolysis of

oseltarnivir (Shi'et al., 2006). Subjects with these SNPs of hCES I will

result in a greater exposure of oieltamivir to the bmin.

Ro 64-d802 is a potent and selective inhibitor of intluenza virus

neuraminidase (sialidasc)- Several sialidases are expressed in the

human brain and are suggested to be jnvolved in the mitochondrial

apoprotic pathway in neuronal cell death (Yamaguchi et al', 2005;

Hn".go*o et al., 20O7). lnhibition of sialidases in the brain may be

associated with. the abnormal behavior following oseltamivir nredica-

tion. Based on this speculation, production of Ro 64-0802 in the

human brain .will be the key event that triggers the central nervous

system side effects. Unlike the ester-tyPe prodrug, Ro 64-0802 barely

penetratas into the brain from the circulating blood because of its

irvdrophitic property. As hCESI is also expressed in the brain (Satoh

"i'o1., 
zOOz), ir is possible that Ro 64-0802 is fonned in the brain from

the oseltamivir. Because of low membrane permeability, Ro 64-O802'

once procluced in the brain tiom oseltamivir, may accumulate in the

brain. Jt is also possible that Ro 64-0802 undergoes actiVe effIux from

the bmin at tbe BBB because Ro 64-0802 is a substrate of renal OAT I

(SLC22A6) (Hitl et al..2O{2), and OAT3, tlre homolog of OATI, is

expressed al the BBB and actively eliminates organic anions from the

bmio (Kikuchi et al., 2003' 20O4)- This should be eiamined in the

futttre.
lh conclusion, the prcsent srudy showed thar osettamivir crosses the

BBB. but thc active forrn Ro 6+O8V2 bucly crosses the BBB' I'-gp

limits the brain penetration of oseltamivir tt the BBB of adult mice'

Ontogenetic profile of p:gp and CES. uctivities acccunts for the

greater accumulation of oseltamivir in the brain of tteonates at lerst in

nlts-
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タミフルが脳へ移行する可能性

オセルタミビル (商品名タミフル)

は,イ ンフルエンザの特効薬として知ら

れている力1実 際に体内で働いているの

は活性体 (●644802pで ぁる (図1).

生体内でCESiという酵素により,加 水

分解され。活性体へと変換される。活性

体はイシフル三ンサウイルスが感染細胞

表面から遊離することを阻害して,ほ か

の細胞への感染 ・増殖を抑制する.タ ミ

フルは服用後の異常行動が注目され,社

会問・E4Lし ている。 1

タミフルl「R用と異常行動との因果関係

については,こ れまで多 くの議論がなさ

れてιヽるが,最 終的な結論には至ってい

ない (本誌2006年12月号,p.8参l照):

もし,裏 常行動がタミフル服用と閾連が

あるとすると, タミフル (およびその活

性体)が 脳内べ入り,I神経細胞に作用す

ることを確認する必要がある。最近,ll■

液から脳内へのタミフルの移行に関し

て,実験動物 (マウス・ラット)を用い

た解析結果が,高 崎rtr康福ネL大学の荻原

琢男らのグループと,東 京大学の杉山雄

一らのグループからそれぞれ発表された

(K.Morimot。 ほか, 'ア″g。 ″ arαo.

D,spοt., 36,6(2098):A.OSeほか,

D鶴 ル物れら.Dおρ“"m  p r e S )。こ11ら

の内容を紹介したい。

タミフルの話に入る前に,1lL液と神経

洲1胞のPolにある
“
閲円

"のことを説り〕し

よう (図2).脳に1ま,神 経剖胞に酸素

や糖を供給するため,網 目のように毛細

血管が張り巡らされている。この毛細血

管は血液脳関円ともよばれ,栄養素の供

給だけではなく,神経細胞へ作用する医

薬品を含めた多様な̀ ヒ学物質の脳への進

入をtll限するための関門としても働γてヽ

いる。

この関間は図2に示したように,単 層

の内皮細咆で構成さ■千おり,細 胞間は

発達した密着結合で塞がれて1 る`。必然

的に,1正液中から神経細胞側へと到達す

るためには,内 皮利胞の細胞膜を通り抜

ける必要がある。

神経細胞の機能維持に必要なアミノ酸

や藉など,極性の高い栄養率に対して

は,細lltu膜透過を促進する.ような輸送メ

ヵ‐ズム (トランスポータ~)が 備わつ

ている (図2の①)。そうしたものを除

けば,極 性の高い分子は,血 液脳閾Fヨを

通 り抜けることができない。脂溶性の高

い化合物は内皮劇‖胞を十分通り抜けるこ

とができる (図2の②).

こうした化合物の透nを 制限するため

に,P糖 タンパク質が細胞攣上 (血液側

の劇lII●L膜)で 医薬品を内皮細胞内から血

液11方向へ と秋極的に汲み出すことで,

医薬品が脳に入ることを制限してv るヽ

(図2のO).つ まり。血液脳関門の関『1

機構は,密 着結合に代表される静的な障

H.cc貶 |キIII(1〕

I′

Ci?C2HI

今月の FLASH

② 夕=フルが脳へ移行する可
肯ヒll■

るこ02を吸収する地球の能
力 が低下

oタ リック化学で細胞現象を

追う

o‐ニンニクで高血圧に対抗で

き る理 由

④ タンバ ク質 の リン酸化 を光

制御

H3COlill(1〕FC°
°H

°
tT

no64-0802

市         (活
性体)

°
tれ

ォセルタミビル

(タミフル)一
．一

一
・一一

一
一
一 図1 タ ミフルの構造
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脳毛細血管

壁と,P糖 タンパク質に代表される異物

排除システムによる動的な障壁により構

成されている.

タミブルに話を民そう。上述の血液脳
関円のメカニズムを考えると,水溶性の

高い化合物を除いて, まったく脳内に入
らないということはあ りえない。実際,

マウスにタミフルを投与すると,脳 内の

タミフル量は毛純血管に残存している量

をはるかに超えており,神 経細胞周辺に
・

移行していることがわかる::一方で,活
｀

性体自体の薬物量ば毛細真管に残存して

ャヽる量と同程度,●り,ほとんど血波脳
関円を透過していないといえる。活性体

はタミフルょりも極性が高いことから|

合理的な結果といえる1

P糖 タンパク質を過利発現した細胞を

用いた磁 "%(生 体外の)輸 送試験の

結果から:丸 タ ミフルがP糖 タン′ヽク質

の基質となることが明らかにされた。P

糖タンパク質が発現しないように遺伝子
:

を改変したマウスにタミフルを投与する

と,非 改変マウス (野生型マウス)に 比

べて脳内のタミフル濃度が7倍近く高く

なった。一
方で,遺 伝子改変マウスと非

改変マウスとでは,活 性体の脳内濃度は

変わらなかった.つ まり,タ ミフルは脳

神経押胞製  水 溜性の栄養繁グル 鷹 港性の高い低分子
コース ‐アミノ酸は は 内皮細胞を通り抜
脳内ヘ トラシスポー け る.
ターにより送 られる.         ・

P糖 タンパク質
による汲み出し

P糖 タンパク質による

騰 血液方向へめ低分テ
化合物0帳 み出しのため,
脳側への誘禍量は小さく
なる。

P積 タンパク質を欠FH
した違伝子改変マウス
では,脳内濃度が増加
する。

図2 脳 毛細血管における物質透適

毛細血管でP糖 タンパク質により汲み出

され,脳 内、の移行|よ。ある程度制限さ

れているといえる。さらに,生 後2週間

までの新生児ラツトでは,脳 毛細血管内

皮細胞でのP糖 タンパク質の発現量が

低い上に,血 液中からの消失力`遅いこと

もあり,脳 内のタミフル濃度は成熟ラッ

トの6倍 にもなる_

ヒト購毛細血管も実験動物同様に関門

として機能しており,P糖 タンパク質が

医薬品を血波中へと汲み出しに働いてい

ることも報告されている (L争 ∞ngko

l鶏)ル“憔鞣 、IT
活性体に加えてタミフルも検出されてい

ることから.タ ミフルはP糖タンパク質

でのみみ出しを受けるものの,少なくと
,も投与されたタミフルの二部は脳に移行

していると考えられる.活 性体について

は,血 津脳関門透過性が嬌いことから,

脳内でタミフルか ら生成されないかぎ

り,脳 内濃度はかなり低いこと力̀予想さ

れる。     '

´ タミフルの全合成を開発した東京大学

の柴崎正勝教授力=,タ ミフルのPE「 (陽

電子放射断層撮影法)プ ロープ化を報告

している (M.Molitaほ か。務οο各 睦 d.

α″|.レ′1,in pres9.放 射線医学総合

研究所でも,タ ミフルのPE「ブ百―プィヒ

に成功 しており。P3「によリラッ:卜脳

内におけるタミフルぉよびその活性体の

時間変化を測定することに成功している:

(平成19年12月11日のプレス発表).可

視化技術を用いてタミフルおよびその活:

性体が脳内にどの程度入るのか,ヒ トで

実証研究を行うことが可能になった。今
後の臨床試験が期待される。

タミフルが脳内に本るという事実は,

必ずじも異常行動とタミフル服用の国果

関係を説明するものではない。有書作用

も含めて。医薬品の効果は濃度に依存じ

ており,仮 に脳内に医薬品が入ったとし

ても,そ の濃度が十分に小さけれ`二 42r

用の発現には至らない。 タ ミフル (ある _

:いはその活性体)が 脳内で作用するタン

パク質を解明し,臨 床投与量で脳内に到

達するタミフル濃度九 そうしたタンパ

タ質に十分作用する濃度であるのか,あ

るいは異常行動がみられた患者では,脳

内のタミフル濃度を増加させる (神経細

胞への曝露を増やす)要 因となる血液脳

関門の機能破綻や:関連酵素 (CESl)の

活性低下などが見られるのかなど。まだ

まだ多くの裏づけ試験が必要である.0

・９
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I「lrosp14Huid in Hcalthy Japanese ttd Caucasian V(
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淵蹴欝硼翻椰脚機蝦熙櫛椰
i 癬  醐 鸞 暮l脚翻 ‐
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:
the idea that oseltamivir and OC have limited Pote
individuals with ill■uenza.A diSease‐口ther than drug‐l・elated efFect appears likely.  ・

gests a Iow potential for oseltamivir to adversely afiect CNS

function, and no plausible mechanism for oseltamivir to cause

CNS toxicity has teen identified (32). However, only very lim-

ited data exisl to describe the CNS penetration of oseltamivir
and OC in humans. Equally little is known about the impact of

ethnicity on the CNS profile of these entities. In this study,we

investigated the pharmacokinetics of oseltamivir and OC in
. plasina and cerebrospinal fluid (CSF)-the latter being a rec-

ognized surrogate for CNS.penetration (29fin healthy adtilt
volunteers after a.single oral administration of oseltarirMr

phosphate. Although not Polvered to formally examine the

impact of ethnicity on CNS penetration, lve'also considered

whether any gross differences might exist by including both

Caucasian and Japanese subjects in our sfudy.

)
MATERIAI.S AND METIIODS

Sturly design and iubJects..This €ttploratory trial was a siogle-center, opcn-
label, singie-dose, pharmacokinetic study that was conduc-led in tbe United

States betveen 16 July 2007 and 17 Algus 2007- Thc rial comPlied s'itb thc
principles of tbe Declaratioo of Helsinkj (as amended in Tol'1o' Veaicc, Hong
kong. a nd Souttr Africa). Thc study protocol and malcrials wcrc approvcd by an

independent etbics committee, and written informed codsent was provided by all
participants. Tbc study fully adhcied lo good clinical practicc guidclines (lCH

Tripartiti Guideline, January 1997)-
Ttrc study aimed to recruit eight heahhy aduh male and fdmale Yolunleec:

four ofJapancsc origin (bom in JapanofJapanese paren6 andgraodparenls and

living for (5 lears oucide Japan) and four of Caucasian origin (whitc Hisganic
or non-Hispanic). Thc oumbers of males and femalcs *'ere iotended to be thc

samc in both crbnic groups. Inclusion criteria rvcre age of Z) to 45 ycarE body
mas iodex of 18 to 30 kdm2, and abilig to givc rwitten informcd conscnt and

comply with thc study restrictions Female sobjects werc requircd to be sutgically
stcrile or postmcnoPaual for >l ycar or to usc nvo mclhodr of contraccPtion
(including one barricr mctbod) from study commencemcnt until 7 days Postdq3-
ing. Exclusion critcria induded clinically signiEcant diseasc; alletg'or in-rmo-

3687

Oseltamivir is an orally administered anti-influenza agent of

the neuramini<lase inhibitor class. T'hc ethy! ester prodrug

ose.ltamivir is delivered orally as a phosphate sall and con-

verted by hepatic esterases to the active metabolite oseltamivir

carboxylate (OC) (10). OC specifically binds and inhibits the

influenza virus heuraminidase enzyme that is essential for viral

replication (21)- In this way, oseltarnivir limits the spread of

influeoza virus subgrpes A and B within the in-fected host-

When used as treatment, oseltamivir reduces the severity and

duration of qrmPtoms (22,33), while prophylactic administra-

tion prevents their onset (9,26)-

In'recent.years, abnormal or delirious behaviors have been

reported with a low incidence in yorrng individuals wiih influ-

enza who were also receiving oseltamivir (32). Cases arose

most cosmronly in Japan but were also observed in Taiwan'

Flong l(ong, North America, Edrope, and Australia. No caus-

ative association could be demonstrated, and similar dvents

were also reported in the absence of oseltamivir (6,12, 17,24)-

Nerartheless, health and regulatory autho.rities in Japan and

elsewbere have amended the product label to include Precau-
dons on thb use of oseltamivir in young Persons. These actiorls,

and tbe associated mbdia coverage, bave fostered reriewed

interest in the central nervous system (CNS) tolerability of

oseltamivir.
The c.urrently available preclinical and clinical evidence sug-

-; 
C-r*p"ttding author. Mailing address: F. Hoffmann-l-a Roche

Ltd., Pharmaceuticals Division, Bldg. 015/1-006, CH'4070 Basel, Swit-
zerland. Pbone 41(0) 61 688 3133. Far 41(0) 61 688 6007. E-mail:
craig.rayner@roche.com.

t Roche clinical trial nurnber tsP21?38.

