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Amdehfsrory‘ . Oseltamivir (Tamlﬂu’). a neuraminidase mhihitor. is effective for treating both seasonal flu'and HSN1
-Recejved 19 November 2007 influenza A virus infection, Oseltamivir is generally weli tolerated, antl its most commion adverse effects

Received in revised form 2 April 2008
m:epted 3 April 2008

Keywords
" Oseltamivir
* Dopamine
Mediat-prefrontal cortex
- Rat . . .
Ahnormal behawors

"values;.

are nausea and vomiting. Howaevdr, feucopsychiatric behaviors including jumping and Elling from bal-
conies by young patients being treated by oseltamivir- have been reported from Japan; this has led to
warnings agatnst its prescribing by inany authorities: The pharmacological mechiariism of the neuropsy-
chiatric effects of oseltamivir remains.unclear, Many studies reported that changes in neurot@ansmission
ant abnormal behaviors are closely related..We investigated the changes in dopamine ‘and serotonin-
metabolism after systemic administration of oseltamivirin- the medial prefrontal cortex (mPFC} of rats
by using microdialysis. Aftér systemic administration of oseltamivir (25mgfig or 100 mgfkg: intraperi-
teneally (i.p.)), extracellular dopamine in the mPEC was significantly increased as compared to the coptyol
3.4-dihydroxyphenylacetic acid and homovanillic acid, the metabolites of dopamine,] had alsa
increased significantly. Serotonin was unchanged after the-administration of oseltamivir. These findings
suggest that oseltamiviv increased dopandine rélease in the mPFC; further, they suggest that the increase

. dopamine during oseltamivir treatment may;have caused abnormal behaviors in young patients. in

cases where oseltamwir Is prescr:bed to children; close observation is required:

_ ©2608 Else\m:r Ireland Ltd. All rights reserved

- Influenza., virus infection is a’ ﬂgmﬁcant publlc health concern.
Vaccination and antiviral drugs .are effective in providing pro-
tection agaifist the influenza. virus. Oseltamivir (Tamiflu®) and
zanamivir are neuraminidase. Inhlbltﬂl's that prevent influenza

“virus replication {1,9]. Oseltamivir is the prodrug of Ro 64-0802, ~
- whicl is' a Friown influenza virus neuraminidase inhibitor, and

* oseltamivir is effective when administered-orally [5). Many clinical
.studies have reported the efficacy of oseltamivir as treatment for

. influenza{2,12]. Moreover, since oseltamiviris expected to be effec- -

"+ tive for the clinical management of the highly pathogenic H5N1

influeiiza A viruses, several countries are- stockpiling oseltamivir

[6. 7] QOseltamivir is generally well’ mlerated the most common
adverse effects observed in clinical studies were nausea and vorn-
iting [5.12]. However, abnormal behaviors such. as jumping.or
" falling from balconies by adolescents during oseltamivir treat-
fment jwere reported from Japan, following which the Japanese

+ Corrésponding author at: Department of Hospital Pharmacy, jichi Medical Uni-
versity, 3311 Yakushii, Shimotsuke-shi, Tochigr. 329-0493 Japan.
Tel.: +81 285 58 7188; fax: +81 285 44 8243,
£-mail address: yoshino@jichi.acjp (T. Yoshino).

0304—3940!5 see front matter © 2008 Elsevier Ireland Ltd. All rights reserved
doi:10.1016/i.neulet 2008.04.011

authorities advised against prescribing oseltamivir fo adolescents
aged between 10 and 19"years. The US. Food and Drug Admin-
istration (FDA) also require that.patients be -closely monitored
for signs of abrermal behiavior throughout the treatment period.
‘The pharmacological mechanism of the neuropsychiatric effects
of oseltamivir remains-unclear:- However, the abnormal behav-
iors observed during- -oseltamivir administiation résemible those -
induced by psychoactive drugs-[3,8] such as amphetamines that
influence monoamine metabolism In the brain. However, no change

-in monozmine metzbolism in the brin during oseltamiviradmin-

istration has been.revealed thus far. Therefore, in the present study,
we evaluated the efféct of oseltamivir on dopamine (DA) and sero-
tonin (5-HT) metabolistm in the medtal preﬁ:ontal cortex {mPFC) of
rat by using microdialysis.

. Male Wistar rats (Clea Japan Inc , Japan) weighing 200-250g
were used in this study. The rats were housed-at a constant room
temperature (23 £1°C) arid maintained on rat chow and tap water

- ad libjtum. All animal procedures were approved by the Ani-

mal lnvestlgatmn Committee of Jichi Medical University. and were
in strict accordance with the National Institute for Health (NIM)
Guide for the Care and Use of Laboratory: Animals. In vivo, micro-
dialysis was performed as previously described [16,17]. In brief,
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the rats wére anesthetized-with sodium pentobarbltal (Somglkg-

intraperitoneally (i.p.)) and placed in a stereotaxic frame (David
Kopf Instruments; nose bar positioned 3.5mm below inter-aural

zero). Thé skull was exposed during surgery, and a ‘hurr hole

- was drilled to accommodate the plantation. Straight-type cellu-~

lose d:alysls tubing (length, 1.0mm; interhal diameter, 0.16 mm;- ’

molecular weight cutoff, 50,000; Eicom €o. Ltd., Kyoto, Japan)was .
steadily and carefillly inserted into the right mPFC (AR, 3.2mm; -

ML, 0.6 mm; DV, —5.2mm from the Bregma) after referenée to a
.. brain atlas and fixed with acrylic dental cement and three skull
- screws. Two days after the surgery, the probe was connected to

a microinfusion pump and petfitsed with Ringer's solution {NaCl, -

- M7 mM; KCL, 4 mM; Calp, 1.5 mM) at a flow rate of 2 plfmin. The
. rats were allowed to move freely during this period, The oufflow

"+, from the mPFC was automatically cotlected every 30min for an

. additional 240 min and Adirectly injected into a high-performance

- liquid chromatography (HPLC) unit using an automatic injector -
{Eicom AS-100, Eicom, Kyoto, Japan). A reverse-phase column "

" (Ficompack CA-50DS, 150 mm x 2.1 mm, Eicom, Japan) was used

for DA and 5-HT. separation and another reverse-phase column -

(Eicompack SC-50DS, 150 mim x 3.0mm, Eicorm, Japan) was used

" for 3,4-dihydroxyphenylacetic acid {(DOPAC),. homovanillic acid”
(HVA), and S-hydroxyindoleacetic acid (5-HIAA) separation; the.

resutts were immediately analyzed. The DA, DOPAC,.HVA, 5-HT,

and 5-HIAA concentrations in the samples wére determined by’ |

© an electrochemical detector {Eicom ECD-300, Eicom, Kyoto, Japan).

The colufan and detector were kept.in a temperature controfler at i

. 25°C.The composmun of the tnobile phase used for the DA and 5-

HT analyses were 0.1 M phosphate ‘buffer (pH 6.0), 18% methdnol, *
‘0.8¢fl sodium 1-cctane-sulfonate; and 50 mgft Na;EDTA: the flow . Lz

rate was set at 0.23 mlfmin. The mobile phase used in the DOPAC, -
"HVA, and 5-HIAA analyses was 0.1 M acetate-citrate buffer (pH’

3.5), 17% methanol, 0.19 ¢/l sodium 1-octane-sulfonate, and 5 mg/fl-

" Na;EDTA; the flow rate was set at 0.5 mlfmin. . After a 3-h stabi-

lization period, three consecutive dialysate samples were collected - - -

and the baseline DA levels were measured, Capsules containing
75mg oseltamivir (Tamiflu®) were purchased from Chugai Phar-
maceutical Co. (Japan). The capsule ingredients were dissolved in

" distiiled deionized water. Either 25 mgfkg or 100 mg/kg of the drug -

was administered i.p. to the rats. Following theé microdialysis exP'er-
‘imeats, the brains were removed and frozen at —80°C. In each
-case, the posmon of the dialysis probe was macroscoplcally ver-

ified on 150-pin-thick seria] coronal slices, When a bloody region
" -was found arcund the probe site, the data were excluded. The

“average of 3 fractions prior to drug administration-was defined as

- 100% {cantril), 2nd the sibsequent perfusate levels were expressed:
.as percentages of the control. Statistical analyses wvere condugted
by two-way ANOVA ahd one-way ANOVA followed by Dunnett's

* test. The Windows-compatible software Dr. SPSS2 {SPSS Japan Ine,, .

b.'_ Tokyo,_lapan) was used.

" The mean basal “extracelluldr, DA, 5-HT, DOPAC. HVA, and -
.5-HIAA values per 60l dialysate for each .group were as fol- -

_ lows: -DA=0.60+0.08 pg. 5-HT=3.2640.85pg, DOPAC=8637+
19.05pg, HVA= 194.10&35.9015& and  5-HIAA=186742:
289.80pg.

When.25 and 100 mglkg of oseltamivir were administered i.p., .

the DA level increased to 156% and 223% ofthe ‘pre-agdministration
fevel, respectively and was also- -significasitly greater than those in.

thevehide-administered rats (Fig. 1a). Ataxia was observed follow- -
ing systemlc admmlsn;atmn of 100 mg/kg of nse]tammr. When25 - -
and 100 mgfkg oseltamivir was administered i.p., the DOPAC level |

; incréased to 147% and 169% of the pre-administration level, respec-

" tively (Fig. 1b). The HVA concentration increased to 127% and 146%

» of the pre-administration level after 25 and 100 mg/kg oseltamivir
was administered L.p. (¢).
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"~ Fig. 1. Effects,of oseltamivir onthe extracelltlar DA concenrratmnm the rat mPFC.

(2} Effects of aselkamivit on the exteaceltular 5-HT concentration in the rat mPFC.(b)-
Drugimecnnmslndlcatedbythearrdw Dataarerepresented as the mean £ S.EM. of

- the values obtainedin five rats. 'p <0.01, 7*p < 0,05 compared withthe corresponding
valye for Vehldl.‘ (one-way ANOW\ Followcdw:th Dunnerr. s test).

f

 5-HTlevels weré unchanged dfter 25 and-100 tgfkg oseltamivie

" - was administered i.p. (Fig. 2a): The 5-HIAA fével showed a mild
) -mcreaseafterzsmg[kgoseltam:wradmmlstratmn|p theincrease
 was not significant (F:g. 2h). When 100mg]lcg oseltamivir -was
- admmlstered ip, the 5-HIAA level showed.a mgruﬁcant increase

.10 126% of the pre-admlmstratton fevel {b). T '

The present study showed that oseltamivir increased DA lev-

els in dlalys tes of the rat mPFC in a dose-dependent manner.

This is the. ﬂrstﬂemonstranon of the effects of oseltamivir on the
DA system by usmg in- vivo- dialysis. Since the incredse in DA lev-
els'in animal brains i is closely related with abndrmal behaviors.

[i3]; the abnormal behaviors-of patients while being administered =~
" oseltamivir may be explamed by the preseiit findings. ;
The increase in extracellular DA }evels is assumed iobe a con~ .

sequence of the DA-releasmg ot DA“reuptake-inhibiting effect of - .
oseltamivir. If oseltamivir can inhibit DA reuptake; reuptake of DA
in synaptic clefts should e inhibited and the oxidative-deamina- -

tion of DA by monoamine oxidase within presynaptlc sites, should

be decreased, resultmg ina decrease in DOPAC and HVA concentra- .
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Fig: 2. Effects of oseltamivir on the extracellular DOPAC cancentration-in the rat
.mPFC. (a} Effects of oselamivir on the extracellular HVA cohcentration in the rat
mPFC. (b} Effects of oseltamivir an che extracellutar 5-HIAA concentration in the
: rat mPFC. (c) Drug injection is indicated by the arrow, Data aré represented asthe

mean £5.EM. of the values obtained in five rats, *p<0.01, "p <005 oompared with -

the corresponding value for vehicle (one-way ANOVA fol lowed with Dunnett’s test).

tions. However, in the preserit study, thelevels of DOPAC, HVA, DA
metabolites, and DA in the rat mPFC were increased by oseltamivit
. admmlstmuon Therefore, oseltamivir may ¢ cause the reIease of DA
from presynaptic sites.-
The presentstudy s howed that DA increased to 156% and 223% of
" the pre-administration level following the: mtrapentonea! admin-
jstration of 25 and 100mgikg oseltamivir, respectwely. In tats,
. ‘ataxia was observed within 10min after-100mgfkg oseltamlv:r
. was_administered, and the ataxia continved for a few minutes:
- ‘However, compared with the marked increase in DA levels (over
" 10-fold of the pre-administration level} induged by psychostim-
ulants including phencyclidine and methamphétamine 113}, the
. action of ogeltamivir as a DAreleasérisless potent. 1tis reporied that
- oseltamivir does not readily cross the blgod-brain barrier (BBB) [6].
Recently, Morimoto et-al. {10] reported that P-glycoprotein affects

the accumulation of oseltamivir i the brain. Therrats used in our. .

experiment were normal; however, if the experimental animals are
infected with the influenza virus of have high fever due to infec-
tion or. insufficient P-glycoprotein activity, it is possible that the

BBB isimpaired and oseltamivir may reach the central nervous sys-

" tern meore easily [14]. In this case, the extracel[ular DA levels may
markedly increase. ~

Because 5-HT as well as DA neumtmnsmlssmn in the central
nervous system influences animal behavior [4,15], we also mea-
sured the fevels of S-HT and 5-HIAA, a metabolite of 5-HT, in the rat
mPEC after oseltamivir injection. Although the 5-H1AA levels were

significantly increased (126% of the pre-administration level), the |

5-HT 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 eseltamivir
treatment.

Recently, Tzumi- &t "a);[6] reported that oseltamivir and
oseltamivir carboxylate, the active metabelite of oseltamivir, affect
the central nervous system in vitro, and that the metabelite is more
active than oseltammr. Therefore, further studies are required to
mvestlgate the effects of oseltamivir carboxylate on the DA sys-
tem.

The abnormal behaviors of maly patients during ose{tan.wr
treatment may be due to influenza-associated encephalopathy
[11]. However, patients showing abnormal behaviors have been
observed only in japan where 70-80% of all oseltamivir consumed
and not in Western countries. This fact suggests that not all abnior-
rhal behaviors were due to influénza-associated encephalopathy
and that some of the abnormal behaviors may result from the use’'of
oseltamivir. The present study suggests that the mecharism under-
lying the abnormal behaviors observed during oseltamiviruse may, .
to some extent, be due to the trasmission of overactive DA.”

. In conclusion, systemic administration of oseltamivir increased.
the concentrations of DA and its metabolites in the rat mPFC in a
dose-dependent manner, These findings indicate; that oseltamivir
treatment is related to the mamfestatlon ofahnormal hehavmrs
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.Ahstrnct. Oseltammr a widely used’ antl-mﬂuenza drug, inhibits virus. neuraminidase: A

L L "+ reammalian homologue of this enzyme-is ekpressed in the brain, yet the effect of oseltamivir on

ceritral neurons is largely unknown. Patch-clamp recordings ex vivo revealed that oseltamivir

enhanced spike . synchromzatnon bebween hippocampal CTA3’ pyram:dal cells.” Time-lapse
“multineuron calcium -imaging  revealed that oseltamivir and’ its " active ‘metabolite evoked
synchronized popiulation bursts that recruited virtually all feurons in the, network. This unique,.
" so-far-unknown, ‘event was attenuatéd by muscerinic receptor antagonist. Thus, oseltnmmr isa -

usefisl 100l for investigating a new aspect of neural circuit operanon
Supptcmcnrary Fig.-and mowe- a\,axlable only at httpf/dx;dot org/10.1 34/jphs.SC_0070467- ’

" Keywords: oseltamivir, functipnal multine_uron calcium imaging; network excitability -
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© Sialic acid is a cbmponent of glycoproteins in the

ceﬂ meémbrane and regulates various biological func-

tions ‘b mlubxtmo celiular adheslon Tn the central
nervaus system, Sialic-acid is _mamly present as a chain

of neural cellular adhesion molecules, which is.abundant,

in the paleocortical dentate g gyrus-CA3 "region (I, 2)
Neuraniinidase (cxo-a—s:ahdase) is a key regulator of the

i Jength of sialic acid chains, and the malfunction-of this
_enzyme is associated with epileptic conditions (2).
Indeed, sialylation in rat CA3 pyramidal - netirons

changes the action potential threshold by modulating the

© . ;properties of voltage-sensitive sodium channels, result-
_ing n an alteration in ‘the excitability of hippecampal

networks (3).

Oseltamivir. was designed according to the X- rav
crystal structure of sxahg acid analogues bound -to the
active site of néuraminidase, This drug is an ethyl-ester
prodrug: its aclive metabolite inhibits virus-type
neuraminidase and thereby prevents influenza virus

*Corresponding authar (affiliation 1), ikenaya@ mol.fu-tokyo.ac jp
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from emerging from infected cefls. The structure of
viral rieuraminidase, however, is very similar to. that of
HsNEU?2, one of four human sialidases (4). HsNEU2
contains exactly the same active site residues, thus being . .
a possible farget of oseltamivir. Consisteut with this, 3
recent study has demonstrated that-aseltamivir and its

active mietabolite facilitate the presynaptic function of - |

CA éxcitatory synapses in rat hippocampal slices (3).
Here we use glectrophysiological recordirig and -func-
tiona) multineuron calcitm imaging (fMC‘I} rechniques -
to-examine the effect of dseltamivir on the E}\Cltablllty of
CA3 networks. :

Hippocampal slice cultures were prepared froin
postnatal .day 7 Wistat/ST- .cats (SLC, Shizuoka). Rat"
pups were decapitated, and the brains «were cut info
horizontal 300-uin-thick slices using a DTK-1500
microslicer' (Dosaka; Kyeto) in aerated, ice-cold Gey’s
balanced salt solution (Invitrogen, Gaithersburg, MD,
USA) supplemented with 25 mM glucose. Entorhirio-
hippocampal stumps were cultivated for 7 - 14 days on
Omnipore membrane filters (JHWP02500, $25 mm;
Miltipore, Bedford, MA, USA) (6). Cultures were fed”
with ‘T ml of 50% minimal essential medium, 25%
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Hanks® balanced salt solution (In\,:itro.._éeh), a}:ﬂ %

* horse serum (Cell Culture Laboratory, Cleveland;, OH,

" USA)in & humidified incubator at 37°C in 5% CO». The
e curred between neuron pairs; spike-timing.crosscorrelo--

" medium was chanaed every 3.5 days.
Experiments ieré performed in. artificial cerebro-
* spinal fluid (ACSF) consisting of 127 mM NaCl, 26 mM

‘NaHCO;, 3.3mM KCI, 1.24 mM KH:PO,, 1.0 mM-
MgS0;, 1 0mM CaCls; and 10mM glueose, bubbled

with 95% O and 5% CO: (7). Slices wete prc—mcubated
in ACSF at-room temperature for more than 30 miin and

transferred to a 36°C recording chamber perfused with.

ACSF at a rate-of 1.5 to "'m]/min Oseltamivir was

chemically synthesized (§ ~ 10). N-Acetyl-2,3-dehydro-

2-deoxyneuraminic acid (NADNA) was purchased from

Sigma-Aldrich (St Louls, MO, USA). Both lnhlbltOl‘S
. were dissolved in ASCF and bath-applied. .

For. calcium imaging, slices were incubated, \wth» '
0.0005% Oregon green 488 BAPTA-1AM (Invitrogen)”
. for 1 hat 37°C and then with ACSF at room temperature., -

for 230 min {1} They were transferred to a 36°C

. recording thamber, The CA3 strdtum pyramidalé was .-
“.. _jlluminated at 488 um and imaged at 10 = 100 frames/s

witle 2 CSU‘)ZICSUXI Nipkow-dick corifocal unit

_ (Yokooav»a ‘Electric, Tokyo). and a cooled CCD) camera -
" (iXon -DV887/DURGO; Andor “Technology, Belfast,

UK). Sp:ke—tnagered Ca* signals ivere detected with
custom-written " software "in Microsoft_ Visual Basic
- (Microsoft, Seattlc WA, USA){11).

. We recorded spike activity simultancously from two
- CA3 pyramldai ¢ells under control conditions for atotal -

_ time.of 13 min and then-in the presence of oseltamivir .
for a-total time of 11 min'{n =4 pairs) (Fig. |). Neurors -

. ‘spantaneously fired a series of action potentials. Under -

control conditions, the timings of: the action potentxals
were almost uncoirelated between the neuron pairs, bt

~after bath application of 100 M oseltamivir, the same
‘pairs became to emit intermittent bursis of action -
" potentials. On average, single bursts included 3.3+0.2

- A Usamietal

Fig. 1. Oselanmiviv mchrom?_es achon potemlals betm:en

neurcn pairs in hlppocampa[ CA3 networks, Dual loose-palch-
clamp recordings were performed. with ‘glass pipettes filled "
with ACSF fo record extracellular smg]e—umt metivity from-
adjacent hippocampal CA3 pyramidal cell pairs. Recordings

Devices. Union City, ‘CA, USA) and sigmals werd Jow-pass
filtered &1 1 kiz. digitized at 10kHz,. .and analyzed with
. PCLAMP 8.0 software (Molecular Devices). Bursts. weare

defined s any seriey,  0f spikes with an Interval of less thdn,J 5.
. Left panels: representative traces of simultaneotts loose-patch:
recopdings from two CA3 pyramidal cells 2 iin before (top)- -

and 5min after bath application of 100 M oselramivi;,'
(bottom). Right panet: .crosscorrelogram of spike eobnts.in’
" the same: nzurons. Oseltamtivir increased the degree of spike. ..

* synchronization, Ssmﬂar results were oblained in alt 4 casas’
tested. . -

spikes at 4.7+ 3.4 Hz (mean + S.EM, n=23
This burst frequenéy corresponds o the so-called.

“gainma frequency” range. Importantly, the bursts con- "

gram (Fig. 1 right)- shows.that oseltamivir increased the

- peal amplitude at-a time difference 6f 0 ms, indicating,

that: it. enhanced spike synchronization between hlppO—

. campal CA3 neurons.

To address the effect of. oseltammr at the nctuork
level, we used functional multinenron calcium i imaging
(11). By taking advantage of the fact that action
potentials evoke Ca™ transients in the soma (Fig. 2A), .
this optical téchnique can reconstruct spike activity

. from hundreds.of neurons in a network with. single-cell

rcsorutiori (Fig.2B). Under control couditioris
activity of CA3 neurons was sparse in'time and space..
but after bath apphcahon of. 100 #M oseltamnivir, they

" showed a gradual increase in activity rates and abruptly’ B
staried " to. show ‘globally " synchronized “population 7 -

burst™ activity after 3 —20 min (Fig. 2C; see also suppl&

_mentary Fig. | and movie Iz available at onling versmn

only). The same effect was produced by ‘100 ,uM
NADNA, anothey neuram;mdase inhibitor” (Flﬂ‘ .'!A

-n=75 slices).

100 M (Fig.3A, n=5—8 slices for ¢ach coricentra- = -
tion).. This dose-response curve shlf'led leftward: for the : .
actlve ivletabolite of oseItamwar (‘Eto 3A). With leasts "
square régression to g §igmoid curve, the EDs; value was a

We sought to characterize the populat:on blust events, .
The emergence of these events, that is, the percentage Qf
slices that-showed population . bursts'dcpended on the
conceptration -of oseltamiivir in the range from 0.3 -

: estimated to be 102 uM for oseltamivir and 0.7 ,uM for

* period during which individual burst persisted, have any

theactwe ‘form. The event frequency, that is, the number | .-
- .of events per min, had no relation to -the oseltamivir -

concentration (R= '0:20. " P=0.29," Pearson’s ~teést)
(Fig. 3B) nor did the event duration, that is, the mean

- were carried ot using Axopatch 700B amplifiers (Molecular .

4 bursts).. .

the” -
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Fig.2, Oseltamivic induces glo-
bally syuchronized vpopulation
burst™ activity. A: Simulancous
loose-patch-clamp recordings and
time-lapse imaging of somatic Ca*”
signals from a CA3 pyramidal
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newron foaded with Oregon green
488 BAPTA-! reveal that action
potentials' are faithfully reflected -
-as. Ca* transients. B: Fumetional
calcium imaging and reconstruc-
fion of multineuronal spike trains,

. Representative Cx trades of dcells-

- indicated in the confocal image of

. the CA3 pyramidal céfl layer of a
dya-loaded hlppocampal slice
- culture.. Vertical bars.under each
teace indicate the gmings of spikes
reconstructed from the raw Ca®"’
trace. The movie was taken ar 100

L0 M oscitamivir.on CA3 net-
work aclivity. Each dot represents
_the. onszt of a single. calclum

|

Time after oseltamivir ap;;hcahon {min) -

& oseltamivir (prodrug)

wansient. After 5 min of reament
with oseltamivir, spikes became

55
' synchronized in the whole network.
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. rclatior'l. to the concentration (R=0.14, P=0.46)

, (Fig: 3C). There Was'a negativé relationship, however,
between the event frequency and the event duration
{R= 0.73, P<0.001) (Fl .3D).

FEt Ui

) -oseltamivir (active form}

R=0.73
P<0.001

10

Event frequency (min™?) .

As shown in the above- data, oseltamivir-induced .-

bursting had a gamma frequency thythm. I-hppocampai
_ gamma oscillations are believed to arise from activation

of muscarinic acetylcholine receptors (12). Consistent
with this, we found that in the presence of 10uxM
atropine, a muscarinic receptor antagonist, 3 out of 5
slices failed to generate population bursts in response [0

Fig.3. Characterization of oselamivir-induced popula-
_tion bursts. At Concenwration-dependenmt emergence of
population bursts. The ordinate indicates the percentage of
slices that showed population  bursts in résponse to-
oseltamivir (closed circles), its hydrolvzed active metabo-
lite {open cireles), and NADNA (open square). Awopine
was vo-applied with 100 M oselamivir (closed square).
n=5—8 slices for each concentration. B-and C: The fre-
quency. of popu!atlon burst events per min (B) and the
average duration Tor individual population bursts pcmsted
{C) weee plom:d against the concentrations of oseltamivir
and its active form. Each symbol indicates - single slice,
D:/Negative relationship between the frequency and the
"duration of populdtion bursts. Line indicates.the best lineor
fir with least square estimation. Signifi cance was, deu.r-
- mined by Pearson’s test.

100 M oseltamivir, a concentration of oseltamivir that
readily evoked population bursis-in all 8 cases tested
(P=0.035, Fisher's exact test) (Fig. 3A).

We have démonstrated that oseltamivir and its active
metabolite enhanced neuronal synchronization- - and
induced population burst events of rat hippocampal CA3
networks in a concentration-dependent manner. Popula-
tion bursts did net occur under normal condifions and
reflected a globally synchronized state with action
potentials at, gamma frequency. They seemed to be
mediated, at least in part, by muscarinic receptor activity.

-Hz. C: Examples of the effect of - . ’
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Cholinergically induced ganmma osc:llanons are gecom-
panied by rhythmic-activity of the mhibltory network,
which shunts excitatory synaptic inputs and sharpens the
window in which pyramidal neurons can fire action
-potennals, leading to a tighter synchrony among
pyramidal - neurons (12). “Thus, oseltamivir-induced
populatlon bursts inay be shaped by the phasic.activity
of inhibitory mtemeurons, rather than pyramidal cells.
Qur preliminary data indicate that even at. & high’
. concentration of 1M, “oseltamivir does not mdut:e
* either depolanzauon or hyperpoianzanon of membrane
potential of hippocampal excitatory neurons in primaty .
dispeised cultures (n=8, data not-shown), Thus, our
data 1mply two, but not’ mmutually exclusive, possibilities .
concerning the action site of' oseltamivir: i) inhibitory .
intemettrons afe ap .action’ target of oseltamivir, and .
ii) ‘the effect of osehtamivir- -requires network activity ..
" flows, rather than single neurons. Given “that two.
structurally unrelated nevraminidase inhibitors, that is,
oseltamivir and. NADNA, exerted the sane effect on
network dctivity and: that 'sialic acid, a neuwraminidase -
substrate, regulates neurite adhésion between hippo-
‘éampal neurons (1), we - speculate that oseltamivir
- modulates sialylation-mediated neurite connectwlty and

enhances network synchronicity through interneurons.

Animal experiments with rodents demonstrate that
orally (30 — 300 mgrke) or mtravenously (8 #mol/h per
kg) administered oseltamivir accumulates in the brain
via the blood-brain barrier, the brain-to-plasma concen-
tration ratio ranging from 0.1.-0.7 (roughly €qual to
0.1 — 5 uM inthe brain) (13, 14). Safcty examinations of
Tamiflu™ (oseltamivir), conducted by Roche, show that
m 7~ I4-day-0ld tats, the brain c¢ancentration reaches °
- more than 500 times greater tharn that in adult animals
suggesting -

a hiigher iisk of a side-effect in younger brains. Intérest-
" ingly, a minor allele with singlé nucleotide’ poly-

morphism in HSNBU2 which. shows-a §trong binding .

affinity to oseitamivir, is frequentty observed-in Asians’

(9.29%), but not. in Europeans and. African Americans

(15). This Asian population’ may be highly susceptzble

to oseltamivir and thus affected by neuropsychlatnc
_disorders. Because our current data ‘are not linked to

behavioral alternations in human.and animals, iy estiga~ "
tions in vivo will be "necessary to examine whether

oseltamwnr—mduced popula.tlou bursts are related 1o
. some psycholocnc behawors frequently seen m mﬁuenza— .

(see basic product, mformanon of Tamiflu™),s

- mfected children.
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Fa ngenamme‘ls the main active
- substance responsible for the inhibitory
effect of Nandina domestica "Fhunbérg on
histamine-indueed contraction of gumea pig-
ttacheal smooth muscle
Takuro Jeki®®, Tatsihiro Akaishi',

~ Muneo Tsukiyama®, Hiroko Kikuchi®, Yoichi Yasuda®,

- Tsuneo Morioka?, Kazuho Abe'
*Lab. Pharmacol, Fac. Pharm,, Musashino Univ,, 1-1-20 Shmnmdn

Nishitokyo-shi, Tokyo 202-8585, Japm, “TOKIWA Pharmacext, Co.
Lid., Osaka 541-0052, Japart, 'NOEVIR, Co. Ltd., Kobe 650-8521, Japan

We have previously reported ‘that the crude extract from Nandina
damestica Thunberg (NDE! 0.1-1 mglml) inhibits histamine-
induced contraction of isolated guinea'pig trachea and the mhlbttmy
effect of NDE cannet be accounted for nantenine, a major
alkaloid isolated from NDE. To identify the active comtntucnt(s)

. responsible for the inhibitory effect of NDE on trachea! contraction, -

‘we obtained several fractions of NDE and investigated their
phamacoiogxcal effects on coatractile responses in lsolated guinta
. pig trachea. Among five fractions prepared from NDE by HP-20

column chromatography, only the 40% methano] fraction inhibited .
histamine-induced tracheal contraction. The 40% niethanol fraction -

was further-analyzed with the-ultraviolet spectrometer and liquid
chromatograph/mass spectrometer. Finally, we obtained only one
fraction’ that inhibited histamine-induced’ tracheal contraction, and
the mass spectrometry and nuclear magietic résonance -analysis
identified higenamine as the active substance We conclude that

E:&E&i‘*iﬁ #811H (2008. 03.
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' P1L-41  Effects of pressure stimulus on
- cell proliferation and differentiation in L6
. skeletal muscle cells

Yoshiki Fujisawa', Kenji Hizuka', Noriteru Morita’,
Takuji Machida', Masahiko Hirafuji* o
'Dept. Pharmacol.; Facul. Pharm. Sci., Health Sci. Lini, of Hokkaido,
1757 Kanazmon, Ishikari-Tobetsu, Hokkaido 061-0293, Japan, *Dept.
Weliness Planning., School of Lifelong Learning Support Systems,
Hokusho Uni., 23 Bunkyodtzr Ebetsu, Hokkaido 069-8511; Japan

Mechanical forces. related to pressure is an important factor for
cell hypertrophy and proliferation. The effects of pressure stimuli
on skeletal muscles are not yet well characterized. The purpose of
this study is to examine the effects of a pure pressuré stimulus on

. skeletal muscle-cells. Atinosplieric pressure. was applied to rat L6

myoblasts and myotubes at 160 mmHg' for 3 hours. Protein and
mRNA expressnons were analyzed by using immunoblotting and
real-iime RT-PCR, rcspectwcly Phosphorylated ERK and JNK-
were both increased in pressunzed skeletal muscle myoblasts.

. Phosphorylated p38, myogenin protein and insulin-like growth

factor mRNA were all decreased in pressurized skeletal muscle

;myob[asts Tnduction of cell ‘differentiation to myotubes resulted

in an increase of phosphoryiatcd ERK compared to myoblasts:
However, pressurization to.myotubes failed to induce significant
change in phosphorylated ERK. These findings demonsirate that 2
pure mechanical pressure stimufus enhances cell proliferation and ©
suppresses cell differentiation in skeletal. muscle myoblast, and
raise the possibility that elevated iniramuscular pressure may have

- higenamine is the main active constituent of NDE in inhibiting

E tracheal contraction. .
' DI6s Zfi

PAHIHE Oseltamivirinduces spike
synchronization in.hippocampal networks
. Atsushi Usami', Takuya Sasaki', NObL_thrO Satoh?,
- Takahiro Akibaj, Satoshi Yokoshima?,
- Toliru Fukuyama®, Kenzo Yamatsugu’,
" - Motomu Kanai®, Masakatsu Shibasak?,
" Norio Matsuki', Yuji Ikegaya'

" - i nboratory of Cherical Pharmecology, Graduate School of Pharmaccutical

 Sciences, Tokyo University, 7-3-1 Hongo, Bunkyo-ky, Tokys 113-0033,
+ Japan, *Laboratory of Synthetic Naturdl Producls Chemistry, Gradunte
. Schaot of Pharwimceutical Sciences, Tokyo University, 7-3-1 Honge, .

© - Bunkyo-ku, Tokyo 113-0033, Jajan, *Laboratory of Synthetic Organic

Chentistry, Gradunte School of Pharmaceutical Sciences, Takyo Unfversity,
- 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Jopan

* Oseltamivir is an antiviral drug used to treat influenza. It inhibits -

neuraminidase, thereby preventing ififluenza virus from emerging
. from infected cells. The effect of oseltamivir on the central
nervous system is largely unknown, however, We menitored

the' activity of neurons treated with oseltamjvir in hippocampal .

slice cultures, by using electrophysiological recordings and
functional multineuron caleium imaging. Double patch-clamp
“recardings revealed that oseltamivir led to spike synchronization
among adjacent hippocampal CA3 neurons. To investigate how
. oseltamivir alters neurgnal network operation, we simultaneously
recorded the spike activity of hundreds of hippocampal neurons.
Oseltamivir and its active form both induced global spike
synchronization that recruited virtually all neurons in the network
and persisted for more than several seconds. The effect was
concentration-dependent, Network excitability may be regulated
by extracellular sialic residues through neuraminidase.

diver S‘e_effe'ctS‘a'c‘EorﬂTrrg'TO‘t‘ch*dlfferentlatlm Stage of skeletal
muscle.