" Published ahead of print on 1 August 2fi)8.
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dcfcicocy; history of raiscd iDtraeercbral prcssuro or dinizlly cigniGen! nertc-

hral joht patbologr mjor illncss in tlp S days beforc screanbg 6 fcltih

ittncss in tbc 14 daF prior o CSF campling prcgnaocy or laaa@ rdanat

hlsory of or positirc tcst foq drugf of Scc or alcohol iofcc{bo !,tth b.€padtb

B or Crirus or britrD infiDmdceiqoqriruq c aft otb€t conditio c dscs

rcodcriag thc subicct un$itablc fDr tic study. hcsctiptloo ocdcatton rvas mt
pcrmittcd to bc ta*co witlrin 7 days or sir timcs its clirminatbn halflih (r!E)

(w0iecver ras loogcr) bebre study.drug tdnintfttlon (cxduditg boroorc

rcplaccmeot tberaof aod oral cooFaccption) Occasiooal ose ofacetambophgd
paraeumol (uP to 3 g/day) was allowcd rPto 24 b bcforc ilosing and as occded

for beatmcot of sidc c$ecb rclatcd to thc CSFsaopling proccdrirc. Inbawoous

cafiainc uas olso permitad for headachc prophylaxb oi reatmenl of side eftcts

caused by the CSF saoPliog Procedura
All srdccrs uodcrwcnt a strccning pcriod fioro day -28 ro day -! during

which ctigibilig vtrs Bsessed and rvrittei ioformed clriseot r|ils. Plot'ide4
Screeoiog lmotred a futl medical bistory, a p$nical craminatiorl an elccttocar-

diognm (ECI}) and a tumbar spine X-ray (unl6s the subilct had srdr an X-ray
taken within I year of scrccniog). Sample.s for laboratoty safcty aisessmcsb

Qncludiog scrum biochehbtrt, bedatologlr, urinalsis, and scrologt) and ilrug

aod alcolpl abrsc'tcsts w€tc taken after a &h fasdng pcrM. Fcroalc subiccrs

. wete to uodcttakc plcgnancy tcsts
FoUorring aucccssfirl scrccoiog roluntcers wcre admiued to tbc study udt o! .

. day -l for a baseline satcty asscssEcDl (rccordiog of vical sigttg ECIS and
laboatory.safcty.asscssrncatq and drug/aloohol abusc and prcgnaocy leslS). Oo
day l, followlng an ov€might fas! all subjccts worc catlictef,izcd in thc lumbar. .

olioo lforr".p|c, 13 to L4) for CSF sarophing Tbis was pcrforncd using thc
dynabridgiog tcc.bniquc (Califomia Oinical Thials loc- Califomiq), in which tlic
cathctcr b connectcd to a pcristaltic pump for aulomatic timeiJ witbdrawal of
.CSF samples (approximately 6 ml per rithdrarval). Subjects thco receired a

single oral dosc of 150 rng oseltamivir phosphate (F. Ho.frmann-I: Rocbe Ltd.),
which conesponds to the rcommended daily adult tGatmcrit dose of 75 ng
twice daity. venous blood samples (2 ml per wirhdrarval) rYere laken at the same
time as CSF sampling was perfonted. Blood and CSF samples were taken
immcdiately bcforc dosing and at 05,1,13,4,5,6.7,8, 9, 12, 20, and 24 h aftcr
dosing in tbe maoner described above (14 samiliDg points in total). Subjects
were discbarged fronl the unit oo day 4 and ieturtted.for a follow-upexamination

. on days 10 to 12. Advenc evcnts wetc recorded fronr screening until. the end of .
follos-up.
' Oscltomivir and OC assy. Blood samples rvere drarvn ioto EbTA blood

' 
cpllection tubeg and plasrna vas separaled by €ntrifugation for 1.0 min at 1i00 X

. - g and 4"C CSF and plasma samplc wrc itorcd nr -7(rc uodl analpis. Con-
cenbarioirs of oseltamMr and OC in plasma and.CSF werc tocasurod usirig a

. spccific and walidated high-perfomance liquid cbromarograpby metbod couplcd
rvitl tandem mass spedromctry (BioaDabraical.Stslcms Inc. Kcoihvotlll Unitcd.

' :King<tom; SAP.lbs) bised on.a prtviousty publishcd method'(35). Tbe CSF
. sarnptcswere aoalpcd alongwith bumal EDlA.plasma and human CsFcoatrol

samplcs against calibrption slandards p:cparbd io human EDIA ptasrta..

. PbimacokincticaDalysk ConceDtrotioa-venustime.pro6leswercgencrated,
aird the observed madmum coomtration (C-*) and time to obcenad maxi-

. mum concentration (f,J wcte thet dctbrntined fot oseltamivil and OC in CSF
and plasma, Staldard noncompartmentat mcthods wqtc emPlqred to c-itaract€t-

, izc ptarmacokioet;c paremetets using WnNonlin software (r,ersion S?.Phar-
sight lnc). Thc fotlorring paramctcrs werc celolaled wberc possibic: area undcr

tbo conccntmtioo-timc qrrve from time zero to thb last mcasurable @nccntra-

tion (AUqEb) and infinity (AIJQ*), apparent rra and apparent orat ctear-
ancc (CUF). AUC values werc c.omputed using thg linear-trapczoidal rule.

. AUQ- rvas astimated Fsir€ Auq*r"s .+ Cr-.A, where C|* is the last ms-

. surable concentration I|'d t! is thc aPparent e$rnination tatc @llstant deteti
miira Uy hg-tiocar Egtessign of thc last four termilal consitratiol data'Poiots

. fittmt si0r ao.idjustcd. rcsftlual squard valuo of =0.90. Tte ratios bf CSF/ .

. plasna €rpo$nc fof C'u aod Auq.b'r rverc also dcierriiDed for each of tbe
: rwo.analytes In addition, oscltamivirlOC rados (adjuslcd forl thc molecular
: . rveigbt dilfcreoccs) wsrc calnrlatcd for C; and AUQaia, once for th. Batiir'
' ptasma and separately br the matrix CSF.

RESI]LTS

A total of eight healthy malc volunteers (four Caucasian and
four Japanese) entered.the study. No females rvere available
.for enrollment within the study timefiame (approximately I

,ANmncRoB. AGENTS Clmsornren

TABLE 1. Dernographic baseline characteristics by ethnic group
and lotal populatioD

MCan CraorD

Pamlntr 缶 …

c 2■4 )
Japanese
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m o r l t h l . D e m o g r a p h i c  b t t E n e  c h t t c t t t s t i c s  w e r e  w d i  b a l‐

anced bemeen the caucasian and Japantt grOups cTablじめ,1
お ,ay vallcatiOL hわ oth mat」餞s,the callbra6on curve:

i ranged tom lower mts of ql.antinca“Ond ln」ml and 10

理 h i f O ' O S e l t a m i t t a n d  O Q “ 寧 鋼 静eゝ u p  t 0  2 5 0  n g / m l  f O r

oseltamtt and 10即 ntti fOr oc For the“ alysis in

懸 黒棚 4慶鷺11騰驚::憲甥肥
9。1%for OQ and the accuraり rattd fЮm l∞Ю%to 105.7%

for oseltamivir and from 97.5%lo 99.3%for OC.Foi the
analysis in CS鳥!hё interassりpmmon ranged from O.9%to
3.3%for oseltarnivif and from l.6%to 9.1%for OC,and thc
a,Curacy rang"frOm 104.0%to l14.5%for oseltami宙r and
from 98.2,参to 105.89ろfor(D(l No marked inaccuracies wen9

found in the COncentration ranges ofthe plasma and csF study

samp10s_

PharntadoMietic analySiS.Figure l and Fi3 2 show the

mean(士 standa」dc宙ation ISD〕)plaSma and csF concen― ・
tFa,On_dmc Promes b:。seltadi and OCin plasma and csF
for Japancsc ttd Cautasian subi∝ts and the overaH popula‐

tおn after a gngle Ord dose of 150 ms,s■tam■ir p10Spha,_
For both analytes,mean∞ n∝nヒatiOns in CSF were consid‐

erably lower thal thOSe ip plasma.Table 2 anl TaЫe,sum‐

醇纂螂器柵淵田輩躍懺 幽 |

:を濫2響獅器股″T需躙 富T認
・

o s e l t a m i宙F  a n d  O C P o s t d O g n g , r e s p e c t i v eり。い CS R  m e a n (キ
S D ) C“魚va l u e s  f o r  o s e l t a m市i r  a n d  O C w e r e  2●(■0。助 ng b l

織艦tぶ::投資潔譜:‰濠 漁T滞:誌
129 h PostdOStts.              ‐      ´
ÓSeltam前concenⅢ饉ons We"quam過able for up b 12 h

postdosing in PIasha and 9 h in CSn OC∞ncentra饉"S Were
i detected for up to 24 hinメ

ぉma and for“ to 12 hin CSFin
an burOnc Qucasian subiCCt・mis subi,ct diSplayed thc hi典―

est CSF∞ ncentalonsfor OCwith a cm=Value of45。 9蜘 l

at 7 h postdosin3 but the Oseltami宙r cOncentrations in CSF
were not remarkably Ыgh compared to those for the remaining
nbi∝ヽ ■1おSubiect Wtt also sholvn to have blood contamト

natiOn of the CSF up to 5 h postdosing and Oc PcrsISted“

the subiect｀CSF samples unt1 24 h after drug admiホ tralon.

In a difFerent Caucasian subiect,OC Concentrations were llot

detected in CSF at any timc point,while oseltanlivir concen‐
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FIG. 2. (A) Mearr (t SD) concentration-time profile for OC in

"r"-.Lu 
air"ti I sinete oral dose of 150 urg oseltamivir phosphate in

bi"*ti"n it = 4i ancl Japanese (z = a) subjects and tbe ovetall

;;rdil; i; : 8i. (B) Mjan (* Sb) concentration;1ine Pt"g" fo.t

6iii-csF in.t 
"iitigrc 

oral dose of i-50 rng oscltamiriir Phosptate in

a;'ti* (i = +7 
"-nd 

J"prn"t" @ - $ subjects and the overall

population (n : 8).

fileS did not allow a reliable assessrhent of AUC-e: for either

analyte; hence, only Auqr-r."t values are rePorted for CSF'

The'mean (t SD) Auq)r.,t GSF/plasma ratios for the total

Dopulation ior oselt.amMr and OC wete 2-4Vo (+l'L%o) and

i.6Eo (x.qJEo), respectively. The individual AUCr."".values in

CSF cLv.ered a tinie perioa between 2 and t h for oseltamivir

and 12 or24 h for OC and the individual AUq-{."r values in

plasma covered betrvgen 9 and 12 h for oseltamivir and 12 and

)q n bi OC. If approximate free plasma concentrations (5870

for oseltamivir ^oa gSVo for OC [Roche data on file]) were

used to calculate the respective CSF/plasma ratios, these fig-
'ures 

woutd double for oseltamivir (that is, to approximately

5Vo'7 bttt rvould remain similar for OC' In the subject with

blood-contaminated CSF, in whom higher OCCSF concentra-

tions were obsewed, the resulting CSF/plasma ratios based on

total concentrations for OC- were 9'5Vo (C^) and IIJVo

(AUC) (these values would be only slightly higber if free con-

i*t"iii* were considered). In the overall population, the

mean (t SD) C-"" oseltamivir (prodrug/OC (active metabo'

lite) raiios 1ai;uiieA for the molecular weight difterences) rvere

B,Tfo (+q-.Yio) and l2-4Vo (!sJE(j\ in plasma and CSF, re'

spectively. The AUC9.",. oseltamivir/OC molar ratios were

i.tEo (*:c g'ro) axd 9 Avo (t8-8va\ in plasma and CSF, respec-

tiveiy.
tiis stuAy was not empowered to identiS difference's be-
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OC to brain is thought to be due to its lour lipopbilicity leading

, to low passive diftrsion across the blood-brain banier (BBB).

It is reopized that, due to the short time pedod in whi'ch
quantifiable coneatrations in CSF could be neasurd thcre
was a potential for undercstimation of CSF AUCe-1"o values-
This CuH also haw led to uaderestinnation of ths gitculated

AUCo-t 
"t 

CSF/plasna ratios. However, it is reassuring thai
even when a 'worst-case sceBario' lvas applied, with the last

measurable CSF concentratioa for each subject ortrapolatcd
to the plasma time to last measurable concentration (1i.J' the
AUQ**, values in CSF for ttrc total population for oaeltanivir
and OC were 14.0 (+3.6; h ' ngfrnl and}9l (1204) h 'ng/ml,

. respectivety. The values remained of the same magnitude as
. those of the AUQ,-,",. values estimated using tbe actual CSF

fi*. values, which were 7.6 1+a.a1h ' ng/ml for oseltamivir and
L5il(t2b2\ h ' ng/ml for OC The eorresponding mean (+ SD)
AUCG,*,'(CSFyAUQr"o (plasna) ratios for the totil pop-
ulation were still very low when this conserrrative approach was
empfoyed: 4.6Vo (t-1.gVo) for oseltamivir arlrd 52Vo (!3.97o')
for OC.

No females were available for enrollment within the re-
straints imposed by the study timelines. Thiswas not expected
to affect the outcgme of the study, as previous investigations
within the wider oseltarnivir clinical program have indicated no
signi0cant gender diftbrenccs in the pbarmacokinetics of either
oseltainivir or OC (Roche data on file)-

In the overall study population, oseltamivir was detectable in
the CSF for a nredian duration of 5.5 h and in OC for a median
duration of. l2.O b. In one subject, whose first six CSF samples
were contaminated with btood, OC Pen;isted in the CSF for
24.0 h. While oseltamivir is a P-gp substrate and is elinrinated

from the CNS by this transporter, it has been speculated that
active effu-x of OC from the brain at the BBB may occgr via
organic anion transporter 3 (OAT3) (25), which is a horno-
logue of OAT1, the mediator of renal tubular secretion of OC

' (11). OAT3 is expressed at the BBB and actively eliminates
organic anions from the brain (.15, 16).

Within the limitations of the study design (i.e., exploratory
nature and limited sarnple size), no gross diferences in the
CSF or plasma pharmacokinetics of oseltanrMr or OC were
observed between the Caucasian and Japanese subjects. This is
consistent with published findings showing no discernible dif-
ferences in the ov-erall pharmacokinetic profiles s[ oseltanivir
in plasma betweeo Japanese and Caucasian adults (28) and
children (7). It has been suggested tbat geneticvariations may
contribute to the higher incidence of CNS events reported in
certain ettrnic groups. For example, Shi et al. posttrlated that
variations in the hunan carboxylesterases hCESI and hCES2
could lead to decrqsed conversion antl therefore higher'than-
expected systemic concentrations of oseltamivir (30)- Utilizing

. a population pharmacokinetic model, simulations of oseltamivir
75-mg twice-daily dosingrvithout oseltamMr conversion to OC
gave steady-state C-.. values that were alound l4-fold higher
than those achieved when the metabolic pathway was intact
(.Roche data on file)- Nevertheless, these estimated values
were approximately l.4-fold lower than those observed in a
clinical trial of six subjects rvbo received 1,000-mg doses, in
which no neuroprycbiatric ad'.'erse events of note were seen
(Roche daia on fiie)- Genetic varianis of OATi (wirich mecii-
ates renal secretion of OC) (1,4, 19) and P-gp (which controls
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BBB penetration of oseltamivi r) (l3, ZT) do occur, but atter-
ations to their firnction as a result have not been demonstrated.

Given the lovv CSF concenbations observed in srbjects in
the current study, the potentiral f6r osettamivh and OC to .
induee or e-xaca:bate ClilS dys8rac$on appearstow. Ose et at.
have suggested tbat @ could act on human D€ur&Dinidsso :
enzymes (sialidases) in the brain and disrupt tbemitochondriat

. apoptotic pathway ia neuronal cell death (25). Hora,er, fo
vitro data suggest that neitber oseltamiyir oor OCinhibits any
of tbe four human neuraninidases at conentrations of up to i l
ral[i QZ). Furthennore, inrestigation of 155 difebent motecu-, .
lar drug targets, covering a broad range of receptors, en?Jrnles,
and ion channels, many of which are relevant to tbe CD.IS, did.
not produce any relorant findingp, indica&g a lask of mechal
nisrn for neurqxychiatric adverse events-with osejtamivir or
OC(18). Clinical data also support the tack of an association
between oseltamivir and CNS adverse events in young individ.
uals witb lnfluenza. In tvo Japa.nese case serieg th9 onset of .
abnormal or delirious lehavioiwas found to betr both before
and after the initiation of oseltamivir therapy (5,23),suggqst-.
ing no temporal associadon between tbe two event$ EpiAenri-, .
ological studies also demonstrate that the incidence of neuro-
psychiatric adverse events is similar between patients.withi

. influenza who receive oseltamivir and tbose who receive no
antiviral (2,34)-

Oseltamivir rvas well tolerated in this study, with the major- ..
igr of adverse events retated to the continuous intlwelling lum-
bar calheterization lumbar puncture technique used to obtiin 

'

CSF samples. Methods involving continuous collection of CSF
for 12 ta 36 h, with up to two sampling periods separated by a 

'

7- to l4-day recovery period, are used in eqrrimental medi.
cine and proof-of-principle studies. 'I\ey can establish phar-.
macokinetic-phamracodyramic modets (henc9 .dynabridging,)
and dormstream (proteonrig) efiects of drug administration. Con-
tinuous indwelling ltrmbar catheterization lras.been .performed in -
over 450 healthy votunteers and patients at California Clinical
Trials, from 199/ o the present (3). There have been no seriow

'adverse events frpm these procedureg and the rate of adrrerse
. events has been no dillerent frotn that for singte luurbar pgncnrres
(14).

Tbis study supports.the iclea that the CNS penetration of
oseltamivir and.OC is low in healthy Japanese and Caucasia4
individuals. Preclinical and clinical data support the idea that
oseltamivir and OC have a limited potential to induce or ex-.
acerbate CNS adverse events in individuals with inffuenza. A
disease- rather than drug-related efiect appeirrs likely_
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behavior and deaths in Japan, particularly in teenagers, although

no statistically significant relatibnship has been established up to

the present. iln." Uottr of the drugs are targeted aqainqt the viral'

sialiiase, the question has arisen as to whether they may also

afiect the activities of the endogenous.sialidases in humans' In

fact, there havb been a number of observations (5, lQ tB' 29)

pointing to the inhibitory etr-ects of oseliamivir on the endogertous

tiutiOuto in rats and mice; however, the question remains oPen,

because direct validation of these findings remains limited to one

rscent report (11) of the efect of lhe drug against a rccombinant

sialidase. Undet.th"t" circumstances, we were prorqpted to in-

vestigate the efects of these drugs gn the activities ofendogenous

human sialidases.
Up to now, four types oi human sialidases have been iden-

tified and characteri?id, designate{ NEUI; NEU2, MU3, and

NEU4 (15). They differ in their subcellular localization and

"n21,rnuii" 
properties and in the chromosomal localizatiqn of

the genes encoding them; the enzymes are expressed in a

tissui-specific manner. The major subcellular localizations of

NEUI, NEUZ, and NEU3 are the llaosomes, cytosol, anit.

ptasma membranes, iespectively; while NEU4 is localized in.

ihe lysosomal luminh or mitochondria and intracellular mem-

branes. We previously discovered (14) that the primdry struc-

ture of rat cytosolic sialidase, the first example- of mammalian

sialidase, contain several Asp boxes (-Ser-X-AspX'G!. X-

Thr-Trp-) and the Arg-Ile-Pro sequencet the conserved se-

gu"n""i found in siaii<iases from micioorganisms (22), despite

iraving no particuiar simiiarity io ihose sialidases' Thc se-

queni. alignment of other mammali.an sialidases successively

3484
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doned revealed t,at they aI∞ntain thO∞nserved scluen喘
A recent st面けOf the tttal Structure of human recombinant
N E U 2  o  h a s  p r O V I d e d  t t r t h e r動“n∝ of a  m碗 苗∽l銀

Ыad e  b e鯰‐pr o p e l l e r  s m a u r e p  a s  o b s e r v e d  f o r宙劇 壺li d略
宙血 the acti"団te in a衝Jlow(x瀬 ∝ちbut there aFe SOme
direren(氾s lom viral and bactttal sialidam in amino acnd
residues recognttng the N―acevl and ICerOl mOneles Of
2-de呼 零紀Chydro―N‐a∝uneunmint acid ceuAc2c→ |
The lysosoml J」idasc NEUl acts erectively oil oligosacha‐

1鸞   意欄醐胸1鐵
hydrolyzes gan」10Sides,Ⅲれthe other lЮ enttes possess
broad substratc,PCdndtyp acting on oligosacchaddes,glyco‐

p,ptidesP glycoproteins and gan」iOSides,aS Well as on 4MU‐
NbuAc:Maximal act市 ities are obtahed at a pH of about 4.6

1淵鍾掘珊:悧醜 朧難
b u t  a r e  a l s o  b e l i e v e d  t 6  p l a y  r o l e s  i n  t h e  m o d u l a t i m  o f  t t n c‐
tional mdeculⅢ ⅢvOIVea li many biOIOgical pro∝ssヽ
whereas the rolesぴthe sial“aSes from microorganおmゞap=
pear to be"m■ed t6 nut」tion andlathOgenidty“)。測thOugh
many functional aspects of the mammalian sialidases are not

鈍lly understood,Partly duc tO the en2獅だe instability and low

aCliVity,re∝nt devclopmcnts il sialidase rcscarch havc clari―

6ed thcir important bidogicをl Юles;including thcir roles in
events involved in ce‖difercntiation,celi growth and aPoptO‐

sis,and ma"gnant transformation(16).

As described above,human sialidaSeS,Wh‖ e direring from

the viral,nZymes in thcir primaFy structures and ёn4/mc prop‐

erties,show tertiary structures・■,d aёt市e―sitc amino acids sim‐

■lar to those of!he Viral sialおases.Thercfore,in this study,we

eXaFninCd whether the antivirai drugs might have cIFccts on any

of thc four types.of human recombinant sialidases,

M A T E R I A L S  A N D  M E r H O D S

Celt culture and siatidase tro●srecti。.H● man kidney ZBT∝ :Is(Riken BRC

Cc‖Bank,Ts●kub Jヽa"n)Wrc maintaincd.h"lil,al_ntia:mё dium supple‐

mentcd wi:h none_ent口amhO acidsand 107.hcat`inactiぃtcd Fetai bOvine sen屁
Eu●ryotC CXPいた"VeaoFS For nIEUl.N濃 、3od NEU4 were Ⅲ Parel by
i l l M I斃ぬe  r e S p e c t t t  h o m n  s i a l d晨, D ぶヾ ●●t rⅢ t h e  o p e n  r e a d i n g  F r a m e s
(1],430D覇 lh the FLAC c,toPC at thC C temmiinto thc E●●RI sitc 9F the

pCA9Go TCtOr(a gmeFOuS Jn from Jun‐ Ichi Mipza● Osaka unive● ty Sch∞ :

oF Med面 ,o under thC CoⅢ FO1 0rthe chtten F‐aC饉●Promote■

To obtain tb● NEU2 cDNA,lhc lFSt‐ Strand dDNAs weFe smlhCJ2ed frOm

pOlyfハ)・ RNA from htlman bra:n(C:o● tCCh)り Sing。 ‖go(ご り12‐lS pFimeFS and

mtlline le"kernia virus reveF“trttnscriptasc〈Super“riptll FeVerSe tra‐criptase;

]witrogcO and appned as t,mpい tCS fOF thC PCR de気がbed previously(3o.T●

C O V C l  t " ●中i r C  C O d i n g  s c q u c , c c , t h e  c D N A 、磨 , m p l i ■●d輔 t h  t h c  t w o  t t m c r

pai、with EcoRI Stes(5'‐ATCCCGTCCCH CCrGTCCrGザ ,forward,and

5 πヽスcrGAGCCAGGTACrCACC‐ 3°)●5738 LA ra9 Poレ 帳 FaSe Crakara)

sllbc:o,cd into PBlu"ript,sc9tle●CCd,alld cloncd into the cxPrsioll ve∝o■

Transicnt DNA trattFcction intO the HK‐293T cc:おwas a… pl hヽcF uSn3.

t h c  E I F e c t e r  r C a g e n t ( Q i a g C n ) i n  a c c o r d a n c e  w i h  t h c  m a n u F a c t u r c Fヽi n S tナu c‐

ti油、Aicr48卜 of tra““燎ion,the LJt were"‖eCted and hOmogcnizcd,and

t h O  h輌" 3 o a t e s w c r e  u s c d  a s l h c  c n T c  s O t D“■ ●r  F o r r u r t h e r P●6 6 c a t i品. F o r

t卜c NEUlcn… ,a`DNA foF a pFOtCCttt Pr01●:口rcaFbOmCptidお cA),｀ hiCh

おknown tO be a― 'ated wlhthc NEU】 lrotein(1つand p-3ahctOsidasc as a

∞mpicx in the lysosomcs to maintain thc Salidasc act"ity(7)was cOtr●■sfcctcd.

Qtiantitative analysis oF l●oscripes or bliman sialidases by reat■:me PCR

OuandtaJvc inalysis Of the ransclpts foF human JJidascs was perfoFmCd by
,cal―timc PCR using thc L:3htCyCiCr rapid thcrm●:cyclcr systcm(Rochc)‐ThC

irst_strind cDNAs Were s,扇 theSi2ed fFOm POly(A)'RNAs from humaniun3 and

ANH‐ INFLl「ENZA AGENIS AND HUMAN SIALIDASES  3485

. brain (Oontech) using random primers and murinc leukemia virus rcrcnr trats- .-
criptasc (Superscriptll) and applicd as lemplarcs for. tbe FCR T.hc PCRs wcrc
carried out in gfass capillary rcaction r=sseb (Roche) nt l}pl xiluroc rcactloo

. mixturcs contaiin[ng 05 pM pnncrs, cDl{A and QuanuTcct. SYBR grccn PCR .
- naster nir (Qiagcn) u:*ng porphobilirlogcn dcamioasc as.aa intcrnal controL A .

. $andardcunc forcadr cDl,LAwasgcncratcd btscalditutkm ofthcpBlucsai6
vcAor containing thc gcoc cncoding fbc cntirc opcn rcading framc, as dcscrM
prcvionsly (30).

hgporatlon aod pnrificatlon oftbc recomblnaot siatidascs. ftc. ccif p x tbr
: to 5 x l0) trans&ccd with FIA(lraCiCed sia[dasc cDNA as dcscribcd abora .

were olfecred washed wift pliosphatc-buffcrcd salinc, and sonicatcd or ie in 9 
j. '

volumcs of icc-cold lysb bufiee Tbc llrsaacs *crc caritrifugcd at 1,fl10 x g for l0
. min at 4lG and thc rc$ltant supamaraots (bonogsnatcs) wclc ilrcn usGd fo;

mcitsurcmcnt.of thc sialidasc actiuigr or.for frUrhci purification Thc lysis bufier
A for NEUI and NEU2 containcd 20 mM potas$um phospharc (pH 6E), Ol5 M
N.aO, I. mM phcnlmethylsulfonyl fluoridc, and protcasc inhrbitor cocktail..'