P21-02% “Visualization of heuronal

' _nétwork'activity implications-for a new
drug-screening method: n systems.

neuropharmacology :

Naoya Takahashi, Takuya Sasaki, Norio Matsuk1
Yuji Ikegaya :

Lab. Chepn. Pharmacol., Grad. Scih. Pharm. Sci., Unio, Takya, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

‘Synchronization in cortical nctworks is.a prevalent feature

_ that reflects dynamic processing of sensory input and internal

information. We developed high-speed’ functional multineuron
calcium imaging (fMCI} to simultaneously record action

-potentiats from about hundreds of neurons at up to 2000 framesfs

and reconstructed the, spanotcmporal pattern- of hippocampal
CA3 network activity in vitro. Spentaneous activity displayed
the emergence and dynamics of synchronized network activity
with millisecond coordination. Whole-cetl recordings from
synchronized neuron pairs revealed that coordinated excitatory
inputs potentially contributed to precise synchronization. To
etucidate the profile of network synchrony, in MICI data sets, we
estimated the statistical significance of synchronicity between all
possible nevron pairs. The graphs, in which individual neurons
were functionally connecied based on strength of pairwise
correlation, were sparse, complex and locally clustered, exhibiting
small-world architectures. These findings provide a snmpllﬂed

“strategy for evaluating network operations, which will -provide a
‘new drug screening technique in systems neurophamacology.
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T As abnormal liehaviors such asjumpmg and falling from bal- X

cony were reported in patients aged 10 to. 19 years who adminis-

‘trated ogeltamivir phosphate (Tamifia) for treatment infiuenza -

“infection, the Mlmstry of Health, Labor and Welfare in Japan

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

tients aged 16 to 19 years: To examine the relationship between
. Tdmiflu and abnormal behaviors, we investigated the effects of

Tamiflu and its carboxylic acid metabolite, GS4071; on'the-cen- .

#ral nervous systeni, that is, on 3 nenrgtransmitters (dopamine,
.serotomn, and norepmephrme) in presynapses (inhibition .of re-
uptake, promotion of release) and postsynapses ‘(guanosine 5°-
triphiosphate (GTP) ¥S binding), usirig rat brain synaptosomes.
Neither Tamiflu nor-GS4071 influenced the- re-uptake!release of

" . the3 menozmines or GTP binding i in posisynapses.

Keywo:ds Tamiﬂu oschamwlr phosphate G54071; dopammc .5CTO- -

- tonix; norcpmcphrmc

v

". As an anti-influenza virus agent oseltamivir phosphate'

) (ethyl -(3R,4R,58)-3-(1-ethylpropyloxy)-4-acetamido-5-
ammo-l-cyclohexane-l -carboxylate phosphate, Fig. '1A)
) (proprictary name: Tam1ﬂu®) was developed by Roche Labo-
* ratory Inc. (Swntzerland) In Japan, the Ministry of Health,
_Labor and Welfare approved this agent.in 2000, In February
2001 and July 2002, Chugai Pharmaceutical Co., Lid., as a
. Japanese agency,- started the sales of 75-mg Tam:ﬁu cap-
. sules and 3% Tamiflu® dry syrup, respectively. The action
'mechanism of Tamiflu is reported as- follows': it suppresses

- viral release from the surfaces of infected cells by inhibiting .. .

" neuraminidase, an enZyme essential for the proliferation of
type A/B’influenza virus, preventing viral infection/pralifera-

tion in other celis. “This mechanism is similar to that of -

zanami'yii‘ .hydrate. (Relenza®, anti-inflienza virus. agent).
Relenza is an inhalation agent, whereas Tamiflu is an oral
- preparation; therefore, the administration method is simpler,
<. although the interval until Tamiflu reaches the infected site is
prolonged. Furtherrpore amantadine hydrochlonde (Symme-

/O:NHAC » J@iNHAc
Et0,C TUNH,HPO, HOOC W,
(B) GS4071

{A) Tamiflu

Fig. 1.  Chemical Structures
* A: Tamiflu toscllamivir phosphatc}, B: GS4071.

% To whom corrcsl-:oondencc should be addressed.

c-mail: Kanako_Satou@membernectro.tokyo.jp

Biol. Pharm. Bull. 30(9) 1816—1818 (2007) Vol.30,No.9

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
useful for preventing and treating bird infiuefiza infection.
According to Roche Laboratory Inc., the sales situation of

_ Tamiflu is as follows.? Japanese patients (n=34000000) ac-

count' for approximately 75% of the total world Tamiflu con-

sumption (45000000 persons, as of March 12, 2007). Ameri-
. can patients comprise the second highest percentage (20%).

The amount of Tamiflu administered to children in Japan was

--13 times higher than that in the United States. The usage of
. Tamifiu in Japan is'numerous.

" In 2007, abnormal behiaviors such as jumping and falling
were reported in 10- to’ 19-yéar-old patients administrated
Tamiflu. Therefore, the Ministry of Health, Labor and Wel-.
fare in Japan notified that, as a rule, Tamiflu should not be
. prescribed to patients aged 10 to 19 years.. On April. 25, .

2007, the Ministry of Health, Labor and Welfare published
the “Reports on the Side Effects 6f Oseltamivir Phosphate
(Tamifluy”,”) which liad been submiited.between the start-of .
sales and March 20, 2007, According to the report, abnormal
behaviors were observed in 186 of 1268 patients with side ef-
“fects (8 of them died), In the presence of influenza en-
cephalopathy, abnoimal behaviors similar to those after Tami-
flu administration have- also been. reported. In Japan (1995,
2000, encephalopathy frequently develops in children aged
less _than 6 years (2.5/100000 persons),*” and the mortality
rate (10 to 30% of patients with encephalopathy) and inci-
. dence of squeal (approximately 20% of thém}) are high.*® In
_children aged over 1 year, the side effects of Tamiflu are raré
and slight.” A study indicated that there was no association _
between Tamiflt and mortality/encephalopathy in infants

- aged less than 1 yeac® Concerning the felationship between

Tamiflu and abnormal behaviors, another study reported that
there was no sagmﬁcant difference in the incidence of abnor-
mal behaviors between patients with and without Taimiflu
(11.9% vs. 10.6%, respectively).”

To evaluate psychoactive drug activity qumkly, we re-
‘ported an assay system for mvoshgatmg the influence on ‘the
central nervous system using synaptosomcs prepared from
‘the rat brain'®: a system for examining the influence of vari- -
ous chermicals including psychoactive drugs on 3 neurotrans-
_mitters (dopamine (DA) system, serotonin (5HT) system, and
norepinephrine. (NE) system)-in presynapses (inhibition of --
re-uptake; promotlon of release). ‘Many of the monoamine
receptors, including DA, 5HT, and NE receptors, are consid-
ered to belong to.the superfamily of guanosine 5'-triphos-
.phate (GTP) binding’ protein-coupled receptors in postsy-
napses (GTP binding). Abnormal behaviors seen in the case
of Tamiflu administration to treat influenza closely resemble *
those seen in the case of the acute psychoactive drugs intoxi-

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

like effects. Oral administration of Tamiflu, an ecthyl ester
prodrug, is converted to ‘the active form, (3R,4R,55)-3-(1-
ethylpropyloxy)-4- acctamido-S-am'no t-cyclohexane-1-car-
boxylic acid (GS4071, Fig. '1B) in vivo." As an animal ex-
periment it is reported that Tamiflu passes the brain barrier,'"
we investigated the influence of Tamiflu and its metabolite
GS54071, which were supplied by Prof. Shibasaki (the Uni-

© 2007 Pharmaceutical Seciety of Japan
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versity of Tokyo,. Tokyo, Japan), on DA,.5HT, and NE 'as_v;«_:li

s .“as GTP binding using a psychactive drug-assay system fo

examine the refationship beiween Tamifluand abnormal be-
haviors. :

MATERIALS AND METHODS

Reagents - Tamiflu z_md‘ GS4071 - were a., kind gift from .
- Prof, Shibasaki. They -were synthesized according to .

Fukuta et al.”” and Mita ef al.'” Methamphetamine (MAP)
and’ cocaine were purchased from Takeda Pharmaceutical

Company Lifited and Dainippon Sumitomo Pharma ‘Go.,
" Ltd., respectively. Chemicals were dissolved in dimethyl sul--

foxide (DPMSO, final concentration: 0.1%)- SH-DA (2.20

TBq/mmol), *H-SHT (1.1}TBg/mmol), ‘H-NE (193

TBq/mmol), and [**SIGTPYS (46:25 TBg/mmiol) were pur-

. chased from PerkinElmer Inc. (MO; U:8.A.). Other reagents

used in the study were of the highest grade commiercially
available. ; .

Arimals Male Sprague Dawley rats {crlj:CD (SD)) at 5

.weeks old were obtained from Charles River Japan (Kana-

". gawa, Japan): After the rats were. preliminary bred for one |
_weck, they were kilted under ether anesthesia and'their brains

were -quickly temoved.'™¥ All animal studies were per-

formed in accordance with the UFAW Handbook on the Care..

and Management of Laboratory Animals. o
Preparation of Cerebral Syhaptosomes for Re-uptake
and Release Assay The stratym and cerebral cortex were

dissected from the rat brain. Crude synaptosomes werg 0b- -
10,14}

tained by the methods described in our previous reporls.
- The cride 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 SHT and.NE. For the release .
assay, 1 4 reserpine was added to 0.32 M sucrose and buffer.”

The re-uptake and release assays -were started immediately
after the preparation of synaptosomes. Protein conceatrations
were determined by the medified Lowry method.using-a Bio-

"" Rad assay kit. ; . . ) o
Preparation of Cerebral Synaptosomes’ for ‘GTPYS
" Binding Assay The whole brain dissccted on jce was ho-

mogenized. Crude synaptosemes were obtainéd by the modi- .
.fied methods described in previous'® and our personal re-

poris. The synaptosome was divided into-aliguots and stored
.at —80 °C until use. : - )

" H.DA, *H-SHT, and “H-NE Re-uptake and Release

Assays - ‘The re-uptake and release assays were conducted
" :using the methods described in our previous reports.'' The’

final concentration of 0.1% DMSO had no effect on the ac- '

tivity. Specific uptake or release was calculated by subtract-

ing the non-specific uptake (DA; 260; SHT; 500, NE; 720 .

dpm) or refease (DA; 5210, SHT; 4960, NE; 2200 dpm) con-
tent from the total uptake (DA; 11600, SHT; 2960, NE; 3480
dpm) or release (DA; 10160, SHT; 7560; NE; 6770 dpm)

- content. From these results, the drug concentration giving the

}C,, or EC;y was obtained.
[*°S}GTPYS Binding Assay
- determined by the methods modified in previous'® and our
personal reports. Specific monoamine- or chemical-stimu-
fated [P*S]GTPYS binding values were calculated by subtract-
© ing basal binding values (obtained in monoamine or chemi-
cal absence; 900cpm) from’ stimulated values (obtained in

The GTP binding aséay was -

1817

" monoaminc or chemical presence). The % of 5-HT maxima

was determined by dividing DA-, NE-, or chemical-induced

rhaximal binding vsing the 5-HT-stimulated maximal hincjing: o

value (2110 cpm) as a reference compound. -

‘Statistical Analysis' ICq, and ECy,. values were déter-
mined using the sigmoidal dose-response curvé fitting ob-" '
tained by-a software, KalcidaGraphi ver. 4 (Synergy Software,
PA, US.A.). The data represented the mean values of three
independent experiments {n=3). - ’ ) T :

- _RESULTS AND DISCUSSION

In this study, wé examined, that Tamiffu and GS4071 6w -
DA, 5HT; NE-reuptake and release assays, and GTP binding -
assay using rat brain synaptosomes. We compared the influ-
ence of Tamifiu and GS4071 on *H-DA, *H-SHT, and H-NE
re-uptake with that of a.stimulant, MAP, and a narcotic, ¢o<’
caine (Figs. 2A—C): Both MAP and cocaine potently inhib-

“ited DA, SHT, and NE re-uptake, and their ICs, values were. ..~
similar fo those ptjaviously_,repurted;“’ However, neither”. -

Tamiffu nor GS4071 influenced re-uptake of the 3 mono--~ -
amines. In release dssay, MAP potently promoted DA/NE

" MAP's EC,, values and thie finding of cocaiiie wete consis-
‘tent with the-results of our. previous study. 1% Neither Tamiflu ,
nor GS4071 promoted the release of *H-DA, *H-5HT, and. -
3H:NE (Figs. 2D—F). Subsequently, we studied a [’SIGTP
binding assay under conditions which facilitated the adequate’ -
responses of DA, SHT, and NE. Neither MAP, por cocaine, *
promoted G-protein binding, as previously reported. Also,
‘neither Tamiflu nor GS4071 bound the G-protein binding of - *
DA, SHT, and NE receptors (Fig. 3% “*» - .- |
In a symposium held by the Japanese Society of Pharma-
cological Epidemiology (JSPE) (May 20, 2007), some inves- -

flu: administration. and abnar;r'nal behaviors based on statisti- -

Re-uptake Release ..

Re-uptake of 'H-0A
(% of conltol}
Retatned of *H.DA
{ratln 10 controf}

.| 3
ot 1wt W

:;1' TR

Agsugtake of YH-5HT-
(% of eontralf
Retatned of *H-5HT
frailo ta cenirol):

1:1'. 1:1' W

T

{ratio o control),

Re-uptake of *H.NE
% of conirol)
Retalnad of M-NE

A (C}

1&’ 1;),“ 1;1" _1:1" w1 1:5‘ 1n‘
Concentration (M}

W, et 18t )

Fig. 2. Inhibition of Re-uptake and Stimulation- of Relcase of Mono-,
amines by Tamiflu aad G84071 : ’

The synaptsome fraction prepared from striztum was uscd for the assay of dopaming «

{A arfd D), and that prepared from the coricx was used for the assay of 5-HT [B and E}

and narepincptirine {C and F). The 5.D. valucs ar less than 4.0%. (A}, (B), and (Cy: re-- - :

upteke assay; (D), (E), and {F); release assay. A: Tamiflu; $3: G54071; ®: mcthamphet-
amine: B cocaine. :
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release, but cocaine did not influence the 3 monoamines. . -

tigators reported fhat there was no dssociation between Tami- -
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Fig. 3.
Binding by Tamiflu and GS407! in the Rat Whole Brain Membranes'
Specific [”S]GFP?S bindinjz was measured in.the presence of various concentrations

of Tamifle and GS4071 as described in Materdals and Methods. The results are ex-
pressed as g pereentage of the specific binding of SHT at 107*m. The S.D: values arc -

* less than 5.0%. A: Tamiflu; O: GS407i; ®: methampheiammc l cocaine § A DA
D "S-HT; ©: NE . .

cal data; and that Tamiflu decreased the incidence of poeu-
moria to 1/3. Others suggested the relationship between
Tamiftu ddminisiration and abnormal behaviors. A consensus

has not been reached. Concerning anti-influenza virus agents
other than Tamiflu, the Miriistry of Health, Labor and Wel- -

" fare. also announced the incidences of dbnormal behaviors
afier administration on May 14. According, to this, 10 and 6
" patients with abnormatl behaviors after administration of Re-
lenzafamantadine hydrochloride (denominators unpublished)

have been reported, since 2000- and 1998, respectively® In -
the package inserts of amantadine hydrochloride, side effects

on the -ceniral nervous system (hallucination, delusion) are
described. , They may -be probable, since it is described that
the -agent_inhibited DA re-uptake while promoting its re-
leasc/synthesw in"an animal (rats) experiment in the new
drug application. However, in the new drug application of

" Tamifit (materials regarding its’pharmacological effects), it

- is describéd that Tamiflu may not influence any symptbmsl

" activities, the central/autonomlc nervous - systeins, “smooth -

muscle, nor immune system based on the results of géneral
- pharmacological and toxicity studies using aninals, and that
néither Tamiflu nor its carboxylic acid metabolite (GS40’?1)

. influenced 19. receptors involved in nausea/vomltmg inanin,

) wrra study regarding the central nervous system,
“In. the United: States, 153 patients (0.21/100000 persons)
aged less than 18 years died of influenza in thé season be-

tween 2003 and 2004.'" They consisted of 0.75 persons aged .

--less than 1 years; .0. 30 persons aged 1 to 4 years and 0.11
persons aged 5 to 17_ years per 100000. persons. -The ‘inci-
dence of influenza-encephalopathy in children aged less than

. 6 years in Japan (2.5/100000 persons)*” is-higher than that’

_ in the United States. This reflects differences in genetic back-
grounds.*® As the number of patients in whom Tamiflu was
prescribed-was not reported * we estitnated the mortahty rate

Representative anpentratmn—Rcsponse Curves' for [“SJGTPYS .

Vol. 30, No. 9

according to abnormal behaviots as 0.024/100000 persons

from Roche’s report.? The incidence of influenza en-
. cephalopathy is much higher than that of the abnormal be-
haviors occurred in those who were administered Tamifiu to
treat 'influenza. Neither Tamifiy nor (GS4071 inhibited the re-
uptake of 3 monoamines. in presynapses, promoted their re-
lease, or influenced G-protein binding in postsynapses'in.our
in vilro ‘assay system. It is thus indicated that mechanisms
underlying the abnormal behaviors dise to Tamiflu are differ- '
erit from those underlying the effects of psychoactive drugs.
It hias been-suggested that Tamifiu inhibits encephalopathy-
‘related death and the onset of pneumonia in children.'®
Therefore, this agent may be uscful for.treating influenza in-
fection in high-risk groups consisted of children or elderly
persons.' We propose that the relationship between Tamiflu
and. abnormal behaviors should be examined quickly using
influenza-infected animals, and then Famiflu must be adrmn-
istered, consndenng its nsks ancl bencﬁts

REFERENCES

Elscnberg E. 1L, Bldguod A, Cundy K. C., Antimicrob. Agents
Chemother, 41, 1949—1952 (1997) '

T~

+ 2)  hitpr/fwww.mblw. goJplshmgll?.OU'HOSIsOSDZ 1 html/B%27&
extension=htiml&esearch_lang=japanesc .

£ h!tp.lf’www mhiw.go.jp/houdow/2007/04/m0425-1 htmt

4) Marishima T, Nippon Rinshe, 61, 2006—2012 {2003).

©'5)  http:/fwww, :n.yshmjuku tokyoJpldms|onf340700yobuhnfuruenza
htmit-tep .

6) Kido H., Yao D., Le T. Q,, Tsukine M Chida 1.; Nappon Rmska 64,
1879—1 886 (2006)

] Dutkov.sku R., Thakrar B., Froehlich E., , Suter.P., Oo C Ward P Drug
Saf,, 26, 787—801 (2003).

8) Okamoto S., Kamlya L., Kishida K., Sh;ma!ﬁwa T., Fukui T, Morl
moto T., Pediatr, Inf. D_iseast 24, 575576 (2005). .

9}  hupdfwww.mblw. gojpltopzcsfzﬂi)éllﬂldlftp1020-2 pdf

10) Nagai F, Monaka R., Satoh K,, , Kamimura H., Em N thmncol 559,

’ !32—13? (2007) -

11)  http:ifwww.fda, gow’medwatchfSAFETWZOOBham|ﬂu dcardoc pdf

12). Fukuta Y., Mita T,, Fukuda N., Kanai M. Slubasakl M., J Amt. Cher.

© Soe., 128, 63126313 (2006). ’

13) Mit T, Fukuda N., Roca F. X, KanalM ShlbasaklM Org. Len., 9,

. 259-—262 {2007).

14) - Satoh K., Nonaka R., Tada Y., Fukurnori-N. Ogata A., Yamada A,
Satoh T, Nagal F. An:h Toxicol., 80, 605—6[3 (2006). .

-15) Breivogel C. 5., Walker J. ‘M. , Huang-S. M., Roy M: B;, ChsldcrsS R,
Neuropharmaco!ogy, 47, 81—91 (2004)

i6) " Moore R. 1, Xiao R.,-Simi-Selley L. J, Childers S. R., Newropharma-_ -

. cology, 39, 282—289 (2000). .

17} . Bhat N, anhl] G., Breder K. R, Murray E. L. Grccnbcrg M. E,
GloverM J,, Likes A..M,, Posey D.'L.; Klimov A., Lindstrom S. E.,
BallshA Med:naM ) WalhsTR Guamcr] PaddockC D. Sh:eh
‘W, J Zakn S. R, SejvarJ 1., Shay D. K., Harper 8. A, Cox NI,
Fukuda K. Uyc]uT M, N Engl J Med., 353, 2559—2567 (2005). -

18) Nordstrom B. L., Sungl Suter B, Szneke B, Curr: Med. Res. Opm
21, 761—768 (2005} .

19)

SugayaN Inflienza, 8, 31—34 (2007).

15



~




27PW;;}mgg1 R e
=, 7 -
PSS NS T ma'('xmmxm d m

[EH] 2 BAFEY > (Cad) !i. ERRSEED ﬁﬁﬁ&&ﬁt—%ﬁ?a cEN
W EihvTnG, EEERSORRICE, FERAEREIC X5 YA Y 5T
SOPELSFRINTNBCLIG, FRATE, Coh EMHRTK L SRIBER
“@%ﬁk&lﬁ‘é‘mﬁ%kﬂwr@ﬁbm

[Ai:s B0 Wistar/ST titﬁ7 w b2, 20 mgikg a‘sJ:tfmmg!kg D CsA (&
F—SICRER £, MBEQRS L. 85 14 BB LT 28 Biic, s
HTFCREAY FYEATESE (PGID £, TOMEE-TMETER

27PW-am004
BH#7 v FBR~D

0165?7

TN
Ot &', tm IEr"(‘W%)IIEﬁFﬂ")

(B8 SELA NI ITIREERS S T0S.. LG, BERICENT
ERTRHLIEIREEI T (V) SR T AOTD) Aol e dREF iz 2|
THB. BLEERS v FERERVWT, BREHORMERND 08 OS2

. EOTHETS.

{AUCE) ERebiz, Hic, EREMNHL, HERBEELU - ¥AY /ﬁ:[é?%é _

B TRERENERA T o f

ISR)IPGTT BT, G 0&%&%&‘%’3&!&: SEWEES S hich o
Lo, TR (20 mghke, 40 mghke) THELGHHE FRB XU AUCE OB
maEsEE N, Fie, BEEREBV TR, 14 B CA (20 mplke) 1S5BELL
Aosv bk #‘Eﬁ%ﬁﬁ%ﬁﬂﬂaﬁ‘mm (P75 31] Jﬁ;ﬁZJr RENBETVWALT

: tb‘ﬁﬁi i,

CFEMERS w FRRIES » FIAES 11 BENS wﬁmo&ﬁf%%’&%ﬁmn,
T8 DORUMEELL, - 750 p p/ul S L LISRWPHES T o T,

(RS0 15355 w MR ORE: - RFIEEIEDIEE - TIRE « (S - S| -
U - P O ETRATIE - S AIUAR T L OT8 MU L TS L L,
FHRICEWT OB MBI HEENCERT 5%, HEFTOERMITHIL 1%0E
Ta&RLE, %m-o#ﬁummtﬁum\ot. ﬂﬁ%ﬁm&zoaﬁ:t
Ehbhiior,

(ER) SRoO5y Fﬁaﬁm&ﬁéﬁmﬁ*kﬁgﬁa.ﬁ& ?tklﬁﬂﬂ'jﬁo

. fﬂ#?ﬁ@ﬁ!‘ﬁﬂ)ﬁﬁ?b‘lﬁ—ﬁ*tIi%‘xiﬁlniﬁ %ﬂﬂﬁﬁﬁtﬁﬁbtwg ;

(550 CLEDBELED, Cad E%%ké:éﬁﬁﬁ&ﬁﬁl& ﬁﬁﬁﬁﬂﬂﬂ@ﬁ%

T ERICHT L CRRT S AR A T U,

"27P\.¥:—?#¢gg§twﬁ 9 D R A A RODA
-~ A3
Ot H. o Jon. 4% RE (SRS 54T E 1Y )

CEN>RE< . Eﬁ'ﬂ( %ﬁbﬁ%ﬁeﬁ‘-vo RO HNFERIRES N
LPEY o LS &3 MITREORGMEHIEEL, BT s8lovy -
| REGEEPE TR BN TG, AR, hiltiln. kEREZLELDBULB
BRI ENS M. NBRIC X SBEHELA LR, TLE, KGRDAR
ﬂ(?}li&if‘é‘&";{?ét. BRERDABR LT OWTRH LI, <>
ARt R { RS RIETHEIC OV T. MRS 7 Lenhisiicmns
03""'{!:’&3‘“ PeiistLis, RBEASE. ATEMOBBERS. kSHEEROE
IEI..laﬂﬁﬁlﬁlﬂfémﬁzﬂrﬁﬁ#ﬂ’lktﬁﬂibt, 2. Iﬁfﬂi‘?b%/'ﬁb%’ﬁl‘—"ﬁ!&
FANBRER I L5 BT < HBEITBEL T, BEE 9 BRI L &
EEEASIE, BUCHRERL. ABNROBEEmE, SEENELL, 3.

.
o7PW:ampos 00756528
RETAMTEYEET v l‘mﬁﬁﬂﬂ’iﬁﬁﬁ%?lw-ﬂ?%FYO—?SO@’BJ#:
OslEl: S & ﬁ‘-g' =0l AE WURTEABRE)

[Bi) FHRssiiEsn X 3R Lf"ﬁiﬁk?‘n REFF
T BRI, cOX A RRSRICHEYCE D C kA EnT

BN 5 Rt BT, YYuT7A AT 7 E PSS WIFEISRE -

TR EYY LSHREAAAAGINERC AR (s LT, BESe |

RERGITHN U, RAEASIE. Rt L HEFRL. XM ROBEERE.
FE, AEEENE LE. <&2> 1. KOERoRi McRETEEoOw
- TEM USSR, A I L LT, sk RS B e AR B R 1
ez, 2. ABRITHE. TSBRLUKELT, BISEBEROEELED. K
BoBPHESR 5. 3. ABHENL, 2 5EREERLT. BEMhiEos.
Fh . - IERS IR AN, Bzﬁarmm_tﬁ-{ﬁnﬁ‘a’sht. <EERS M TEEY
| X BIERDE Bk, ASHAMIC L DR hit, B & 3.0 L SN
HAABANL. E5BERBLT, B CHBAEOMIEREESIEZNG L.
Wﬁﬁ#kbT&ﬁﬁﬁ&%#ﬂ%LTwetbt%xbhto

GOT 56~5 26
27PW-am00

003
A %&m-‘-vzm&mkmﬁ%ﬂvm‘:wat PEERBET 4 TDE T E
: "GFaDﬁFJﬂ:‘dt:‘F
AfE R YR O2.0HF ERLE OER ﬁlﬁ’ #PIL g E
LA WA
LB Fibronectin (FIE T 5=, A28 | 74 7Y EOSH{ OHRs=
- & R0 L DI E F A L DHHEE A Y ERHTHD . SliEia
. EARICHELRHEIELTVWAC LAREEINATVWS, SE. & bl N

#Z v FDRERINABHESNICH LT, CoX BBAIENTHLT LAMEEE
TS0 L, HEEEREAOREOU L 2L NS 7 LAE—c2EL -
THRBETATO COX MEAOIRERM . TLT, ZRBCHE, BHE7LTS
> (OVA) EtET v FORRMAIEN CFAEIEL, coxX Bﬁ%ﬁﬂi&ﬁ?éﬂ'
RIEET FYO-750 DRE R F AL V—Ein &k D EEf L .

(k] 7 @D Brown Norway S M I OVA 10 ingfret (AI[OH); 100 me
EEE) 2o~ AMETCIBIETRSL, B ovaimpmE 1 H1E 3 AME
FOBATCHEMMIC RS LTI L. JRm(EE 1t~18 QISP LY ERTTH
TEEEfENL, EBAITHE - B0 2 S 2 HEERHIC OVA 10 mymL HE2RH

0.04 mlfmin) LT HRGIBEIEERLE. FYo750 (0.0303 myke) ZEH
FRICERLEH=a—LbEALTEREL, YREA Y-k b
ALz, .

(33 - 78] FYo-750 1&, OVA BfFSw FOﬁFEM@EﬁbfTIUT%&EhK
ﬂ%ﬂﬁ:”&ﬁ@fﬁ:’l"fcﬁ BooiE LT s, THRMIBREREEIC El}%;ﬁﬁaf‘.‘ﬂ‘

LTHATSEST EATEE e

1) ArakiTeraf, Acta Med Okayanre 58:4549,2004 - B
2) Takagi-M H et al., J Pharmacaol Sei 95: 458-465, 2004

+ 3} Angclico Peral., B3 It 97: 837-846.-_2006

’ 27PW—am006

ORI LIS LTS S0
O ﬁb‘rj
(BTREER

EEHBL. O niﬂifﬁiﬁ'?'?zﬂﬂiﬁﬂkm{&-'&ribk&ﬁ% basic-fibroblast; growth .

factor (b-FGF)tﬂJ{ﬁ-PﬂSdlﬁ?—LO\-‘T@ﬂ Ui,
. OAIE] PN e MRIEED & UAT LY o5 — R RN, BT 7Y S a’/a_
T, FEEc4El, DEAE-Scphadex 5 AL DR Ui, TEMERHNL~ ¥ XOERS

T OEEACEE 18mm OPIERIRIEEFSIL, BEWRFHREIC &5 MSeRmrs

MR Lk, i, FN OPIURSRKEN T 5 EH% human umbilical vein
endoathelial cell (HUVECYEMWVTHR Lz,

(ERRUEE] HTIL I FN i HPLC FILBBB LT SDS-PAGE L—l;’_—ﬁ;ﬁe .

oA EANEEL. MRENUIC S0 meiml M LA, (| BHERERT SR
BTy AL LTS I BHSEANEE LT . L FOF DS 29

T s REENA T EEFIELI, FN (25 musigP R IRR S TR B Ens

BIEEIER LB 5 DA o 245 b-FGF (20 messi) RT3 C Lic L B
BUHSARUTM I EAMNEED BT, T, in vime (DB S HUVEC ICHT 2 {EARK
‘-‘1’(‘ . FN OSEHESHERE 5T b-rGF OAIMSMTEEAAFaME N, UED.

sk o FN OIS {EA & b-FGF DAMMRIFASMBENCB Cc Lt LY
u:a*éb#ﬁ ‘ul%ﬁﬂfﬁf*ﬁlﬁ:_ﬁﬁﬂﬁ‘ﬁﬁgﬁ%'j ﬂ:ﬁ‘am Ehil=.

BARESS, #1284 (2008, 03.

GO756529
Ly /er-':nly ¥als 3 7»)0—"7;;{1:;,,1&?

+7t®k&
5L, #m H-E S5 I 5&;93

A WL A A
kI LR

(E09) Vit tb s \:";b(ﬂ?) £4% t-ﬁ?m‘nb:r:“-\-wv:za'—-y'_—-g 1
CESDIC & DMIKSRERG . A4 ¥ 2y VoL NABEREDA L4 S
B - bl L— RIS, 0C 12/ A F 2 A —ERAEL T ALAD
BRREIEIT Bo 0P A X 7L Y FOFSRETDIRNCAEF ZRET &, BT
0P FEES (BREERMRbDITV) & LTSRS EEA TV BT N
5, EHEECEO T, KiEAD 0P ORSE2E~V, #Hik. 00 EEliC /455
A —EEEETSFFIEN., BRUSYE¥a—7+—4Li EFOHKET
F2) DRSS 07 277 OKRIETIFROTEERL, (P & CEsl
THKGRFEN, in vitroC OP IRRBERIMCHET 5T LR TVWSH

MANER @Y F LD, 0P FHSE TR~ OBEE RN,

YT ADEREBEEE 10 A FICE L RSRIHER: LTRLE,

(521 0P{30-300ag/kg. £.p. ) 1A EIB IR 2 AR kTR L TR T € €72, 3000g/kg
K fRISE T 3.8 CIRT S8z, H#OiRE LoTh, 0P(100-1,000ng/kp) 5 bEiR
HEFER], COERIMERILEZ. VS 000 & 300ng/ kg, Ep ) BRU TS
b7 3% (1-30eg/ke 1. p: HEHEIR 2 T i oic, 472730 & 60
ng/kg,s.c. )i OPOI00RE/ke. 1.p JORIBETFIFMICE S LiErof. 20K EY
LL-(100 & 300mp k.5 c. )1 OF DERETEREDTMIHb RSS2 1.

(&5 = ALK % 0P OGP ABRMICFEET 5 L 42 5015 (651
CEOEUBISD. FOU RS LIV CES! #3< HAMB TRz B
Bo FRAKTRSNIZTTALISS 0P OERETIFRUL. Y7L RA
BR0D 0P OAFEATER. SRUOP o)f&iti%ﬂ)ﬁ’ﬁE%;tw%?%iﬁmﬁ%a,

26—28, m,,‘)

_109._

17



o . - . . . - - . - . . B *
.. . > o, . .. o . . aets . o, LT
. : . . -t A . B . .. . LI L. .o " . - .l o N L. Lo . . , - .
. . B . Lo . - ‘ . L, t R DA Lty .
e . . . B . . . N N . T . . . .t . e
. . , . . . K- . . L L - L. . . S LT '
Lo . e ' . . . .. . . - . s i . T, R . . .
. . . . . o, - . . . - ‘.
PR - .o . . . . " . . M . . .
. - . - . . : . . ) L . ‘ T PP RN . '
. . . K . : . . M K . . - . s . -
. .. PN - : “ o . T . R A '
. “ . s - P . R s A . .
. N . . . - . . - ' . f ) L H . .
- f . LI 4 . . . T . . . . . : . Ll ‘Y
. . : A "o . -3 . . - i - L . . i s - . .
.. . - s i - . . L . : - . . - e
. T : . . . . . .. - . B . , . . K .
. . . . e ) o . . N ot .. . . .
co- . L . . ) " P . “ . . -t . . E . LI M . .
i oo - ' : . . PR i o - Con . s
. : . . s . . . . . ) . . -, oL ) Lo .
L s N .. . . . o 1. . o R - . . : ' .. . . o . .
. B e . i . . . : . . L . .o . - - .
- . . . .o fo . . . . LR . . . . . - .
T ' . . . . " . .



o : e e D204
0-25 YVEBAELEZSELBELNE YOROBEEFRELICELETEE
FiE R IE REY. A AT BR BAY BN &7

VBFREEGHEAETALAR SRR EE, TARENASEFRIER

s 4x7»:xf@%#$%&éjz&¢tmf EABEE SRITRIRESITCOS, BE
L bBRERTFATYR (B mouse) 1TV YEAEIVE I UAERKIEBBES L. Maﬁoﬁ%aﬁ%’é{téwb

s LT\ 3. TOERTH. BEEH 24 HEZORERRIORED MRS a:czn,é:ﬁfaﬁeéh_
oo LBL, Bohlta 48 RGOS, Th b OFENMOEVEERR aifufx RBEARROERER
. . ZOZEM 6‘ HEGIT 9 .‘/Eﬁﬁﬂx&' 2 t:‘fwaia%'s; 24 ﬂ#ﬁﬁﬁéw; v-wz‘mﬁﬁﬁﬁﬁéﬁt&%ﬁ LBHEL
72..

- [EER e ] ﬁt‘?ﬁﬁ%t L'C mrq&—rﬂ@]% Thd. 2 ﬁﬁ@ EL< &z&‘eﬁﬁ%ﬁ 3 E%J:U&E—ﬁ’i 3 E .