- (Roche), and ttre lysis buffer B for NEU3 and NEU4 was.bufrer A.conrainir4 t
. mM EDTA anil ly'o Tdton X-l(x), hrrification of thc rccombinant sialid:tsd' prolcins was pcrformed using FLAG rag afinity cbromatr€raihy as follour: I

NEU2 was purificd from thc cytosotic fracion aficr centrifugtion of thc bo- 
' . 

5
. mogcnates at lql,C0O x 6 for I [.fotlorvcd by a6nity chronatti,graphy.'.Th; R-:
.. cytosolic traction gf thc cells iras applicd.to an anri-FIAC M2 agaroec columd
. (l tnl).(Sig{na), washcd with 20 ml of lysb bufrcr A and suessively wirh l0 nrl

of thc.bufer containing I M NaCq and clurcd with butrcr A oontainiog thc.
. FIAG pcptides (l0O FAlml) anil.lMo 19l1ccrd. For NEI,J3 irurificatior. tbc

. solubilizcd fraajori affer ccnrrifirgarion bt 2t 000 x g Iu 15 mio was applicd to
thc cofumn and then washed witb butrer b containingl.l%TtitonX-tOO Oufcr
C), followed by bufier @ntaining I M NaCl, anit thcn elurcd wirh buffer C plus
FL-AG peptides and lQVo f)yceroL

. Sialidase activity assays. Thc hornogenare3 or.purified fractions obtihred
abovc were ued for measurement of sialidase activity using the qnth€tic sub.

. strate 4MU-NeuAc or gangtioside GM3' (NeuAcir2-3Gatpl-4Glcpt-lCqr)
(Alexis Biochemicals). The activities for NEUI, NEU2, and NEU4 rerc mea- ,
sured routinely in 0-l mt of a reacti<in mixrure containing l0 Fmol sod;um
acetatc bufrer (pH 4.6 for NEUI and NEUa; pH 5.5 for NEU2),'40 nmol
4MU-NeuAc,0.l mg bovine serum albumin, and enzyme. Afler incubation for 15

..to 30 min at 37"C, thc 4-mctbylumbclliferooe rcicascd rvas dcrcimincd fluoru
metrically (f4). The reaclion mixture for NEU3 acriviry conrained 5 pmol sc,
dium ace.ate buffer (pfl a.5), l0 nmol gangliosiOls GMf, 50 pg Triron X-Ifi), 50'pg 

bovine serum albumin, and enzyme in.50 pl and was inbubaled for 20 to 30
min ar 3fC. The sialic acids rcjeased from GM3 werc mcasurcd by fluorometric
high-performance liguid chromatography wirh malononitijlc (27). Occasionally,
NEU4 activity ms also assayed with GM3 as the substrate in lhe same manner.-
Protein concentradons were determined.by dye-binding assay (Bic,Rad l.abc,
ratoria<). One unit was defncd as thc amounr of cn4fonc ctcaving t nmol ofsialic
acid/h.

TLc. Afier'48 h of transfection, thc cclls wcrc cutturcd in serurndeptered .
mediurn for 5 b, followed by traatment of each drug for a further 5 h, and thc . .
cells were collected and subjcctcd.to thin-laycr chromarogrdphy (TLQ. Gtyo
lipids werc extracted fror4 thc cetb.(l x lO) in segucncc wirh 2 ml of isopro.. . .,
panol-hexane;w1tcr (55252O lvolAolitotl) and hydrolyzcd iiirh Of M NaOH-
nethanol. After desalling was donc using a Sep.Pak C|s cartridgc, totat lipid 

'

cxaracr were fractionated by flf on high-pcrformance TLC platcs (Bakcr,
Philfipsburg !{J) in C-M4SVo C.aCl, (60:40;9.lvotrtvotllotl) and visualizcd wirh
orcinol-H2SOo. Densitometric analyses wcre performedusing thc Scion,tmagc .
(Scion Corp. Frederick, MD) and Qu:intiry One (Bio-Rad Laboratori6s).soft- .
mrc programs.

Lectln blotting. To otiserve tbe changes in lbc amounts of thc cndogenous . 
.'

glycoproteing lectin blot analysis was conducrcd wirb peanui agglutinin (PNA}.
and.Ricinus commun&,agglutlnin (RCA) (Honcn, Tolcyo Japan). Afier 48 h of 

' '

transfection, the cells were cultured in serumdepleted riedium.for 5 li5 folloned.
'by Irealmenl ofcach drugfor a furlher 5 tL and the c€lls collecicd nrcrc sribjcacd
lo.leclin blotrin& Cell homogcnatcs werc resolvcd by sodium dodeqrl sulfate- .
polyacrylamide gcl electrophorests (SD$PAGE) and tramfcrrcd ro polyviDyl-
idenc diffuoridc nrcmbrabes" Thc blois wcrc washcd in a solution containing lD
nM Tris-HC|, pH 75, 1@ mM NaO, and 0.17o Twcen.Z) and incubated wirh rhe .
solution containing biotinylated lectins. Afier mshing, rhc t€crin-bound ilyqG
proteirls were vrlsualhed with horseradish perdxidase-streptavidin (Vecror, Bur-
lingame, CA).

tnhibitioo assay ofinfluenza virus sialidase actiyity. Inhibitory activity against
the influenza sialidase activity was asscsscd using a flrioromctric metbod with
.slight modificalion (21). lnfluenza viruses from humcn and animal isolates were
propagated ;n allanlo;c cavities of ll-day-old chickcn eggs for 48 h ar 35"C and
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FIG. 1.. Comparison of.tbe endogenous expressiorr levets of four sialidases in the, human brain and lung- Quantitative analytes of the transcripts

were performed with real-time pcR using porprrouirinoici"dJa;;; ;t ;;;lernal standard as desiribed in Malerials anil Methods' Bars indisite

the standard deviations of the rneans for experiments Pertonned In tnpllcate.'

nurifcd by sucrosc density gradicnt ccltrifugation as.describgd prciiously (24)' :

io obtairran appropriare virtis concentration for use in thc assay, thc sialidase

. 
""i';iiy."f 

*j.virus was 6tst dclcmincd in a total volumc of l0 pl:cont{ning

;;;;;-;;;r. bufcr (pH 6.0)' 80 rrM 4MU-NeuAc substnte' and iiirious

doncrtratiom of influcnza virus solution. Aftcr incubation for 3b min at 3?"c, ,

.it 
" 

;.r.r;on was stoPPed and l00 pl of the sotution was transfened to a 96well

Ci"J pturrl. pore, and lhe fluoiesencc was mbnitored' For the inhibition assay'

4 ut oi each dilulion of each inbibitor was Preincubatcd with 4 pl of influcnza

virus solution fot I h at 4"C beforc the addition ot 2 pl of 4OO pM 4MU-NeuAc

Subslnte i.n l0 m acetate buffer (pH 6'0) to begin lhe reaction'

RESULTS

.Inhibition bssbys of human sialidase activities for oseltamivir .
ahd zanamivir- Our previous results from quantitative real-

rime PCR indicated tha( the expressions of NEUI; NEU3; and

NEU4'are readily detEctable but expression of NEU2 is hardly
: detectable in human tissues (30). To determine whether NEU2

is aitrially expressed in humans, we attemPted to clone the

cDNA, because NEU2 has been characterized only using a
qenomic clone constrgcted by ligation of two genomic frag-
''Irent sequences (17)-A NEU2 cDNA clone was obtained from

a cDNA synthesized from poly(A)* BNA from the human

brain aS the template by PCR and was emPloyed for prepara:
' tion of the NEU2 enryme protein- Consisteirt with our previ

ous data, the expression leveis of four sialidases were found to

be markedly different- The endogenous levels of four sialidases

ivere compared with one another as they were measured guan-

titatively using standard curves of respective cDNAs; those'

from the brain and lung are shown in Fig. 1- NEUL' kno';vn as

a target gene for sialidosis, was expressed at the highest level,

folloiqd-by NEU3 and NEU4, which were generally expressed

at 1/10 or ll2} oithe level of NEUI. Expression of NEU2 was

observed at extremely low levels, being at most only 1/4'(M) to

1/10,000 that of NEU1 in several tissues.-'io 
oUra;n preparations of all four enzymes' we transiently

transfected the respective expression p.lasmids into 2937

cells- The cell homogenates and the enzymes, highly purified

bv FLAG. peptide eiution through FLAG affinity chroma-

tography (Fig.2A), were assayed for sialidase activity in the

NEU3 NEU4

h i b i t i o n  o f  t h c  S i a : I c a S C S  e v e n  a t  t h C  C O n c e n t r a t i o n  o f  l  m M

inhibition in the mtromOlar range.WhHё zanam市ir dm

causc substantial inhibit,On Of the hν man sialidascsゴ the

erects wcre much icss maFked tい an thoSC in testing,3ainst

approxinately 300- and 20-fold higher; resPcctiVCly, than

Arml0caos. AcENrs CHeuqnren

Brali

Lung
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i\NnMrcnoe. AGElrrs CH gucnsEn-

TABLE l. IC5os of osettamivir carboxylatc, zanamivii, and NcuAc2Ln for activities of human -d tnnutfl:hs sialidasgf

KL′ oF:nhibior with SubStFtC

Zarami宙 F With: Nc●Ac2en wmほ
Sia:da雉 ∝ :tamMr carb●vlate

宙th 4MU―NeuAc 4MU=… 4MU‐NcuAc

H m鰈 彙 出 ―  .
N E U l   ・  1

N E U 2   ・

削 3     :
NEU4  .             ‐

Sialidases tOm:

I鯛 翻 W

>lQαЮ口M
>ααЮ NM
>lQtt μ M
>10,ⅨЮ口M

7.09■M i
155 nM
4`95 nM

2713="?μ M
l“ =20蝉

ND=

487主 292 μM

l156nM

266 nM

3.97 nM

ゆ
N D ‐

68± 3.lνM

690± 127 1LM

1“±9_3 1 2卜M
4 5 5±22  1 L M

N D

7 3 . 1主田 “M

ND

ND

703■ 153「 M

ND

ＮＤ
ＮＤ
Ｄ

(H5N3)
: : : : l ' :

. NEU3 was cvatuat-i'using rhc ganlliosiac our as 
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whiCh■ёre found in ithis experiment tO.19 a little,mOr。
SenSitiVe to the drugs than the othcr enzymes,wer,then

t"胤:熾:::織紹1:f懲器ぶ濯λ:事二
・
:鳥

なanamivir f9r ptrined NEU2 wしrc■373±12491 and ll.2=

1撤I鷲痩1爾鶯F構

( 1 1 ) ・

Effects of 
'oseltamivir 

and zanamivir on'desialylation of en'

dogehous substrates in cells. In addition to theinhibition test

with an exog6nou3ly added substiate in the'assay tube de:

scribed' above, we examined. whether desialylation. of endoge-

nous substrates by NEU2 or NEU3 was'blocked in the pres- '

ence of these drugs in the iell cultuie- The homogenates of

siatidase transfected and mock-transfected cells were subjected

to lectin blotting or TLC to anatfze the changes in the amounts.

of glycoproteins or gangliosides; respectively' A5 shown in Fig'

3, thl signifcant changei were observed in the transfected cells

.o-p"rJd with those in the control cells. A rnarked r1cr.ea1 i1

several bands of RCA and PNA lectins, recognizing Gal-

GlcNAc and Gal-GalNAc, respectively, was obseried in the

NEU2'transfected cells' considering that the increase in the

intensities of the glycoproiein bands occurred as a result of-

hydrotysis by the transfected sialidase, it is in agreement with

substrate prefeience 9f MU2. However, no signifimnt

changes werd observed in the intensities bf rhe conesponding

protein bands (Fig. 3A); eittrer after the addition of oseltamivir

phosphat€ or after the addition of oseltamivir carboxylate'at'a

concentratibn of 500 pM, as expgcted from the results of'the

activity assays. Although zanamivir at this concentration was

efective in the activity assays, as shown in Tables l and 2, the

drug did not seem to inhibit NEU2-mediated hydrolySis of

endogenous glycoproteins. This may nol be contradictory be-

cause the activity of the dr.ug is known to be extracellular and

the drug does not undergo metabolism.. ln linb with the sub'

strate preTerence of NEU.3 for gangliosides, the glycolipid pat-

terns wcre altered by NEU3 transfection, especially in a

marked decrease in GM3 amounts compared with that in the

mock-transfected cells (Fig. 3B). The reduction in the GM3

hydrolyzing activity was scarcely detected in trealment with

oseltamivir phosphate nor in that with oselramivir carboxylate,

white zanamivir significantly abrogated GM3 reduction by the

NEU3 enzyrie. The zanamivir efects may be reasonable' be-

cause NEU3 is localized in cell surface membranes' The cells

did not show any'rirorphojogical changes afier the addition of

these.drugs to the clrlture- These resuits suggest thal oseitami-

vir at this concentration inbibits neither the hydrolytic reac-

TABLE 2. K^ and K; values for human. sialidases"

K- (pM) of substrate `(μM)OF inhibitor with substratc

Sialidasc 4MU.
NeuAc

Oseltam市iF
c ●= b●v l a t e
with 4MU‐
NcuAc

Zanamivir with:

4MU.
NeuAc

GM3

ミ諸1弱il f導“
t'"骨博3

.Each value r€prcscnE ihc m€an S,siandatd deviation of three or four

"r*Tr.nrt 
Tt 

" 
gangli'ciside GM3 was uscd as a subslrare ior NEij3 becau* oi

iir-rrr;ir pr"t"t"n.i. ND, nor detetmincd- The K- ahd tr(; valua measured with -
purificd inzymci arc dc-scribed in thc tcxt'