BBk, YUY L EARIRICRE T R RS Lk, FHRERIEA LSS VA dnifiefday -

ThHolt, REMLE 2 BERgIc ¥ = ./%E%‘—'&&E.E’EEL ‘7'?Xﬂﬁﬁﬁlu§%%h‘6 LI BERROTER
) i-_2 BFOREMITE, oo, odHs ./-’3"'"'7'/5" Lt&f-—wﬁiﬁ%ﬁ% Uiz, . 7Y s /ﬁ’ti‘i‘?'?xfﬁluﬁ )
. f&bﬁ.f Y REFAA Fr— 2 i EEICIEA L'Cﬁﬁﬁﬂf:'(' EES raﬁ'ﬁ%nﬂ% L. '

R B T, T, )T, Tﬁo@ﬁﬁ?ﬂéﬁto_mﬁﬁ&ﬁéﬁa#&'

' Eﬁfkﬁbtﬁ%\ﬁﬁﬁmTﬁirmﬁﬁﬁ E BT amm%énnu'

o ﬁm\b@mu—ﬁgﬂaﬁ%m M - R TS *La‘%ﬂnbtué;ﬁw -

ik ‘4‘(.-1'." i}ll Bé”’ ‘Fﬁ%{ E— O EEE I-;E'“
”ﬁé"ﬁﬁi%,_r% 2’135?“?!‘#5{5&—&%& "’d\iﬁtﬂﬁ%%"— B, "BEY e )T‘—“./Ei /;’ﬁ[ﬁ}:

{EMIEﬁn@ﬁﬁ#ﬁ%ﬁ%ﬁﬁmﬁéJzf&ﬁﬁTéﬁw,m%ﬂ7/z@ﬂhtﬁ$,ﬁUmaﬁi
 EDBIER 12 B THEEY 7Y A b 400ug/day ORIREBE L, ERSERTIRBEIRTMOCHNL
—T\:g . . . . X . ’ . ._ . . N ‘ ) .. . : N R .l‘ ‘
L aige} 2003 44>6-2006 0 4 FRIK 336 HDEHH HAFRAFEER L, Ti S ARSEERAE
CCESEFTLIS, 1004 (30%) BEERYYUAY MERNBRLTOE, )

Sl [ﬁ!‘iﬁﬁi‘kﬁ] EROBRDERRIIEE 4 £iHE '350!ig/dal¥ ﬂu-ééf i 2% #ﬁ&EﬁljﬁﬂQf*ﬁﬂli 306pg/day, ‘P

© HAE372pg/day. BB 349pg/day THY | EREFRDREILHEER &7 ﬁ'lﬁﬂﬁ‘iﬁ{&ﬁ—c &)Oi’lo FRAETHEE
T2 400pg/dail' xR L,'Cb\t.@ii 336 ABDB2A (24%) ThHY. BHLAEFERE "‘L'cwaa L
LS 2544 (T6%) i, TEQJ&W&‘*}TJ A btﬁ?ﬁé‘«% Thb, FEEICERTTY A b%iﬁjﬁ LT

- DI 254 L RO YL (21%) THY . 1854 (55%) li%&“ﬁﬁgm’&ﬁéﬁur EL‘CML

CIEER] AT S I A Y 350 g/ day BRI L TV B, L Lﬁ&"é@f‘%ﬁﬁxmk & mﬂEauﬂamﬁﬂi
) ﬁ}i%{&*c'&mf_ (306yg/day). ;ﬁﬁ@ ss%li%wﬁﬁ%ﬁs&mm$ﬁbﬁab wﬁ#ﬁgﬁﬁ“‘:'ﬁ%ﬁk&ﬁ'
' _51‘“@&&&&,@\5 o

-_ng%_fggﬁéﬁemﬁ%%, $£48H.(2008. 06. 28—-30, )

= 61 —

i9.






272-(142)

0325  EEOSEDR
15 - TR DEHE

| ERSHERENGE

&AM REEE E*ﬁ'ﬁﬁ hEFHE *&Bﬁﬁl
A O WEHRE BEEA

SENREETE, PR R TRENRRCED GRS, &
ok EE - REHOBEEEICHRT S, BT L 8

TEEOLLELY, BR7 rA 15—t X8 MbEELFLT
Vs, L L. -BREEREEZHOR ) oRBNEE 7 7
Y AS-FIRARTSERERTWE Y. £0kn, SEETRES

L OB LHRER (B) RS UCRE T 74 =% 1T
L. ZOFREZHRY L O THET 2. i, 2003452 5 2006

E£TTOIEMEERAT 74 AR HT LA 0 (BHALH. -
It T, KBEEE, RELTERML XafdRiEHon

B TR SR, WA 74 /5~ FOREE, BT,
e - BESOTE - HRSOMIE - EEOS P b ORE ML
 KDWTSELRR L. S5 MBOAELEE - £HY
1 - BAHEOMEICDWT b LB L7, EFEAMER 0
(EH) 563 (BRENEFSEICHE LTV 3) IFHL, 43
T (619% ) (- MRTRA MU % B e, IRRE DTREGIER 4696 - U
B - oF X AEUCHEL, 4248 (60%) THI & OB b b 7.

PRBOMIE, FOREY 0 (ER) 53 (RREDEIR
ECEL) KHFL, 615 (87%) THRBBORHE - MIEHE

B G, BEOREH LI, FELTw 2 RilokREEHR

EBHACTEL, SO TOEELNE - Be - & L5
L7, 57 BUS2%) CREROB T & O X LA G,
EEHEORER I EILRS 6N I LACRE S LA, E 7, e

| RO b 5T, EROBE W LR 2 55 <,

T R X O~ B S L AN & R

¥

PNE =TI St g b oy W o A A R B

ZeET REFEAL C E YRR AR ﬁﬂﬁ%fl*}ﬁﬂ‘ BE
ERARENBER Y > & —NEH .

BEEAT HEETE PHAE KERE DRERP
 BRER BREE. BB & REEE SRS

iR e, BERMEREROEN T A Ty PR, { ¥

I RS SR EET I L F R SR TWAIRA 2RI

BECERREEERATIEFbI o CEL FRAHSED

MRI X, 1 BEEE TORBE RIFRAEME B 225 8100
WEERELOMERE LMo Ty, HY -HHE:F
SEHWRICRE SR MRIBER R ZBHMoMER KoM
BRPESIITBLDE, 210 ACRMERD MRI & BEMO
R RS THRERSLL. BE  FLARECBT3

. BREFEEGRY, FEHHRORLNABEREICEVT

b, BREOSIEES & FRRHNNS ), ARV WIZEE

EHE S AL SERIFICL DAROBR LIRS L, 8

EMOBHRRAOEELBEABRARKIEEORER b,

FLAREZBOAFHRALEOHRIBD 60 HERHO
FLAIR BEREHIRIL: 6 EMORE - BRHREHE (WISC-R)
LAHBZANE RE R FLAREZFAWSI LT, 28
MORBRY T FERMNCPHCE 3 TREITRE S hi

FLAIR ¥t oRERRE, BEMomE L WS S, Sl
BERFREATWL L#2 60z FLAIR BRI L A Y OEER

TRETHL Y — 7 YA TH Y, TOEMEERIL, BEI0EY,

EWREANNNI OREDCHR I B 0, BRAZORE
FRGIZ wEFLI LR, ﬁﬁ%ﬁﬂ DRATY—=F7ER
T LTEESBHRF SRS, .

21

@) OBET ¥ (- K EBH

0826 HEYE RO MREFLAIR P08 Rt h e 0N

E#d}ﬁﬁ%%%éﬁ #112% 525

 ba %ﬁﬁﬁiﬁi-)%E&mﬁﬁ]@ﬁ@é’ﬁksﬁa

MLPA ab‘7:~cu TRAOERE

EE&E;’C%/}\}EF}‘ BUYREE#HLEY 7 - zﬁfz‘:.@ﬁﬁ"
Fraassd :i'/z'rlxx’ﬂff A HEEAE .

AERKEE AWEE H RE EEZE

AR REdEfyryos Tﬁﬁ‘iﬁ%ﬁ#ﬁ’%*ﬁﬁf(

b, BEOEREERF (G/5Y FRE) TRBHETERVWEE

LY F7TOATOREREVREEZFOEELREATH I L .
BHLPEEINTWD, TCRLYTFur7+ERL+58

A FISH LR E R Twa Y, BREBASHL:

ODIAREZHOBRTHER LT LW, iEE, NEOHED
¥ AGHEO T — 8% 5T SRR TH D MLPA 1E¢
HRsh, 377 OATENCSGEDITESL bk, [FIEIG
Ny FREOHENIEE: MCA/MR EM 24 R (MBM 22 B

BB ERRLLT, MIPARK X34 7703 TRITEES

T, (HR) 24 0 5 6] -(21%). ISH 7F U AT OigER

HEHED LR, ORI S K +10g B, . 5pRE+1Tq

EHL 5p KEA5¢ER. 16p KK, 18q RETH o7 5p K+
10 BEHHEFI S X U7 5p R+ 17q HEER CRAEMIYERIE
HiR@EA L, -5p KR +5q BEOEF TR FiRafl
MM EH L Twik (8] 2 FHO MCA/MR ﬁﬁﬂ)ﬁﬁ

CHERIVIE MLPA EIZ X 59RO R TRESERTH S, V7

7O X7 OHERE 2B 5 A 3 ERACHEAE S REHK

T HERFOREETH Y, RFOFRBELRT 20855,

G2y FRASFIER O MCA/MR ﬁ'ﬁﬂ@%ﬁk:ﬁﬁiﬂ vz
YFRIFIEE, YTV ATEMEERTAIESABEL .
W, MLPA B £ 29757 0 XA PRFORET A b it GJi/ ¥
ﬂi:‘:l‘ﬁiﬁ'c hYy, BEEEE LT‘t&ﬁ‘Jﬁf#:‘éhé

0828 ULEARAGIENEORSCE ST XRE
DAL ‘ L

HAERASMER BAREERRERE
IEHE AR MUAE RREAR x&maﬁ'

ﬁﬁ' 5 ’fm?ki‘”%:‘
[Eﬁﬁ] B, BO4 /7».::./-1}?“%%4]') /&2‘-&)[«5 1:11/'

C{BUTA ) DELEPEEHERTE TS, RES—X >, &

BREEREBRM S FH EE SN, EFERERRCH
THRMBSIERELL, S REBATH invitro T H]
HHB/TF v b %&ﬂﬂﬂ@ﬁ‘ﬁ&%ﬁ?& & ﬁ‘h’é i, &M
Fea ERABW AR EEORS LT EETS L,
Foa MR LRFEI X )y AIHCT CRE RN £ 3
L., BEABZMEN LT L. s L rFEIRREYIz
TAPATFNR T X THLELR v AD 13 BEIEL 0.

© ARRERSL R 4 R USRI EREE L oS
. EEEEEDALTEE LTREELL. HHRALTH 2 B

RERGSEM ARG E L, Shed Rk L. 2o
BERGUMEA A FPORTBECRE L, B E TR R
Lz <% R IFEAHRT ¢, Bis e 4 LTFFIMLT—HiC
THRE L& (BR] A5 e Bl < 77 A DRI KRS T T

i3, 1ERRIE 1 v L #%158 & subclinical paroxysmal discharges . -

ok ARBESEBCTHILAR - SR o2, HBR

C EMEGE D R I o 7. L L subclinical paroxysmal dis-

charges QHERIFRICHML, HEHMLERLL (&84

) 5%&%%&%%’% Hinvive KBWTHEXRERE.

ﬁﬁlun'ﬂ&énf-







38

Biol Pharne Bull, 3144 63%-—612 (200%)

DI7037

\ol. 31 No. 4

Oseltamivir, an Anti-influenza Virus Drug, Produces Hypothermia in
Mlce. Companson Amung Oseltamlwr, Zanamivir and Diclofenac
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Oseltammr phospha'te (Tamlﬂu). an antl-mﬂuenza ﬂrus drug, is hyvdrolyzed by carboxylesterase to an ac-
. tive metabolite. The metabolite inhibits the influenza virus—spcclﬁc nesraminidase. Ia chis study, the effects of o5~
eltamivir on nermal core body emperature were studied n. mice. Oseltamivir (30—300 mg/kg, Intraperitoncally
. (i.p-) and 100—1800 mg/kg, orally (p.o.)) dose-dependcntl\' lowered the body témperature. The cffeéts of os-
celtamivir {p.o.) continued longer than those of oseltamivir (.p.), and approximately (riple doses of oral os-
. eltamivir were neaded to produce the same peak effects as intraperitoneal oseltamivir, The non-steroidal anti-in-
* flammatory drug diclofenac (1—30 mgfkg. i.p.) did not, affect body tempevature,.and (at 30 and 60 mg/kg, s.c.}’
. did not interact with the hy pothermic éffects of oseltamivir (100'mg/kg, Ep.). Zanamiyir, which also inhibits neu- .
rnmmldase. did not produce hypothermia-at doses of 100.and 300 mg/kg, Lp. Clnptdoarel {100, 300 mglkeg, Lp)
which-Is metabglizéd by the’ same carbn\\lesternse, tended to decrease the hypothermic eéffects of pseltamivir
{100 mull-u". i.p.}. These results suggest that the hypothermic effects of Oseltammr are due to its -hydrolytic
metabolite, and-that the hypothermia observed in mice has some relationship to the antipyretic el‘l‘ects and severe

Cohy pothermla (ad\erse cvent) observed in influenza’ patients.after lahmo oselaamivin

Iu:,\ words oseltamivirs hyporthermia: zanamivis: diclofennc: mouise

..The anti-influenza drug oseltamivir (Ro64-0796) is hy-
. drolyzed to the active metabolite oseftamivir calboxylate
-{Ro64-0802. OC) by human liver carbo‘(y]eslemse (CES).
“and -OC .inhibits 1he infiuenza virus-specific neuram-
- inidase.!” ¥ Oral administration of the-parent compound os-
eltamivit (OP) relieves the symptoms of influenza .(cough.
myalgia, nasal obstruction. sorethroat, fatigue. headache.

leverishness).” OF has strong antipyretic effects, which be-

“come apparent within 24 h after taking the drug.® Ih addi-
* tion, an adverse event*(unknown caswal relationship)—hy-
pothermia—after ingestion ‘of OP has. been reported. Forty-
four cases of hypothermia had been reported to the MHLW

(Ministry of Health, Labour and 'Welfare, Japan) up to March -
. 20, 2007." Data released by the Food-and Drug Administra--
tion {FDA) ha\.c .also described hypothermia to 34°C in 2.

 cases®
“1n the present smdy we tmestmated the effec:s of -OP aon

norma! core body temperatyre using mice, and found. rela-”
tively strong hypotherniic effects. Z'mamiy:r which-is also a

" neuraminidasé inhibitor and dn anti-influenza virus drug. was
compared with' the effects of OP. Absorbed OP is hydrolyzed

by human liver CES1 to the active metabolite OC." The by-"

drolysis is: stron"ly inhibited by the anti-platelet drug clopi-
- dogrel, which'is metabolized by the same esterase CES] ™
- Thercfore, clopidogrel was used to inhibit hydrolysis of OP
in an.atternpt to swdy the involvement of GP or OC in hy-
pothermia after OP administration.
As the antipyretic diclofeniac carries a warning of possible
-severe hypothermia. in children and the elderly with high
fever in the package insert and an interview form.™" the ef-
fects of diclofenac ou body temperature and its mteracnon
) w:th OP were also studied.

o To whom correspondence should be addressed.

c-mail: bione'e pharnagma-co.acjp

MATERIALS AND METHODS

Animals  One hundred forty-six male mice (dd¥ strain.
51.C Shizuoka. Japan) were kept for @ Iéast 7d under a
12212 h tight-dark cycle before experiments with full access
‘1o water and food, éxcept those used for oral ddmmlstmnon-
of OP, which were fasted for more thari-15 h.

All experimental protocols used were approved. bv the An-
imal Care and Use Committee of Nagoya City University
and were.conducted in accordance with the wiidelines of the
Japanese Pharmacological Society.

Measurement of Rectal Temperature At 5 weeks of |
age. the mice were used to study the effects of drugs on body
lemperature in an experimental room for animal behavior
which was nmaintained at 23—23°C. Each mouse was placed
individually in a Plexiglas ‘cage {19X612% 11 em (depth)),
:hen removed every 10 min, held looesely in a small cloth bag.
and the core body temperanire was measured using a digital
thérmometer with a resolution of 0.1 °C (MT-132. Mother
Tool, Uéda. Jupan}. The thermometer probe was inserted 23
mm into the rectum.'' After each measurement. the mouse
was returned to its cage. Mice whose rectal temperature be-
fore drug administration was below 37 °C were not used. for
.experiments. Drugs were adiministered after the temperature
‘became stable. ' '

. Drugs Thedrugs used were oseltamivir phosphate (Tam-
iflu capsule, Chugai Pharmaceutical Co.. Tokyo, Japan).
zanamivir hydrate (Relenza, dry powder inhaler, Glaxo-
SmithKline Co.. Tokyo, Japan), clopidogrel sulphate (Plavix
tablet. Sanofi-Aventis Co.. Tokyo, Japan) and diclofenac
sodium (Sigma, St. Louis. MO. U.S.A.). A Tamiflu capsule
{75 mg} contains 98.5 mg of oschamivir phosphate and 64.3
mg of additives, The seluble additive is povidone..and the in-
soluble additives are pregelatinized- starch, croscarmellose
sodium. talc and steary] furnarate sodium. The content of the

« 2008 Pharmaceutical Society of Jupan
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capsule was suspended in. saliné. Five hundreds m:Ih..rams
* -of oselamivir phosphate are dissolved in 1-mi of water.” and.
" the-maximal concentration of OP used for oral administra-
tion (1000mgkg) was 100mg/ml. Thus, insoluble sub-
stances were considered to be additives, and not.OP, and the

suspension Was injected after shaking. A Relenza bligter (5 -
mg) contains zanamivir kydrate and lactose. and thesé were -

coinpletely dissolved in saling. A Plavix tablet, which con-
tains 75mg of clopidogrel and additives, was made into an
emulsion by grinding in 2 mortar and péstle containing
-saline. Diclofenac sodium was disSolved i saline, Doses of
drugs were éXpressed as a free base and administered in-

trapentonealiy (i.p.), subcutaneous;y (s.c:) or ordlly (p, o.} at

- 0.1 ml volume/10 g body weight. .
Statistical Analysis - Mean core body temperature before

drug administration was 38.2£0.03°C (S. E.M., n=146), thé
Tange was 37--39.3 °C, and drug effects were eapressed as
_the dectease in body,temp_cmmre (A°C ). All data were ex-
, tion). Non-corrected- Studerit’s f-test showed the same de-

pressed as mean®S;E.M. (=6 or 8): Multiple f-test with

Bonferrom coirection following ANOVA was used for mulii- -

ple comparison between control and: treated groups.'” Stu~

. dent’s ftest or Welch’s procedure was also applied 'to the
same group because multiple comparison can overslip side

effects_ (adverse reaction) {known casual ‘relationship) of
druws " pifferences at p<0.05 (two-tailed) were considered
10 be significant.’

RESULTS

~ Effects of OP on Core Body Temperature OP (30,
100, 300mg/kg, ip.) dose-dependently lowered the body
temperature (Fig. 1). The peak eftects were observed 10, 20
and 3040 niin - afier administration of 30,
mg/kg of OF. respectively. Variations in the effects of 'in_-
traperitoneal OP were smaller than those of oral OP (Fig,
and there were many s:ﬁmﬁcant time points “between lhe

- saline and OP groups { muiuple rtest with Bonferroni correc-

tion) (Fig. 1). AUCS;_gomin ©F hypothermia {ﬁ"CXmm} val-

ues were: —3.2+3.6 (#=6) (saline), —~20. 746.4 (30 rn_jku),_ o
~T79.3%5.7 (]OOm;,r’LE) and —~164. I+l’5 9 [300 maikg) .
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Swmﬁcant differences .in eﬂ‘eccs were observed between
lme and the 100mg (p<0.05} and 300 me'kg (p<0 01)
groups (multiple 7-test with Bonferroni correction).

Oral adniinistration of OP (100, 300, 1000ma/ks) also . - -

lowered the core body temperature in a dose-dependent man--
ner (Fig. 2), Saline lowéred the body temperature, but signifi=:
cant hypothermia was observed at deses of 300 and 1000
mg/kg, p.o. (Fig. 2, multiple r-test with Bonferioni correc-
tionn). When non-corrected Student’s r-test was employed, the.
effect of 100 mafkg OP was ‘statistically significant at some .
time points (Fig. 2). The peak effects were observed at 30—

<60min after administration,. and reco»erv was not evident

at 2h afer admtmstrahon AUCsu_mm of hypothermia. .
TA°CXmin)- values were: —93.9%2109 (#=8)- (saline)."
~149.5£27.9 (100 mg/kg). —219.2%51.3. (300mgrks) and
~300.6X39.0 (1000 mg/kg). Significant. effects ‘were ob--
served between saline and'the-300 (p<<0.05) and 1000 mg/kg -
{p=<0.01)_groups (multiple stest with. Bonferroni correc-

grees of significance as those from the multiple. f-test. When © -

compared by peak effects, approximately mple doses of oral . -

oseltamivir were needed to produce the same. peak cffects as
ntrupentcneal ose[mmmr : .
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- Effects of Zanamivic on Core Body Temperature
Zanammr (100, 300 mg/ke, i.p.) slightly Iowered the core
body temperature (Fig. 3). No statistical significance was ob-
served (multiple i-test with Bonfe:rom correcuon) and Stu- .
dent’s r-test).

Effects of Clop;dogrel on vaothermw Efiects of OP ~

Iiypotﬁehnla (A

s “ - T T -
-0 . 0 £l . s T g0
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‘Fig, 4. Effscts of Clapidogrel {100, 300 makE. sc.) an vaothmma tn-
“dueed by Oschiamivie (100meke. i.p.)

 Each point represents the ‘mean=S5EM, af 6 mise. Ordinate: decroase’in body 1em-
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Trinistration of the o framivir: Clapidogrel was administered at the point shown by the
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Fig. 5. Effects of Dtciof'cnac on Core Bady Temperature and the Interac-,
- fion with Oschamivir

Dictofense {1—30mg kg, i.p.) docs no alter core body temperture in mice (A). Di-
Cofenac 130, 60 mgz kg, s.. I dues ot afivet the Bypathermic effeqs of oscltamivic (1050
meke. Tp.} (Bh Each point represents the mean=S.EM, of 6 mice. Ordinates: de-
crexse’ b body tomperature from the baseline fmean of —30—Catln {A) and —0-
tin (B3 Abseissac: lime in minutes alter the adniinistcation of oschamivit, Ditlofenac
. wos administered a1 the point shown by 1he upward arrow: { ~ [Fminl, *p<0,03 {nnn-
corrected Student’s #5ests. Dic. di clofenac,
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Since the hydrolysis of OP is strongly inhibited by clopido-
grel,” clopidogrel-was used to inhibit the hydrolysis of OP.
Clopidogrel (300 mg/kg, s.c.), which alone slightly lowered
body temperature, only tended to reduce the hypothermic ef-
- fects of OP (Fig. 4).

Effects of Dicloferac on Core Body Temperature and
!ts Interaction with OP Diclofenac failed to produce hy-

pothermia at doses of 1-—30mg/kg. ip. (Fig. 5A). Since
non-stemldal anii-inflammatory drugs (NSAIDs) are some-

.Hmes prescribed with OP for influenza infection in Japan, the

drug interaction between OP .and the strong NSAID di-
clofenac was studied. Dicloferiac (30, 60 mg/ke. s.c.) admin-
istered 15 min before OP did not affect the latters hypother-
mie effects (106 mg/kg, i.p.) (Fig. 5B).

'DISCUSSION

_ Tamiflu inferview form and New Drig Application {NDA)
data summary descibe that OP at 7.6, 76 I and 761 mg/ke.

- p.o. does not affect body temperature in adult rats!
.whereas.at 533 mglkg. p.o. it lowered the body temperature
of rats aged 7 or 14 d.'" A recent study by lzumi er al."™ has

provlded supplementary data indicating that OP at 50 mgtkg.

.i.p. significantly augmented the hypothermic effects of
.ethanol in 30-d-old rats. Here. we have demonsirated that- OP

atone generates poient hypolhenmc effects in mice, consis- -

tent with our prel:mmary study obtained using adult rats

(data not shown).

Brain/plasma C_, ridtios for OP and- OC i m hice admtms-
tered OP at 10 malkg. po. were 042 and 0.22, respectively.s”
Thus, it is considered that both OP and OC penetrated the
‘blotd-brain barrier in the present study using a high dose of
OF. Bady temperature is usually regulated by opposing con-
trols of heat production and heat loss. The preoptic anterior

‘hypothalamus (POAH) is a thermoregulation center.'™ The

organum vasculosum kaminae termin_alis (OVLT), part of the
circumventricular organs (CVO), is located. near the POAH -
and Is the target site of endogenous pyrogens.™ In addition,
the CVO lacks the blood—brain barrier™™= These circum-

-stances suggest that OP or OC can affect body ternperature’
.rcaardless of whether or not the target site of either drug-is

located within the blood-brain barrier.

OF *(30—300mg/ke, ip.-and 106—I000meks. p.o)

_ - dose-dependently- [owered the normal core bcdy temperature
“in mice (Figs. 1, 2). The Tamiflu NDA data summary’ de-

scribes very rapid hydrolysis of OP in mice™ and. the pres-
ent study indicated that the hypothermic effects of OP were.
relatively sustained (Figs. 1, 2). Therefore. it is suggested -
that the active compound that lowered body temperature was .

‘ metabolized OC, and not the parent coripound. OP. However,
" a further.study using OC poewder will be required before a-
" final conclusion can be reached. Tamifiu capsule contains in-
. soluble additives. In our preliminary study, a filtrate of Tami-

flu suspension lowered the body temperature (data not
shown). As the soluble additive povidone is 2 very high-poly-
mer compound {molecutar weight several tens of thousands)

_and its molar dose included in a Tamiflu capsule is very fow,

it seems uniikely that additives other-than OP or OC lowered
the body temperature. Oral saline (10 ml/kg) administration-
unexpectedly produced hypothermia (Fig. 2). In the prelimi-
nary study (#=6 or 7), oral water administration to fasted
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- . duced mild hypothermia (0.5 °C). Although pyrogenic mes-
sages via peripheral (largely vagal) afferent nerves activated ig/kg. i.p.) did not decrease the body temperature (Fig. 5A) -
"aind at 30 and 60.mg/ke, s.c: it did not interact with the hy-

'Apriwoos I _ : _ L T ,.'-,_64,1_

‘mice and oral sahne admmistmuon to nonfnstcd mice iow- Togens: lhc EDg is 0 I3m9fkg, .0, In rats.’"' \foltaren pm:k— .
age insert and intérview form give 2 warning of severe hy- -

ered the body temperature by about 1 °C. In addition. inser-"
tion alone of an oral probe to the stomach via esophagus pro- potherrma if used in chxldren and the eldetfy with high

by the cytbkines induces hyperthermic response by direct af-
ferent trapsmission to the POAH,* evidences of reflex hy- pothcnmc effects of OP (100 mg/ke. i.p.) (Fig. 5B). Thus, no
pothemma by mechanical vagal ‘afferent stitnuli could not be " drug interaction between diclofenac and 'OP was evident, &

- found in literatures. Nevertlieless, these findings suggest that

mechanical messages from esophagus and stomach via vagal

. afferents reflexly lower body temperature, T
Zanan_‘uv:r as well as OC inhibit the influenza virus-spe-

" cific neuraminidase and also the release of virus from host -
cells.*! As the hydrolyzed compound zanamivir cannot be
- absorbed by the gastrointestinal tract, a fine powder of

zanamivir is inbaled (10mg, twice a day) when used for -
treatnaent of humans. After inhalation of zanamivir powder,
. distribution of the drpg is restricted to an ‘upper respiratory
tract, a larget site of influenza viros. In order to elevate its
plasma concentration, the same doses of zanamivir ( 100, 300
mg/kg) as OP were intraperitoneally administered. Zanammr
(100, 300 mg/kg, i.p.) did not produce liypothermia (Fig. 3)

" From these results, it is considered that hypothermia after OP

administration is not due to neuraminidase inhibition at a
thermoregulation center or a péripheral organ that is invalved
in thermoregulation,

" CESs are chssnﬁcd into 5 subfam:hcs (CESI—CESS).
and- CES) is subclassified "into CESIA—CESIH.* The

" €CESs that hydrolyze OP are suggested to be the CESIA and

CESIB isozymes in buman liver'and mouse plasma, vespec- -

" tively 2 Clopidogrel, a substrate of CESI, inhibits the hy--
_drolysis of OP-to OC in Yitro: hydrolyms of QP (50 unij is in--
hibited by 5 and SO;N clopidogrel 10 50% and‘10%. respec- .

" tively; in buman CES [-expressing cells.” /it vivo, a large pro-
portion of clopidogrel is rapidly metabolized by CES +to-the
 non-active metabolite SR26334 in humans. ™" and T°°_ of

the hydmlﬂed metabolite SR26334 after oral admmlstgflon
of clopidogrel (75.mg) is 1.9 h it humans**™ T,

mias
*. ministered -orally at a dase of 75mg is Lh, and 7,

mas OF its

" metabolite OC is 4 > suggesting that clopidogrel compet- |

itively inhibits.the hydrolys:s of OP to OC in humabs. Clopi-
_dogre}-300mgikg, s.c., ‘which alone s]nzhtly lowered body
" temperature-and did not afféct behavior of mice, tended 10 in-
hibit the hypothermic effects of OP, althouﬂh not to a.signifi<
--cant degree (Fig. 4)..Conversion of QP 0Cis very rap1d in-
mouse plasma ‘the ‘concentration of OC after oral OP adrnin-
istration’ in mice attains a near C_, value within 15 min after
admtmstralton"' and high amounts’ of CES- are present ‘in
mouse plasta.’ 7 These: ﬁndmgs support the negative nos-
significant mleracnon of clop\docrel with OP in the present
in vive mouse “study, 'I‘he tendency for ciop:docrel to exert
“irihibitory effects on OP-induced hypotherrnia (Fig. 4) and

the prolonged efféct of OP on temperature (Figs. 1, 2j sug- -

gest that hypotliermia is induced by OC. but hypothermic ef- -
fects induced by or a\so cannot be rited out. In fact, it has
” been demonstrated that both OP dnd OC facilitate neuronal
firing in hippocampal slices, OC being 30 times more potent ’
_ than OP in this fespect.” *

Dicloferiac, a strong NSAID, is used for treating high
fever. Although diclofenac does not lower the norma! body

tempetamre in animals, it effectively reduces fever due to py-

of QP ad- -

fever. ™" In this study, very high doses of diclofenac (1—30 - - -

!enst in terms of normal body terperature. However, as di- -

clofenac can be used in patients with high fever, further stud-

ies using pyrexia mice are needed to investigate drug mterac- )

tion between diclofenac and OP

in the present study, intraperitoneal and cral administra-* .
tion of OP induced dose—dependent hypothermic effects in .

normal mice. However, since recent clinical studies have. .-

shown that the antipyretic effect of OP on type A influenza is.

stronger than that on type B influenza B34 the antipyretic &f--

feet of OP is considered to be due to not only direct pharma-
cologtcal effects on thermoregilation, bitt.also. anl‘l-mﬂuenza
viruds activi Iy,

Severe hypothermia as an adverse event has been reported -

to the MHLW- from manufacturer of OP and also from med-
ical institutions.™ The proportion of hypothermia cases i,

Japanese patients below 10 years old relative to all reported |~ -

_cases s 40.1% ¢18/44 cases), and this ratio .is highet than..-
those for othef adverse reactions-(ie. 16.7% for anaphylaxis = S
. (636 cases)), based on initial data méde available to the pub- +

Jic by the MHLW.” Since the body weight of children below-
10 years old is low, it is considered that more severe hy-

pothermia may occur in comparison with that in the eldecly :

when heat product:on decreases or heat loss increases aficr
OP ingestion. Thus, it is possible that the hypothermic effects

observed in mice are related to the severe hiypothennia in hu-=

‘mans after OF ingestion. Further studies are needed to eluci- =

-date the mechanisms of hypotherria-in mice and their rela-
tionship to the ddverse events reported in-h umans.
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ABSTRAGT

Oseltamivir (Tamiflu, Hoche, Nutiey, NJ), an ester—lype prodrug of
the anti-influenza drug Re 64-0802 {oseltamivir carhoxylate), has
‘been reported to be assaciated with neuropsychiatric side effects,
’ which are tikely to'beé caused by distribution of oseltamivir andfor
|ts metabolite into- the central nervous system. Enhanced- tmuclty
. and brain’ distribution of oseltamivir [n uhweaned rats. led us to
hypothesize that the low level of distributisn of oseltamivir and/or
Ro 64-0802 in adult brain was caused by the presehce of a specific

'efflux transporter at’ the blood-brain barrier. We examined the .

pqssnble role of P-glyeoprotein (P-gp) as the determinant of brain
distribution of oseltamivir and' Ro 64-0802 both in vitro using LLG-
GAS5-COL150 cells, which overexpress human multidiug resistance
‘protein 1 P-gp on the apical mermbrane, and in vivo using mdr1 alth

knockout.mice. The permeability of oselfamivir in the basal-to-
- apical direction was significantly greater than that in the opposite
cm'ectron The directional .transport: disappeared on addition of
cyclosporln A.a P—gp inhibitor. The brain distribution of oseltamivir
was increased in mdriafik knockout mice compared with wild- -

" type Mmice. In contrast, negiigible transport of Ro 64-0802 by P-gp

was. observed in both in vitro and-in vivo studies. These resilts

_ show that oseltamivir, but not Ro 64-0802, is.a substrate of P-gp.

Aceordingly, low-levels of P-gp activity or drug-drug Interactions at’
‘P-gp may lead to-enhanced braih accumulation of oseltamlvir, and
this may In turn account for the Gentral nérvous system effects of
" oseltamivir observed in some patients.

" -Oseltamivir phosphate (oséltamivir) (Eig. 1), manufactured under the
trade name Tamiflu (Roche, Nutley, NJ) as an ester-type prodrug of the

_ . neuraminidase inhibitor Ro'64—0802 (oseltamivir carboxylate) (Fig. 1),
" has been developed for the treatment of A and B strains of the influenza

virus, whereas the typical antt-mﬂuenza drug amantadine is used only for
- the A steain. However, the drug exhibits several adverse effects, nat ooly
in the digestive systern (abdominalgia, diarthéa, and nausea) but also in

" the central nervous systermn- (CNS) the latter include headache, vertiga,

somnolence, insomnia, numbness,. and behavioral excitement (basic
" product information of Tamiflu from Roche). Recently, there has been.

concem ‘that the drug may be associated with suicidal -or abpormal

behavior especially in younger patients (http:ffwww.fda.gov/eder/drug/

infopage/tamifl/QA20051117.htm and hupyiwww.mhiw.go jplenglish/

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

- is not to be administrated to patients less than 1 year of age, whereas the -

label in Japan -ooly mentions that the safety it the patients is not con-
firmed and includes the caution that-adfministration to patiepis older than
10 years of age is possibly at risk to develop neurological side effect.’
in general, CNS effects are caused by distribution of a drug andfor
its metabolite(s) into,the CNS through the blood-brain barrier (BBB).
When oseltamivir was administered to rats at the high dose of 1000

mgfkg in safely examinations, the brain concentrations of the un- .

changed drug in 7-, 14-, and 24- -day-old rats were 1540, 650, and 2
times greater than that in 43-day-old ones, whereas the braly concen-
. tration of the active metabolite Ro 640802 was lower than the

Aricle, publication date, and citation information can be lound at
* httpfdmd.aspefjounals.org. .
goi:'lﬂj124ldmd.107.017699.

plasma concentranon in all the groups. In addmon brain ufichanged
drug concentration-dependent toxicity was observed (basic product
information- of Tamiflu from Roche), Those reports suggested that
oseltamivir causes CN§ side effects-in younger animals in which the,
BBB is immature {Johanson, 1980), although it is not clear which
compound is responsible to cause the CNS side effect. Drug conceri-
tration in the brain may be determined not only by passive diffusion -
- but alsg by active transpost and/or specific accumulauon Accord-
ingly, BEB fugetion i is partially maintained by efflux u'ansporters such
as P-glycoprotein (P-gp). which is expressed at the luminal membrane
in brain capillasies. Sevcral P-gp substrates arc known to exh1b1t low
apparent permeability from the blood to the brain. Permeation of these
P-gp substrates .into.the brain is increased in ammals in which P-gp-
activity is reduced or.abrogated, €.g., a5 2 zesult of drug-drug mr.er-
action, mdrla/lb deficiency (mdrla/ 11 miice), or immature BBB
function (Tsuji, 1998; Demeule et al., 2002; Ebinger and Uhr, 2006).
In the present study, we examined whethér oseltamivir and its active
metabolite Ro 64-0802 are substrates of P-gp, using P-gp-overex-
pressing cells and mdrla/1b knockout mice, to clatify the possible
mvolvemcnt of P-gp in controlling their bruin distribution.

Iaterials and Methods

Chemicals and Animals. Oseltamivir phosphate was purchased from Se-
quofa Research Products (Pangbourne, UK). Ro 64-0802 was biologically
synithesized from oseltamivir using porcine liver esterase (Sigma, St. Louis,

"MO). All the other chemicals and solvents were commercisl products of
" analytical, high-performance liquid chromatography (HPLC), or liquid chro-
matography/mass spectrometry grade. The LLC-PK1 {wild-type) and P-gp-.
overexpressing: LLC-GAS5-COL150 cells were .obrained from Japan Heafth

ABBHREVIATIONS: CNS, central nervous system; BBB, blood—bram barrier; ng, P-glycoprotem, HPLC, hugh-performance liquid

chromatographiy. .
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R . X

Oselfamivir phosphate CzHs " HsPO ‘
"Ro 64-0802 - [P —

" Fie: 1., Chcm:m.l stmctures of oseltamwm phasphatc and it nctive metabolite Ro
64-'0802.

Science Rmch Resources Bank (Osaka, Japan) and Ktkr.n Gene Bank
{Tsukuba, Japan), rcspecuvcly (Tanigawara ct al, 1992; Ueda et al., 1992):
The animal study was perforted according fo the Gmdclmcs for the Care and
- Useof Laboratsty Ammals at the Takasakt Umvcrs:ty of Health and Wcll'arc
and approved by the Conmutwe of Bthics of Animal Expcnmcntatmn of the
. university, Male FVB wild-typc thice and mdrla/lb knockout mice weré
piirchased from Tﬂcomc ‘Farms (Gcmlantown NY) and used at § to.9 weeks
of age.
Cell Culture and 'I‘ransport "Experiments, LLC- PKI and LLC-GAS-
" COLL50 cells were cultured, passaged, and grown. as described prevlously
(lshlguro et al,, 2004) Cells were cultired at 37°C in a 5% CO;atmosphere.
* For transport studies, cells were seeded onto Transwell filter membrane inserts

*. (Costar, Bedford; MA) at a density of 2.5 X 10° cells/om® Medium. 199 .

supplemented with 10% fetal bovine serum, 14.3 mM NaHCO,, and 2 mM
L-g]utamme (addmoually. 150 ng/m) colchicine for L GAS—COLISO cells)
was used os cultire mediun The culture mcr.hum was. replaccd with fresh
mcdtum afier 2 'days, and tcll monolayc:s cultured for 5 days were used for
. trapsport studies. The cell monolayers were preincubated fn transport medium

(Hanks’ balanced.salt solution; 0.952 mM CaCly, 5.36 mM KCl, 0.441 mM.

KHPO,, 0,812 mM MgSO,, 1367 mM NaCl, 0.385 mM Na,HPO,, 25 mM
u-glucose; and. 10 mM HEPES, pH 7.4} for 10 min at 37°C.. After preincuba-

- tion, transport was intiated by adding the test drug to the donor side and”

transpott medium to the. receiver side. Drug trarsport was observed in two
directicns Inp.lca] (A) to basal (B) 20d B to A] over 150 min at-37°C. The
permeability- (P.pp. emis) of the compouivds Across ceﬂ monolayers was eval-
vated by dlv:chng the stope of Ihe time cotrse of ‘the-transport from A to B or
.from B to A by concentration at the :donor side as Popptany oF P,,MBA,.
respecuvely The permeabﬂuy ratlo was obtained’ by dividing Py by
P pxany Kinetic parametess, V,,,,, and’ apparent K, for P-gp-mediated drug
transpost were calcuiated by npnlmc'u- least-syuares analysis (MULTI pro-
gram) using the following equation, assuming that A to B flux (Vap) can be
exprcssed .as the difference between passive {Vpp) and P—Dp-mcdlated flux
(V,. g,) (Yamaoka et at, 1981 Shirasaka et ai., 2007).

Vim* G
. Vs = V."D"' V?-:r=Pwm'S"G‘"m o
where P, s is the membrune permeabmly by passive diffusion [P, u of

the .lest compounds in mono!ztyﬁrs can be evalualed by usmg potent P-gp
inhibitor, cyclosporin A (10 pM)I. and C, is-the drug concentration in the
apical solution. K, value represenls the upJCDl concentration of the drug at

which the decrensed -permeabilily by P-gp-medlalgd efflux became half of its

maximal value, -
Brain Distribution of Oselmmmr. Ostltamivir was chssolved ivwater and
" “administered to FVB mice and mdrla/lbknockout mice at-single oral doses of
30, 100, and 300 mg/10 mlkg (each n = 3). At 1 h after dosing. (comspbndmg
10 Fioes) (Li €t al., 1998), blood wats withdrawn Irorm the heart with heparinized
" syringes. Subsequeutly, residual systemic blood was washed out by 3 ml of
- -saline that was injected from the heart and discharged bg; caiting abdominal
vein, and then the brain was removed. Blood was centrifuged (1700g) for 15

" min at 4°C to obtain plasnfa. Quantitation of oseltamivir and Ro.64—0302 in

" plasra and brain Gssuss was performed using teported methods (Wiltshire et -
al., 2000) with some modifications. Bricfly, gzliquots of brain Hssues (100 mg) -

were homogcmzr;d with 1 ml of 5 mM ammonium acetate buffer, followed by

: ccn!nfugauon at 17002, and 0.9 mi of thé supematant was subjected to. -

solid-phase exteaction (Empore Mixed Phase Cation, 7 rani/3 ml, 3M Bioana-

Iytical Technologies, St. Paul, MN). The methods wsed for the extraction of

plasma and brain homogenate were identical.

Analylwel Methods. Aliquots 20 ) of oseltamivir and Ro 64-0802 .

samples were injested into an HPLC system (LC- 204 system, Shimadzn,
Kyoto, Japan) equipped with Jnensil CN-3:column (4.6 % 100 mm, 5 mm, GL
Sciences Inc., Tokyo, Japan) using isocral‘lc elution at 0.5 mi/min with 30 mM-
formic acid. Analytes were detected using a quadrupolc mass spectmmeler
(LCMS-2010BV, Shimadzu) fitted with an elegtrospray, fonization source,

Analytes were delected in the - positive mode, and prolonaled moiecular ions

monitored were mfz = 313 for oseltamivir and mfz = 285 for Ra 64— 0802,

' Some bseltamivir samples were nnalyzed with an HPLC §ystem (Alliance.
_ System, Walers, Milford, MA) consisting of the 2690 separation module with

" an snatytical column, 250 X 4.6-mm iLd thhtys:i RP-18 ‘Aqua column’.

(Kanto Chemical, “Tokyo, Japin), and mobile phases cons:shng of 2 mixture of

10 mM phosghate buffer, pH 6.0, and mcthano! in ratiosof 40 and 60%, ata .

flow rate of 1 ml/min and at 40°C. Detection was done at-the Wavc]ength of
230 am with & 2487 dual-wavelength absorption detector (Waters). Samples

_-for calibration wete.prepared in a similar manper to that desexibéd above for

* the preparation of analytical samples. Statistical analysis of kinetic parameters e

. was pcrfonned by means of Student’s £ test. A difference between means was
considered to.be s:gmf icant when the P value was less than 0.05.

- Resuits and. ]')iscu'ssion

I the present study, we examined the transport of oseltamivir and -

its active metabolite Ro 640802 via P-gp using P-gp-overexpregsing
cells-and mdrla/lb getie-knockout mice to evaluate the factors that
[affect the BBB distribution of these compounds. The permeability of

oseltamivir in the basal-to-apical direction in LLC-GAS5-COLI50

cells was significantly higher than that in the opposite direction,
whereas the permeability in wild-type cells was comparable in the two

-directions, with the.permeability ratios of approximately 7.8 and 1.2,

in LLC-GAS-COL150 and wild-type cells, respectively (Table ). In
the presence of.cyclosporin A, the-permeability ratio in LLC-GAS-

COL150 cells became approximately, unity. These in vitro results,

indicate that dseltamivir is a substrate of P-gp, arid its overall. perme-

ability is significantly affected by the efflux transporter. When osel- - '
tamivir was administered at various doses to mdrla/lb knockout mice, |
an increase in the accumulation of 6seltamivir in_the brain was - °
- observed compared with that in-wild-type mice {Table 2). Therefore, :

it is likely that brain distribution of oselianiivir is controlled by P-gp. . =

Basal-to-apical- transport of oseltamivir in P-gp-overexpressing cells
was saturable with the X, and V_,
. nmol/miinfem?, respectively. Becausc the X, value is much higher

than the free plasma concentration of oselta.mmr in the clinical

situation (about 50 nM; basic product information of Tamiflu from
Roche), it is reasonable to consider that P~gp is ndt saturated by vsual

- clinical doses of oseltammr, and the brain accurmulation of vseliami-,
vir should be affected by P-gp in humans. These results suggest that - -

" variation in P-gp activity in thie brain resulnru:r from’ genetic differ-

“ences or coudministered drugs may affect the brain distribution of i

oseliamivir, leading to CMS side effects,
Ag-shown in Table 2, a dose-dependent inciease in the K, ., “value

of oseltamivir was observe in both mdrl/1b knockout and wild- ype .

. mice, in the ringe from 30 mgﬁkg to"the highest dose of 300 mg/kg.

The K0 1atio (K., value in knockout mice/K app ValUE in wild-

type mice) of oseltamivir wus alsu increased in a dose-dependent
manper. The dose-dependent increase of K, .., value of oseltamivir in
wild-lype mice may be explained by the saturation of P-gp. However,

30

. values of 1.3 mM and 0.203" -
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TABLE 1 R
Apparent permeablmy and penneabzlrt) ratio of o:e!ranuwr aid Ro 64——6802 in LLCPKI-GAS-COLIS0 and LLC-PKI cells fwdd’ rypej
Condition Cel] Linc ,,,.,mus (x107% Permesbility Ratio
Apical 1 Based Bosal to-Aplest
. : . meon. % S.E mean £S.E L,
Oseltamivic LLCPKI-GAS-COLI50 247 +247 192 %140 i
: Wild-type - 6,10 = 0.18 7.24 £0.40 £19
With 10 gM CysA LLCPKI-GAS-COL150 6.06 = 0.10 . 1062050 117
-Ro 64-0802 - LLCPK}-GAS-COL150 155014 L7204 . L1l
Witht 10 pM CysA LLCPKI-GAS-COL)50 1.73 £ 0.06 1.49 =007 0.85
Pecmesbllity 0 = (Pype B 10 APy, A5 B); Crh, exclospocn A. )
The iuitial conceitrations of (est ccmpounds were 100 M.
Damm:xpmssedasnmurmem*sg.ofmmc:xpcnmmts
: . . - TABLE 2
- Koo (pkuma—bmin concentratiort ratio} of oseltamivir and Ro 64—0802 betweeu mdrlallb knackaur and wild-type mice
Pose ' N " Oseltamivic Ro 64-0802
- o S © Mdnab KO ‘Witdype Ratio MdrlLiflb XO " Wild-type Rutin
gy reon * S.E meant t S.E KOpwitd mean £5.E - mear £ 5.E - KOAwild
30 . 3 0.647 = 0.059™ 0.137 £ 0.016 47 - 0,003 £ 0.005 © 0,005 2 0.005 05
. 100 3 0.847 £ 0.176" - 0.171 2= 0.056 49 0007 £0.001 . 0.016 £0.013 04 -
1300 3 6.505 3= 2.843 - 0589 + 0,250 9.6 0017 + 0,002 - 0022+ 0.003 . 05
KO, knockout '

Kp appbealn WETT mc‘.:surcd at I B (7,,,,) vfier poo. admindstrution 1o mdel/ [b KO snd wild-type mice, .

Exch value preseats the mean % S.E. of three animals.
* P < (.05; " P < 001, by Studont’s ¢ test.

K, pp Valug of oseltamivir in mdrla/tb knockout mice also increased
'dose-de:pendently Because this observation cannol be explained by
P-gp, other transporiers ‘may be involved in the transport of oseltani-
vir across the BBB (Hill et-al,, 2002). Angther possibility is that free

. fraction of oseltamivir, which would affect the brain penetration, was -

mcrcased because of the saturation of its plasma protein binding.
However because plasma protéin binding of oseltamivir admmlstered
'orally at 30 and 300 mg/kg (cosresponding to plasma concentration of
0.5 and- 5 mg/ml, respectively) was found to be 36.3 and 32.0%,
_respectively.{data niot shown), it is reasonable to consider that plasma
protein binding of oseltamivir is not saturated in this.dosing range. On
. the other hand, plasma soncentrations of oseltarivir were comparzble
in mdrla/1b knockout mice and wild-type mice after oral administra-
tion of Gseltamivir; those at a dose of 30, 100, and 300 mg/kg were
1.05 * 0.21, 3.80 = 1.89, and 2.82 2 0.67 ug/m} for wild-type mice
and 0.95 = 0.09, 4.02 % 047, and 2.27 = 0.61 pg/ml for mdrla/1b
knockout rhice, respectively: This may be because the ¢limination of
oseltamivir occurs mainly via hydrolysis by ‘esterase in blood and
liver, and intestinal P-gp may have relatively litle effect than BBB (Li
et al:, 1998; Ogihara et al,, 2006).
in the case of the active metabolite Ro 640802, the permeability
in LLC-GAS-COL150 cells was comparabie in both directions. The
: permeab:hr.y ratio of Ro 640802 vwas approx1m1tely unity in both the -
. presence and absence of cyclosporin A, suggcstma that the active
- metabolite is not a substrate of P-gp (Table 1). These resuls are.
consistent with the finding that brain accumulation of Reo'64~0802 in
mdrla/1b knogkout mice was very limited and comparable with that
in wild-type mice. These findings suggested that brain distribution of
this active metabolite is unlikely to be affected by P-gp in humans.
In conclusion, our in vivo and in vitro results ipdicate that oselta-
mivir, but not its active metabolite Ro 640802, is a substrate of P-gp
and that the brain distribution of oseltamivir is significanily affected
" by P-gp. Accordingly, interindividuzl variation of -P-gp activity may
be an important facior determining susceptibility to the CINS side
ctfects of this drug, in addition to' the genetic polymorphisms of

" Tokye University of Science,

. and Engineering,

carbokylesterase -1 (Shi et al., 2006) and sialidase (Li et al., 2007).

Various facters, such as genetic polymorphisms of P-gp, drug-drug

interactions at P-gp, and altered expression by inflammitory cyto-.
kiries, could influence apparent P-gp activity and therefore might play
4 role, in increasing the accumulation of -oseltamivir in the brain,

thereby contributing to the occurrence of CNS side effects of oselta-
mivir in humaris.
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ABSTRACT:
Oseltamlwr is an.ethyl ester prodrug of [GR 4R,55]—4-acetam1do-5-

T amlnn-a-ﬂ-ethylprODoxy)-‘l—cyclohexene-1-carboxy!ate phosphate

. (Ro 64-0802), the anti-influenza’ drug. Abnorrnal behavior has been
*suspected to be associated with oseltamivirmedication in Japan.The
purpose of the present study is to.examine the Involvement of trans-

.+ portets in the brain distribiition of oseltammr and.its: active form Ro
* §4-0802 across the blood-brain batrier {BBB). The bram-to~plasrna

concentration ratio (K, prar,) of oscltamivir after L. infusion of osel-

“tamivii in. FVB mice was increased by pretreatment with N-{(4-[2-

. ‘{'I,2,3,4—tetrahyi:lro~6,7—dimethoxy-z-isoquinoliny!)ethyl]-p!;enyl}-QJO-

' dibydro-5-methoxy-8-oxo-4-acridine carboxamide (GF120918), a duat .

inhibiter for P-glycopretein {P-gp} and breast cancer resistance pro-

tein (Borp), whereas that of Hlo §4-0802 was only slightly inéreased.

-‘Furthermbre, the. distrii;utidn volume of Ro 64-0802 following kv.

" administration of Ro 64-0802 in-the brain was.similar to the capillary

vo[ume, sugg%ﬁng its rainimal dlstnhuhon The K bratn Value of os-

) -eltamivir fn multidrug-resistant [Mdrj 1a/tb P-gp knockout mice was
5.5-fold higherthan that-in wild-type mice.and ‘comparable with that -

obtained by pretreatmentwith GF120918, whereas It was unchanged

.In Berp knockout mice. The K, b, Value of oseltamivir was signifi-

cantly higher in newbom rats, which is In good agreement with the
ontogenetic expression profile of P-gp. Intraceflular accumulation ot
oseltamivir was lower in-human and mouse P- p—expressmé cells,
which- was reversed’ by P-gp inhibitar va!spodar {P5C833). These
results sugges‘t that P-gp limits the brain uptake of oseltamivir at. the’
BEB and that Fo 64-0802 itself bare[y crosses the BEB. However, it )

‘nay be possible that Ro -64-0802 is formed in the- bralh from the

oseltamivir, considering the presence of carboxylesferase inthe bram

" endothelial cells,

- Oseltarnivir (Fig. 1) is an ester pradrug of Ro 64-0802, a’potent and
selettive inhibitor of neuraminidase, rcsultmg in an inhibition of
release of Influenza virus from the host ceils and growth of influenza
" virus. Oseltamivir is used in the, treatment ang prophylaxis of both
Influenzavirus A and Influenzavirus B .(Bardsley-Elliot and Moble,
1999). The number of prescribed, oseltamivir has reached .approxi-
" mately 10 million in Japan, which accounted for 75% of the world,
_total in.2006. Recently, abnormal behavior has been reported in
influenza patients prescribed oseltarnivir (hitp:/fwww. fda.govicder/
. drugfinfopage/tamiflu/QA20051117. htm; Fuyuno, 2007). According
-t a report by the Ministry of Health, Labor, and Welfare, the number
of people who behaved abnormally following oseltamivir treatment

.

. This study was supported by Grants-in-Ald for Scientific Research (A} from the
* . Japan Society for the Promotion of Science (JSPS) (KAKENHI 17209008} .
Articte, publication date, apd citation information can be found at
hitp/fdmd.aspetjournals.org.
doi:10.1124/drnd 107 018556,

has incréased— to 211 (0.062% of all patients),'appmxix-natel.).r 80% of -

whom are teenagers or younger. The relationship between abnormal
behavior and Gseltamivir medxcahoh remains an opén quéestion and
has not yet been elucidated. The Mm:su-y of Health, Labor, and .
Welfare has published a caution for oseltamivir medication.to teen-
agers or younger people>Recently, it was shown that oseltamjvir and
Ro 64-0802 affects neuronal excitability in rat -hippocampal slices,

. and-Ro 64-0802 exhibits-30 times more potent than oseltamivir (lzumi
.etal,, 2007). Based ori this background, there is growing interest in-the

penetration -of oseltamivir and ifs active form” Ro 64-0802 into the
brain. ' -

The purpose of the present study was to tharacterize the transport
of oseltamivir and Ro 64-0802 ‘across the blood-brain barrier (BBB).
Oseltamivir is rapidly hydrolyzed to its active form, Ro 64-0802, by
human carboxylestérase 1 (hCES1) in the liver (Shi et 1., 2006) and
then exclusively excreted intd the urine by glomerular filtration and

“active tubular secretion via organic anion transporter 1 {QAT1) with-

£

ABBREVIATIONS: Ro_64-0802, [3R,4R,58]—4-acetamido-5-amino—f3—(1 -ethylpropoxy)-1-cyclehexene-1-carboxylate phosphate; BEB, blood-
brain barrier; hCEST, human éarboxytesterase 1; OAT, organic anion transporter; P-gp. P-glycoprotein; Berp, breast cdncer resistance protein;
* GF120918, NH{4-[2H1.2.3  4-tetrahydro-6,7-dimethoxy-2-isequinclinyl)ethyl]-pheny(}-9,10-ditydro-5-methoxy-9-oxo-4-acridine  carboxamide; MDR,
multidrug-resistant; PSC833, valspodar; mMdria-LLC-PK1, mouse Mdrla-expressed LLG-PK1; MOCKI;, Madin-Darby canine Kidney iI; hMDR1-
- MDCKH, human MDB1-expressed MDCKII; gapdh, glyceraldehyde-3-phosphate dehydrogenase' PCR, polymerase chain reaction; PBS phos-
phate-buffered saline; TBST, Tris-buffered saline/Tween 20; ECL, enhanced chemiluminescence; LC/MS, liquid chromatography/mass spectrom-
etry; Kp, praine Drain-to-plasma concentration ratio; CES, carboxyleslerase; SNP, single nucleotide polymorphism.
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 FiG. 1. Chemical structures of ascltamivir (A) and Ro 640802 (B).

. out further metabolism (He et 2L, 1999). In healthy volunteers, both
.pseltamivir and Ro 64-0802 were. detected in the blood circulation, -
. although the Cp,,, of ‘oseltamivir was 6-fold smaller than that of Ro
64-0802 (He et al., 1999). The penetration of drugs into the brain is
limited by thé BBB formed by the brain capillary endothchal cells.
Because of. highly dcveloped tight junctions between- adJaccut cells, as
- well as-a.paucity of fenestea and pmocytouo vesitles, the penetranon
across the pamcellular route is very Iumteﬁ and thus ,transcellular
transport across the: endothelial cells s the major pathway Therefore, .
‘there is a good’ correlation betweén BBB permeability and’ hpopmhc—
ity. Becausé oseleamivir is an- ester<type prodrug, it should exhibit
" higher BBB permeability than Ro 64-0802. hCES]I is also e.xpresscd :
in the brain at mRNA level (Satoh et al,,-2002) and may convert
.-oseltamiyir to Ro 64-0802 in the brain, leading to an accumuiation of
Ro'64-0802 in the brain once oseltamivir penetrates’ the. brain-across
the BBB in addition 1o the direct peneiration of Ro 64-0802 from the
systemic irculation. In addition to the. physiclogical characteristics _of
the. BBB, it has been accepled that active efflux across the BBB also .
provides a barrier function to the BBB. P-glycoprotein (P-gp), a
" 170-kDa membrane protein, is 2 well Known gatekeeper protein §n the
BBB that plays a pivotal role in limiting the brain penetration- of 4
_tange of xefabictic’ compounds (Schinkel et al,, 1994; Tamdi and
TSU]J. 2000; Kusuhara and Sugiyama,’ 2001) Ir addition to P-gp.
recently it was fouid that breast caficer resigtance ‘protein (BCRP/-
| ABCG2) also acts s active efffux pump in the BBB and functional
:mpalrment of Berp- reésults: in -a sigpificant 1ncrease in the brain
concentrations ofimatinib (Bteegveld et al: 2005) t\nd phytoestrogens
(Enokizéno ¢t al., 2007). These transporters may limit Lhe axposure of
the brain o osc\tanuwr andfor Ro '64-0802..
1n.the present study, the efféct of GF120918 on the brain d1smbu~ .
tion of: -pseltamivir @nd Ro 64-DB02 was examined in wild-type mice
' to suggest transporters involved in _the- efflux transport across ‘the.
* BBB. Ta support this in vive mhlbmon study, the brain-to- -plasma
" codcentration ratios were debcrmmed in both mulndmg-remstam
(Mdo la!lb P-gp :.md Berp knockout mice.

Matenals and Methm]s -

Reagenls and Angmnals. Os::ltammr plosphate and its active r:mtabohtc Ro.
64-0802 were synthesized {Kiin <t al, -1997; YomatsuZu ‘et al., 2007).
GF120918 (Elaceidar) was a gift t’romGla.mSmnhKlme (Ware, UK) PSCe’3
W‘lSpSUpplled by Novartis Pharma AG {Basel; Switzerand). Movse Mdrla- |
e.v.pressed LUC-PKL (derl.a—LLC PKT.) cells (Schinket et al,, l995) were a-
gift fron Dr. Alfred #. Schinkel (The. Nl:therlnnds Cancer Institite, Amster-
daw, The Nc.lhcrlnnds), and Rurman. MDR1-expressed Madin-Datby casine -
kidoey ll {MDCKID (hMDRI-| MDCKIE) celly (Evers et al., 2000} were pro-, |

" vided Gy Dr. Piet Borst (The Nemcxlnnds Cancer lnstitute, Ambierd'\m The .
_Netherlands). All the other chemicals used in thc cxpcnments were of analyt-
\c?d grade”

~ Male FVB mice, Mdrlaf/lb P-gp knookout m:ce, amd Borp knuckoul micc

were obteined from Taconic Farms (Germontown, NY) and maintained n
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Shimizu ].,abomtory Supplm (Kyoto Japan). Male W‘star rats were supphed

by Charles River (Kanagawa, Japan). Al the mice (10-18 weeks) and rats ~ '

(342 days) were maintained under standapd conditions with a reverse dark; .
light cycle. Food and water were available ad libitum. Al the experiments’

using animals in this study were camied out according to’ the guidelines
provided by the Institutional Ammal Care Commitice (Graduate School of
Phanmnaceutical Sciences, The University of Tokyo, Tokyo, Japan).

In Yivo Infuslon Study in Mice and Rats. Male FVB amice, Mdrlallh
P-gp knockout Tice, and Berp knockout mice (10-18 weeks) weighing ap-

proximately 25 to 35 g and male Wistar mits weighing approximately 10 g ) .

3 da§s). 13 g (6 days), 26 g (11 days), 48 g (21 days), and 200 g (42 days),

* respectively, were used for these experiments. Under pentobarbital anésthesia.

(30 mg/kg),-the jugular vein was cannulated with 2 polyethylene-10 catlieter
for the injection of oseltamivir and Ro 64-0802. GF120918 (10 mg/3.3 ml/kg,
dissolved in 2 3:2 mixture of propylene glycol/water) was injected i.v. to male

FVE mice 15 min before the i.v. infusion of oseltamivir and R’ 64-0802. The

mice and rats then received a constant Lv,.infusion of oseltamivic and Ro

64-0802 at a dose of 8 and 5 wnollhlkg, respectively. Blood samples were ..

collected from the jugular vein 'at 60, 90, and 120 min in mice and 20, 40, and

(10,000g). Esterase inhibitor, dichlorvos (200 pp/ml), was used to prevent ex

lissues were weighed and stored at —80°C until used.
Quantification of Mdrla mRNA Expression in Rat Cerebral Cortex.

. 'l‘he mRNA levels of Mdrla and glyceraldehyde-3-phosphate dehydrogenase
(gzpdh) were quantified by the real-time polymerase chain reaction (PCR) -..

miethod, Total RNA was isolated from rat cercbral cortex pooted from one to
Tour vats using ISOGEN (Wako Pure Chemicals, ‘Osaka, Japan). Real-lime
PCR was performed with a QuantiTect SYBR Green PCR Kit (QIAGEN,

Valencia, CA) and a LightCycler system (Rochs Diagnostics, Mannheim,.

Germany). The following primers were designed: Mdrla forward AACT-
TAGICTATGGG GGAGG, reverse ACCACACCTTTCTGCTTACA; gapdh
forward AGCCCAGAACATCATCCC.T G, reverse CACCACCTTCTTGAT-
GTCATC. An external standard curve was generated by dilution of the rargel

PCR product, which was purified by agarose gel electropboresis. The absolute,

coneentration of the w.ternal standatd was measured with PicoGreen double-
stranded DNA Quantifi ication Reagent {Molecular Probes, Eugene, OR).
Western Blot Apalysis. Crude membranes from tat cerebral conex were

preparcd as follows. After the addition of cold phosphale—huﬂ'ered saline (PBS) o
_ sharatio of 1 g of cercbrat corte/d m, the cersbral coitex pocied from one.
to four rats, was homogenized using a Polytron homogenizer. The homogcnatc .

wios centrifuged at 4°C for 15 min at 2000z, and the supematant was coliected

"and centrifuged at 4°C for 15 min at 100,000z The sesultant. pellet was
resuspended in PBS containing 0.1% protease inbibitor mixure {Sigma-Al- -

drich, St. Louis,’ ‘MO) and stored at —80°C unti} used. The protcm concentra-
tion Wwas measured by the, Lowry method, The specimens weie Joaded onto an
85% SDS-polyacrylamide gel clectrophoresis with a 3.75% stacking gel:
Proteins were electroblotted onto a polyvinylidenc difluoride- membrane (Pafl,

containing 0.05% Tween 20 (TBST) and 2.5% enhanced chemiluminescence

! 60 min in rats. Plasma was p:eparcd by centdfugation of the Blood samplw -

- vivo hydrolysis of oseltamivir to Ro 64-0802 in the bloed and plasma-(Wilt-" ‘
shire et al,, 2000; Lindegardh et a).,, 2006). The mice and sats were sacrificed- .
after 120 2nd 60 min, respectively, and the brain was excised immediately. The | -

.o

. Port Washington, NY). The membrane was. blocked with Tris-buffercd saline -

(ECL) Advance Blocking Agent (GE Healthcare,-Little Chalfont, Bucking- ©

. hamshire, UK) for 1 h at room emperature. After washing with TBST, the
- miembrape was incubated with monoclonal anti-P-gp C219 antibody (Signet .
Labaratoties, Dedbam, MAY {12100 in T8ST contaiping 2.5% ECL -Advance -

Blocking Agent) overnight at 4°C. Detection was carried out by binding a

hosseradish peroxidase-labeled anti-mouse 1gG aitibody {GE Heoltheare) (42" )

5000 in TBST contaiting 2.5% ECL Advance Blocking Agent). Immunore-
actvity was.detected with an ECL Advance Westem Blotiing Detection Kit

_(GE Healtheare). Thc intensity of the band was quantifi ed by Mult Gauge'.v )
“software version 20 (Fujlf flm, Tokyo, Jupan). Smppmg of membranes was

performed with Restore Wester Blot Stripping buffer (Plerce, Rockford, IL) ’

for 30 min 21 37°C. After washmg with TBST, the inembrane was blocked with
“TBST tontaining 5% skim milk for [ h at room températire. After washing

with TBST, the membrane was incubated with monacional anti-actin antibody .

(Chcmlcon Internationul, Temecuta, CA) (1:1000 in TBST containing 0.19% .~

bovine scrum albwmin for 1 h at room lemperntare, Detection was carried out
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by- binding 2 horseradish pcmxldasc—labeled anti-mouse lgG anubody (GE
Healthcare) (1:5000 in TBST containing 0.1% bovine. scrum aibumin).

Rat Liver 8% Fraction Preparation. Male Wistar wats ()1 and 42 days)
were anesthetized with cther, and their lvers were quickly temoved and
washed in cold PBS. The-livers were blotted dry and weighed, After the
addition of cold PBS at a ratio of | gof lives2 ml, the livers were homogenized
using & glass homogenizer with n Teflon (DuPont, Wilmington, DE) pestle,

- The homogenized liver was then centrifuged at 4°C for 30 min at 9000g.
Aliquots of the resulting supematant were placed jn several polypropylene

tubes and'stored at —80°C until used. The prolein concentration was mcasurcd -

by the Lowry method.

Ro 64-0802 Formation in Rat Plasma and Liver 59 Specimens. A 0.5-m}

incubation mixture contained 2.5 g of protein of rat plasma or liver $9 in
. PBS. After temperature equilibmﬁon_(:‘!?“c. 5 min), the incubation was started
“by atlding 5 g of oseltamivir (final 1.5 M) and performed for various time
_ periods up to 30 and-180 min for plasma and liver S9, respectively. Afier the
- reaction was teaminated by ethanol, the concentrations of oseltamivir and Ro
64—0802 were detcrrmned with hquld chromatography/mass spectmmeuy {LCY
_MS) analysis.

Ro 64-0302 formal:lon rates in the plasma protein or lwcr 89 protein were
-extapolated (o the fn vivo value by taking the plasma protein content (50 mg
* of plasma protein/mi) or fiver 89 protein conteat ($6.1 mg of S9 protein/g
Tiver) (Jzumi et al., 1997) per milliliter plasma or.gram liver, respectively, into
consideration. Furthermore; Ro 64-0802 formation rates cxprc-sscd per mitli-
liter plasma or-gram liver were expressed per kilogram body weight by taking
the plasma content (38.5 ml of plasma/kg weight) or liver weight (40 g of

- liverfkg weight) per kilogram body weight into consideration. -

Cellufar Accumulation Studies. mMdrla-LLC-PK1 cells and hMDR1-
MDCKII cells were maintaincd ag deseribed with minor modifications. Uptake
was initiated by adding the compounds to the incubating buffer in eithr the
presence or the absence of 5 pM PSCE33 after cells had been washed twice
angd preincubated with Krebs -Henseleit buffer at 37°Cfor 15 min. The Krebs-
Henseleit buffer consisted of 142 mM NaCl, 23.8 mM NaHCO,, 4.83 mM
KCL 0. 96 mM KH,PO,, 1.20 mM MgS0,, 12.5 mM HEPES, 5 mM glucose,

and 1. 53‘ mM CaCl, adjusted wo pH 7.4. The uptake was terminated at

. desrvnaled times by adding ice-cold Krebs-Henseleit buffer, and the cells were.
washed twice. After the cells weré suspended in waler, the concentration,of the
compounds was determined with LC/MS analysis. The protein cancentration

was measured ysing the Lowry method. Cellular uptake is given.as 'thc'

cell-to-medivm concentration ratio determined as the amount of compound
associated with cells divided by the medium concentration. . )
. * Quantification of Oseltamivir and Ro 64-0302 in Pldsma and Brain.
Sample preparation. The brain was homogenized with a 4-fold volume of PBS to
" obtain a 20% brain homogenate. The plasma samples (10 guf) were mixed with 40
‘ud of cthanol, and the brain homogenates (100 ul) were mized with 400 pul of
ethanol, All these mixed solutions were centrifuged at 15,000g for 1) min, The
supcrnamnts of bmm sample (350 pl) were cvapomted and the pellets were

¢econstituted with 50 £l of 20% etha.nol The reconstituted samples were centri- .

" fuged at 15,000g for 10 min 10 remave particles, and an aliquot of the supmmmm

" . was subjected to LC/MS analysxs The supematants of plasma sample were mlxed

wilh an equal volurne of water and sub]cc.icd 1o LC/MS analysis.

LC/MS analysis. An LCIMS-2010 BY -equipped with a Prominence LC
spétem (Shimadzu, Kyoto, Japan) was used for the analysis. Samples were
sepacated on a CAPCELL PAK C18 MGl column (3 pm, 2 X 50 min)
* {Shiseido, Tokyo, Japan) in binary gradient mode with flow rate.at 1 mlfmin.
* For the mobile phase, 0.05% formic dcid and acetonitrile were used. The

- acetonitrile concenteation was initially 10% and then linsarly ntreased yp 10

40% over 2 min. Finally, the column was ré-equilibrated at an acetonitrile
concenteation of 10% for 3 min, The total run time was 5 min. Oseltamivir and
Ro 64-0802 were eluted at 2.5 and 3.5 min, respectively. In the mnass analysis,
pseltamivir and Ro 64-0802 were detected at a mass-to-charpe ratio of 313.20
and 285.15 under pusitive electron spray ionization conditions, respectively.
The interface voltage was —3.5 kV, and the nebulizer gas (N,) flow was 1.5
Vimin. The heat block and curved desolvalion line temperatures were 200 and
150°C, respectively. )

Pharmaceliinetic Analysis. The appareni brain-to-plasma concentration,
£atio (K, i) Was caloulated using the foltowing equation: Kp i = G Cor

where €z, nd C, represent brain coneentration at 120 min in mice and 60
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" 'vir and Ro 64-0802. The plasma concentrations and X,
- oseltamivir and Ro 64-0802 were determined after dosmg with osel-
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min in rats (amol/g brain) and plasma concentration at 120 min in mice and 60

min in rats (uM), respectively.
Statistical Analysis, Data are presented as Lhe n'mn,: S.E. for three to-

seven animals unless specified otherwise. Student's two-tafled unpaired ¢ test ™

and one-way analysis of vardance followed by Tukey’s mulliple comparison
test or Dunoett’s multiple comparison test were used to. identify signi't'eam
differences between groups when apprapriate. Statistical s:zmt‘ icance was set

. at P <Q.05..