1,121=250
12.9=007

ND
7415■ 148

ＮＤ　「ＮＤ
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FIG. 3-:Effects ,o! gseltryiuir and zanarnivir on desialy]atiol:ol :S"g-.T-us -substrbtes o! 29lT cclls. (A) Alterations of glyoopro6ns by . .
u'ansfection of NEL2 into 293T cel!_wgre olsened by Pf'fA and RC,{ tectin blotting. tntensities of several p'roiein bands (right iSnei) ina;rr;i
wcrc garkeriiy in9re1ryd in the NEU2-iransfested ceis;mpired to tbe mock-iranJecred cc\ bur no ridm"";i 

"h;"Gfirt'r*"h"a 
i" ,fr"

NEUltransleaed cellsafter treatment with any of the drugs at the concentration of 5@ pM- (b) The glyiotipids wereixamined bt TLC i,, the. 
'

NEU3-transfected cells. The transfected c'eits showed a marked decrease in GM3 amounrs comfJr; ;Jilk:;nsfected celts. Neiiher 
"ojii;i-9f osglfmivil ghosphate.nor that ofaseltamivircarborylate changed rhe par{erns,white zanamivii inhibiled cM3;fi;;ffi bt;r|E#:.il"-;;',#

intensities of the bands iorresponding to GM3 in TLC are shown in tbe right panel. 
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Abstract

Introduction: Oseltamivir phosphate (Tamiflu) is an orally active anti-influenza drug which is hydrolyzed by esterase to its carboxylate

meabolite Ro 64-0802 with potent activity to inhibit the influenza virus. The abnormal behavior and death associated with tlre use of

or.ii"-i"i. f,"ve developed into a major probiem in Japan where Tamiflu is often prescribed for seasonal inlluenza. It is criticil to determine

the amount of oseltamivir and Ro 6y'.-O1OZ in the human brain and to elucidate the relationsbip betweerttheir amounts and neuropsychiahic

side effects. The aim of this study was to evaluate [llcloseltamivir and lllc]Ro 64-A802 in mice as promisiirg positron emission tomogryphy

(PET) ligands for measuring their amounts-in living brains.

iaethoas; whole-body bioJistribution of IrrC]oseltamivir and ltrclno 64-0802 was determined ih mice using the dissection method and

rnicro-PE1 In vitro and in vivo r.netabolite assay was performed in the plasma and brain of mice.
:Results: Between l and 60 min after injection of [rlC]oseltamivir and lrtclRo 64-0802,0.20-0.o6Yo and 0.39-0.03% ID/g were detected in

the mouse brains, respectively (dissection method). dadioactivity concentrations in the living brains between 0 and 90 min aft.er injection

were measured ar standardized uptake values.of 0.25-0.05 for irrc;oseltamivir and 0.38-0.02 for 1ttC1R.o 64-0802 (micro-PET)- In vivo

;;;b"il;r;y demonshated the presence of [rrc]oseltamivir and [rrc]Ro 64-0802 in the brains after [rrc]oseltamivir injection.

Conclusion: This study determined the distribution and melabolism of [rlC]oseltamivir and ltrClRo 64-0802 in mice. PET could be used to

measure their amounts in the living brain and to elucidate the relationship between th€ amounts in tbe brain and the side effects of Tamiflu in

the central nervous system.

@ 2OO9 Elsevier Inc. AII rights reserved
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1. Introduction

OselAmivir phosphate (Tamiflt+ Fig. l) is an orally active

anti-iirfluenza drug for the heatment of in{luenza types A and

B t1-31. It is a prodrug that is hydrolped by esterase to its

carboxylate metabolite Ro 644802 (Fig..l), a potent inhibitor

of the influenza virus [a-6]. This drug is regularly prescribed

as a treafinent for seasonal influenza in Japan, and Japanese

conzumption accounts for up to 7 5o/o of all Tamiflu use world-

wide. However, the safety of oseltamivir has been questioned

' Corresponding autho●Tel.:+81432064041;Fax:+81432063261.

E‐″ ″鵡 S=Zhang@面 応‐́ jp α「R.aang).

0969‐8051/S― See nOnt nlatter 0 2009 E:sc宙cr inc.All rights reserved_

doi:10:016/i.nuCmedbio 2008_10_008

because suicidal or abnormal behaviol especially in young

patients, has bpqn reported after Tamiflu ingestion p].

At presen! the Japan label of the drug specifies that the

drug should not be administrated to young patients as there

is a possible risk of neurological adverse effects [8], but the

mechanisms of this abnormal behavior are uncertain.

Oseltamivir may affect the cenhal nervous system (CNS)

because neuraminidase, a key err-pe relative to the

proliferation of influenza virus inhibited by Ro &4802,

plays a role in CNS development and impulse conduction

t9-l U. In vitro study on brain slices demonstrated that Ro

644802 had clear effects on neuronal excitability and

oseltamivir enhanced hippocampal network synchroniza-

tion [12,13]. A high dose of oseltamivir damaged the brain

oiexperimentai animais and was iikeiy caixeri by uptake oi
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[1lC10Seitamivir I'lCIRo 64‐080

Fig.1.ChemiCalshctres of[1lC10Sd面 宙r and[1lqRo 64Ю 802,

oseltarnivir and/or Ro 64-0802 into the CNSt l■us,
Jttough h iS,cHeved hat the two compounds do not
easily pass tte blё(烙Tbrain baⅢer oBB),th,y may enter
the brain if ale BBB is i― m“ or damaged[14].

Howevet the pFeSCilce and amounts of oseltami宙 rand Ro

64-0802 h ttё human brain,and dle,latiOnship letWeen
血dr presence and the lde ere■Of Tamin■have not

been elucidated clearly[15-18].
Positon ettsslon tOmOgmphy eED is a uSemlimaging

器魃 器織冨H殿器 :1「t柵
20.3 min),■uome-18,nitrogen_13 and oxyge■15[191.PET

can be used to provide phamacolcinetic and phttacody=

hamic infoFInation aboutadrug t9dete■■inedmgeFlcacyand

lo“ndJ biOChemica mechanishs Ofdrug T,9L induding
the adverse and toxic enbcに since influenza is a serious

Seasonal ilhess,espёcially ii the winterp anc Taminu is thc

fust-Ohoice drug[20,21],itiS C五titalto detemine thepresence

and alnountorosdtam市=andRo14 0802 inthc hunlanbrain
and to exメoК"ech● Onshゎbe“ enthdruptt and dde

efFects on the brain.■ce能 OiVeneSs of PET on the living
body pFOmp"`百S tO label oscltam市r and Ro 64Ю802 wiala

posik)nemitterisotopeandtomeasurethetramountsinbrains

IS為胤篭雲1買胤esize:「℃Юsd血市r mar℃]
Ro 64-0802 and detel二1lined their presence in mouse brains

u s i n g  t h e  d i s s c c d o n  t t t h O d  1 2 2 ] t  Hёr e , t O  a i m  t h e r  c l i面c a l

鱗 鰍 欝

dete面ined the biodistributiOn of[1lC]OSeltam市r and[1lc]

Ro 64-0802 ii vaFiOuS Organs Of the mousし,inclul“g the
b m i n . T o  e l u c i d a " t h e  p u t a t i v c  i n f l u e n c e  o f  r a d i o a c t i v e

鰍肌:電肌肝讐[瑶:認麗:ドぷ
64-0802 in tte brah and dle plasma ofmice. .

2.Matenals and methods

2.F.(フι“arα′

Oseltamivir phosphate was purchased “ m SequOia

Research Products cangbOume,UKp.Ro 64-0802 was

synthe●zed by hydrolyzhg oseltamivir wi■1%NaOH

sohtion in our laboratott All chemicals and solvents were
of analytt or high―perfomlance liquid chrOmtOpphy

eLC)pde tOm AldFiCh CⅦ IWaukee,WD and wako

恥 Industries cosa颯Japanp.calboh_1l was produced by
14No:α

)1lC nuctar reaction using CYPRIS IIM18
cycloton(Sumiゎ mo Hcavy hd鵬 じ TOkyo,JapanDo A

dose calibrator(ICC-3R CuriemetO=Al● L Tokyo,Japanl

was used for all radioact市 ity measurements if not

otherwise sねted.Reユrsc_phase HPLC was perfomed

uSing a JASCO cAS∞ ,Tokyo,Japanu syStem:emuent

radioacl宙ty Was detemined using a Nal σD sCindllation・
detector system.

222Юめαわ″o/ノ:σasθ′″″′″“′ノ′9R06イ‐""

Radiosynmcs、Of[1lC]OSeltami↓r and[llcIRo 64-08年,
has been previously published by us‐ёlsewhere E22].
BHe助らriC]AcCl 123],a labeling agent for radiosyndlesis,

r℃出電i響載買艶鮒嚇部機盤
[22]in the presence ofEt3N for 3 min at 8o°C,f0116wed by
treauncnt with 6 N HCl.Aner thJ tw。 _step reacti91s,the

radioact市e h破ture was purifled by HPLC‐[Waters
XBHdge PКp C18 5 μm co■rm,lo rrlm ID×250m,

轄鞍賄l難‖ぶ鮮難雌麟
0802.From the end ё fbombardmcnt the,ynthOSiS times of

[1lC]OSelttm市缶and[HC]Ro 64-0802 were about 30 and

ドιRT翌 獅
lL:野

場畠h雛
1高

留I鋼
Ro 64-0802(″ → )waS prOdl∝ d with 450-1130 MBq as

an tte,tabb SOhtion.
Radbchemical punty9 idendty and specinc acti■ty Were

田sayed by ttalyticJ HPLC(CAPCELL I嶽 ,C18∞ h血 :

4.6mm I)×250 mmp.The retention time ω was 6.5興in

覇 蕊 拌 魂T喘 胎 :聯 T料 摺 爛 i31

1CH30H/pH 6.8 phOsphatebufrer(4/6y,1.O mymin,210ml,
respecdvely The Mentity was confmed by cottecting Wi血

路」:翠翼牙ぶ1昭爛鳳ゞ認二)Wtti慧
[llC]Ro 64-0802(“

=3),and me speciic activity was

averaged to be 8.9 GBq/11mol as detemincd■om the mass

measurcd hm IPLC tIVanalysis.

2.3.И“:“αな

Male mice wcighing 30-40g(ddヽ 7-8 wceks,SLC,
Shizuob,Japan)were used.The animds were mJntamed

聟d httdled in accordan∝with re∞m“ 祠 hlons byぬ eu

S.National lnstitutes of H9alth and our guidelines

NatiOnal hstitute of Radiological sciences,NIRS,Chiba9
J a p a n )。「he S t u d i e s  w e F e  a p p r o v c d  b y  t h O  A n i m a l  E t h i c ,

Conlmittcc of hIIRS.
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2.4. Biodistribution studY

2.4. I. Dissection method
A saline solution of [rrC]oseltamivir or lrrclRo 64-

0802 (average, 15 MBq200 pl) was injected into mice

through the tail'vein. Four mice were sacrificed by cervical

dislocation zt l, 5,15, 30 or 60 min after injection. The

whole-brain, liver, iung heart' itidney, stomach, smaii

intestine, spleen, large intestine, muscle and blood samples
were quickly removed The radioactivity present in these

tissues was measured using a 1480 Wizard gamma counter

@erkinEtrner Japan, Yokoham4 Japan) and expressed as a

percentage of the injected dose per gram of wet tissue (o/o

D/g; mear*S.D., n:4). All radioactivity measprements
were corrected for decaY.

2.4.2. Micro-PET
PET scans were performed using a small-animal PET

Inveon sc:lnner (Siemens Medical Solutions USA, Knox-

ville, TN). These experiments wer€ performed three times
for each ligand using differentrnice (zr=3). Prior to the scanst
the mice were anesthetized with 1.5%o (vlv) isoflurane- After

transmission scans for attenuation correction for 2 cycles

(803 s) using a 57Co point source, dynami,c emission scans
were acquired over 90 min in a 3D list rnode witt-t an energy
wihdow of 350-650 kev. ltrclOseltamivir or lrrclRo 64-

. O8O2 (average, 15 MBq/100-300 pl) was injected via the

tail vein, while the animals were positioned on the scanner

bed before a dynamic PET study was acquired for 90 min'

All list-mode data were sorted into 3D sinograms, which

were then Fourier rebinned into 2D sinograms (frames, 4x l,

8x2 and 20x5 min). Dynamic images were reconstructed
with filtered back-prqjection using a Ramp filter. Regions
of interest (ROIs) were placed on the brain, lung, heart, liver,

kidney and so forth using ASIPTo VM (Analysis Tools

and System Setup/Diagnostics Tool; Siemens Medical

Solutions USA).
' 

Time-activity curves (corrected for decay) in the organs
were obtained for eadh scan-'For image analysis, CAPP

softwale, version 7. I (CTVSiemens), was used- Images were

calibrated to standardized uptake values (SWs) or to units of

becquerel per milliliter. The SUV was calculated according

to the following formula: measured activity concentration
(Bq/rnl; x6o6y wei ght (g)/injected activity (Bq)-

2.5. Metabolite assay in plasma and brain homogenate

2-5.1. In v'itro
After mice (n:3 for each ligand) were sacrificed by

cervical dislocation, blood and whole-brain samples were

removed quickly from mice. A blood sample was centri-

fuged at 15,000 rpm for 2 mtn at 4"C to separate plasma"

30-0 pl of which was collected and stored at 0"C until used

The brarn'*'as homogenized in thrcefuld volume of 50 mM

phosphate buffer (Fn7.4) and also stored at OoC until used'

The plasma and brain homogenate should be used for

incubation within 30 min, respectively.