Results

Effect of Pretreatment with GF120918 on the Brain Distribu-
tion of Oseltamivir and Ro 64-0802 FVB mice were preu-eau:d with ©
GF120918 (10 mg/kg, i.v. administration), 2 dual iphibitor for P-gp

-and Berp (Allen-et'al., 1999), 15 min before iv. infusion of oselta-
mivir. The plasma concentrations of oseltamivir and Ro 64-0802 were -

incréased by GE120218 (Fig. 2A). Furthermore, the brain-to-plasma
concentration. ratio (K, 1min) of oseltamivir was 4.8-fold increased in

" the .GF120918- treated group compared with. the control group (Fig.

2B}. The K i, of Ro 64-0802 was slightly increased by GF120918
(0.007 0.001 versus 0.011 * 0,002 ml/g brain) {Fig. 2B) without
any statistical significance. The K ,.s; of Ro 64-0802 after dosing
with Ro 64-0802 was also found to* bc unchanged between GF120918-
treated and control groups (data not shown)

Effect of P-gp and Bcrp on the Brain Distribution of Oseltami-\

p.brdn of

tamivir in Mdrla/lb P-gp knockout mice and Berp knockout mice.

- The plasma concentrations of oseltarnivir were unchanged between
* wild-type and Mdrla/lb P-gp knockout mice, whereas the K

p.beain of
oseltamivir was 5.5-fold greater in Mdrla/1b P-gp.knockout mice than

that in wild-type mice (Fig. 3). The K, unin Of oseltamivir was un-

‘changed in Berp knockout mice (Fig. 3B). The K, ., of Ro 64-0802

following oseltamivir admiinistcation in Mdclallh P-gp knockout mice

and Berp knockout mice was not swmf cantly different from that in -

wild-type mice (Fig. 3B).
‘Brain Distribution of Oseltamivir in Newborn Rats and Adult

Rats. The plasma concentrations, brain concentrations, and K p i 0f

oseltamivir were determirnied afier dosing with oseliamivirin ncwbom

*and adult rats on postnatal day (P} 3, 6, 11, 21, and 42, respectively.

The 'plasma and brain concentrations of pséltaimivir in newborn rats

was found to be below the hmlt of quannf’ catlcm in the brain. of the
newborn rats,

mRENA dnd Protein Expressmn of Mdrla in the Cerebral Cor-
tex from Newborn Rats and Adult Rats. The mRNA cxpresswn
levels-of Mdrla in the cerébral cortex from P3 through P42 rats were
determined using real—urne. quanutatwe PCR. The mRNA levels in the
cercbral cortex from newborm rats (P3— 11) were significantly lower as

compared with’ those from adult.rats {P42) (Fig. 5). The protein .
expression of P-gp in the crude membrane fraction ofrat cercbral -
- cortex from P3 through P42 was also examined by Western blot

.were significantly higher than those'in adult rats (Fig. 4). Ro 64-0802 -

analysis. Two bands were observed around 175 kDa by anti-P-gp -

-monoclonal antibody (Fig. 6). Because the lower signal is likely {but

not shown) to be nonglycosylated P-gp (Maines et al, 2005), the
densitometric analysis was perfonmed for the upper signals as specific
signals of matured P-gp. It was shown that the expression levels of

- P-gp protein in the cerebral cortex form newbom rats were signifi-

cantly tower than those from adult ats (Fig. 6),

Formation Rate of Ro 64-0802 from the Oseltamivir in the
Plasma and Liver 89 from Newborn Rats and Adult Rats. The
enzymatic activities of hydrolytic 'reaction of dseltamivir 0 Ro 64-
0802 were compared in newborn and adult rats using plasma and liver
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. - 89 specimens. Oseltamivir was more stable in both plasini_z and livcr IG and 35% of lhe adult rats, respectively "(Table l) Takmg the
- 89 from newborn rats than in those from adult mts (Fig. 7). The scaling factors into consideration, the formation rate of Ro 64-0802 in
fortnation’ rates. of Ro 64-0802 from oseltamivir in the plasma and plasrn'l expressed per.kilogram body weight was dppro,x:m'uely 10-

fiver 59 specimens are shown in Table 1. The formation rates of Ro
64-0802 in the plasma and liver SY specimens of newborn rats were . (Table 1).
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and 20Xfold higher-than ihat in Hiver $9 in both newbom and adult rats’
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- Fig. 5. The mRNA expression of Mdrla in‘the cerebral cortex from P3 to P42 rats,
total RNA was isolated from the ceretiral cortex poolcd froim one to four rats and
then sibjected 1o reverse wanscription. The expression-of mdrla and uzpdh MRMNA

* in the cerebrut cortex” of P3 through P42 rats was determined using real-time
quanlltativc PCR. Each bar represents the mean o= S.E. of. the ratio of the mRNA
expression of mdrla and gupdh. The quannﬂc:mon was repeated three times using

. three EDNAs independently prepared, from one o four ruts. Asterisks represent

stansr.lcnlly s]nmf'cant dlﬂ'crcncr_s loward P42 I'dtb, s P < o1,

Celiular Accumulation of OSeltanmur ia derla-LLC—PKl
Cells and hvIDR1-MIDCKII Cells. “To determine whether oseltami-
- vir is.a possible substrate for human and mouse P-gp, cellular accu-
mulation - studies weré conducted using mMdria-LLC-PK] and
* hMDR 1-MDCKII cells. Oseltamivir exhibited less accumulation in

mMdria-LLC-PK1 and hMDRI-MDCKI cells than in each parent

< eell, and PSCB833 increased oscltamivir accumulation in both

mMdria-LLC-PK[ and hMDRI-MDCKIL celis (Fig. 8).

Discussion

In the present study, we investigated the transport of oseltamivir
and Ro 64-0802 across the BBB using Mdrla/lb and Berp knockout
rmice and showed- that P-gp extrudes oseltamivir into the circulating
biood. The plasma and brain concentrations of oseltamivir were deter-
m1nt:d in wild-type mice following iv. infusion of .oseltamivir. The
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Ha, 6. Ontowe,neuc expression of P-gp protein in the crude membrme fractions of
cerebral contex from P3-through 42 mits. A, crude membrane fractions weie prepared”
from the cerebral cortex from P3 to 42 rats, Each sample (50 pg proeinflane) was

. subjectcd o SDS-potyacxyInmide zel clectrophoresis (3.5% separating gel). P-gp-

and actin pr.otcm; were detected by monoclenal anti-P-gp C219 antibody and
mopoclonal antiuctin untibody, respeetively, A typical immunoblot is shown in A.

B. the Intensities of the bands of P-gp and actin were quantified by densitometric
analysis. For P-gp, the intensity "of the upper bafd was used lor the calculation, The
bar represents the ratio of the band densitics of P-gp and actin relative to that in P42
ruts. Buch bar represents the mean = 5.E, of three determinations using three crude
membrane fractions of the cercbral cortex prepared independently from one to four
rats. Asterisks represent statistically sugmf' icant differences toward P42 rus; +, P <
0.05. .
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2 2. £ oa aid: liver $9 from newbom and sduit sats.
-3 -3 g Oseltumivic (1.5 M) was ifcubated with
g g 4.0+ - t p‘lasm (circles) and liver 89 (squares) -
=) o 3 0.0 spcctmcus {5 mg of protein/ml} for various
£ o - time pcnods The data for adult (P42) rats
& 2 2 000 . — —— ure shown by opes symbols and for new-.
E = 0.51 o. 20 - 40, 60 . pom (PLi) rats by closed symbels. Data .
= 3 . © clncubaliontime (minl © represent mean + S.E, of three determina-
2. o . tions using thice plosma and Jiver'§9spée- ~ -
o & o 0 imens prepared mdcpmdcnﬂy from three -

TS0 100 150 200
* Incubation time (niin}
TABLE'1

Ro 64—0302 Jormation rate from oseltamivir in plasina, and lwer 55 from ’
. uneswborn and adult rats

. Oseltumivir (L5 M) was incubated with. it plasma fx S min and rt lwer 59 rmr.:non ‘
fur 60 min 1t 37°C.

Sourcé Ro §4-osm Formition Ruie®" - )
] pmvlfminkag protein ' proviniiint o g liver*  rimolimin/kg bavt™
Plasa  PLI' 175 032 877 % 159 3.38 % 061
P42 106 22,6 "529.% 120 204 % 5.0%
Liver 9 P11 0.11 £ 0.00 106 £ 03 0.42 % 007
<7, P42 0312005 B £45 1.19 % 018"
P < 005 statistical differences in Ro’64-0802 formation mte (smoVminiked in plosma:

bclwl:cn nowbum and adult rats. -
* p < 0,05 statistical. differences in Ro 64-0302 formation mtc (amulmin/kg) in tiver S¢
beiween newborn and tdult nits.
+“ Datu yeprezent mesns =86, of three determinations using lhrer. plasma and Liver 89

g‘.lted independently frum three mits.
Obtuined by multiplying the value [pmollm:m’mj, pmtcun) by 50.0 md 96.F for plasma and

ilw:r 59, m&'poclwnly
< QObwined by. multiplying thc vaiue (pmulfmmbnl plasos of g liver) by 38.5 und 40.0 fur

plasmﬂ and liver 39, respectively.

dism'buncn volume of oselﬁami"ﬁr in the brain. was greater than the
capillary volume (Takasato et al.; 1984; Rousselle et al., 1998), indicating’
that oseltamivir crosses the BBB Prer.reaunent with GF120918, a dual
inkibitor for P-gp and Beip (Allen et al, 1999), caused a significant
ingrease in e brain concentration of oscltamivir, This.is partly a-result
- of greater plasma coricentrations of oseltainivir in- GF120918-chated
grop, presumably because of. an inhibition. of esterase’ activity by
. GF120918 as oseltamivir is predomimantly converted to Ro 64-0802 in
.mice, and the biliary and urinary, excretion account for a limifed- part of
" the systemic elimination, &t most 0.3 and 19%, fespectively (data not
“shown). However, a significant intcreasein the X, -of oséltamivir by .
GF120918 indicates’ thit mhxbmon of active efflux mediated: by P-gp.
- amdfor Borp is another underkying metharism (Fig: 2B). Unlike oseita-
* mivir, the distiibution volume of Ro 640802 was close to the capillacy
" volume, and K, ., of Ro 64-0802 Tollowing Qseltammr or Ro-64-0802
 admirdstration was slightly increased by the admjrustrauon of GF120918,
byt the difference was not staustmally sxgmﬁcant. This would be reason-
able considering-the fow hpoPhillcny of Ro 64-0802 that will exhlblt low
. BBB pemmeability without the &id of upt-lkc tmnsponcrs
To support the.effect of GF120918 in vivo studies using Mdrlal b
and Besp knockout mice were performed. The X, obvaln OF-Oselamivic
wag significantly incredsed in Mdrla/ le—gp knockout mice but not .
in Berp knackout mice (Fig. 3B). The increase io the X pobrata OF
Mdrla/1b P-gp.knockout mice was comparable with that obtamed by -
. GIF120918 {Figs. 28 and 3B). Therefore, P-gp; Butnot Berp, limits the
brain penetration of oseltamivir across the BBB. In accordance with
the in-vivo results, cellular accumulation study c]uclddlcd thai bolh
mouse Mdrla P-gp and human P-gp accept oseltamivir as substrate
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.(Goralski et al., 2006). NDA documents reported that the
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becatise the cellular accumulation of Gseltamivir was lower in a cell
line-expressing mouse P-gp and human P-gp, WhICh was increased by :
PSC833 treatment (Fig, 8). )

“The present study elucidated that the acnvzty of P-gp is an impor+ S

tant factor for the brain concentration of oseltamivirin mice. Because -

. abnormal behavior followmg oseltamivir medication is more fre-

quently observed Iit younget generations than in adels, -posiatal.
ontogcny of P-gp is. an important issue. Mdrla-mRNA and Pipp- )
protein levels 'were. sngmﬁcantly lower in ncwbom rats thanr adult rats -,
(Figs. 5 and 6). This result is-in good agreément with Frevious, reports,
n which 3 3t has been shown that adulis had higher brain. exprcss:on of
Mdrla mRNA (3-fold) and a corresponding 5-fold increase-in immu-
nodefectable P-gp (Matsuoka et al., 1999; Goralski et al., 2006): R

: Conststcnt with this ontogenic profile, the brain accumu!auon of

cyc‘losponn A was 80% lower in adult mice than in 1:day-old mice
¥ Kp beain O of A
oseltamivir, obtaihed by comparison of the area 'under the-curve of the -
plasma and brain concentration time profiles, was ‘dramatically greater -
in newborn rats than that § in adult rats at very high doses of oseltamivir |
(1000 mg/kg, p.o.). The brain concentrations of oseltamivir in new- -
born rats were signifi can(ly higher than those in adult rats (Fig. 4B)."
Thiss partly because of greater plagma coticentrations of oseltamivir
in-newborn rats Lhan in-adult rats (Fig. 4A); howcvcr. a significant -
increase in the K., of oselfamivir in newborn rats suggests that the
Siallei efflux clearance dtross_the BBB is part of the undcrlymg :
.mechanism. This is in’ good agreement wiih the postnatal ontogemc.
"profi tle of P-gp (Matsuoka et’al, 1999; Gomlski et al., ‘2006)
Newbom rats exhibited- greater. plasma conceittrations of oseltami-

vir, suggesting a smaller Systennc elimipation rate in .newbom ats, ’

This was confirméd by comparing the conversion activities [carboxy—f
lesterase (CES) activity] in the plasma and liver $9 specimens be-..

“tween uewbom (P11) and adult (P42) rats. Compared with adult rats;

the conversion aclivities (CES activity) were lower in both the plastha’.

.and the liver 89 specamens from néwborn rats (B g 7: Table 1). L.ower

conversion activity of gseltamivir to Ro 64-0802, particutarly ia the

plasma, will acceunt for the delay in the” systermc elmnnauon of o
- osehamivir m ncwborn rats.

Recent clinical studies support that P-gp.acts as a gatekecpcr ’

‘protcm in haman BBB {Sadeque et al., 2000; Sasongko et al. ‘2005) "

P-gp will also be one of thé determinant factors for the brajn ¢oncen-
trations of gseltamivir. Smnrle nucleotide polymorphisms (SNPsj)-are
the genetic factor for interindjvidual differences in drug response. A
number .of SNPs have been desciibed. in the human MDRY gene
(Fromm, 2002; Kim, 2002). ‘Of these, linkage disequilibrium hay beéd
shown between SNPs in exons 26 (C3435T), 21 (G2677T), and 12
(C1236T), and the TTT haplotype correlutes with low P-gp ¢ activity in
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- the small intestine-(Chowbay et al., 2003). As far as the BBB is
concerned, there was no significant relationship between the haplo-
type and brain cohcentrations of [''Clverapamil (Bruaner et al., 2005;

Takano &t al., 2006). However, Kimchi-Sarfaty et al. (2007) recen ity

“reported that ‘the cffect of double or triple haplotypes contammg
C3435T on P-gp acuwty is “substrate dependent.” The poss.lb:hty that
SNPs of P-gp are associated with an idtefindividual difference in the

BBB permeability of bseltamivir cannot be excluded. In addition to -

'_ P-gp, as observed in newbom rals, the activity ‘of hCES1 is the’
- determinant factor for the. systemic elimination. C70F and R128H of
hCESI were reportccl to"be associated with reduced hydrolysis of

. oseltamivir (Shi-et al. 2006) Subjects with these SNPs of hRCES | will
" result in @ greater exposure of oseltamivir to the brain,

Ro 64-0802 is a potent and selective inhibitor of influenza virus:-

-neuraminidase (sialidase). Several sialidases are expxessed in the
: human brain and are suggested to be involved in the mitochondrial
apoptotic pathway in neuronal cell death: (Yamaguchi et al., 2005,
Hasegawa et al., 2007). Inhibition of sialidases in the brain may be
associated with the abnormal behavior following oseltamivir medica-

-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
penetrates iito the brain from the circulating blood because of jts
hydrophilic property. As hCES1 is also expressed in the brain (Satoh
.et al., 2002),it is possible that Ro 64-0802 is formed in the brain from
the oseltamivir, Because of low membrane permeability, Ro 64-0802,
once produced in the brain from oseleamivir, may accuraulate in the
brain. It is also possible that Ro 64-0802 undergoes active efflux from

the brain at the BBB because Ro 64-0802 is a substrate of renal OATI

(SLC22A6} (Hili et al., 2002), and OAT3, the homolog of OAT], is
expressed at the BBB and actively eliminates organic anions from the
brain {Kikuchi et al,, 2003, 2004) ‘This should be examined in the
future. :
. . Invonclusion, the present aludy showed that oseltamivir crosses the
BBB, bul the active form Ro 64-0802 burely crosses the BBB. P-gp
fimits the brain penetration of oseltamivir ut the' BBB of adult mice.
Ontogenetic, profile of P-gp and CES uctivities accowits for the
greater accumulation of oseltamivir in the brain ofnconales at least in

rals,

¥ % % pefy GO, ,

1 H

Fis. 8. Cellular accumulation of -oseltamivi
in; mMdrla-LLC-PKE cells (A} and HBMDRI-.
MDCKU cells (B). The uptake of oselamivir
(25 pM) by mMdrla-LLC-PKI (A) and
hMDR1-MDCKIL (B) cells was ekamined in the
presence or absence of PSC833 (5 uM) st 37°C.
Each poiat repecsents the mean £ S.B, (n = 4).
Statisticat significance was calculated by one-
way analysis of variince followed by Tukey's
multiple comparison test.
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Oseltamivir is a potent, well—tolerated antiviral for the treatment and prophylaxis of influena, Although ne
relauonshlp with treatment could be demonstrated, recent reports of abnoxmal behavior in ymmg individuals
with influenza who were recewmg oseltamivir have generated renewed interest in the ceniral mervous sySkem
(CNS) tolerability of oseltamivir. This smgle center, open-label study explored the pharmacokinetics of
oseltamivir and eseltamivir carboxylate {OC) in the plasma and cerebrospinal fluid (CSF) of healthy adult-
volunteers over a 24-hour interval to determine the CNS penciration of both these compuunds. Four J'apanese
and four Cavecasian males were exirolled in the sfudy. Oseltamivir and OC concéntrations in CSF were low
(mean of observed maximum cencentrations {C,,,.], 2.4 ng/nl foseltamivir] and 19.0 ngfml [OC]} versus those
in plasma (mean C,,,;, 115 ng/ml. [oseltamivir] and 544 ng/ml [OC)), with correspending C,, . CSE/plasma
ratios of 2.1% (oseltamivir) and 3.5% (0C). Overall exposure to oseltamivir and OC in CSF was also
comparatively low versus that in plasma (mean area under the concentration-time curve CSFIplasma ratio,

. 2.4%. [oseltamivir] and 2:9% [OC]). No gross differences in thie pharmacckinetics of oseltamivir ox OC were -~ -
" . observed between the Japanese and Caucasian subjects. Oseltamivir was well tolerated. This demonstrates that =

, the CNS penetration of gseltamivir and OC is low in Japanese and Caucasian adults. Emerging data support
‘the idea that oseltamivir and OC have Hmited potenha] to induce or exacerbate CNS adverse events in

'mdw:duals with influenza. A dlsease- rather than drug-related effect appears likely,

Ose[tamm.r is an oraﬂy administered anti-influenza agent of

the newraminidase inhibitor class. The ethyl-ester prodrog -

oseltamivir is delivered orally as a phosphate salt and con-
verled by hepatic-esterases to the active metabolite oseltamivir
carboxylate (OC) (10). OC specifically binds and inbibits the
influenza virus neuraminidase enzyme that is essential for viral
replicatien (21) In this way, oseltamivir limits the spread of
" influenza virus subtypcs A and B within. the infected host..
" When used as treatment, oseltamivir reduces the severity and
-~ duration of symptoms (22, 33), while prophylactic administra-
tion prevents their onset (9, 26).

In recent years, abnormal or delirious behav:ors have been

reported with a low incidence in young individuals with influ-

"enza who were also receiving oseltamivir (32). Cases arose

" most commonly in Japan bul were also: observed in Taiwan,

Hong Kong, North America, Europe, and Australia. No caus- '

ative association could be ‘demonstrated, and similar évents
. - were also reported in the absence of oseltamivir (6, 12, 17, 24).
‘Nevertheless, health and regulatory authonities in Japan and
elsewhere liave amended the product fabel 1o include precau-

"--tions on the use of Oseltamivir in young persons. These actions, .

and the associated media coverage, have fostered renewed
iinterest in the central nervous systern (CNS) tolerability of
oseltamivir-

Thc currently available prcchmcal and clinical evidence sug-

* Corresponding author. Mailing address: F. Hoffmann-La Roche
Ltd., Pharmaceuticals Division, Bidg. 015/1.006, CH-4070 Basel, Swit-
'zcﬂand. Phone: 41(0) 61 638 3133 Fax: 41(0) 61 638 6007, E-mail:
craig.rayner@roche.com.
1 Roche clinical trial number BP21288. -
¥ Published ahead of print on 1 August 2008.
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" Caucasian and Japanese subjects in our study.

gests a low potential for oseltamivir to adversely affect CNS
funetion, and no plausible mechanism for oscltammr to cause
CINS toxicity, has been identified.(32). However, only very lim-~
ited data exist Lo describg the CNS penetration of oseltamivir
and OC in humans. Equally little is known about the Irapact of -

, “ethnicity on the CNS profile of these entities. In this study, we

investigated the pharmacokinetics of oseltamiviv and OC in
plasina and cerebrospinal fluid (CSF)—the latter being a rec-
ognized surrogate for CNS.penetration (29)—in healthy adult °

"volunteers after a-single-oral -administration of oseliarivir
. phosphate. A]thuugh not powered. to formally examine the
.impact of ethnicity on CNS penetration, we- also consuiered

whether any gross différences might exist by including bolh

.
.MATERIALS AND METHODS

Study design and subjects. This exploratory trial was & single-center, gpen-
label, single-dose, pharmacokinetic study that was conducted in the United °
States betyeen 16 July 2007 and 17 Augost 2007. The trial complied with the

. -principles of the Declaration of Helsinki (as amended m Tokyo, Venice, Hong

Kong, and South Africa). The study protoco] and magtecials wete approved by zn
independent £thics committes, and written inforined cofsent was pravided byall .
participants. The study fully adheied to good clinical practice guidelines (ICH .
Tripartite Guideling, January 1997). . '
The study aimed to receuit gight Dealthy adult maIc and female volunteers
four of Japanese origin (bom in Japaaof Japanese parents and grandparcnts and
living for <3 years outside Japan) and four of Caucasian origia (white Rispanic
or non-Hispanic). The aumbers of males and females were intended to be the
same in both ctlnic groups. Indusion criteria were age of 20 to 45 years, body
mass index of 18 to 30 kg/m?, and ability to give written infomed consent and
comply with the stady restrictions. Female subjects were required to be surgically
sterile or postmenopausal for 21 year or 1o use tve methods of coniraception
(including one bardier methad) from study commencement untl 7 days post&oc,-
ing. Exclesion criteria included clinically significant disease; allergy or immumno-
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deficiency; history of raised intracerchbral pressure or diically siphificant verte<
bral joint pathology; l'IJajO.I' illness in the 30 days before screening or febrile
fllness ju the 14 days prior 1o CSF sampling; pregnancy ot lactation; relevast

* history of, or positive test for; drugs of 2buse or alcohol; infectipn with hepatitis
B or Cirus or hugan immusodeficiency viras or any other condition er diseaso
rendering the subject-unsuitable for the study. Prescription medication was not’
permitted to be taken within 7 days or six times its elimination half-dife (ty).
(whichever was longer) before study dmg ‘administration (exeluding hormone
replacement therapy and oral contraception). Occasional usé of acetaminophen/
paracetamal {up to 3 g/day) was allowed up (o 24 b before osing and 25 aseded -
for treatment of side effects related to the CSF sampliag procedhire. Intrévenous
caffeine was also permitted for headache prophy!axxs of treatmenl of side eﬁects
caused by the CSF sampling procedure. -

All subjects underwent a streening period from day —28 to day —2, during -
which dligibility was nssessed and written informed consent was provided.
Screening invalved a full medical history, a physical examination, an e!cctrocar-
diogram (ECG), and 2 lurbar spine Xeray (unless the mhiect had such an X-my
taken within 1 ycar of screening). Samples for, laboratory safety assessments

('ncludmg serom bnochcmlstry hematology, urinalysis, and serology) and drug

and aleohol abuse tests were taken after a4 fasting pcnod chalc subjects
were to undcrr.ak: pregnancy tests.

Following saccesstul SCTEEning, vo‘.luntocrs were admlttcd to the study vnit oo -

day —1 for a bascling safety assesscent {tecording of vital signs, ECG and’,
laboratory.safety assessments, and drug/atcdhol abuse and proguancy tests). On
day 1, following an overnight fast, alf subjects were cathclcnzed in‘the Jumbar .
repion (for example, L3 to 14) for CSF sampling. This was performed using the -
dynabridging technique (California Clinfeal Trials Inc,, California), in which the '
catheter §s connected to-a peristaltic pump for automatic timed withdrawal of
.CSF samples (approximately 6 mi per withdrawal). Subjects then receivad a
single onal dose of 150 mg oseltamivir phosphate (F. Hoffmann-La Rochs‘L!d.),
" which corresponds to the recommended daily adult treatment dose of 75 mg
wwice daily. Venous blood samples (2 mi per withdrawal) were taken at the samé
_ me as CSF sampling was performed. Blood and CSF samples were talien
immediately before dosing and a1 0.5, 1,2, 3, 4,5, 6, 7, 8, 9; 12, 20, and 24 h after
dosing in the mannec described above {14 sampling -points in total). Subjects
were discharged from the unit on day 4 and teturned for a follow-up examination -
on days 10 to 12, Adverse events were secorded from scrccmng until the end of
follow-up.
Oseltamnivir and OC assay. Blood samples were drawn into EDTA blood

. ,cgllecnon tubes, and plasma was separated by centrifugation for 10 min-at 1,500 3
.. gond 4°C. CSF ond plesina samples were stored at ~70°C until analysis. Con-’

centrations of ostitamivir and OC in plasma and CSF were sacasured usinig a
. * specific and validated bigh-performagee liqpid chmmalography method coupled:
with tandem mass speclrometry (Broanalyncals_ystcms Inc, Kenilworth, United,

' - Kingdom; SAP.055) based on a previously published method-(35). The CSF ™

. samples were analyzed along:with human EDTA plasma and hyman CSF control’
" samples against calibration standards prepared in human EDTA plasma. .
Pharmacokinetic nnaly is. Concentration-versus-tine profiles were generated,
and the observed ‘maximum concentration (Cp,,.} and time to observed maxi-
* mum concentration (7.} were then determined-for eseltamivir-and OCin CSF -~
and plasma. Standard noncompartmenlal methods were employed 1o charactes-
+-ize ph kinetic P
s:rvht inc). The foilmvmg paramecters were calculated where possitie: area under
* the concentiation-time curve from Lime. zero fo the last' measurable contentra-
* tion {AUCy 4} and infinity (AUC,.), apparo;nt ty and apparent oral clear—
apce (CL{F). AUC values were computed” using the- hnear-hapezojdal ule.
. - AUGC.. was cstimated using AUCy,,, Clsin whiere O, is the Jast mea-
", surable concentration and A is the apparent elmnnat:on rate constant deter-
*“miped by log- hncarrcgi'esston of the last four terminaf conceritration clntn points
" Gifing with an .2djusied sesidual squared value of =0.90. The ratios of CSF/ .

- plasma éxposure 01 Cpye 2nd AUC, ., weve also delerniined for each of the | *

i _two analytes. In addmnn, oseliamivid/OC ratios (adjusted’ for- the molecula: :
7. welght differences) weze calculated for Cy, and AUCQ_,,,U once for the matiix-
' p]asma and sepn:ately fot the matrix CSE.

RESULTS

A total of eight.heélthy male volunteers (four Caucasianand

four Japanese) entered.the study. No females were avaifable
for enrollment within the study Himeframe {approximately 1
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" TABLE 1. Demogxaph!c baseime charactensh«s by ethnic group

and total population

. Mean (range).
Pacameter 0 e 1 _
‘ (n = 4) (’_; =4 . Total(n = 8).
Na. of sulfjects by . ’
gender - . .
. Male | . 4 4 . B
Feaa‘;; 230 24-33) ‘ 268( 5} -239(24—-5)
Asge X 3 243 . 3
t (kg)’ 669 (61.2-735)  656(576826) 663 §57 8-82.6)
Et (¢m) 1733 (169177 © 1728{163-176)  173.0 (169-177) °
Bodymassindex  222(207-235) .221(188-289) 222 {(188-28.9)

{kg/m’)

3

'month) Demographxc baseline chatacteristics were well bal-
- anced between the Caucasian and Japanese groups. (Table 1).
" Assay validation. In both matrices, the calibration curve: -

. ranged from lower limits of quantification of 1 ng/ml and 10

- ng/ml for aseltamivir and OC, respectwely, up to 250 ng/ml for

- oseltamivir and 10,000 ngfml ‘for OC. For the analysis in .
plaspa, the intcrassay precision (coefficient of variation) .

" ranged from 3.8% to 5.4% for eseltamivit and from 2.2% to |
o 1% for OC, and the accuracy ranged from 100.0% to 103.7% - - -
for oseltamivir -and from 97.5% to 99.3% for OC. For the

‘apalysis in CSF, ibe interassay precision ranged from 0. 0% to
3.3% for oseltamivit and from 1.6% to 9.1% for OC, and the
agcura.cy ranged. from 104.0% to 114.5% for oseltamivir and
from 98.2% to. 103.8% for OC. No marked inaccuracies were

foundin the concentration ranges of the plasma and CSF study
samples. ‘
" Pharmacokinetic analysy.s. Figure 1 and Fw 2 show the

_mean (= standard deviation [SD]) plasma arid CSF concen- °

tration-time profiles for oseltamivir and OC in plasma and CSF

. for Japanese and Caucasian subjects and the overall popula-
tion after a single oral dose of 150 mg oseltammr phosphate. -
" For both analytes, mean ‘concentrations in CSF were consid- .
embly Jower than those i in plasma. Table 2 and Table 3 sum-
_ marize the measured and computed’ pharmacokmetzc param-
eters for oseltamivir and OCin plasma and CSE. Mean (= SD)

« plasma values were 115.(£40.0) ng/ml for oseltanivit and

SD) C,, . values for oseltamivir and OC were 24 (+0.9) ng/ml

."and 19.0 (£14.9) ng/ml, respectively; these weré measured at
median {range) T, values of3.5.(1.0 to 5 0) hand 8.0 (6 Oto .

12.0) h.postdosing.

Oseltamivir concentmuons were quannﬁable for up to 12 ho

postdosmg ih plasma-and 9 hin CSF. OC concentraﬂons were
detected for up to 24 h in-plasma and for vp-to-12 hin CSFin
all but-one Caucasian subject. This subject displayed the high-

" est CSF concentrations for OC with a C,y,.,, value of 45.9 ng/ml

at'7 h postdosing, but the oseltamivir concentrations in CSF
were not remarkably high compared (o those for the remaining
subjects. This subject was also shown to have bloed centami-

"-niation of the CSF up to 5 ki postdosing, and OC persisted in
_ the subject’s CSF samples until 24 h after drug administration. -
- In a different Caueasian subject, OC concentrations were not

detected in CSF at any time point, while oseltamivir concen-

- 544 (+92.6) pg/ml for OC. The correspondmu median (zange) ..
o values were 1.0 (05 to 40) h and 5.0 (4.0t0 6.0).h for
oseltammr and OC postdosing, Tespectively. In CSF, mean (= ©
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F[G 1 (A} Mean (+ SD) concentration-time profile for oseltama
vir in 'piasma after a single oral dose of 150 mg os¢ltamivir phosphate

" in Caucasian (r = 4) and Japanese {n = 4) subjects and the overall
population (= 8). {B) Mean (= SD) concentration-time profile for
. oseltamivir in "CSF after a single -oral dose of . 150 mg oseltamivir

phosphate in Caucasian {z = 4) and Japanese (n= 4) sub_(ects and the -

overall pc)pulation (== 8).

‘trations were méa.;;urablt_a untif 6 h postdosing. In this sul'ajéct,
values for OQC in CSF of zero were assigned for C,n,, AUC) o

and the respective CSF/plasma ratios, and these values were-
included in the respective summary statistics. The intessubject:
pharmacokinetic variabilitics (SDs) for the parameters C .

. and AUC, yu In plasma in relation fo the sample mean (per-
* cent coefficient of varfation) were approximately 34% and 17%
for osellanmivir and OC, respeclively. This is consistent with.

previous experience with-the drug (Roche data of file). The:

corresponding intersubject variabilities for C,,,,, ard AUCq 1z,
__ in CSF were higher for oseltamivir (36% for C,,,,, and 48% for
"AUG, 1) and OC (78% for C,,., and 129% ior AUC, .0)»

the latter two. percentages reflecting the' most extreme C,,

values measured for OC (0 ng/ml and 45.9-ng/ml}.

In the overall population, the mean (% SD) C . CSF/- -

plasma ratios (in° %) for oscltamivir and OC were 2.1%
(£0.5%) and 3.5% (+2.9%), respectively (Tables 2 and 3). For
both oseltamivir and OC, the concentration-versus-time pro-
" files-in plasma were sufficient to estimate AUC, .. and £, and
to derive the apparent oral plasma clearance for oseltamivir.

For both analytes, plasma AUC, ;... covered more than 90%-

of plasma AUGC,_... The mean:plasma £, ; of OC was triple that
of oseltamivir (5.4 h versus 1.8 h), and the niean plasma CL/F
_ for oseltamnivir was 502 liters/h. In contrast to the pharnaco-
kinetic plasma data, the CSF concentration-versus-tile pro-
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FIG 2. (A) Mean (£ SD) concentration-time profile for OC in

.plasma ifter a single oral dose of 150 mg oseitarmivir phosphate. in -

Caucasian (n = 4) and Japanese {n = 4) subjects and the overall

’ popu]auon (n = 8). (B) Mean (= SD) concentration-time profile for

OC in.CSF after a single oral dose of 150 mg oseltamivir phosplate in

. Caucasian (1" = 4) and Japanese (n = 4) subjects and the overall

p0pu1atlon (n = 8. -

files did not allow a reliable assessritent of AUC, ., for either

. analyte; hence, only AUC, ., values are reported for CSF.

The mean (= SDY AUGC, 4, CSF/plasma ratios for the total
population for oseltamivir and OC were 2.4% {£1.1%) and -

L 28%(*4.1%), rcspecnvely The individual AUC, ,;, valuesin

CSF covered a time period between 2 and 9 h-for oseltamivir
and 12 or 24 h for OC and the individual AUC, ,,, valuesin -
plasma covered between 9 and 12 h for oseltamivir and 12 and -
24 h for OC. If approximate free pldsma concentrations (58%
for oseltamivir and 95% for OC [Roche data on file}) were
used fo calculate the respective CSF/plasma ratios, these fig-

‘ures would double for oseltamivir {that-is, to approximately

5%) but would remain similar for OC. In the subject with
blood-contaminated CSF, in'whom higher OC CSF concenfra-
tions were observed, the resulting CSF/plasma ratios based on

_ total concentrations_for OC: were 95% (C,.) and 11.7%

(AUC) (these values would be only slightly hlgher if free con-
centrations were considered). In the overall population, the
mean (+ SD) C,,,, oseltamivir (prodrug)/OC (active metabo-
fite) ratios (adjustéd for the molecular weight differences) were
18.83% (+4.1%) and 124% (%5.1%) in plasma and CSF, re-
spectively. The AUCq 1, oseltamivir/OC molar ratios were
5.1% {+0.5%) and 2.4% (:£8.8%) in plasroa and CSF, respec- |
tively. '
This study was not empowered to identify diffierences be-
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2t | "~ " | tween ethnic groups. Nevertheless, no gross diferences for

. %. é HHH. T any phamacokinetic paratmeters were observed “for either
§§ 2 Asy - T - oseltamivir or OC between the Caucaslan and Japanese sub- '
£ e ‘ B jects (Fig. 1 and 2). .
E ) UE HALH o Safety. A total of 20 adverse events were reported durmg the
. 34 . study, all of which were mild t6 moderate in intensity and "
— g 37313} " resolved without sequelae (Table 4). All but two events weré
B ARAL nnrelated to the siudy, medication; one chest pain with a re-
18 g A58 (8 -mote relationship to oseltamivir and one headache with-a pos-
u, 3 E :jé’é' iy N . sible relationship to oscltamivir. Yo general, headache, back
2 MR8 .§ E © pain, and post-lusnbar-puncturé syndrame occurred due to the - -
% X % ggg '§ : " Jumbar punchire procedure. Caffeine and paracetamol were
g r}€ ClooC 8 - administered to treat these conditions. No deaths, serious ad~
g5 ?}”’ g goigl® . verse events, or withdrawals after drug administration oc-
glegla|naw| g curred. during the study, and. thére were no clinjcally relevant
B g p‘_ 238 'g . changes in vital signs, ECG, or laboratory parameters at fol-
e Iry, -
::é @ 7 2%% g Iownp .
SN
2] 7 8|=5%]s DISCUSSION
. &
E B P - 3 boliy Yi the current exploratory study, we eva]uated the pharma— :
R IPEN LB B . cokinetics of oseltamivit and OC in the CSF and plasma of .~
2 g'—g, :‘:: & _ healthy Japanese and Cancasian adult volunteers to further
o = g esis § . our understanding of the CNS penetration of these entities.
B TS Haa g .Concentrauons of oséltamivir and OC in CSF were low (mea.n
= 8RR g 2.4 ng/ml for-oseltamivir and 19.0 ng/ml for OC in CSF);
B 888 |g : and maximum’ concentrations were 219 and 3.5% of those -~
¥ 1233 (5 _ attained in plasma, respectively (mean Coo 115 ng/mi for
| %g'f:« g _ oseltammr and 544 ng/ml-for OC in plasma). Overall-exposuie
) Fé = e g. was also low in CSF compared with plasma (mean AUC CSE/
ol B ga=|8 plasmia ratios of 2.4% for oseltamivir and 2.9% for OC). Col
a2l [B|3d3E " lecfively, fhese findings demonstrate that the CNS penetration-
-y =3 %%% % : -of -oseltamivir and OC-is low in healthy individuals. The, rela-
g dag | &5 ive Cm._,x and AUC, y;; oseltamivit/OC ratios in plasma rc-
- =99 ‘;’ ported in this study are consistent with data from previous .
gl 7. :E; nan £ studies with healthy volunteers (Roche data on fle). .
218 BE%)e : These: findings are consistent with two case reports deserib- -
203 taleas (8- ing CNS penetrafion in influenza virus-infected individuals (5,.
. E ‘G |E{wan g- * 31), These cases comprise examination .of the CSF of a 10~
‘ gl 1334y . year-old male, with influciza B virus-assotiated encephalitis
=l . 1 |ges E‘.:if S _ {31) and a postmortem éxamination of several brain regions
8 | 223 9 . “from a 13-year-old Japanese male with influenza who had
. B, s 8 | ‘::: 5 " taKen a single dose of oseltamivir and subsequently feil to his =
- %‘" . RACLL I death from a building (5). In both of these cases, no or low .
el £ ).188E) 8 _ concentratiops of osehtamivir or OC were detected in CSF or
. 5’5 £ g.-ég. § human brain homogenates (5, 31). Preclinical studies involving . ~
-l mlgSa | B . . sats and fen'ets also show uniformly low brain penetration .
L 3 A following administration-of oseltamivir phosphate (Roche data
i~ IRIRY P98 ot 8- . on file). For oseltamivir, brain exposure in rats after intrave-
LEr g B1EEL % - .- nous administration was apprommately 20% of plasma values,
2 ::Q g . wheseas for OC it was approximately 3%. It should also be
i e lang|® noted that these studies employed whole-brain-homogenates.
“E bl g; B and that concentrations in fissue may have been overestimated .
RR 5 _‘__:.:: due tb confounding by blood vessel content, especially in cases
. E.g with high plasma—to-bram ratios (Roche data on-fie), Recent
; E [Eg |84 * studies in mice showed that access to thé CNS by oseltamivir
2. |8 8s g‘j. was also restricted by P~g1ycoprotcm (P-gp); it should be noted
(5] 8 ERR b that in the absénce of P-gp in knockout mice, the brain/plasma
G3& ratio was still low (around 0.35) (20, 25). The limited access of
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OC to brain is thought to be due to its low Itpopbihaty leading

. ta low passive diffusion across the blood-brain barrier (BBB).

It is recognized that, due to the short time period in which

" quantifiable concentrations in. CSF could be measured, there

was a pateatial for underestimation of CSF AUG, ,,, values.
This could alse have led to underestimation of the calculated
AUC, ... CSF/plasma ratios. However, it is reassuring that
even when a “worst-case scenario” was applied, with the last
measurable CSF concentration for each subject extrapolated
to the plasma time to last measurable concentration (7.}, the
AUC, 1, Values in CSF for the total population for ‘oseltamivic
and OC were 14.0 (£3.6) h - ng/ml and 291 (£204) k - ngfml,

vespectively. The values remained of the same magnitude as
those of the AUC,, ;... values estimated using the actual CSF
Tiasc values, which were 7.6 (24.4) b - ng/mi for oseltamivir and

- 151°(=202) h - ng/ml for OC. The corresponding mean (= SD)

AUC, 1., (CSF)/AUC, 1., (plasma) ratios for the total pop-
ulation were still very low when this conservative approach was
employed: 4. 6% (+1.0%) for oseltamivir and 5.2% (+3.9%)
for OC.

No females were avaﬂabie for enrollment within the re-
straints imposed by the study timélines. This was not expected
to affect the ontcome of the study, as previous investigations
within the wider oseltamivir clinical program have indicated no
significant gender differences in the  pharmacokinetics of enther
oseltaimivir or OC (Roche data on file).

In the overall study population, oseltamivir was detectable in

_the CSF for a median duration of 5.5 h and in OC for a median .

duration of 12.0 h. In one subject, whose first six CSF samples

‘were contaminaled with blood, OC persisted in the CSF for

24,0 h, While oseltamivir is a P-gp substrate and is eliminated

~ from the' CNS by this, transporter, it has been speculated that

active efflux of OC from the brain at the BBB may occur via

_organic anion transporter 3 (OAT3)-(23), which is a hémo-

logue of OATI, 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- dcs:gn (ie, chploratory U

" pature and limited sample size), no gross differences in the

CSF or plasma pharmacokinetics of oseltamivir or OC were

" observed between the Caucasian and Japanese subjects. This is

consistent with published findings showing no discernible dif-
ferences in the overzll pharmacokinetic profiles of oseltamivir
in plasma between Japanese and Caucasian adulls (28) and
children (7). It has been suggested that genetic variations may
contribute to the higher incidence of CNS events reported in
‘certain ethnic groups. For example, Shi et al. postulated that

" variations in the human carboxylesterases hCES] and hCES2

could lead 'to decreased conversion and therefore higher-than-
expected systemic concentrations of oseltamivir (30). Utilizing
a population pharmacokinetic model, simulations of oseltamivir
75-mg twice-daily dosing without oseltamivir conversion to OC
gave sleady-state C, . values that were arousd 14-fold higher
than those achieved when the metabolic pathway was intact
(Roche data on file). Nevertheless, these estimated values -
-were approximately 1.4-fold Jower than those observed in a-
clinical trial of six subjects who received 1 ,000- -mg doses, in
which no neuropsychiatric adverse events of note were seen
{Roche data on file). Genefic variants of OAT1 (which medi- -
ates renal secretion of OC) (1, 4, 19) and P-gp (which controls
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' BBB penetration of ose]tammr) (13, 27)- do oceur, but a]ter»-_ ;

ations to their function as a result have not been demonstrated.
Given the low CSF concentrations observed -in subjects in .
the current study, the potential for, oseltamivir and OC to .

induce or exacerbate CNS dysfunction appeats low. Ose etal. =
. have suggested that GC could act on human neuraminidase -

enzZymes. (ﬂa.hdases) in the brain and disrupt the mitochondrial

. apoptotic pathway in newronal cell death (25). However, in, .
 vitro data suggest that neither oseltamivic nor OC-nhibitsany -

of the four hyrnan neuraminidases at concentratlons ofuptol
mM (32). Fm-t.bermore, investigation of 155 different molecu-.
lar drug targets, covering a broad range of receptors, enzymes,
and ion channels, many of which are relevant to the CNS, did-
not produce any relevant findings, indi¢ating a lack of mecha-.
nism for peuropsychiatric adverse events-with oseltamivir or

OC (18). Clinical data also support the lack of an association, - -

between oseltamivis and CNS adverse events in young individ-

uals with mﬂuenza. In two Japanese case series, the gnset of * -

abnormal ot delirious behavior was found to occur both before
and after the initiation of oseltamivir therapy (8, 23), suggest-,

ing 0o femporat association between the two evenits: Epidemi-1

ological studies also demonstrate that the incidence of neuro-,
psychlatnc adverse events is similar between patlents with”

- inflnenza who receive oselta:mvxr and those who Teceive no
- amtiviral (2, 34). D
Oseltamivir was well tolerated in this study, wmr.h the major- .~ -~
ity of adversc events related to the continuous mdwellmg Jum-
bar calhelerization limbar puncture technique used to obtain

CSF, samples. Methods involving contirfuous collection of CSF

 for 12 to 36 b, with up to two sampling periods separated by a o

7- to 14-day recovery pcnod are used in experimental- medi-
ciné and proof-of-principle studies. They can establish phat-.
racokinetic-pharmacodynamic modéls {hence “dynabridging”)

- and downstream (proteomic) effects of drug administration: Con- -
. tinuous indwelling Jumbar catheterization has been perfortited in ;
over 450 healthy voluntcers and patients at California Clinjeal ~~ =~

Trials, from 1997 to the present (3). There have been no serious -

-adverse events from these proceduses, and the xate of ddverse.’
.events hasbeen no dxﬂ'erent from that for single Iumbarpunctur&s' '
" (i4). )

This study supports the. idea that the CNS penetration Of

" oseltamivis and OC is low in healthy J apanese and Caucasian L.
individuals. Preclinical and clinical data support the idea that . - ~
oseltamivir and OC have a limited potential to induce or ex-" "~
acesbate GNS adverse events in individuals with inflacnza, A

- disease- rather than.dmg—relazed effect. appears likely.
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Oseltammr (Tamxﬂu) and zanamivir (Relenza), two extenswely used chmcally effective antl-mﬂuenza drugS,
‘are viral sialidase (also known as neuraminidase) Inhibiters that prevent the release of progeny virions and
thereby limit the spread of infection. Recently mortalmes and neuropsychiatric events-have been reported with
the use of oseltamivir, especnal]y in pediatric cases in Japan, suggesting-that these drugs miglit also inhibit
_endogenous enzymes involved in sialic dcid metabolism;, inciuding sialidase, sialyltransferase, and CMP-
" synthase, in addition to their inhibitory éffects on the viral sialidase. The possible inhibition could account for

-some of the rare side effecis of oseltamivir, However, there has ‘been little direct evidence in-regard.to the . N

.sensuwmes of animal sialidases to these drugs. Here, we examined whether these inhibitors inight indeed aﬂ'ect
the. activities of human_ sialidases, which .differ in prlmary structures and. enzyme properties but possess

tertiary structures similar to those of the viral enzymes. Using recombinant enzymes corresponding to the four -

human sialidases identified so far, we found that oseltamivir carboxjlate scarcely affected the activities of any

of the sialidases, even at 1 miM, while zanamivir sngmﬁcantly inhibited the human sialidases NEU3 and NEU2 -

. -in_the micromolar range (X, 3.7 +"0.48 and 12.9 * 0.07 pM, respectively), prowdmg a-contrast to the low-

"'~ nanomalar concentratwns al which these drugs block the activity of the vu'al szalldases._

The continuing threat of an mﬂuenza pandemic is.a serious
worldwide concern. For the prevennon of influenza, potent and
selective anti-influenza drugs have been developed. The currently
approved agents include inhibilors of the virus, sialidase (8, 25).
“Viral sialidases are membrane components that destroy the sialic
acid-containing receptors on the-surfaces of infected.cells and are
thus'involved in the release of newly budded virions from the host
cell surface to begin a new round of infection. They may thus play.
kc.y roles in the spread of the viral infection togethcr with another
viral surfacé g]ycoprotem, hemagglutinin, involved in the binding
of the virus particles to receptors on the host cells. Studies of the
crystal structures of some of the viral sialidases have facilitated

- 'the rational designing of sialidase inhibitors; the two potent in-
hibitors, oseltamivir {Tamiflu) and zanamivir (Relenza), are sialic
acid analogues that interact with the active sites on the enzymes..

. affect the activities of the endogenous sialidases in humans. In

‘Oseltamivir is a prodrug that is metabolized to its active form,.
oseltamivir carboxylate; after oral administration, while zanamivir
“'Is.designed for delivery by inhalation. Recendy mortalities and.
. .neuropsychiatric events have been reported with the use of osel- -

tamivir, especially.in pediatric cases in Japan (1, 2, 6,9, 12). With
" the drug prescnbed frequently for the treatment of influenza in
Japan and its consumption accounting for more than 70% of that

around the world, Tamiflu has been suspecied to cause abnormal

* Corresponding author. Mailing address: Division of Biochemistry,
Miyagi Cancer Center Research Institute, Natori 981-1293, Izpen.
Phone: 81-22-384-3151. Fax: 81-22-381-1195. E-mail: miyagi-tal73
@Eref.miyagi.jp. .

Published ahead of print on 11 Avgust 2008.
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behavior and dealhs in Japan, partix::ula_rly in teenagers, although.

no statisticaily significant relationship has been established up to

_the present. Since bath of the drugs are targeted against lhc viral’

sialidase, the question has arisen.as to whether Ihey may alse

fact, theré have been a number of observations (5, 10, 18, 29)

pointing te the mh:bxtory effects of oseltamivir on the endogenous '

sialidases in rats and mice; however, the guestion remains open,
because direct validation of these findings remains limited to one
recent report (11) of the effect of the-drug against a recombinant
sialidase. Under these circumstances, we were prompted to, in-

vesngatc the effects of these drugson thc actmtlcs of endogenous )

human sialidases.

:Up to now, four types of human sialidases have been iden: -
tified and characterizéd, designated NEUL; NEU2, NEU3, and

NEU4 (15). They differ in’ their subcellular localization and

enzymatic properties and in the’ chiromosomal locatization of ..

the ‘genes encoding them; the enzymes are expressed in a
tissue-specific manner. The major subcellular localizations of
NEU1, NEU2, and NEU3 are the lysosomes, ¢ytosel, and

plasma membranes, respectively; while NEU4. s localized in

the lysosomal lumina or mitochdndria and intracellular mem-
branes. We previously discovered (14) that the primary. struc-
ture of rat cytosolic sialidase, the first example of mammalian
sialidase, contain several Asp boxes (~Ser-X-Asp-X—Gly-X—

‘Thr~Trp) and the Arg-Tle-Pro sequence, the conserved se- -

quences found in sialidases from microorganisms (22), despite

.having no particular similarity to those sialidases. The se-
-quence, alignment of other mammalian sialidases successively

8002 'SZ Jaquieidas Vo 011 BHQOY Y1-NNYIWJ0H "4 1e Biowuseroee woy papeojumoeq
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cloned revealed that they all contain the conserved semjuenées_.
A recent study of the crystal structure of human recombinant
NEU2 (3) bas provided further evidenee of a canonical six-

. blade beta-propeller structure, as observed for viral sialidases; -
with the active site jn a shallow crevice, but there are some

differences from viral and bacterial sialidases in amino acid

residues recognizing the N-acetyl and. glycerol moietiés of-
2-deoxy-2,3-dehydro-N-acetylneuraminic  acid (NevAc2en).

The lysosomal sialidase NEUL acts effectively on oligosaccha-

rides, plycopeptides, anda synthetic substrate, 4~methylumbelo—
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- liferyl N-acetylneuraminic acid (4MU—NeuAc) and NEU3isa -

:plasma membrane-associated sialidase that almost specifically
hydrolyzes gangliosides, while the other two enzymes possess
broad substrate specificity, acting on oligosaccharides, glyco-
- peptides, glycoproteins, and gangliosides, as well as on 4MU-

NeuAc: Maximal activities are obtained at a pH of about 4.6

for NEU1, NEUS3, and NEU4 and at pH 3.5 to 6.5 for NEUZ.

brain {Clontech} using random primers and murine leukemia virus reverse trans- -

criptase (Superscriptll) and applied as templates for: the PCR. The PCRs were
caried out in glass capillary reaction vessels {Roche) in 20-pl vdlume reaction

fixtures contzining 0.5 pM prinicrs, cDNA, and QuantiTect SYBR green PCR--
master mix (Qizgen) using porphobilinogen' deaminase as.an intemnal control. A’ - -

standard curve for each cDNA was generated by seal dilution of the pBluescript
veetor containing the gene encoding the entire open reading frame, as dcscn'bcd

previously (30).
Preparation and purification of the recombinant snalidas&.'l‘he calls (2 x 107

e

: 10.5 X 10%) transfected with FLAG-1agged sialidase ¢DNA 2s- described above <o
“were collected, washed with phiosphate-buffered saline, and sonicated on ice je 9 -

velames of ice-cold Yysis buffes. The lysates were cetrifuged at 1,000 X g for 10 -
min at 4°C, and the resultant supsmatants (homogenates) were then used for -~ -

ineasurement.of the sialidase activity or.for further purification. The lysis buffer
A for NEU1 anid NEU2 contained 20 mM potassinm phosphate (pH 6.8), 0.15 M

NaCl, 1 mM phenymethylsulfonyl fluoride, and protease inhibiter cockiail-."

(Roche) and the lysis buffer B for NEU3 and NEU4 was buffer A scontaining 1

- mM-EDTA and- 1% Triton %-100. Purification of the recombinant siatidase
' proteins was performed using FLAG tag affinity chromatography as follows:

“Sialidases of mammallan ongm ‘not only have been :mphcated -

in lysosomal catabolism, playing a role as general glycosidases,

NEU2 was purified from the cytosolic fraction after centrifugation of the ho- ™ -

mogenates at 100,000 X g for 1 b, followed by affinity chromatégraphy.” The
cytosolic fraction of the cells was applied to an anti-FLAG M2 agarose column

C @ mD- {Sigma), washed with 20 ml of lysis buffer A and.successively with 10 ml

but are also believed to play Foles in the modulation of func- . )

. tional molecufes involved in- many biological processes,: .

whereas the roles of the sialidases from microoiganisms ap-
. pear to be Jimited to nutrition and pathogenicity {4). Although

many functional aspects of the mammalian sialidases ate not
tully understood, partly diie to the enzymie instability and low
activity, recent developments in sialidase research have clari-

fied their 1mport‘ant biclogical roles; including their roles in

events involved in cell differentiation, cell growth and apopto-
. sis, and malignant transformation (16).
As described above, human sialidases, while differing from
the viral enzymes in their primary structures and enzyme prop-
erties, show tertiary structures-and active-site ainino acids.sim-"

. ilar to those of the viral sialidases, Therefore, in this study, we -

examined whether the antiviral drugs might have effects on any
" of the four types.of human recombinan sialidases,

MATERIALS AND METHODS _
Céll cubture and sialidase transfection, Human ksdncyZSBT cells (Riken BRC

Cell Bank, Tsukuba, Japan) were maintained in mm:mal essential médium supplé-

ménted with nonesseqtial amino.acids and 10% hem-madlvatcd fetal bovine $6rum,
Eukaryols expression vectors for NEU1, NEU3, and NEUM4 were prepared by

inserting the respective human sialidasé cDNAs covering the open reading frames °

(11, 28, 30) with the FLAG cpitope at the C termini into the EcaR1 site of the

PCAGGS veetar (a g generous gift from Jun-ichi Miyazaki, Osaka University Sehool - -

of Medicine) under the control of the chicken B-dctin promoter. -

To obtain the NEU2 cDNA. {he fisst-strand cDNAs Were synthesized I’mm

. poly(A)T RNA from human brain (Clontech) using oligo(dT)p.15 primers and -
. murine leukemia virus reversg transcriptase (Superscriptl}-reverse transcnptase,

e Invitrogen) and applied as templates for the PER described previously (30). To:'

cover the entive coding sequence, the <DNA was amplified with the two primer

pairs with EcoRE sites (5'-ATGGCOTCCCT.]’CCT GTCCTG-3, forward, and *
S5~TCACTGAGGECAGGTACTCAGC-3") using LA Tag polymerase (T akara), .

su'bdoncd imo pBluescript, scqucnccd and cioncd into the expression vettor.:

Transient DNA trangfection into the HK-293T céiis was nceomphshed using, -

the Effecteng reagent (Qiagen) in accordance with the manufacturer’s instiuc-
tions. After 48 h of transfection, the cells were collécted and homogenized, and
the homogenates were used as the enzyme sotrces or for frther punﬁcallun. For.

' !he NEUT cnzyme, a EDNA for a protective prolcm (carhoxypeptidase A), which
" is known to be associated with the NEUI prolein (13) and B-galactosidase a5 a
" complestin the lysosomes Lo maintain the sialidase activity {7), was cotransfected.
Quantitative analysis of transcripts of Hnman stafidases by real-time PCR.
Quantitative analysis of the transcripts for human sialidases was performed by

real-time PCR using the LightCycler rapid thermal cycler system (Roche). The ..

first-strand cDNAs were synihesized from poly{A)* RNAs from human lung and

of the buffer containing I M NaCl and cluted with buffer A containing the

-FLAG peptides (100 pg/ml) “and‘10% glycerol. For NEU3 punﬁcahon. the -
solubilized fraction after centrifugation al 20,000 X g for 15 min was applied to -

the colimn and then washed with buffer B conlaining 0.2% Triton X-100 (buffer

* C), followed by buffer containing 1 M NaCi, and then eloted with buffer C plus

FLAG peptides and 10% gtycercl,
Sialidase activity assays. The homogenates or punﬁed Iractions obtamed
above wére used for measurement of suahdasc activity using the synthetic sub-

. strate dMU-NeuAc or ganglioside GM3" (NcuAcuZ 3Galp1-4Gicf1-1Cer)

(Alexis Biochemicals). The activities for NEU1, NEUZ2, and NEU4 were mea-
sured routinely in 0.1-m! of a-reaction misture containing 10 rmol sodium
“acelzte buffer (pH 4.6 for NEUI and NEU4; pH 5.5 for NEU2), 40 nmol
AMU-NewAc, 6.1 mg bovine serum albumin, and enzyme. Alfter incubaion for 15

+ 10 30 min at 37°C, the 4-methylumbclliferone released was dclcrmmcd Ruoroe-

B

‘--mclhano! After désaliing was done uvsing a Sep-Pak Cpy cartridge, tota! Yipid *

'melncal[y (14). The reaction mixture for NEU3 activity contained 5 pmol so-

dium acetate buffer (pH 4.5), 19 nmol gangl105|des GM3, 50 pg TritonX-100, 50 -

‘g bovine serum albumin, and enzyme in .50 i and was iptubated for 20 1o 30

fnin at 37°C. The sialic acids released from GM3 were measured by fivorometric”

high-performance liquid chromatography with malononifiile (27). Occasionally,
NEU4 activity was also assayed with GM3 as the substrate in the same manner..
Protein concentrations were determined by dyc-bmdmg assay (Bio-Rad Labo-

ratories). One unit was defined as the amounit of :uzymc cleavmg I amol o[::ahc

acid/h. .
TLC. After 48 h of transfection, the cells-were cubtured in serum-deplcted

medivm for 5 h, followed by treatment of ‘cach drug for a forther 5 h, and the -

cells were 'coifectcd and subjected-to thin-layer chromatogriphy. (TLC). G cho—

lipids werg cxtracted from the cells (1 X% 107) in sequence with 2 mi of sopro- | | .~

- panol-hexane;water (95:25:20 [volivo!lvol}) and hydrelyzed With 0.1 M NaOH-

extracts were fractionated by TLC on high-performance’ TLC plalm {Baker,
Philipsburg, NJ) in C-M-0.5% CaCl, (60:40:0. [vo!hollvol]) and visualized with

.orcinol-H,80,. Densitometric analyses were performed using the Scion,Image -

Ware programs. .

Lectin blotling, To observe the chang&s in the amounts of the endogcnous

. {Scion Corp., Frederick, MB) and Quantity One (Bio-Rad Laboratorics) soft- ’

| glycoproteins, lectin blot analysis was conducted with peanut agglutinin (PNAY. - -
and Ricimus communis“agglutinin (RCA) (Honen, Tokyo, Japan), After 45 hof ~*

- transfection, the cells were cultured in serum-depleted miedium-for 5 K, followed, .

" the :nﬂucnm sialidase activity was assessed using a Hhiorometric method with:
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golumog

“hy treatment of cach drug for a further 5 h, and the cells collecied were mlbjec‘ted Lt
. d0-lectin blotting. Ceil homogenates were resolved by sodium dodecyl” ‘sulfate-

polyacrylam;dc gel clectrophorcms (SDS-PAGE) and transferred to polyvinyl-
idene difivoride membraines. The blots were washed in a solution containing 10

mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.1% Tween-20 and incubated with the

solution containing biotinylated lectins. After washing, :hé lectin-bound glyco-

lingame, CA).
Inhibition assay of influenza virus sialidase activity. Inhibitory activity agamst

slight medification (21). Influenza viruses from human and a2nimal fsolates were

propagated in altantoic cavities of 11-day-old chicken eggs for 48 hrat 35°C and °

“proteins were visualized with horseradish pcrondasc-streplawdm (Vcc:or, Bur-

NHW:_{:I'OH,’:!_ bl BJQ*LIIJ.se's,ée wioy,
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g purified k;y sucrose dénsity gradient centrifugation as described previously (24), .

. Te obtam an appropna!c viris concentration for use in the assay, the sialidase |*
. activity.of cach virus was first determined in a total volume of 10 g!'contammg ’
10 mM ‘acetate buffer {pH 6.0), 80 M 4MU-NeuAc substrate, and various’

* concentrations of influenza virus solution. After incubation for 30 min at 37°C,
-the rcachon was stopped ‘and- 100 pl of the soluuon was fransferred to 2 96-wen )

black plaserc plats, andthe Auorescence was mom:orcd For the inhibition assay,
4 j of ‘each dilutian of each inhibitor was preincubated with 4 pl of influenza
virus solution for 1 h at 4°C befare the addition of 2 pl of 400 pM 4MU-NeuAc
substrate in 10 mM acetate buffer {(pH 6.0) 10 begin the reaction, '

RESULTS

Inhibition assays of human sialidase activities for oseltamivir

NEU2 ;
FIG. 1 Companson of the endogenous expression levels of fotr smhdases in the human brain and lung. Quantltatlve analyses of the transcnpta

were, performed with real-time PCR using porphobilinogen deaminase a5 an internal standard as described in Materials and Methods. Bars indicate-
the standard dev:at:ons of the mcans for expenmcnts performed in tnphcate

"

NEU4

presence of oseltamivir phosphatc oseltammr carboxylate

: (Toronto Research Chemicals Inc., ON, Canada}, or ‘zana-
. mivir (26). Considering the substrate. specificity, the sub-
strates exogenously added routinely were 4MU-NeuAg¢ for

NEU1,.NEUZ2,.and NEU4 and the ganglioside GM3 for
NEUS3, because the former three cam preferentially hydro-

1yze 4MU-NeuAc and NEU3 acts almost specifically on gan- -

gliosides (15). Due to.the broad -specificity of NEUA4, the
activity was 250 assayed here with GM3 and 4MU-NeuAc lo

- _-exclude the effects of differences in the substrate. After 15 to

and- zanamivir. Our. previous results from quantitative real-

time PCR indicated that the expressions of NEUI; NEU3; and
NEU4 are readily detectable but expression of NEUZ is hardly

" detectable in human tissues (30). To determine whether NEUZ .

is actually expressed in humans, we attempted to clone the

. cDNA, because NEUZ has been characterized only using a '

genomic clone construcled by ligation of Iwo' genomic frag-
"“ment sequences-(17). A NEU2 cDNA clore was obtained from
" a cDNA synthesized from poly(A)}" 'RNA from the human
brain as the template by PCR and was employed for prepara-

“ tion of the NEUZ enzyme protein. Consistent with our previ- -

" ous data, the expression levels of four sialidases were found to

‘be markedly different. The endogenous levels of four sialidases
were compared with one‘another as they were measured guan-

30" min of incubation, the released 4MU and sialic acids
were determined using a ﬁuqrometer and using flusrometric
high-performance liquid chromatography, tespectively. The
50% inhibitory concentration (1Csq) of each compound was
caiculated by plotting the decrease in activity against the log
df the .ageit concentration. Oseltamivir phosphate did not
affect ary of the human sialidases (data not shown), since
thé prodrug osetamivir is expected to be ineffective.in vitro,
and oseltamivir carboxylate also, showed no.appreciable in-
hibition of the sialidases even at the concentration of 1 mM
(Table 1). Only-the activity of NEUZ appeared to be inhib-
ited, but with a very high ICs In contrast, eseftamivir

carboxylate was fully active against the influenza virus siali-

dases; with IC;ys in the nanomolar range under the condi-
tions described in Materials and Methods. In -addition, a

'nonsc]ecnve sialidase inhibitor, NeuAcZen,-showed ciear

titatively. using standard curves of respective ¢cDNAs; those”

© from the brain and:lung are shown in. Fig. 1. NEU, known as
a target gene for sialidosis, was expressed at the highest level,
followed by NEU3 and NEU4, which were generally expressed

inhibition in- the. micremolar range. While zanamivir did

_cause substantial inhibition of the human sialidases, the

at 1/10 or 1/20 of the level of NEU1. Expression of NEUZ was .

" observed at extremely low levels, being al most only 1/4,000 to
- 110,000 that of NEU1 jin several tissues.
To obtain preparations of all four enzymes, we transncntly

" expressed abundantly in the brain-and is colocalized in the -

transfected the respective expression plasmids into 293T

cells. The cell homogenates and the enzymes, highly purified

cffects were much less marked than those jn testing against
the viral enzymes. NEUZ and-NEU3 seemed to be more

susceptible than the other two sialidases to zanamivir. In--

terestingly, the 1C,, was the lowest for NEU3, which is

plasma membrane with its substrate gangliosides, The X,
and K; values of the compounds for-human sialidases were
then compared using the homogenates {Table 2). Zanamivit

‘was less inhibitory against NEU1 and NEUA4, with K| values °

8007 '5Z Jaqueldes b0 011 FHOOY V1-NNVINJIOH "4 18 60"wsE oeE Woy pepojumoq

by FLAG. peptide elution through FLAG affisity chroma-"

tography (Fig- 2A) were assayed for sialidase activity in the ~ approximately 300- and 20-fold higher, respectively, than
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TABLE 1." ICss of oseltamivir carboxylate, zanamivir, and NeuAc2en for activities of buiman and influenza virus sialidases”

IC;,® of inhibitos with substrate

MeuAcZén with;

. sialidaser . . Oseliamivir carbonylate Zanamivir with:

- - wWith aMU-NeuAc AMU-NeuAc - GM3 4MU-NeuAe GM3
NEU1 *: . >10,000 pM 2,713 + 239 pM . ND 168+ 232 uM ND
NEU2 >6,000 pM 164 % 20pM ND - 455£22pM ND

" NEU3 >10,000 uM " ND* 6831 M T ND .. T03£153uM .
NEU4 | - >10,000 M - 487+292pyM  690+127pM  TBIx8TpM “ND

Sialidases from: .- ) Co- T
" APR/&/34 virus (HIND)- 7090M ‘. 1.56 oM ND , S
A/Aichiz/68 virus (F3N2) 1.55 nM 2.66 M ND R
~AIDK[HK/3T3/4/78 viras _495nM . 3970M. ND - - :
(HSN3) - i R

each value was ob:amed by- pcrformmg two cxpenmcms ND not determined.

[

" against NEU3011 the bt_hcr'h\and', the X; value of oseltami- T
vir carboxylate ‘for NEU2 'was much higher than that of -

zanamivir, To. confitin ‘these” _results, -NEU2 and NEUS3,
which ‘were found in this Bxpenment to, bc a littlé more

. gensitive to the-drugs than the other cnzyme.s, were then -
purified by FLAG tag affinity- chromatography. The final

.enzyme fractions were detérmined to be apparently hono-
- geneous-by SDS-PAGE (Fig: “2A). The specific activities of

the purified fractions were 1,986 + 659 U/ng protein for’

NEUZ and 934- = 183 U/ug protein for NEU3. The Kc,,t

* values calculated were 22,92 * 8.0/s for NEUZ' and 13.0 %,

:2.4fs for NEU3. The K; values of oseltamivir carboxylate and
zanamivir for purified NEU2 were 8,373 = 1,491 and 11.2 =
0. 89 1M, reSpecmely, and the K, toward. 4MU NeuAc was

" 1,865 % 285 uM. For NEUS, ihe K, of zanamiyir was 5.12 &

[1.32'pM and the K, 99.4 + 152 mM with the GM3 sub-

. strate. These valies are similar to those obtained with the -
- homogenates as the enzyme sources, as shown in Table 2.

" “The €NZymes Were, assayed-with-increasing concentrations of |

- substraies in the presence-or absence of the drugs, and the

kinetic data mdmated ‘the’ drug to be a. competitive inhibitor,

as expected It should be noted that the K; value of oselta- -

mivir carboxylate for NEU2 was much ‘greater in-this study
8,373-x 1,491 nM) Ihan that (432 pM) reported by Li et al;

(11)

TABLE 2. K,, and X, values for human sialidases”
K, (pM) of substrate

K; (M) of inhibitor with substrate

Ceven e Oseltamivir Zanamivir with:
Sialidasz " oy " GM3 carboxylate i
NeuAc witht 4MU- - AMU- 'GM3
’ NeuAc NeuAc , .
NEU? . 1,816 490 ND - ND 1,121 = 250 -ND
- NEU2 1,795 £'272- ND 6,032+ 2183 129 x 007 - .
NEU3 ND 456 = 105 ND ND 3.72 £ 048
‘NEU4 203z 2.91 ND ND V5 = 148 ND

. ™Each vaiu'c represenis the mean = siandard deviaiion of tliree or four
experiments. The ganglioside GM3 was used as a substrate for NEU3 because of

its strict prcfcrcncc. ND, not determined, The K, and K; values mcasmed with _

purificd-cnZymes are described in the text.