After preincubation of plasina.(f gO trl) and brain homo-

genate (2b0 pl) at 37"C for 5 min, 1r 
t Closeltamivir or [r 

I ClRo

O+O$OZ(O-4t/8,q!0.24 nmol/I0 pl) wasaddedto the tissues,

reryectivety. At l, 5, l5 and 30 min after incubation, 15 pl of

the incubation mixture was withdrawn and immediatelyadded

to 45 pl of CH3CN. The mixture was vortexed for

deproteination within 15 s and centifuged at 15,000 rpm for

2 mrn at 4"C. The supematant was collected for analysis'
An atiquot of the supematant (10 pl) prepared from the

plasma orbrain homogenate was developed in the following

thin-layer chromatography (TLC) mobile phase: CHCU

CH:OIVAcOH 6nn.D. The TLC plate was air-dried and
placed in contact with a imaging plate (BAS-MS2025;

FUffnU Co., Tokyo) for 60 miru and the radioactivity

disribution on the plate was anallzed using a "Bio-Imaging
Analyzer (BAS-5000, FUJIFILM Co.), The percentage of

lucfoseltamivir (Rr: 0.75) or lttclRo 64-0802 (Rs:0.38) to

total radioactivity on the TLC chromatogr-am was calculated
* o7o;1peak area for lttclligand/rc@l peak area)x100'

After radioactivity decay; the protein concenbation in

each incubation mixhre was measured by the Lowry

method. From lllC]oseltamivir experiment, the formation

rate of lttclno 64-0802 in plasma protein and brain protein

was calculated as:

F : ( A  x R ) / ( 1 0 0  x P x T )

where F is the lrrClRo'64-0802 formation rate (pmol/min/

mg protein), I is the amount of [rlC]oseltamivir added to the

inluUution ,nixture (pmol), R is the percentage of lttclRo
64-0802 at an observation time point (o/o), P is the protein

concentration in plasma or brain incubation mixture (mg

protein/tube) and Z is the observation time (min).

2.5.2. In vivo
After intravenous injection of 1lrC]oseltamivir (30-

44 l,r'.Bql2}0-300 pl) into mice (n:3), these mice were

sacrificed by cervical dislocation at'l, 5, 15 and 30 min.
Blood (0.5-1.0 rnl) and whole-brain samples were removed
quickly. The blood sample was centrifuged at 15,0O0 rpm for
i mn at.4C to separate plasma, which (300 pl) was

collected in a test tube containing CH3CN (300 pl). After the

tube was vortexed for l5 s and centrifuged at 15,000 rpm for

2 min for deproteinization, the supematant was collected and

diluted with the same amount of distilled water for analysis.
At the same tirne, the mouse brains were homogenized in

twofold volume of ice-cooled phosphate buffer (pH 7.4)

solution. The homogenate was centrifuged at 15'000 rpm for

2 min at 4"C, hnd the supernatant was collected and

deproteinized for analYsis-
An aliquot of the sample (100-500 pl) prepared from the

plasma or brain homogenate was.injected into the analytic

i*f-C system and analyzed for [rrC]oseltamivii under the

same conditions described above except for a flow rate of

1.5 mVmin. The percentage of lrrCloseltamivir (rn:5-6 min)

or 1rrc1Ro 64-0802 (tR:2.4 min) to total radioactivity
(corrected for decay) on the HPLC chromatogram was
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3.Results
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Thabbdsttdm Ofric10鴫lⅢ市r and rlC]Ro 64‐
0802 h miCe Was● eoSured as the deOay―c6rected
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Fig. 2. Biodisrribution in mce 1r:+ for each liganQ by the dissection method- Radioactivity was expressed as the percentage of the injected dose per gram of

tirlu" o. organ (yo ID/g; meaniS.D., n:a). (A) [rrc]oseltamivir. (B) [rtC]Ro 644802.
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Fig. 3. Typical static micro-pET images ar different time points after tracer injection. (A) [r 
lc]oseltamivir. (B) [ltc]Ro &-o8o2' PET scans were performed for

three mice for each ligand.

0,176-0.0140/o of injectea lrrclno 64-0g02 was present in 16 min after injection. on the other hand, after'the injection

,r," *r,"r" L*ir,, *itti" thii experiment. 
^ 

or lttclno 64.0802, the renal elimination pathways

dominatedthewhole-bodydistribution'Mostradioactivity

3.2. Micro-PET

The biodistribution of [rrC]oseltamivir and Jr 
I ClRo 64-

0802'in mice was determined by micro-PET scans- All

micre'PET images were corrected for decay. Fig. 3 shows

two twical PET images of mice at different time points

after 
-injection 

of [rrC]oseltamivir (Fig- 3A) and lttClRo
64-0802 (Fig. 3B). The injected dosing solution was carried

through the vena cava to the hearl and then [llC]

oseltalnivir or lrrClRo u-0802 was distributed to the

whole body. At I min after the [rrC]oseltamivir injection

(Fig. 3A), radioactivity immediately appeared in the lung,

heart and kidneys. Uptake in these organs peaked rapidly

and was then eliminated. Radioactivity accumulation in

urinary bladder represented rapid and significant excretion

in urine. High radioactiviry in the liver, gall bladder and

sma!! intestine from the early time period also suggested

biliary excretion of radioactivity. Radioactive concentra-

tions in liver and other tissues and organs, except digestive

organs and urinary bladder, decreased gradually around
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Fig. 4. Tiine-activity curves of [ttcioseitamivir and [rrclRo 64$802 in

mouse brains (z=3 fi;r each !igand). Radioactiviry was det*ted and

expressed as SuV. The SUV (mear*S.D., n=3) was calculated according to

the following formula: melrsured activit5r concenbation (Bq/ml)xbody

weight (g)/injected activity @q).
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decreased by 5 min after the injection of bottt ligands. After
this phase of iriitial napid decline, from l0 min to the end (90
min) of ttre PET etperiments, the radioactivity level in the
brains decreased slowly, from SUV 0.ll to 0.0S for 1trC1
oseltamivir and fiom SUV 0.1 2 to 0,02for JrrClRo O+O8O2.

3 - 3. Met a bolite tL. ss ey

Fig. 5 shows the in vito metabolic rqsults of Jtlcl
oseltamivir and [ItC]Ro 6+0802 in the plasma and brain
hornogenate of rnice. After.incubation of [ttC]oseltamivii
with plasm4 lrrCloseltamivir was rapidly metabolized to

JttClRo &4802. The fraction conesponding to unmetabo-
lized [rrC]oseltamivir in the plasma decreased Io 25o/o at
5 min and had almost disappeared at 15 min. In the brain
homogenate, lllcloseltarnivir displayed a slight decrease
over time. [rrC]Ro 64-0802 was identified with radio-TlC
as the main radioactive metabolite. Fig. 6shows the amounts
of 1t 

t ClRo 644802 produced by the enzymatic hydrolysis of

lrtCloseltamivir in the plasma @g. 6A),and brain horno-
genate (Fig. 68). The formation rate of ["C]Ro 644802 in
the plasma by 5 min was calculated as 5.1 pmoUmh/mg
protein. hr the brain homogenate, its fomation rate by
15 min was calculated as 0.02 pmoVmin/mg protein. The in
vitro enzymatic activity hydrolyzing lrrCloseltamivir to

lt 
tClRo O+O802 in the brain was about 250 times lower than

lhat in the plasma.
On the other hand, lttclRo 64-0802 was stable when

exposing this ligand to the plasma and brain homogenate for
30 min.
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Fig.6. Amouns (meanrS.D' a:3; of [ttclno f/,{ip02produced by enzymatic hy&olysis of [trC]oseltarnivir in the plasma (A) and brain homogenate (B) of

mice (n:3) at four time points after incubation of [r 
rC]oseltamivir.
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Fig. ?. Percentage (mean+S.D., z=3) of ltrC]oseltamivir and [ItCJRo e+-

OSbZ in the plasma and brain of mice at four time poins ater injection of

[ttC]oseltamivir (3O44 MBq) into mice (z=3).

Fig. 7 shows the in vivo rnetabolic results of [ttc]
oseltamivir in the plasnia and brain. After iniection into the

mouse, [r 
rC]oseltamivir in the plasma decreased to 34Yo at I

min and to lTYo at 5 min and maintained this level until 30

min. In the brain, [r 
rCloseltamivir decreased to 48%o at I min

and [o 37Yo at 5 min. lttclRo 64-0802 was observed as

another main radioactive component on'FIPLC charts'

Within this experinient, 66-88Vo and 52-680/o of total

radioactivity in the plasma and brain were assigned to 1ttc1
Ro 64-0802; resPectivelY-

4. Discussion

This study describes the biodistibution and metabolism

of the anti-influenza drug [ttC]oseltamivir and its active

metabolite lrtclRo &-0802 in mice. In these experiments,
we determined the presence and amounts of the two PET

ligands in the living brains of mice. These furdings are

useful in elucidating the cause of the side effect of Tamiflu

in the CNS.
As can be seen from the distribution data (Fig. 2), at

I min after tracer injection, lrtclno 64-0802 displayed

higber initial uptakes in the brain (0.39% ID/g) and

Utloa 1O.Oe% IDtg) than [rrCloseltamivir in the brain
(0.20y' ID/g) and blad (2-79o/o ID/g). At 15 min, the

radioactivity of [rrC]oseltaqivir (0.14% ID/g) in the brain

became higher than that of [rtclRo 6+0802 (0,08% ID/g)-

From that point. the trro ligands displayed a slow decline of

radioactivity rn the brain- at OO min, the level of [rrC!
oseltamivir (O.06"/o ID/g) was twofold higher than that of'

ltrclRo &-0802 (0.03% D/g) in the brain. The ratio of

frainlblood radioactivity was calculated to examine the

characteristics of the ligands passing through the BBB and

accumulating in the brain. The ratios increased from 0-07 to

0.14 for lttCloseltamivir and from 0.06 to 0.13 for ltrClRo
64-08}2during this experiment. By analyzing the micro-PET

data and time-activity curves (Figs. 3 and 4), SUVs of the

nro ligands in the living brains could be obtained with

statistical significance. The ratiioactivity concentration oi

liiC]oseltamivir in the brain was quantified at S-IIV 0.25-

O.OS (O.ZZ-O .Li%Dlgbetween 0 and 90 min after injection,
while that otf tClRo 64-0802 was at SIJV 0.38-0.02 (1.15-

0.07%Dlg). The uptake difference between the two ligands
persisted until the end of PET experiments. These resulB

obtained by the dissection method and micre'PET demon-

strated that a small amount of the trvo PET ligands passed the

BBB and entered the brain.
Despite their presence, the radioactivity levels of 1ltC1

oseltamivir and lttClRo 644802 in the mouse brains were

much fower than some useful PET prob es p1-21)developed

by us for clinical brain imaging. Ro 64-0802 is a potent

inhibitor of the influenza virus. However, this acidic

compound has low lipophilicity, with a clogP (P: octanoV
water partition coeffrcient) value of -0.97 calculated with a

Pallas 3.4 software. The low lipophilicity of ["C]Ro 644802
may restrict its passage through the BBB at a high
concentration. On the other hand, oseltamivir, an ester
prodrug of Ro 64-0802, becomes more lipophilic (clogP:

i.zg) ttt- Ro 64-0802. This improved lipophilicity increased
the uptake of [ttC]oseltamivir through various peripheral
org-r, as reflected in Fig. 3A. By contras-! lttClRo 64-0802
was not distributed into various organs effrciently (Fig' 3B)'

The present PET shrdy suppo(ed that oseltamivir is a

successful prodrug of Ro 64-0802. However, although the
uptake of [llC]oseltamivir into the peripheral organs.was
sfonificantly improved, the radioactivity level of 1tlc1
or"ltr*iuit in the brain was limited to only twofold higher

than that of lttclRo 64-0802 (Eig. a). This result could be

explained as oseltamivir being a substrate of P-glycoprotein
(p-gp) [28,291. The high density of P-gp at the BBB may

i"rtri"t the entrance of [rrCloseltamivir into the brain:
ln the PET study, radioactive metabolites of a radioligand

in the ROI can confound the imaging and measurement,
regardless of whether the metabolite binds to the target sites.

To elucidate the putative influence of radioactive metabolites

on PET experiments, we frst performed an in vitro

metabolite assay of the two ligands in the brain homogenate
and plasma of mice As shown in Fig. 5, ["C]oseltamivir
was metabolized to lttclRo 64-0802 in the plasma. In the
brain homogenate, [rrC]Ro 644802 was also identified,

although its formation rate (0.02 pmoVmin/mg protein) was

much slower than that (5.1 pmoUmin/mg protein) in the
plasma- In vivo metabolite analysis of ["C]oseltamivir
iemonstrated the presence of [lrC]oseltamivir and lrrclRo
644802 in the plasma as well as the brain, respectively
(Fig. 7). The presence of lrrclRo 6+0802 in the brain may

be because (a) [rrC]Ro 6+0802 itself entered the brain fr.om

the plasma or (b) lrtclRo 644802 was yielded by the

{- FteiFo 64{804 plasma

O [irG]Ro$oaoeoratn
{- [rtG]osella.nivir' brain

{- ItC}osettamMr, Plasma
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hydrolysis of [trC]oseltamivirwith esterase in thebrain. This
result could be supported by the following: (a) 0.39%ID.lg
was measured in the brain at I min after lllC]Ro &-0802
injection; 1U1 lttCpo 644802 of 0.5 pmoUmg brain protein

was measured after exposing [tlC]oseltamivir to the brain
homogenate for'30 rnin (Fig. 6). Thus, while determining

[ltcJosettamivir in the brain with PET, the influence of ['rc]
Ro 640802 on the result may be considered On the other
han4 we ded to perform an in vivo metabolite assay of

ltrclno 644802 in the brain. Unfornrnately, due to the low
radioactivity in the brain, we failed to obtain statistically
significant results. We assumed that the in vitno stability of

lr 
tClno 64-0802 in the plasma and brain homogenate may

guarantee that the PBTexperiment with [rrC]Ro 64-0802 is
not influenced by its putative radioactive'metabolites.