. substrale prcfcrcnce of - NEU2, However,

* # NEUS3 was cvaluated’ using the panglioside GM3 asa substrate because of i its strict prcfercncc, and in addmon to GM3, AMU-NeuAc was used as anmﬁcrsuhstralc
for NEU4. In the experiments with human shalidases; eacti vajue for zanaimivir or NcuAchn -repregents the mean & SD of threc or fOur expcnmenls. For virus sialidase, .

Effects of oseltamivir and zanamivir on ‘desialylation of en-
dogenous substrates in cells. In addition to the mh:bmon test
with an exogénously added substrate in the assay ‘mbe dex

- scribéd above, we examined whether desialylation of endoge- -
“nous-substrates by NEU2 or NEU3 was blocked in the pres- -

ence ‘of these drugs’in the cell culturc ~The homogenates of
sialidasé¢ transfected and mock- transfectcd cells-were subjected
to lectin blotting or TLC to analy.:e the changes in the amounts.
of glycoproteins or ganghos:dcs respectively. As shown in Fig. -
3, the significant changes were observed in the fransfeéted cells
compared with those in the contro] cells. A marked increase in
several bands of RCA and PNA" lectins, recognizing Gal-
GlcNAc and -Gal- GalNAc, respectively, was_ob§ewtzd in‘'the
.NEU2-transfected cells. Considering that the increase in the
intensities of thé glycoprotein bands occurred as a result of
hydrolysas by the transfected sialidase, it is in agreement, with
0o significant -
changes were observed in the intensities of the corresporniding
protein bands (Fig. 3A); either after the addition of oseltamivir
phosphate or after'the addition of oseltamivir carbosylate at-a
concentration of 500 p.M, as expected frdm the results of. the
activity assays ‘Although zanamivir at this concentration was
effective in the actwny assays,-as shown in Tables Land 2, the
drug did not seem to inhibit ‘NEU2-mediatéd hydrolysis of
endogenous glycoprotems This may not be contradictory, be-
cause the activity of the drug is known to be extracellular and
the drug does not ‘undergo metabolism, In line with the sub- -
strate preference of NEU3 for gangliosides, the glycolipid pat-
terns were 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 treatment with
oseltamivir phosphate nor in that with oseltamivir carboxylate,
while zanamivir significantly abrogated GM3 reduction by the
NEUS3 enzyme. The zanamivir effects may be rcasonable be-
cause NEU3 s localized in cell surface membranes, The cells
" did not show any morphological changes after the addition of
these drugs to the culture. These results suggest that oseltami-
vir at this concentration inhibits' neither the hydrolytic reac-
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FIG. 3.-Effécts of oeltamivis and zanamivic on desialylation.of endogenous substrites of 2037 cells, (A) ‘Alterations of giycoproteitis by . . -

iransfection of NEUZ into 203T cells were observed by PNA and RCA lectin blotting, Intensities of several protein ‘bands (right panel) indicated

were markedly increased in the NEUZ2-transfected cells compared-to-the mock-transfected cells, but no significant changes were observed inthe
NEU2-transfected cells. afier ireatment with any of the drugs at the concentration of 500 pM. (B) The glycotipids were examined by TLC in the.’

“NEU3-transfected cells. The transfected cells showed 2 marked decrease in GM3 amounts compared to mock-transfected cells. Neither addition

of oseltamivir phosphate nor that:
intensities of the bands correspondiig to GM3 in TLC are shown in the night panel.
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of oseltamivir carboxylate changed the patierns, while zanamivir inhibited GM3 hydrolysis by NEU3. Th relative '
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tions of thc sialidases inside the cells nor the Slalldasc actmty
followmg éxogenous addition of substratcs. .
_ DISCUSSION -
- In the present study, we explored the inhibitory effects of

ANTIMICROB. AGENTS CHEMOTHER.

NEU1, NEU3, or NEU4 human ‘sialidases while zanamivir
exhibits inhibitory "effects in the micromolar range against

“NEU3 as the most sensitive form. We cannot arrive at any firm

concluﬁions at present regarding the potential association be-.

ser: Tzmiflu and the abnormal bchawor and deaths reported .

. among Japanese teemagers with influcnza vims infection

oseltamivir and zanamivir 6n four human sialidases using their ~

recombinarit proteins. The cffects were examined by two meth-

treated with-the drug, but our results do indicate that the drug

" might not exert any direct effects on the ganglioside-specific

. ods, namely, measurement of the mhibltory activity in sialidase -

.activity assays and estimation of the reduced desfalylation of
endogenous: glycoprotein and glycolipid substrates ‘inside the

plasma membrane-associated sialidase NEU3, expressed abun-

" dantly in the brain. The present resalis were obtained with only
_ recombinant enzymes, and we also need to stress that the

cells. Recesit observations have suggested a possible mhlbxlory .

potcntaal of oseltamivir against endogenous sialidases. In mice,

. the drug decreascd the GM1 of activated-CD3* T cells in-

“fected 'with a respiratory syncytial virus (18) and also blocked

-GM1-mediated opioid hyperalgesia induced by low doses of -

:-morphine (5). In rats, it exhibited ncuroexcxtatoxy effects, es- .
"pecially under condlﬁons of simultanecus administration of ~-
‘ethanol (10} With these animal models, Thowever, no direct

inl‘nbxtory effects of the drugs on cndogcnous sialidases cquld
be shown. We do not yet know the molecular mechanisms

' underlying these phenomena at present, but our data suggest

‘fol!owmg administration of a 10-mg dose (http:/fus. gsk.com ’

observed effects might not directly reflect the effects that might
be observed wnder-physiclogical conditions inside the cells,
Since the plasma concentration of oseltamivir carboxylate is,
reported to be 1.2 nM following oral administration of the

) _75-mg- capsule twice daily to patients “Chttpewww. rocheusa

.comlproductsltamlﬂul}, endogenous sialidase is uniikely to be
4 direct target molecule. In the case of zanamivir, the plasma
concentration i$ obsexved:to be 0.05 to 0.43 pM- within 1'to 2h

. fproducisfassetsfus_relenza, pdf). Our results also suggest neg-

that. they may not be thie direct consequences of S|alldasc in--

hibition: Decreased GM1 may not always- -be due to sialidase’

inhibition and may ziso involve other progesses; such as dis- " -

turbance of the ganglioside synthetic pathway. In a-report .on

the effects of the drugs on the sizlidases-of PC12 ceils; ‘Tamlﬂu :

" was found to inhibit Lhe sialidase activity induced by nerve
growth factor:dependent Trk receptor: activation (29): Al-

. though we tried to examine the inhibitory effects under the *

same expéerimental conditions and confirmed inductjon of siali-
. -dase” activity toward 4MU-NeuAc in a nervé growth factor-
" ‘dependent manner, we were not able to’ detect any inhibitjon
.of the activity in the cells 4t 2 Tamiflu dose of 1 mM. This
“ineffectiveness of Tamifiu is probably due to the absence-or low
. expression of carboxyesterase 1 (23) and P-glycoprotein (19) in

ligible effects, although it should be borné in mind that'the
concentration in the respiratory tract after inhalation-may be

.much higher than that achieved in the blood, In‘conclusion, it

‘may be desirable to examine newly discovered drugs targeting

*viral sialidases for their effects on endogenous human siali-

. dases, in order to minimize potential side effects in patients.

REFERENCES
1. Anonymous. 2007. New concerps about osclhmnnr Lancel 369:1056. -

2. Anonymous. 2001 Japan's health ministry calls-for tests on Timiflu. Natore

44T:626-627.
3. Chavas, L. M., C. Tringali, P, Fusi, B V:nerando, G. Tettamanti, R. Kato,
- E. Monti, and S Walkatsuki. 2005. Crystal structure of the human cytosalic
sialidase Neu2. Evidence for the dynamic naturé of substrate recognition.
* _J. Biol. Chem, 280:469-475,
4. Corfield; T. 1992, Bacterial sialidases—rofes i in pathogenicity and nutrition.
Glycoblology 2:509-521.

5. Crain, 5. M., and K.. F. Shen. 2004. Ncuramlmdasc inhibitor, oscllamwnr

- the cells, which are irivolved i in activation and transport of the .

prodrug osefamivir, reSpechvely Studies. using récombinant
NEU? sialidase (11) have shown that a variant with a nensyn-

onymous single nucleotide polymorphtsm frequcntly observed
" in'some Asian populations is.associated with lower sialidase

activity and ]'ugher sensitivity to oscltam:v:r than'the wild-type

enzyme. This'is of particular intérest in the context of the

frequent occurrence of abnerimal behavior and deaths associ-
ated with Tamiflu use in Japan. "However, in addition to the
“extremely low exprcssxon of NEUZ in human tissues, including’
_the bram, as shown in Fig. 1, our present data demonstrate that
very high concentrations of oseltamivir carboxyialc are needed
to inhibit-the sialidase activity, which’is 14- to 20-fold higher
‘than the concentration reported by Li et al. (11) The other
sialidases were not susceptible 1o the drug, even in the milli-
molar range, dcsplte the drug inhibiting, viral sialidases in the
_nanomolar range. In contrast, zdnamivir inhibited- NEU3 at
.micromolar levels. In consisteny with this, Nan et al. (20)
-repoited that less than 1 mM zanamivir inhibited the endog-

blocks GM1 ganglmsndc-rcguldled excitatary opioid recepter-mediated hy—

peralgcsm enhanccs opivid analgesia and altcnvates tolerance m mice.

Brain Res. 995:26(-266.

6. Fuyuno, 1. 2107, Talmﬂu Sldc effects come under scrunny Naturc 446 358~ ’

359.

_7- Galjart, N. J., N- Gillemans, A. Harris, G. T, van der Horsl,F w. Verheuen, .
and A. d’Azzo. 1988, Expression of eDNA cncodmg the human “protective -~

. protcm ussociated with lysosomal bcta-g'tlaclos:dase and ncuramlmdasc
Homology to yeast proteases. Cell 54:755-764. -

8. Gubareva, L. V., L. Kaiser, and F. G. Hayden, 2000. lnﬂucnza virus neur- .

aminidase inhibitors. Lancet 355:827-835.

9, Hama, R. 2007. Fifty sudden deaths may. be related to central suppress;on

enous sialidase activity of human T lymphocytes, although no

information is available with regard to the type of sialidase
involved in this phenomenon. |

Taken together, the dala indicate that oseltamivir carbox--
ylate does not significantly inhibit _constitutively expressed

15.

59

T BMJ 335:59.
10. Izomi, Y., K. Tokuda, K. A, Q'Dell, C. F. Zorumski, and T. Narahashi. 2007.
Ncurocxcnalorv actions of Tamiflu and its carboxylate mcldbolntc ‘Neurasei.
.Lett. 426:54-58.
13. Li, C. Y., Q. Y, Z. Q. Ye, Y. Sun, Q. He, X, M. Li, W. Zhang,J Luo, X: Gu,
X: Zheng, and L. Wei. 2007. A nonsynonymous SNP i human cytosolic
_sialidase in a small Asian population results in reduced enzyme activity:
potential link with severe adverse n:acnons to oseltamivir. Ccll Rcs 171:357-
' 362
12.
ceqts. BMJ 334:1232-1233. 7
Milner, C. M., 8. V. Smith, M. V. Carrillo, G. L. Taylor, M. Hollinshead, snd
R. D. Campbel, 1997. Identification of a sialidase encoded in the human
_major histocompatibility complex. J. Biol. Chem. 272:4349-4558,
Miyagi, T., K. Konno, ¥. Emori, H. Kawasakl. K. Svzuku, A Yasui, and 5.
Tsuiki. 1993. Molccular cloning and cxpression of ¢DNA encoding rat skel-
ctal muscle cytosolic sialidage. J. Biol. Chem. 268: 12643526440,
Miyagl, T., and K. Yamaguchi. 2007. Riechemistry of glyeans: sialic acids, p.
297-322. In 1. P. Kamerling, G. Boons, Y. C. Lee, A. Suzuki, N. Taniguchi,
and A. G. J. Voragen (cd.), Comprehensive glycoscienee, Elsevier BY, Am-
sterdam, The Netherlands. ’

13

14,

Maxwell, 5. R. 2007, Tam:ﬁu and ncuropsychlalnc disturhance in adnlr.s-.'

8002 '52 Jaquiaydag uo gL IR0 V.'I'NNV!N:I:IO[—-{ 'Jie 5-'9"”9"3'399 WOJ}-PGPQPIUMOQ



YoL. 52, 20.()3

16 Miyagi, T:, T, Wada, X Yamaguchir and K. Hata. 'D)O# S:a.lrdasc and .

malignancy: a minireview. Giycoconj. J. 20:189-198.

17. Monti, E., A. Preti, E. Rossl, A. Ballabio, and G. Borsani. 1999, Clnmng and
characterization of New?, a human gene’ homologous to rodent solublc.
- sialidases, Genomics 57:137-143.

13. Moore, M. L, M. H. Chi, W. Zhou, K. Go!cnlewska, LE O’Neal, 4. N.
Higginbnumm, and R, 8. Peeble, Jr. 2007. Oscltamivir dcmascs Tetl GM]1
. expression and inhibits clearance of reap:ratory synqhal virus potcnnalmle
of endogenous sialidasé in antiviral immpnity, J. Immunol. 178:2651-2654.

19. Morimoto, K., M. Nakakariya, Y. Shirasaka, C. Kakinamh, T. Fuilta, 1.

" Tamal; and T. Ogil:ara. 2008, Osctamivir (‘I‘amiﬂu) efffux Uansport at the -

. blood-brain Barrier via P-glycoprotein.-Drug Metab. Dispos. 36:6-9
. "20. Nenm, X, L Caiubelli, and N, M. Stamatqs. 2007, Sialidase express:on in

" activated human. T lymphocyiés mflucm:cs production, of TlFl*Tgamrmu1 s

* X Leukoc. Biok 81:284-206.
21. Potier, M., L. Mameli, M. Behsle, L. Dalltaire, and S. B Melam:on. 1979.

* -Fluorometric'assay of neevaminidase with a sodium {4-methylumbclhfml—- n

‘atpha-I-N-acétylnéuraminate) substrato, Anal, Biochem, 94:287-296.

22. Roggentin, P, B Rothe, J. B, Kaper, J. mlen, 1. Lawrlsuk, E, R, Yiwr, and
R, Schauer. 1989 “"Conserved sequences in_ bacterial and v:raI sialidases.
. Gycoconj, J. 6:349-353. :

23. 5hi D, J. Yang, D. ¥ang, E. L. L:Cluysg C. Bl'ack, L. Yon._ A Akhlagh}, and B.

“Yan. 2006. Anti-inflyenza prodrug osclizmivir is activited-by ‘carboylesterase .

human carboxylesterase 1, and the activation is inhibited. by a.nupla(elel agcnt
clopadogml. 2. Pharmacol. Exp Tﬁcr. 319-1477—1484

r

e

60

MLINFLUENZA' )_&'GEisrrs AND HUMAN SIALIDASES, ~ 3491

24. Smkl, -Y.; Y. Nagane, H. Kato, M. Matsm'nntn,‘l{.. Nerome; K..Naha;ima,
- and E. Nobusawg. 1986. Human: influcnza A virus hemagghutinin distin-
", guishes sialyloliposaccharides in membranc-associated gangllomdﬁ as dts

veceptor which mediates the adsorption and fusion’ processes of virus infee-
tion. Specificity for oligosaccharides and sfalic acids and: the sequence to

" which Sialie acid.is attached. J. Biol, Chem. 261:17057-17061,

" 25, vou ltzstein, M. 2007, The-war againsi influenza; discovery and dcvelopmcnl .

of sialidase imhibitors: Nat. Rey, Diug Discov. 6:967-974.

26."von Mzstein, M, W, Y, Wi, G. B, Kok, M. 5, Pegg, 1. C, Dyason, B‘Jll-n,'l‘."

- van-Ohan, M. L. Smytbe, . F, White, add S. W. Oliver, 1993, Rational

" desigit of potant sialidase-based mhibltors of mﬂuenza vm:s rcplmlmn -

“ Nature 363:418-423. .

27- Wsda, T., K. Hata,_ K..Yamagucbi, K Sh!mki, K. Kosekl, S. Morlya, andT.
. Mizagl. 2007. A ciucial. vole of ‘plasma iembrane-associated sialidase:
{NEU3) in' the survival of huriian cancer cells, Oricogene 26;2483-2450.

28. Wads, T, Y. Yoshikaira, 5. Tokuyama, M: Kuwahara, H. Akita, and ..

‘Miyagi. 1999 Cloning, expression and ‘chromosoral mapping of a- human
ganglioside sialidasc, Biochem, Biophys. Res. Commun. 261:21-27.

29. Woronowiez, A, 5. R, Amith, K. De Yusser, W: Laroy, R. Contrerss, S,
dence of neurctrophic factor acti=’ *
-vation of Ttk fyrosine | kmasc rcocptom on’ cellular snahdase. Glyoohlology .

* Basta, and M. R.'Szeweznk. 2007..De
1710-24.

30 Yamaguchl, T., K. Hata, K. Kosekl K. Shiozaks, H. Akita, T. Wadn, s "
.* Moriya, and T, Miyagi, 2005, Bvidence for:mitochohdrial-localization of 2 °

novel human s.anaase ('NEU4) -Biochem., J. 390:85-93,

AF

498 V30" SHOOY VI-NNVALOH 4 18 Biowsedee wo., * eolumod,

8007, /52



Avallable onlme at www, sc!enced:rect com

. - NUCLEAR
T - SCIenceD|rect B MEDICINE

BIOLOGY -

www.elsevier.comflocate/nucmedbio

" Nuclear Medicing and Biology 36 (2009) 47—55

Biodistribution and metabolism of the anti-influenza drug.
 [YCloseltamivir and its active metabolite ['' CJRo 64-0802.in mice
~'Akiko Hatori, Takuya Arai, Kazuhiko Yanamoto, Tomoteru Yamasaki, Kazunori. Kawamura,
' Joji Yui, Fujiko Konno, Ryuji Nakao, Kazutoshi Suzuki, Ming-Rong Zhang*

Depaﬁment of Molecular Probes, Molecular Imaging Center, National Institute of Radiological Sciences (NIRS), Inage-ku, | Chiba 263-8555, Japan
Received 22 July 2008; received in revised form 10 October 2008; accepted 15 October 2008

Abstract

- Introduction: Oseltamivir phosphate (Témiﬂu)’ is an orally active anti-influenza drug, which is hydrolyzed by esterase 1o its carboxylate”
metabolite’ Ro 64-0802 with. potent activity .to inhibit the influenza viris. The abnormal behavidr and death’ associated with the use of
oseltamivir have developed into a major problem in Japan where Tamiflu is often prescribed for seasonal influenza. If is critical to determine

the amount of oseltamivir and Ro 64-0802 in the human brain and to cluc:datc the relationship between' their amounts and neuropsychlatnc to-

side effects. The aim of this study was to evaluate [!'Closeltamivir and [ ICIRo 64-0802 in mice as promls lng positron emission tomography
_-(PET) ligands for measuring their amounts in living brains.

Methods: Whole-body. biodistribution ‘of I”C]oscltamivi.r and [!'CIRo 64-0802 was determined in mice usmg the dlssectlon ‘method and
micro-PET. In vitro and in vivo metabolite assay was performed in the plasma and brain of mice.
‘Results: Between 1 and 60 min after injection of [”C]oseltamlvu' and [”C]Ro 64-0802, 0.20-0,06% and 0.39-0.03% ID/g were detected in-
the mouse brains, respectively (dissection method). Radioactivity concentrations in the living brains between 0 and 90 min after injection
were measured at standardized uptake values of 0.25-0.05 for [”C}ose]tamlvu and 0.38-0.02 for (""CJRo 64-0802 (micro-PET). In vivo
metabolite assay demonstrated the presence of [!'Closeltamivir and [V'CJRo 64-0802 in the brains after [ Goseltamivir injection.
Conclusion: This study determined the distribution and metabolism of [“C}oseltamlvu' and ["C]Ro 64-0802 in mice. PET could be used to
_meagure their amounts in the living brain and to elucidate the relationship bctwccn the amounts in the brain and the side effects of Tamiflu in
the central nervous system, - .

.. .© 2009 Elsevier Inc. AJ] rights reserved. *

Keyword.f Ant:-mﬂuenza drug; [”C]Oselta:mv:r, T'CJRo 64-0802; chro-PET ‘Brain uptake

1. Introduction =~ . ' ' because suicidal or abnormal beﬁavior, f-:épecial,ly-in young
- _ . - . patients, has been reported after Tamiflu ingestion [7].
Oseltamivir phosphate (Tamiflu, Fig. 1) is an orally active At present, the Japari label of the drug specifies thatthe -

" anti-influenza drug for the treatment of influenza-types A and drug should not be administrated to young patients as there
. B [1-3]. It is a prodrug that is hydrolyzed by esterase to its " isa possible risk of nel_lrologlcal adverse effects [8], but the
carboxylate metabolite Ro 64-0802 (Fig.-1), 4 potent inhibitor mechanisms ' of this abnormal behavior are uncertain.
of the influenza virus [4—6]. This drug is regularly prescribed ‘Oseltamivir may affect the central nervous system (CNS)

as a treatment for seasonal influenza in Japan, and Japanese :because neuraminidase, a key enzyme -relative to the
coensumption accounts for up to 75% of all Tamiflu use world- . proliferation of influenza vims inhibited by Ro 64-0802,
“wide. However, the safety of oseltamivir has been questioned ~  plays a wle in CNS development and impulse conduction

[9—11]. In.vitro study on brain slices demonstrated that Ro
64-0802 had clear effects on netronal excitability and
oseltamivir enhanced hippocampal network synchromza—

* Cotresponding author. Tel.: +81 43 206 4041; fax: +81 43 206 3261. tion {12,13]. A high dose of oseltamivir damaged the brain
E-mail address: zhang@nirs.go.jp (M.-R. Zhang). of experimental animals-and was likely caused by uptake of

0969-8051/8 ~ see front matter © 2609 Elsevier Inc. All nghts'reserved. . *

" doi:10.1016/j.oucmedbio.2008.10.008
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Fig. 1. Chermical structures of {!/Closeltamivis and ["'CjRo 64-0802.

“oseltamivir andfor Ro 64-0802 into the: CNS. Thus,
although it is believed that the two compounds do not
-easily pass the blood—brain batrier (BBB), they may enter
the brain if the BBB is .immaturé or damaged [14].
However, the presence and amouhts of oseltamivir and Ro
64-0802 in the human brain, and.the relationship between

A. Hatori et al. / Nucléar Medicine and Biglogy 36 (2009) 47-55

" Pure Indusiries (Osaka, Japan). Carbon-11 was produced by

. their presence and the, side’ offects of Tamiflu, have not

been elucidated clearly [15—-18}, :

Positron emission tomography (PET) is a nseful :magmg
- modality employing radioactive ligands labeled with positron-

emitting radioactive isotopes, such as carbon-11 (1C; half tife:

20.3 min), flucrine-18, nitrogen-13 and oxygen-15 [19]. PET
can be used to provide pharmacokinetic and pharmacody-

namic information about a diug to determine drug efficacy and .

potential biochemical mechanisms of drug action, including

the adverse and toxic effects. Since influenza-is a serious-

seasonal illness, especially in the winter, and Tamiflu is the

first-choice driig {20,211, it is critical-to determine the presence

and amount of oseltamivir and Ro 64-0802 in the human brain

and to explore the relationship between their uptake and side -

_effects on the brain. The effectiveness of PET on the living
body.prompted us to label oseltamivir and Ro 64-0802 with a
positron emitter isotope and to measure their amounts in brains
using radiolabeled figands.

_We have recently, synthesized [11C]oseltaniivir and {1'C]
Ro 64-0802 and determined their presence in mouse brains |

" using the dissection method [22}. Here, to-aim their clinical

" uscfulness, we performed a detailed preclinical. evaluation of
. ['C]oscltamivir and [*'C]Ro 64-0802, respectively. Using a
dissection method and a small-animal PET (micro-PET), we
determined the biodistribution of ' Closeltamivir and [*C]

Ro 64-0802 in various organs of the mouse, including the

brain. To ehicidate ‘the putative influence of radioactive
metabolites on PET imaging and data analysis, we then

64-0802 in the brain and the plasma of mice. -
© 2, Materials and methods

2.1, General.-

Oseltamivir phosphate was purchased from Sequoia
Research Products (Pangbourne, UK). Ro 64-0802 was

examined the metabolism of [*'Closelfamivir and [N'ClRo

2 SN

synthesized by hydrolyzing oseltamivir with 1% NaOH

of analytic or high-performance liquid chromatography’

" solution in our laboratory; All chemicals and solvents were .

(HPLC) grade from Aldrich (Milwankee, WI) and Walko -

UN(p, o)!'C muclear reaction using CYPRIS HMIi8
cyclotron (Sumitomo Heavy Industry, Tokyo, Japan). A
«dose calibrator (IGC-3R Curiemeter; Aloka, Tokyo, Japan).
was used for all radioactivity measurernents if not

otherwise " stated. Reverse-phase HPLC was performed

using a JASCO- (JASCO, Tokyo, Japan) -system: effluent

radioactivity was determined using a Ng'I'(TI) scintillation -

detector system.

2.2, Production of [ CJoseltamivir and ["'CJRo 64-0802

Radiosynthesis of [\!Closeltamivir and ['C]Ro 64-0802: . |

has heen previously published by us -elsewhere [22).
Briefly, ['!C]AcCl [23], 2 labeling agent for radiosynthesis,

[24]. Purified {{'"CJAcCl was reacted with the Precursor

[22] in the presence of Et3N for 3 min at 80°C, followed by -
treatment with 6 N HCL After the two-step reactions, the -

“was prepared by reacting methylmagnesitm bromide with. .
[MCJCO,, followed by chlorination with oxalyl chloride

radioactive mixture was purified by HPLC [Waters . -

CH,GN/H,O/Et;N (30/70/1), 5 ml/min, 254. nm] to give
[!'Closeltamivir. [''C]Oseltamivir was then hydrolyzed
with 1% NaOH for-5 min at 100°C to yield [''CJRo 64-

0802. From the ¢nd of bombardment, the synthesis times of

[ Closeltamivir and [''CJRo 64-0802 were about 30 and
35 min, respectively. Starting ‘from cyclotron-produced
[11CICO, of 30-37 GBg, [*'Closeltamivir (z=5) or. ¢y

Ro 64-0802 (n=3) was produced with 450-1130 MBq as- ..

an injectable solution.

" XBridge Prep C18 5 pm column, 10 mm IDx250- mm, °

Radiochemical purity; identity and spéciﬁc activity were -

assayed by analytical HPLC (CAPCELL PAK Cyg columi: . .

4.6 mm IDx250 mm). The refention. time (fg) was 6.5 min

© for [''CJoseltamivir [CH;CN/H,O/EtsN (30/70/0.1),

1.0 mlmin, 254 nm] and 5.2 min for ['C]Ro 64-0802

[CH;OH/pH 6.8 phosphate buffer (4/6), 1.0 mlmin, 210 nm],

respectively. The identity was confirmeéd by coinjecting with
the comesponding nonradicactive sample. Radiochemical

purity was >98% for [''Closeltamivir (+=5) and >97% for -
[MCJRo 64-0802 (n=3), and the specific activity was =

averaged to be 8.9 GBq/jtmol a§ determined from the mass

 measured from HPLC UV analysis. .

2.3. Animals

* Male mice weighing 3040 g (ddY, 7-8 weeks, SLC,
. Shizuoka, Japan) were used. The animals were maintained
and handled in accordance with recommendations by the U.. "~

© . S. National Institates of Health and our guidelines

‘(National Institute of Radiological Sciences, NIRS, Chiba,

Japan). The studies were approved by the Animal Ethics
Committee of NIRS. :

62 .



A. Hator et al:/ Nuclear Medicifie and Biology 36 (2009) 47-55 : 49

", 2.4, Biodistribution study

~ 2.4.1. Dissection method
A saline solution of [''Closeltamivir or [!!CJRo 64-
0802 (average, 15 MBq/200 ul) was injected into mice
. through the tail-vein. Four mice were sacrificed by cervical
_ dislocation at 1, 5, 15, 30 or 60 min after injection. The
" whole-brain, liver, lung, heart, kidnéy, stomach, small
“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
. (PerkinElmer. Japan, Yokohama, Japan) and expressed as a
percentage of thé injected dose per gram of wet tissue (%
ID/g; meantS.D., n=4). All radioactivity measprements

were corrected for decay.

" 2.4.2. Micro-PET

PET scans were performed using a small-animal PET

_Invéon scanner {Siemens-Medical Solutions USA, Knox-
“ville, TN). These experimients were performed three times
" for each ligand using different mice (22=3). Prior to the scans,
the mice were anesthetized with 1.5% (v/v) isoflurane: After
fransmission 'scaus for attenuation correction for 2 cycles
(803 s) using a 37Co pomt source, dynamic emission scans

were acquired over 90 min in & 3D list mode with an energy

window of 350-650 keV. [!C]Oséltamivir or [“C]Ro 64-
- 0802 (average 15 MBq/100-300 pl) was m_]ected via the
‘tail vein, while the animals were positioned on the scanner
. bed before a dynamic PET study was acquired for 90, rhin.
All list-mode data were sorted info 3D sinograms, which
“were then Fourier rebinned into 2D sinograms-(frames, 4x1,
"8x2 and 20x5 min). Dynamic images were reconstrucied
* with filtered back-projection using a Ramp filter. Regions
of interest (ROIs) were placed onthe braln lung, heart, liver,

kidney and so forth using ASIPro VM (Analysis Tools -

and System Setup/Diagnostlcs Tool S:emens Medlcal
Solullons USA).
" Time—activity curves (conected for decay) in the ‘oigans

‘were obtained for each.scan. ‘For imageé analysis,” CAPP -

" software, version 7.1 (CTI/Siemens), was used. Images were
calibrated to standardized uptake values (SUVs) or to units of
© becquerel per milliliter. The SUV was calculated according
_to the following formula: measured activity concentration

(Bg/ml)xbady weight (g)/injected activity (Bq).

2 5. Metabolite assay in plasma and brain homogenate

2.5.1. In vitro .
After mice (=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 min at 4°C to separate plasma,

300 pl of which was collected and stored at. 0°C until used. -

The brain was homogenized in’ threefold volume of 50 mM
phosphate buffer (pH 7.4) and also stored ‘at 0°C until used.

The plasma and. brain homogenate should be used for

. incubation within 30 min, respectively.
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. After preincubation of plasma (130 ul) and brain homo--
genate (200 pl) at 37°C for 5 min, [ Closeltamiviror [''CJRo
64-0802 (0.4 MBq/0.24 nmol/10 y1I) was added to the tissues,
respectively, At 1, 5, 15 and 30 min after incubation, 15 pl of
the incubation mixture was withdrawn and immediatelyadded .
to 45 pl of CH;CN. The mixture was vortexed for

‘deproteination within 15 s and centrifuged at 15,000 rpm for

2 min at 4°C. The supernatant was collected for analysis.
.An ‘aliquot of the supematant (10 pl) prépared from the

- plasma or brain homogenate was developed in the following

thin-layer chromatography (TLC) mobile phase: CHCly/
CH;0H/AcOH (5/2/0.1). The TLC plate was air-dried and

" placed in contact with a imagiug plate” (BAS-MS2025,

FUJIFILM Co., Tokyo) for 60 min, and the radioactivity
distribution on the plate was analyzed using a “Bio-Imaging
Analyzer (BAS-5000, FUJIFILM Co.). The percentage of

. T"Closeltamivir (Rg: 0.75) or. [""CIRo 64-0802 (Ry: 0.38) to
- total radioactivity on the TLC chromatogram was calenlated

as %=(peak area for [*'C]ligand/total peak area)x100.
Afler radiocactivity decay, the protein ‘concentration in
each incubation mixture was measured by the Lowry

" method. From ["C]oseltarmvu experiment, the formation

raté of ['*CJRo 64-0802 in plasma profein and brain profein

.was calculated as:

F=(4 x R)/(100x Px ol

where F is the [''C]Ro 64-0802 formation rate (pmol/rnmf
mg protein), A is the amount of [“C]oseltamwlr added to the
incubation mixture (pmol); R is the percentage of [''C]Ro
64-0802 at an observation tinie point (%), P is the protein
concentration in plasma or brain incubation mixture (mg
protein/tube) and T'is the observation time {min).

2.5:2. Invivo :
After intravenous injection of ["C]oseltamwu‘ (30—

44 MBq/2_00—300 pl) into mice (#=3), these mice were

sacrificed by cervical. dislocation at' 1, 5, 15 and 30 min.
Blood (0.5~1.0 ml) and whole-brain samples were removed
quickly. The blood sample was centrifuged at 15,000 rpm for
2 min at 4°C to scparate plasma, which (300 pl) was
collected in a test tube containing CH3CN (300 ul). After the

" tube was vortexed for 15 s and centrifuged at 15,000 rpm for

2 min for deproteinization, the supernatant was collected and
diluted with the same amount of distilled water for analysis.

* At the same time, the mouse brains were homogenized in

twofold volume of ice-cooled phosphate buffer (pH 7.4)
solution. The komogenate was centrifuged at 15,000 rpm for*
2 min at 4°C, and the supematant was collected and
deproteinized for analysis.

An aliquot of the sample (100500 pl) prepared from the
plasma or brain homogenate was injected into the analytic

" HPLC system and analyzed for {! Closeltamivir under the

same conditions described above except for a flow rate of
1.5 ml/min. The percentage of [! IC]oseltammr {tr=5.6 min)
or [""C]Ro. 64-0802 (fz=2.4 min) to total radioactivity
(corrected for decay) on the HPLC chromatogram was
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-~ calculated as %=(peak area for [“C]hgandftotal peak
area)x100. The recovery ratio of radioactivity eluted from
- the HPLC column was >95% for the plasma- and brain
homogenate samples.

3. Reeults
'3 L Bzodtsmbuaon
The. biodistribution of [“C]oseltamxvu and [”C]Ro 64-
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“and muscle. Radloactmty accumulated in the laxge mtestme :

over time. The lowest radioactivity was found in the brain
(0.2010.01% at 1 min, 0.16:0.01% at 5 min, 0.140.01% at .
15 min, 0.0940.02% at 30 min and 0.06:0.02% D/g at
60 min after injection). Despite the low ieveI the decrease’

- rate of radioactivity-in the brain was much slower than that in

0802 in mice was measured as the decay-corrected :

: pementagc injected activity per gram of tissue (% D/g).
" . Fig. 2A-shows the data of [ lC]oseltamwn in 11 specific

' the blood. Calculated from the averaged weight (0.45 g) of

the mouse brains used here, 0.09-0.027% of injected {*'C]

‘oseltamivir was present in the whole’ brains between 1 and

60 min after injection..
Fig. 2B shows the data of [''CJRo 64-0802 m the same

* - regions as in the ["C]oseltamwu experiment. [ C]Ro 64-

- regjobs of mice, Afterthe tracer injection, high initial uptake .

. of radioactivity was found in the blood; lung and heart,

followed by a rapid decrease of radloacuv:ly in these organs. ..

- Radioactivity accumulated in the tiver, small intestine .and’
kidney from the early time point, peaked at about 15 min and

.0802 displayed higher initial radioactivity in the bidod and °
then faster washout from the bloed than [”C]oseltarmvxr L
: "descnbed above. A high level of radloacthty was detected

in the kidney, which decreased rapidly from 5. min after the

* tracer mjectlon Except in the kidney, radioactivity concen-.

declined until. the end of this experiment. The maximum. -
- lével ‘of radicactivity was detected in the kidney among alt .

- the-organs examined. Compared to other peripheral organs,

. relatively low uptake was measured in the spleen, stomach .

A 35 ; o
: [""Closeltamivir
. =3 1min
20 |- == 5 min
&= 15 min
=3 30 min,
. 15t = 60 min:
o
a
3
10 [
5
. "o S, =
'Blood  Brain-
60 .
J i ‘[‘"C]F{o 64-0802 -
. 50 | . =3 tmin
. === 5min
P =58 {5 min
L 0 == 30min .
& ;
o . == 60 min
ag.