Our in vivo result differs from the previous report in the
metabolism of oseltamivir. It was reported that this agent
was not metabolned in the rodent brain [4,30]- The
difference could be explained by the characteristic of a PET
ligand with high specific activity. Since the carrier mass

. contained in the injected [rtC]oseltamivir was only 0-01-
0.1 mg/kg, the carrier might'be easily hydrolyzed by
esterase present in the brain. However, the amount of
nonradioactive oseltamivir used for the previous analysis
was 1000 mg/kg by oral admhistration l29l.In that case,
even tace oseltamivir was hydrolyzed, and the resulting Ro
644802, compared to the high concentration of unmeta-
bolized oseltamivir, might be easily ignored. On the other
han{ it was reported that oseltamivii was not metabolized
in human plasma but was metabolized in the liver fraction

'in humans [3 l]. In contrast to humans, this drug was
metabolized in the plasma but was stable in the liver
fraction of rats [31]. This result may be due to the species
difference of esterase between primates and rodents. Thus,
for clinical PET investigation of [rtC]oseltamivir and lrtCl
Ro 64-0802, a radioactive metabolite assay should be
performed using human plasma.

The present evaluation of,adult mice showed that micro-
PET could be used to measure the amount of JttCl
oseltamivir and JnClRo &-0502 in the living brain with a
mature BBB. Although radioactivity levels in the brain were
not so high, their uptake may be increased if the BBB is
immature or impaired. In fact, the amount of nonradioactive
oseltamivir in the brain was reported to be significantly high
in newbom rats [29]. On the other hand, organic solvents

., such as alcohol sometimes enhance BBB permeability [32]-
Interaction with other CNS-active drugs may also raise the
possibility of the two ligands entering brains. Therefore, PET
could be used to elucidate the difference between mature and
immature (adult and young) or normal and abnormal states of
living brains. Although PET scan on young patients is not

DFT chrrlw nn hrrman adrrlic maw be helpfi:! tO@tr o- 
estimate the amounts of [rlC]oseltamivir and lrtclRo 64-
0802 in the brains of young patients- Now, we are comparing

the uptake of the two ligands into the brain using roden'ts of

different ages and are searching for their binding sites in

an血i bramso Thc pEsent ttsul`provl"evidett th江衝c
two PET ligands are wor伍mvestigatmg n human bmms.

5◆ConcluslonS

r棟 闘 濫 専 ¶ 根 掘 蹴 席 紺1庸 常 ¶

pЮmヽing PET ligands∞ ull be uSed to measure thetr

amounts in Hving brains and to ducidate the relationship

beneen the[presettanlamollntsinthebrainandthe,ide

efrects 6f Taminu On the CNS.
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slices pretreated with OTC, long-term depression (LTD),
a form of synaptic plasticity that is correlated with
Y-maze performance was not altered if cafleine or ephed-
rine was administered individually. However, LTD could
not be induced in slices pretreated with OTC if caffeine
and ephedrine were administered simultaneously. These
observations suggest that combination of oseltamivir with
other neurostimulants may alter synaptic plasticity and
this may eontribute to behavioral changes associated
with the.drug.

Ke5r words: avian influenza; caffeine; ephedrine: long-term
depression; oseltamivir: Tarnifl u

Administrat ion (FDA) issued a strongel psychiatr ic
warning about oseltamivir in TOOQ.s

Oseltamivir is metabolized to oseltarnivir carbox-
ylate (OTC)1o and other metaboli tes in the body;l l

Sial ic acid, which may inhibit  cel lular,adhesion, is

cleaved by neurar,ninidase. Thus, it is,-speculated

that neuraminidase, which is blocked by OTC, may
play irnportant roles in the central nervous system
(CNS) function, including neuronal development
and irnpulse conduction.Tz-74 While treatment of
hippocampal neurons with neuraminidase increases
seizrue-threshold, its blockade decreases seizure
threshold, suggesting that endogenou's neuramini--
dase participates in the regulation of neuronal
activity.ls Furthermore, it has been shown that neur-
aminidase activigr in the hippocampus is increased
during seizures.lo Taken together, these results sug-
gest that OTC could have effects on the CNS and
thus play a role in behavioral changes.

We previously examined behavioral and .neuro-
physiological effects of oseltamivir and OTC in rat
hippocampal slices and found that propagatipn of
excitatory synaptic inputs from dendrites to cell
bodies is enhanced by oseltamivir and OTC.17 In
hippocampal slices, it has also been shown that
oseltamivir and OTC induced spike bursts through
neuronal synchronization.ra Although it has been

lo l177/09603271091o2367
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S5rnaptic and behavioral interactions of
oseltamivir (Tamiflu) with neurostimulants
Y Izumil,K TOkudal,KA O'Delll,CF Zorumskit and T Narahashi2
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Oseltamivir (Tamiflu), a neuraminidase inhibitbr, is
widely used for treatment'of influenza. Because abnor-
mal behaviors have been observed in some |apanese
teenagers following oseltamivir use, its safety has been
questioned. Oseltamivir is known to alter neuronal func-
tion and behavior in animals, particularly when adminis-
tered in combination with ethanol. Based on this, it has
been hypothesized that inieractions of oseltarnivir with
dther drugs may result in altered CNS excitability in
this study. It has been found that iniection of ephedrine
and caffeine overcame inactivity induced by.oseltamivir
and ethanol but did not alter changes in.novelty seeking
behavior in a Y-maze test. In ex-vivo hippocampal slices,
oseltamivir carboxylate (OTC), an active form of oselta-
mivir, alters excitability in the absence of ethanol. In

In t roduct ion

The outbreak of bird flu (highly pathogenic avian
influenza A caused by H5N1 and H9N2 strains)
may kill millions of people worldwide if the infec-
tion spreads by human-to-human contact.l'2 Because
oseltamivir (Tamiflu@), dn antiviral agent that acts as
a neuiaminidase inhibitor, may be effective in treat-
ing avian influenza,3'a governments of multiple
countries are storing the drug to minimize the risk
of outbreak. However,.the safety of oseltamiyir has
been questioned based on accidenlal deaths and
behavioral changes following its use by young peo-
ple including teenagers in fapan.s,6 Sudden death of
infants has also been reported after use of oseltami-
vir. These deaths may have resulted hom influenza-
associated encephalopathy but questions about the
safety of oseltamivir have arisen in fapan where
oseltamivir was commonly prescribed until last
year. Although there are a few reports to conclude
that a causal relationship between oseltamivir use
and the abnormal behaviors or accidental deaths
are less l ikely,T'8 the United States Food and Drug

Correspondence to: Yukitoshi Izumi, MD, PhD, Departnent of
Psychiatry, Washington University School of Medicine, Box
8134 660 S Euclid Avenue, St. Louis, Missouri.
Email: Izumiy@wustl.edu
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clailned that oseltamivir does n6t enter the brain,

high doses cause brain damage in anilnelS,19 and a

recent study has shown that oseltarnivir does cross

the blood brain barrier(BBB).201t_has been shOwn

that systemic administration of osbltamivir causes

hypotherlnia in mice21 and inCreases d6parnine

release iom the preiOntal cOrtex in rats,22 indiCat,

ing  that systelnically administered  oseltamiVir

reaches the CNS to alter neuronal functiono we preL

viously observed that 10ss of righting renett in rats

following iniectiOn Of ethanol was dimmished by

pretrealment With osёltamivir,suggesting that osel:

tamivir has neur01ogical actions when adlninist9red

with other agents.17

1n light Of this, it is ilnportant to nOte that

patients typically take antiviral agents with Other
CNS―active drugs, incluaing Stimulants like caf_
feine and ephedrine,as well as alcoholI In Japan,
where mOst problems with oseltamivir have been

reported,alcOhol use amOng teenagers is relatively

common,though use of Other abused drugs is less

iequent.23 Furthermore,BBB permeability t0 0TC

could be enhanced by the presence of alcOhol,a

solvent that is known tO increase BBB perineability

to Other agents.24 caffeine is alsO rOutinely

ingested, and ephedra(rna huang)is often pre―

SCribed to treat nu_like symptoms in Japan Thus,
it iS POSSible that the putative neuropsychiatriC
effects of oseltarnivir occur as a result of interac―

tiOns with ot,er CNS―active agents.
The Primary aim ofthe present study is tO deter_

mine whether Oseltanlivir has adveFSe CNS interac―

tiOnS When administered with other agents used lo

treat■u「like s,mptOms.Such findings could help
to establish a safety pr6file for using OseltarniViF

and other neuraminidase inhibitOrS tO manage

viral infections.In this study,we examined interac―

tions of oseltamivir and ethanol in οο“わina″on

ラγfth caffeine and ephedrine in a rat― behavroral

test using a Y―Inaze. Because prior studies have

indicated that Y―rnaze pelfOrrnance is correlated

"ith Synaptic long‐term depressiOn lLTD),25-27 we
alsO exaFnined dillg interactions on LTD in rat hip―

pocampal slices, a preparatiOn that a110ws direct
exarnination of how drugs influence neuronal func―

tion. In this ex v́ivo study 、vhere we can apply

drugs directly at known cOncentratiOns, we used

OTC instead of oseltamivT,beCau,e We pre宙ously
observed that in hippocampal slices OT(3 is more

potent than its prodrug Oseltarnivir.17 BeCause
OTC has effects On slices in the absence Of ethanol,

we spOciflcally fOcused on the interactions of(DTC

with ephedrine and caffeine.

Materials and methods

Animals
Rii experiments were periormed in accorciance with
the guidelines of the Washington University Animal
Study Committee. Every effort was made to mini-
mize the number of animals used and their suffering
in all experimental procedures. Male Spague
Dawley rats obtained foom Harlan {Indianapolis,
Indiana, USA) at postnatal date (PND) 23 were
reared with a cycle of t2 h white light and rz h
dim light until experiments.

Behavioral studies and drug iniections
The first hial experiment was done to determine the
effects of treating rats (postnatal day 28-33) with a
combination of oseltamivir, ephedrine, and caffeine.
In this experimgnt, oseltamivir (2% volume of body
weight, 5o mg/kg, i.p.) or the same volume of saline
was followed in 2 h by simultaneous intraperitoneal
injection (o.g% volume of body weight) of caffeine
(so nig/tg; and ephedrine (30 mg/kg) in saline at an
interval of 2 h.

In subsequent studies, spontaneous alternation
behavior was examined using a Y -maze as previously
described.26'27 In this test, a rat was placed in the
center of a maze with three arms that were g5 mm
wide, 636 mm long, and 2+0 mm deep at angles of
120" with respect to each other. Rats were allowed
to explore the apparatus for up to 1O min and entry
into an arm was counted only when the hind limbs
completely entered the arm. An alternation was
defined as any three consecutive choices of three dif-
ferent arms without re-exploration of a previously
visited arm. The percentage of alternations was deter-
mined by dividing the total number of alternations by
the total number of choices minus 2.27 The number of
completed alternations was determined by counting
the number of times that the rats subcessively entered
each of the three arms of the maze without reentering
a previously visited arm in first 12 entries or in
10 min, whichever came first. Thus, the highest
score possible on this measure is 10. Y-maze tests
were videotaped.

The initial Y-maze test was performed 1-2 h after
transfer of rats from the animal care facility. After
the init ial Y-maze test, ethanol (1.0 g/kg, i.p. as
260/o vlv in saline) or ethanol and oseltamivir in
saline (2% volurne of body weight, 45 min apart)
was administered (i.p.) to albino rats (postnatal day
3OtZ) at an interval of 2 h. After these injections,
the Y-maze test was repeated. The third Y-maze
test was done 20 min after simultaneous intraperito-
neal injection (0.3% volume of body weight) of
caffeine (30 mglkg) and ephedrine (30 mg/kg).

f
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Hippocampal slice electrophysiology

Naive rats (postnatal date 2s45) were anesthetized
with isoflurane and decapitated: Hippocampi were
rapiciiy ciissecteti, placed in artiiiciai cerebrospinal
fluid (ACSF) gontaining (in mM) 124 NaCl, 5 KCl,
2 MgSOa, 2 CaClz,1.25 NaHzPO4, 22 NaFICO., ro
glucose, gassed with 95% O2-5Vo CO, at rl-6 "C,
and cut transversely into 400 pm slices using a
vibratome. Slices were prepared from the septal
half of the hippocampus and were placed in an incu-
bation chamber containing gassed ACSF for 1. h at
30 oC. Artificial cerebrospinal fluid was perfused at
2 ml/rnin. At the time of experiment, slices were
transfeued individually to a submersion recording
chamber. Experiments were done at 30 oC.

Extracellular recordings were obtained from the
apical dendritic region for analysis of population
excitatory postsynaptic potentials (EPSPs) using
2M NaCl glass electrodes with resistances of
5-10 Mo. Evoked synaptic responses were elicited
with 0.2 ms constant current pulses through a bipo-
lar electrode placed in the Schaffer collateral-
commissural pathway. Synaptic responses in CAr
were monitored by applying single stimuli to the
Schaffer collateral pathway every 60 s at an intensity
sufficient to elicit 50% maximal EPSPs. After estab-
lishing a stable baseline for at least 1O min and a
control input-output (IO) curve, LTD or long-term
potentiation (LTP) was induced by applying low-
frequency stimulation (LFS) consisting of 900 indi-
vidual pulses at LHz (LTD) or high-frequency
stimulation (HFS) consisting of a single 1OO Hz x 1s
stimulus train (LTP) using pulses of the same ampli-
tude. Following LFS and HFS, responses were moni-
tored every 6o s for 60 min.

Chemicals

The test solution of oseltamivir was prepared by dis-
solving a Tamiflu tablet (zs mg) in saline. Oseltami-
vir carboxylate was obtained hom Toronto Research
Chemfcals Inc. (North York, Ontario, Canada). Other
chemicals were obtained from Sigma-Aldrich (St.

Louis, Missouri, USA).

Sfolistics

Statistical analyses were done in SigmaStat (|andel

Scientific Software, San Rafael, California, USA).

ANOVA test was used for analysis of results from
+ L ^  v  - ^ - ^  + ^ ^ +  D ^ ^ ' . l t ^  C " ^ -  I  T n  ^ f " , 1 ; ^ ^
t i r v  I  - I l l < 1 z g  ( g D L .  r \ u D u i L D  l r u i i i  L  I  u  o l u u l s o  v v 9 l E  o r r q _

lyzed with Student's f-test or Mann-Whitney U-test
where appropriate. Chi-square test was used for
analysis of occurrence of odd behaviors.
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Results

As previously reported, injection of oseltamivir
alone in rats did not induce abnormal patterns of
behavior.lT Because CNS stimulants such as ephedra
and caffeine are often taken by patients with flu in

|apan, ephedrine (30 mg/kg) and caffeine (30 mg/kg)
were injected simultaneoirsly into 12 rats housed in
four separate cages. Administration of both agents
caused hyperactivity, including hopping, darting,
and sweating lasting over 30 min. While sweating
may be unusual in rodents, we observed that. drug-
treated animals developed a wet appearance of their
fur beginning in the neck region and eventually cov-
ering their entire body. No abnormal behaviors were
noticed subsequently. Another group of 12 rats was
pretreated with oseltarnivir (50 mg/kg) and showed
similar hyperactivity irnmediately after injection of
ephedrine and caffeine. Interestingly, two of these
L2 rats attempted to mount other cage mates
2-3 hours after injection. This behavior was
observed even though other hyperactive \ehaviors
had diminished. However, no significant difference
in the number of affected animals was detected with
a Chi-square test compargd to 12 contlol rats.
Mounting was not observed in rats treated with
ephedrine alone (N= 11) or caffeine alone (N= tt)
after oseltamivir injection.

In subsequent studies, we examined spontaneous
alternation behavior in a Y-maze. For these studies,
rats were studied individually. The Y-maze test pro-
vides a measure of novelty seeking and exploratory
behavior.2T When placed at the center of the Y-maze,
control rats typically checked the arms of the maze
in an alternating fashion without re-exploring previ-
ously visited arms and routinely entered the arms of
the maze '12 times within a L0 min observation
period. Y-maze perfoimance was not altered when
the test was repeated z to 3 hours after injection of
oseltamivir (so mg/kg) alone. Similarly, the number
of arm entries and the alternation score were not
altered after simultaneous injection of ephedrine
and caffeine (30 mg/kg' each) after oseltamivir
treatment.

Because we previously observed additive effects of
ethanol and oseltamivir in an animal behavioral
study,l7 we treated rats with oseltamivir and ethanol.
When oseltamivir was administered 40 min after
injection of ethanol (1.0 g/kd, rats exhibited dimin-
ished overall activity, resulting in a decreased num-
ber of arm entries in the Y-maze (Figure 1A, 6.8 t 1.8
vs i2 iimes, only ti,vo of six iats achieved 12 arm
entries within rd min). Although the four rats that
failed to achieve 12 arm entries initially groomed
themselves when they were put in the Y-maze, they

9 1 3

(.
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Figure r The graphs show effects of systernic treatment of male rats (postnatal date 29-32) with a non-sedating dose of ethanol
(1.0 8/k8, i.p.) (left cluster of bars), oseltamivir (50 mg/kg, i.p.) (center) or both (right) oD spontaneous alternation in a Y-maze for up to
10 milt. Two hours after tleatinent with oseltamivir and/or ethanol, ephedrine (30 rng/kg) ancl caffeine (SOmg/kg) were'simultaneously
iniected (right bars in each bar cluster). Rats were exposed to the Y-maze three times: before treatment with oseltamivir.and/or etha,
nol, and 40 min after iniection of ethanol alone or 2 h after iniection of oseltamivir, and 40 min after iniection of ephedrine and caf-
feine. Panel A depicts the total numbers of entries into arrns of the Y-maze (up to r2) in 10 min and is a measure of activity in the
task. Rats treated with ethanol 40 min prior to the treatment with oseltamivir sirow decreased activity in the maZe (right purple col-
umn in A) *P<0.05 against control before treatment. Panel B depicts the number of completed alternations in the Y-maze, defined as
successivd entry into each of the three arms of the maze without reentry into a previously visited arm. Rats treatbd with ethanol
4o min prior to the treatment with oseltamivir also showed impaired performance compa;ed witlr ethanol alone treated rats after
iniection of ephedrine and caffeine (right green column in B). **P<0.01 against control Y-maze score obtained before treatment.
Panel C-E show again the effects of systemic treatment of male rats with ethanol (r.o g/kg, i.p.) alone (C), or oseltamivir (so mg/kg,
i.p.) alone (D) or both (E) on spontaneous alternation in the Y-maze for up to 10 min. Rats were placed in the Y-maze three times:
before lreatment (open circles), 4o min after injection of ethanol alone or 2 h after inlection of o5eltamivir (triangles), and 40 rnin after
injection of ephedrine and caffeine (squares). In rats pretreated with ethanol and oseltamivir, inlection of ephedrine and caffeine
results in poor performance in the Y-maze (squares in E). .p<0.0s by one way ANoVA test.

(、

subsequently became immobile with widely opened
ears and ceased self-grooming. Because of this lim-
ited activity, the number of alternating arm entries
was also reduced (Figure 1B). However, the y-maze
score, the mtio of alternative arm entries compared
to the total number of entries of active rats, was not
reduced (triangles in Figure 1E, only two of six.rats
entered the arms 12 times within 10 min, so the last
Y-maze score of 7 comes from these two rats). In rats
pretreated with ethanol and oseltamivir, subsequent
injection of ephedrine and caffeine resulted in no
decrease in activity and restored the number of arm
entries (12 times in 10 min for'all six rats) (right bar in

the right cluster of Figure lA).Interestingly,theso rats

entered the arms of the maze randOInly and ■ e

Y―rnaze score remained low (Figure lB and squareS

in Figure lE; Y― Inaze score: 7.5± 0.3 before and

3.8± 0.7 after treatmentl.In rats treated with ethanOl

alone,the number of arln entries and the Y=maze

score were not altered(lei cluster of histograms in

Figure lA and B, triangles in Figtie lC). In these

rats,the Y―Inaze parameters wero not altered f0110w―

ing iniectiOn Of ephedrine and caffeine(Squares in

Figure lC).

Because Y― maze scores are correlated with LTD in

the hippocampus,25-27 we eXamined the effects Of
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OTC, an active metabolite of oseltamivir, on LTD
induction in the CA1 region. Oseltamivir is metabo-
lized to OTC in the brain after passing the BBB,2o
and we nreviously found that OTC is more potent
than oseltamivir in causing paired pulse facilitation
of population spikes. This enhanced excitability
results from altered dendritic propagation in hippo-
campal slices and does not require the presence of
ethanol.lT Therefore, in the following study, slices
were pretreated with 3 pM OTC for 2 h prior to
delivery of LFS consisting of 900 pulses at 1 Hz. In
the pretreated slices, LTD was successfully induced
without any significant difference from LTD in naive
slices (Figure 2A, EPSP slope 60 min after LFS:
7a.o +4,7o/o of control in pretreated slices, N= 5,
and 67.1 +- L.5oh in naive slice, A/= 5). In pretreated
slices, LTD was also induced when LFS was deliv-
ered in the presence of t00pM caffeine fsquares in
Figure 2C, EPSP slope 60 min after LFS: BO.7 t '3.9o/o
in caffeine, N= 5) or 100 pM ephedrine (circles in
Figure 2C, EPSPS slope: 60.4 x.9.3o/o in ephedrine,
N:5). However, LTD was not induced in OTC-
pretreated slices when LFS was delivered in the
presence of both caffeine and ephedrine (Figure 28,
EPSP s lope  60 rn in  a f t e r  LFS :100 .9+3 .6%,  N=5 ,
P<O.01 vs control LTD in both naive and pretreated
slices). In contrast, LTD was induced in the presence
of both agents in naive slices (Figure 28,, EPSP slope
6O min after LFS: 76.9 ! 5.4o/o, N = S). Neither OTC
alone nol the combination of OTC, caffeine, and
ephedrine had an effect on induction of LTP
induced by a single 100 Hz x L s HFS (EPSP slope
6O min after HFS: 140.1 ! 4.5Vo in slices treated
wi th OTC alone,  N= 5;  L38.8 x. ' l . .Oo/o,  N= 3,  in  the
presence of OTC, caffeine and ephedrine, data not
shown).

Discussion

This study shows that administration of a non-
sedating dose of ethanol in combination with oselta-
mivir resulted in diminished behavioral activity and
poor locomotion in rats. Evaluation of the changes in
behaviors is difficult, but the pattern of response in
the alternation task may represent a form of anxious
or fearful behavior as manifest by altered
exploration.zs This behaviora] restraint may result
from risk assessment, the first line of defense against
a threat, and appears as a decrease in environmental
exploration and locomotion. Some rats were simply
immobi!e'sithout self-grooming, also suggesting an
augmented risk-assessing behavior.2e Immobility
(freezing) is also believed to be a second level of
defense and may involve assessment of a perceived
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Figure 2 Impaired inductiolr of hippocarnpal iong-term depres-
sion (LTD) with ephedrine and caffeirre in slices pretreated with
3 pM oseltamivir carboxylate (OTC). (A) Time coutses of change
in EPSPs in the CA1 region following LFS (arrows) in na'ive slices
(open circles) and slices treated with OTC (filled squares) (N= 5,
each) are similar, suggesting that oseltamivir alone does not alter
LTD. (B) Simultaneous administration of 100 FM -ephedrine and
100 pM caffeine inhibits LTD in slices pretreated with OTC (filled

squares) but not in naive slices (open circles) (N= 5 in each). (C)
In slices pretreated with OTC, caffeine alone (squares) or ephed-
rine alone {circles) failed to inhibit LTD induction. However,
the inhibition was only partial with baffeine. Note that filled sym-
bols in each graph denote pretreatment with OTC. *P<0.05,
**P<0.01 bi ,  Student 's  t - test  and rP<0,05 by Mann-Whitney
U-test against oseltamivir alone. In panel B, 'P < 0.05, '+P < 0.01
by Student t-test and 8'&P < O.O1 by Mann-Whitney U-test against
ephedrine plus caffeine without oseltamivir. Traces to the right
depict EPSPs obtained befirre (solid line) and 60 min after {dotted
l ine) LFS. Scales:  1 mV, 5 ms.

threat from an undetermined source. If this is the
case, random movement after iniection of caffeine
and ephedrine, which results in the impaired
Y-maze performance, may represent a form of flight
from an unknown threat as a third lerrel of defense
rather than en'rironmental exploration. This ma1'
also reflect a form of a behavioral agitation.

It is also possible that oseltamivir alters cognitive
processes maintained through synaptic plasticity. Of
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9r6
importance is that oseltamivir, when combined with
CNS stimulants, clearly irnpairs y-maze perfor_
mance. Thus, the random movements observed
may have ieatures similar to abnormal and agitated

,behaviors reported in humans following oseltamivir
ingestion. Previous studies have indicated that
Y-maze scores are correlated with induction of
LTD, a form of hippocampal synapiic plasticity
that may contribute to novelty-seeking behaviors.zz
We previously showed that administration of etha_
no! inhibits both LTD and Y-maze performance.z6
Impairment of LTD induction by the combination
of OTC and CNS stimulants, which was observed
iri the present study, suggests that the combination
of drugs affects the synaptic plasticity that may
underlie this form of cognitive processes. It is also
possible that the combination of drugs changes
synaptic function and plasticity in other than
regions of the CNS resulting in more profound
changes in behavior

Intentionally or unintentionally, patients with flu
may consume CNS stimulants and other drugs.
Alcohol, for example, is comrnonly used sociaily
and may be ingested to relieve some flu-l iku ,ymp-
toms by young teenagers.23 Caffeine. and relatecl
compounds are often included in soft drinks, nutri-
t ional supplements, and common cold regimens.3o
In /apan, ephedra is often taken by flu patients as
part of a prescription of Chinese herbal medications
that are believed to have antiviral effects.3l Impor_
tantly, herbs such as ma huang (ephedra) are not
free from adverse effects.32 Just as with oseltamivir.
suicides have been reported with abuse of
ephedra.33 Thus, it is possible that oseltamivir

, results in enhanced stimulant actions in the CNS
and agitated behavior when combined with other
stimulants. It is also possible that the interactions
are more complicated during viral infections when
there may be changes in the integrity of the BBB.34.3s
It has been reported that p-glycoprotein at the BBB
plays an important role in accumulation of oseltami_
vir in the CNS.20 In P-glycoprotein knock-out mice,
oseltamivir concentration in the cerebrospinal f luid
(CSF) is S.S-fold higher.36 Moreover, it was previ-
ously described that brain levels of oseltamivir
were L50O times those of adult animals exposed to
the same dose.ls The accumulated oseltamivir is
likely converted to OTC in the CNS. Although it
has been reported that OTC concentrations in the
CSF in adult healthy volunteers administered
150 mg__ oseitamivir reach oniy approximately

, 0.1 FM,37 much higher levels are expected if th;
BBB is immature or impaired.

The relation between use of oseltamivir and
abnormal behaviors remain uncertain. It also

remains unclear why these abnormal behaviors
occuned primarily in |apan. This may simply refleet
the frequency with which oseltamivir is used to treat
influenza in fapan while oseltamivir use in the
United States is relatively less common. We hypoth-
esize that the combination of oseltamivir with CNS
stimulants and/or alcohol could play a role in pro-
ducing abnormal behaviors and accidental deaths.
However, it is also possible that genetic variation
resulting in reduced sialidase activities, which is
detected in only some Asians, may account for the
adverse effect'of oseltarnivir.3s Taken together, these
observations suggest that multiple factors are likely
to contribute to the adverse effects of oseltamivir.3e
The pregent study suggests that oseltamivir, if com-
bined with common neurostimulants, may alter a
specific form of synaptic plasticity in the CNS; in
turn, this could contribute to some of behaviors
changes reported after use of oseltamivir. Further
investigations, especially neurochemical analyses,
wil l be required to elucidate the interactions of osel-
tamivir with other agents. This information will be
important for determining the conditions under
which antiviral agents can be used safely in humans
given the potential need for widespread use of these
drugs in event of an avian flu pandemic.
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