Heart

Lung

Blood."  Brain

Lwer Sp!een K‘dney Siomaeh Small

tration in the other organs was extremely low. In the brain, .
radioactivity was 0.39+0.08% at 1 min, 0.19+0.06% at

- 5 'min, 0.08+0.01% af 15 min, 0.06:0.02% at 30 min‘and
0.03£0.01% ID/g at. 60 min after injection. Calculated from =
‘the averaged weight (0.45 g) of the mouse brains used here,

u

 lung’. . Heanl  Liver . Spleen Kldney Slomach Small. Muscle Large -
: ) intestine

intestine

Museie Large

intostine intestine

Flg 2 Biodistribution in mice (n—4 for mch !1gand) by the dlssechon method.. Rad.loachwty was expressed as the percentags of the m_]ecled dose per gram of
tissue or organi (% ID/g; rocandS.D., n=4). (A) ["'Closeltamivir. (B) [''C]Ro 64-0802.
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A

8-1 min 4.6 min

{*'C)Rc 520802

- 4-8 min 14-16 min

25-30min  -55-30 min- 85-90 min- -

Flg 3. Typical static micro-PET i images at different time points after racer injection. (A) ["C]oseltamwxr B) ["CIRo 64-0802. PETscans were performed for

three mice for each ligand.

-0 176 -0.014% of mjected [“C]Ro 64- 0802 was present in
the whole brains within this’ experiment.

3.2. Micro-PET

The biodistribution of ['!Closeltamivir and [''C]Ro 64-.

0802 'in ‘mice- was determined by micro-PET scans.” All
" micro-PET images were corrected for decay. Fig. 3 shows
" two typical PET images of mice ai different time points
after’ injection of [''Closeltamivir (Fig. 3A) and ["'CIRo
- 64-0802 (Frg 3B). The injected dosing solution was catried
through . the vena cava to the heart, and then [''C]
- oseltamivir or [''CJR6 64-0802 was distributed to the
whole body. At 1 min after the [''Closeltamivir 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
_ ‘urma:y bladder represented rapid and significant excretion

in urine. High radioactivity in the liver, gall bladder and

- small 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 wrinary bladder, decreased gradually around
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16 min after injection. On the other hand, after the injection
of ["'CJRo 64-0802, the’ rénal.elilinafion pathways.
dominated the whole-body dist"rih_ution.‘ Most radicactivity

" 060

o
on
o.

©
™
(=]

—m— ["IClosettamivir
—#-[1GJRo 64-0802

Radivactivity (SUV)
=] o
B 8

Q.10

000 L 2 ' 2 " L N , .
0 10 20 30 40 50 &0 0 80 9

' Time (min)
Fig. 4. Time—activity curves of [*'Closcitamnivic and ["'CIRo 64-6302 in
mouse brains {(7=3. for each ligand). Radioactivity was detected and- -
expressed as SUV. The SUV (mean5.D,, n=3) was calculated according to

the following formula: mehsured activity concentration (Bg/mi)*body’
weight (g)/finjected activity (Bq).
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decreased by 5 min afler the injectior of both hgands After-
this phase of initial rapid decline, from 10 min to the end (90
min) of the PET eXperiments, the radioactivity level in the -
brains -decreased slowly, from SUV 0.11 to 0.05 for ['!C}]

-oseltamivir and from SUV 0:12 to 0.02 for [“C]Ro 64-0802. ..

3.3, Metabohte assay _. :

Fig. 5 shows the in vitro. metabolic. results of [1C] -
oseltamivir and [''C]JRo 64-0802 in :the plasma and brain
homogenate of mice. After.incubation of [*'Closeltamivir

. witl plasma, [*'Closeltamivir was rapidly metabolized to

52
100 [ —
807 .

. 8of
or 8- [iCloseltamilvir, brain.

£ el .~ [ViC]oseltamivir, plasma.

g sl -} [11@]Ro 640802, plasma

‘s © -0~ ["C]Ro.64-0802, brain -

ag' 40 F . e L
30 -.

20.-
16 F-
0 Lo——0— . == e |
o . 5 0. 15 20 25 30
. Incubalron time (m]n) : ’

) Fig. 5. Percenlage (mmn:l:S D.; n—3) of ! 1Cl]()5t=:lmr1'1nr11" and [“C]Ro 64-

0802 in the plasma and brain homogenate of mice (=3) at four tlme points " -

after inctbation of [”C]oseltamwlr .

was rapldly cleared ﬁ'om the kldneys and dlrectly excreted .

by the bladder.

Quantitativé results of the radloachv:ly concentratlons of

"["C]oseltammr and ["'CJRo 64-0802 in theé brains overtime - .
exposing this ligand to.the plasma and brain homogenale for -

~are shown in Fig. 4. Despite the relatively high initial uptake,
about 50% of hlghest radloacnvuy in the brain had rapldly

A
40 ¢

Plasma

" pmolimg protein

10 15 "20 25 30
" Incubation fima {min)

-~ pmolimg protein.

[''CJRo 64:0802. The fraction corresponding to unmetabo- -
Tized [”C]oseltamlvnr in the plasma decreased to 25% at

' 5'min. and had almost dlsappeared at 15 min. In the brain

homogenate [”C]oseltamlvu displdyed a slight decrease -
over time..['!C]Ro 64-0802 was identified with radic-TLC
‘as the main radioactive metabolite. Fig. 6 shows the amotinis

~ of ['CIR6 64-0802 produced by the enzymatic hydrolysis of .
[*'Closeltamivir i in the plasma (Fig. 6A).and brain homo-

genate (Fig. 6B). The formation rate of ['CJRo 64-0802 in -

. the plasma by 5 min was calculated as 5.1 pmol/min/mg
.. protein. In.the brain Homogenate, its formation rate by. =
""15 min was calculated as 0.02 pmol/min/mg protéin. The iti
. vitro enzymatic activity hydrolyzmg [”C]oseltaxmvu to
- ['*C]Ro 64-0802 in the brain ¥ was about 250 times lower than
.that in the plasma, '

On the.other hand; [“C]Ro 64-0802 was, stable’ whien

30 min.

067§

Brain

o5}

e e
w a

o
LS

Coal

10 18 20 25 30

Incubation tims (min)

. Fig. 6. Amounfs (meani:S D., ©=3} of ["C]Ro 64-0802 produced by enzymatic hydrolysis of ["C]oselta:mwr in the p!asma (A) and bram homogenate'(B) of -

“mice (nHB) at four time points afier mcubahon of ["'Coseltamivir.
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%-of radioactivity
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60 | -1~ [''C]Ro 64-0802, plasma

-0— [MC]Ro 64-0802, brainy

o -8~ ["Closettamivir, brain
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30 \I J
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o .
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Fig. 7. Percéntage (m;aan':hS D., n=3) of-{*!CJoseltamivir and [''C]Ro 64-
10802 in the plasma and brain of mice at four time points after injection of
-0 lC]crselma.rmwr (30-—-44 MBq) into.mice (1=3).

Fig. 7 shows the in vivo metabohc results of [V'C]
oseltamivir in the plasma and brain. After injection into the
mouse, ['!CJoseltamivir in the plasma decreased to 34% at 1
min and to 17% at 5 min and maintained this level until 30
min. In the brain, [''Closeltamivir decreased to 48% at 1 min

-and fo 37% at 5§ min. [''CJRG 64-0802 was observed ds -

" another main radioactive componént on’ HPLC - charts.
Within this .experinient, 66—88% and -52-68% of total
radxoactmty in the plasma and brain were asmgned to[" C]
Ro 64-0802, respectwely

‘4. Discussion

This study describes the biodistribution and metabolism
.of the anti-influenza dnig [”C]oseltammr and its active
© metabolite {''CJRo 64-0802 in mice, In these experimens,
we determined the presence and amounts of the two PET

ligands in. the living brains of mice. These findings are
useful in elucidat'ing the cause of the side effect of Tamiflu
'in the CNS.
As can be seen from the dlstnbutlon data (Fig. 2), at
1 min after -tracer ln_]ectlon [”C]Ro 64-0802 displayed
higher - initial uptakes in the brain (0.39% ID/g) and
blood (6.69% ID/g) than [‘'Closeltamivir in the brain
(0.20% ID/g) and blood (2.79% ID/g). At 15 min, the
radioactivity of [** Closeltamivir (0.14% ID/g) in the brain -
became higher than that of [''C]Ro 64-0802 (0.08% ID/g).
From that point, the two ligands displayed a slow decline of
radioactivity in the brain. At 60 min, the level of ["'C}]
oseltamivir (0.06% ID/g) was twofold higher than that of
' ['CIRo 64-0802 (0.03% ID/g) in the brain. The ratio of
brain/blood radioactivity was calculated to examine the
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characteristics of the ligands passing through the BBB and

“accumulating in the brain. The ratios increased from 0.07 fo

0.14 foi [''CJoscltamivir and from 0.06 to 0.13 for [''CJRo
64-0802 during this experiment. By analyzing the micro-PET
data and time—activity curves (Figs. 3 and 4), SUVs of the
two ligands in the living brains could be obtained with
statistical significance. The fadioactivity concentration of

‘[M'Closeltamivir in the brain was quantified at SUV 0.25—

0.05 (0.72-0.15% ID/g) between 0 and 90 min after injection,
while that of [''C]Ro 64-0802 was at SUV 0.38-0.02 (1.15-
0.07% ID/g). The uptake difference between the two ligands
persisted until the. end of PET experiments. These results
obtained by the dissection method and micro-PET demon-
strated that a small amount of the two PET ligands passed the

. BBB and entered the brain.

Despite their presence, the radioactivity levels of ey
oseltamivir and [*'C]Ro 64-0802 in the mouse brains were

_much lower than some useful PET probes [25-27] develaped -

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: octanol/

water partition coefficient) value of —0.97 calculated with a

 Pallas 3.4 software. The low lipophilicity of [''CJRo 64-0802

may restrict its passage through the BBB at a high
concentration. On the other hand, oseltamivir, an ester
prodmg of Ro 64-0802, becomes more lipophilic (clogP:

1.29) than Ro 64-0802. This improved lipophilicity increased

the uptake of [''Closeltamivir through various. peripberal
organs, as reflected in Fig. 3A. By contrast, ["'CIRo 64-0802
was not distributed into various organs efficiently (Fig. 3B).

The present PET study supported that oseltamivir is a

. successful prodrug of Ro 64-0802. However, although the

uptake of [''Closeltamivir into the peripheral organs was
significantly improved, the radioactivity level of Mo
oseltamivir in the brain was limited to only twofold higher

" than that of [''CJRo 64-0802 (Fig. 4). This result could be
- explained as oseltamivir being a substrate of P—glycoprotem

(P-gp) [28,29]. The hxgh density of P-gp at the BBB may

. restrict the entrance of [''C]oseltamivir into the brain: - .
In 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 first performed an in vitro
metabolite assay of the two ligands in the brain homogenate
and plasma of mice. As shown in Fig. 5, [''Closeltamivir
was metabolized to [''CJRo 64-0802 in the plasma. In the
brain homogenate, [''C]Ro 64-0802 was also identified,
although its formation rate (0.02 pmol/min/mg protein) was
much slower than that (5.1 pmol/min/mg protein) in the
plasma. In vivo metabolite analysis of [''Closeltamivir -
demonstrated the presence of [''CJoseltamivir and [!!CJRo
64-0802 in the plesma as well as the brain, respectively
(Fig. 7). The presence of ['!C]Ro 64-0802 in the brain may
be because (a) [''C]JRo 64-0802 itself entered the brain fiom
the plasma or (b) [''C]Ro 64-0802 was yielded by the
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hydrolysrs of [“C]oseltalmvxr with esterase in the brain. Th:s )

result could be supported by the following: (a) 0.39%. ID/g
was measured in the brain at 1 min after [''C]Ro 64-0802

injection; (b) [''C]Ro 64-0802 of (.5 pmol/mg brain protein -

was measured after exposing ['!Closeltamivir to the brain
homogenate for 30 min (Fig. 6). Thus, while determining
{*'CJoseltamivir in the brain with PET, the influence of {''C]

" Ro 64-0802 on the result may be considered. On the other

hand, we-tried to perform an in vivo métabolite assay of

radioactivity in the brain, we failed to obtain statistically
significant results. We assumed that the in vitro ‘stability of
["1CJRo 64-0802 in the plasma and brain homogenate may
guarantee that the PET-experiment with-{''C]Ro 64-0802 is

_not influenced by its putative radioactive metabolites.

. Our in vivo result differs from the previous report in the
metabolismi of oseltamivir. It was ‘reported that this agent
was not metabolized in the rodent brain [4,30]." The

. difference could be explained by the characteristic of a PET

rllgand with high specific activify. Since the carrier mass.

. contained in the injected [“C]oseltaimvu was only 0.01=

' for clinical PET investigation of {'Closeltamivir and [!'C].
"Ro’ 64-0802, a radioactive metabolite assay should be

0.1 mg/kg, the carder might .be easily hydrolyzed by

"["'CJR6 64-0802 in the brain. Unfortunately, due to the low"

estérase present in the brain. However, the amount, of -
nonradioactive oseltamivir used for the previous analys,is_

was 1000 mg/kg by oral administration [29]. In that case,

" “even trace oseltamivir was hydrolyzed, and the resulting Ro
.64-0802, compared to the high concentration of unmeta-

bolized oseltamivir, might be easily ignored. On the other
hand, it was reported that oseltamivir was not metabolized

-in human plasma but was metabolized in the liver fraction

in humans [31]. 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, -

peiformed using human plasma.
The present evaluation of adult mice showed that micro-

‘PET could bé used to measure the' amount of [''C]

" oséltamivir and [ UCIRo 64-0802 in the living brain with a |

. mature BBB. ‘Although radioactivity levels in the brain. were
. mot $0 high, their uptake may be increased if the BBB is = "
- immaturé or impaired. In fact, the amount of nonradioactive

oseltamivir in the brain was reported to be significantly high
in newbom rats [29]. On the othier hand, organic solvents

.- such as alcohol sometimes enhance BBB penneabﬂny [32).

Interaction with other CNS-active drugs may also raise the

could be used to elucidate the difference between mature and

possibility of the two ligands entering brains. Therefore, PET .

immature (adult and young) or normal and abnormal states of .
- living brains. Although PET scan on young patients is not

easy, a. PET study on human adults may be helpful to

: 0802 in the brains of young patients. Now, we are comparing

the uptake of the two ligands into the brain using rodénts of
"different ages and are searching for their binding sites in

" estimate the amounts of [*'Closeltamivir and [''CjRo 64- -
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animal brains. The present results prowde ev1dence that the
two PET llgands are worth mvestlgatmg in human braigs.

. 5, Conclusions

This study determined the.distribution and metabolism of
['!Closeltamivir and ["'CJRo 64-0802 in mice. The two
prom:smg PET ligands could be used to measure their
amounts in living brains and to clucidate the relationship
between their presence and amounts in the brain and the side
effects. of‘ Tamiflu on the CNS.
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‘Synaptic and behavioral interactions of

oseltamivir (Tamiflu) with neurostimulants
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Oseltamivir (Tamiflu), a neurammldase inhibifor, is
widely used for ireatment’ of influenza. Because abnor-

- mal behaviors have been observed in-some Japanese

teenagers following oseltamivir use, its safety has been

questioned. Oseltamivir is known to alter neuronal fune--

tion and behavior in animals, particularly when adminis-
tered in combination with ethanel, Based on this, it has
been hypothesized that inferactions of oseltamivir with
other drugs may result in altered CN$ excitability in

this study. It has been found that injection of ephédrine:.

and cafféine 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 ahsence of ethdnol. In

“Introduction .

The outbreak of bird flu [lﬁghly pa;choge'nic avian

influenza A caused by H5N1 and HSN2 strains)

. may kill millions of people worldwide if the infec-
tion spreads by human-to-human contact.?2 Because

oseltamivir (Tamiflu®), an antiviral agent that acts s

~ a neuraminidase inhibitor, may be effective in treat- -

ing -avian influenza,®% governments of ‘multiple
countries are storing the drug to minimize the risk
of outbreak. However, the safety of oseltamivir has
been' questioned based on accidental deaths and
behavioral changes following its use by young peo-

" ple including teenagers in Japan.5 $ndden death of

infants has also been reported after use of oseltami-
vir. These deaths may have resuited from influenza-

assaciated encephalopathy but questions about the -
. safety of oseltamivir have ariseri in Japan 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 likely,”® the United States Food and Drug

~ ©'2008 SAGE Publications _

Correspondence to: Yukitoshi Tzumi, MD, PhDD, Department of
Psychiatry, Washington University School of Medicine, Box
8134 660 S Euclid Avenue, St. Louis, Missouri.

Email: lzumiy@wustl.edu, ~

70

Dewmlozded fram hilpzihet. sagepub com al HOFFMAN-LA ROCHE on March 11, 2003

slices prelreated with OTC, long-term depression (LTD); ..

a form of synaptic plasticity that is correlated with
Y-maze performance was not altered if caffeine 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 eseltamivir with
other neurostimulants may alter synaptic plasticity and
this may contribute to hehavioral changes associated

with the drug.

. Key words: avian influenza; calfeine; e-phgadrine; long-term
.depression; oseltamivir; Tamiflu -

 Administration {FDA) issued a stroriéer‘psychiatric
‘warning about oseltamivir in 2008.8 :

Oseltamivir is metabolized to oseltamivir carbox-
ylate (OTC)"" and other metabolites in the body:

‘Sialic acid, which may inhibit cellularadhesion, is

cleaved by neuraminidase. Thus, it is spec:ulated

that neuraminidase, which is blocked by OTC, may - ‘

play important Toles in the central nervous sysiem
(CNS) function, including neuronal development_
and impulse conductlon 1214 While treatment of

hippocampal neurons with: neuraminidase i increases’
- seizure -threshold, its blockade decreases seiziire

threshold, suggesting that endogenous neuramini--
dase participates in the regulation of neuronal

activity.’® Furthermore, it has been shown that neur- - _
aminidase activity in the hippocampus is increased -

during seizures.’® 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 propagation of
excitatory synaptic inputs from dendrites to cell
bodies is enhanced by oseltamivir and OTC.?7 In
hippocampal slices, it has also been shown that
oseltamivir and OTC induced spike bursts through

‘neuronal - synchronization.?® Although it has been

10.11 ?7/09603271 09102367
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claimed that oseltamivir does not enter the brain,
high doses cause brain damage in animals,’® and a
recent study has shown that oseltamivir does cross
the blood brain barrier (BBB}.22 It-has been shown
that systemic administration of oseltamivir causes
hypothermia in mice®! and increases dopamine

release from the prefrontal cortex in rats,?? indicat--

ing that systemically adminisiered oseltamjvir
reaches the CNS to alter neuronal functlon We pre-
viously observed that loss of righting reflex in. rats
following injection of ethanol was diminished by
pretreatment with oseltamivir, suggesting that osel-

_ tamivir has neurological actions when administered-

with other agents.??

In light of this, it is 1mportant to note that .

patients typically take antiviral agents with other
CNS-active. drugs, - including stimulants like caf-
feine and ephedrine, as well as alcohol 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.

frequent.?® Furthetmore, BBB permeability to OTC
could be enhanced by the presence of alcohol, 'a

" solvent that is known to increase BBB permeability
is also routinely

to  other agents.®* Caffeine
ingested, and ephedra (ma huang) is often pre-
scribed to treat flu-like symptoms in Japan. Thus,
it is possible that the putative neuropsychiatric
effects of oseltamivir occur as a result of interac-
tions with other CNS-active agents.

The primary aim of the present study is to deter-
mine whether oseltamivir has adverse CNS interac-

.. tions when administered with other agents used to

treat flu-like symptoms. Such findings could help

to establish a safety profile for using oseltamivir -

and' ather neuraminidase inhibitors to ‘manage
viral infections. In this study, we examined interac-
tions of oseltamivir and ethanol in combingtion
with caffeine and ephedrine in a rat-behavioral

. test using a Y-maze. Because prior studies have
indicated that Y-maze performarce is correlated

with synaptic long-term depfession (LTD),?"-%7 we
also examined drug interactions on LTD in rat hip-

-pocampal slices, a preparation that allows direct

examination of how drugs influence neuronal func-
tion. In this ex-viva. study where we can apply
drugs directly at known concentrations, we used
OTC instead of oseltamivir, because we previously
observed that in hippocampal slices OTC is mare
potent than its prodrug oseltamivir.?” Because
OTC has effects on slices in the absence of ethanol,

* we specifically focused on the interactions of OTC

with ephedrine and caffeine.

Dawal {rom htip:tih

Materials and methods

Animals

All experiménts were performed in accordance 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 from Harlan (Indianapolis,

Indiana, USA) at postnatal date (PND) 23 were
.reared with a cycle of 12h white’ hght ‘and 12h -

dim hght until expenments

Behavioral studies and drug injections

The first trial experiment was done to determine the
effects of treating rats (postnatal day 28-33) with a
combination of oseltamivir, ephedrine, and caffeine.
In this experiment, oseltarnivir (2% volume of body
weight, 50 mg/kg, i.p.) or the same volume of saline
was followed in 2 h by simultaneous intraperitoneal

' injection (0.3% volume of bady. weight) of caffeine

(30 mig/kg) and ephedrine {30 mg/kg) in saline at an
interval of 2 h. '
In subsequent studies, spontaneous altematlon
behavior was examined using a Y-raze as previously
described.?6:2” In this test, & rat was placed in the
center of a maze with three arms that were 95 mm

- wide, 636 mm long, and 240 mm deep at angles of
120° with respect to each other. Rats were allowed
to explore the apparaius for up to 10 min and entry

into an arm was counted only when the hind limbs
completely entered the arm. An alternation was-
defined as any three tonsecutive 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 chpices minus 2.27 The number of

completed alternations was determined by counting

" the number of times that the rats successively enlered

each of the three arms of the maze without reentering
a prevmusly visited arm in first 12 entries or in
10 min, whichever came first. Thus, _thé highest
score possible on this measure is 10._Y-maze tests
were videotaped.

.The initia] Y-maze test was performed 1-2 h after
transfer of rats from the animal care facility. After
the initial Y-maze test, ethanol (1.0g/kg, ip. as
26%. v/v in saline) or ethanol and oseltamivir in

‘saline (2% volume of body weight, 45 min apart)

was administered (i.p.) to albino rats (postnatal day
30 + 2) 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 mg/kg} and ephedrine (30 mg/kg].
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Hippoecampal slice electrophysiology

Naive rats (postnatal date 28-35) were anssthetized

with isoflurane and decapitated: Hippocampi were

rapidly dissected, placed in artificial cerebrospinal
" fluid (ACSF) containing (in mM) 124 NaCl, 5 KCl,

2 MgS0y, 2 CaCly, 1.25 Nali,PQ,, 22 NaHCQ;, 10
~ glucose, gassed with 95% 0,-5% CO, at 4-6 °C,

and cut transversely into 400 pm slices using a

vibratome. Slices- were prepared from the septal
half of the hlppocampus and were placed in an incu-
bation chamber containing gassed ACSF for 1h at
30 °C. Artificial cerebrospinal fluid was perfused at
2mL/min. At the time :of experiment, slices were
" transferred individually to a submersion recording
chamber. Experiments were done at 30 °C.

Extracellular recordings were_obtained from the

~ apical dendritic region for analysis of population
excitatory postsynaptic potentials (EPSPs) using

2M Na(Cl .glass electrodes with resistances of

5-10 M. 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 CA1
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 10 min and a
control 1nput—output (10} curve, LTD or long-term
potentiation (LTPF) was induced by applying low-
frequency stimulation (LFS) consisting of 900 indi-

vidual pulses at 1Hz (LTD) or high-frequency .

stimulation (HFS) consisting of a single 100 Hz x 1 5
stimulus train (LTP) using pulses of the same ampli-
tude. Following LFS and HFS, responses were moni-
tored every 60 s for 60 min.

‘Chemicals

The test solution of oseltamivir was prepared by dis-

solving a Tamiflu tablet {75 mg) in saline. Oseltami-

vir carboxylate was dbtained from Toronto Research

_ Chemicals Inc. (North York, Ontario, Canada). Other

“chemicals were obtained from Sigma-Aldrich (St
Louis, Missouri, USA).

Statistics .

Statistical analyses were done in SigmaStat (Jandel
Scientific Software, San Rafael, California, USA).
ANQOVA test was. used for analysis of results from
the Y-maze test. Results from LTD studies were ana-
- lyzed with Student’s t-test or Mann—Whitney U-test
where appropriate. Chi-square test was used for
‘analysis of occurrence of odd behaviors.

Oseltamivir and neurostimulants
Y fzumi, et al.

_Results

As previously reported, injection of oseltamivir
alone in rats did not induce abnormal patterns of
behavior.'” Because CNS stimulants such as ephedra
and caffeine are often taken by patients with flu in
Japan, ephedrine (30 mg/kg) and caffeine (30 mg/kg)
were injected simultaneoisly inta 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 oseltamivir (50 mg/kg) and showed
similar hyperactivity immediately after injection of
ephedrine and caffeine. Inferestingly, two of these
12" 1ats attempted to mqunt other cage mates
2-3hours after injection. This behavior was
observed even though. other hyperactive hehaviors

had diminished. However, no significant difference -
" in‘the number of affected animals was detected with

a Chi-square test compared to 12 control rats.
Mounting was not observed in rats treated with
ephiedrine -alone (N =11) or caffeine alone [N 11}
after oseltamivir injection. -

In subsequent studies, we examined spontaneous

. alternation behavior.in a Y-maze. For these studies,

rats were studied individunally. The Y-maze test pro-

" vides a measure of novelty seeking and exploratory

behavior.?” When placed at the center of the Y-maze,
control rats typicatly checked the arms of the maze

in an alternating fashion without re-exploring previ-.

913

ously visited arms and routinely entered the arms of '

the maze 12 times within a 10 min observation

period. Y-maze performance was not altered when
the test was repeated 2 to 3 houxs after injection. of -
~ oseltamivir (50 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 effacts of
ethanol and oseltamivir in an animal behavioral
study,?” we tieated rats with oseltamivir and ethanol.
When oseltamivir was administered 40min after
injection of ethanol (1.0 g/kg), rats exhibited dimin-
ished .overall activity, resulting in a decreased num-
ber of arm entries in the Y-maze (Figure 1A, 6.8 £ 1.8
vs 12 times, only two of six rats achieved 12 arm
entries within 10 min). Although the -four rats that
failed to achieve 12 arm entries initially groomed
themselves when they-were put in the Y-maze, they
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Figure1 The graphs show effects of systémic treatment of male rats (postndtal date 20-32) with a nop- sedating' dose of ethanol -
{1.0 g/kg, i.p.) (left cluster of bars), oseltamivir (50 mg/kg, i.p.) {center) or both (right) on spontaneous alternation in a Y-maze for up to.
10 min, Two hours after treatment with oseltamivir and/or ethanol, ephedrine (30 mg/kg) and caffeine (30 mg/kg) were simultaneously
injected (right bars in each bar ¢luster). Rats were exposed to the Y- mage three times: before treatment witlr oseltamivir and/or etha-
nol, and 40 min after injection of ethanol alone or 2 h after injection of oseltamnivir, and 40 min afier injection of ephedrine and caf-
feine. Panel. A depicts the total number$ of entries into arms of the ¥-maze (up to 12) in 10 min and is a méasure of activity in the
task Rats treafed with ethanol 40 min prior to the treatment with oseltamivir show decreased activity in the maze (right purple cal-
umn in A) "P <0.05 against control before treatment. Panel B depicts the number of completed- alternations in the Y-maze, defined as
successive entry into each of the three aims of the maze without reentry into a previously visited arm. Rats treated with ethanol -
40 min prior to the treatment with oseltamivir alsp showed impaired. performance cornpared with ethanol alone treated rats after:.
injection of ephedrine and caffeine (nght green column.in B). **P <0.01 against control Y-mmaze score obtained before treatment.
Panel C-E show again the effects of systemic treatment of male rats with ethanol (1.0 g/kg, 1.p.) alone (Cl, or cseltamivir (50 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 treatment (open circles), 40 min after injection of ethanocl aloné or 2 h after injection of oseltamivir (tnangles] and 40 min after
injection of ephedrine and caffeine {squares). In rats pretreated with ethanol and oseltamivir, injection of ephedrine and caffeme
results in poor petformance in the Y- -maze (squares.in E). *P < 0.05 by one way ANGVA test. :

subsequently became immobile with widely opened  the right cluster of Figure 1A). Interestingly, these rats
ears and ceased self-grooming. Because of this lim-  enfered the arms of the maze randomly and the
ited activity, the number of alternating arm entries ~ Y-maze score remained low (Pigure 1B and squares
was also reduced (Figure 1B). However, the Y-maze in Figure 1E; Y-maze score: 7.5+0.3 before and
score, the ratio of alternative arm entries compared 3.8 £ 0.7 after treatment). In rats treated with ethanol
to the total number of entries of active rats, was not alone, the number of arm entries and the Y-rhaze
reduced (triangles in Figure 1E, only two of six'rats = score were not altered (left cluster of histograms in
entered the arms 12 times within 10 min, so the last  Figure 1A and B, triangles in Figure 1C). In  these
Y-maze score of 7 comes from these two rats). In rats  rats, the Y-mnaze parameters were not altered follow-

- pretreated with ethanol and oseltamivir, subsequent  ing injection of ephedrine and caffeme (Squares in

injection of ephedrine and caffeine resulted in no  Figure 1C).
decrease in activity and restored. the number of arm Because Y-maze scores are correlated w1th LTDin
entries (12 times in 10 min for'all six rats) (right barin  the hippocampus,?®-?? 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,2°
and we previously found that OTC is more potent
than oseltamivir in causing paired pulse facilitation
of populdtion spikes. This enhanced excitability
results from altered dendritic propagation in hippo-
campal slices and does not require the presence of
ethanol.’? Therefore, in the following study, slices
were pretreated with 3puM OTC for 2h 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:

71.0 + 4:7% of control-in pretreated slices, N=5,

and 67.1+1.5% in naive slice, N=5). In pretreated
‘slices, LTD was also induced when LFS was deliv-
. ered in the presence of 100 M caffeine (squares in
- Figure 2C, EPSP slope 60 min after LFS: 80.7 + 3.9%
in caffeine, N=35) or.100 pM ephedrine (circles in
Figure 2C, EPSPS slope: 60.4 +9.3% 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 [Flgure 2B,
EPSP slopeé 60-min afier LFS: 100.9'+ 3.6%, N=35,
P <0.01 vs control LTD.i in both-naive and pretreated
slices). In contrast, LTD was induced in the presence
of bothi agenfs in naive slices (Figure 2B, EPSP slope
60 min after LFS: 76.9 £ 5.4%, N =5). Neither OTC
"alone nor the combination of OTC, cafféine, and

ephedrine had an effect on’ induction of- LTP -

induced by a single 100 Hz x 1s-HFS (EPSP slope
60 min after HFS: 140.1+4.5% in slices treated
with OTC alone, N=5; 138.8 + 1.0%, N=3, in the
presence of OTC, caffeme and ephedrine, data not
shown).

Dlscussmn

This study shows that administration .of a non-
sedating dose of ethanol in combination with oselta-
mmivir resulted in diminished behavioral activity and
poor locomotion in rats. Evalvation of the changes in
behaviors is difficult, hut the pattern of response in
.the alternation task may represent a form of anxious
or fearful behavior as -manifest by altered
exploration.?® This behavioral 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
immobile without self-grooming, also suggesting an
augmented Ttisk-assessing behavior.?® Immobility
(freezing) is also believed to be a second level of
defense and may invoive assessment of a perceived
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Figure 2 [mpaired induction of hippocampal long-term depres- .
sion (LTD) with ephedrine and caffeine in slices pretreated with
3 i'M oseliamivir carboxylate (OTC). (A) Time coutses of change
in EPSPs in the CA1 region following LFS (arrows) in naive slices
{open circles) and slices treated with OTC ‘(ﬁlleci squares) (N =5,
each) are similar, suggesting that oseltamivir alone does not alter
LTD. {B) Simultaneous administration of 100 yM ephedrme and
100 pM caffeine inhibits LTD in slices pretreated with OTC (filled -
squares) but not in naive slices {open ciicles) (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 taffeine. Note that filled sym-

‘bols in each graph denote pretreatment with OTC. *P<0.05,

**P<0.01 by Student’s ttest and *P<0.05 by Mann—Whitney
U-test against oseltamivir alone. In panel B, *P<0.05, **P < 0.01
by Student t-test and %P < 0.01 by Mann—Whitney U-test against
ephedrine plus caffeine wilhout oseltamivir, Traces to the right
depict EPSPs oblained before (solid line) and 60 min after {dotted
line] LFS. Scales: 1 mV, 5 ms. y

threat from an undetermined source. If this is the
case, random movement after injection 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 level of defense
rather than environmental exploration. This may
also refléct a form of a behavioral agitation.

It is also possible that oseltamivir alters cognitive
processes maintained through synaptic plasticity. Of
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impartance is that oseltamivir, when combined with

CNS stimulants, clearly impairs Y-maze perfor- -

mance. Thus, the random movements observed
may have features 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 synaptic plasticity
that may contribute to novelty-seeking behaviors.?”
We previously showed that administration of etha-

nol inhibits both LTD and Y-maze performance.?®

Impairmeni of LTD induction by the combination
of OTC and CNS stimulants, which was observed
in the present study, suggests that the combination

of drugs affecis 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 resultmg in more profound

~ changes in behavior:

Intentionally or unintentionally, patients with flu
may consume CNS stimulants and other drugs.

Alcohol, for example, is commonly used socially.

and may be ingested to relieve some Au-like symp-
toms by young teenagers.?® Caffpine and related
compounds are often included in. soft drinks, nutri-

. tional supplements, and common cold régimens.*®
"In Japan, ephedra is often taken by flu patients as

part of a prescription of Chinese herbal medications

that are believed to have antiviral effects.3t Impor- .-

tantly, herbs such as ma huang (ephedra) are not
free from adverse effecis.3? Just as with oseltarhivir,
suicides have been reported. with abuse of
ephedra 32 Thus, it is possible that. oseltarmivir

_ 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.34.3%
Tt has been reported that P-glycoprotein at-the BBB
plays an impaortant role in accumulation of oseltarni-
vir in the CNS.?° In P-glycoprotein knock-out mice,
oseltamivir concentration in the cerebrospinal fluid
(CSF) is 5.5-fold higher.?® Moreover, it was previ-
ously described that brain levels of oseltamivir

were 1500 times those of adult animals exposed to -

the same dose.'® The accumulated oseltamivir is
likely converted to ©TC in the CNS. Although it
has been reported that OTC concentrations ‘in the

*GSF in adult healthy wvolunteers adminisiered

150 mg oseltamivir reach only approximately

0.1 pM,*” much higher levels are expected if the °

BEB is immature or impaired.
The relation between use of oseltamivir and
abnormal behaviors remain uncertain.

Do i

It also-

remains unclear why these abrormal behaviors
occurred primarily in Japan. This may simply reflect
the frequency with which oseltamivir is used to treat

- influenza in Japan while oseltamivir use in the

United States is relatively less commén. We hypoth-
esize that the combination .of oseltamivir with CN8
stimulants and/or alcohol could play a role in pro-
duting abnormal behaviors and accidental deaths,
However, it is also possible that genetic variation
resuiting in reduced sialidase activities, which is

" detected in only some Asians, may account for the

- adverse effect of oseltamivir.38 Taken together, ‘these -
observations suggest that multiple factors are likely .
to _contribute to the adverse effects of oseltamivir.3®
The present 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,’
will 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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